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ABSTRACT

VICTORIA PAIGE STINSON. Micro-Opto-Mechanical Structures for the Infrared
Spectral Range Fabricated by Two-Photon Polymerization. (Under the direction of
DR. TINO HOFMANN)

Micro-optics have become an essential component in many modern technologies. This
can be credited to the perpetually growing needs of communication bandwidths for in-
creased processing power in smaller volumes. With this push to miniaturize systems,
micro-optics found its foundation. Initially, micro-optics encompassed micro-scale
refractive lenses and simple diffractive optics. Since initial applications in the latter
twentieth century, the field of micro-optics has greatly expanded. Micro-optics now
encompasses research in areas such as integrated optics, micro-electromechanical sys-
tems (MEMS), quantum technology, sensing, energy harvesting, and metamaterials.
In its current stage, dynamically tunable micro-optics are crucial to providing add-
itional processing power without increasing volume. Micro-structured optics com-
prise a subsection of micro-optics where the optical response is manipulated by some
sub-wavelength or wavelength-scale structures. The most common example of micro-
structured optics are diffractive gratings, but more recently developed configurations
such as metamaterials and structures such as photonic crystals also fall within this
scope. One challenge in developing micro-structured optics are restrictions in terms
of geometric freedom and extensive prototyping times. As a solution to some of
these challenges, rapid prototyping techniques such as additive manufacturing have
been employed in the development of complex two- and three-dimensional micro-
structured optics. Two-photon polymerization, a direct laser writing process, has
become a widely accepted approach for the development of micro-structured optics.
Two-photon polymerization provides nano-scale feature sizes, resolutions which sur-
pass the diffraction limit of the light source. Many of the resins compatible with this

technique are transparent for broad regions in the visible and infrared spectral ranges.
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This allows micro-optics to be fabricated without necessitating a secondary process-
ing step. In search of ways to provide additional degrees of tuning in micro-optics,
the unique properties of these two-photon compatible resins can be exploited. In
this study, dynamically tunable micro-structured optics are developed by two-photon
polymerization. Being a polymer, the fabricated structures have unique mechani-
cal properties when compared with conventional glass and metal optics. Utilizing
this quality, the structures are designed such that their optical response is sensitive
to induced mechanical stress or strain. Both sub-wavelength and wavelength-scale
micro-structured arrays were investigated for this mechanical tuning. In each case,
changes in the structure’s geometry due to mechanical stimuli resulted in a change in
the optical response. In combination with a MEMS device, the investigated structures
could have applications in integrated optics, mechanical sensing and beamsplitting,

and tunable bandgap filtering.
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LIST OF FIGURES

FIGURE 1.1: Schematic of the two-photon polymerization writing pro- 7
cess. The objective is immersed in a compatible photosensitive resin
which can be seen in the inset. The structures are then written on
the substrate by galvo scanning in combination with movement of a
three-dimensional piezoelectric motor stage which controls the sam-
ple holder position.

FIGURE 2.1: CAD model showing the dimensions of the one-dimensional 17
photonic crystal design investigated here. The photonic crystal con-
sists of alternating high-density, compact, layers and low-density lay-
ers. The nominal thickness of the high-density layers is 3.3 pm. The
low-density layers with a nominal thickness of 2.8 pm are composed
of cylindrical pillars with a diameter of 1.2 ym which are arranged
in a square-lattice pattern on the surface with a lattice constant of
2.4 pm. The corresponding nominal volumetric fill factor f; of the
low-density layer is f; = 0.2. For the photonic crystal with the high-
density defect, the defect layer has a nominal thickness of 5.3 pm and
is centered in the layer stack.

FIGURE 2.2: Scanning electron microscope (SEM) image taken at an 19
operating voltage of 1kV of the photonic crystal with a defect layer,
as described by Fig. 2.1. Inset SEM image taken with an operating
voltage of 7 kV.

FIGURE 2.3: Comparison between best-model calculated (solid lines) 19
and experimental (dashed lines) reflection data obtained from iden-
tical photonic crystals with and without a solid defect. The spectra
are dominated by the photonic bandgap centered at approximately
2500 cm~t. The photonic crystal with a solid defect exhibits a de-
fect mode in the middle of the photonic bandgap. Experimental and
best-model calculated data are in very good agreement.

