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Abstract

Three-dimensional (3D) photonic crystals (PhCs) have been the focus of ever-increasing interest in the
scientific community given their potential to impact areas spanning energy conversion to analyte sensing.
These architected materials are defined by a refractive index that is spatially modulated with a period
comparable to that of the electromagnetic wavelength. As a result, constructive and destructive interference
due to multiple scattering gives rise to a band structure for photons which may contain gaps. Both bands
and bandgaps can be engineered to specifically manipulate light propagation by 3D PhCs. In this work we
explore the effect of lattice architecture, finite-size effects, and material constraints on stopband position
and emergence of band dispersion phenomena like negative refraction. We show that uniaxial mechanical
compression can be used to stably and reversibly tune stopband position in 3D polymer nanolattice PhCs
with octahedron unit-cell geometry. We then explore how lattice architecture, namely the differences in 3D
cubic space group and finite size effects impact experimentally observable stopbands, and assess the degree
to which the stopband behavior of real PhCs can be adequately described by the photonic band structure
for an infinite, ideal PhC. Finally, we discuss the design, fabrication, and characterization of a core-shell

3D nanolattice PhC which exhibits an effective negative refractive index in the mid-infrared range.
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Chapter 1: Introduction to 3D Periodic Architectures as Photonic Crystals
1.1. Outline and Objectives

The scientific community has long been captivated by the search for novel designs to manipulate
the propagation of light according to specific demands. To this end, the usage of artificially designed
photonic architectures—architectures which are composed of at least two kinds of materials that differ in
their respective refractive indices and which are periodically structured on an optical length scale—holds a
great deal of promise. The relationship between the specific design of these photonic architectures and their
impact on light propagation is a fundamental issue underpinning current research, as this knowledge forms
the basis for engineering and tailoring photonic systems for specific optical applications.

Systematic research in the field of three-dimensional (3D) photonic architectures or photonic
crystals (PhCs) was initiated in 1987, having been independently introduced in the pioneering work of E.
Yablonovitch!' and S. John?. Both proposed that periodically architected dielectric materials will result in
the photonic dispersion relation organizing into bands, analogous to the electronic band structure in solid
crystalline materials. Photonic stopbands or band gaps can evolve between bands, and are related to Bragg
diffraction at the interfaces of the periodically varying dielectric materials. By carefully designing photonic
crystals, the band structure can be tailored according to specific requirements and can exhibit unique
dispersion phenomena. In particular, 3D PhCs can possess a complete photonic band gap: photons with
frequencies within this gap cannot propagate through the structure, but are completely reflected. The
existence of photonic bands and band gaps has led to the emergence of the field of photonic band gap
engineering, which explores various methods for turning optical materials like photonic crystals into
components analogous to those in electronic circuits.

In this thesis, we explore the effect of lattice architecture, finite-size effects, and material
constraints on stopband position and emergence of band dispersion phenomena like negative refraction. We
design and fabricate 3D PhCs with underlying simple cubic, face centered cubic, and body centered cubic
architecture by employing the technique of two photon lithography direct laser writing, which provides the
opportunity for arbitrarily structuring photosensitive materials in all three dimensions with sub-diffraction
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limited feature sizes. In Chapter 1 we discuss general concepts of photonic crystals with an emphasis on
3D PhCs. In Chapter 2, we explore how uniaxial mechanical compression can be used to stably and
reversibly tune stopband position in 3D polymer nanolattice PhCs with octahedron unit-cell geometry. In
Chapter 3 we look at how lattice architecture, namely the differences in 3D cubic space group and finite
size effects impact experimentally observable stopbands, and assess the degree to which the stopband
behavior of real PhCs can be adequately described by the photonic band structure for an infinite, ideal PhC.
In Chapter 4 we discuss the design, fabrication, and characterization of a core-shell 3D nanolattice PhC
which exhibits an effective negative refractive index in the mid-infrared range. Finally, in Chapter 5 we
provide some perspectives on emerging and future directions for 3D PhC research.
1.2. A Brief Introduction to Photonic Crystals

Photonic crystals (PhC) are composites of materials with different refractive indices, where the
materials are arranged in a spatially alternating manner such that the resulting modulation period of the
refractive index is in the order of the wavelength. Depending on the number of spatial directions a photonic
system is structured along, it can be termed a one-dimensional (1D), two-dimensional (2D), or three-
dimensional (3D) PhC. With such structure or architecture, the propagation of light in PhCs is strongly
modified, which can be qualitatively understood in the context of a 1D PhC, which act as multi-layer mirrors
resulting in Bragg-reflection. Propagating light is repeatedly redirected by Fresnel-reflection at the material
interfaces in the 1D structure, and depending on the optical path length difference, given by the period a,
and the refractive index of the layers, the reflections can interfere constructively and destructively. With
such constructive and destructive interference, the propagation of light of certain frequencies is forbidden,
as in a highly reflective multi-layer mirror. For 2D and 3D PhCs the situation is considerably more
complicated. as the redirection of propagating light occurs via diffraction in two and three dimensions,
respectively, and is dependent on such factors as the polarization of incident light, and material boundaries,
or PhC architecture. This level of complexity means that, generally, the theoretical modeling of light

propagation in PhCs must be done numerically.



1.2.1. A Concise Overview of Photonic Crystal Theory

As mentioned previously, photonic crystals were first discussed by Yablonovitch! and John? using the
analogy of a lattice of electromagnetic (EM) scatterers which manipulate light in a manner similar to how
crystalline solids influence electrons. Specifically, when PhC lattice constant is on the order of the
wavelength of light, and scattering strength, or dielectric contrast, is substantial, the propagation of light
waves inside such a lattice will be modified by the photonic lattice structure.

To determine the new photonic modes inside such a lattice, regularly defined by a position-dependent,

periodic dielectric permittivity £(7'), Maxwell’s equations can be reduced to:
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where V X 8;) V X is a position dependent Hermitian operator, H is the stand-in for the electromagnetic

field (in this case it is the magnetic field), and w is the angular frequency of the stationary state. Equation
(1) can be seen as an analog to Schrodinger’s equation from quantum mechanics, with the Hermitian (self-
adjoint) “Hamiltonian” operator on the left corresponding to periodic atomic potentials, and w?/c?
corresponding to the energy eigenvalue. In solving this eigenvalue problem, we note that Eq. (1) is a
Hermitian eigenproblem over an infinite domain, and generally produces a continuous spectrum of
eigenfrequencies, w. However, in the case of photonic crystals which possess a periodic dielectric
permittivity &(7), we can borrow concepts from electronic band theory and apply Bloch’s theorem in
deriving solutions to Eq. (1). Here, Bloch’s theorem says that the solution for Eq. (1) with a periodic € can
be chosen from:

H = /&g, )
where I?I)E is a periodic function of position. If we substitute Eq. (2) into Eq. (1), we find that the function
H % satisfies the Hermitian eigenproblem:

- - ——>> 2,
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Because ITI)E is periodic, we need only consider this eigenproblem over a finite domain, the period of the

photonic crystal, otherwise known as the unit cell. A general theorem from linear algebra tells us that
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eigenvalue problems with a finite domain have a discrete set of eigenvalues. As such, the eigenfrequencies
w emerge as a countable sequence of continuous functions of the wavevector Kk and band index n:
w=wy, (E). When w is plotted as a function of 75, these frequency “bands,” or modes, form the band

structure of the photonic crystal. In frequency regions where no propagating states w,, (E) are allowed, we
see the emergence of photonic band gaps. In practice, the complexity of most photonic crystal structures
necessitates that photonic band structures are determined numerically rather than analytically, employing
computational methods like plane-wave expansion (PWE) and finite difference time domain (FDTD). It is
worth stating however, that the numerical results of photonic band structure calculations are essentially
exact within the linear response approximation. This is in contrast to the numerical results of electronic
band structures which are almost always complicated by the effects of electron-electron interaction and
Fermi statistics.

In discussing the nature of photonic modes in a photonic crystal lattice, one should note that an
important property of Maxwell’s equations in general, and of Eq. (1) in particular, is that they are scale
independent. If the unit cell size of your PhC was somehow scaled up by a factor of 2, the solutions would
be exactly the same except that the frequencies would be divided by the same factor, 2. An implication is
that we can solve for a band structure once, and then apply the same results to problems at all length scales
and frequencies. For example, one can design a system in the infrared or microwave regime, and scale the
design to other wavelengths, like the optical regime, merely using parameters that are fractions of the
original wavelength. Given this scale invariance, it is also convenient to use dimensionless units to
designate length or periodicity, a, and time or frequency, w. As such, all distances will be expressed as a
multiple of a and all angular frequencies w as a multiple of 2mc/a, which is equivalent to writing
frequency as a/A, where 4 is the vacuum wavelength.

For a more thorough and rigorous examination of photonic crystal theory, we recommend perusing

reference 3.



Chapter 2: Exploring the Photonic Band Gap Properties of 3D Periodic
Architectures — Tuning Band Gap Position with Mechanical Strain

2.1. Introduction and Motivation

Three-dimensional (3D) photonic crystals (PhCs) have been the focus of ever-increasing interest in the
scientific community given their potential to impact areas spanning energy conversion to analyte sensing.
These architected materials have a periodic variation in their refractive index and selectively reflect light
of wavelengths on the order of their periodicity*. Though only a few 3D PhCs possess a complete photonic
bandgap®®, defined as a range of frequencies for which incident light cannot propagate in any direction, all
3D PhCs have stopbands that forbid light propagation in some crystallographic directions’. Within the
spectral range of a photonic bandgap or stopband, light is selectively reflected, rendering 3D PhCs
applicable in numerous optical devices such as low-loss mirrors®?, lasers'’, chemical!! and mechanical'*!?
sensors, and displays'4'®. Several of these applications, including variable filters, laser sources, and strain
sensors’, require that the PhC be reconfigurable or reversibly tunable while maintaining structural integrity,
which would enable them to be optically active over a wide range of frequencies. Most existing fabrication
methodologies produce PhCs that operate over a fixed and limited bandwidth!’. The response of these
otherwise passive PhCs can be rendered active by fabricating structures using dynamic materials which can
respond to external stimuli including, for example, electric fields, solvent swelling, and mechanical
deformation.

Stopband position can be tuned by changing either the refractive index and/or the periodicity of the
PhC structure, with the latter being generally more straightforward'®. The number of experimentally
available methods for modulating the lattice periodicity exceeds the number of index-tunable materials,
and, more importantly, altering the lattice constant often leads to a more substantial stopband shift'*2°.
Several approaches that can reversibly tune the stopband position of PhCs post-fabrication—for example
methods based on temperature gradients?'-?, electric fields?*?*, and solvent swelling>—often suffer from
limited tuning ranges, typically restricted to between 100-200nm shifts. Compositional or structural

changes that arise within 3D PhCs in response to mechanical deformation allow for wider tuning ranges,



but are sometimes irreversible??’. In addition, most of the existing mechanically tunable 3D PhCs have
been limited to opal and inverse opal type structures’1-26-7,

Herein we discuss the fabrication of 3-dimensional polymer nanolattices with ~4pm wide octahedron
unit cells that act as PhCs and can be stably and reversibly tuned by mechanical compression over multiple
cycles. The mechanical properties of similarly-architected hollow metallic and ceramic octahedron
nanolattices have been reported®® . In this work, the polymeric composition facilitates maximum optical
tunability and reversibility. We find that a reversible ~2.2um stopband blueshift can be achieved with a

uniaxial compression of ~40%, and that the blueshift is linear for applied strains from 0-40%.

2.2. Fabrication of 3D lattices
2.2.1. Two Photon Lithography Direct Laser Writing (TPL DLW)

Nanolattices are fabricated using a technique called two photon lithography (TPL) direct laser
writing (DLW), a process that can be seen as the high-resolution analogue to conventional macroscale 3D
printing. TPL DLW allows for the fabrication of almost arbitrary 3D structures with sub-micron feature
sizes. Very generally, the high resolution is achieved by tightly focusing a near-IR laser into liquid, negative
photoresist, resulting in a change in photoresist solubility. This change in solubility is achieved by local
polymerization of the monomer contained in the photoresist. By then moving the relative position of the
focused laser volume, called a voxel, with regard to the substrate, 3D structures can be created. In a final
step, remaining, unexposed photoresist is washed away with a solvent, leaving only the insoluble 3D
polymer structure.

CAD Design Two-Photon Lithography Polymer Skeleton

b 780 nm

AR Optics/Controller (Focus,

Source

Position, etc.)

Nanoscribe

*!lL.

NanoWrite Software

Figure 1. Process flow for the fabrication of 3D polymer nano and micro-architected structures. (a) 3D structures
are first designed using CAD software, (b) then written into photosensitive polymer via two-photon lithography direct



laser writing. (¢) After washing away undeveloped photoresist, a 3D polymer structure remains. Reproduced with
permission from Reference 28 © 2014 Wiley-Blackwell.

We utilize the commercially available TPL DLW system produced by Nanoscribe GmbH in our
fabrication process. The TPL DLW workflow first involves designing the desired 3D architecture using a
computer aided design (CAD) program like SolidWorks (Figure 1(a)), after which the design is imported
to NanoWrite, a proprietary software program that interfaces with the Nanoscribe TPL instrument (Figure
1(b)). Once the structure is defined, a 780nm femtosecond pulsed laser is focused down to a voxel within a
droplet of liquid photo-sensitive monomer. Throughout this thesis, the photoresist used is commercially
known as IP-Dip (Nanocribe GmbH), and is composed of the monomer pentaerythritol triacrylate (PETA)
and the photoinitiator 7-diethylamino-3-thenoylcoumarin (DETC). Within the voxel volume, simultaneous
two-photon absorption is possible, leading to the excitation of DETC radicals which initialize
polymerization of the PETA monomer. As PETA is a multi-functional monomer, i.e., a monomer with more
than one acrylate groups, a cross-linked polymer network is created that is insoluble. The voxel is
elliptically shaped and is traced in 3-dimensions within the photoresist droplet, creating a polymer structure
of any arbitrary geometry (Figure 1(c)). Laser power and speed can also be modulated, which will impact
voxel size, resulting in the creation of features with transverse dimensions as small as 150 nm.*!

2.2.2. TPL DLW fabricated Octahedron Nanolattices

As described, nanolattices were fabricated using the direct laser writing (DLW) two-photon
lithography (TPL) system, Photonic Professional (Nanoscribe GmbH, Germany). Specifically, samples
were prepared by drop-casting the negative-tone photoresist “IP-Dip” (Nanoscribe GmbH) on a 500pum
thick polished silicon substrate. An infrared laser was then used to crosslink and write a preprogrammed
pattern into the acrylic-based photopolymer via two-photon absorption. The exposed sample was then
developed for 30 minutes in propylene glycol monomethyl ether acetate and isopropanol. This process
allows for maximum control over the final architecture and enables the fabrication of arbitrarily complex
nano- and micro-structures. Figure 2 shows that the nanolattices have individual octahedron unit cells on
the order of ~4pm, and are 6.5 unit cells tall. Individual beams have elliptical cross-sections, with short

axes of ~500nm and long axes of ~1.75pum.



Figure 2. Scanning electron microscopy (SEM) images of a representative as-fabricated octahedron nanolattice.
Inset shows relevant dimensions of the unit cell.

2.3.Mechanical Characterization of 3D Polymer Octahedron Nanolattices

Mechanical characterization of the nanolattices was performed using an in-sifu nanoindenation
system, INSEM (Nanomechanics Inc.), inside an SEM chamber (see ref. 32 for specifications). This
instrument enables precise measurement of applied load vs. displacement data with simultaneous real-
time visualization of nanolattice deformation*?. In-situ uniaxial compression experiments were conducted
at a constant prescribed displacement rate of 50nm/sec. Nanolattices were aligned orthogonal to the
electron-beam, and in line with the nanoindenter arm, such that the periodicity of the lattice was gradually
reduced along this compression axis.

2.3.1. Exploring Polymer Nanolattice Recoverability

Samples were strained by >60% before reaching the instrument load limit of 35mN. Figure 3 shows
representative stress-strain data and SEM micrographs captured at various points during a typical
experiment. It appears that the polymer nanolattices underwent a global compression, where each layer of
unit cells was compressed in a homogenous fashion, gradually decreasing the pitch of the structure. This is
in contrast to a layer-by-layer collapse mechanism typical of hollow ceramic and metallic octahedron
nanolattices?® . It also appears that the Poisson’s ratio of the nanolattices is close to zero because no
transverse deformation was observed—the structure neither expanded nor contracted laterally—in response
to axial strain. This behavior is likely due to the fact that compressive straining will cause beams to buckle
into the pores of the lattice structure, instead of contributing to lateral expansion or contraction. Analysis

of SEM images and a hysteresis in the stress-strain data revealed that the structure recovered by ~82%



nearly immediately following load removal after compression in excess of 60%. The acrylic-based polymer
that comprises the nanolattice is viscoelastic and continues to recover with time through a time-dependent
strain response. We observed a recovery to ~90% of the original height within hours of the primary
compression. Subsequent to the initial cycle of compression and recovery, samples were compressed again
to e~60% and appeared to recover to ~100% of their initially-recovered height after this second cycle.
Lattices were compressed to ~60% a 3™ and 4™ time and showed similar recovery. This result suggests
that a few permanent structural defects were formed during the initial compression, and for all subsequent

deformations the structure acts elastically and recovers completely and instantaneously.
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Figure 3.Representative stress-strain data for a uniaxial compression of an octahedron nanolattice. Inset
images are scanning electron micrographs of the nanolattice, captured simultaneously at various points during the
compression experiment.

