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Abstract
Metamaterials with a refractive index of zero exhibit properties that are important
for integrated optics. Possessing an infinite e↵ective wavelength and zero spatial
phase change, zero-index metamaterials may be especially useful for routing on-chip
photonic processes and reducing the footprint of nonlinear interactions. Zero-index
has only been achieved recently in an integrated platform through a Dirac-cone dispersion, enabling some of these more exciting applications in an integrated platform.
This thesis presents an overview of Dirac-cone zero-index metamaterials (ZIMs), including the fundamental physics, history and demonstrations in the optical regime, as
well as current challenges and future directions. Furthermore, it explores some of the
applications and measurements enabled since the appearance of these integrated ZIMs
and modifications to the metamaterial to eliminate characteristic radiative losses.
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Chapter 1
Introduction
Recent decades have seen significant advances in integrated optics. Once considered
to be the solution to the limits of electronics [11, 12], the emergent field of nanophotonics has instead enabled access to entirely new and unanticipated physical regimes.
In reaching the nanoscale, light can experience longer interaction lengths and smaller
e↵ective mode areas. However, the dimensions of these integrated nanophotonic devices have an inherent dependence on operating wavelength, in stark contract to the
design freedom associated with the static fields of electronics. Beating the di↵raction
limit, or otherwise decoupling wavelength and device size, has remained a fundamental challenge in the field. Materials with specifically tailored properties could provide
a di↵erent avenue to circumvent the di↵raction limit. Metamaterials — composite
materials engineered through the structuring of subwavelength constituents — have
emerged as a method of achieving unnatural properties, among them a negative or
zero refractive index.
There has been significant recent interest in materials with a refractive index of
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zero [13–15]. A notable property of zero-index materials is an infinite e↵ective wavelength. The “stretched” wavelength within a zero-index material can be exploited to
entirely decouple the relation of material footprint to performance, allowing for extreme flexibility in the design of single-mode resonators [14, 16, 17]. In essence, as the
wavelength extends far beyond to the boundaries of a zero-index material, the exact
footprint of the device becomes irrelevant. This unique property has inspired a variety
of applications including efficient coupling between disparate modes [18–20], electromagnetic cloaking [21, 22], and relaxed phase matching constraints and enhancement
in nonlinear optics [17, 23–26].
Zero-index phenomena are uncommon in natural materials. However, the origins
of the refractive index,
n=

p

✏µ,

(1.1)

reveal that the index of a material is determined by its response to both the electric
and magnetic fields of light as quantified by the permittivity (✏) and permeability (µ).
A zero-index is achieved when one or both of these parameters equal zero, knowledge
that has recently led to numerous experimental zero-index demonstrations for which
only permittivity is equal to zero (commonly referred to as ENZ materials). Metals achieve ENZ conditions at the infrared plasma frequency, an example of naturally
occurring zero-index behavior [27]. A similar e↵ect is observed in parallel plate waveguides operating at their cuto↵ frequency [28], which have been used to demonstrate
ENZ phenomena at visible frequencies [29]. ENZ materials have since been realized
at optical frequencies for continuous media such as transparent conducting oxides
(TCOs) [30–32], as well as metamaterials with metallic inclusions [3, 33–35].
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A significant limitation of ENZ materials is the high reflectivity that results
from an infinite impedance defined as [36, 37],
⌘=

r

µ
.
✏

(1.2)

Furthermore, these materials are incapable of transporting energy due to a vanishing group velocity. These limitations are eliminated if the magnetic permeability is
also equal to zero, producing a finite impedance and non-zero group velocity. To this
end, the past few years have seen the advent of all-dielectric Dirac-cone zero-index
metamaterials (ZIMs). These metamaterials consist of dielectric resonators with magnetic and electric responses that can be tuned to simultaneously cross zero for a given
frequency. Coincident magnetic and electric resonances produces a modal degeneracy
in the photonic band structure which appears as the intersection of two linear bands
at the -point, or a Dirac-like cone [4–6, 38, 39]. This dispersion profile is analogous
to the electronic dispersion of graphene, which features a similar linear band crossing
at the K-point of a hexagonal lattice [40]. Dirac-cone ZIMs not only eliminate the
intrinsic losses associated with metals, but also possess finite impedance that enables
compatibility with integrated photonics.
Dirac-cone metamaterials o↵er a refractive index of zero for operation in the optical regime that can be achieved using standard CMOS processing [6–8]. Especially
important for integrated applications, these metamaterials are accessible from an inplane orientation that matches the optical excitation produced by planar waveguides.
The ZIMs consist of a two-dimensional unit cell array that can be based in several
common high-index dielectrics, notably the material that has dominated integrated
photonics in recent years, silicon. The choice of material and tuning of resonator
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geometry allows for unprecedented flexibility in selection of operation frequency. Furthermore, these metamaterials can be fabricated in variable shapes through reconfiguration of the constituent resonator-based unit cells. Such ZIMs enable access to the
aforementioned exotic phenomena through an integrated platform that is compatible
with both standard planar fabrication methods and the existing library of integrated
electronic and photonic devices.
In addition to a refractive index of zero, implementation of a Dirac-cone dispersion o↵ers further advantages. These platforms provide easy access to directly study
Dirac physics and its related topological properties [41]. Furthermore, they have
been used to generate and control exceptional points [9, 42], for light trapping [43]
and arbitrary control of electromagnetic flux [44–46]. Dirac-cone ZIMs have been
proposed for varied applications, such as large-area single-mode lasing [16, 17], beam
steering (or leaky-wave antenna) [47, 48], and lensing [49]. Additionally, photonic
Dirac cones have also been shown to provide enhancements to the nonlinear optical
response [50–52], and the optical cross-sections [9].

1.0.1

Overview of Thesis

This remainder of this chapter and the second chapter focuses on the properties
of Dirac-cone ZIMs that are promising for integrated optics applications (explored
further in Zero-Index Properties) and three platforms for integrated ZIMs as demonstrated during the course of my PhD (see Table 2.1). ZIM demonstrations have
ranged from microwave to optical frequencies and showcased significant advances
towards developing an accessible platform (explored further in Design and Demon-
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stration of Dirac-cone ZIM ). However, they have not reached an iteration suitable
for wide-spread implementation. Challenges include unreliable fabrication, significant
radiative losses, and di↵erences in behavior as compared to bulk zero-index materials
(explored further in Challenges of Dirac-cone ZIM ). These issues are not always inherent to the zero refractive index or Dirac-cone ZIMs and these first two chapters will
explore some of the obstacles and solutions that can be addressed to make Dirac-cone
ZIMs reach their full potential in revolutionizing integrated optics.
The third chapter focuses on the demonstration of a CMOS-compatible ZIM
platform, enabling simple and consistent fabrication. A measurement scheme to
retain the integrated nature of the metamaterial while performing refractive index
characterization is addressed in the beginning of the fourth chapter. The remainder of the fourth chapter shows preliminary work toward additional measurements,
specifically nonlinear refractive index characterization, and applications, specifically
the generation of orbital angular momentum (OAM) beams, that are enabled by the
simplified fabrication and optical interferometry characterization method.
Finally, the radiative losses of ZIM severely limit many of the most exciting
applications that take advantage of the long-range coherence featured in zero-index
materials. A preliminary design for lossless ZIM achieved through incorporation of a
bound-state-in-continuum (BiC) without the use of an external reflector is shown in
the fifth and final chapter.
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Zero-Index Properties

Dirac-cone ZIMs enable access to exotic zero-index phenomena. The wavelength in
a ZIM is elongated to the boundaries of the material and a phase advance of zero is
expected throughout. However, the zero-index must be achieved via simultaneously
zero permittivity and permeability values to enable finite impedance. Finally, a refractive index of zero results in unexpected dispersion and causality relations with
respect to band structure, pulse propagation, impedance, and group velocity. The
following section explores the behavior and physical implication of these properties
with emphasis on the e↵ects of a Dirac-cone implementation.

1.1.1

Wavelength and phase

A refractive index of zero enables access to extreme physical phenomena that can be
predicted directly from the wave equation. The refractive index dictates the propagation of light within a material, particularly the rate of phase accumulation that defines
the wavelength. As propagating waves transition between materials of di↵erent indicies, the wavelength changes in proportion to the index. Light entering a material
with a larger refractive index propagates with a shortened wavelength, whereas wavelength of light entering a smaller refractive index material is lengthened. If a wave
enters a material with vanishing refractive index, the wavelength extends to infinity.
At this limit, the fields are uniform throughout the zero-index material, and no phase
is accumulated.
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Optical propagation is fully described by the electromagnetic wave equation,
r2 E

µ✏ @ 2 E
= 0.
c2 @t2

(1.3)

As Eqn. 1.3 shows, the optical response within a given material can be fully characterized by two quantities — the electric permittivity (✏), and its counterpart, the
magnetic permeability (µ). Consequently, the refractive index as defined in Eqn. 1.1,
dictates the form of solution to Eqn. 1.3.
When the refractive index is equal to zero, the spatial and temporal terms of
Eqn. 1.3 are decoupled and the resulting spatial component (r2 E = 0) reveals outof-plane electric fields (corresponding to Ez ) that oscillate in time, but not space [22,
46]. A field that oscillates only in time has a wavelength that is “stretched” beyond
the boundaries of the material, e↵ectively infinite. A further consequence is a field
distribution that is entirely uniform, oscillating in unison. This “phase-free” profile
can be considered analogous to the behavior of static fields in electronics, allowing for
light in a zero-index material to experience an e↵ectively infinite phase velocity (vp )
regardless of footprint. This decoupling firmly establishes the distinction of zero-index
physics from limitations long associated with integrated optics: static field e↵ects can
be accessed at optical frequencies, producing an optical material that may behave as
an electric conductor with implications of significantly improved on-chip routing and
control.

1.1.2

Optical wave impedance

The expected static field e↵ects have been commonly achieved in zero-index materials
for which only the permittivity is equal to zero [14, 30–35]. Commonly referred to as
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ENZ materials, the impedance of these materials is a significant obstacle for integrated
applications. ENZ (and their magnetic counterparts with a permeability of zero,
MNZ) materials possess a divergent impedance as shown in Eqn. 1.2, leading to
strong reflections. In the case of ENZ (MNZ), power reflection defined as,

R=

✓

⌘in ⌘z
⌘in + ⌘z

◆2

,

(1.4)

is unity in cases of ⌘in = 1 (⌘in = 0), indicating total reflection at the boundary of
ENZ (MNZ) materials when excited from any adjacent medium [3].

ain
ηin

az

ηz = 0

a
aout
ηout

Figure 1.1: Schematic of a zero-index waveguide coupler; a denotes the
waveguide dimensions, ⌘ denotes the refractive index.
However, this impedance mismatch can be overcome by engineering the footprint
of an ENZ waveguide. Using transmission line analysis, ENZ materials within a
parallel plate waveguide can achieve finite impedance through purposeful arrangement
of the boundaries [53]. These ENZ materials obey a modified expression for wave
impedance,
⌘i = ai

r

µi
,
✏i

(1.5)

where the subscript i denotes the section of waveguide and a refers to the width of the
channel (Fig. 1.1). In the case of an ENZ coupler joining two waveguides, complete
transmission is achieved when all three components are impedance matched. If the
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input and output channels are identical, impedance matching is achieved for
ain
=
az

r

µz
.
✏z

(1.6)

In the case of ENZ couplers, transmission is maximized for subwavelength dimensions. Complete transmission has been verified theoretically for ENZ “super”couplers [18,19,53] and experimentally at both microwave [54,55] and optical frequencies [29]. Conversely, MNZ couplers experience maximum transmission for heights
that significantly exceed the waveguide dimensions; the behavior of MNZ couplers
has been verified theoretically and experimentally [56, 57].
However, for zero-index materials resulting from both ✏ and µ near zero (EMNZ),
the relation between waveguide dimension and impedance is decoupled [20, 46, 58].
The result is complete flexibility in the dimensions of the zero-index coupler, highlighting a unique feature of EMNZ materials as compared to ENZ or MNZ materials.
These relations generally hold for both bulk zero-index materials and metamaterial
ZIMs, however, the latter necessitates additional considerations. Any bulk ENZ,
MNZ, or EMNZ waveguide supports a single, zero-index mode. However, Dirac-cone
ZIMs intrinsically support an additional mode at the zero-index frequency that can
convolute the transmission line model. Generally, access to this mode can be avoided
entirely through operation at a slightly higher frequency [4–6] (See Homogenization),
resulting in a slightly positive index while retaining much of the high transmission
capabilities.
Furthermore, ENZ and MNZ cases can occur in Dirac-cone ZIMs but generally
result in a non-transmitting photonic bandgap (See Dispersion). As most unit cells
are not significantly subwavelength, it is difficult to achieve the dimensions necessary
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for high transmission in ENZ operation. This could, however, be circumvented in
future work by developing unit cells that possess dimensions smaller in relation to
the operating wavelength.

1.1.3

Dispersion and causality

E↵ective operation of a zero-index material in an integrated capacity has additional
requirements beyond the strong transmission of a plane wave source. The typical unit
of information transfer, an optical pulse, involves the superposition of a spectrum of
frequencies, highlighting the importance of dispersion. Notably, the linear dispersion
relation, an intrinsic property of Dirac-cone ZIMs, corresponds to zero group velocity dispersion (

2k
)
!2

which is necessary to avoid distortion of an optical pulse. This

quantity is directly linked to wave impedance as the latter results from the ratio between the dispersion of the permittivity and the permeability when both values are
close to zero. These dispersions are a direct consequence of the unit cell properties
(i.e., resonator dimensions, arrangement, and material) and cannot be altered without an additional degree of freedom (see Tolerance to fabrication imperfections and
tunability).
The infinite phase velocity resulting from coordinated field oscillation in zeroindex materials has raised the question of whether zero-index materials violate causality by featuring ‘superluminal’ propagation. Such a propagation scheme would enable
instantaneous transfer of an optical pulse at a phase velocity that exceeds that of light
in a vacuum, c. However, to permit the transmission of an optical pulse at superluminal speeds, a refractive index of zero would need to be achieved for the entire
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bandwidth of the pulse, yielding a group velocity larger than c [59–62]. This is not
possible without strong dispersive absorption or gain. In contrast, causal Dirac-cone
ZIMs possess a linear dispersion for which causality can be verified by modeling a
short optical pulse passing through a zero-index slab. The simulation reveals that the
pulse propagates at the speed of light until entering the slab, where it propagates at
a quarter of the speed of light, c/4. Causality is maintained and zero-index materials
are found to support only subluminal propagation.
Further, the elimination of phase accumulation in waves propagating in a zeroindex material, known as “phase-free” propagation, is not unique to zero-index materials. This property can be most simply achieved with a periodic grating structure
or one-dimensional photonic crystal [63], and has been experimentally demonstrated
in two-dimensional photonic crystals as well [64]. From the perspective of a photonic
band structure, this e↵ect is equivalent to exciting a mode residing at the

-point

of the Brillouin zone [65]. However, these standing -point modes necessarily su↵er
from slow-light e↵ects [66, 67]. As these modes generally reside at a band edge, they
exhibit an infinite group index and are unable to transmit energy due to a resulting
null group velocity. This is equivalent to the behavior of ENZ and MNZ materials [68, 69]; when the permittivity and permeability do not cross zero simultaneously
(Fig. 1.2a), a bandgap is produced between their zero-crossing wavelengths with
a corresponding imaginary refractive index (Fig. 1.2c). While this seemingly produces a range of frequencies associated with zero-index, enabling the aforementioned
superluminal propagation, the bandgap is associated with strong dispersive loss and
reflection that is maximized at the center of the gap (Fig. 1.2d). In contrast, when
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both permittivity and permeability cross zero simultaneously (Fig. 1.2e), the e↵ective refractive index remains real (Fig. 1.2f ), the band gap is closed to form the
Dirac cone with a linear dispersion (Fig. 1.2g), and the group index remains finite
over the entire operation range (Fig. 1.2h).
b

d

f

g

h

index

εeff / μeff

e

c

index

εeff / μeff

a

Figure 1.2: When the degeneracy is broken between the electric and magnetic
resonances (a), a band gap opens in the region where the permittivity and
permeability have opposite signs (b-c). This corresponds to a diverging group
index (d). However, when a perfect degeneracy is achieved (e), the gap is
closed (f-g) and the group index remains finite (h).
While Dirac-cone ZIMs enable access to zero-index properties, it is challenging to
achieve the dual permittivity and permeability of zero due to weak magnetic response
in the optical regime. Understanding Dirac-cone ZIM requires exploration of Mie
theory and e↵ective medium properties, which have enabled both theoretical and
experimental demonstrations for microwave and optical wavelengths in recent years.
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Tuning permeability

Finite impedance and linear dispersion are intrinsic properties of Dirac-cone ZIMs
that are especially suited for integration with the existing silicon photonics platform.
However, the prerequisite condition of tuning the permittivity and permeability to
zero at the same frequency is non-trivial in the optical regime. While ENZ conditions
can occur in nature, permeability values other than unity are difficult to obtain due
to the lack of naturally occurring magnetic resonances at optical frequencies. However, metamaterials have emerged as a common method of engineering a magnetic
response at optical frequencies [70–74]. A subwavelength split-ring resonator was the
initial basis for achieving variable permeability values (Fig. 1.3) [75]. The resonator
consists of a metallic ring with a small gap; the ring supports a circular current that
is generated in response to the magnetic component of the applied field, while a capacitance results from the charge di↵erential across the gap. The combination of the
two creates a resonant element, providing access to a range of permeability values. In
response to an applied electromagnetic field, Faraday’s law dictates that the circular
current generated in the resonator creates a magnetic dipole that is in oscillating in
opposition to the applied time-varying magnetic component.
A variation of this e↵ect is featured in every metamaterial that achieves a tunable permeability, including the first negative refractive index metamaterial [1] and
many of the subsequent metal-inclusive iterations [73, 76, 77]. Negative refraction
has also been demonstrated using surface plasmon polariton modes [78] and in a
three-dimensional metal-clad fishnet geometry also featuring the previous current
loop [79–81]. The same class of structure was eventually used to demonstrate an
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Figure 1.3: (a) Schematic of the double split-ring resonator used to achieve a
negative permeability in Ref. [1] at microwave frequencies. (b) The equivalent
LC circuit (from Ref. [2]).
impedance-matched zero-index metamaterial, as shown in (Fig. 1.4) [3]. As the majority of negative index metamaterials demonstrated to date incorporate metals, these
metamaterials feature complex fabrication procedures and Ohmic losses, severely limiting the material thicknesses and preventing many potential applications.