FIGURE 2.4: Model-calculated reflection data obtained for a stratified- 21
layer model with ideal, plane parallel interfaces (black dashed line) in
comparison to reflection data calculated using a model where a 2.8%
layer thickness non-uniformity is assumed (red solid line). The largest
difference can be observed at the defect mode resonance frequency,
where the amplitude of the defect-mode is substantially suppressed
after introducing layer thickness non-uniformity into the model.



FIGURE 2.5: Amplitude change as a function of increasing layer thickness

non-uniformity. The change in defect amplitude is more sensitive to
changes in non-unifority between 0% and 5% where the bandgap
amplitude of crystals without a defect experience only small changes
in this range. Beyond 5% layer non-uniformity, the amplitude of the
defect-mode is decreased to the point it is no longer observed.

FIGURE 3.1: Computer-aided model of the designed one-dimensional

photonic crystal investigated here. The photonic crystal consists of
alternating high-density compact and low-density layers. The nomi-
nal thickness of the high-density layers is 3.35 pm. The low-density
layers with a nominal thickness of 3.40 pm are composed of an array
of bow tie flexures which are arranged in a square-lattice pattern on
the surface with a lattice constant of 2.85 pm. The corresponding
nominal volumetric fill factor f; of the low-density layer is f; = 0.04.

FIGURE 3.2: Scanning electron microscope images of single flexure layers

which were fabricated with different laser power settings. Images (a)
and (b) show two views of a flexure layer which was fabricated using
500 mm /s scan speed with 50% laser power. Images (c) and (d) show
the same views of a layer fabricated using 500 mm /s scan speed with
20% laser power.

FIGURE 3.3: Fourier-transform infrared reflection measurements of the

fabricated photonic crystal measured both in air (black dashed) and
through a Fused Silica substrate (red dashed). At this stage, there is
no compression on the photonic crystal.

FIGURE 3.4: Effect of compressive force on photonic bandgap spec-

tral positioning and amplitude for two cycles. Here the photonic
bandgap centered at 4040 cm~! in Figure 3.3 is isolated and stud-
ied. The Fourier-transform infrared reflection measurements for this
bandgap are given in (a) and (c) for loading and unloading where a
shift of the peak center can be seen as well as fluctuations in am-
plitude. An offset of 0.5 relative reflection intensity is introduced
between adjacent curves for visualization. A mechanical hysteresis
curve following the compressive cycles of (a) and (c) is plotted in (b)
and (d), respectively. Here compressive force is plotted as a function
of shift in peak center.
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FIGURE 3.5: The spatial layer arrangements and layer permittivities used
to model the optical response of the designed photonic crystal can
be seen. Permittivities with the superscript “eff” are calculated us-
ing the Bruggeman effective medium approximation given in Equa-
tion (3.1). The permittivity with a subscript “IP-Dip” is used for the
high-density layers which are composed entirely of the photosensitive
polymer used in this study.

FIGURE 3.6: CAD model of the designed one-dimensional photonic crys-
tal under study. The photonic crystal is composed of 14 alternating
layers of high- and low-density with a centralized mechanical defect
layer. The nominal thicknesses of the high-density, low-density, and
defect layers were modeled to be 3.35 pm, 2.92 pm, and 6.63 pm,
respectively.

FIGURE 3.7: Scanning electron microscope image of an array of mechani-
cal flexures. This array was fabricated with a scan speed of 500 mm /s
at 50% laser power (max 25 kW). The periodic arrangement of this
array matched that of the mechanical defect layer in Figure 3.6.

FIGURE 3.8: Cross-sectional schematic of the one-dimensional photonic
crystal during compressive testing. The compressive medium (fused
silica) is shown in contact with the photonic crystal structure. The
photonic crystal is illuminated by a Cassegrain objective. For the
20 pm x 20 pm square aperture setting the average angle of incidence
0 on the sample was 8.7° (in air) with an angular spread of 0.6°,
shown here as the red beam path regions. This illumination was
radially symmetric with respect to the normal axis.

FIGURE 3.9: Experimental reflection measurements (black dashed lines)
taken before (a) and during (b) compression of the photonic crys-
tal and best-fit models (red solid lines). Measurements were taken
through the fused silica window. The feature dominating the spectra
was the photonic bandgap, which was centered around 2535 cm™!.
During compression, a transmissive defect resonance was observed
within the photonic bandgap. The experimental and best-model cal-

culated reflection data were in good agreement.