2.3. Optical Characterization of Angle-Varied Nanolattices

The micron-scale unit cell size of the nanolattices suggests that the PhC will exhibit a bandgap in the
infrared range. We used Fourier Transform Infrared (FTIR) microspectroscopy to evaluate the optical
properties of the nanolattices, including their reflectance and stopband position. Spectra were acquired
using a Nicolet iS50 FT-IR spectrometer equipped with a Nicolet Continuum Infrared Microscope. This
instrument uses a 15x objective with a numerical aperture (N.A.) of 0.58, and has a working distance of
11mm. Because the Nicolet Continuum Infrared Microscope FTIR spectrometer employs Cassegrain type

lenses for light focusing, sample illumination at normal incidence was restricted. Instead, light is incident



on the sample as an annulus with an angular range, the upper limit of this range determined by the numerical
aperture of the condenser, and the lower limit due to blockage by a secondary mirror residing inside the
Cassegrain lens. As shown schematically in Figure 4, light incident on the sample has an angular range

between 16°-35.5° relative to the normal.

s Aperiure

l

Cassegrain
configuration
with light path
for reflection

-' mode

i—b Minimum angle* = 16°
7> Maximum angle* = 35.5°

Sample

*This angular range is specific to
the 15X Reflachromat™ cassegrain
objective used in the Nicolet
Continuum Infrared Microscope.

Figure 4. Schematic showing the configuration of the Cassegrain lens used in the Nicolet Continuum Infrared
Microscope in reflection mode. Note how the upper limit of the objective’s range is determined by the primary
mirrors of the Cassegrain, which affect the numerical aperture of the lens, and how the lower limit is due to blockage
by a secondary mirror, which also prevents light from hitting the sample at normal incidence.

2.3.1. Discussion of Stopband Position versus Effective Strain

To establish a baseline understanding of the relationship between strain and the position of the stop
band, we fabricated several nanolattices which mimicked compressed morphologies for 4 strains—0%,
14.8%, 27.1%, and 38.6%—corresponding to unit cell angles of approximately 45°, 40°, 35°, and 30°, as
shown in Figure 5(a-b). These ‘effectively strained’ angle-varied nanolattices were fabricated with slightly
altered geometries such that the unit cells evolved from fully isotropic in the unstrained state, to
progressively more anisotropic at higher effective strains (Figure 5(b)). Increasing the degree of anisotropy
in the unit cells also serves to uniformly decrease the height and periodicity of the overall lattice, with the
effective strains calculated based on the relative change in the unit cell angle experienced by octahedron

nanolattices during in-situ compression experiments. Compacting lattice periodicity along the z-direction
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by altering the unit cell angle allowed us to create a set of effectively strained lattices which represent

idealized versions of the compressed octahedron PhC at 0%, 14.8%, 27.1%, and 38.6% strain.
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Figure 5. The relationship between effective strain and stopband position in as-fabricated angle varied
nanolattices. (a) SEM images of octahedron nanolattices fabricated with varying angles, corresponding to different
degrees of effective strain. (b) Schematic of the relationship between unit cell angle and effective strain in the
fabricated nanolattice. (c) Normalized reflection spectra of a 45° unstrained octahedron nanolattice, and three angle-
varied nanolattices, corresponding to increasing degrees of effective strain, .. (d) Effective strain-stopband plot for
the angle-varied lattices. Note that ecirand Apeax are directly proportional.

Figure 5(c) shows the FTIR reflectance spectra for the four nanolattices. For the as-fabricated
nanolattices, a significant peak in normalized reflectance emerges, and is centered at 7.42um, which
corresponds to the first order stop band. The center of this peak shifts to progressively shorter wavelengths
for nanolattices with decreasing pitch: from 7.42um for the unstrained nanolattice to 6.40pm for the 14.8%
effectively strained nanolattice, to 5.38um for 27.1% effective strain, and to 4.61um for the 38.6%
effectively strained sample. The plot in Figure 3(d) reveals the relationship between the central position of

each stop band peak, denoted Apea, and effective strain, e, based on the normalized reflectance
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measurements of 24 separate unstrained and effectively strained samples (6 samples for each strain). In
addition to the blueshifting of the photonic bandgap with increasing effective strain, the stopband data
appears to vary linearly with strain. This is not unexpected because the opto-mechanical response of these
3D PhCs under uniaxial compression is associated with a change in spacing of closest-packed planes, and
a consequent change in the Bragg resonance condition and peak wavelength. This trend is similar to the
stopband-strain relationships reported for 1D and 2D mechanically tunable photonic crystals***, The largest
stopband shift of 2.8um was exhibited by samples that were effectively strained by ~40%. This stopband
shift is more substantial than the 1.25um shift achieved by solvent swelling of lamellar photonic crystal

1‘18

gels outlined in Kang et al.'®, and outperforms other elastomeric 3D photonic crystals like the one reported

in Fudouzi et al. where a 20% strain leads to a 30nm stopband shift**.

2.4. Optical Characterization of in-situ Strained Nanolattices

The nearly-full recoverability of the compressed polymeric nanolattices studied in this work required
the design of a special experimental setup which could measure the optical response of compressed
nanolattices in their strained state. Figure 6 provides a schematic of the custom compression cell setup,
which was constructed by first etching wells of varying depths into a silicon substrate using deep-reactive
ion etching (DRIE), followed by the fabrication of pristine unstrained nanolattices into individual wells. An
IR-transparent KBr slide was then placed on top of the nanolattices and wells, and then, to ensure uniaxial

straining of the lattices, a washer-shaped lead weight was placed on to the slide.
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FTIR Microscope
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Smm thick
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Nanolattices are centered in each well,
and are 100um x 100um in plane.

Figure 6. Schematic of the nanolattice compression cell setup.
2.4.1. Compression Cell Fabrication

Polished silicon substrates were initially washed with acetone and isopropanol before additional oxygen
plasma cleaning. The 1cm x 1cm silicon chips were then spin coated using Shipley 1813 positive photoresist
at 3000 rpm for 30 seconds. Samples were soft baked at 115°C for 1 minute. Samples were then exposed
to UV light for 15 seconds through a transparency mask containing a 2 x 4 grid of square boxes, each
200pm x 200um, and spaced 400pm apart. Following UV exposure, samples were developed for 1 min,
rinsed with water, and dried under nitrogen. An Oxford Plasmalab System 100 ICP-RIE was used to dry
etch wells into the silicon substrate. The dry reactive ion etch (DRIE) process used was a standard Bosch
procedure, where the number of cycles was varied between silicon chips to achieve wells with depths
ranging from 10-20pm.

Silicon chips with etched wells were then used as substrates for subsequent nanolattice fabrication. As
described in the manuscript, the direct laser writing (DLW) two-photon lithography (TPL) system, Photonic
Professional (Nanoscribe GmbH, Germany) was used to do an alignment, and then to write a 100pum x
100um octahedron nanolattice into the center of the well (nanolattices were to be taller than the edge of the

well). Nanolattices were first designed using CAD software, after which structural data was converted to a
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file format specific to the Photonic Professional system. On each silicon chip, at least two wells were always
left empty so they could be used for taking FTIR background spectra. Following the fabrication and
development of the nanolattices, samples were SEM imaged to ascertain the starting height of unstrained

structures, and several representative micrographs of the lattices and wells are shown in Figure 7(a-c).

Figure 7. Scanning electron microscopy (SEM) images of representative compression cell samples. (a) A grid of
etched wells with nanolattices fabricated into select wells. Two wells are left empty so they can be used for collecting
background FTIR spectra. Image was taken at a 45° tilt. (b) A close-up of a single lattice fabricated within an etched
silicon well. Image was taken at a 45° tilt. (¢) A close-up of a nanolattice inside a well. Image was taken at a 92° tilt,
so that it is possible to see that the nanolattice extends beyond the edge of the well (which is important for subsequent
compression).

Polished potassium bromide (KBr) slides were then carefully placed on top of the grid of etched silicon
wells and nanolattices, in the next step of creating the compression cell. These circular slides were
purchased from International Crystal Labs, and had the following dimensions: 13mm diameter, and 1mm
thickness.

To complete the compression cell, a lead washer was used as a weight to aid in the compression of the
nanolattices built into the etched silicon wells. The weight was placed centrally on top of the KBr slide.
These washers were machined to have the following dimensions: 40mm outer diameter, 6mm inner

diameter, and 5Smm thickness.
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2.5. Results and Discussion of Band Gap Tuning using Mechanical Strain

Using the compression cell described above, it was possible to strain an as-fabricated sample to a
preordained position, and fix it in the strained state by bounding from above by the IR-transparent KBr
slide, while it sits affixed to the polished Si substrate. We then collected reflectance with the same FT-IR
spectrometer as used on the effectively strained samples. Four experiments on cyclically strained
nanolattices were carried out, with each one corroborating the finding that compressing an octahedron
nanolattice leads to a blueshifting in the PhC stopband, and releasing the load shifts the stopband back to
within 89.8 + 2.8% of the original stopband position of the pristine nanolattice—a value commensurate
with the ~90% recovery observed in nanolattice height following primary compression. Figure 8 shows the
reflection spectrum of a representative sample. For this particular sample, the stopband of the initial

nanolattice was centered at 7.32pm and that of the 15.2% strained nanolattice blueshifted to 6.34um.
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Figure 8. Normalized reflectance spectra for an as-fabricated nanolattice outside of the compression cell (red),
and under compression (blue) using the custom FTIR compression cell setup.

For this series of strained nanolattice experiments, the applied strain was monitored by calculating the
pathlength of the FTIR compression cell using interference fringes which appear in the background
reflection spectra®®. The KBr surface of the cell is positioned nearly parallel to the Si substrate—between
which the nanolattices are sandwiched—which results in the appearance of sinusoidal fringes in the spectra.

These fringes are created by interference between light that has been transmitted through the sample, and
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light that has been reflected internally between the parallel surfaces®> The number and the position of
interference fringes allow us to estimate the pathlength through the compression cell**, which is equivalent

to the thickness of the sample and the height of the compressed nanolattices:

_ NA12p
T 2neppcos0(A2—A1)

4
Here, d is the sample thickness or compression cell pathlength, N is the number of interference fringes
between the wavelength range 4; and 4., neris the effective refractive index of the material within a well of
the compression cell, and 6 is the average angle of incident light on the sample. Having measured the height
of pristine, unstrained nanolattices using SEM imaging, and calculated the cell pathlength for a compressed
sample, we obtained a value for applied compressive strain. Full details on this analysis are provided in the

subsequent section.
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Figure 9. Strain-stopband plots comparing data from the as-fabricated angle-varied lattices under
corresponding effective strain, and experimentally strained nanolattices using a compression cell over multiple
cycles.

Figure 9 shows that in-situ straining of the nanolattices results in a blueshifting of the stopband, and
that a linear relationship holds between applied strain and stopband position. The slope of this linear

dependency is a factor of 1.42 lower than the slope predicted by the idealized, effectively strained
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nanolattices, also plotted in Figure 8 for comparison. This plot reveals that nanolattices strained by 40.5%
exhibited a stopband shift of 2.19um, compared to a 2.87um shift for the effectively strained angle-varied
nanolattices compressed by the same amount. This plot also shows that at high strains of & ~ 40%, the
percent error between the measured Ayeax for in-situ strained and angle-varied lattices is 14.1%, while at low
strains, on the order of € ~ 10%, the percent error is significantly smaller, at 1.7%. These deviations likely
arise from minor shearing in the in-situ setup that accompanies the nominal uniaxial compressive straining
of the lattice. Shear strain in this system may take the form of a torqueing at the nodes of the unit cells
comprising the lattice, which leads to a shape change rather than a volume change, and does not affect the
periodicity of the lattice in the vertical direction to the same degree predicted by the angle-varied lattices
modelling effective strain. It has been previously shown that the stopband position increases nonlinearly
with shear strain*, which may also contribute to our observation of larger deviations from the Apeax position

of the angle-varied lattices modelling effective strain, where only uniaxial strain was taken into account.

2.5.1. Calculating Compression Cell Pathlength Using the Interference Fringe Method

Interference fringes in an FTIR spectrum can be a convenient method for determining the lattice

thickness or cell pathlength. Per reference 35, pathlength of the cell may be calculated as

N

B 2nepr(vi—vz)

)
where d is pathlength,  is the number of interference fringes between wavenumbers V; and V5, and ney is
the effective refractive index of the material between the two surfaces generating the interference fringes.
As described previously, the Nicolet Continuum Infrared Microscope FTIR spectrometer used in our
experiments illuminates the sample in an annulus with an angular range between 16°-35.5° relative to the
normal. This non-normal incidence necessitates the addition of a cosine term to equation (5) for more

accurate calculations of cell pathlength:

N

d=—2" (6)

- 2ngff cos 0(v1—v7)
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where 6 is the average angle of incident light on the sample. For all our calculations of the cell pathlength

d, we used an average angle of 25.75° to the normal.
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Figure 10. FTIR spectra of a background collected against a regular polished silicon surface, and a background
collected against the bottom of an empty etched silicon well through a KBr window, as part of the compression
cell. Interference fringes appear in the compression cell spectrum due to reflection between the internal faces of the
polished KBr window and Si surface at the bottom of the well.

Before every sample measurement, a background spectrum was collected against a polished silicon
surface. In the case of compression cell measurements, background spectra were collected through the KBr
window, against the bottom surface of an empty well etched into each silicon chip compression cell. Figure
10 shows an example of a ‘regular’ background spectrum taken against the reflective surface of a piece of
polished silicon, and an example of a background spectrum collected against the reflective surface at the
bottom of an empty etched silicon well through the KBr window, as part of the compression cell. While the
‘envelope’ shape of the background spectrum collected through the KBr window remains consistent with
the shape of the ‘regular’ background spectrum, prominent and relatively regular interference fringes appear
in this spectrum due to reflection between the two internal faces of the compression cell (the bottom of the
polished KBr slide on one side, and the polished Si surface of the well on the other). We can now utilize

equation (6) to determine the cell pathlength in this particular compression cell by counting the number of
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fringes between wavenumbers V4 and V5. Per Figure 10, V1= 3508 cm™, v3= 1320 cm’!, N=6, § = 25.75°,
and n.y= 1 (we take this measurement against the silicon surface of an empty well, so the effective medium
is just air). For the specific compression cell background spectrum in Figure 10, cell pathlength/sample
thickness (a measure of the distance between the bottom of the polished KBr slide and the silicon surface
of the etched well) is d = 15.2um. It is by this process that we calculated heights for compressed nanolattices
residing in neighboring wells on the same silicon chip. The fringes found in background spectra were often
clearer than the fringes which manifested in the reflection spectra of actual compressed nanolattices (see
Figure 8)—fringes in compressed nanolattice spectra may become convolved with other features of the
reflection spectra—and as such background spectra were used preferentially for cell pathlength

calculations.

2.6. Comparison of Experimental Bandgap Position and Simulated Bandgap Results

To numerically investigate the electromagnetic properties of the octahedron nanolattices and see how
they compare to experimental results, we employed the Finite Difference Time Domain (FDTD) solver
Lumerical. The simulated geometries were determined by using SEM images of the fabricated experimental
samples; the polymer refractive index of n~1.49 was determined by fitting FTIR reflectance data for TPL
polymerized IP-Dip thin films using a scattering matrix approach combined with a minimization technique
(described in Appendix C). We accounted for the almost infinite transverse extent of the lattices by
designating Bloch boundary conditions in the x-y plane. In the z-direction normal to the plane, 6.5 unit cells
were stacked on top of one another to complete the 3D model of the lattice—similar to our fabricated
samples—and the whole stack was assumed to reside on an infinite slab of Si with a fixed refractive index
of 3.4 over all frequencies. The entire model was then surrounded by perfect matched layers (PML) along

the z-direction.
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Figure 11. Results of simulated reflectance for effectively strained nanolattices compared to experimental data.
(a) Normalized reflection spectra under normal illumination for a simulated 45° unstrained octahedron nanolattice,
and three simulated angle-varied nanolattices, each with corresponding degrees of increasing effective strain. The
main peak for each simulated nanolattice corresponds to a 1% order Bragg reflection; secondary peaks that appear at
longer wavelengths are caused by the higher order Bragg reflections. (b) Strain-stopband plots comparing data from
the as-fabricated angle-varied lattices under corresponding effective strain, experimentally strained nanolattices using
a compression cell over multiple cycles, and the simulated angle-varied lattices at normal incidence, and 25.7°
incidence.

Figure 11(a) shows the reflectance spectra for four different simulated angle-varied octahedron unit
cells, 45°,40°, 35°, and 30°, illuminated with a normal-incidence plane wave. The simulations show a clear
blueshift of the reflection peak with decreasing apex angle of the octahedron unit cell, in agreement with
experimental results.

These numerical results also display a linear trend between reflection peak position and effective strain,
as do the experiments on the as-fabricated and in-situ strained nanolattices (see Figure 11(a)). Despite the
difference in the actual position of A,k for the fabricated and simulated angle-varied lattices, the slopes of
these lines are very similar. While the simulations appear to over-predict the stopband wavelength, this
discrepancy in Ayeak position is in large part due to the angle of incident light used for illuminating simulated
and fabricated samples; simulated samples are illuminated using plane waves incident at a single angle, and
fabricated samples are under illumination from a Gaussian beam with an angular range between 16-35.5°.
Simulating nanolattices at an average illumination angle of 25.7° does shift the calculated stopband peak

closer to the experimentally-measured peaks. Further discrepancies can be attributed to some non-idealities
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in the fabricated samples, like the imperfect uniformity of beams and unit cells and buckling at the joints
between unit cells.

The reflection peak observed in our experiments and simulations can be attributed to the 1% order Bragg
reflection in the lattice. Bragg’s law is formulated as 2d X cosf@ = nA, where d is the vertical separation
between two layers in the lattice, € is the angle of the incident beam with the normal line, and # is the order
of the Bragg reflection. A monotonic decrease in d from uniaxial strain will result in a monotonic decrease
in the resonance wavelength A,,.4. This result is in agreement with the general blueshift trend observed
both in the numerical and experimental data. Additional reflection peaks observed at longer wavelengths
can be attributed to higher orders of the Bragg grating, and are substantially weaker than the main peak of
the lattice.