Figure 1.4: (a) Left: Diagram of the optimized fishnet structure that produces a near zero refractive index at 1.55 µm. One unit cell is enclosed within
the red dotted square. Right: Top-view FESEM image of the fabricated zeroindex metamaterial. Scale bar, 500 nm. (b) Cross-sectional FESEM image
showing Au and polyimide layers. Scale bar, 500 nm. (c) Real (blue) and
imaginary (red) parts of the inverted e↵ective refractive index (from Ref. [3]).
Transitioning to an all-dielectric resonator requires a slightly modified approach
to achieve the same tunable permeability and notably eliminates the source of optical
losses. A dielectric sphere embedded in a lower index medium supports an infinite
series of frequency-dependent modes that can be excited by incident electromagnetic
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waves, creating both electric and magnetic resonances. The relative strength of these
excitations is resolved through Mie scattering theory. This nomenclature can be
extended to commonly include a sphere’s two dimensional counterpart – the pillar [70,
72, 82–90]. Like the split ring resonator, Mie resonators can be combined in the
form of arrays such that the collective excitation corresponds to an overall e↵ective
permittivity and permeability. These values can be calculated as a function of the
geometric parameters of the resonator and were used to theoretically predict negative
refractive index metamaterials consisting of dielectric spheres and rods [84, 85].

1.3

Mie theory and e↵ective medium properties

As higher frequencies produce progressively weaker Mie resonances, all but the two
lowest order modes can be disregarded when calculating the e↵ective properties of
the metamaterial. The zeroth and first order modes are found to contribute most
significantly to the response of the dielectric resonator. The modes supported are
polarization-dependent for a rod resonator, where transverse magnetic (TM) polarization indicates an electric field oriented along the axis of the rod, and the electric
field of transverse electric (TE) polarization is oriented perpendicular to the rod. Generally, the zeroth order (TM0 ) mode appears as a monopole when viewed from above
and corresponds to the electric response, while the first order mode (TM1 ) appears
as a dipole and provides the magnetic response (Fig. 1.5). For the purposes of this
review, the following discussion primarily focuses on the response of rod resonators
to TM polarized light. Rods are planar fabrication compatible, and the response to
TM polarized light can be translated to TE polarizations with the knowledge that
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the relationship is reversed: TE0 is associated with the electric response and TE1 is
associated with the magnetic response.
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Figure 1.5: Degenerate modes of Dirac-cone ZIM. Scattering from an infinitely tall dielectric pillar can be decomposed into a series of Mie resonances.
a) (top) Schematic of applied electric field in TM polarization to produce the
monopole mode. The direction of fields within the pillar is shown in (bottom
left) and the Hz fields are shown in (bottom right). b) c) (top) Schematic
of applied electric field in TM polarization to produce the dipole mode. The
phase of the applied field is shifted by half a period with respect to (a). The
direction of fields within the pillar is shown in (bottom left) and the Hz fields
are shown in (bottom right).

The same e↵ect that enables negative permeability values also enables access
to the zero transition point between the positive and negative regimes. As such,
achieving a negative or zero refractive index in a dielectric metamaterial is based on
a common paradigm that relies on the combined e↵ect of the electric and magnetic
resonances. For the former, a real negative refractive index is only achieved if both
responses have negative values. To possess a finite impedance, the zero-index case
is further restricted to simultaneously zero permittivity and permeability values. In
either case, the resonances associated with the zeroth and first order modes must be
overlapped such that the desired values can be achieved at a single frequency and,
preferably, for the same polarization. The combination of TM0 and TM1 modes to
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achieve a negative refractive index has been studied theoretically [91, 92] and demonstrated at microwave frequencies [93]. Interestingly, many experimental demonstrations involve two di↵erent resonators separately corresponding to the electric and
magnetic responses [72] and a negative index has not been achieved experimentally
at optical frequencies prior to Dirac-cone ZIMs that exhibit a negative index at lower
frequencies [71].
To resolve the overall electric and magnetic response of an engineered ZIM
consisting of an array of dielectric pillars, an e↵ective medium theory based on scattering cancellation in Mie resonant structures is used [94]. The design can then be
verified with full-wave electromagnetic modeling by retrieving the complex reflection
and transmission coefficients of the metamaterial as excited by a plane wave [95].
However, when the geometry consists of a periodic array of dielectric resonators, it
becomes appropriate to use the mathematics and language developed to describe photonic crystals. Though the specific electric and magnetic responses of the resonators
were not explicitly discussed, photonic crystals have been successfully treated as effective materials, including cases where the refractive index is negative [96, 97].
In fact, many results were advanced towards achieving isotropic e↵ective media
using monolithic photonic crystals [38, 39, 96, 98–101]. Remarkably, this was originally theorized in the 1950s, even predicting e↵ective indices below unity [97]. These
all-dielectric photonic-crystal-based metamaterials even featured the benefit of true
isotropy within the plane of propagation as a natural consequence of a photonic crystal’s symmetry.
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Theoretical prediction and first appearances

Mie-based dielectric metamaterials can achieve a significant range of e↵ective refractive indices, encompassing negative, zero, and positive values, by simultaneously
engineering electric and magnetic resonances [4, 39, 94, 98]. Generally, each dielectric
pillar supports a monopole (TM0 ) and dipole (TM1 ) mode (Fig. 1.5). To achieve
the desired finite-impedance ZIM, the resonances associated with these modes are
tuned to cross zero at the same frequency through variation of only two geometric
parameters: the pitch (a) of the array, and the radius (r) of the pillars. When this
resonance overlap occurs, the associated modes can be considered degenerate; operation at the same frequency produces a field that oscillates between the two. In terms
of the photonic band structure, this degeneracy manifests as a Dirac-cone dispersion
at the center of the Brillouin zone [4, 38, 39]. The characteristic cone results from
two curved bands joining, the occurrence of which creates a linear dispersion for a
range of frequencies in the vicinity of the overlap frequency. The photonic analog
to the dispersion of graphene features this intersection of two linear bands, and an
additional “flat” band at the center of the Brillouin zone (Fig. 1.6a). The two linear
bands correspond to hybridizations of the monopole and dipole modes, whereas the
flat band corresponds to the dipole mode in a rotated orientation typically inaccessible from normal incidence. The presence of the flat band is a necessary consequence
of isotropy, as the material must behave consistently regardless of excitation direction
along the square lattice.
As the Dirac cone is located at the -point, the three modes that are encompassed feature zero phase-advance. While isotropic, the monopole mode cannot be
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excited by a plane wave source as a result of symmetry mismatch. Instead, the dipole
mode is responsible for the non-zero group velocity. A ZIM that features this dispersion profile oscillates between the monopole and dipole modes when operated at
the zero-index frequency, supporting energy transmission through the propagating
hybridized mode [98]. Further, as the Dirac-cone dispersion resides above the light
line due to its position at the

-point, ZIMs inherently exhibit radiative loss [47]

while the same dispersion positioned elsewhere in the lattice has the potential to be
confined but eliminates the zero phase advance property [16, 41].
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Figure 1.6: a) The photonic band structure of a photonic crystal consisting of
a square lattice of infinitely tall silicon pillars with radius r = 0.2a, relative
✏ = 12.5 and relative µ = 1. The two linear bands intersect to form a
Dirac cone at f = 0.541c/a. b) This first Dirac cone metamaterial was
demonstrated in the microwave regime using a square array of alumina rods.
c) A schematic and colored SEM of a Dirac cone zero-index metamaterial
based on a horizontal square array of silicon bars that operates in the infrared.
d) The experimental real and imaginary component of the e↵ective index for
the structure in (c) (from Ref. [4, 5]).
A Dirac-cone ZIM was first demonstrated in the microwave regime by Huang
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et al. in 2011 [4] using a square array of alumina rods embedded within a parallelplate waveguide (Fig. 1.6a-b). The inclusion of a parallel plate structure serves as
a perfectly electric conductor (PEC) boundary, or a mirror that e↵ectively confines
the leaky zero-index modes in the out-of-plane direction. Using this implementation,
the authors demonstrated cloaking and lensing e↵ects enabled by a zero refractive
index. It is notable that a Dirac-cone ZIM has also been demonstrated at lower,
acoustic frequencies, enabling the first experimental visualization of the Dirac-cone
dispersion [102].

Chapter 2
Optical Dirac-cone ZIMs

2.1

First demonstration

Achievement of a Dirac-cone ZIM at microwave frequencies [4] naturally inspired efforts toward scaling the metamaterial to optical frequencies. The first Dirac-cone
metamaterial at optical frequencies was demonstrated by Moitra et al. in 2013 [5].
The geometry of the structure deviated from a two-dimensional photonic crystal and
was instead consisting of a horizontal array of silicon pillars, more closely resembling
that of a fishnet metamaterial (Fig. 1.6c-d). This work was especially crucial as
it revealed that the reflective PMC boundary was not necessary and that the refractive index of silicon was sufficiently high to support the necessary modes. However,
the fishnet geometry relies on out-of-plane excitation, incompatible with integrated
devices. The interaction distance is limited as the number of unit cells in the propagation direction is dependent upon a high aspect ratio etch. A metamaterial more
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closely resembling the photonic crystal format enabled an integrated platform for
ZIMs [6]. This ZIM was the first to enable in-plane propagation compatible with
existing integrated photonic elements, such as waveguides and resonators. However,
a metal cladding was used to make the pillars appear optically infinite in order to
emulate the behavior of two-dimensional pillars. The cladding further acted as a
PEC boundary, identical to the PEC included in the microwave demonstration [4].
The ZIM could be lithographically patterned in arbitrary shapes, circumventing the
previous limitation of short interaction lengths, crucial for applications in nonlinear
optics [25] and field enhancement [103].
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Figure 2.1: Refractive index measurements. a) angle of the experimentally
measured far-field beam. b) measured and simulated refractive index of the
ZIM based as extracted from a) and the corresponding FDTD simulation.
(from Ref. [6]).
Although the metal-clad ZIM was compatible with planar fabrication techniques, it had significant flaws that hindered the possibility of widespread adoption. Notably, the metal layers reintroduced resistive losses originally intended to be
avoided in Dirac-cone ZIMs. Furthermore, the fabrication procedure is prohibitively
complex, limiting repeatability (Fig. 2.2).
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Figure 2.2: Metamaterial structure of original integrated platform. a) Scanning electron microscope image of the fabrication procedure: (I) the pillar
array is patterned via e-beam lithography and structured via reactive ion
etching, (II) a bottom gold layer is deposited via electron beam evaporation, (III) the pillars are embedded in a polymer matrix, (IV) a second
evaporation deposits a top gold layer. b) Designed unit cell (from Ref. [6])

2.2

All-dielectric ZIMs

To make ZIMs more attractive for potential applications, future iterations emphasized simplification of the metamaterial structure. Since this initial demonstration
of an integrated ZIM (which will be referred to as metal-clad ZIM), there have been
two additional experimental Dirac-cone ZIM implementations consisting of just structured silicon-on-insulator (SOI) and surrounding air: 1) silicon pillars in air [7,49] for
TM-polarized light (this will be referred to as pillar ZIM), and the complementary
structure of 2) air holes in a silicon matrix [8] for TE-polarized light (this will be referred to as air hole ZIM). Both ZIMs can be fabricated in a single e-beam lithography
step (Fig. 2.3). The second platform is discussed in detail in Chapter 3.
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a

b

2 µm

5 µm

Figure 2.3: SEM images of zero-index metamaterials fabricated in a prism
device. a) Silicon pillars in air prism (from Ref. [7]), b) Air hole in silicon
matrix prism (from Ref. [8])
.

2.3

Challenges of Dirac-cone ZIM

While the initial fabrication challenges have been largely resolved, there are still some
notable obstacles to widespread adoption of Dirac-cone ZIMs. The prerequisite modal
degeneracy is extremely sensitive to any fabrication deviations or imperfections. Since
most Dirac-cone ZIMs are based in a pillar resonator for TM excitation, it is difficult
to use thinner device layers that are more compatible with single mode waveguides.
Further, while reactive ion etching is an anisotropic procedure, generally gently sloped
sidewalls often result; the typically high aspect ratio of pillar resonators accentuates
the e↵ect of the slight angle in the etch profile. Radiative losses are inherent to Diraccone ZIMs and are a significant obstacle to creating devices with long propagation
lengths or large areas. These losses also contribute to deviations from the desired linear dispersion. Finally, as the unit cell of Dirac-cone ZIMs is often on the same order
as the operating wavelength, categorization as a homogeneous bulk is challenging and
merits additional consideration. However, many of these obstacles are not intrinsic to
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Platform

Polarization

Height

Pitch

Radius

Metal

Metal-clad [6]

TM

500nm

690nm

211nm

Yes

Pillar [7]

TM

860nm

918nm

229nm

No

Air hole [8]

TE

220nm

728nm

222nm

No

Table 2.1: Brief summary of three integrated ZIM platforms based on SOI
for infrared wavelengths
zero-index materials and may be resolved in the near future. The following sections
compare the three platforms listed in Table 2.1, exploring the major challenges and
potential solutions.

2.3.1

Tolerance to fabrication imperfections and tunability

A significant obstacle for ZIMs is their low tolerance for parameter variation in fabrication. As the Dirac-cone dispersion results from the perfect tuning of two resonances,
even a slight deviation in the fabricated dimensions can result in a breakdown of the
desired behavior, producing a photonic bandgap. The tolerable variation in parameter dimension is below a percent [4], creating an obstacle towards the wide-scale
adoption of a Dirac-cone metamaterial. However, it should be emphasized that a
sensitivity to fabrication imperfections is characteristic of many core integrated photonics components, including waveguides and resonators [104], and not necessarily
limited to photonic crystal structures. Rather, the challenge comes from the narrow
bandwidth of the zero crossings of permittivity and permeability resonances.
Deviations in fabricated dimensions are particularly apparent in pillar radii,
which are a↵ected by processing conditions such as resist thickness, beam current drift
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and development temperature; conversely, device height and relative pillar placement
(or pitch) are relatively insensitive to processing. Systematic variation in pillar radius
will detune the zero-crossing of the electric and magnetic resonances, breaking the
degeneracy.
Pillar structures that approach or exceed 1 µm in height have been used successfully as the constituent resonator in Dirac-cone ZIMs [7, 49]. In Kita et al., these
relatively tall pillars were able to further demonstrate unprecedented tolerance to
fabrication imperfections. Generally, to achieve a robust modal degeneracy, the two
modes must possess not only identical zero-index frequencies, but their wavelength
shift must also have the same dependence on structural variation (i.e.,

/ r) (Fig.