FIGURE 3.10: Experimental reflection measurements of the photonic
crystals before (black) and after (red) compressive testing. Both
measurements were taken in air, without the presence of the fused
silica window. A slight amplitude change was observed as a result of
the compressive testing. No other spectral changes to the photonic
bandgap were distinguishable.
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FIGURE 4.1: CAD model of the slanted-wire diffraction grating investi-
gated here. During simulation, the wire width w, length L, x-axis
projection of the grating period A/ sin ¢, and slant angle ¢ were var-
ied to optimize the design.

FIGURE 4.2: Design used for mechanical simulation in COMSOL Mul-
tiphysics. Top and bottom platforms can be seen on each end of a
single slanted wire. The bottom platform is fixed while the top plat-
form and wire are free bodies. Displacement of the slanted wire is
measured with respect to a reference point on the top of the slanted
wire, indicated by the red dot in the diagram.

FIGURE 4.3: (a) Model calculations comparing the transmitted diffrac-
tion efficiencies for the Oth and +1st orders as slant angle ¢ is varied.
An inverse relationship is seen between the Oth (black) and +1st (red)
orders while the —1st (blue) order is suppressed. (b) The optimized
geometry used during this calculation. The values of the spatial pa-
rameters of the wire, w = 2.25 pm, L = 10 pm, and A/sin ¢ = 4 num,
are shown here.

FIGURE 4.4: Diffraction efficiencies and diffraction angles of the Oth and
+1st orders are mapped for two slant-angle (¢) geometries. The
efficiencies corresponding to a slant angle are color-matched. The
45° (blue) and 38.4° (red) slant-angle geometries are exaggerated for
visualization. The arrows indicate the direction of propagation of the

diffracted light.

FIGURE 4.5: Comparison of the grating vector for two different slant
angles ¢, and ¢y and their corresponding grating vector <. Here, the
x- and z-components for £ and A are shown. While the z-components
of K and A vary for ¢; and ¢,, the x-components remain constant.

FIGURE 4.6: Finite element method simulated data showing the effects of
applied force on the geometry of a single slanted wire are shown. The
height change (black line) tracks the z-axis movement of a reference
point on a single slanted wire, as shown in Figure 4.2. The effects
on the slant angle (red line) as a function of applied force, calculated
from the height change, are plotted on a second y-axis.

FIGURE 4.7: Effect of increasing array size p on the applied force nec-
essary to achieve different wire slant angles. Three slant angles are
plotted: 45° (black), 38.4° (red), and 35° (blue). The grey-lined re-
gion indicates the force range over which the slanted wire array can
function as designed.
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FIGURE 4.8: SEM micrograph of a prototype slanted-wire diffraction

grating with dimensions matching the design in Figure 4.3 (b). The
wires are arranged in a square lattice pattern. The wires are fab-
ricated with high fidelity, demonstrating that mechanically modu-
latable three-dimensional grating structures can be obtained using
two-photon polymerization.

FIGURE 4.9: (a) Microscope images taken of a portion of the fabricated

slanted wire array at 10x (inset) and 100x magnification. In the 10x
image, a checkered pattern can be seen due to the stitching error
introduced between adjacent sections, resulting from movement of
the motor stage during the writing process. (b) Experimental (red
dashed line) and model calculated (blue and black solid line) diffrac-
tion efficiency as a function of diffraction angle. (¢) Comparison of
the nominal and the best-fit geometries of the slanted wire array.
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CHAPTER 1: INTRODUCTION

1.1  Overview

Over the last century, there has been an ever-prevalent push to miniaturize technol-
ogy without compromising processing power. When considering this, one commonly
thinks of computer systems. When first introduced in the 1940s, these computer
systems needed the space of an entire floor to provide sufficient processing power for
computation. As advances have been made, powerful and compact computer systems
small enough to fit in the palm of your hand have become a normal part of our ev-
eryday life. While huge leaps have been made, the need for smaller systems has only
increased.

The fields of communication and sensing technology is one of the main drivers
of miniaturization. The size of a system is generally limited by the space needed
for the processing components. Novel processing elements are needed to go beyond
the limits imposed by current technology. In the same way digital electronics were
developed to overcome the limitations of analog electronics, micro-optics have been
developed to surpass the limits of macroscopic optics [1]. In the early 1990s, micro-
optics demonstrated superior function for beam steering and optical fiber coupling [2].
As the applications of micro-optics expands, their ability to be dynamically tunable
is crucial [3].