As previously mentioned, the primary peak of the reflection can be attributed to the 1® order Bragg
reflection in the lattice. One consequence of this fact is that, increasing the angle of incidence light, relative
to the normal, will shift the resonant reflection peak to shorter wavelengths. The color map shown in Figure
12 shows the variation in reflection as a function of incident angle and wavelength for the case of a
simulated, unstrained, 45° lattice. It can be clearly seen that as the angle of incidence with respect to the
normal increases and the peak resonance wavelength shifts to the shorter values. For further clarification,
we superimposed a dashed black line which shows the relation between the incident angle and the resonant
wavelength as predicted by the Bragg condition equation. Notice that the line closely follows the resonant
wavelengths obtained by numerical simulations. The discrepancies between the peak values of the colormap
and the black line are due to the presence of the silicon substrate in the numerically modeled lattice. This
substrate redshift the resonance following the Bragg condition, and is more substantial at larger angles of
incidence. It should also be noted that the angle of incidence affects the stopband position in a nearly

identical manner for the 40°, 35°, and 30° lattices.
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Figure 12. A color map depicting the variation in reflection as a function of incident angle and wavelength for
a simulated 45° nanolattice. Note that the angle of incidence here is measured with respect to the line normal to the
surface. At larger angles of incidence, the peak in reflection shifts to shorter wavelengths, and the black dashed line
overlaying the data shows the relation between the incident angle and the resonant wavelength given by the Bragg
condition equation.

2.7. Conclusions and Evolved Critiques

This work demonstrates fabrication and characterization methodologies for 3-dimensional polymer
nanolattices, active in the mid-IR range, whose photonic bandgap can be reversibly modulated as a function
of uniaxial compressive strain. Opto-mechanical experiments and theory reveal that applied uniaxial
compressive strain and the photonic stopband are linearly related, with a maximum attained bandgap shift
of ~2.2um at ~40% compressive strain. These findings imply that architected nanolattices may be utilized
for emerging applications including but not limited to optical strain gauges, accelerometer and other
mechanical sensors, as well as tunable laser sources and variable filters. And while 3D lattice fabrication
using TPL DLW is currently constrained by the minimum axial resolution attainable, restricting the
dimensions of the octahedron geometry studied here to unit cell sizes of no less than 2.5um, advances like
stimulated-emission-depletion (STED) DLW are pushing the resolution limits of this technology, and may
soon enable the patterning of any arbitrary 3D lattice with photonic properties extended into the visible

range.
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Chapter 3: Exploring the Photonic Band Gap Properties of 3D Periodic
Architectures — Band Gap Properties as a Function of 3D Periodic Architecture
3.1. Outline and Motivation

One of the primary methods for assessing the performance of a PhC is by measuring the quality of its
photonic band gap. In general, 3D periodic structures display more complicated bandgap properties than
their 2D counterparts and possess more flexibility in applications where the existence of partial stop gaps
and a strong suppression rate of some wavelengths are important. Therefore, 3D photonic structures made
of low refractive index materials such as polymers can be quite useful in photonic applications. In general,
the existence and characteristics of photonic bandgaps depend on such factors as the dielectric contrast and
volume fractions, as well as the symmetry, connectivity, and geometrical shape of the periodic dielectric
structure.

In this chapter, we report on the optical properties 3D polymeric photonic crystals whose photonic
response is dictated by periodic architecture, or more specifically, lattice symmetry. It is noted that local,
directional, or “pseudo” band gaps can be easily tuned and even created by changing the size of unit cells
comprising the structure. Also discussed is the degree to which finite lattices capture and display the
properties predicted by infinite structures and their calculated band structure diagrams.

We study the photonic properties, namely the emergence of pseudo-bandgaps in three different 3D
lattice architectures that have been traditionally explored in the context of their mechanical properties.
These architectures include octahedron, octet, and tetrakaidecahedron 3D periodic structures, where the
octahedron lattice has an underlying simple cubic (SC) structure, the octet lattice has an underlying face
centered cubic (FCC) structure, and the tetrakaidecahedron lattice has an underlying base centered cubic

(BCC) structure.

3.2. Introduction to Periodic Lattice Architectures
3.2.1. Simple Cubic, Face Centered Cubic, and Base Centered Cubic 3D PhCs

The exploration of 3D PhC structures with an underlying simple cubic lattice symmetry was first

undertaken by Sozuer and Haus.*® The authors explored PhCs formed by dielectric spheres arranged in a
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simple cubic lattice and found that, despite the appearance of directional stopbands, no complete bandgaps
will occur for this architecture, regardless of the volume fraction of spheres. By inverting the dielectric
structure however, and placing air spheres in a dielectric background, they obtained the first full photonic
bandgap structure with simple cubic symmetry.

Compared to simple cubic PhCs, face centered cubic structures have been very extensively studied,
thanks in part to the ease of fabricating opal and inverse opal structures using self-assembly methods. Opals
are formed through the close packing of dielectric spheres which results in a natural fcc lattice, and in-
filling the air voids in an opal structure with a dielectric and removing the original sphere material,
converting it to air, forms the fcc inverse opal structure. The majority of research on FCC 3D PhCs has
focused on opal, inverse opal, and woodpile architectures as the former are amenable to fabrication through
self-assembly methods, and the latter can be fabricated using conventional lithographic methods.

The study of photonic band gap properties in base centered cubic PhC structures has been somewhat
less extensive compared to its sc and fcc counterparts. However, the band gap properties of void-based bce
PhCs in a solidified transparent polymer have been studied,” as have BCC-based gyroid structures, which

have been demonstrated to have a complete gap almost as wide as that of diamond.®

3.2.2. Octahedron, Octet, and Tetrakaidecahedron Lattice Architectures

In general, most of the research performed on the various 3D cubic symmetry PhCs has been
computational, assessing which combination of architecture and high index material will yield the largest
complete bandgap. Of the experimental studies done on SC, FCC, and BCC PhCs, the actual architectures
have been largely limited to structures with unit cells of limited complexity, like spheres or stacked beams.
With the advent of two photon lithography direct laser writing however, the opportunity exists to create 3D
PhCs with arbitrarily shaped unit cells and underlying lattice symmetry. As such, we fabricate and
characterize 3D PhCs composed of polymer octahedron, octet, and tetrakaidecahedron unit cells—
architectures whose photonic properties have not yet been studied (with exception of the work presented in

Chapter 2).
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Schematics of the octahedron unit cell, lattice, and underlying simple cubic symmetry are shown in
Figurel3(a-c). It should be noted that lattices are constructed along Cartesian coordinates with the PhC

surface pointing along the (001) direction.
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Figure 13. Schematic of an octahedron simple cubic PhC lattice. (a) A view the octahedron unit cell with
cylindrical beams. (b) A representation of a 2x2x2 octahedron unit cell lattice. The lattice period is given by the
parameter a. (c) Representation of the underlying simple cubic lattice symmetry in the octahedron-based PhC
architecture.

Schematics of the more complex octet unit cell, lattice, and underlying face centered cubic symmetry
are shown in Figurel4(a-c). It should again be noted that lattices are constructed along Cartesian

coordinates with the PhC surface pointing in the (001) direction.
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Figure 14. Schematic of an octet face centered cubic PhC lattice. (a) A view the octet unit cell with cylindrical
beams. (b) A representation of a 2x2x2 octet lattice. The lattice period is given by the parameter a. (c) Representation
of the underlying FCC symmetry in the octet-based PhC architecture.

Finally, schematics of the tetrakaidecahedron unit cell, lattice, and underlying base centered cubic
symmetry are shown in Figure15(a-c). It should again be noted that lattices are constructed along Cartesian
coordinates with the PhC surface pointing in the (001) direction.

z (001)

Figure 15. Schematic of a tetrakaidecahedron base centered cubic PhC lattice. (a) A view the tetrakaidecahedron
unit cell with cylindrical beams. (b) A representation of a 2x2x2 tetrakaidecahedron lattice. The lattice period is given
by the parameter a. (c) Representation of the underlying BCC symmetry in the tetrakaidecahedron-based PhC
architecture.
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3.3.Fabrication of 3D Nanolattices PhCs

As described in detail previously, nanolattice PhCs were fabricated out of the acrylate-based “IP-Dip”
photosensitive monomer, using the direct laser writing two-photon lithography (DLW TPL) system
developed by Nanoscribe GmbH. For this DLW TPL process, the 3D periodic octahedron, octet, and
tetrakaidecahedron architectures were created using MATLAB and the computer aided design (CAD)
program SolidWorks, with lattice beams defined in slices, so that writing could be performed in a layer-by-
layer fashion.*® The layer-by-layer writing scheme allows for the generation of beams possessing nearly
circular cross-sections (see ref. 3° for additional detail) , as compared to the octahedron lattices described in
Chapter 2 which had elliptical beams. PhC samples were written on a 500um thick silicon chip, and
following the photoresist exposure step, 3D polymer structures were developed for 30 minutes in propylene
glycol mono-methyl ether acetate (PGMEA) followed by a 5-minute rinse in isopropyl alcohol. To prevent
lattice collapse or excessive shrinkage due to capillary forces during the drying step, lattices were critical
point dried using a TousimisAutosamdri-815B, Series B critical point dryer.

Lattices were designed to be approximately 130um x 130um in x-y extent, and fabricated with varying
heights, ranging from 10 unit cell layers in z-extent to 20 unit cell layers. Each of the three lattice
architectures under study were fabricated with two different unit cell sizes, so that the stopband position
could be assessed on the basis of periodicity as well as lattice architecture. Octahedron lattices were
fabricated with unit cells sizes of approximately 3.3 um and 4.75 pm. Octet lattices were made with unit
cells sizes of approximately 3.5 um and 4.75 um, and tetrakaidecahedrons were fabricated with unit cells
sizes of approximately 4.3 pm and 6.75 um. Though unit cell size, or lattice periodicity, was varied for all
3D periodic architectures in this study, the cylindrical beam dimensions remained constant between all
structures, with an approximate diameter of 850 nm. Representative images of as-fabricated octahedron,

octet, and tetrakaidecahedron structures are presented in Figure 16(a-c).
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Figure 16. Representative images of as-fabricated octahedron, octet, and tetrakaidecahedron PhC lattices. (a)
Full scale octahedron nanolattice with periodicity ¢ = 4.75um. Insets show an enlarged lattice corner and round,
cylindrical beams, and a top down view of the simple cubic octahedron arrangement. (b) Full scale octet nanolattice
with periodicity a = 4.75um. Insets show an enlarged lattice corner and round, cylindrical beams, and a top down view
of the face centered cubic octet arrangement. (c) Full scale tetrakaidecahedron nanolattice with periodicity a =
6.75um. Insets show an enlarged lattice corner and round, cylindrical beams, and a top down view of the base centered
cubic tetrakaidecahedron arrangement.

It should be noted that one particular benefit of 3D PhC fabrication using TPL DLW is that any lattice

orientation is possible, so long as it can be designed. This is in contrast to methods like self-assembly where
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periodic arrangements will typically be close packed, resulting in FCC PhCs with a (111) crystal surface

arrangement, as is the case with opal structures.

3.4. Optical characterization of Octahedron, Octet, and Tetrakaidecahedron Nanolattices PhCs

Reflection spectroscopy is a customary optical characterization technique which reveals stop bands as
peaks of increased reflection, indicating the nonzero imaginary component of the wavevector for those
frequencies contained in the stop band. While all lattices under study are purely polymeric, possessing a
relatively low dielectric contrast with air compared to a high-index material like silicon (the refractive index
of IP-Dip is n = 1.49 in the mid-IR), we nonetheless expect at least a directional stopband to be present in
these PhC structures.

The micron-scale unit cell sizes of our lattices suggest that the PhCs will exhibit a bandgap in the
infrared range. As such, we used Fourier Transform Infrared (FTIR) microspectroscopy in reflectance mode
to measure stopband position. Spectra were acquired on a Nicolet iS50 FT-IR spectrometer equipped with
a Nicolet Continuum Infrared Microscope. The microspectrometer Cassegrain lenses limited incident light
to an off-normal annulus with an angular range between 16°-35.5°. All spectra were collected against a

smooth, fully reflective gold mirror background.

3.4.1. Reflectivity Spectra with respect to Geometry and Periodicity

In Figurel7(a) we have two representative reflectivity spectra plotted for simple cubic PhC lattices of
octahedron unit cells with periodicities equal to 3.3um and 4.75um. For the lattice with average periodicity
of 3.3um, a significant peak in normalized reflectance emerges, and is centered at 6.41um, which
corresponds to the first order stopband. For the lattice with an average period of 4.75um, the first order
stopband appears at 9.69um.

Consistent with our findings from Chapter 2, stop band position is highly dependent on lattice
periodicity, and shifts to shorter wavelengths for nanolattices with decreasing unit cell size. In Figure 17(a)
we also observe peaks in reflectance to the right of our first order stopband which are smaller in amplitude

than the primary reflectance peak. For the a = 4.75um octahedron lattice we observe secondary reflectance
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peaks at 4.89um 3.20um, and these positions are consistent with 2™ and 3™ order Bragg reflections
respectively.

It should also be noted that most of the sharp, intense dips we observe in our nanolattice PhC spectra
are not optical features belonging to the nanolattice architecture, but are instead absorptions from the
polymer material. Some of these material absorptions pass through the relevant stopband features of the
lattice, like the dips at 9.39um and 10.13pm in the 4.75um octahedron lattice, but these are actually caused

by excited vibrational modes of the IP-Dip polymer (see Appendix A for more detail).*
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Figure 17. FTIR reflectance spectra for octahedron, octet, and tetrakaidecahedron nanolattice PhCs. (a)
Normalized reflectance spectra for octahedron nanolattice PhCs with 3.3pum and 4.75um periodicities. (b) Normalized

reflectance spectra for octet nanolattice PhCs with 3.5um and 4.75pum periodicities. (¢c) Normalized reflectance spectra
for tetrakaidecahedron nanolattice PhCs with 4.3um and 6.75um periodicities.

In Figurel7(b) we have two representative reflectivity spectra plotted for face centered cubic PhC
lattices of octet unit cells with average periodicities equal to 3.5um and 4.75um. For the lattice with a =
3.5um, a significant peak in normalized reflectance emerges at 4.20pum, which corresponds to a first order

stopband. For the lattice with a = 4.75um, the first order stopband appears at 5.07um. We can again note
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that stopband position is dependent on lattice period, with a decreasing unit cell size leading to blueshifting
of the stopband peak.

Finally, in Figurel7(c) we have two representative reflectivity spectra plotted for base centered cubic
PhC lattices of tetrakaidecahedron unit cells with average periodicities equal to 4.3pum and 6.75um. For the
lattice with @ =4.3um, a significant peak in normalized reflectance emerges at 4.16pum, which corresponds
to a stopband. For the lattice with a = 6.75um, a stopband appears at 6.34um. These results again
corroborate that, regardless of lattice architecture, stopband position is highly influenced by lattice period,
and by decreasing the unit cell size of any architecture with any underlying lattice symmetry, the center

position of the stopband will blueshift.

3.5. Comparing Experimental Reflectivity to Calculated Photonic Band Structure
3.5.1. Photonic Band Structure Calculations

In order to carry out a comparison of our experimental results with theory, we have calculated the
photonic band structures associated with our three unique cubic PhC systems using the plane wave
expansion (PWE) method.*' In PWE, Maxwell’s equations are combined to obtain the differential wave
equation that governs the propagation of the electromagnetic waves within a PhC structure, and assumes
an infinite, ideal photonic crystal. Photonic band structures for octahedron, octet, and tetrakaidecahedron
architectures were simulated and analyzed using the commercially available BandSOLVE simulation
engine, which utilizes an optimized implementation of the PWE technique for periodic structures.

To construct the photonic bands, we take wave vectors from the edges of the underlying lattice
symmetry irreducible Brillouin zones (as commonly done in the photonic literature*?), where particular
points along the Brillouin zone path correspond to different magnitudes and directions of the wave-vector
k. For each chosen & path, the corresponding eigenvalues are calculated, forming an ascending set
of n eigenvalues. In grouping the eigenvalues and plotting them as a function of 7{, band diagrams are
generated. In general, we note that position of the midgap, or center of a bandgap, is determined by the
edge of the Brillouin zone, and therefore it is highly dependent on direction.** Furthermore, gap width (the
frequency range of the bandgap) is directly proportional to the index of materials forming the PhC.
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Consequently, we expect that with a small polymer index of n = 1.49, the widths of our bandgaps for all

lattice symmetries will be rather small.

1.0

(a) 13-35.5" (b) 0.9 ]

- 0.8

0.7 =

a/i)

06 N\

0.4

0.3

0.2

Frequency (wa/2xc

"\ ‘ / Octahefiron a = 4um

01_ : .;"\\ ././. : i
| \ / Octahedlona-spm

0.0
R

/

X r X M

Figure 18. Brillouin zone and band structure calculated for the octahedron simple cubic lattice. (a) The Brillouin
zone for a simple cubic PhC set relative to the wave vectors incident on the simple cubic octahedron lattice during
FTIR reflectance measurements. The angular range of the incident light annulus means wave vectors will interface
with the I'-X-R and I'-X-M planes (denoted in blue and pink). (b) Band structure calculated for the octahedron simple
cubic lattice probing the I'-X-R and I'-X-M directions. Bands are compared for lattices with a periodicity of 4um and
Spm.

In Figure 18(a) we present the Brillouin zone for a simple cubic (SC) with distinct k-paths and end
points labelled I', X, R, and M. While I, X, R, and M are the general high symmetry points for simple cubic
crystals, we chose the particular band structure k-paths shown in Figure 18(b) deliberately for our
calculations. In our fabricated octahedron simple cubic PhCs, the top surface is oriented in the (001)
direction, which corresponds to the I'X path, or probing the PhC at normal incidence. Since the Cassegrain
lens arrangement in the FTIR microscope prevents sampling the PhC at normal incidence, the angular span
of incident annular light means that we actually probe the PhCs in the I'-X-R and I'-X-M planes
simultaneously (the blue and pink triangles in Figure 18(a)). We calculated the band structure for
octahedron simple cubic PhCs along the I'-X-R and I'-X-M paths, and observe that the first four bands in
X-R and X-M appear rather symmetric. More significantly, a substantial bandgap opens between bands 2

and 3 at the I'-X edge, and this bandgap continues to propagate along X-R and X-M, though the bandgap
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width diminishes and moves to higher frequencies the further we move in X-R and X-M. It is likely that
the peaks we observe in our FTIR reflectance spectra are due to this propagating bandgap in the X-R and
X-M directions. We also note that, while the overall band structure shape is identical for octahedron lattices
with 4um and 5pm periodicities, band and bandgap positions are all shifted to higher frequencies (longer
wavelengths) as periodicity increases. This is likely because the beam diameter used in both simulations is
set to 850nm, meaning that the Sum lattice possesses a slightly lower fill fraction compared to the 4pm

lattice.
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Figure 19. Brillouin zone and band structure calculated for the octet face centered cubic lattice. (a) The Brillouin
zone for a face centered cubic PhC. The I'-X-U and I'-X-W planes (denoted in purple and light blue) are singled out
as the planes which coincide with wave vectors of light incident on the octet PhC from FTIR reflectance
measurements. (b) Band structure calculated for the octet FCC lattice along the I'-X-U and I'-X-W directions. Bands
along the X-U and X-W directions are overlaid to show their similarities.