2.4). The modal equivalent index (MEI) becomes useful in designing robust ZIMs
as it correlates with this dependence. Defined as a sum of all constituent unit cell
refractive indices weighted with respect to their field confinement [105], the MEI offers an additional parameter of consideration in achieving tolerance to fabrication
imperfections. If the MEI of the two modes can be designed to remain equivalent for
a range of radii, the degeneracy is expected to be maintained within this range, as
well.
Independent adjustment of the modal confinement necessitates a third degree
of freedom. For pillar ZIM as demonstrated by Kita et al., this is the silicon device
thickness. Through the additional tuning of the pillar height, in addition to the
original two lattice parameters (i.e., pitch a and radius r), zero-index frequency and
matched MEI can be simultaneously achieved for a range of radii. The optimized
metamaterial maintains zero-index operation despite radius variation of ± 3.6%, or

Chapter 2: Optical Dirac-cone ZIMs

27

up to ± 19 nm, corresponding to an order of magnitude reduction in sensitivity. In
exploiting this modal dispersion, an increase in pillar radius results in a redshift of
the zero-index frequency instead of the typical band gap (Fig. 2.4).
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uncommonly thick device layers in order to achieve the necessary pillar height; taller
device layers often prevent single mode operation in coupling structures. However,
the concept is transferable to any metamaterial that allows for control of modal dispersion in its constituent resonators. One obvious variation is core shell, or “coated”
resonators that adds parameters associated with a coating or void [106, 107] and has
been used to theoretically demonstrate Dirac cone zero-index [108–110]. However,
Fig. 5. Experimental demonstration of an on-chip fabrication-tolerant AD-ZIM prism
integrated with Si photonics. (a) Scanning electron microscope image of the fabricated device.
The inset shows the magnified picture of the prism. (b) Representative NIR image showing
light scattered from the prism (λ = 1.56 μm). The refracted beam with α ~0° is visible at the
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alternate lattices [58, 108–111] or malleable substrate materials [112] may provide
promising solutions as well.
Without the addition of a degree of freedom, it is challenging to achieve fabricationtolerant ZIMs. However, post-fabrication tuning methods are available. Mechanical
strain can tune the distance between resonators and index matching fluid is commonly
used to adjust the refractive index of the background medium. Finally, thermal tuning, either through application of heat directly or by powering metallic inclusions on
chip, has long been used for fine tuning after fabrication is complete.

2.3.2

Device height

The Dirac-cone dispersion originates in infinitely tall silicon pillars [4,5,39,98] making
the realization of a ZIM with a finite height challenging. Attempts to approximate
an infinite pillar height have included the addition of a metal-cladding such that
the pillars appear optically infinite [6], and use of pillars with high aspect ratio geometries [5, 7, 49]. However, the former involves a prohibitively complex fabrication
procedure and the latter introduces incompatibility with common coupling structures and standard SOI device heights. While achievement of a ZIM has a significant
dependence on pillar height, compatibility with existing integrated platforms limits
heights to those available in commercial silicon-on-insulator (SOI) wafers with lower
device thicknesses. This is particularly challenging for the TM modes associated with
dielectric pillars as there is a stricter dependence on minimum height necessary to
support the modes [113, 114].
To significantly reduce the aspect ratio of the metamaterial, the amount of
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confining material can be increased. Vulis et al. [8] achieved this by increasing the
volume filling fraction of silicon as compared to air: the unit cell design is inverted,
transitioning from silicon pillars in air to air holes in a silicon matrix [8]. The air hole
ZIM is fabricated using a 220-nm silicon device layer, a significant reduction from
the pillar ZIMs that required a device height of 500 nm or greater. In contrast to
the pillar metamaterial, the air hole ZIM is designed for TE polarized light. This
polarization is found to o↵er improved confinement for thinner device layers [63,115].
While this design still achieves a Dirac-cone dispersion, the degenerate modes
exhibit a higher order of symmetry; instead of the monopole and dipole modes of the
pillar ZIMs, this air hole ZIM features the degeneracy of dipole and quadrupole modes.
While Dirac cone ZIMs involving higher order modes had been predicted [9,98], the air
hole ZIM represents the first experimental demonstration of this specific degeneracy.
While the same experimental result is achieved, higher order modes are generally disadvantageous due to the resulting weaker resonances. While theoretically
possible, most high order modes cannot be experimentally achieved. However, the inverse structure of a air hole ZIM cannot be mapped to the pillar resonances commonly
associated with Mie-based metamaterials as it is not expected to support a monopole
mode in a low index void. Ashraf et al. [110] report that a Dirac cone ZIM achieved
through a core shell structure results from the degeneracy of monopole and dipole
modes when the coating possess a lower refractive index than the core, while inverting
the coating and the core results in a degeneracy of the dipole and quadrupole modes,
further confirming this result. However, a degeneracy incorporating a quadrupole
mode may be the limit of modal order that can be achieved experimentally without
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higher refractive index materials. The quadrupole in particular features a node at its
center which may o↵er an advantageous placement option for emitters or other point
sources. Intentional selection of higher order modes has been theoretically demonstrated in a polarization-independent ZIM by Lin et al. where the field distribution
of the modes is used as a starting condition instead of a consequence [116].

2.3.3

Modal degeneracy and band structure

While all integrated ZIMs are based on a Dirac-cone dispersion [4], full-wave simulations reveal subtle di↵erences in the resulting dispersion surfaces at the degeneracy.
Fundamentally, all designs feature the intersection of two bands corresponding to the
degeneracy of the dipole and monopole modes (or quadrupole, in the case of the air
hole ZIM), and a third flat band corresponding to the rotated dipole mode (Fig.
2.5). While the metal-clad ZIM has a linear dispersion near the Dirac point, the two
all-dielectric platforms show a slight quadratic dispersion at the intersection. This
deviation from linear begins to emulate a ring of exceptional points. The relation between Dirac cones and exceptional points has been previously theorized [117,118] and
recently demonstrated in a photonic crystal slab [9]. The demonstrated all-dielectric
Dirac-cone zero-index metamaterials can be argued to possess either a Dirac-cone or
exceptional point dispersion. These can be considered as, equivalent as in the latter case, the degeneracy is tuned such that the ring radius is negligible as compared
to seemingly flattened dispersion (Fig. 2.6) — e↵ectively forming the single point
degeneracy.
Generally, a quadratic dispersion is undesirable. As the slope of the band is di-
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Figure 2.5: Three-dimensional dispersion surfaces of di↵erent zero-index
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portion of the band shown in (red) and bottom portion in (blue). The flat
band is removed for clarity (from Ref. [6–8]).
rectly correlated with the group velocity, a quadratic dispersion would result in components of an applied pulse signal propagating through the ZIM at di↵erent speeds,
producing distortion. The source of this quadratic dispersion originates from the difference in radiation of the two degenerate modes. By contrast, the dipole mode in
a two-dimensional system cannot access an out-of-plane radiation channel, resulting
in a perfectly linear cone. [9]; the introduction of loss channels (for example, with a
finite device height) causes the dispersion to curve near the degeneracy. This is an
unfortunate consequence of ZIMs as the Dirac cone degeneracy lies above the light
line and, as such, its constitutive modes are naturally radiative [63].
The degree of radiation is strongly related to the compatibility of the modal
symmetry with a plane wave. The monopole and quadrupole modes possess symmetries incompatible with a plane wave. This is not the case with the symmetry
of dipole modes. The quality factor of the monopole and quadrupole are found to
be several orders of magnitude higher than that of the dipole mode [6–8]. This loss
channel primarily driven by the dipole mode results in a lower group velocity in the
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vicinity of the Dirac cone and the resulting quadratic dispersion [9, 119].
However, the plane-wave nature of the radiation enables a method of confinement through the interference of loss channels. In the band structure of metal-clad
ZIM, the dispersion is noticeably linear. This linearity results from the metal cladding,
which reduces the quality factor of the monopole mode through absorptive losses,
while the addition of a mirror limits the expected radiation of the dipole mode.
Therefore any similar method of confinement should be expected to match the loss
LETTER RESEARCH
of the degenerate modes more closely and achieve a linear dispersion (see Losses).
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into two regions: inside the ring (jkj , kc), Re(v6) are dispersionless show, in Supplementary Fig. 3 and Supplementary Information secand degenerate; outside the ring (jkj . kc), Im(v6) are dispersionless tion IV, that the complex eigenvalues always switch their positions
Re(v6) exhibit
along every direction
the k space, and therefore
the existence
and degenerate. In The
the vicinity
kc, Im(v6) and
lossesof introduce
a secondary
complication
in theininterpretation
of theprove
band
square-root dispersion (also known as branching behaviour6) inside of this exceptional ring. As opposed to the simplified effective Hamiland outside the ring, respectively. Exactly on the ring (jkj 5 kc), the tonian model, in a real photonic crystal slab, the EP may exist at a
two eigenvalues v6 are degenerate in both real and imaginary parts; slightly different magnitude of k and for a slightly different hole radius
meanwhile, the matrix Heff becomes defective with an incomplete r along different directions in the k space, but this variation is small and
eigenspace spanned by only one eigenvector (1, 2i)T that is orthogonal negligible in practice (Supplementary Information section V).
to itself under the unconjugated ‘inner product’, given by aTb for
To demonstrate the existence of the exceptional ring in such a
vectors a and b. This self-orthogonality is the definition of EPs; hence, system, we fabricate large-area periodic patterns in a Si3N4 slab
here we have not just one EP, but a continuous ring of EPs. We call it an (n 5 2.02 in the visible spectrum, thickness 180 nm) on top of 6 mm
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structure. Whenever losses are present in the system – either from material absorption
or radiation – an ambiguity arises in the computation of band structure. These losses
introduce imaginary components that cannot be fully portrayed in a two-dimensional
band structure. There are therefore two branches of solutions: the eigenmodes of
the system with real propagation wavevectors (~k) and complex operating frequencies
(!) (as typically provided by commercial eigenmode solvers using the finite element
method), or the inverse case of entirely real ! and complex ~k (as typically produced by
finite-di↵erence time-domain methods) [120, 121]. Typically, losses are small enough
that the di↵erences between these two methods are negligible.
However, this is not the case for Dirac cones dispersions. Firstly, a Dirac cone
ZIM is dependent on achieving a degeneracy of two modes which can be obscured if
the incorrect simulation method is used (Fig. 2.7). Secondly, due to their location
above the light line in the Brillouin zone, these modes possess significant imaginary
components reflective of their leaky nature. Third, the di↵erence in quality factor of
the degenerate modes (See Modal degeneracy and band structure) indicates that each
mode possesses di↵erent imaginary values that further confound the results.
As modes in any photonic crystal are excited using lasers corresponding to real
!, and losses are primarily accumulated with propagation, the complex-~k simulation approach is expected to yield results that more closely resemble experimental
conditions [120, 121].
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Figure 2.7: Complex-~k and complex-! solutions to the band structure of a
zero-index waveguide, the one dimensional analog [10] of the air hole ZIM [8].
When computed using the standard complex-! method, the mode degeneracy
is obfuscated.
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Treatment as a homogeneous material

The treatment of a material with a Dirac-cone dispersion as an e↵ectively zero-index
medium has been both a challenge and a point of debate in recent years [101, 122]
due to its origin as the degeneracy of multiple modes. An ideal, fully homogeneous
metamaterial should support a single propagating mode at the wavelength of operation; otherwise ambiguity is introduced in assigning a refractive index. Dirac-cone
metamaterials, however, are based on the degeneracy of three modes at the zero-index
frequency: a monopole or quadrupole, and two dipole modes. The result is an additional flat band that intersects the Dirac cone that constitutes a second mode in the
strictest homogenization consideration [122].
However the symmetry of the modes plays a significant role in its relevance.
Therefore, it may be possible to describe Dirac-cone metamaterials by an e↵ective
index for a subset of illumination conditions. In this case, we may treat the hybridized
behavior of the two degenerate modes at the zero-index frequency as a single mode.
While the third band, corresponding to the longitudinal dipole, is incompatible with
incident plane waves, its e↵ects cannot be completely ignored as it is possible to
excite the longitudinal dipole via oblique or evanescent waves, introducing undesirable
coupling that is inconsistent with the behavior of an e↵ective medium. Excitation of
the longitudinal dipole can be avoided for normal incident illumination or through
operation at a frequency slightly above the degeneracy. As such, while the ZIM can
behaves similarly to an ideal zero-index material, it is inaccurate to describe it as
homogeneous in the strictest sense. By characterizing the conditions for single-mode
operation, the limitations in application of Dirac cone ZIM cone can be identified.
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For treatment as a homogeneous medium, the material must satisfy the addi-

tional criteria of isotropy, passivity, causality, and lack of radiative and scattering
losses [123]. The passivity criterion is easily satisfied by using a low-loss dielectric
material. Superluminal pulse propagation is not possible and causality is maintained
(see Dispersion and causality). The presented ZIMs generally exhibit a significant
isotropic bandwidth around the Dirac-point (55 nm for the pillar metamaterial, and
20 nm for the air hole metamaterial [6,8]). The radiative and scattering loss criterion,
however, is problematic and worthy of additional discussion. This criterion refers not
only to direct losses, but also those incurred from coupling to additional modes. Due
to the presence of additional bands, this is a possibility in fabricated zero-index Diraccone metamaterials. Finally, the lattice constant must be sufficiently small relative to
operating wavelength to avoid di↵raction at the interface of the material. As the unit
cells of these ZIMs are often relatively large with respect to the free space wavelength
(⇡ 0.5 ), di↵raction producing non-normal components is possible.
A particularly illustrative example is the response of the ZIM to a rotated
source of excitation. In general, a homogeneous zero-index material can be expected
to emit light at normal incidence from each of its facets. The inverse is also true:
light is expected to only enter a homogeneous zero-index material normal to the
interface. However, excitation at various angles of incidence often reveals extraneous
transmission at angles beyond the normal. This indicates access to modes beyond
the desired hybrid degenerate mode, albeit at other angles of incidence. In the case
of a metal-clad ZIM, the extraneous transmission largely results from coupling into
the flat band mode and is significantly reduced by operation at a frequency above the
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degeneracy.
Systematic analysis of these extraneous band structure modes reveals that certain bands are inaccessible and, as such, can be neglected under normal incidence [8].
However, Dirac-cone ZIMs are not strictly consistent in behavior across a range of incident angles and coupling to these additional modes may be problematic for certain
applications.
The homogeneous behavior of ZIMs at normal incidence is further verified in
recent work by Reshef et al. [10]. Although previous demonstrations of ZIMs focused
on two-dimensional unit cell arrays, the same exotic phenomena can be realized in
one-dimensional waveguides that are extremely compatible with integrated photonics.
Inspired by air hole ZIM [8] and adapted to a corrugated waveguide form-factor, this
waveguide supports only a single mode that propagates with no phase-advance and
a finite group index. As excitation of the ZIM waveguide is normal to the interface,
the observation of the standing wave pattern extended across the device and without
additional interference serves as proof that indeed only the zero-index mode is accessed
at normal incidence (Fig. 2.8). The measurement technique is elaborated further in
Chapter 4.

2.3.5

Losses

As the degenerate zero-index modes lie above the light line, they are intrinsically
leaky [63]. Physically, we find that light radiates in all directions from a zero-index
material — both normal and parallel to the device plane. While this has potential
use for applications as a metasurface and for beam-steering [20], the intrinsic losses
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1575 nm

1625 nm

1675 nm

Figure 2.8: Standing wave patterns resulting from the interference of two
counter-propagating sources in a ZIM waveguide for wavelengths ranging
from 1575 nm to 1675 nm. The extension of a node across the entire length
of the ZIM waveguide indicates e↵ectively homogeneous zero-index behavior
at normal incidence (from Ref. [10]).
can make certain applications, such as in nonlinear optics or waveguiding, challenging
or prohibitive.
A virtual cutback measurement can be used to quantify losses.This method
can be used to evaluate the channels of loss: i) the intrinsic radiative loss from the
degenerate modes, ii) coupling loss at the interface of the zero-index metamaterial and
waveguides from impedance mismatch, and iii) coupling from the degenerate modes
to additional bands. For the metal-clad zero-index metamaterial, the coupling loss
is 1.4 dB (28%) at each facet [6] and the propagation loss is 1.3 dB/µm. The losses
of all-dielectric platforms are comparable; while the removal of the metal cladding
eliminates resistive losses, the metal cladding also provided confinement in the plane
of the pillar array. The coupling and propagation losses of the pillars in air are 3.6
dB and 1.6 dB/µm, respectively, while the losses for the air holes in silicon are 1.3 dB
and 1.1 dB/µm, respectively.
However, through removal of cladding introduces the possibility of complete
elimination of out-of-plane radiation loss through destructive interference of multiple
loss channels, forming a bound state in the continuum (BiC) [124]. Preliminary
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results have showed significant promise in eliminating out-of-plane radiation [125]
and further results are explored in Chapter 5.