One method of manipulating the optical response of micro-optics is by mechanical
means. Micro-optical devices which rely on this mechanical actuation to manipulate
light are termed micro-opto-electro-mechanical systems (MOEMS) [2]. A simple ex-
ample of a MOEMS device would be a micro-mirror array where the individual mirrors

can be mechanically controlled. The major applications of MOEMS are in areas such
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as fiber optics, optical scanning, display, imaging, and adaptive optic technology [4].

Fabrication of micro- and nano-scale optics by additive manufacturing has become
widely accepted [5]. This fabrication approach allows more complex geometries to
be developed than what is possible by top-down etching and deposition techniques.
While there are many additive manufacturing methods appropriate for the fabrication
of micro-optics, two-photon polymerization has demonstrated superior capabilities
in terms of spatial resolution. Minimum feature sizes on the order of hundreds of
nano-meters are attainable using commercially available systems [6]. Many of the
photo-sensitive monomers employed with this technique are transparent for regions
of the visible and infrared spectral range, allowing for micro-optics to be fabricated
in a single processing phase |7, 8|.

While there is clear interest in combining optical and mechanical capabilities in
a single device, reports on their development by two-photon polymerization are
scarce [9]. The majority of research in this space is focused on the development
of novel static optics [10] or characterization of the mechanical properties [11, 12].
The work presented in this dissertation aims to combine the optical and mechanical
potential of two-photon polymerized structures. Several novel mechanically sensitive
micro-optics are developed by two-photon polymerization and their mechanical and
optical qualities are characterized.

In the following sections of Chapter 1, the design and fabrication approaches used
to develop the mechanically sensitive micro-optics investigated in this work will be
discussed. Two optical models are employed in order to accurately render arrays which
fall in either the sub-wavelength or wavelength-scale regime. Mechanical modeling
is conducted by finite-element method simulation, a well established technique [13].
Centric to this investigation, is the fabrication of these micro-structured optics by two-
photon polymerization, a direct laser writing technique. Being that the fabricated

structures are polymers, which are largely transparent in the infrared spectral range,



their favorable optical and mechanical properties can be exploited.

In Chapter 2, a one-dimensional photonic crystal with a transmissive defect mode is
designed and experimentally realized for the first time by two-photon polymerization.
The defect resonance’s sensitivity to a common fabrication error, layer thickness non-
uniformity, is discussed. The use of a scaling factor to compensate for variation in
swelling and contraction between layers of varying density is implemented for the first
time.

In contrast to the static photonic crystal discussed in Chapter 2, the investiga-
tions of Chapter 3 involve mechanically tunable photonic crystals. In these studies,
mechanically sensitive constituents are introduced to certain layers of the photonic
crystal to allow tuning of the layer thicknesses. By mechanically compressing the
photonic crystals, it is experimentally verified that the optical response can be var-
ied. Mechanical tuning of the photonic bandgap (Section 3.1) as well as tuning of a
defect resonance (Section 3.2) are demonstrated.

Chapter 4 introduces a design where the micro-structured arrays are no longer
in the sub-wavelength regime. In Section 4.1, slanted wire diffraction gratings are
investigated for their compatibility with two-photon polymerization and their sen-
sitivity to mechanical tuning is studied numerically. With the promising results of
this numerical investigation, preliminary experiments were conducted. A slanted wire
grating was designed for visible operation, the results of the experimental study are
outlined in Section 4.2.

The key outcomes of these studies as well as the future project directions are
discussed in Chapter 5. Structures fabricated by two-photon polymerization have
advantages with respect to design freedom and prototype times when compared to
alternative techniques. However, there are challenges in terms of serial processing
and scalability. These qualities must be considered when selecting an appropriate

application space. Potential applications of the novel optical structures developed in
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this study may range from fundamental uses such as tunable bandgap filtering [14, 15]

to more sophisticated applications such as diffractive integrated optics [16, 17].
1.2 Modeling Micro-Structured Optics

Several modeling techniques were implemented during this study. A mechanical
model is used to determine how the structure will deform as a function some applied
stress or strain. Using these conditions, the micro-structure’s optical response can be
optimized to take advantage of these deformations. The selection of an appropriate
optical model depends mainly on the minimum size of the features within the array
compared to the operation wavelength.