In Figure 19(a) we present the Brillouin zone for a FCC lattice with I, X, U, and W high symmetry
points. In our fabricated octet FCC PhCs, the top surface is oriented in the (001) direction, which again
corresponds to the I'X path. In FTIR measurements, the annular cone of infrared light is incident on the
PhC surface such that the incident and diffracted wave vectors coincide with planes passing through both
the I'-X-U and I'-X-W points (purple and light blue triangles in Figure 19(a)). We calculate the band
structure for octet face centered cubic PhCs along the I'-X-U and I'-X-W paths, and observe that, along the

X-U and X-W segments, the first four bands display significant overlap. Furthermore, a substantial bandgap

33



opens between bands 2 and 3 at the I'-X edge, and this bandgap continues to propagate in both the X-U and
X-W directions, though the bandgap width diminishes and moves to higher frequencies the further we move
along these k-paths. The peaks we observed in our FTIR reflectance spectra for octet PhC samples are likely

due to the bandgap which appears in both the X-U and X-W directions.
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Figure 20.Brillouin zone and band structure calculated for the tetrakaidecahedron base centered cubic lattice.
(a) The Brillouin zone for a base centered cubic PhC. The I'-H-N plane (denoted in pink) is singled out as the plane
which coincides with wave vectors of light incident on the tetrakaidecahedron PhC from FTIR reflectance
measurements. (b) Band structure calculated for the tetrakaidecahedron BCC lattice along the I'-H-N direction. Inset
shows an expanded view of bands and band gaps around the H point.

In Figure 20(a) we present the Brillouin zone for a BCC lattice with ', H, and N high symmetry points.
In our fabricated tetrakaidecahedron BCC PhCs, the top surface is oriented in the (001) direction, which
corresponds to the I'H’ path (the H point actually denotes the (002) direction so, H’, which sits along the
same k-path, will refer to (001) for our purposes). In FTIR measurements, the annular cone of infrared light
is incident on the PhC surface such that the incident and diffracted wave vectors coincide with the plane

passing through the points I'-H-N (the pink triangle in Figure 20(a)). We calculate the band structure for
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tetrakaidecahedron base centered cubic PhCs along the I'-H-N path, and observe a small bandgap opening
between bands 6 and 7 at the I'-H edge (see the expanded band plot in Figure 20(b)). This bandgap continues
to propagate along the H-N direction, shifting to higher frequencies while the bandgap width increases, and
then contracts the further we move along this k-path. The peaks we observed in our FTIR reflectance spectra

for tetrakaidecahedron PhC samples are likely due to the appearance of this bandgap in the H-N direction.

3.5.2. Direct Comparison of Peak Reflectivity and Bandgap Position

Now that we have band structure calculations for all lattice architectures, we can directly compare the
position of experimentally measured stopbands relative to the expected stopband position for an ideal PhC.
While FTIR reflectance measurements provide precise and resolved frequency information, these spectra
give convoluted momentum space information, since measurements are taken over range of angles. As
such, we can plot the center frequency position of experimentally measured stopbands over a band structure
diagram, but as we cannot discern wave vector position precisely, each stopband data point will be plotted
over the angular range of the FTIR, 16° — 35.5°, for multiple directions (and will appear as a line instead of

a point on the plot).
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Figure 21. Calculated bands and experimental reflectivity peaks for simple cubic octahedron nanolattice PhCs.
(a) Calculated bands (green lines) along the X-M direction and experimental reflectivity peaks (grey and black lines)
for octahedron lattices with 3.3um periodicity. (b) Calculated bands (green lines) along the X-R direction and
experimental reflectivity peaks (grey and black lines) for octahedron lattices with 3.3um periodicity. (c¢) Calculated
bands (green lines) along the X-M direction and experimental reflectivity peaks (light grey, dark grey, and black lines)
for octahedron lattices with 4.75um periodicity. (d) Calculated bands (green lines) along the X-R direction and
experimental reflectivity peaks (light grey, dark grey, and black lines) for octahedron lattices with 4.75pum periodicity.

In Figure 21(a-b) we have plotted the center peak position of experimentally measured stopbands for
two octahedron lattice samples (grey and black lines) with an approximate unit cell size of 3.3um, relative
to the bands for an ideal 3.3um octahedron PhC. The width of the lines represents the angular range of the
incident wave vector, and because incident light impinges on the PhC in an annulus, we cannot separate
whether the observed peak in reflectivity is due to the bandgap present in the X-M or X-R directions, or
properly weight the contribution of direction on the evolution of the bandgap. However, we observe that in
both directions, the experimental reflectivity peaks substantially overlap the bandgap region. While an ideal

experimental sample reflectivity would be centered in the bandgap at a particular frequency, we can
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attribute deviations in reflectivity peak position to inhomogeneities in unit cell size throughout the PhC
height. During lattice fabrication, some measure of lattice shrinkage is inevitable, resulting in the unit cells
affixed to the substrate being larger than unit cells near the lattice top, meaning peak reflectivity is actually
a convolution of the stopband positions of PhCs with multiple periodicities.

In Figure 21(c-d) we plot the center peak position of experimentally measured stopbands for three
octahedron lattice samples (light grey, dark grey, and black lines) with an approximate unit cell size of
4.75um, relative to the bands for an ideal 4.75um octahedron PhC. We observe that in both the X-M and
X-R directions, experimental reflectivity peaks noticeably overlap the bandgap region, and that is overlap
is more substantial relative to the plots in Figure 21(a-b) for the 3.3um octahedron PhCs. One reason for
this is that the 4.75um samples are more homogeneous throughout their height, and as such, better

approximate an ideal simple cubic octahedron lattice with constant periodicity.
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Figure 22. Calculated bands and experimental reflectivity peaks for face centered cubic octet nanolattice PhCs.
(a) Calculated bands (green lines) along the X-W direction and experimental reflectivity peaks (grey and black lines)
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for octet lattices with 3.5um periodicity. (b) Calculated bands (green lines) along the X-U direction and experimental
reflectivity peaks (grey and black lines) for octet lattices with 3.5um periodicity. (c¢) Calculated bands (green lines)
along the X-W direction and experimental reflectivity peaks (light grey, dark grey, and black lines) for octet lattices
with 4.75um periodicity. (d) Calculated bands (green lines) along the X-U direction and experimental reflectivity
peaks (light grey, dark grey, and black lines) for octet lattices with 4.75um periodicity.

In Figure 22(a-b) we plot the center peak position of experimentally measured stopbands for two octet
lattice samples (grey and black lines) with an approximate unit cell size of 3.5um, relative to the bands for
an ideal 3.5um octet PhC. we observe that in both the X-W and X-U directions, experimental reflectivity
peaks overlap the bandgap region, but are far from centered over the gap at their respective frequencies.
This is likely caused by significant inhomogeneities in periodicity throughout the PhC volume. It should be
noted that the X-U k-path is shorter than the X-W k-path, and consequently FTIR reflectance measurements
actually sample regions of the 2" FCC Brillouin zone (not shown here) as well as the 1% Brillouin zone.

Figure 22(c-d) presents the experimental reflectivity peaks for three octet PhC lattices (light grey, dark
grey, and black lines) with a periodicity of 4.75um plotted with the band structure of an ideal 4.75um octet
PhC. Similar to what we observe in Figure 22(a-b), experimental measurements overlap with the bandgap
at the respective center frequencies for the reflectivity peaks. However, all of our experimentally measured
octet samples present larger deviations in k-path position compared to our experimentally measured

octahedron samples, and the reasons for this observation must be explored in a subsequent study.
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Figure 23. Calculated bands and experimental reflectivity peaks for base centered cubic tetrakaidecahedron
nanolattice PhCs. (a) Calculated bands (green lines) along the H-N direction and experimental reflectivity peaks
(black lines) for tetrakaidecahedron lattices with 4.3um periodicity. (b) Calculated bands (green lines) along the H-N
direction and experimental reflectivity peaks (black lines) for tetrakaidecahedron lattices with 6.75um periodicity.
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In Figure 23(a) we plot the center peak position of an experimentally measured stopbands for a
tetrakaidecahedron lattice sample (black line) with an approximate unit cell size of 4.3um, relative to the
bands for an ideal 4.3pum tetrakaidecahedron PhC. We observe that the experimental reflectivity peak
overlaps the bandgap region in its entirety, unlike the behavior observed in octahedron and octet lattices.
In Figure 23(b) we plot the center peak position of an experimentally measured stopbands for a
tetrakaidecahedron lattice sample (black line) with an approximate unit cell size of 6.75um, relative to the
bands for an ideal 6.75um tetrakaidecahedron PhC. We again observe that the experimental reflectivity
peak overlaps the bandgap region in its entirety. However, for both periodicities, the experimental
reflectivity is not centered over the band gap region for each individual center frequency. An implication
of this is that non-idealities likely exist in the tetrakaidecahedron nanolattices, but the angular window for
FTIR measurements is wide enough that the likelihood of hitting the correct k-vectors which coincide with

the band gap region is substantially large.

3.5.3. Comparing the FWHM of Reflectivity Peaks to Calculated Bandgap Width

If it were possible to fabricate a perfect PhC, free of defects and irregularities in unit cell size, and
containing enough layers to be considered infinite in every direction, then we would expect experimental
peaks in reflectivity to look like a rectangular pulse function, with a width corresponding to the calculated
bandgap width, and a flat top, representative of the fact that within the bandgap, reflectivity should be equal
over the whole frequency range of the gap.**** Realistically though, the experimentally measured
reflectivity peaks of a 3D PhC will not present a flat top, even in the absence of disorder, precisely because
real PhCs are finite.* The extinction length for frequencies close to the stopband edge is larger than for the
stopband center, and consequently, finite PhCs will possess reflectivity peaks (and transmission dips) that
have a rounded shape.*** Also affecting the final shape and width of the reflectivity peak is the presence
of defects or disorder in a PhC lattice. Differences in unit cell size through the height of the PhC lattice, as

well as fabrication imperfections, will affect experimentally obtained reflection spectra. Reflection peaks

39



will become less intense and asymmetric, and may become spectrally wider due to lattice defects and

disorder.*
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Figure 24. Outline for comparing the FWHM of experimental reflectivity peaks to the calculated bandgap
width A®. (a) Experimental reflectivity peaks are fit to a Gaussian curve and the full width at half maximum is
measured around the center peak frequency m,. (b) At the same center frequency we measure the bandgap width, Aw,
from the PhC band structure diagrams.

Another manner by which we can assess the quality of reflection peaks, namely how well they
correspond to the expected bandgap properties, is by comparing the full width at half maximum (FWHM)
of the experimental peaks, to the corresponding calculated bandgap width Aw, at the relevant center gap
frequency. This process is outlined in Figure 24(a-b). We take the experimentally obtained stopband peaks
for PhC lattices of all three underlying symmetries, and fit the data to a Gaussian model, from which we
can extract the FWHM of the peak (Figure 24(a)). At the corresponding center frequency, m,, we measure
the bandgap width (Figure 24(b)), and compare the FWHM values to the Aw values for octahedron, octet,
and tetrakaidecahedron PhCs. The closer the two values are, the more ideal the PhC sample, as defects and

disorder lead to the widening of bandgap reflectivity peaks.
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Figure 25. FWHM of experimental reflectivity peaks versus calculated bandgap width Ao for octahedron, octet,
and tetrkaidecahedron PhCs of varying periodicity. (a) The FWHM of experimentally measured octahedron peaks
is plotted (black and grey bars) versus the calculated bandgap width in both the X-M and X-R directions (blue bars).
The number of z-layers for each measured octahedron PhC is presented on the corresponding data bar. (b) The FWHM
of experimentally measured octet peaks is plotted (black and grey bars) versus the calculated bandgap width in both
the X-W and X-U directions (blue bars). The number of z-layers for each measured octet PhC is presented on the
corresponding data bar. (c) The FWHM of experimentally measured tetrakaidecahedron peaks is plotted (black bar)

versus the calculated bandgap width in the H-N direction (blue bar). The number of z-layers is presented on the data
bar.

In Figure 25 we compare the compare the FWHM values of our various architected PhCs and their
varied periodicities to the bandgap width, Aw, calculated along each relevant Brillouin zone direction. It
should be noted that data is excluded from lattices with substantial deformation, and FWHM values are
distinguished on the basis of the number of z-layers each lattice possesses (the thickness in terms of number
of unit cells). In Figure 25(a) we look at the FWHM versus bandwidth for octahedron lattices with a =
3.3um and a = 4.75um. We observe that, though minor, there is a difference in bandgap width between
bandgaps in the X-M and X-R directions, and that, as expected, as we increase the number of layers in our

lattice, we begin to approach the theoretical bandgap width. For octahedron samples of sufficient
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conformity, we observe that the FWHM value begins to approach Ao when the number of layers divided
by lattice period is approximately greater than or equal to 4.

In Figure 25(b) we look at the FWHM versus bandwidth for octet lattices with a = 3.5um and a =
4.75um. We again observe that, though minor, there is a difference in bandgap width between bandgaps in
the X-W and X-U directions, and that, as expected, as we increase the number of layers in our lattice, we
steadily get closer to the theoretical bandgap width. Nonetheless, we find that, even in the “extreme” case
of lattices with 20 unit cells in the vertical dimension, we still do not reach the theoretical bandgap width.
This is an interesting finding and one which cautions the use of TPL DLW in the fabrication of “infinite”
PhCs — while we can, in theory, write taller PhCs (up to a limit of 300um depending on the particular
objective used), the time necessary for writing such a structure would be untenable. As it currently stands,
layer-by-layer writing of a single 130um x 130pm x 95um lattice takes on the order of 8 hours, and
increasing the lattice height would scale the write time linearly.

In Figure 25(c) we look at the FWHM versus bandwidth for tetrakaidecahedron lattices of 6.75um
periodicity. We only fabricated samples 14 unit cells in height, but observe that this is not enough to begin
approaching the theoretical bandgap width in the H-N direction. For all lattice architectures and
periodicities, additional PhCs of varying thickness must be fabricated and measured to get a more accurate

representation of the number of layers necessary to reach the theoretical bandgap width.

3.6. Future Directions for Exploring the Photonic Properties of Polymer 3D Architected
PhCs

In this chapter we performed a study on the optical properties of polymer 3D nanolattices with varied
underlying cubic symmetries by means of reflectivity measurements and band structure calculations. By
comparing experimental reflectivities to numerically derived bandgap positions for simple cubic
octahedron, face centered cubic octet, and base centered cubic tetrakaidecahedron PhC, we were able to
characterize the finite size effects present in the optical properties of our samples, and show how the

periodicity uniquely effects the degree to which bandgap position changes depending on lattice architecture.
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However, in future studies, FTIR measurements should be supplemented with angle resolved
spectroscopy, such that reflectivity can be determined over precise increments in momentum space,
allowing us to determine the exact stopband position versus wave-vector. Additionally, to understand the
effect of periodicity on stopband position without interference from factors like fill fraction, lattices should
be fabricated with specific beam dimensions that will keep volume fraction constant for varying unit cell
size. And finally, a more rigorous study must be made of the relationship between layer number and
bandgap width, which will require the fabrication and measurement of new octahedron, octet, and

tetrakaidecahedron nanolattices.
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Chapter 4: Exploring the Band Structure and Band Dispersion Phenomena
of 3D Periodic Architectures — Demonstrating Negative Refraction in 3D
Photonic Crystal Lattices

4.1. Introduction and Motivation

So far, studies of PhC’s have been focused on the photonic band gap in which the photon density of
states is zero. In this region the propagation of the radiation field is forbidden and thus a variety of novel
phenomena, e.g., inhibition of spontaneous emission,' are possible. A PhC with a full photonic band gap
is analogous to an insulator in which the Fermi energy lies in the energy gap. However, PhCs can display
other properties based on their allowed bands, by which they can behave as novel “photonic conductors”.

By exploiting various dispersion properties of PhCs, one may precisely control the wave propagation
direction in the PhC for a given incident wave. Specifically designed 3D PhCs can act as alternatives to
conventional defect PhC waveguides, since these structures do not require line defects for confinement,

and yet can arbitrarily route light by exploiting engineered dispersion.

4.1.1. Photonic Crystal Bands and Equi-frequency contours (EFCs)

To understand the operation of dispersion-based PhCs, we first consider the band structure or dispersion
diagrams for PhCs, which can be obtained numerically using various computational electromagnetic

techniques like the plane wave expansion (PWE) method. The dispersion diagram gives the frequencies of

propagating modes, or bands, versus the components of the corresponding wave vector, k. The eigen-
frequencies of the discretized bands are functions of wave vector components ks, k,, and k., allowing us to
obtain equi-frequency surfaces (EFSs) of the dispersion diagram at a particular constant frequency. Taking
a cross-section of the EFS by setting one of the wave vector components to zero gives us equi-frequency
contours (EFCs).