Chapter 3
Monolithic CMOS compatible
ZIMs
3.1

Introduction

Silicon photonics has become the principal platform for on-chip optical telecommunications [126–128]. Furthermore, monolithic fabrication of many silicon-based photonic devices allows for integration with existing CMOS technologies that currently
dominate computation and communications [11,128]. As integrated silicon photonics
approaches the nanoscale, solutions based on new materials are necessary to manage
the confinement and behavior of light. Metamaterials o↵er a way to engineer materials
with novel, tailored properties that extend the capabilities of silicon photonics.
Zero-refractive-index metamaterials have attracted attention for engineering the
interaction of light in integrated photonics [4, 5, 13–15, 34, 38, 64, 129]. The e↵ective
wavelength within this material is infinite, allowing phase-free propagation of light as
40
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well as strong nonlinear optical enhancement [23, 24, 130–132]. Such extreme properties have inspired a variety of applications, including efficient coupling between
disparate modes and sub-di↵raction limit waveguide design [18–20, 34, 133, 134], electromagnetic cloaking [21, 22], beam steering [47], quantum optics [135–137], and new
approaches to phase matching in nonlinear optics [24, 25, 138].
E↵ective implementation of a zero-refractive-index metamaterial in integrated
photonics requires both CMOS compatibility and monolithic fabrication: the zeroindex metamaterial must 1) be fully dielectric, 2) contain low-aspect-ratio structures
for compatibility with standard SOI wafers, and 3) operate at telecom frequencies.
Integrated applications also necessitate an in-plane geometry in which light propagates parallel to the substrate surface for compatibility with silicon waveguides or
photonic devices.
Inspection of the definition of refractive index as defined in Eqn. 1.1 reveals
e↵
that an index of zero is achieved if either or both the electric (✏e↵
r ) or magnetic (µr )

response of a material is tuned to zero. While we can tune the electric and magnetic
response using metallic inclusions [34, 139], incorporating metals results in Ohmic
losses and incompatibility with all-dielectric silicon photonics. In addition, inspection of the impedance equation (Eqn. 1.2) reveals that this “single zero” case produces
an impedance of either infinity or zero – a mismatch that makes such metamaterials unsuitable for integrated applications. Fully dielectric zero-index metamaterials
present an attractive alternative. Such metamaterials can be achieved by tuning Mie
resonances in a photonic crystal structure [4, 38]. This approach allows for precise
and independent control of the electric and magnetic response and can be used to
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e↵
tune both the e↵ective relative permittivity ✏e↵
r and e↵ective relative permeability µr

to zero simultaneously, yielding a finite impedance [4, 5].
Previous all-dielectric zero-index metamaterial designs are largely unsuitable for
integrated photonic applications. For example, out-of-plane configurations in which
light propagates perpendicular to the substrate surface are impractical for integrated
applications or long interaction lengths [5]. In comparison, in-plane configurations
formed by cascading regions of both negative and positive phase advance do not o↵er
flexible shape configuration or isotropic behavior [64]. Finally, zero-refractive-index
metamaterials have been demonstrated by our group for an in-plane configuration
with isotropic behavior. However, these metamaterials rely on either a unit cell
of artificially infinitely tall silicon pillars achieved through parallel conductors [6]
or silicon pillars whose height considerably exceeds current standard SOI platforms
[49, 140].
Here, we present a monolithic, CMOS-compatible Dirac-cone metamaterial.
This metamaterial possesses a finite impedance and refractive index of zero for telecom frequencies. This metamaterial can be patterned and structured on a photonic
chip in a single step alongside other optical elements, and is based on based on a
standard material platform of 220-nm-thick SOI [Fig. 1].
The metamaterial design consists of a square array of air holes in 220-nm-thick
SOI, which can be patterned using a single electron-beam-lithography procedure. The
air holes are then structured through an inductively coupled plasma reactive ion etch
procedure. To measure the index of refraction, we construct a triangular prism of this
metamaterial and observe that transverse-electric (TE) polarized light entering the
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Figure 3.1: Illustration of the fabrication stages of a sample photonic circuit
that incorporates a zero-index metamaterial as a single, monolithic procedure. A substrate consisting of 220-nm-thick SOI is (a) patterned via electron
beam lithography, then (b) structured through a reactive ion etch procedure,
and finally (c) the resist is removed revealing the completed circuit. Inset:
Close-up view of a metamaterial air-hole array with design parameters radius
(r) and pitch (a) indicated.
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prism is refracted perpendicular to the output facet through a semi-circular polymer
waveguide. A zero degree angle of refraction, combined with a linear dispersion,
unambiguously demonstrates a refractive index of zero.
Through configuration of the unit cells, the metamaterial can be defined in arbitrary shapes for varied potential applications. In addition, use of standard planar
fabrication techniques maintains intrinsic compatibility with the vast library of existing SOI-based devices. This metamaterial enables the mass production of zero-indexbased devices at low cost and high fidelity through CMOS fabrication techniques and
possesses simple features consisting of nanoscale circular holes. Combined with a
monolithic fabrication procedure, this platform provides an easily adaptable method
of exploring various applications of a refractive index near zero.

3.2

Design and theory

To achieve a platform with low-aspect-ratio features, we increase the ratio of silicon
to air as compared to previous zero-index designs based on infinitely tall silicon pillars
[4–6, 38]. An air hole in silicon matrix design increases the volume filling fraction of
silicon, allowing the area between defined air columns to be used as short resonators
suitable for thinner silicon films. The metamaterial is designed for TE polarized
modes that are more strongly confined in thin silicon layers than transverse magnetic
(TM) polarized modes [63, 115]. Furthermore, we expect symmetric modes to result
from the symmetric unit cell lattice featured in an air-hole structure; such modes can
form a degeneracy corresponding to a Dirac-cone dispersion [98]. We tune the size
and separation of the air holes in our metamaterial to ensure the degeneracy of three
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Figure 3.2: Design of the zero-index metamaterial. (a) Photonic band structure of the zero-index metamaterial for TE modes. Two linear dispersion
bands intersect at the point at = 1550 nm. TE fraction is superimposed
on the band structure. The grey lines are added to clarify the bands. (b)
Three-dimensional dispersion surfaces. The linear bands (blue and red) form
a Dirac-like cone. We show only the two modes that form the cone to clarify
the dispersion. (c) Electric fields at the point over a unit-cell cross section
in the plane of the array, corresponding to an electric dipole mode and a
magnetic quadrupole mode. (d) E↵ective index (blue line) and normalized
impedance (red dashed line) of the metamaterial. The index crosses zero
linearly at a wavelength of 1550 nm. Impedance is shown to have a finite
value of 0.8 at the design wavelength. (e) Isowavelength contours of the zeroindex metamaterial for wavelengths below (left) and above (right) the design
wavelength. Lighter shades indicate wavelengths farther from the design
wavelength. The nearly circular contours indicate that this metamaterial is
almost isotropic near the point.

46

Chapter 3: Monolithic CMOS compatible ZIMs

symmetric modes at the

point and achieve a photonic Dirac cone at the center of

the Brillouin zone [Fig. 2(a)] for a wavelength of 1550 nm. The pitch and radius are
738 nm and 222 nm, respectively.
The calculated band structure for the designed material is shown in Fig. 2(a).
Two bands with linear dispersion intersect at the

point, forming a Dirac-like cone

[6,10]. We also observe an additional “flat” band corresponding to a longitudinal
electric dipole mode. The bands display quadratic-like dispersion in the vicinity of
the

point, deviating from an ideal (linear) Dirac cone, with characteristics similar

to previously observed rings of exceptional points [9]. The shape of this dispersion is
more clearly observed in the three-dimensional dispersion surface shown in Fig. 2(b).
For a sufficiently small exceptional ring diameter, we achieve degeneracy of the modes
at the

point and expect behavior similar to that of a linear Dirac-cone dispersion.

The intersection of the two Dirac-cone bands corresponds to a degeneracy of
electric dipole and magnetic quadrupole modes at the

point [Fig. 2(c)]. It should

be emphasized that this degeneracy e↵ectively produces a single hybridized mode [98]
that oscillates between dipole and quadrupole symmetries; as such this hybridized
mode can support a propagating wave with real power flow identical to those found
in other Dirac cone zero-index metamaterials [4–6] (See Supplementary Information
A5).
In addition, we observe a disparity between the quality factors of the two degenerate modes that produces a quadratic dispersion in the vicinity of the

point.

The quality factor of the dipole and quadrupole modes are estimated to be 40 and
5500, respectively. Radiative loss produced by the dipole mode disrupts the degen-
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erate behavior and results in a lower group velocity near the
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point, producing the

quadratic bands in that region [9, 119]. Conversely, the quadrupole modes do not
produce significant radiation losses as there is a symmetry mismatch of that mode in
relation to plane waves [Fig. 2(c)].
While Dirac-cone behavior as the product of dipole and quadrupole modes has
been predicted [9, 47, 98], treatment of a material with a Dirac-cone dispersion comprised of these modes as an e↵ectively zero-index medium may be challenging [101].
This work represents the first demonstration of zero-index via degeneracy involving a
quadrupole mode. Consideration of homogenization criteria ensures that the modes
excited in the presented metamaterial by a normal incidence plane-wave source produce an e↵ectively zero-index (See Supplementary Information A4 for homogenization
verification).
Despite the low-aspect ratio, this metamaterial maintains propagation losses
that are comparable to previously demonstrated zero-index metamaterials. Low confinement and the resulting propagation loss is intrinsic to modes that reside at the
point and above the light line. As such, it cannot be trivially confined to the plane
of propagation. However, through removal of the metallic mirrors present in our earlier work [6] there is the possibility of complete elimination of out-of-plane radiation
loss through the use of a single all-dielectric CMOS-compatible distributed Bragg
reflector. Addition of such a reflector allows for the formation of a bound state in the
continuum [124]. There have been some initial e↵orts towards achieving this goal [125]
that are beyond the scope of this manuscript (See Supplementary Information A2 for
propagation losses).

48

Chapter 3: Monolithic CMOS compatible ZIMs
The TE fraction (1

R !2
R !
|Ez | dV / | E |2 dV ) of the modes is superimposed on

the band structure in Fig. 2(a); high TE polarization fraction in the modes forming
the Dirac cone indicates that TE polarized light entering the structure efficiently
couples to modes forming the degeneracy. While there are multiple modes at most
frequencies, including the zero-index frequency, systematic analysis of these modes
reveal that those beyond the Dirac cone possess either a low TE polarization fraction
or modal symmetry that is incompatible with a plane wave source; as such they are
unlikely to be accessed by the TE plane wave source (See Supplementary Information
A4 for homogenization verification).
We extract the e↵ective refractive index and impedance of the metamaterial by
simulating the scattering parameters of a finite metamaterial slab [Fig. 2(d)] [123]
(See Supplementary Information A1). We find that the refractive index crosses zero
with linear dispersion in the vicinity of the Dirac cone at the design wavelength of 1550
nm. We also see that the material has an e↵ective normalized impedance of 0.8 at that
design wavelength. From the surface in Fig. 2(b) and the collapsed isowavelength
contours corresponding to frequencies above and below the design wavelength in Fig.
2(e), we see that the modes at the

point form nearly circular isowavelength contours

close to the design wavelength, indicating isotropic behavior (See Supplementary
Information A4 for homogenization verification and isowavelength contour fitting).

3.3

Experimental results

To experimentally measure the refractive index, we constructed a right triangular
prism of this metamaterial and measured the refraction of TE polarized light entering
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Figure 3.3: Fabricated metamaterial and experimental setup. (a) Scanning
electron microscopy image of the fabricated device. A silicon waveguide carries the incident beam towards the zero-index metamaterial prism as outlined
in black, where the beam is refracted into the SU-8 slab waveguide. A silicon lip at the outside edge of the slab waveguide is used to scatter the
output beam for optimal imaging. The angle of refraction ↵ is determined
by measuring the position of the refracted beam at the curved output edge
of polymer slab waveguide as indicated by the yellow scattering point. An
additional polymer waveguide around the outside edge of the slab waveguide
includes defects that are used to align the infrared images during experimental data processing. (b) Fabricated zero-index metamaterial prism showing
the incident and refracted beams
the prism. Fig. 3 shows a scanning electron microscope image of the fabricated device,
including input and output coupling structures [Fig. 3(a)] and a close-up image of
the fabricated metamaterial prism [Fig. 3(b)]. TE polarized light is coupled into the
metamaterial through a tapered silicon waveguide. This ensures plane-wave excitation
of the modes corresponding to a refractive index of zero. Light exits the prism via
the output facet into a semicircular polymer (SU-8) slab waveguide. The exiting light
propagates radially outward to the edge of the slab waveguide [Fig. 3(a)]. To extract
the angle of refraction, ↵, the scattered beam is imaged by a near-infrared camera
[Fig. 3(b)].
We measure the angle of refraction of the metamaterial by sampling the intensity
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Figure 3.4: Experimental refractive index measurement. (a) Measured nearfield pattern and (b) corresponding simulated far-field pattern. The white
dashed lines show that the refracted beam crosses 0 at a wavelength of 1625
nm. The image is normalized to the maximum intensity at each wavelength.
(c) Near-infrared microscope image of the prism [Fig. 3] at 1625 nm, showing
the refracted beam, which propagates normal to the interface between the
prism and the SU-8 slab waveguide. The black dotted lines indicate the
position of the prism and input waveguide. The white dashed lines delineate
the portion of the image that is used to produce the measured near-field
pattern [Fig. 4(a)]. (d) E↵ective index of the metamaterial extracted from
the measured (blue dots) and simulated (red line) angles of refraction, ↵.

Chapter 3: Monolithic CMOS compatible ZIMs

51

at the outer edge of the SU-8 slab waveguide for each of the wavelengths ranging from
1480 nm through 1680 nm [Fig. 4(a)]. The data show a clear linear transition from
a positive-index regime to a negative-index regime, crossing zero at a wavelength of
1625 nm. We also observe an additional, weaker beam at +45 . We attribute this
additional beam to TM modes in the metamaterial, as we are unable to completely
eliminate TM polarized light from the input source; as further proof, we observe
modulation of this additional beam intensity while adjusting the polarization. A
portion of this additional beam may be produced by light directly emitted from the
input waveguide that has not successfully coupled to the metamaterial prism. We
also simulated the refraction through a prism with the parameters matching that
of the fabricated prism. The fabricated pitch and radius are found to be 720 nm
and 193 nm, respectively, as measured by scanning electron microscope. As Fig.
4(b) shows, the experimental results are in excellent agreement with the simulation
and the two exhibit the same zero-crossing wavelength [Fig. 4(b)]. The additional
lobes in the simulated FFP at approximately +20 and 45 for wavelengths near 1625
nm are produced as an artifact of the finite simulation region (See Supplementary
Information A1 for simulation methods).
Fig. 4(c) shows a representative image of the refraction through the prism at a
wavelength of 1625 nm, including the scattering from the edge of the slab waveguide.
The refracted beam is observed directly above the prism, indicating refraction normal
to the output facet and an e↵ective index of zero. This shift in zero-index wavelength
from the design target of 1550 nm can be attributed to fabrication imperfections.
We can extract the e↵ective refractive index ne↵
r of the metamaterial prism from
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Snell’s law,
nSU8 /ne↵
r = sin 45 / sin ↵,

(3.1)

where the angle of incidence on the output facet of the prism has been taken to
be 45 , nSU8 = 1.58, the mode index of the output polymer slab waveguide, and ↵ is
the measured angle of the scattered beam [Fig. 3(b)]. Fig. 4(d) shows the index of
refraction obtained from both the measurements and the simulation over the wavelength range from 1480 nm to 1680 nm. The extracted index ranges from 0.51 ± 0.04
at 1480 nm to

0.21 ± 0.05 at 1680 nm. The error bars in the experimental data

are due to finite image resolution and fitting uncertainty. The fitting procedure is
described in detail in previous work [6]. The relationship between index and wavelength is linear along the entire measurement range from 1480 nm through 1680 nm
and in the vicinity of the zero-index wavelength of 1625 nm.

3.4

Robustness of modal degeneracy against fabrication imperfections

To consider the robustness of the modal degeneracy at the

point against fabrication

imperfections, we simulate prisms with larger and smaller air-hole radii. Within a
range of 0.8% of the target radii and 0.3% of the target pitch we find that the degeneracy and resulting zero-index is maintained with a wavelength redshift or blueshift.
Most importantly, slight fabrication imperfections still produce the desired modal
degeneracy and resultant zero-index behavior. At larger deviations from the ideal
design, however, we observe the formation of photonic bandgaps. The appearance
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of these bandgaps is a further indication that the experimentally observed lineardispersion behavior near the zero-crossing corresponds to the Dirac-cone-like dispersion (See Supplementary Information A2 for an examination of the tolerance to
fabrication imperfections).

Supplementary Information
3.5

Methods

3.5.1

Simulation

The complex indices of silicon and silica for use in all numerical simulations were
measured using spectroscopic ellipsometry. The complex e↵ective constitutive parameters, and the far-field patterns were calculated using a commercial three-dimensional
finite-di↵erence time-domain solver. Reflected and transmitted electric fields were extracted at one point before the source and one after the metamaterial, respectively, to
obtain the complex reflection and transmission coefficients. The electric fields were
collected from a near-field simulation to obtain the far-field pattern using far-field
projection.
The band structures, electromagnetic mode profiles, dispersion surfaces and
isofrequency contours were computed using a commercial three-dimensional finite
element method solver. These results were obtained by calculating all the modes in a
unit cell of the metamaterial with Floquet periodic boundary conditions in the x and
y directions and perfectly matched layers at the boundaries in the z direction (i.e.,
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out of the plane). TE-polarized modes were selected by evaluating the energy ratio
of the magnetic fields in the x, y and z directions. Modes with low quality factors
(¡20) and confinement (¡40%) were filtered out.
Modeling the full experimental device size (225µm by 225µm) [Fig. 3(a)] was
extremely computationally intensive and we have limited our simulation region to
31.68 µm by 31.68 µm which results in a much shorter propagation region. This
limited simulation region appears to be the source of additional beams observed in
Fig. 4(b).
Further simulation methods are detailed in our previous work [6].