For arrays which have sub-wavelength features, an effective medium approximation
can be used to describe the array’s dielectric properties. The Bruggeman effective

medium approximation which is implemented here is calculated by [18]:

i f) = {6~ Da)+ 2 -3faw) (1)
([(3 f—Dew) + (2 = 3f)en(w)]? + 8i(w)€h(w)> }

The dielectric properties of the inclusions and the host medium are given by &; and

N|=

€., respectively. In these investigations the host medium is air, i.e., £, = 1, while the
inclusions are the array material. The array material is a photosensitive resin com-
patible with fabrication by two-photon polymerization ¢;,(w) = £*"(w). The volume
ratio between the inclusions and the host medium is described by the volumetric fill
factor f;.

Using the effective medium approximation, the dielectric properties within a given
array can be adjusted by increasing or decreasing the density of resin to air. Using
this principle, the dielectric properties within a structure can be tuned by altering

the array density. For structures where this density-dependent dielectric control is
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varied along the optical axis, a stratified-layer optical model can be applied [19]. The
dielectric properties are assumed to be constant within a given layer and interfaces are
assumed to be plane parallel. The cumulative effects of variations in layer thickness
and density can then be tuned to produce a desired spectral response.

As the feature size nears the operation wavelength, diffraction effects must be
considered. For modeling periodic micro-structured optics in this regime, a rigorous
coupled wave analysis (RCWA), also known as the Fourier modal method, can be
implemented. As the latter name implies, computations are taken in Fourier-space.
RCWA has been used to model the optical response of diffraction gratings for several
decades. Detailed assessments of the use of RCWA in modeling diffraction gratings
can be found in Refs. 20 and 21.

While RCWA provides details on the population of diffraction orders, a separate
computation is needed to determine the angle at which orders will propagate. For

one-dimensional gratings, the grating equation can be applied:

ng sin By, — n;sinf; = m (%) sin ¢, (1.2)
m = 0,4+1,42, +3. ..

by knowing the refractive indices of the incident (n;) and transmitted (n;) mediums,
the operation wavelength (), the grating period (A), and the angle of incidence (6;),

the angle of the transmitted m-th order can be determined (6, ).
In order to design micro-structured optics which are sensitive to mechanical stimuli,
a finite-element method is used to predict the structure’s deformation. A commer-
cially available finite-element software (COMSOL Multiphysics®, Burlington, MA,
USA) was employed for mechanical simulations. Within the Structural Mechanics
module, the overall deformation of a structure due to applied stress or strain can be

simulated if the mechanical properties are known.
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To describe how the overall structure may deform, the structure is represented
as a mesh grid composed of smaller parts, termed finite-elements. As the materials
used to fabricate these structures are polymers under small perturbations of stress or
strain, the material can be treated as an isotropic linear elastic material [22]. Under

these conditions, the following 6 x 6 elasticity matrix is solved for each finite-element

defined by the mesh grid [23]:

E v v 1—v O 0 0
- (I+v)(1—2v) 0 0 0 Lz 0 7 (13)
0 0 0 0 % 0
0 0 0 0o o L2z

where E is Young’s modulus and v is Poisson’s ratio. The derivation of this matrix

from the elastic strain tensor for linear elastic materials is described in detail in

Ref. 23.
1.3 Fabrication by Two-Photon Polymerization

A designed micro-structured array is synthesized by two-photon polymerization, a
direct laser writing technique. In this technique, structures are written by focusing a
beam within a photosensitive resin. A schematic of the writing process can be seen
in Fig. 1.1. The objective is immersed in a photosensitive resin, shown in the inset.
The interface of the substrate is then detected through interference. The beam writes
within the resin by the rotation of two fast-scanning galvo mirrors in combination
with movement of a three-dimensional piezoelectric motor stage which is connected
to the sample holder.

The ellipsoidal volume around the focus where there is enough energy for polymer-
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ization to occur is termed the voxel. The voxel dimensions determine the resolution
of the fabricated structures. The voxel size is a function of the selected objective
magnification and resin as well as the fabrication parameters such as hatching and
slicing distances, scan speed, and laser power [24].