The dispersion surface provides useful information for applications where unique refractive properties
are necessary. Specifically, waves excited by a given k-vector will propagate with a group velocity, vy,
along the direction of the gradient of the dispersion surface or contour, v, = Vk(®), which is perpendicular

to the EFC. By carefully choosing PhCs parameters and frequencies one can obtain square-shaped, star-
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shaped, and circular EFCs. Square-shaped EFCs can lead to the phenomenon of self-collimation. Star-
shaped EFCs allow for super-prism behavior. And circular EFCs can lead to negative refraction. The ability
to shape the EFCs, and thereby engineer the dispersion properties of the PhC, opens a new paradigm for

the design and function of PhC devices.

4.2. Negative Refraction and its Implications

Negative refraction is the property of light bending backwards at an interface. And while it is not
observed in nature, this phenomenon is physically allowable. Negative refraction was first proposed by
Veselago in 1968.% He theorized that if a material were to have simultaneously negative effective
permittivity and permeability (a so called “left-handed” material), the energy flow in the material, as
dictated by the Poynting vector, would be anti-parallel to the wave vector.*® The implication of this property
is that group velocity, v, =dw/dk, would be negative, and a refracted wave propagating away from the
interface of this material would travel on the negative side of the surface normal. Per Snell’s law, a negative
angle of refraction gives rise to a negative index of refraction?’. In recent years it has been shown that
artificially prepared metamaterials and photonic crystals can exhibit negative refraction. Such negative
index materials (NIMs) can act as superlenses, focusing diverging light rays emanating from an object into

two images, one inside the NIM slab, and one on the other side of the slab.

4.2.1. Negative Refraction in metamaterials

One means of achieving a negative index requires a material to simultaneously possess a negative
dielectric permittivity €, and a negative magnetic permeability p, making it a left-handed material. In the
late 1990s, Pendry proposed that electromagnetic resonances in artificially engineered materials made of
periodic metal loops and wires could be tuned to values not accessible in natural materials.***’ By regulating
these artificial metamaterials with unit cells much smaller than the working wavelength, the electric and

magnetic resonances could be tailored individually and made to overlap at a desired frequency®*>!,
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4.2.2. Negative Refraction in Photonic Crystals

The second type of negative index material is the dielectric photonic crystal (PhC) composed of purely
right-handed materials®?. Both metamaterials and PhCs are artificial periodic structures which can control
photons, however, PhCs operate at a wavelength comparable to their lattice constant. While NR in
metamaterials is governed by effective medium theory, which treats left-handed materials as uniform media
to determine their properties®, the underlying physical principles that allow NR in PhCs arise from the
dispersion characteristics of wave propagation in the periodic medium.

In the case of photonic crystals, theory and experiments have largely focused on achieving negative
refraction in two-dimensional periodic structures, which is necessary for the fabrication of superlenses,
which are capable of subwavelength imaging®*>. True subwavelength imaging of three-dimensional (3D)
objects however, requires a 3D PhC capable of negatively refracting light traveling in all three spatial
planes, and it was not until 2002 that Luo, Johnson, and Joannopoulos (ref. *°) proposed a lattice capable of
negative refraction for all incident angles from air, now known as all-angle negative refraction (AANR),

The structure proposed by Luo et al. consists of a body-centered cubic (BCC) lattice of air cubes
embedded in a dielectric with &€ = 18 (e.g. germanium in the near-infrared region). It is specified that for
a conventional bec unit cell with periodicity a, the sides of the air cube are parallel to the unit cell, and have
an edge length of 0.75a.°® This PhC lattice yields a band structure that possesses a negative photonic-mass
region (mathematically, a concave-downward shape) in the third band between the I'H and I'N directions,
where AANR is observed and the effective refractive index of the PhC is ner = -1 (refer to Figure 1 in
reference 56). The frequency range for AANR in this lattice spans from 0.375(2zc/a) to 0.407(27c/a), where
the equi-frequency contours of the third band are all-convex (circular) and larger than that of air (Figure 2
in reference 56). The lower boundary of this AANR region falls at the frequency where the band has an
inflection point, and the upper boundary is at the frequency where the band intersects the light line
(dispersion curve for air) along the I'H direction.

Luo et al. proposed and theoretically investigated this 3D PhC capable of AANR, yet the only

experimental demonstration of AANR in 3D has been shown by Lu et al., at microwave frequencies®’-,
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The lack of experiments demonstrating 3D negative refraction in the optical and infrared range is due, in
large part, to the difficulties inherent in fabricating fully 3D lattices with features on the nano- and
micrometer length scale. With the advent and refinement of two-photon lithography (TPL) direct laser
writing (DLW)), it is now possible to fabricate arbitrarily complex 3D structures with sub-micron features.
TPL DLW allows for the printing of low index polymeric scaffolds, and this process, coupled with chemical
vapor deposition (CVD) or sputtering, for the deposition of high index dielectric materials like germanium
(Ge), provides a prospective route for the fabrication of 3D core-shell lattices capable of negative refraction.
This process has not yet been explored for the creation of AANR lattices; in this chapter we present
numerical calculations to identify the effect of parameters like beam diameter, which directly translates into
volume fraction f, and the ratio of low index core (polymer or amorphous carbon) to high index (Ge) shell

material, have on the resulting frequency range available for negative refraction.

4.3. Photonic Band Structure and Equi-frequency Contour Calculations

We use a plane wave expansion method (PWEM), as described previously, to calculate photonic band-
structure and equi-frequency contours (EFCs) of 3D PhCs capable of AANR in the mid-infrared (7.7 pm —
8.62 um) wavelength range using a bcc lattice analogous to the one proposed by Luo et al*’. These
simulations were performed using the commercial software package RSOFT BandSOLVE. Figure 26(a-c)
shows such a representative lattice with cylindrical, rather than rectangular beams as used in Luo ef al.*,

to better reflect the topology of structures fabricated using TPL DLW.
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Figure 26. CAD schematic of the 3D bce PhC lattice. (a) A view the PhC unit cell with cylindrical beams. (b) A
single unit cell with representative dimensions for period, a, and beam diameter, b. (¢) Schematic of the full, 3D lattice
PhC.

BandSOLVE contains a “simulation parameters dialog” which controls the input and values of
parameters required for a numerical simulation. Specifically, lattice vectors, supercell dimensions, number

of steps per lattice dimension, and eigenvalue tolerance must be defined. Lattice vectors were expressed as,

— a

G =2@+9-2), G = 2(-R+P+2), GG= 2@-F+2) (7)
and these are the typical real space vectors for a bec lattice type. Supercell dimensions, in the context of
BandSolve, are equal to a multiplication factor for the chosen lattice vectors. Since BandSolve assumes
periodic boundary conditions in all three directions, we needed only to define a single unit cell, and set
supercell dimensions to 1 in each direction. Finally, the number of steps in the domain refers to the
numerical resolution of the lattice in each direction, which is directly related to the number of plane waves
used in the expansion. For 3D or “hybrid” calculations of the type we perform, the number of plane waves
used is twice the number of steps stated in the parameters section, as the simulation must account for two
polarization states for each plane wave. A finer grid resolution increases the accuracy of the calculation at
the expense of the convergence time. Through optimization studies, it was found that setting the number of

steps to 64 in each direction was sufficient for both accuracy and simulation time. Finally, eigenvalue
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tolerance, the parameter which controls the convergence tolerance for the PWE minimization algorithm,

was set to 10712, Each of these parameters remained consistent over all simulations performed.

4.3.1. Exploring Varied Simulation Parameters: Fill Fraction

In the first case study we investigate the effect of beam diameter, or volume fraction f, on the average
frequency and frequency range for observing AANR. In this analysis, lattice beams are comprised of a
single uniform material with a dielectric constant € = 16.038 (e.g., Ge in the mid-infrared around A = 8.0
um)*°, The period of the bcc lattice is set to a = 4 um, an easily fabricated unit cell size using TPL, and the
beam diameter is varied between b = 0.125a = 500 nm, and b = 0.5a = 2um. This is equivalent to varying

the volume fraction of the lattice between f = 0.07 and 0.68.
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Figure 27. Representative band structure and equifrequency contours. (a) Representative band structure of the
3D PhC (f=0.23). The yellow shaded area represents the frequency range where the PhC exhibits negative refraction
for incoming radiation of all angles. The dashed grey lines are the light lines along I'H and I'V. (b) Slice of the equi-
frequency surfaces on the k, = 0 plane for band 3 shown in part (a). The highest frequency circle is colored red and

lies at the center. Subsequently lower frequencies have larger diameter contours. The dashed circles are equi-frequency
contours for air, and are lower than their PhC contour counterparts at the same frequency.

By applying the plane wave expansion method to Maxwell’s equations, we solved for eigenfrequencies
at a given wave vector and obtained results qualitatively similar to those of Luo et al ¢. Figure 27(a) shows
a representative band structure of a PhC with a beam diameter b = 0.25a (f = 0.23). The dashed straight
grey lines in Figure 2(a) are the light lines, or dispersion curves for air, along directions of high symmetry
in the first Brillouin zone of a bcc crystal. Within the PhC, light propagates normal to its dispersion surface,

which is the 3D k-space representation of the supported eigenmodes (bands). Taking a cross-section of a
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dispersion surface yields an equi-frequency contour (EFC) that can be used to predict the direction of light
propagation in the PhC. Figure 27(b) shows such a cross-section of the dispersion surface for band 3 along
the ky = 0 plane, generating EFCs. We observe that in the frequency range between ®» = 0.380(2xnc/a) to
0.425(2nc/a) EFCs are circular and larger than the corresponding EFCs of air. As the frequency increases,
EFC radii shrink, indicating negative group velocity, and consequently negative effective refractive index

in this range.
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Figure 28. Average AANR Frequency and AANR Frequency range versus volume fraction. (a) Average
frequency at which AANR is observed as a function of the volume fraction (beam diameter). (b) AANR frequency
range, represented as a percentage difference, as a function of volume fraction.

Varying the volume fraction (f) by changing the beam diameter for a lattice with a set periodicity, we
observe that the average frequency for AANR decreases with increasing volume fraction (Figure 28(a)).
This is the result of bands compressing and shifting to lower frequencies when the volume fraction of high
index material in a PhC increases®. Figure 28(b) shows the relative AANR frequency range as a function of
volume fraction. Unlike the average AANR frequency, which decreases monotonically with increasing f,
(Figure 24(a)), the AANR frequency range has a more complex dependence on the volume fraction,
reaching a maximum of 15.4% for a beam diameter b =1.5 um (f = 0.45). These calculations reveal that
there exists an optimal volume fraction for maximizing the AANR frequency range. The aim of this study
is to identify physically realizable lattice parameters for the fabrication of PhCs with appreciable AANR in
the wavelength range between 7.7 um — 8.62 um; we choose to focus on lattices with b = 1.0 um, or /=

0.23. For this volume fraction, the AANR frequency range is substantial, at 11.1%, and for a lattice period
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of 4.0 um, the average wavelength for observing AANR is centered around 9.9 um (Table 1). Though this
wavelength lies outside the measurement capabilities of our mid-IR spectroscopic setup (which utilizes a
quantum cascade laser operating between 7.7 pm — 8.62 um and will be discussed in greater detail
subsequently), actual PhC fabrication efforts will involve using TPL DLW and sputter deposition to create
polymer core, germanium shell lattices. The combined refractive index of the core-shell structure will be

lower than that of pure Ge, and will push the AANR region to shorter wavelengths.

Table 1. Figures of merit derived from band structure and EFC calculations on PhC lattices of varied beam
diameters with nveam = 4.0047.

Beam Volume Absolute Average AANR AANR Average AANR

Diameter | Fraction, | Frequency Range, Frequency Frequency Wavelength
(nm) f Ao (27nc/a) (2mc/a) Range (%) (pm)

0.5 0.0658 0.0283 0.5659 4.9934 7.0685

0.75 0.1394 0.0388 0.4689 8.2831 8.5303

1.0 0.2320 0.0445 0.4026 11.0587 9.9343

1.25 0.3381 0.0485 0.3573 13.5682 11.1937

1.5 0.4517 0.0503 0.3258 15.4339 12.2765

1.75 0.5670 0.0459 0.3044 15.0843 13.1414

2.0 0.6781 0.0330 0.2923 11.2908 13.6854

4.3.2. The Effect of Relative Index of Refraction
4.3.2.1. Polymer Core, Ge Shell PhCs

We also used PWEM to calculate band structure and EFCs to quantify the effect of modified dielectric
constant on AANR frequency when core-shell structures are explored. For this analysis, lattice periodicity
remains at @ = 4 um, the total beam diameter is set to b = 0.25a¢ = 1 pm (f'= 0.23), and the relative ratio of
low-index (n = 1.49) acrylate polymer core material®®, and high-index (n = 4.0047) Ge shell material®® is
varied by progressively increasing the core diameter and simultaneously shrinking the thickness of the shell
to maintain the same total beam diameter. We varied the core diameter from b = 0.156 = 100 nm, where
shell thickness e = (b - beore)/2 = 450 nm, to beore = 0.95 = 900 nm, with e = (b - beore)/2 = 50 nm, and
in so doing decreased the compound index of the lattice (see Table 2). For reference, compound refractive
index (npeam) is determined by calculating the ratio of polymer core material to germanium shell material
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present in the cross-sectional area of a lattice beam. We observed a monotonic increase in the average
frequency for AANR and a monotonic decrease in AANR frequency range with decreasing compound
refractive index of lattice beams (Figure 29(a-b)). As this ratio increases, the combined index of the whole
PhC decreases down to a threshold index below which AANR is no longer possible. Specifically, by
simulating EFCs, we observe that below an index of n ~ 3.1, equivalent to a polymer core of beore = 600 nm
and germanium shell of #y.; = 200 nm in lattices of volume fraction = 0.23, an AANR region does not
exist. It appears that below this index the periodic modulation effect is weak, and the EFC changes its shape
from circular to square-like. Figure 29(c) shows the band 3 EFCs for a lattice with bcore = 700 nm and Zeen
= 150 nm, where nyeam = 2.77, and reveals that in the frequency region below the light line (which falls at
® = 0.528(2nc/a) for this lattice) the contours have a square-like shape. A circular EFC means that light can
travel isotropically, and a square-like EFC, with its broad, flat regions, indicates that light can propagate
without spreading or diffracting significantly, known as self-collimation. We found that lattices with a
compound index < 3.1 do not display AANR, but their EFCs indicate that such lattices possess the unique

property of self-collimation.
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Figure 29. Average AANR Frequency, AANR Frequency range, and equi-frequency contours for polymer-
germanium core-shell PhCs. (a) Average frequency at which AANR is observed in the PhC when the compound
refractive index of the lattice is varied (polymer core to Ge shell ratio changes). (b) AANR frequency range,
represented as a percentage difference, for PhCs with varying compound refractive index (polymer core to Ge shell
ratio changes). (c) Slice of the equi-frequency surfaces on the &, = 0 plane for a PhC lattice with bcore = 700 nm and
tshen = 150 nm (nbeam = 2.77).

Table 2. Figures of merit derived from band structure and EFC calculations on core-shell PhC lattices of varied
polymer core diameter and Ge shell thickness.

Core beam Shell Refractive Absolute Average AANR Average
: \ Frequency AANR AANR
diameter, | thickness, Index, Frequency
Doore (M) | taren (M) Moearn Range, A® Frequency Range (%) Wavelength
core e e (2mc/a) (2mc/a) (um)
0.1 0.45 3.9796 0.0506 0.4017 12.5933 9.9574
0.2 0.40 3.9041 0.0508 0.4078 12.4654 9.8077
0.3 0.35 3.7784 0.0512 0.4179 12.2456 9.5715
0.4 0.30 3.6023 0.0513 0.4320 11.8763 9.2596
0.5 0.25 3.3760 0.0509 0.4507 11.3045 8.8752
0.6 0.20 3.0994 0.0492 0.4748 10.3671 8.4240
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This series of simulations revealed that to preserve the circular shape of EFCs and to observe AANR
between 7.7 um — 8.62 um using polymer-Ge core-shell lattices, the core diameter should be no greater
than ~600 nm. This beam diameter is at a size scale below the resolution limit of TPL DLW capability

(cylindrical beams are limited to a diameter of ~900 nm).

4.3.2.2. Carbon Core, Ge Shell PhCs

As an alternative to writing lattices with a polymeric core, recent literature suggests that if a polymer
lattice is pyrolyzed under specific temperature and atmospheric conditions, amorphous carbon (a-C) lattices
with significantly smaller dimensions will be formed®!. Amorphous carbon is lossy in the mid-infrared (the
extinction coefficient k = 1.8818 at A = 8.0 um) but has a higher refractive index of n = 2.9622 at A = 8.0
um compared to the n = 1.49 of the acrylate polymer®®, To quantify the effect on average AANR
frequency and frequency range when core-shell lattices are composed of a-C cores and Ge shells, we
repeated the previous series of band structure and EFC simulations, replacing only the core polymer
material parameters with those of a-C (Table 3). We find that as is the case in the polymer core-shell lattices,
increasing the ratio of a-C to Ge material in the lattice decreases the overall combined index of the structure.
We observe a monotonic increase in the average frequency for AANR and a monotonic decrease in AANR
frequency range with decreasing compound refractive index of lattice beams (Figure 30(a-b)). Even at the
extreme of bere = 900 NM and tshen = 50 Nm, an apparent AANR frequency range exists since this lattice
configuration has nweam > 3.1. This suggests that fabricating a-C core, Ge shell lattices with core diameters

around 900 nm would enable AANR observation in the ideal 7.7-8.62 um range.
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Figure 30. Average AANR Frequency and AANR Frequency range for amorphous carbon-germanium core-
shell PhCs. (a) Average frequency at which AANR is observed in the PhC when the compound refractive index of
the lattice is varied (amorphous carbon core to Ge shell ratio changes). (b) AANR frequency range, represented as a
percentage difference, for PhCs with varying compound refractive index (amorphous carbon core to Ge shell ratio
changes).

Table 3. Figures of merit derived from band structure and EFC calculations on core-shell PhC lattices of varied
amorphous carbon core diameter and Ge shell thickness.