3.5.2

Fabrication

The metamaterial is fabricated using an SOI wafer with a 220-nm-thick silicon top
layer. First, the air-hole array, input silicon waveguides, and silicon lip that is beneath the outside edge of the SU-8 slab waveguide are patterned via electron-beam
lithography (EBL) into negative-tone resist (XR-1541 6%, Dow Corning). Reactive
ion etching in an SF6 : C4 F8 atmosphere is then used to remove the silicon in the
air holes and silicon surrounding the waveguides as shown in Fig. 1. The remaining
negative-tone resist is then removed using 7:1 Bu↵ered Oxide Etch (BOE). A 1.5µm-thick SU-8 layer is spin-coated and patterned using EBL to form the output slab
waveguide, then cured. Finally, a 2-µm-thick SU-8 waveguide is fabricated using the
same method to form the calibration waveguide used to align images taken with the
near infrared camera.
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Parameter retrieval

We extract the reflected and transmitted electric fields at a point before the source
and a point after the metamaterial, respectively, to obtain the complex reflection and
transmission coefficients. Based on the complex reflection and transmission coefficients, we retrieve the complex constitutive parameters of the metamaterial using the
retrieval method as described in reference [95].

3.5.4

Alignment of device

The additional polymer waveguide external to the polymer slab waveguide shown in
Fig. 3(a) contains defects at ±45 and ±90 for a total of four alignment points.
Scattering from these defects is imaged via an infrared camera and used to calibrate
the angle of all experimental images.

3.6

Propagation loss

To estimate the propagation loss quantitatively, we perform a virtual cut-back measurement. Using finite-di↵erence time-domain methods, we perform multiple simulations of wave propagation through 3 to 9 unit cells of the zero-index metamaterial.
We excite the fundamental TE polarized mode into a silicon slab and monitor the
power transmission into the identical fundamental mode in an identical silicon slab
after the metamaterial. The transmission for various propagation lengths is fit to a
linear regression, and we obtain a propagation loss of 1.12 dB/µm as shown in Fig.
5.
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Figure 3.5: The extracted transmission into the fundamental TE mode of
the output slab as a function of propagation length within the ZIM. We fit
to this transmission to a line and obtain a propagation loss of 1.12 dB/µm.

3.7

Tolerance to fabrication imperfections

We study the fabrication tolerance of the metamaterial design by examining the
dependence of modal eigenfrequencies as a function of the hole radius and pitch [Fig.
1(d)]. We calculate the modes at the center of the Brillouin zone for pitches and radii
that vary by ± 5% from the optimal device parameters, with pitches ranging from a
= 695 nm to a = 765 nm and for hole radii r = 210 nm to r = 235 nm. We distinguish
the quadrupole mode from the dipole modes by their disparate quality factors, which
is significantly higher in the quadrupole modes.
In Fig. 6(a), we plot the average eigenfrequency of the quadrupole and dipole
modes at the

point as a function of the lattice parameters. The white dashed line
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Figure 3.6: (a) The average eigenfrequency as a function of the lattice parameters. The white dashed line indicates the range of values where the
average eigenfrequency of the modes occur at the operation wavelength ( =
1550 nm). The red circles indicate points where sample band structures are
calculated (as shown in I, II, III, and IV). The red star indicates the point
with the ideal pitch and radius [Fig. 2(a)] to achieve degeneracy of the modes
at the operation wavelength. (b) The absolute di↵erence between the modal
eigenfrequencies as a function of lattice parameters. The dashed white line
indicates the range of values where the average eigenfrequency of the modes
is equal to the operation wavelength [from Fig. S2(a)]. The dark blue region
corresponds to a degeneracy of the two modes (0 nm di↵erence between the
two eigenfrequencies). The red circle indicates the single parameter configuration that corresponds to the degeneracy of the two modes at the given
operation wavelength.
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indicates the dimensions for which the average eigenfrequency of the two modes is
equal to the operation wavelength,

= 1550 nm. We calculate the band structure

at multiple points [Fig. 6 I, II, III, and IV] along this line. For dimensions that
are larger or smaller than the optimal design, the quadrupole and dipole modes are
non-degenerate; for smaller radius and pitch values, the dipole mode has a higher
eigenfrequency than the quadrupole mode. As we increase the dimensions along
the white dashed line, the gap between the higher-frequency dipole modes and the
lower-frequency quadrupole mode decreases until we reach an optimal structure with
perfect modal degeneracy (indicated in Fig. 6(a) by the red star and corresponding
to our ideal design parameters). For even larger dimensions along the white dashed
line, the gap once again increases; however the position of the modes is reversed with
respect to the operating frequency, as the dipole modes have lower frequency than
the quadrupole mode (Fig. 6 I and II, versus Fig. 6 III and IV).
The absolute di↵erence between the modal eigenfrequencies for the same range
of geometries is shown in Fig.6(b). The dark blue region corresponds to a degeneracy
of the two modes (0 nm di↵erence between the two eigenfrequencies). The red circle
in Fig. 6(b) indicates the single parameter configuration that corresponds to the
degeneracy of the two modes at the operation wavelength,

= 1550 nm. If we allow

a small wavelength bandgap of 1 nm to form between the modes, we can tolerate a
fabrication variance of ± 0.3% (⇡ 2 nm) in the pitch and an imperfection of ± 0.8%
(⇡ 2 nm) in the hole radii while still maintaining near degeneracy at the operation
wavelength.
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Homogenization

We conduct a systematic analysis of the on-chip Dirac-cone metamaterial to verify
that it can be treated as a homogeneous e↵ective medium with respect to in-plane
propagating waves. In this analysis, we consider the homogenization criteria and
locality conditions. Since our structure [Fig. 1(d)] is only periodic in the in-plane
direction, this analysis is restricted to in-plane propagation. In this paper, we assume
harmonic time dependence of e

i!t

.
0

–20

1600

–40
1500
–60
1400

1300
0

|Ez|2 (dB)

wavelength (nm)

1700

–80

0.2

0.4

0.6

0.8

1

–100

k (π/a)
Figure 3.7: Comparison of band structures of the presented metamaterial
[Fig. 1(d)] computed by determining the angular frequencies as a function
of wave vector for all the Bloch modes (color map), and by k = ne↵
r !/c with
the retrieved e↵ective index ne↵
(red
line).
r

3.8.1

Homogenization criteria

The general homogenization criterion of metamaterials requires that k0 a, ka  1
where a is the lattice constant or period [Fig. 1(d)], k0 is the free-space wavenumber,
and k is the e↵ective wavenumber in the metamaterial [141]. These criteria ensure
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that we can avoid the unwanted di↵raction of waves within the metamaterial, because
the e↵ective wavelength is much larger than the lattice constant. Similarly, we also
avoid di↵raction of waves at the boundary, since the lattice constant is smaller than
the free-space wavelength. We can evaluate the homogenization criteria by studying
the photonic band structure of the metamaterial, which is treated as an infinite array. Since the Dirac cone appears near the

point [Fig. 2(a)] where the e↵ective

wavenumber k approaches zero, this metamaterial meets the criterion ka  1 in the
vicinity of the Dirac point. To quantitatively estimate the region of the band structure
in which the e↵ective medium model is valid, we compare band structures obtained
using two di↵erent methods: a macroscopic method that treats the metamaterial as
a homogeneous medium (using the retrieved e↵ective index ne↵
r and the expression
k = ne↵
r !/c), and a microscopic method that calculates the Bloch wavevectors of
eigenmodes of the metamaterial [Fig. 7]. For propagation along the -X direction,
the two band structures agree well in the range 0 < k < 0.6 at wavelengths below
the Dirac point, and 0 < k < 0.2 at wavelengths above the Dirac point. The e↵ective
medium model follows the linear band of the Dirac-like cone even where it crosses
with another band near k ⇡ 0.3 and

= 1470 nm. Thus, it is reasonable to treat

the infinite array as a homogeneous medium with e↵ective constitutive parameters
within these regions.
The Dirac-like cone is composed of three bands, which become degenerate near
the center of the Brillouin zone, forming a ring of exceptional points [9]. Within
the ring, the degenerate bands can be decomposed into a quadrupole and two dipole
modes. Outside of the ring, at larger in-plane wavevectors, the degeneracy is broken:
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the bands with linear dispersion [Fig. 2(a)] are instead described by linear combinations of the quadrupole and transverse dipole modes, which oscillate in quadrature
[Visualization 1-2]. Here we show the vertical component of the magnetic field, Hz ,
with a wavevector at the boundary of the exceptional ring. These hybridized modes
form a conjugate pair, resulting in positive and negative phase velocity for the high
and low frequency branch, respectively. Each mode has a positive group velocity, as
indicated by the black arrow in the animations. The remaining longitudinal dipole
forms the flat band [Visualization 3], and is not excited by plane waves due to symmetry mismatch. Therefore, incident plane waves excite the linear dispersion bands,
resulting in a positive- or negative-index propagation for high or low frequencies, respectively. In both cases, the e↵ective index approaches zero for frequencies near the
Dirac point. As a result, the metamaterial can be treated as an e↵ective medium with
an e↵ective index near zero and linear dispersion. These phenomena are isotropic, as
we observe a similar modal decomposition in the metamaterial for waves propagating
along the -M direction [Visualization 4-6].
To further investigate the homogenization at the boundary, we simulate the
angle-dependent transmission of our Dirac-cone metamaterial [Fig. 8]. We expect
transmission at only normal incidence since obliquely incident waves will be perfectly
reflected from a index-near-zero medium due to total internal reflection. As shown in
Fig. 8(a), we calculate the transmission through a metamaterial slab with a thickness
of five unit cells along the propagation direction. Fig. 8(b) shows the transmission
spectrum at incident angles ranging from 0 (normal incidence) to 80 , in the plane
of the array.
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Figure 3.8: Dirac-cone metamaterial with oblique incidence. (a) Top-down
view of the Dirac-cone metamaterial. (b) Angle-dependent transmission of
the Dirac-cone metamaterial. (c) Angle-dependent transmission at the design
wavelength of 1550 nm
We observe high transmission near normal incidence in the wavelengths from
1500 to ⇠1560 nm, indicating strong angular selectivity as a result of the near-zero
e↵ective index in this regime [Fig. 2(d)]. In the regime where the wavelength is
longer than ⇠1570 nm, transmission at normal incidence decreases significantly due
to a partial bandgap along the -X direction) [Fig. 7].
In addition, extraneous transmission at higher angles of incidence can be attributed to incident light coupling into additional modes at large k values in the band
structure [Fig. 7]. We can more closely observe the extraneous transmission at the
design wavelength in Fig. 8(c). Notably, we observe an additional transmission peak
at around 20-60 incidence. At these incidences, we believe it is plausible that there
is coupling into the flat band and additional bands which are not selective to only
normal incidence light (See Supplementary Information A4.3).

3.8.2

Locality conditions

We expect the e↵ective constitutive parameters of metamaterials satisfy the conditions of locality: passivity, causality, isotropy, and absence of radiation loss [123].
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e↵
Fig. 9(b) shows that the medium is passive, since Im(✏e↵
r ) > 0 and Im(µr ) >

0 simultaneously near the Dirac-point wavelength. As shown in Fig. 9(a), both
e↵
(Re(✏e↵
r ))/ ! < 0 and (Re(µr ))/ ! < 0 near the Dirac-point wavelength, indi-

cating that the medium satisfies the basic causality conditions represented by the
e↵
Kramers-Kronig relations [142]. The retrieved ✏e↵
r and µr show anomalous disper-

sion at wavelengths larger than 1570 nm due to a partial bandgap in this wavelength
regime [Fig. 7].
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Figure 3.9: (a) Real and (b) imaginary parts of the e↵ective relative permittivity and permeability of the metamaterial retrieved from numerically
calculated reflection and transmission coefficients.
To analyze the isotropy of our Dirac-cone metamaterial, we compute the isowavelength contours of the modes forming the Dirac cone near the Dirac-point frequency.
The degree of isotropy of a mode at a given frequency can be evaluated by the shape
of its isowavelength contour [63]; a perfectly circular isowavelength contour indicates
isotropic behavior. We can quantitatively estimate how circular an isowavelength contour is by fitting it to a “super-circle” relation, which obeys the equation xn +y n = rn .
This relation describes a perfect circle when n = 2 and a square with a side length of
2r as n ! 1 where n is defined as the order of the super-circle.
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As the operating wavelength strays from the Dirac-point frequency, the fit of

the isowavelength contours to supercircles gradually increases in order, as shown in
Fig. 2(e). We fit each contour to a supercircle, and plot the extracted radii r and
supercircle orders n along with the 95% confidence intervals extracted from the fits in
Fig. 10. The super-circle order indicates whether the modes are isotropic (circular)
around the

point. Fig. 10(a) shows that the structure behaves like an isotropic

medium for the frequencies between f ⇡192 - 195 THz, where the approximate order
of the fitted supercircles is equal that of a perfect circle (n = 2). This corresponds to
an operating bandwidth of

= 20 nm centered at

= 1550 nm.
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Figure 3.10: (a) The range of super-circle order as a function of frequencies,
where n = 2 corresponds to a perfect circle. The highlighted region (f ⇡ 192
- 195 THz) exhibits approximately circular isofrequency contours. (b) The
extracted supercircle radii showing that the radii decrease and then increase
linearly as a function of frequency.
In our previous work [6], the bands were strictly conical, with linear dispersion.
In comparison, the bands in this work are more quadratic due to the asymmetry in
the quality factor of the modes. The quality factor of the pillar structure’s monopole
and dipole modes are approximately 105 and 50 (in comparison, the air hole dipole
and quadrupole modes quality factors are estimated to be 40 and 5500). The greater
asymmetry in quality factors results in the quadratic dispersion observed [Fig. 2(a)].
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This is manifested as a smaller isotropic bandwidth around the zero-index wavelength.
In Fig. 10(b), the extracted supercircle radii first decrease and then increase as
a function of frequency, both with a strongly linear trend (R2 > 0.99). This linear
behavior strengthens the claim that the metamaterial possess a linear dispersion
corresponding to a Dirac cone.

3.8.3

Modal analysis

To determine which modes can be accessed via normal incident TE plane wave excitation, we replot the bandstructure as shown in Fig. 2a such that the marker size
corresponds to confinement in Fig. 11. If we consider only the

-X direction cor-

responding to normal incidence, we maintain that the presented structure can be
homogenized as a bulk medium with e↵ective constitutive parameters as modes beside those forming the Dirac cone fall under one of the following criteria: 1) the band
has a weak TE characteristic and is unlikely to be excited by a TE source, 2) the band
corresponds to a mode that is incompatible with a plane wave due to its symmetry
and is unlikely to be excited by a plane-wave source.
With this in mind, we can characterize the relevant bands as follows:
Mode 1: The mode denoted corresponds to the photonic band leading into
the Dirac cone. At the zero-index wavelength and at the

point we observe the two

modes forming the zero index: the electric dipole mode and magnetic quadrupole
mode, degenerating at the center of the Brillouin zone. These modes have a strong
TE characteristic and are compatible with plane-wave symmetry [Fig. 2(c)]; as such,
they meet both criteria and are most likely to be excited.
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Figure 3.11: Photonic band structure of the zero-index metamaterial for TE
modes with marker size corresponding to confinement (larger circles correspond to higher confinement and smaller circles correspond to lower confinement) and TE fraction superimposed.
Mode 2: This mode corresponds to a “flat” band at the

point. The flat band

cannot be excited under the TE-polarized incident light due to the fact that the flat
band corresponds to a electric longitudinal dipole mode, which is orthogonal to the
electric field of the TE-polarized incident light. Although this band fulfills the first
criterion, it fails the second and is unlikely to be excited.
Modes 3, 4 and 5: Traveling along the

-X direction, we observe another

band around k = 0.75X (between modes 4 and 5, curving upward). We begin observing longitudinal characteristic in the modes at around mode 3. This longitudinal
characteristic becomes more prevalent as we follow the band toward modes 4 and 5,
similar to the longitudinal characteristic observed in the flat band. This indicates increasing symmetry mismatch with a plane wave source; for example, we observe two
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nodes on the edges of the mode corresponding to mode 4. The modes corresponding
to the denoted points are shown in animations: Visualization 7-16.
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Figure 3.12: Finite-di↵erence time-domain simulation of the metamaterial
with a pulse source. (a) Top: top-down view of the simulation region. The
metamaterial includes 10 unit cells. The vertical dashed lines indicate the
boundaries of the metamaterial. Bottom: cross-section view of the simulation region, in which the horizontal dashed line indicates the position of
the monitor planes. (b) Electric field intensity at di↵erent positions in the
simulation region over the duration of the simulation.