A commercially available two-photon polymerization system (Photonic Professional
GT, Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) is used in this study.
The index contrast needed for auto-focusing to the interface between the resin and
substrate (An) will vary between 0.03 and 0.10 depending on the selected objec-
tive [25]. To fabricate sub-wavelength-scale features for infrared operation, nano-scale
resolution is needed. The 63x objective is selected as this magnification provides in

plane resolution of 200 nm. For this objective, the necessary index mismatch between

S Sample Holder
= | " "ol "

]
]
i
I
[ S

Photosensitive

Vv Resin_
L Substrate

(\

Galvo Mirrors

Laser

Figure 1.1: Schematic of the two-photon polymerization writing process. The objec-
tive is immersed in a compatible photosensitive resin which can be seen in the inset.
The structures are then written on the substrate by galvo scanning in combination
with movement of a three-dimensional piezoelectric motor stage which controls the
sample holder position.
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the resin and substrate is An > 0.05. While different resin-substrate combinations
can be used to achieve this contrast, it is recommended that the IP-Dip resin and
fused silica substrate be used for the highest quality fabrication [25].

It is necessary to select appropriate print parameters based on the designed geo-
metry. Minimum feature size, array size, and internal structure must be considered
when selecting these parameters. Higher objective magnification can reduce the voxel
size, improving resolution, but requires longer fabrication times. For a given objec-
tive, parameters such as laser power, scan speed, and hatching and slicing distances
will also affect the voxel size [26]. Hatching and slicing distances are used to set the
proximity of adjacent scans in the z/y and z axes, respectively. Selecting an appro-
priate combination of settings by sequential attempts can be time consuming, in this
work, dose matrices are used to more efficiently test various setting combinations. A
“test structure” is created which includes a portion of the geometry of the full design,
usually the portion which has the smallest feature size. This “test structure” is then
fabricated by different combinations of scan speed, laser power, and slicing and hatch-
ing distances. The quality of the “test structure” can then be compared between these
different combinations, allowing for a setting which provides good structural quality

with efficient print times to be selected.
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CHAPTER 2: PHOTONIC CRYSTALS FABRICATED BY TWO-PHOTON
POLYMERIZATION

One-dimensional photonic crystals composed of alternating layers with high- and low-
density were fabricated using two-photon polymerization from a single photosensitive

! By introducing single high-density layers

polymer for the infrared spectral range.
to break the periodicity of the photonic crystals, a narrow-band defect mode is in-
duced. The defect mode is located in the center of the photonic bandgap of the
one-dimensional photonic crystal. The fabricated photonic crystals were investigated
using infrared reflection measurements. Stratified-layer optical models were employed
in the design and characterization of the spectral response of the photonic crystals.
A very good agreement was found between model-calculated and measured reflection
spectra. The geometric parameters of the photonic crystals obtained as a results of
the optical model analysis were found to be in good agreement with the nominal
dimensions of the photonic crystal constituents. This is supported by complimentary
scanning electron microscope imaging which verifies the model-calculated, nominal
layer thicknesses. Conventionally, accurate fabrication of such structures would re-
quire layer-independent print parameters, which are difficult to obtain with high
precision. In this study an alternative approach is employed using density-dependent
scaling factors, introduced here for the first time. Using these scaling factors a fast
and true-to-design fabrication of layers with significantly different surface-to-volume
ratios is enabled. The reported observations furthermore demonstrate that the lo-

cation and amplitude of defect modes is extremely sensitive to any layer thickness

'Reprinted with permission from V. P. Stinson, S. Park, M. McLamb, G. D. Boreman, and
T. Hofmann, “Photonic Crystals with a Defect Fabricated by Two-Photon Polymerization for the
Infrared Spectral Range,” Optics 2, 284 (2021). (©) 2021, MDPI.
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non-uniformities in the photonic crystal structure. Considering these capabilities,
one-dimensional photonic crystals engineered with defect modes can be employed as
narrow band filters for instance, while also providing a method to quantify important

fabrication parameters.
2.1 Introduction

Photonic crystals are capable of providing nearly perfect reflection in a narrow
spectral window, referred to as the photonic bandgap, which can be easily tuned
for a desired spectral range by tailoring the constituents of the photonic crystal [1-
15]. Early motivation for the development of photonic crystals was centered around
their unique applications in quantum electronics and quantum optics [16]. Photonic
crystals can be categorized as one-, two-, and three-dimensional, depending on the
spatial arrangement of constituents of the photonic crystals which will determine
their application [17]. One-dimensional photonic crystals are the simplest of these
geometries and can be realized by the periodic arrangement of transparent layers
with different dielectric properties [1, 2, 4-7, 11-14, 17|.

It has been demonstrated that defects in the spatially periodic arrangement of the
dielectric layers induce defect states in the photonic bandgap, which can result in
narrow transmission bands within a band of high reflectivity [4-7, 13, 14, 17|. For
one-dimensional photonic crystals a defect mode can be introduced by the addition of
a layer which disrupts the dielectric periodic arrangement of the surrounding layers.
Such photonic crystals have been designed for several applications including enhanced
Faraday rotators [4|, omnidirectional bandgap filters [5], sensors [18, 19|, and narrow
band filters [20].