Core beam Shell Refractive Absolute Average AANR Average
diameter, | thickness Index Frequency AANR Frequency AANR

Doore ( m5 tanen m)’ N ' Range, A® Frequency Range (%) Wavelength

core U- shell U- beam (27[0 /a) (2TEC /a) g (um)

0.1 0.45 3.9943 0.0506 0.4007 12.6164 9.9826

0.3 0.35 3.9109 0.0510 0.4088 12.4802 9.7839

0.5 0.25 3.7441 0.0515 0.4246 12.1408 9.4216

0.7 0.15 3.4939 0.0511 0.4479 11.4088 8.9307

0.9 0.05 3.1603 0.0477 0.4787 9.9560 8.3557

4.3.2.3. Polymer Core, Si Shell PhCs

Another relatively high index dielectric material commonly utilized in PhC fabrication is silicon (n =
3.4189 at A = 8.0 um)®. Silicon deposition methods are more ubiquitous and better optimized compared to
Ge deposition, so we also chose to study the effect on average AANR frequency and frequency range when
core-shell lattices are composed of polymer cores and Si shells. To do this, we repeated the previous series
of band structure and EFC simulations, replacing only the germanium shell parameters with those of silicon
(Table 4). Similar to our previous parameter sweeps, we observed a monotonic increase in the average

frequency for AANR and a monotonic decrease in AANR frequency range with decreasing compound
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refractive index of lattice beams (Figure 31(a-b)). As the diameter size of the polymer core increases and
Si shell thickness decreases, the combined index of the whole PhC lowers and reaches a threshold index
below which AANR is no longer possible. Specifically, by simulating EFCs, we again observe that below
an index of n ~ 3.1, approximately equal to a polymer core of bcore =400 nm and germanium shell of £y =
300 nm in lattices of volume fraction f = 0.23, an AANR region does not exist. As was the case with
polymer-Ge core-shell lattices, below an index of 3.1, the periodic modulation effect is too weak, and EFCs
change shape from circular to square-like. Figure 31(c) shows the band 3 EFCs for a lattice with bcor. = 500
nm and #en = 250 nm, where npeam = 2.94, showing that in the frequency region below the light line (which
falls at @ = 0.520(27c/a) for this lattice) the contours have a square-like shape. Square-like EFCs imply that
these lattices are capable of self-collimation but not do not display AANR, when the compound index of

the PhC beams are below 3.1, irrespective of the materials comprising the structure (Si versus Ge).
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Figure 31. Average AANR Frequency, AANR Frequency range, and equi-frequency contours for polymer-
silicon core-shell PhCs. (a) Average frequency at which AANR is observed in the PhC when the compound refractive
index of the lattice is varied (polymer core to Si shell ratio changes). (b) AANR frequency range, represented as a
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percentage difference, for PhCs with varying compound refractive index (polymer core to Si shell ratio changes). (c)
Slice of the equi-frequency surfaces on the &, = 0 plane for a PhC lattice with beore = 500 nm and #her = 250 nm (Nbeam

=2.94).

Table 4. Figures of merit derived from band structure and EFC calculations on core-shell PhC lattices of varied

polymer core diameter and Si shell thickness.

Core beam Shell Refractive Absolute Average AANR Average
diameter, | thickness Index Frequency AANR Frequency AANR

Deore ( mj tepen m), N ’ Range, Ao Frequency Range (%) Wavelength

core Ll shell Ll beam (ch /a) (ch /a) g (“m)

0.1 0.45 3.3996 0.0494 0.4526 10.9036 8.8376

0.2 0.40 3.3417 0.0491 0.4584 10.7066 8.7258

0.3 0.35 3.2453 0.0485 0.4678 10.3692 8.5498

0.4 0.30 3.1103 0.0474 0.4809 9.8474 8.3182

Because AANR with polymer-Si core-shell structures necessitates a circular core diameter on the order
of 400nm, which is too small to achieve reliably with TPL DLW, we instead decided to pursue polymer-

Ge core-shell designs.

4.3.3. The Effect of Beam Ellipticity

By performing the series of parameter sweeps listed above, we identified that a volume fraction of f'=
0.23, which translates to a circular beam diameter of 1.0 um for a lattice with 4.0 um periodicity, is
appropriate for the fabrication of low index core, high index shell lattice structures with AANR in the mid-
infrared (7.7-8.62 um range). Specifically, we can aim to fabricate lattices with a 500 nm diameter polymer
core, and 250nm germanium shell, which should display AANR between 8.4 pm - 9.41 pm. While these
parameters provide useful guidelines for fabricating the desired core-shell nanolattice PhCs, it is not
realistically possible to fabricate beams with perfectly circular cross-sections, as the volumetric pixel, or
voxel, that is the building block of the TPL DLW process is inherently elliptically shaped. While specialized
writing schemes can be employed to generate beams that are largely circular in cross-section (see ref. 3° for
more details), fabricated beams will almost certainly possess some degree of elliptical shape. To quantify
the effect on average AANR frequency and frequency range when the cross-section of core-shell beams

becomes increasingly elliptical, we again calculated band structure and EFCs, this time varying the
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parameter of ellipticity, & while keeping cross-sectional area of beams constant (both full beam cross-
sectional area and respective core and shell cross-sectional areas are kept constant) for a lattice with a
polymer core of beore = 500 nm and germanium shell of £ = 250 nm.

Ellipticity is a measure of the compression of a circle along a diameter to form an ellipse, and can be

-b . . . o . .
defined as § = aT, where a is the dimension of the semi-major axis of the total beam, and b is the

dimension of the semi-minor axis of the beam. We varied the semi-major axis from a = 0.5 pm to a = 0.833

um, and the semi-minor axis, which was treated as a function of a, varied from b = 0.5%/a=0.5 pmto 0.3
um. In this manner, beam cross-sectional area was kept constant at 0.785 pm?, while ellipticity varied from

& =0, for a circular cross-section, to a maximum of & = 0.64 (Table 5).

Table 5. Figures of merit derived from band structure and EFC calculations on core-shell PhC lattices with
beams of varying ellipticity and constant cross-sectional area.

L - o Absolute Average Average
Seml—maj_or Seml—mlr_]or Ellipticity, Frequency AANR AANR AANR
beam axis, | beam axis, a-b Frequency

a (um) b (um) Q(T) Range, A® Frequency Range (%) Wavelength

H H (2nc/a) (2nc/a) g (um)
0.5 0.5 0 0.0509 0.4507 11.3048 8.8753
0.5556 0.45 0.19 0.0494 0.4531 10.9054 8.8286
0.625 0.4 0.36 0.0479 0.4567 10.4933 8.7586
0.7143 0.35 0.51 0.0461 0.4629 9.9654 8.6415
0.8333 0.3 0.64 0.0446 0.4712 9.4696 8.4893

As the beam ellipticity increases, we observe a monotonic increase in the average frequency for AANR,

and a monotonic decrease in AANR frequency range (Figure 32(a-b)). This is the result of bands
compressing, and band 3 specifically shifting to higher frequencies as beams become more elliptical in
shape. Figure 32(c-d) shows the actual band structure in the I'-N direction for varying &. While the relative
shape or concavity of band 3 does not change with &, we witness a decrease in band separation between

bands 3 and 4, as well as a migration of band 3 to higher frequencies with increasing ellipticity.
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Figure 32. Average AANR Frequency, AANR Frequency range, and evolution of band structure for polymer-
germanium core-shell PhCs with beams of varying ellipticity. (a) Average frequency at which AANR is observed
in the PhC when beam ellipticity is varied (ratio of lattice beam semi-major and semi-minor axes changes). (b) AANR
frequency range, represented as a percentage difference, for PhCs with varying beam ellipticity. (c) Band structure
along the I'N direction for the 3D core-shell PhC with varying beam ellipticity. The grey diagonal line is the light line
(90° relative to the surface normal). (d) An enlarged subset of the band structure presented in (c). The grey diagonal
lines denote the angular span between 22.5° and 45°.

4.3.4. The Effect of Shell Offset Relative to Core Position

The process of creating core-shell lattice structures will involve deposition of high-index germanium
onto low index polymer scaffolds. Between sputtering and chemical vapor deposition methods, neither
process will likely yield an even, isotropic Ge coating. If Ge deposition is conformal but anisotropic, we
can approximate beam cross-sections as “egg-yolks,” where the Ge shell position is offset from the center
position of the polymer core, as depicted in Figure 33(a). We study the effect of Ge shell offset on average
AANR frequency and frequency range by simulating 500nm polymer core, 250nm Ge shell lattices and
displacing the center position of the Ge shell relative to the polymer core center from 0 to 250nm in one
dimension, the X-direction, two dimensions, the X and Z-directions (Ge shell is offset from the polymer

core center by 0 to 250nm in both the X and Z directions), and in all three dimensions, the X-Y-Z-directions
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(Figure 33(a)). We perform band structure and EFC simulations for all three offset varieties, and report the
figures of merit in Table 6.

Table 6. Figures of merit derived from band structure and EFC calculations on polymer-Ge core-shell PhC
lattices with Ge shell offset from the center core position in the X-direction, XZ-directions, and XYZ-directions.

Absolute Average AANR Average
Offset Type Offset Frequency AANR Frequency AANR
Value (um) | Range, Aw Frequency Range (%) Wavelength
(2mc/a) (2mc/a) (um)

0 0.0509 0.4507 11.3045 8.8752
0.05 0.0515 0.4493 11.4605 8.9037

E 0.1 0.0521 0.4471 11.6452 8.9471

? 0.15 0.0526 0.4445 11.8365 8.9995

8 0.2 0.0531 0.4417 12.0104 9.0556
0.25 0.0533 0.4392 12.1378 9.1075
0 0.0509 0.4507 11.3045 8.8752
0.05 0.0510 0.4495 11.3466 8.8990

;% 0.1 0.0507 0.4475 11.3212 8.9388

N? 0.15 0.0500 0.4451 11.2231 8.9865

8 0.2 0.0490 0.4425 11.0718 9.0392
0.25 0.0479 0.4394 10.8989 9.1030
0 0.0509 0.4507 11.3045 8.8752

- 0.05 0.0503 0.4492 11.2058 8.9042

é 0.1 0.0486 0.4473 10.8718 8.9433

§ 0.15 0.0461 0.4451 10.3610 8.9864

< 0.2 0.0435 0.4422 9.8432 9.0454
0.25 0.0425 0.4359 9.7517 9.1769

We observe that, as the degree of offset increases in all three tests, average AANR frequency
monotonically decreases, and the value of average AANR frequency does not vary significantly between
samples offset in X, XZ, and XYZ (Figure 33(b)). This is because in general, offsetting the Ge shell from
the center of the polymer core shifts the position of AANR relevant band 3 to smaller frequencies. In
comparison, the degree of offset has a more complex effect on AANR frequency range (Figure 33(c)).

Increasing the degree of X-offset appears to increase AANR frequency range, while increasing XZ and
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XYZ-offset lowers the AANR frequency range. These trends are the result of the offset parameter subtly
changing the shape or curvature of band 3 depending on the type of offset. While an offset of the Ge shell
in X will maximally change the average AANR wavelength by 2.6%, and an offset in XYZ will maximally
alter average AANR wavelength by 3.4%, these percentages translate to a change in AANR position of

hundreds of nanometers, which can be significant when dealing with a narrow characterization region.
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Figure 33. Examples of Ge-shell offset from the polymer-core center position in the X, XZ, and XYZ
dimensions, and the effects of shell offset on average AANR Frequency and AANR Frequency range. (a)
Schematics depicting the cross-section of a core-shell beam when the Ge-shell of offset from the center position of
the polymer in the X-direction, XZ-directions, and XYZ-directions. Note that the blue cross represents the new center
position of the full beam following shell offset. (b) Average frequency at which AANR is observed in the PhC when
shell-offset position is varied in 1, 2, and 3 dimensions. (c) AANR frequency range, represented as a percentage
difference, for PhCs with varying shell-offset in X, XZ, and XYZ.

4.3.5. The AANR Region Versus Frequency Regions Accessible for Experimental Observation of
Negative Refraction

In all of the previous discussed simulations, we present figures and data relevant to the frequency region
for observing all-angle negative refraction (AANR). The data presented was derived by looking at the
954,56

properties band 3, which possesses a concave-down shape indicative of a negative “photonic-mass

along the I'N (101) direction. The AANR region is found between the point where the band intersects the
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light line, and the point where band curvature changes. In this frequency region, EFCs will be all-convex
and larger than that of air, and the effective refractive index may be regarded as neg= -1.* In the frequency
region above the light line, where band shape is still concave-down, group velocity continues to be negative,
but EFCs will no longer be larger than air. A consequence of this is that effective refractive index will still
be negative, but will be between -1 < n.f < 0, and negative refraction will now be angle dependent. The
optical experimental characterization tools we have access to like FTIR and angle resolved spectroscopy
both rely on the coupling of external radiation to PhC leaky modes, which are modes or bands, above the
light line. Consequently, we will not be able to access or observe the PhC AANR region experimentally,
but can instead couple into band 3 above the light line, where effective index should still be negative, but

angle-dependent.

4.4. Core-Shell Photonic Crystal Fabrication
4.4.1. TPL DLW process

As described in detail in prior sections, nanolattices were first fabricated out of the acrylate-based
“IP-Dip” photosensitive monomer, using a direct laser writing two-photon lithography (DLW TPL) system
developed by Nanoscribe GmbH. For this DLW TPL process, the 3D periodic cube-like bce architecture is
created using MATLAB and the computer aided design (CAD) program SolidWorks, and lattice beams are
defined in slices, for writing in a layer-by-layer fashion.*® The layer-by-layer write necessitates that the full
architecture be described as a series of x-y planes, defined at evenly spaced intervals along the z-axis (see
ref. ¥ for additional detail), and allows for the generation of beams possessing nearly circular cross-sections
(as compared to the octahedron lattices described in Chapter 2 which had elliptical beams).

The design is then imported as a set of points describing the full 3D architecture to NanoWrite,
proprietary software which interfaces with the Nanoscribe TPL DLW instrument to write the structure. To
allow for subsequent optical characterization with an infrared laser of ~75-100pm spot size, lattices were
designed to be 33 x 23 x 18 unit cells in x-y-z extent, resulting in structures with dimensions of

approximately 130um x 130um x 100um.
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Nanolattice PhC samples were prepared by drop-casting the negative-tone photoresist “IP-Dip”
(Nanoscribe GmbH) on a 500um thick double sided polished silicon chip, to allow for transmission
measurements through the sample and substrate.

After exposing the photoresist and generating the 3D polymer scaffold, structures were developed
for 30 minutes in propylene glycol mono-methyl ether acetate (PGMEA) followed by a 5-minute rinse in
isopropyl alcohol. To prevent lattice collapse or excessive shrinkage due to capillary forces during the
drying stage, lattices were dried via a critical point drying method using a TousimisAutosamdri-815B,
Series B critical point dryer.

4.4.2. Discussion of Surface Symmetry Effects and Lattice Orientation

It should be noted that fabricated lattices are constructed such that the original unit cell design,
presented in Figure 26 and Figure 34(a), is rotated by 45° around the y-axis, so that the crystal surface is

along the (101) direction.

|z(001) (b)

y'(010)

(c)

(010)

7T, 010)

Figure 34. Surface symmetry and orientation of the bee PhC lattice. (a) The original bee cube-like PhC unit cell
with (001) surface orientation and relevant coordinates and symmetry directions. (b) The proposed rotated bcc cube-
like PhC unit cell with (101) surface orientation. (c) A TPL DLW fabricated polymer PhC lattice with (101) surface
orientation.
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To justify this design, we are reminded that the phenomenon of effective negative index in the bcc PhC
lattice is present in a frequency range where only a single band, band 3 specifically, resides. In the context
of group theory, this band, or mode, is singly degenerate, and the degeneracy is equivalent to the dimension
of its irreducible representation, in this case, 1.5 In order to observe negative refraction, it is necessary for
incident light to couple into the mode, and this will only occur if the photonic crystal mode and incident
light wave vector belong to the same irreducible representations of their defining symmetry group. In
particular, if the bcc PhC is oriented such that the surface is along the (001) direction, this translates to
moving along the I'-H high symmetry direction which belongs to the Cs, symmetry group.®> Along the
(001) direction normal incidence radiation will have two degenerate polarizations, and they are partners of
the basis function for the irreducible representation E.*®* Only photonic bands that are themselves doubly
degenerate can interact with this incident light, and consequently for this direction, no coupling, and hence
no negative refraction, will be observed.

If we instead consider the (101) direction (which corresponds to the PhC orientation and surface
symmetry depicted in Figure 34(b-c)), this refers to moving along the I'-N high symmetry direction and
belongs to the Coy symmetry group.®® For this high symmetry direction the two polarizations are no longer
degenerate, and the (101) polarization specifically can couple strongly to the photonic crystal mode.>
Conversely, for the other polarization along (010), coupling will be nonexistent at normal incidence, and
extremely low at nonzero incident angles.*

Through group symmetry arguments, it is clear that the negative refraction phenomena will be strongly
dependent on PhC orientation and incident light polarization. Negative index behavior in our bcc PhC will
be most obvious for a lattice with (101) surface termination and incident light of (101) polarization. We
therefore chose to fabricate our bcc PhC with the (101) orientation (Figure 16(c)) and keep in mind these

restrictions on coupling in our experimental designs.
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4.4.3. O:plasma Etching

Following fabrication with TPL DLW, lattices possess circular beams with dimensions on the order of
~850-900nm. Using the previously ascertained simulation results as a guide, we know it is necessary to
isotropically reduce the beam diameter to <600nm, and more ideally to ~500nm. Lattices were dry etched
with O, plasma using a Pie Scientific Tergeo Plus Plasma Cleaner in remote plasma cleaning mode. Typical
etching conditions included an oxygen flow rate of 15 sccm and 50 W power. In downstream or remote
plasma cleaning mode, oxygen plasma is generated outside sample chamber, which limits sample
immersion in energetic plasma and reduces the extent to which lattices are sputtered by energetic ions.
Through this process, only gentle, isotropic chemical etching should take place on the lattice beam surface
by neutral radicals.