We find that only the modes at the zero-index wavelength and

point fulfill

both criteria and expect that this hybrid mode is the only mode accessed at normal
incidence. As a result, it is reasonable to treat this structure as a bulk medium with
e↵ective constitutive parameters around the Dirac-point frequency.
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3.9

Power flow

To verify that the hybrid zero-index mode of our metamaterial can support a traveling
wave with real power flow, we conduct a finite-di↵erence time-domain simulation with
a pulse source for a finite slab of ten unit cells in the propagation direction and periodic
boundary conditions in the perpendicular orientation [Fig. 12(a)].
As shown in this simulation, we observe energy enter the metamaterial region
(denoted as the area between the two dotted lines) at around 400 fs at a group velocity
of v1 , propagate through the metamaterial at a di↵erent group velocity of v2 , and exit
at around 800 fs at the original group velocity of v1 [Fig. 12(b)]. This simulation
shows our metamaterial supporting the propagation of a traveling wave with real
power flow from left to right [Visualization 17].
The power flow Poynting vector field for the mode at the

point, which clearly

indicates real power transfer from right to left [Visualization 18].

3.10

Conclusion

We presented the first CMOS-compatible zero-index metamaterial in the optical
regime, featuring monolithic fabrication on an industry-standard 220-nm-thick SOI
wafer. By eliminating metallic inclusions and high-aspect-ratio structures, this zeroindex platform o↵ers a significantly simplified fabrication procedure over earlier designs and compatibility with silicon foundries. In addition, satisfaction of homogenization criterion for in-plane normal incident light permits treatment of the platform
as a metamaterial. As such, this metamaterial can be used for several zero-index ap-
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plications, including supercoupling [18, 19], phase matching in nonlinear optics [25],
and beam steering [47]. This design methodology can be extended to achieve a refractive index of zero using even thinner SOI layers and di↵erent material systems.
In addition, this is the first experimental demonstration of an exceptional-ring-based
zero-index metamaterial formed by the degeneracy of dipole and quadrupole modes.
Integration with current silicon photonic platforms through monolithic fabrication
and impedance matching o↵ers a powerful platform for exploring the applications of
zero-index materials.

Chapter 4
Application of CMOS ZIMs
4.1

Introduction

The significant simplification of ZIM fabrication as demonstrated in Chapter 3 enables the exploration of previously predicated applications of zero-index materials in
an on-chip format. However, two notable obstacles remained: method of refractive
index verification and significant radiative losses (see Section 2.3.5). The earliest refractive index measurements involved exciting a ZIM prism and measuring the angle
of the refracted beam [6–8]; as such, the light is coupled out of the integrated system
through the process of measuring the refractive index and cannot be used in conjunction with the demonstration of any zero-index applications. However, an alternative
measurement scheme is enabled by taking advantage of these radiative losses. While
it is difficult to address the out-of-plane intrinsic losses of ZIMs without significant
modification of the metamaterial itself (see Chapter 5 for a ZIM that addresses these
losses), in-plane losses can be minimized through addition of well-understood pho-
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tonic bandgap material (PBG) (see section 4.2.2). Instead, the out-of-plane losses
produce plane waves that propagate perpendicular to the plane of propagation and
can be imaged using an infrared microscope (see Section A for microscope design).
By coupling into a ZIM from opposite sides, a standing wave is formed that may
be imaged. The distance between the nodes of the standing wave correspond to the
e↵ective refractive index and thus provide an avenue to determine the index without
coupling light out of the ZIM.
This section explores this optical interferometry measurement scheme that may
be used to maintain the integrated format of the ZIM for other experiments (Section 4.2), the limitation of in-plane losses through addition of a PBG (Section 4.2.2),
and finally preliminary exploration of experiments enabled by this method such as
the measurement of ZIM nonlinearity (Section 4.3) and use as a orbital angular momentum (OAM) beam generator (Section 4.4).

4.2

Waveguide format of CMOS-compatible ZIMs

The modular nature of the CMOS-compatible ZIM allows for formation into alternative configurations, including a one-dimensional variant that more closely resembles
a standard silicon waveguide. These ZIM waveguides are found to support the same
zero-index behavior as their larger area counterparts, while significantly reducing
coupling loss to approximately 0.15 dB per interface [10].
The waveguide configuration precludes the typical methods of refractive index
characterization available for bulk materials; instead, interferometric methods commonly associated with determining the propagation constant

of a waveguide, defined
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as:
= 2⇡ne↵ ,

(4.1)

are a more appropriate choice [5, 64, 143]. The low- and zero- index of the structure
opens an unexpected opportunity for characterization: the out-of-plane radiation
of ZIMs (see Section 2.3.5) can be observed via infrared imaging. Two counterpropagating beams within the ZIM waveguide can interfere to form a standing wave
pattern with the distance between adjacent nodes directly corresponding to the e↵ective refractive index. The resulting out-of-plane radiation mirrors the standing wave
formed within the ZIM and can be imaged via infrared camera (Figure 4.1).

a

b

low-index waveguide

λ/2

Figure 4.1: Refractive index characterization through interferometry. a)
(from top to bottom) Schematic of CMOS ZIM waveguide, light propagation
in one direction, standing wave formed when light is counterpropagating, b)
SEM of fabricated CMOS ZIM with red arrows indicating directions of light
propagation to form the standing wave pattern.
The standing wave pattern is formed when the ZIM waveguide is excited from
both ends. The distance between two nodes are found to be proportional to the
e↵ective index as follows:
z=

0

2ne↵

(4.2)

This observation of multiple, regularly-spaced nodes within the waveguide is an
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unusual feature of low-index materials (ne↵ < 1). When the refractive index is above
1 (ne↵ > 1), as is typical for dielectrics, the resulting distance between nodes is found
to be below the Abbe di↵raction limit ( 2 ) [144] and thus cannot be imaged. Instead,
when the index is below 1, the distance between the nodes exceeds this limit (Eqn. 4.2)
and may be optically imaged. The general relation indicates that the higher the
absolute refractive index (positive or negative), the more closely spaced the nodes. As
the index approaches zero, the distance between nodes ( z) increases until it appears
to encompass the length of the entire ZIM waveguide, indicating an infinite e↵ective
wavelength characteristic of zero-index materials. The “infinite” zero-index node
spans the entire device length and oscillates illumination and darkness completely
in phase [10]. Notably, this method of refractive index characterization is unable to
distinguish between a positive and negative index; however, previous experimental
and modeling ZIM results [4,6–8,81] enable determination with negligible ambiguity.

4.2.1

Refractive index extraction

The standing wave pattern is found to vary in accordance with random shifts of phase
produced by vibrations, constantly disrupting the phase di↵erence between the two
inputs. As such, a series of images are taken for each measured wavelength and used
to extract the e↵ective refractive index (Figure 4.2); the set of images encompasses
all variances of lateral shift in the standing wave pattern as can be predicted from
the intensity equation:
I / cos (2 z +

) + cosh (2↵z)

(4.3)
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where z corresponds to the propagation distance (or relative distance of propagation
within the waveguide), ↵ is the propagation loss,
defined in Eqn. 4.2, and

is the propagation constant (as

is the phase di↵erence between the two inputs.

a

b
measurement

interference

fit to model
λ/2

microscope image
background

Figure 4.2: Extraction of e↵ective refractive index via image analysis. a)
An example, unprocessed image from the set of 50 random phase variations
taken for each wavelength that can be decomposed into the background signal
(bottom right) by averaging all phase variations, and the processed standing
wave (top right) clarified by subtracting the background signal from each image. b) The blue line illustrates a potential extracted intensity measurement
that can be fit to a cosine function as illustrated by the red line. The period
of the function corresponds to half the e↵ective wavelength.
An example of a single image from the The set images are averaged together
for each wavelength to produce a background signal (Figure 4.2a, bottom right).
The background signal is subtracted from each image to clarify the standing wave
interference (Figure 4.2a, top right). The resulting standing wave pattern can be
fit to a cosine wave as described in Eqn. 4.2.1 (Figure 4.2b) and used to extract an
e↵ective refractive index (Figure 4.3).
The zero-index wavelength is observed at 1625 nm, notably close to the observed
wavelength in Vulis et al. [8]. This shift in wavelength from 1550 nm can likely be
attributed to fabrication imperfections.
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Figure 4.3: Standing wave interference measurements and extracted refractive index. a) Example individual images for a series of wavelengths ranging
from 1575 nm to 1675 nm. The infinite, zero-index wavelength is observed
at 1625 nm. As the absolute value of index increases the number of observed standing wave nodes increases as well; three nodes are observed at
the extremes of the range depicted. This series highlights the indistinguishable standing wave pattern observed regardless of expected positive or negative index and the linear dispersion mirrored aboe and below the zero-index
wavelength of 1625 nm. b) The extracted refractive index as obtained from
processing all images. Only the absolute refractive index may be conclusively determined. The zero-index wavelength is experimentally observed at
1625 nm (blue markers) and the corresponding simulation based on the measured parameters shows excellent agreement (red line). A linear dispersion
is observed throughout. The grey shaded area bounded by the dotted line
represents the measurement floor.
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Losses and PBG contribution

The interferometric method of refractive index characterization in Section 4.2 allows
for light to be retained in the integrated configuration and enables the losses of a
ZIM to bequantified experimentally with respect to refractive index. As all-dielectric
ZIMs [7, 8] possess no intrinsic material loss, their loss channels primarily consist
of radiative loss in both the in-plane and out-of-plane directions (see Section 2.3.5).
The in-plane loss channel can be suppressed by cladding the waveguide with photonic
bandgap material (PBG) [63]; these structures consist of a periodic array of airholes
that may be fabricated monolithically alongside the ZIM waveguides. The PBG is
designed to match the 220-nm SOI device height of CMOS ZIMs and for operation
at TE polarization; it consists of a triangular array of holes in silicon with a pitch
of 450 nm and radius of 124 nm [10] that is based on a design in Notomi et al. [145]
(Figure 4.4a). The spacing between the PBG and ZIM waveguide is optimized such
that the reflected radiation returns in phase with the propagating zero-index mode
(Figure 4.4b). The optimal distance is found to be 320 nm and is successful in
reducing propagation losses from 1.22 dB/µm to 0.82 dB/µm.

4.2.3

Implications for homogenization

The observation of a standing wave pattern in the ZIM waveguide without additional
interference is a strong indicator that excitation of the device at normal incidence
accesses only the single, zero-index mode. For further discussion on treatment of
CMOS-compatible ZIMs as homogeneous materials, please refer to Section 2.3.4 in
Chapter 2.
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Figure 4.4: 220 nm PBG design. a) Schematic of PBG showing CMOS ZIM
waveguide clad on top and bottom with triangular lattice PBG. The spacing
between the ZIM and PBG is denoted L. The geometric PBG parameters
are its pitch aPBG and radius rPBG . b) Transmission as a function of PBG
spacing. The dotted line represents the ZIM waveguide without PBG clading
and the blue line represents the ZIM with PBG clading. Transmission is
shown to oscillate with respect to the spacing L and reaches a maximum at
around 320 nm.

4.3

Characterization of nonlinear refractive index

Zero-index materials have been recently shown to possess novel properties for
linear and nonlinear field enhancement [23, 130, 131]. Of particular interest is the
intensity-dependent index of refraction, which gives yield to a change in refractive
index as a function of third-order nonlinear polarization. This change has been defined
as
n = n2 I =

3µ0 (3)
I
4n2 ✏0 c

(4.4)

where n2 is the nonlinear refractive index [146]. Zero-index materials have been
shown to possess a large change in nonlinear refractive index as a result of a zero
permittivity [23, 131] indicating extreme nonlinear properties. It can be anticipated
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that similar properties may be observed in other zero-index platforms, including ZIMs
with Dirac-cone dispersions, due to field enhancements within the localized unit cell
modes [52].

4.3.1

Characterization of linear refractive index

Experimental measurement of the nonlinear properties of a ZIM, however, is challenging. To utilize the method described in Alam et al. [23], a Z-scan measurement [147]
technique is chosen to measure the nonlinear index n2 . CMOS ZIM [8] is selected as
the most suitable platform for performing a Z-scan measurement due to its design
for TE polarization. As Z-scan involves the passage of a beam through the sample
in the out-of-plane direction, it can be approximated as a perpendicular plane wave
source; a perpendicular plane wave is suitable for coupling to the zero-index modes
in CMOS ZIM from the out-of-plane direction. However, although the fabrication of
CMOS ZIM is relatively straightforward for smaller devices that are on the order of
tens of micrometers, creation of a large area metamaterial for suitable for Z-scan is
especially challenging. The beam spot of the Z-scan beam is approximately 200 µm
in diameter and as such an area of greater than 200 µm square is necessary; at such a
large area, fabrication using electron beam lithography is expected to have significant
proximity e↵ects and must be accounted for in the mask design (see Section 4.3.4).
In addition, linear index characterization remains an essential component in the
demonstration of zero-index applications. As such, incorporation of a ZIM region
that could be used for inteferometry as described in Section 4.2 is necessary to verify
the linear refractive index prior to the Z-scan measurement. The layout of the device
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is designed to consist of two large 200µm by 200µm square areas and a center interference region 3 unit cells in width, and 20 unit cells in length (see Section 4.3.2 for
the design of this interferometry region). This scheme is selected as proximity e↵ects
are expected to significantly impact the final feature sizes in the fabricated device.
The interference region is placed in the center of the device with expectations that
the dosing, and thus hole sizes, of the interference region will match the center of
the two large square regions (Figure 4.5) and thus serve as a good approximation of
the refractive index throughout the device. The length of the interference region is
minimized as the losses of CMOS ZIM are prohibitive toward using the large square
regions to perform the interference refractive index measurement instead.

4.3.2

Design of interference region

The one-dimensional waveguide format of CMOS ZIM featured in Reshef et al. [10] is
unfortunately a poor approximation of the bulk ZIM square. As such, it is necessary to
design an interference region that consists instead of a small two-dimensional array
of holes. Minimizing the width of the array would limit the e↵ect of the region’s
perturbation in the large area ZIM, while longer array lengths would improve the
accuracy of the refractive index extraction [10]. Three configurations are modeled:
1) A ZIM array consisting of 3 x 10 unit cells (Figure 4.5a), 2) an identically sized
array embedded in a larger area of ZIM (Figure 4.5b), 3) the same array with 300 nm
spacings on both sides within a larger array of ZIM (Figure 4.5c). (1) is necessary
to ensure the model developed in Reshef et al. is accurate for two-dimensional ZIMs
and as a form of control, and (2) and (3) are final design alternatives to determine
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Figure 4.5: Schematic of fabricated large area CMOS ZIM and uncorrected
edge e↵ects. (left) The illustration depicts the device design of the large area
ZIM with the dotted red line encompassing the area that is expected to receive similar dosing; the shaded area outside of the dotted red line represents
the region most e↵ected by proximity e↵ects that if uncorrected will have
larger hole dimensions than the un-shaded area. The width of this e↵ected
region is denoted b. The width of each square region is indicated as w and
must be 200 µm or greater. Two large areas are included to balance the
dosing on the interference region and for duplicity. The three colored arrows
(pink, green, and yellow) denote the directions measured in an uncorrected
fabricated device used to characterize the variation in hole size. (right) Measured hole sizes starting from the dotted red line in the (left) schematic (0
µm) and measuring toward the furthest edge of the device. The marker colors match the arrows in the (left) schematic. The hole sizes are found to
match a quadratic function as a function of the distance from the red dotted
border regardless of direction. As such, the expected hole size of the shaded
region shown in the (left) schematic can be predicted and corrected for.
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whether the resulting measured standing wave pattern would be a↵ected by proximity
to a large area of surrounding ZIM.
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Figure 4.6: Simulation of interference region. a) 3x10 interference region
at 1550 nm (zero-index wavelength), b) 3x10 interference region with surrounding large area ZIM, c) 3x10 interference region with 300 nm between
interference device and large area ZIM. d) Extracted refractive index from
simulated devices (a, b, c). Dotted line and shaded region indicate measurement floor.

Ultimately, all three interference schemes produce results with negligible di↵er-
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ence (Figure 4.5d); all were able to extract an e↵ective index as a function of node
spacing accurately with the exception of the measurement floor. The measurement
floor is determined as a function of the length of the ZIM waveguide and wavelength:
nFL =

2L

where

is the freespace wavelength, and L is the length of the ZIM.

4.3.3

Coupling from the out-of-plane orientation

(4.5)

Previous ZIMs had always been excited from an in-plane adjacent silicon waveguide.
In order to perform a Z-scan measurement on the CMOS ZIM it is necessary to verify
that the zero-index mode could be excited by the out-of-plane beam. A plane wave in
the out-of-plane direction is selected to approximate the Z-scan beam for simplicity
as the relative size of the beam is significantly greater than the feature size of the
CMOS ZIM. However, it is difficult to quantify the degree to which the plane-wave is
able to couple to the zero-index modes using a simulation design that exactly mirrors
this setup. Instead, the reciprocal case is found to provide a more quantifiable result.
The zero-index modes, when excited by an adjacent coupled silicon waveguide, are
expected, are expected to radiate energy in the form of a plane wave in both the
positive and negative out-of-plane orientations (Section 2.3.5). By reciprocity, if the
out-of-plane plane wave overlaps strongly with a typical plane wave source that is
positioned to match the actual experiment, it can be expected that the out-of-plane
source will excite the same zero-index modes (Figure 4.7a, b).
Simulations are performed over a range of wavelengths (Figure 4.7c). The overlap between the plane wave radiated from the CMOS ZIM and the plane wave posi-
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tioned to match the Z-scan experiment is found to be approximately 80% at the ZIM
design wavelength of 1550 nm.
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Figure 4.7: Out-of-plane excitation of ZIM. a) Schematic illustrating a plane
wave positioned to match the out-of-plane excitation of the Z-scan beam.
b) Schematic showing waveguide coupled excitation (WG) of the CMOS
ZIM and direction of out-of-plane radiation. c) Resulting overlap between
the plane waves of a) and b) for the zero-index wavelength (1550 nm) and
±40 nm.