Using the above parameters, we observed an average beam etch rate of 10 nm/min. However, even
using these mild etch conditions at high pressure, etching was anisotropic, resulting in the formation of
elliptical beams as well as regions of over-etching which could be approximated as beam tapering. Figure
35 is a representative SEM image of the (101) lattice face at a 45° tilt after 45 min of etching. It is evident
that etch rate is anisotropic with the transverse beam dimension etching faster and producing smaller
features relative to the axial beam dimension. On average, O, plasma etching using the parameters listed
above yields elliptical beams with a short axis of 454 + 27 nm, and long axis of 647 £ 49 nm. We also
observe regions of over-etching or pitting in the axial dimension. The over-etched beam region is measured

to be 247 £ 40 nm.
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Figure 35. Representative scanning electron microscopy (SEM) image of the (101) lattice face of a bece PhC
lattice after 45 min of oxygen-plasma etching. The image was taken at a 45° tilt and approximate beam dimensions
are labeled.

4.4.4. Germanium Deposition via Sputtering

The next step in the fabrication process for low-index core, high-index shell bcc PhC lattices is the
deposition of germanium onto the etched polymer scaffold. Of the deposition tools available to us,
sputtering was the only option which could yield a nominally conformal, isotropic deposition of Ge on our
3D architected structures.

We deposit germanium on to etched polymer lattices by sputtering with a germanium target (Kurt
Lesker, Inc.) using a RF power supply at 100 W, under 5 mTorr and 20 sccm argon in a magnetron sputter
deposition system (ATC Orion sputtering system, AJA International, Inc.). Base pressure is set to >4x10°
Torr, and target ramp up and ramp down times are precisely controlled at 10 W/min to prevent the target
cracking. Prior to deposition on the sample, the target undergoes a 2-minute burn-in process to remove
contaminates and surface oxide.

To improve the conformality of Ge deposition and ensure material penetration through the lattice,
sputtering was performed on samples mounted at 90° on an SEM stub on the rotating chuck. With this
configuration, the side faces of the lattice, namely the (010) and (101) surfaces, were directed towards the
target, rather than the lattice top. With the above sputtering parameters, we observed a deposition rate of

0.375nm/min on the 3D lattice structure. Each of the four sample side faces were directed towards the target
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and sputtered in increments of 2hrs and 46min, resulting in the deposition of approximately 250nm thick

Ge shells on the polymer lattice beams.

4.4.5. FIB cross-section characterization of Ge deposition on 3D structures

Focused ion beam (FIB) milling was used to access the conformality and thickness of germanium
deposited onto polymer lattices. To be as minimally destructive towards the sample, only the edges of the
core-shell PhC were FIB milled, revealing beam cross-sections for imaging and measurement with scanning

electron microscopy (Figure 36).

Figure 36. Scanning electron microscope images of a polymer-germanium core-shell PhC. (a) SEM image of the
full core-shell lattice at 52° tilt with FIBed cross-section. (b) Enlarged section of the PhC (010) face following a FIB
cut of approximately 1um depth. (c) Same enlarged section shown in part (b), FIB cut 500nm further into the PhC
lattice.

Figure 36(a) shows how we create a cleaning cross-section FIB cut into the center of the (010) face of
our core-shell PhC. Such cuts are approximately 10 um wide and span the height of the lattice, so that
deposition can be assessed through all z-layers. We also examine Ge deposition and beam dimensions as a
function of depth, doing so by FIB milling through the lattice iteratively. Through cross-sectioning and

imaging, we measure an average lattice period of 3.8 um, likely due to structure shrinkage in the TPL DLW
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process. In Figure 18(b) we cut approximately 1 um into the PhC edge and observe that (1) while Ge fully
coats the polymer beams, it does not deposit in an isotropic manner, and a ~200nm offset in Ge shell position
relative to polymer core position is evident, (2) beam cross-sections are approximately elliptical with the
long axis of the full beam measuring 1061+55 nm and the short axis measuring 857+62 nm, and (3) over-
etching of the polymer core is apparent at this cleaning cross-section depth, and can also be approximated
as elliptical with a short axis of 247+40 nm and long axis of 447431 nm. In Figure 36(c) we cut
approximately 500 nm further into the PhC edge and observe that (1) the offset in Ge shell position relative
to polymer core position persists through the length of the beam, (2) the dimensions of the full beam do not
vary significantly, remaining elliptical with approximate dimensions of 1.1um and 880nm, and (3) the
polymer core is also elliptical with measured dimensions of approximately 650nm and 450nm.

FIB cross-sectioning reveals that the Ge shell on our lattices is conformal but not uniform, and if we
take an average of the polymer core dimensions in both the over-etched and regularly etched regions and
compare them to the full core-shell beam dimensions, then we have an average Ge shell thickness of 255

nm, which should be sufficient for the observation of negative refractive behavior.

4.5. Optical Characterization of Core-Shell Photonic Crystal Lattices

In order to observe the unique dispersion phenomena of our bee core-shell PhCs, we must probe these
structures with mid-IR light. One method for establishing whether our fabricated periodic structures possess
a negative effective index of refraction is by experimentally mapping the photonic band structure. As
discussed previously, band shape will determine the shape of our equi-frequency contours and direction of
the group velocity vector inside the PhC, which will give us the propagation direction of a refracted beam.
We can then apply Snell’s law and calculate an effective index of refraction for this 3D periodic architecture

at a given frequency.

4.5.1. Fourier Transform Infrared Spectroscopy

We first characterize our core-shell PhC sample using Fourier Transform Infrared (FTIR)

microspectroscopy in reflectance mode. We employ a Nicolet iS50 FT-IR spectrometer equipped with a
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Nicolet Continuum Infrared Microscope and a liquid-nitrogen cooled mercury cadmium-telluride (MCT)
detector. The Cassegrain objectives used in this spectrometer have an opening angle between 16° and 35.5°

relative to the normal.

Core-shell PhC
Polymer thin film

7.7 7.95 8.2 8.45
Wavelength (pm)

Figure 37. Normalized FTIR reflectance spectra for the polymer-Ge core-shell bece PhC lattice compared to
reflectance from an IP-Dip polymer thin film.

We look at the reflectance of the core-shell structure in the region of interest between 7.7um to 8.62pum.
As shown in Figure 37, we observe two dips in reflectance in this wavelength span at 7.96um and 8.30um.
Reflectance intensity can be modified when incident light either couples into a photonic band or mode, or
undergoes material absorption. We compare the position of these PhC dips in reflectance to the optical
response of a 1.9um thick IP-Dip polymer film and determine that the dip at 8.30um is due to strong
absorption from the polymer core material, while the dip at 7.96um can be attributed to incident light

coupling into a photonic band.

4.5.2. Angle resolved Infrared Spectroscopy for Band Mapping

FTIR reflectance measurements are taken over range of angles, meaning that such spectra give us
convoluted momentum space information. In order to truly observe and distinguish photonic states, i.e.
photonic bands of our 3D core-shell PhCs, a setup is required that can perform angle resolved spectroscopic

measurements. One such system was designed and built by Dr. Siying Peng during her graduate research
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in the Atwater group at Caltech. The setup consists of a quantum cascade laser (QCL) with an operating
mode between 7.7-8.62 um as the source, a series of ZnSe lenses to focus the laser beam down to spot size
approximately 100pm in diameter, and a germanium beam splitter to direct half of the laser beam to a
reference detector, and half to the sample. Pyroelectric sample and reference detectors are mounted on
concentric rotation stages allowing for the collect of transmission and reflection spectra at distinct angles
of incidence. Alignment of the laser beam and the photonic crystal sample is accomplished using a visible
CCD camera and alignment markers. More precise micron scale alignment is performed by transmitting
QCL light through the sample, and projecting the magnified image onto a mid-IR camera with MCT
detector to determine sample edges versus the sample center. A more in-depth description of the setup may

be found in reference 66.

Sample stage

rotation
[101]
E
k
[010] [101]
QCL orientation

and polarization

Table top

Figure 38. Schematic of the orientation of incident QCL laser light relative to the PhC sample orientation.
This is a side view of the experimental setup. It should be noted that incident light is polarized along the [101]
direction.

For the angle resolved reflectance measurements the incident laser light is polarized in the [101]
direction relative to the lattice, and interacts with the (101) PhC surface, as can be seen from the schematic
in Figure 38. The wavelength range for these measurements is between 7.7 and 8.62um. The angular range

covered in the experiments was limited from 6 = 22.5° to 45° (where 8 is the angle between the incident
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beam and the normal to the crystal surface) due to limitations imposed by the experimental setup. Namely,
the size of the detector prevents access to angles below 22.5°, and beyond 45° the reflectance signal is too

low due to the smaller effective cross section of the samples at large angles.

4.5.3. Experimental Observation of a Photonic Band Relevant for Negative Refraction

The band structure of our bce core-shell PhC is constructed from angle resolved reflectance spectra
captured between 22.5° to 45°. The setup does not allow for characterization at normal incidence or near
the light line, and because we cannot probe at or below the light line, we cannot access the AANR region
of the PhC. However, if the curvature of the observable band is concave down, we should still have a
frequency region with a negative effective index between -1 < negr < 0.>° The experimentally measured band
structure for our core-shell PhC lattice is shown in Figure 39(a). We observe the emergence of a photonic
mode in this angle and wavelength region which has concave down character, and seems to replicate the
appearance of the third band. Analogous to what we observed in the FTIR reflectance spectra, coupling into
the band is marked by a decrease in reflection intensity in the region between 7.7 and 8.1um. Reflectance
is also relatively low between 8.3 and 8.62um but this is due to absorption by the PhC’s polymer core.
Compared to FTIR, angle resolved spectroscopy has the ability to selectively excite photonic states at

precise momentum and wavelength, providing a clear picture of photonic band structure.
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Figure 39. Experimentally measured and calculated band structure for the core-shell PhC lattice. (a) Angle
resolved reflectance measurement showing band 3. (b) Simulated band structure for the same frequency and angle
range in part (a).

4.5.4. Comparison of Experimental Band Structure and PWE Simulation Results

We compare the experimentally derived angle resolved band map in Figure 39(a) to a band structure
calculated using PWE in Figure 39(b). The simulated PhC took into account the structural features and
lattice dimensions determined through FIB and SEM measurements. The unit cell size was set to 3.8um,
and beam ellipticity, taper, and Ge shell offset were accounted for. Namely the polymer core was
approximated as an elliptical beam with long axis and short axis dimensions of 650nm and 450nm
respectively. Taper was introduced to polymer beams pointing in the [010] direction by changing the long
axis dimension of their starting vertex to 250nm and while keeping it at 650nm at the ending vertex, creating
a core resembling an elliptical conical frustrum. The germanium shell was described by embedding the
polymer core in an elliptical beam of Ge with long axis and short axis dimensions of 1.1pm and 860nm
respectively. The Ge shell beams were also offset from the polymer core beams by 200nm in x, y, and z,
yielding a representative core-shell PhC for simulation. We calculate the band structure for this PhC
approximation in the frequency range between ® = 0.441(2nc/a) and © = 0.494(2nc/a) and angular span
between 22.5° to 45° along the I'N direction, and the experimentally measured and simulated band

structures show great agreement (Figure 39).
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In Figure 40(a) we plot an EFC for the band shown in Figure 22 at ® = 0.474(2nc/a) and look
specifically at how an incident wave is refracted within the PhC. Note that the PhC contour is nearly circular
so negative refraction should be expected. The incident wave can be thought of as coming from free space
or air, at an angle of 25° to the surface normal, and interacts with the PhC surface orientated in the I'N

direction. Under conservation of energy and parallel momentum, the incident wave excites a Bloch wave
inside the PhC whose solutions, characterized by Ephc and ;ghc) must lie along the dashed line (running
perpendicular to the interface). The refracted beam has the direction of Gghc, which for this particular

frequency and angle is -39°. We can now use Snell’s law to calculate the corresponding index for this

refraction angle, which we find to be nesr=-0.673.
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Figure 40. EFC plot and beam propagation construction inside the core-shell bcc PhC and resulting plots of
negative refraction and negative effective index. (a) EFC plot and beam propagation construction inside the core-
shell bee PhC for a selected wave vector Eﬁee (blue arrow), incident at 25° to the interface normal (dotted line). The
PhC wave vector is marked by a red arrow, and the group velocity/beam propagation direction is given by the green
arrow. The beam is refracted negatively by -39°. (b) Refraction angle versus incident angle for ® = 0.474(2nc/a). (c)
Effective refractive index as a function of incident angle for o = 0.474(2nc/a).

Figure 40(b) shows the refraction angle versus incident angle for the EFC at w = 0.474(2nc/a). For

incident angles larger than 43°, the beam propagation construction, as described in Figure 23(a), does not
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give an intersection point of the EFC with the dotted line denoting the normal line to the PhC-air interface.
This occurs because conservation of the parallel wave vector component is no longer fulfilled. At © =
0.474(2nc/a) specifically, incident waves at angles larger than 43° cannot couple to the PhC, and will
instead be totally reflected.

Figure 40(c) plots the effective refractive index as a function of incident angle for ® = 0.474(2xnc/a).
Because the EFC at this frequency is not perfectly circular, effective refractive index varies depending on
incident angle. However, the calculated effective index for our core-shell bcc PhC is negative, with an
average value of n.s=-0.67.

It should be noted that in the case of PhCs, group and phase refractive index are unique and separate,
and the values calculated above for effective refractive index represent the effective index of the PhC as an

incident beam would experience in accordance with Snell’s law of refraction.®” However, these effective

indices determine only the direction of the group velocity vector nghc, as the magnitude calculated for these
effective indices would yield velocities larger than the speed of light, which would be unphysical.®

4.6. Conclusions and Outlook on the Experimental Observation of Negative Refraction with
3D PhCs

We have systematically analyzed the dispersion phenomena and negative refraction properties of
polymer-germanium core-shell PhCs in the mid-infrared using band theory and angle resolved
spectroscopy. Band structure and equifrequency contour calculations were performed to inform the design
of the 3D photonic crystal, which was subsequently fabricated using TPL DLW and sputtering. We were
able to successfully characterize a polymer-Ge core-shell lattice and map its band structure, which we then
used to calculate PhC refraction behavior. Analysis of wave-propagation revealed that this 3D core-shell
PhC will refract light negatively, and possesses an effective negative index of refraction in the region we

experimentally mapped.

4.6.1. Creation of a 3D Core-Shell PhC Superlens

However, negative refraction can also be demonstrated by utilizing the PhC as a superlens. As briefly

mentioned previously, a superlens composed of negative index material is capable of capturing both the
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propagating and evanescent waves emitted by a point source placed in front of the lens and refocusing them
into a perfect point image behind the lens, even for a slab design with parallel sides or flat edges. While the
focusing effect of propagating waves can be described using conventional geometric optics, the perfect
recovery of evanescent waves may also be achieved via amplified transmission through the negative-index
slab.® Such a superlens possesses several key advantages over conventional, convex lenses; a flat superlens
lacks an optical axis, implying that strict alignment of an object with the focal axis is not necessary. A
superlens also operates over distances on the order of wavelengths, meaning such lenses are ideal candidates
for small-scale integration. AANR for a superlens also means that there is essentially no physical limit on
the aperture of this imaging system. Finally, for superlensing at a given configuration and wavelength, the
resolution of a superlens is expected to be limited by the surface period, the characteristic length of a
photonic crystal.®

In 2003 Luo et. al. described the principles of the amplified transmission of evanescent waves and
superlensing in general photonic crystals, and presented specific designs of superlenses based on AANR in
PhCs, along with a numerical study of their subwavelength imaging properties.®” In 2005 Lu et. al.
fabricated a 3D BCC lattice PhC flat lens which demonstrated superlensing, or sub-wavelength imaging,
via AANR and the amplification of evanescent microwaves.’’*® In the vein of these projects, another logical
method for demonstrating negative refraction through our 3D core-shell PhCs is to utilize them as
superlenses operating in the mid-IR wavelength range.

Studying the superlensing capabilities of our 3D core-shell PhCs operating in the mid-IR will require
the use of scanning near-field optical microscopy (SNOM). In SNOM, excitation laser light is focused
through an aperture of a metallic probe tip with a diameter smaller than the excitation wavelength, resulting
in an evanescent field on the far side of the aperture. When the sample is scanned at a small distance below
the aperture, the optical resolution of transmitted or reflected light is limited only by the diameter of the
aperture. While this process allows for optical resolution as small as 1/60,7° a deficit of SNOM is that the
scanning probe must be very close to the investigated object, limiting SNOM applications to surface studies.
Combining near-field microcopy with a superlens, however, can enable subwavelength-scale resolved
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imaging of buried objects, even beneath opaque substrates. Namely, a superlens like our 3D core-shell PhC
can be placed between the scanning probe tip of an infrared SNOM operating in reflection mode, and an
object to be imaged, like gold film patterned with holes of different diameters and separations. In contrast
to the first proposed demonstration of negative refraction by our 3D core-shell PhC using transmission
experiments, this setup allows for direct mapping of an image plane with SNOM, recording both the
amplitude and the phase of the optical field distribution. In fact, this process was recently used to
demonstrate the superlensing capabilities of a silicon carbide (SiC) thin film,” but could easily be applied

to the characterization of metamaterial and PhC superlenses from the visible to terahertz frequencies.
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Chapter 5. Perspectives on Future Research Directions for 3D Photonics

5.1. Opportunities in PhC Architecture and Topology

In this thesis we have utilized experiments and simulations to understand the effects of particular lattice
geometries and material properties on 3D PhC bandgap position and dispersion phenomena like negative
refraction. This work contributes to the greater field of 3D photonics, and with that we posit the question,
what are some imperative research directions for subsequent work on 3D PhCs? To this end, we believe
that areas of critical exploration will revolve around (1) the creation of new architectures, possibly even
non-periodic geometries, (2) the study of topology and photonics, and (3) the exploration of novel
chemistries and material synthesis routes for the fabrication of high index 3D PhCs.