4.3.4

Developing a model for proximity correction

Previous fabrication of CMOS ZIM generally did not feature proximity issues as the
write area was relatively small on the order of tens of micrometers; for example, the
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fabricated device featured in Vulis et al. [8] is a prism consisting of 20 by 20 unit cells of
CMOS ZIM. However, a minimum of 270 pitches are necessary to achieve a large ZIM
area of upwards of 200µm square, constituting an increase in fabrication area by over
an order of magnitude. CMOS ZIM consists of a square array of airholes patterend
in positive resists; as such, the background of the holes or area corresponding to
the resulting silicon matrix is exposed. As the dosed background matrix is a larger
proportional area compared to a pillar-based matrix, proximity issues are significantly
exacerbated. Without any corrections, the holes toward the outside edges of the device
area are dosed substantially less than holes in the center (Figure 4.5), resulting in
diameters that are significantly larger than that target value. A manual method of
proximity correction is developed to counteract the dosing variance at the edges and
perform a more uniform large area ZIM.
Fabricated devices with no corrections featured a finite border around the edge
of the device footprint where hole sizes significantly deviated from the target radii.
The width of this border is observed to be approximately 50 µm from the edge of
the device. In this border, measured hole radii are shown to possess an exponential
increase as a function of the hole position from the 50 µm border. The rate of radii
increase is found to be similar regardless of position along the edge of the device as
long as the absolute distance to the border is equal (Figure 4.5). As such, a quadratic
function can be fitted to the measured data and used to predict the predicted hole
radii as a function of border position. The di↵erence between the predicted hole size
and the target hole radii is then predictably determined and the hole radii in the
mask is reduced in accordance with this di↵erence. Further, although the minimum
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necessary area width to perform the Z-scan measurement is 200 µm, the fabricated
device contains square areas of 300 µm by 300 µm to increase the uniform area
necessary for the beam’s passage.
After implementation of this correction, the size of the holes at the edges are
found to be within 3% of the target radii with the exception of the extreme corners
of the device which are found to be within 6% of target (Figure 4.8).
Currently, the linear refractive index of the samples are being characterized and
the nonlinear refractive index measurement will be performed in collaboration with
Robert Boyd”s group at the University of Ottawa.

4.4

Generation of Orbital Angular Momentum (OAM)
Beams

The out-of-plane, plane wave radiation expected from CMOS ZIM makes it an attractive platform for beam generation applications. In particular, by forming a CMOS
ZIM in a waveguide format into a circle or spiral shape, it is possible to generate
orbital angular momentum (OAM) beams in the out-of-plane direction. As light in
a ZIM intrinsically couples to free space, the efficiency of ZIM waveguides as OAM
generators are quite high. Furthermore, unlike the directional coupling necessary for
other circular structures such as ring resonators, the ZIM waveguides can be directly
coupled into, limiting resonance e↵ects.
Simulations are done to optimize the size, curvature, and spacing of the CMOS
ZIM waveguides in either spiral or semicircle configurations to generate OAM beams.
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Figure 4.8: First-order proximity correction results. a) SEM of fabricated
large area CMOS ZIM with no proximity correction. Overall square area is
well defined but (inset) close examination of the edges of the write area reveal
that the hole radii are significantly larger than the target value. b) SEM
of fabricated large area CMOS ZIM after first-order proximity correction.
Overall square area is still well defined and (inset) close examination of edges
show that hole radii are close to target value. c) Extracted radii values within
the proximity corrected border (50 µm) as a function of distance from the
inner border. Several values are taken at each distance, generating the shown
error bars. Shaded pink region indicates values within 5% of the target radii.
Nearly all fabricated holes within the corrected border are shown to be within
5% of the target radii of 222 nm. The extremes of the write area (corners) over
50 µm from the proximity corrected area are shown to have more variation.
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Figure 4.9: Optical microscope of fabricated large area CMOS ZIM device.
a) 5x image of entire fabricated device. b) 50x image of edge with interference
region coupling waveguide. c) 100x image of interference region embedded
in large area ZIM.
Preliminary fabrication results are shown in Figure 4.10 and the produced OAM
beams are currently being measured in collaboration with Robert Boyd’s group at
the University of Ottawa.

4.5

Conclusion

The creation of a CMOS-compatible ZIM enables straightforward fabrication while
the waveguide configuration reveals a method of refractive index characterization
that retains light in the integrated system. With these two components, it is possible to explore a wide variety of other measurements and applications. The large
area ZIM provides a platform to perform both linear and nonlinear refractive index
characterization simultaneously with the expectation that the zero-index will result
in an unexpectedly high nonlinear refractive index. In addition, the waveguide configuration of ZIM allows for the creation of curved structures that may be used for
OAM beam generation. Conventional zero-index applications such as supercoupling
or beam-steering are also enabled by these methods and are likely to be explored in
the near future.
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Figure 4.10: SEM of fabricated waveguide CMOS ZIM for OAM beam generation with spiral and semicircle configurations. Large and small sizes are
created for both configurations as the losses of CMOS ZIM may be prohibitive
for larger designs. a) Large spiral. b) Small spiral. c) Large semicircle. d)
Small semicircle.

Chapter 5
Lossless ZIMs
5.1

Introduction

Applications for zero-index materials that take advantage of the coherence o↵ered by
infinite e↵ective wavelength and zero phase change are most dramatic in large area
implementations. Unfortunately, the losses of typical ZIMs (Table 2.1) are prohibitive
(Section 2.3.5); previously demonstrated have comparable losses on the order of a
decibel per micrometer as a result of absorption by metal waveguides [6] or out-ofplane radiation [7, 8]. In addition, momentum-based confinement through low-index
cladding is ine↵ective for zero-index modes that lie above the light line.
The presence of a uniform out-of-plane radiation opens the possibility of a different form of suppressing loss; a promising solution is the design of a ZIM that
incorporates a bound state in the continuum (BiC) [124,148]. Dirac-cone based zeroindex platforms generally involve the degeneracy of three modes: a dipole (and its
rotated counterpart) and monopole in the case of a pillar structure, or a dipole (and
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its rotated counterpart) and quadrupole in the case of the air hole structure. The
dipole modes comprise the primary loss channel as the monopole and quadrupole
modes are non-radiative due to symmetry mismatch with radiative plane waves.
The addition of a BiC serves to eliminate the radiative loss of the ZIM (Figure 5.1a) through destructive interference of the dipole loss channels (Figure 5.1b).
This can be achieved by forming a vertical Fabry-Perot cavity in one of two ways:
1) a parallel reflector above or below the plane of the zero-index metamaterial (Figure 5.1c) or 2) adjusting the height of the metamaterial (Figure 5.1d). The coupling
of this Fabry-Perot cavity in relation to the guided zero-index dipole mode can then
be adjusted to completely eliminate the out-of-plane radiation. The first case is more
easily understood; as the ZIM radiates plane waves above and below the structure,
the addition of a mirror parallel to the metamaterial reflects the radiation in the
opposite direction back through the metamaterial to cancel the opposing radiation.
The spacing between the mirror and metamaterial can then be optimized such that
the reflected radiation and initial downward radiation interfere destructively.
Notably, the incorporation of a BiC and resulting interference does not appear
to influence the zero-index modes within the ZIM. In the first scheme, the reflector
can be either a metallic mirror or a dielectric Bragg stack; the dielectric Bragg stack
is preferable as it does not reintroduce metals into the ZIM. However, the addition
of such a reflector instead reintroduces complex fabrication. Preliminary designs for
such a Bragg stack mirror have been found to need approximately ten layers in order
to achieve a reflectivity of greater than 99% [125]. This dielectric stack must also be
fabricated at a specific distance from the ZIM and for fixed layer thickness; both of
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Figure 5.1: Illustration of BiC ZIM schemes. a) Typical ZIM radiation originiating from the dipole mode and propagating in the form of plane waves
in both the positive and negative out of plane directions. b) BiC ZIM with
confined radiation showing no out-of-plane losses. c) First BiC ZIM scheme
using an integrated reflector positioned at a specific height h such that the
radiating plane wave in the positive out-of-plane direction is reflected back
through the ZIM to destructively interfere with the plane wave radiation
in the negative out-of-plane direction. d) Second BiC ZIM scheme where
the height of the metamaterial array is adjusted to a specific value h such
that it supports an additional, inverse polarization dipole that destructively
interferes with the dipole of the ZIM.
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these parameters are not found to be extremely robust to fabrication imperfections.
Not only is the deposition of several layers of dielectric challenging, it also necessitates
(in the case of depositing over tall pillars, for example), filling the air portion of the
ZIM in order to support the reflector. Incorporating a backfill introduces additional
concerns of avoiding voids in the fill or variable surfaces above the ZIM complicating
deposition of the Bragg stack.
The second option of adjusting the height of the metamaterial is more practical
from a fabrication standpoint. At a specific height, a high refractive index dielectric
is found to support a Fabry-Perot cavity in the out of plane orientation [149,150]. For
TM-polarization pillar ZIMs, the out of plane cavity can be considered equivalent to
the zeroth order TE mode. The interference of the radiative tails of the two dipole
modes (TM1 and TE0 ) then form a high Q cavity [151, 152], e↵ectively making the
typically lossy TM dipole TM1 lossless.
This behavior can be fully modeled through temporal coupled mode theory
(tCMT) [63, 153] which implies that the radiation of any mode, even those with a
zero wave vector, can be engineered to become completely suppressed. Briefly, the
BiC condition,
t + r = ⇢ 1e

i2kh

,

(5.1)

indicates the relation of the transmission and reflection coefficients of the out-ofplane radiation to the phase shift induced by the mirrors reflectivity coefficient (⇢),
and position (h). If we assume a perfect reflectivity and unit magnitude of (t+r), the
phase matching condition to achieve destructive interference may be simplified to:
2kh = arg(t + r) + 2⇡n; n = 0, ±1, ±2, ...

(5.2)
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The phase term may be adjusted through variation of the mirror position or resonator
height (h) (Figure 5.1c) to achieve the desired destructive interference of the plane
wave radiation. By inspection of the previous equation, it can be noted that it is
possible to achieve the range of extremes of the phase shift zero and pi from fully
destructive to fully constructive interference. This latter case is especially interesting
for beam steering applications as the energy can be completely omitted in only one
of the out-of-plane directions (as opposed to both). The full mathematical formalism
of these conditions can be viewed in reference [154].
ZIMs that incorporate a BiC enables the creation of large area devices with
extended propagation lengths. For the purposes of this chapter, we focus on the
latter case of forming a ZIM BiC without incorporation of a reflector. This form of
ZIM BiC is lossless intrinsically without additional components and will henceforth
referred to as iBiC ZIM.

5.2

Modal degeneracy

Dirac-cone ZIMs are known to feature the degeneracy of the lowest order modes
as calculated via Mie Theory (see Section 1.3). Typically, rods (or pillars) resonator
shapes are considered. These resonators feature the degeneracy of the TM0 monopole
and TM1 dipole (along with its rotated counterpart). The iBiC adds an additional
supported mode for consideration: the inverse polarization dipole, or lowest order TE
mode (TE0 ). This mode appears similarly to the TM dipole albeit for di↵erent fields;
whereas the TM dipole is generally viewed for Ez fields, the TE dipole is visible for
the counterpart Ey fields. Eigenfrequency modal expansion for an iBic ZIM resonator
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will reveal that it supports four modes (Figure 5.2), although the additional inverse
polarization TE dipole notably occurs at a di↵erent wavelength.
To avoid the necessity of a filling the air matrix around the silicon, freestanding
rods in air are found to support all four necessary modes to create an iBiC ZIM;
however, these typically require heights approaching 1 µm to support the ZIM modes
(see Section 2.3.2) and even additional height approaching 1.25 µm is found to be
necessary to begin to observe the hybridized Fabry-Perot e↵ect and corresponding
high Q TM1 dipole. The index contrast between the rods and the backfill is found to
have a significant e↵ect, however; yet, the device height cannot be reduced below 1
µm even when incorporating a high-index polymer backfill.
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Figure 5.2: Bandstructure of airhole-based iBiC ZIM. a) Close-up view of
Dirac-cone dispersion at the -point for a wavelength of 1550 nm. The cone
is shown to retain linear bands desite the finite three-dimensional structure
of the ZIM as a result of the matched Q factors of the dipole and quadrupole
modes. The polarization of the modes is superimposed through the color
of the markers. Blue indicates modes that are strongly TE, while yellow
indicates modes that are strongly TM. The band corresponding to the TM
dipole is shown in yellow below the Dirac-cone. The blue bands corresponding
the TE modes show the characteristic ZIM linear band crossing as well as
the flat band. b) Complete bandstructure of the iBiC ZIM for a = 630 nm
and r = 197 nm.

In the case of the airhole-based resonator CMOS ZIM, the mode relations are
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reversed but complimentary. As the CMOS ZIM consists of the degeneracy of TE0
quadrupole and TE1 dipole, the additional necessary mode to form an iBiC ZIM is
the TM1 dipole. There are competing e↵ects here as the quadrupole (TE0 ) mode
generally appears in lower height SOI while the TM dipole generally necessitates SOI
on the order of 500 nm or more. As such, the height of an airhole-based iBiC ZIM
needed to support all four modes incorporates two competing e↵ects; much taller
breaks the TE modal degeneracy necessary for a CMOS ZIM while much lower fails
to support the TM dipole that enables lossless behavior.

5.3

Device height

The support of the vertical Fabry-Perot cavity is found to depend primarily on the
height of the metamaterial [149,150]. Starting with the CMOS ZIM design (Chapter 3
at 220 nm, the height of the metamaterial is increased until a high quality factor (Q)
TE dipole is observed (Figure 5.3). The Q factor of the dipole is found to have a
resonance at around a height of 665 nm where it achieves a Q of 105 , on the order of
the Q factor of the quadrupole mode. The matching of the Q factors of both the TE
dipole and TE quadrupole modes enables the maintenance of a linear cone dispersion
near the

-point (Figure 5.2a) as described in Section 2.3.3). At this height, the

three zero-index modes – quadrupole and two dipoles – all exist near wavelength of
approximately 1812 nm. Notably, the height and unit cell dimensions can then be
scaled proportionally to the wavelength to achieve both the zero-index modes with a
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high Q dipole mode at 1550 nm:
1812 nm
1550 nm
=
665 nm
569 nm

(5.3)

The proportional height for 1550 nm is thus found to be 569 nm.

106

quadrupole

q factor

105

dipole

104

103

102
580

615

650

685

720

height (nm)
Figure 5.3: Q factors of iBiC ZIM modes. The yellow markers represent the
Q factor of the quadrupole modes and the blue markers represent the Q factor
of the dipole at various heights. The lines are drawn to improve visibility.
A Q factor resonance is observed in the dipole mode around 665 nm. At
this height, the Q factor of the mode reaches 105 , matching the order of the
quadrupole.

In this initial sweep, the typical Dirac-cone degeneracy between the quadrupole
and dipole modes is broken slightly, forming a 15 nm bandgap. A parameter sweep is
performed to find unit cell geometric parameters (pitch a and radius r) that enable
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all ZIM modes to coincide at 1550 nm (Figure 5.4). The revised pitch is found to be
630 nm, with a radius of 197 nm.
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Figure 5.4: Parameter sweep over pitch a and radius r to rediscover Diraccone degeneracy. a) Course parameter sweep of a and r with Q factor superimposed via marker color. The yellow markers generally correspond to the
quadrupole mode while blue markers correspond to the dipole mode. The
dipole mode reaches its highest Q value around 1550 nm for a range of r/a
values, but only coincides with the quadrupole at one point. b) Fine parameter sweep over a and r to find exact geometric parameters. The pitch is
found to be 630 nm, with a radius of 197 nm.

5.4

Design variations to reduce height

Unfortunately, 569 nm is not an optimal height as SOI generally is available in device
layer variations of 220 nm, 500 nm, and 1000 nm (see Section 2.3.2). Two possible
methods of reducing the height include a 1) di↵erent matrix filling besides air, introducing fabrication complexity but modifying the refractive index contrast between
constituent materials (Figure 5.5), or 2) a core shell, or, in the air hole case, “donut”
unit cell.
Ultimately, the height of 569 nm is found to be a fundamental limit; this is
somewhat consistent with the findings of previous pillar-based ZIMs [7, 49] where
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pillars are found to require a height approaching 1 µm to support the TM dipole of
Dirac-cone ZIM. The support of a dipole mode has been found to reside for heights
at approximately a quarter of the wavelength [113]. When scaled to the resonators of
this work, an absolute minimum height of 400 nm is expected to support the necessary
dipole. However, this does not consider the additional degeneracy required for ZIMs
and the presence of the SiO2 substrate that breaks the symmetry of the resonator
along the out-of-plane axis. Regardless of structure, it appears the high Q dipole
needs the minimum height of over 500 nm to be supported.

5.4.1

High-index matrix

Preliminary results from Figure 5.5 show that the resonance point shifts higher; however the wavelength and height of the metamaterial also increase nearly proportionally, failing to provide an avenue through which to reduce height when reducing the
proportions back to a height of 500 nm. Changing background index is expected
to have a more substantial impact on a pillar-type ZIM as it constitutes a larger
proportion of the unit cell.
While the addition of a silicon rod through the donut unit cell did not improve
e↵orts to significantly reduce height, it does have other interesting implications that
are explored in Section 5.6.

5.5

Estimated losses and retrieved refractive index

It is especially challenging to use FDTD methods to quantify the losses of the iBiC
ZIM as relatively little energy is leaving the metamaterial. Further, any coupling loss

Chapter 5: Lossless ZIMs

99

105

q factor

104

air
SU-8
Al2O3

103

102

101
500

600

700

height (nm)
Figure 5.5: Height required to achieve high Q dipole for various background
materials. The case of holes in silicon with an air background is shown
in blue. Backfilling the structure with SU-8 (green) or Al2 O3 (yellow) are
shown as well. The air case houses all necessary modes around a wavelength
of 1550 nm, while the wavelengths in the SU-8 and Al2 O3 cases are 1590 nm
(h ⇡ 625 nm) and 1684 nm (h ⇡ 650 nm). All results are calculated using
un-optimized parameters (r = 219 nm, a = 656 nm). Scaling both results to
500 nm height would result in zero-index wavelengths in the 1200 - 1300 nm
range. The lines are drawn to improve visibility.
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at the interfaces of the iBiC ZIM and its adjacent coupling waveguides contribute
heavily to partial reflections within the ZIM itself; however, the lack of radiative loss
in the ZIM makes the e↵ect of these reflections incredibly significant and obfuscate extraction of loss using conventional cutback methods. Instead, the propagation lengths
are increased on the order of 40 pitches or greater and transmission is measured after
each unit cell in a single simulation in an e↵ort to minimize the e↵ect of reflections.
The loss is found to be on the order of 0.001 dB/µm: a reduction of three orders
of magnitude! Coupling loss as extracted by conventional methods is found to be
around 15% (0.63 dB/interface) (Figure 5.6b).

a

b

0.2

0

y = - 0.0013x - 0.63
-0.2

transmission (dB)

index

0.1

0

-0.1

-0.4

-0.6

-0.8

-0.2
1520

1530

1540

1550

1560

1570

wavelength (nm)

-1.0
0

5

10

15

20

25

propagation length (μm)

Figure 5.6: FDTD extracted parameters of airhole-based iBiC ZIM. a) Refractive index as extracted though parameter retrieval. b) Losses as measured
through device 40 pitches long, with transmission measured after each unit
cell similar to a cutback measurement. When converted into decibels, the
propagation and coupling loss may be extracted and are found to be 0.00013
dB/µm and 0.63 dB/interface.
The retrieved index is shown in Figure 5.6a. What appears to be a small
bandgap is present; this is likely a result of the discrepancies between COMSOL
and FDTD calculations (see Section ??).
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Donut ZIM

An alternative inverse core shell structure, or “donut” is also designed. The dimensions of the unit cell are as follows; a = 608 nm, router = 182 nm, and rinner = 97 nm.
While the general characteristics of the donut-type ZIM are extremely comparable
to the airhole-type ZIM shown in previous sections, the radius of the center pillar
notably o↵ers a method to tune the robustness of the metamaterial and its coupling
loss.
For example, the most commonly varying parameter in fabrication is the radius
size. As radius is varied, the wavelength of the quadrupole modes for the airhole
and donut structures are found to shift by 6.42 nm and 6.8 nm per nanometer of
radius shift, respectively. For the dipole modes, these values are found to be 3.83 nm
and 4.73 nm respectively. The ratio between the slopes corresponding to the donut
(4.73/6.8) is found to be 1.44, while the ratio for the airhole structure (3.83/6.42) is
found to be 1.67. As robustness is generally associated with a similar shift in degenerate mode positions over a range of radii variations (see Section 2.3.1), a method
through which to tune their respective slopes via the radius of the center inclusion is
a promising way to achieve ZIM that may be both lossless and fabrication robust.

5.7

Translating iBiC ZIM to fabricable design

To translate the COMSOL design presented in the previous sections, it is necessary
to both port the design to FDTD and design a photonic bandgap material to address
the radiative losses in-plane.
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Incorporation of PBG

To create a photonic bandgap material (PBG) for a height of 570 nm, the design
used in Section 4.2.2 is taken as a starting point and scaled up to a greater height.
The PBG remains in a triangular lattice but the dimensions are revised to a pitch of
475 nm and a radius of 150 nm.

5.8

Conclusion

This chapter covers two potential designs of iBiC ZIM that may be fabricated monolithically at a height near standard SOI that is relatively low-aspect ratio. Demonstration of these designs experimentally could potentially resolve two of the larger
issues with integrated ZIMs – namely high radiative losses and lack of robustness
with regard to fabrication imperfections.

Appendix A
Infrared Microscope
A.1

Introduction

A microscope setup is necessary to characterize the refractive index of fabricated
zero-index metamaterials. The two primary characterization methods have been
either measuring the angle of a refracted beam through a prism consisting of the
metamaterial [6–8] or measuring the interference pattern of the standing wave generated by two cross propagating waves in a waveguide configuration [10]. In either
case, however, the demands for an imaging setup are similar: 1) devices are imaged
perpendicular to the direction of propagation (section A), 2) imaging is sufficiently
sensitive to infrared wavelengths (section A), and 3) the magnification is sufficient to
observe the ZIM devices – often on the order of 10 to 30 µm (section A.3). For the
first requirement, suspending the imaging component above the devices allows for the
most natural operation. However, it is possible to design the imaging component in
a horizontal configuration and adjust the orientation of the devices accordingly; this
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orientation may help reduce the e↵ect of vibrations on imaging (see section A.5).

A.2

Core components

A basic imaging setup can consist of just three components: an infrared camera,
tube lens, and objective (Figure A.1). The camera utilized in these measurements is
the Goodrich SU640HSX-1.7RT InGaAs NIR camera. The tube lens is selected for
broadband transmission in the infrared regime with MgF2 coating and a focal length
of 200 mm (Thorlabs TTL200-S8 ) and the objective is the 100X Nikon CFI60 TU
Plan Epi Extra Long Working Distance (ELWD). The elements are positioned such
that the tube lens and camera are approximately 18 to 20 cm apart; a region with
parallel optical rays, or infinity space, is formed between the objective and the tube
lens. This region is designed to be accessible allowing for adjustment of collected
imaging data. Typically a removable telescope component is used to increase the
magnification of the imaging tube; however, other options include addition of a lens
to switch from real space imaging to the Fourier imaging plane.

A.3

Magnification

Typically fabricated ZIM devices are on the order of only 10 to 30 µm. As such,
relatively high magnification capability is required to observe the devices. E↵ective
magnification is defined as [155]:
Me↵ = Mobj ⇥

fTL
fobj

(A.1)

Appendix A: Infrared Microscope

105

IR camera

TL
condenser
lamp

8:92 BS
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50:50 BS P1 F1

F2 P2
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Figure A.1: Schematic of refractive index imaging and fiber coupling setup.
The imaging component is comprised of (from top to bottom) an infrared
camera, tube lens (TL), pellicle beam splitter (8:92 BS), removable Galilean
telescope (2x telescope), and LWD objective (100x objective). A condenser
consisting of two convex lenses collimates a broadband light source (lamp)
to enter the imaging path at the pellicle beam splitter. The fiber coupling
portion is comprised of fiber optical components although it is drawn as a
free-space optical setup for clarity. A continuous-wave (CW) laser is divided
into two equal sources through a fiber splitter (50:50 BS); each of the sources
have their polarization adjusted to match the design polarization of the ZIM
being measured (P1, P2) before entering respective tapered fibers (F1, F2)
that are butt-coupled to the integrated silicon waveguides that are coupled
to the ZIM devices. The (red) lines indicate the infrared laser source path,
(yellow) indicate the illumination path, and (grey) indicate the imaging path.
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where Me↵ is the final magnification, obj denotes the properties of the objective and
TL denotes the properties of the tube lens. To retain the full magnification of the
objective, it can be observed that focal length of the tube lens should match the focal
length of the objective (commonly, 200 mm). However, the e↵ective magnification
can be increased by using a tube lens with a focal length greater than that of the
objective. The vast majority of objectives have a focal length of 200 mm and, as
such, a tube lens with a focal length of 200mm (Thorlabs TTL200-S8 ) is selected.
However, magnification is not the only factor in determining the area of the
sample that is imaged; the dimensions of the infrared camera sensor also play a role.
The imaging area is defined as follows [155]:
A=

hs
ws
⇥
Me↵
Me↵

(A.2)

with ws and hs as the width and height of the camera sensor, respectively, and Me↵
is the magnification as defined in Eqn. A.3 as a function of both the objective and
the tube lens.
An objective with a minimum magnification of 100x is found to be necessary in
order to achieve an imaging area where 10-20% is occupied by the measured device:
16.0mm 12.0mm
⇥
= 160µm ⇥ 128µm
100
100

(A.3)

It is notable that the data presented in Reshef et al. [10] was obtained using a di↵erent
microscope setup that achieves a 55µm wide imaging area. To approach this level of
magnification, the additional magnification of approximately 3⇥m can be achieved
through an additional telescope or zoom lens. To this end, a Galilean telescope
is designed to be used optionally in the infinity space for additional magnification
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(Figure A.1). The telescope component consists of a convex lens with a focal length
of 50 mm and a concave lens with a focal length of 25 mm that are combined to
achieve approximately 2x magnification when placed 25 mm apart.

A.4

Illumination

Overhead illumination is incorporated to simplify use and alignment when an infrared
laser source is not present. An incoherent broadband light source (Thorlabs OSL1 )
is collimated through two convex lenses that further serve to focus the beam onto the
back aperture of the objective (Figure A.1). A 8:92 pellicle beamsplitter (Thorlabs
CM1-BP108 ) located in the infinity space then reflects a portion of the illumination
source into the objective while allowing the majority of collected infrared image to
pass through to the infrared camera sensor.

A.5

Rigidity and vibrations

The overall imaging assembly is relatively weighty and, as such, maintaining high
rigidity of the microscope is essential to minimize the e↵ects of any vibrations on the
imaging operation. Generally, parts were selected that were machined from a single
block (Thorlabs CAM2 ) and the protruding condenser component is additionally
braced (Thorlabs C2A) to the main imaging tube. The tube lens and camera are
housed within a tube (Thorlabs SM2 ) that is additionally built into a 60 mm cage
system. The cage extends to the beam splitterand condenser assembly, with space to
insert the telescope.
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The entire imaging tube is joined through two L-brackets (Thorlabs CAM2 )

to the vertical breadboard. For usability, the entire assembly is able to move in
all three axes x,y,z. A single micrometer (Newport 401 ) is used to control x and y
axis movement to minimize movement introduced by combining two, unidirectional
micrometers.

A.6

Fiber coupling and Laser

The ZIM sample is placed on a unidirectional stage and butt-coupled into via tapered
fibers on both sides (OZ Optics TSMJ-3A-1550-9/125-0.25-7-2.5-14-2 ). The fibers
are each positioned via a three-axis stage (Newport 561D-XYZ ). The polarization of
each tapered fiber output is adjusted via a paddle polarization controller (Thorlabs
FPC561 ) to match the design polarization of the ZIM being measured (TE or TM).
A continuous-wave (CW) C-band laser source (Santec TSL-550 ) is split into
the two tapered fibers via a 50:50 fiber splitter (Thorlabs TW1550R5A1 ).

Appendix B
Creating lithography masks with
Python
B.1

Introduction

The preparation of a mask for use in electron beam lithography typically involves
several steps and programs. The 1) pattern is drawn in AutoCAD and exported in
.dxf format, then 2) the AutoCAD file is converted into .gds format using LinkCAD
before 3) being finally converted into an Elionix electron beam compatible format
.cel/.con. However, this method often involves drawing each device and element
individually, introducing significant human error and making it difficult to modify
the mask after completion. The transition from one file format to the next also
introduces conversion issues and is unsuitable for specialty cases such as unusual
shapes or large areas. A scripted CAD resolves the majority of conversion issues and
significantly reduces the time necessary to prepare a mask.
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B.2

Scripting for AutoCAD

It is possible to script a text file that can be imported as commands into AutoCAD.
MATLAB can be used to generate the necessary text files with the .scr extension.
To generate the pattern for the CMOS-compatible ZIM featured in Chapter 3, the
two necessary shapes are circles and rectangles. The string for generating circles is
as follows,
fprintf( fid, ’_.circle _non \%.3f,\%.3f,0 \%.3f\n’, xcoord, ycoord,
radii);

and the string for generating rectangles is,
fprintf( fid, ’_.rectang _non \%.3f,\%.3f \%.3f,\%.3f\n’,
bottom_left_corner_x, bottom_left_corner_y, top_right_corner_x,
top_right_corner_y);

However, this method still involves the second and third conversion steps. Additionally, the shapes are generated as wireframe shapes in AutoCAD and any additional
manipulation (boolean operation of shapes, formation of regions,...) must still be
performed in AutoCAD afterwards.

B.3
B.3.1

Scripting .gds files
Installation of the gdsCAD library

The gdsCAD Python library (pythonhosted.org/gdsCAD) can be used to generate
.gds files directly. The package gdsCAD, as well as additional necessary packages
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numpy, matplotlib, shapely, descartes, and
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dxfgrabber can be imported into the

Canopy Python environment (enthought.com/product/canopy). The Canopy command prompt can be reached via the tools menu. Navigate to the downloaded extracted packages via the prompt and run
python setup.py install

followed by
import <package name>

After proper installation, the following error may appear:
TypeError: ufunc ’add’ did not contain a loop with signature matching
types dtype(’S32’) dtype(’S32’) dtype(’S32’)

which can be resolved by changing the following line in core.py from
colors += matplotlib.cm.gist_ncar(np.linspace(0.98, 0, 15))

to
colors+=list(matplotlib.cm.gist_ncar(np.linspace(0.98, 0, 15)))

B.3.2

Using gdsCAD

gdsCAD notably struggles to generate shapes with voids, necessitating additional
software to perform the boolean operation. To generate the unit cell of the CMOScompatible ZIM featured in Chapter 3 (consisting of a square with a circular void),
a “keyhole” configuration is ideal. Furthermore, the .gds format does not support
shapes with more than 200 vertices – a condition that is typically surpassed when
converting circles to discrete points. The keyhole shape enables description of the
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circle for a user-defined number of points. The following command can be used to
generate this circle:
def PointsInCircum(a,b,r,n=100):
return [[math.cos(2*PI/n*(x))*r+a,
in

math.sin(2*3.1415/n*(x))*r+b] for x

xrange(0,n+1)]

Typically using 30 to 60 points is more than sufficient to preserve the circular shape
while significantly reducing file size and conversion time. For extremely large area
files, 8 points may be used to define the circles. At 5nA, the vertices appear only
slightly in the written pattern. However, this minimization of points will reduce file
size by an order of magnitude. The above function is necessary to generate the keyhole
shape as the built-in gdsCAD circle function cannot be joined with the square.
The complete keyhole function:
circ = PointsInCircum(xcoord,ycoord,radii,n=60)
square =
[xcoord+0.5*pitch,ycoord],
[xcoord+0.5*pitch,ycoord-0.5*pitch],
[xcoord-0.5*pitch,ycoord-0.5*pitch],
[xcoord-0.5*pitch,ycoord-0.5*pitch],
[xcoord-0.5*pitch,ycoord+0.5*pitch],
[xcoord+0.5*pitch,ycoord+0.5*pitch],
[xcoord+0.5*pitch,ycoord]
circ.extend(square)
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Additional commands

Taper:
def taper(input_width, output_width, length, x, y):
return [
[0+x,-input_width/2+y],
[0+x, input_width/2+y],
[length+x, input_width/2-(input_width/2-output_width/2)+y],
[length+x,-input_width/2+(input_width/2-output_width/2)+y]]

S-Bend:
def sbend(radius,stretch,n,shift):
return [[x,-radius*math.sin(x/stretch)] for x in

frange(math.pi/2*

stretch+shift,3*math.pi/2*stretch+shift,math.pi*stretch/n)]

frange:
def frange(start, stop, step):
x = start
while x < stop:
yield x
x += step
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