New methodologies for engineering the band gap and dispersion characteristics of PhCs will enable the
creation of functional integrated photonic circuits. With regards to new mechanisms for tuning band gap
properties, we envision applying concepts from cellular solid mechanics in designing auxetic lattices
possessing a negative Poisson’s ratio.”>”* This property would allow the PhC lattice period to be modulated
isotropically, enabling a more complex band structure manipulation through the application of mechanical
strain. By exploiting various dispersion properties of PhCs, one may precisely control the wave propagation
direction in a PhC for a given incident wave. With dispersion engineering, an alternative exists to generating
conventional PhC waveguides where line defects are built into the structure. Instead, by designing an
architecture which can exhibit a specific band structure, and by extension uniquely shaped equi-frequency
surfaces, it will be possible to arbitrarily route light by exploiting engineered dispersion. This new class of
devices, namely dispersion-based PhC devices, can in principle achieve extremely low propagation losses
while splitting incident light by the superprism effect, or bending incident light via self-collimation.
Understanding and fabricating 3D PhC architectures capable of the superprism effect and self-collimation,
and integrating these structures on a single chip to operate in tandem, will be hugely impactful for the field

of photonics.

77



5.1.1. Topological Photonics

Topological photonics is another research area that has lately captured a great deal of scientific
attention.”*’” Very basically, topology is the branch of mathematics which deals with quantities that do not
change when an object is continuously deformed, no matter the extent of deformation. One classic example
of a topological property, or topological invariant, is the number of holes within a closed surface. Objects
with the same topological invariant are topologically equivalent, and only when a hole is created or removed
in the object, by the introduction of a cut, will the topological invariant change, the process being a
topological phase transition. In solid state systems, the Brillouin zone is analogous to a surface, and the
geometric phase, or Berry phase, looks at changes in crystal momentum, analogous to surface curvature.

In the same way the study of photonic crystals benefited from an understanding of electronic crystals,
topological photonics was prompted by the discovery of electronic topological insulators.”” Topological
insulators are unique due to the existence of protected states occurring at crystal boundaries. Protected states
support unidirectional propagation and are immune to a wide class of crystal impurities and defects. Given
all the analogs between solid state systems and photonic systems, many quantum topological effects are
being translated to the field of photonics. Indeed, quantum topological effects are a consequence of the
wave nature of electrons, and light can be characterized as a wave as well. While photons do not experience
electric potential as they have no electric charge, their motion is governed by the periodic change in
dielectric contrast, which is analogous to electronic potential. For 3D PhC systems, one particular area of
study has been the observation of Weyl points in a photonic band structure.®™8! Theoretical and
experimental observation of Weyl points is currently being pursued, given the numerous phenomena which
can result from this topological feature.®?

From a practical standpoint, topological effects will allow for substantially more robust photonic
devices. Current PhC fabrication processes are not immune to defects, and topologically insulating
structures would relax certain device fabrication constraints. In particular, topological insulators could

resolve issues like insertion losses, Fabry—Pérot oscillations, lattice disorder, and unwanted localization.”
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The fabrication of optically active, topological photonic structures is currently the main challenge of this

growing field, and consequently an area for future research.

5.1.2. Photonic Quasicrystals

In this thesis we have discussed at length the properties of 3D periodic structures. Interestingly though,
recent research has revealed that quasi-periodic structures, or quasicrystals, also possess unique photonic
properties that require further exploration.®**” Quasicrystals are a class of structures that do not have

translational symmetry, but possess local rotational symmetry. Because the structures of photonic

quasicrystals have no periodicity, the Bloch wave vector k cannot be defined exactly, and it is not possible
to draw a conventional photonic band structure such as that for a typical PhC. However, photonic
quasicrystals exhibit Bragg scattering of light, and a quasi-Brillouin zone can be defined on the basis of a
quasicrystal’s long range order.®” This fact suggests that a pseudo-photonic band structure can be created
for photonic quasicrystals, and that some of the band gap and dispersion properties evident in periodic
photonic crystals may also be realizable in photonic quasicrystals.

The photonic dispersion relations in a band structure govern the basic properties of light propagation,
and in periodic PhCs, a complete photonic bandgap arises when frequency gaps at the Brillouin zone
boundaries overlap in all directions. The appearance of pseudo-bandgaps, or directional stop bands, depend
on the symmetry of the underlying photonic crystal lattice. In photonic quasicrystals, as the rotational
symmetry of the quasicrystal increases, the pseudo-Brillouin zone will become more spherical in 3D, which
can result in the formation of a complete bandgap.®**® A study by Man et. al. discussed how, even for low
dielectric contrast structures, the increased isotropy of quasicrystals gives these structures an increased
likelihood of possessing a complete bandgap.® In contrast, for high dielectric contrast, light scattering in
an architecture gets stronger, overwhelming the advantage of isotropy and allowing periodic photonic
crystals to perform better.®® Nonetheless, these findings imply that photonic quasicrystals can be more
advantageous in various photonic bandgap applications relative to periodic PhCs, at threshold material

index values.
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With regards to dispersion properties of quasicrystals, work done by Feng et. al. reported that a 2D
photonic quasicrystal with dodecagonal symmetry exhibits negative refraction.® The photonic quasicrystal
under study consisted of a quasiperiodic arrangement of dielectric columns with &€ = 8.6, embedded in a
styrofoam background and was active in the microwave frequency regime. Refractive properties were
investigated by creating wedge samples with different wedge angles, 6, and measuring the refracted wave
intensity versus the angle of refraction of an incident k-vector through the quasicrystal wedge. For 8, =
30°, a peak in intensity was observed at the refraction angle 8 = —32°, corresponding to a negative
refractive index of n =-1.06. This result was verified by a numerical simulation based on multiple-scattering
theory, and further measurements indicated a refractive index of n = -1 over a substantial range of incident
angles. However, opportunities still exist in fabricating 3D photonic quasicrystals capable of AANR, and
demonstrating negative refraction in quasicrystal structures at infrared and optical frequencies.
Additionally, a recent report from Kraus et. al. demonstrated that quasicrystals can exhibit topological
phases that were previously thought to exist only for systems of higher dimensionality.® This work posits
that the study of topological phases in 3D photonic quasicrystals may lead to the discovery of topological
properties that would only have appeared in 6D periodic systems.* It is therefore clear that the intersection
of topological photonics and quasicrystals is a minimally explored frontier that can yield unprecedented

insights into higher dimensional photonic properties.

5.2. Future Directions for Index of Refraction Engineering and 3D Photonic Crystal
Fabrication

Other areas of research that must be explored in order to fully unlock the technological potential of 3D
PhCs include routes for tailoring PhC material properties, and methods for fabricating high resolution PhCs
capable of operating in the optical regime.

Though 3D PhC properties have been explored via theory and computational means, fabrication and
experimental observation of 3D PhC behavior in the optical and infrared regime has only become possible
in the last twenty years. Initially, simple layered photonic lattices were created using top-down

semiconductor fabrication techniques,” but, more complex 3D lattice architectures were enabled through
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the advent and refinement of two photon lithography (TPL) direct laser writing (DLW) technology.”! As
described previously, in TPL DLW, an infrared laser is used to crosslink and write a preprogrammed 3D
lattice pattern into a photopolymer via two-photon absorption.®® The exposed sample is developed using
standard lithographic solvents, resulting in freestanding 3D architectures with micro- to nanoscale features.
The TPL DLW process allows for maximum control over nanolattice architecture and enables the
fabrication of arbitrarily complex nano- and micro-structures.®® One drawback of this technology however,
is the reliance on photopolymerizable materials for the fabrication of nanolattice PhCs. Photopolymers are
largely acrylate or epoxy based, and have a relatively low refractive index of >1.7, which can limit the
photonic band gap properties of polymer-based PhCs.*? In an effort to overcome some of the practical
shortcomings of polymer PhCs, we can look towards designing and fabricating core-shell 3D PhCs, as
described in Chapter 4 of this thesis, or, we could pursue alternative methods for the direct fabrication of
high index 3D PhCs.

Several methods exist for direct fabrication of high index 3D PhCs. The double inversion method is
one possibility which has been explored mostly in the context of generating of 3D silicon structures,” %
with only one example existing for the fabrication of a solid germanium inverse woodpile structures.’® In
the double inversion method, a polymer template is first fabricated using TPL DLW. The template is then
infiltrated with an oxide (SiO; in the case of silicon double inversion) using a chemical vapor deposition
process (CVD). The polymer is then exposed and etched away either with O, plasma etching or calcination,
followed by CVD infiltration of the template with the desired high index material (Si or Ge). The remaining
oxide material is finally chemically etched away, revealing the high-index 3D replica. Optimizing the
double inversion process for Ge and applying it to non-conventional geometries (outside of woodpiles,
inverse woodpiles, and inverse opals) would be a meaningful step towards the fabrication of novel high
index PhC architectures.

Another intriguing method is generating high-index polymer 3D PhCs using a high index photoresin
with a refractive index comparable to that of the AANR capable core-shell lattices (ner>2.5). Conventional
polymers typically possess a refractive index, n, in the range of 1.30-1.70.°” However, in recent years,
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hybrid chemistry techniques have been adopted to develop high index refractive polymers which combine
an organic polymer matrix with highly refractive inorganic nanoparticles.”” The factors affecting the
refractive index of a high-n nanocomposite include the properties of the individual polymer matrix and
nanoparticles, and the chemistry linking inorganic and organic components.®’ In particular one can look at
the synthesis of nanocomposite materials based on hybrid networks of organically modified, inorganic
oxide clusters dispersed in a polymer host matrix.”® Organically modified inorganic oxide clusters can be
obtained by a reaction of inorganic-based alkoxides with carboxylic acids.”® Exposing the organic-inorganic
hybrid system to UV light results in homogeneous photopatterning and modification of polymer host
refractive index properties.”® Developing hybrid organic-inorganic chemistry amenable for use with TPL
DLW would allow for this fabrication methodology to be used in the fabrication of 3D PhC architectures
of the sort described in this thesis. Recently, Vyatskikh et. al. described a similar process for fabricating
nickel nanolattices via TPL DLW.” A ligand exchange reaction was used to synthesize a metal precursor
with polymerizable functionalities by reacting nickel alkoxide with a carboxylic acid. Nickel oxide clusters
were then mixed with pentaerythritol triacrylate, a common acrylate based monomer, and a small amount
of 7-diethylamino-3-thenoylcoumarin photoinitiator. Using this new hybrid photoresin, metallo-organic 3D
structures were directly fabricated via TPL DLW. Once these structures were pyrolysed, the result was fully
metallic 3D structures with sub-micron features. Based on the synthesis of a nickel oxide cluster-acrylate
hybrid resin, one natural extension of hybrid organic-inorganic chemistry techniques would be the
development of high index germanium and/or zirconium alkoxide clusters bonded to pentaerythritol
tetraacrylate monomers, which will polymerize by two-photon absorption of UV light. The development of
such a novel high index Ge-nanocluster resin will allow for the one-step fabrication of high index 3D
nanoarchitected structures, more easily enabling the experimental observation of phenomena like negative
refraction and full photonic band gaps in complex 3D PhCs.

Also critical to fabricating 3D PhCs active in the optical regime is increasing the resolution of printed
3D PhCs. The spatial resolution of direct laser writing as used in this work can be much smaller than the
free-space wavelength of the writing laser used. Nevertheless, the minimum feature size is fundamentally
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limited by the wavelength of light. One method for overcoming this limitation is the application of
stimulated emission depletion (STED) to direct laser writing. In this process, the photo-polymerization of
PETA can be effectively inhibited by exposing the monomer voxel to laser light of a second, different
wavelength, resulting in a size-reduction of written features.!® Such an exposure enables the breaking of
the diffraction limit in lithography, and should STED become adopted in commercial DLW systems, it is
not unrealistic to posit that 3D PhCs can be fabricated with minimum feature sizes of tens of nanometers

within the foreseeable fututre.
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Appendicies
Appendix A.

Absorption Features in FTIR Spectra

The main chemical component in the IP-Dip photoresist is the monomer pentaerythritol triacrylate.
Several of the sharp, intense dips we observe in our nanolattice spectra are due to absorptions from the
polymer material, and are not optical features due to the nanolattice architecture. A few of these material
absorptions cut right through the relevant stopband features of the lattice—namely the dips at 5.78um and
7.1um—making it seem as though the stopbands are split for nanolattices under particular strain. The mid-
IR region is ideal for observing various fundamental vibrations and associated rotational-vibrational modes
of organic functional groups, which is why the aforementioned absorption features in our FTIR spectra are
inevitable. In Figure 41 we have overlaid spectra collected from both an unstrained nanolattice and a 1.9um
thin film made from TPL cured IP-Dip photoresist, and observe that prominent absorption features exist in
both spectra. This implies that the dips are in fact due to the excitation of vibrational modes of the polymer
material, rather than the photonic structure of the lattice.

We can even characterize some of the absorption dips as follows: the intense absorption band,
highlighted in light blue, observed at 5.78um (1730 cm™) is due to the antisymmetric stretching vibration
of C=0 group*. The double peaked absorption dip, highlighted in light green, at 6.11pum and 6.18um (1636
and 1618 cm™) is designated to the antisymmetric stretching of the polymer’s C=C groups*’. The regions
at 6.80um and 10.16um (1470 and 984 c¢cm™), highlighted in light yellow, are due to (CH) in-plane
deformation®. The various absorptions highlighted in the broad light orange band spanning between

7.87um and 9.43pum (1270 and 1060 cm™) are ascribed to CO stretching modes®.
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Figure 41. FTIR spectra of an unstrained 45° octahedron nanolattice, and a 1.9pm cured thin film of IP-Dip
photoresist (the same polymer as in the nanolattices). Colored areas highlight regions in both spectra where
absorption features exist, showing that these dips are due to excited vibrational modes of the polymer material, and
not to the photonic structure of the lattice.
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Appendix B.
Refractive Index Calculation for IP-Dip Polymer

To optically characterize IP-Dip polymer we took several FTIR reflectance measurements on IP-Dip
thin films with thicknesses ranging from 2.7, 7.4, and 11.8 um. These films were fabricated on polished
silicon using the same TPL DLW parameters as were used to make the nanolattices. This fabrication
methodology was used in order to assure that the polymer films had the same cross-linking density as the
nanolattice structures, for accurate characterization. Reflection from each sample was measured using the
same FTIR microspectroscopy setup as for the nanolattices. Figure 42 shows the reflectance spectra
collected for the 7.4pum IP-Dip film. As can be seen in the low energy (long wavelength) parts of the
spectrum, the reflected data is convoluted with many vibrational and resonant modes of the polymer, as
could also be seen in the spectra displayed in Figures 8 and 17. For shorter wavelengths, a scattering matrix
approach combined with a minimization technique was employed to fit the measured data to the reflected
spectrum of a polymer-on-Si system. This led to a calculated effective refractive index of n~1.49 for the

polymer over the entire spectral range of interest, which we used in subsequent numerical calculations.
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Figure 42. FTIR reflectance spectra for a 7.4pm TPL cured IP-Dip thin film, and a fitting curve for the
reflectance data extending from 2.5-5.5pm (beyond 5.5um, the data is too heavily convoluted by absorption dips).
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This fit was determined using a scattering matrix approach combined with a minimization technique, and led us to
calculate an effective refractive index of n~1.49 for the cured IP-Dip polymer.

IR-VASE ellipsometry would have been the preferred method for determining the refractive index of
IP-Dip, but, since this resist is designed to be drop cast and polymerized using two-photon absorption, spin
coated and UV-flood exposed samples did not possess the film uniformity or crosslinking density necessary

to obtain accurate index measurements with this technique.
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Appendix C.
Band Diagrams for Octahedron Nanolattices in Chapter 2

To fully characterize the properties of a photonic crystal structure, calculating band diagrams can be a
proper starting point. Band diagrams show the dispersion of the lattice when the momentum of the modes
varies in the 1% Brillouin zone in the reciprocal lattice as a function of energy. The reciprocal lattice for a
cubic crystal like our octahedron nanolattice is also cubic. Figure 28 shows the band diagrams for the 45°
(unstrained) and 30° (~40% strained) nanolattice in the 1% Brillouin zone. The inset of panel (a) in Figure

28 shows the momentum directions and the common symbols in a cubic lattice.

6=30"

128

Normalized Frequency (L/A)

o o o o
N B O

Wavevector Wavevector
Figure 43. FDTD simulations of octahedron nanolattices. (a) Calculated band diagrams of the modes for an

unstrained 45° lattice, and (b) an effectively strained 30° lattice. In each case the horizontal axis shows the momentum
along the edges of the Brillouin zone, and the vertical axis shows the normalized frequency defined as L, /4.

To calculate the bands, an octahedron unit cell with experimentally relevant feature sizes and
dimensions was modeled using the software package Lumerical. The model unit cell was surrounded by
Bloch boundary conditions along all three x, y, and z directions. An array of randomly oriented dipoles was

placed in the simulation region, located far from any lattice symmetry points. Simulations were allowed to
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run until they converged with an accuracy of 10, Scattering data was collected using point monitors located
at random locations in the simulation region, also far from any symmetry points of the lattice. The collected
data was then Fourier transformed to locate the peaks in the spectral domain corresponding to the oscillating
modes in both the unstrained, 45° octahedron unit cell, and the effectively strained 30° octahedron unit cell.
Plotting these peaks at each Bloch momentum along the edges of the Brillouin zone produced the full band
diagram for the two most extreme lattice types studied in this manuscript, as shown in Figure S6.
Although this band diagram is for a fully periodic lattice in 3D, some general features can still be
inferred from it. Our wavelength range of interest (4um-10um), corresponding to the range of FTIR
measurement, can be related to the part of the band diagram with the normalized frequency between 0.4-1.
As can be seen in Figure S6, none of the lattices support a complete band gap within this range, but, in both
lattice cases, partial band gaps can be observed at the edges of the high symmetry points, namely G, X, M
and R. The presence of these partial band gaps leads to a minimum in the transmission and a peak in the
reflection spectrum. Also note that decreasing the layer spacing along the z-direction, which can be
represented in going from the 45° lattice to the 30° lattice (and which physically corresponds to uniaxial
lattice compression), all the energy gaps in the band structure shift to larger normalized frequencies. This

is consistent with the general blue shift observed in the reflection spectra from stacked photonic crystals.
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