Several techniques have been demonstrated for the fabrication of one-dimensional
photonic crystals. The most commonly used method is spin coating, which allows
the fabrication of sequences of thin films with different dielectric properties [10, 21].

Other methods include self-assembly, which uses a layer-by-layer approach, top-down
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etching, chemical vapor deposition, physical vapor deposition, and molecular beam
epitaxy [10, 22]. Direct laser writing using two-photon polymerization has been re-
cently used to fabricate photonic crystals [9, 11, 23]. One of the main advantages
of two-photon polymerization is its capability to synthesize virtually arbitrary ge-
ometries with critical dimensions on the order of a few hundred nanometers. This
enables the fabrication of photonic crystals from a single dielectric material by alter-
nating layers of high- and low-density [11]. The scale of photonic crystals fabricated
by two-photon polymerization is often limited due to the serial nature of the two-
photon polymerization process which can lead to extensive fabrication times. Novel
approaches have aimed for the acceleration of the fabrication process by combining
traditional interference lithography and two-photon lithography [24]|. Using this ap-
proach three-dimensional photonic crystals with controlled defects have very recently
been demonstrated.

The accuracy by which structures can be fabricated using the two-photon poly-
merization approach is greatly affected by the choice of focusing objective and the
fabrication parameters used, such as laser power, scan speed [25-27|, and laser-beam
paths governed by slicing and hatching distances [28]. Any of these parameters will
affect the volume over which polymerization occurs. The voxel size of the instrument
depends on a wide range of parameters and therefore can alter the fabricated sample
geometry. While the power density is determined by the scan speed and the nominal
laser power, the slicing and hatching distance will affect the resolution and integrity
of features in the horizontal plane and vertical plane, respectively [28|. Determining
the optimal settings for these parameters is indispensable to achieve a desired spectral
response.

The position of the photonic bandgap in a one-dimensional photonic crystal is
sensitive to even small changes in the thickness (+5 nm) as well as changes in the

dielectric properties of its constituent layers [11]. Thus it is critical to determine fab-
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rication parameters which result in a true-to-design geometry with minimal variation
in layer thickness and dielectric properties across the constituent layers.

In this paper we demonstrate the successful fabrication of one-dimensional pho-
tonic crystals with defects that induce narrow transmission bands centered within
the photonic bandgap using two-photon polymerization from a single monomer. Ex-
perimental data and stratified-layer optical model calculations reveal that that the
induced defect modes are extremely sensitive to the layer thickness uniformity of the
photonic crystal. In addition, a simple approach for the optimization of two-photon
polymerization fabrication parameters for photonic crystals is introduced. Our pro-
posed approach introduces a geometric scaling factor which helps to obtain true-to-
design fabrication of photonic crystals while substantially reducing the time required

to determine optimal fabrication parameters.
2.2 Design, Fabrication, and Characterization

One-dimensional photonic crystals composed of alternating layers of high- and low-
density (see Fig. 2.1) were designed using stratified-layer optical model calculations
(WVASE32, J.A. Woollam, Co.). Alternating dielectric layers were produced using
a two-photon polymerization compatible polymer IP-Dip. The dielectric properties

P=bip () are described by the parameterized model-dielectric-

of the compact layers ¢
function of polymerized IP-Dip. The model-dielectric-function of this material has
been previously established using spectroscopic ellipsometry in the infrared spectral
range and is described using a simple mixed oscillator model [29].

The low-density layers consist of sub-wavelength cylindrical pillars which are ar-
ranged in a square lattice pattern and are oriented normal to the low-density/high-
density interface. The dielectric function of the low-density layers 2 (w, f;) can be

low

described using the Bruggeman effective medium approximation given by [30]:
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nw f) = {6~ Da)+ 2 -3faw) 2.1)
(I63f: = De(w) + 2= 3aw) +aw)n@) }.

The dielectric properties of the inclusions and the host medium are then given by

N|=

g, and &, respectively. In our design the host medium is air, i.e., €, = 1, while the
inclusions consist of polymerized IP-Dip ¢;(w) = € 7""(w). The volume ratio between
the cylindrical inclusions and the host medium is described by the volumetric fill factor
fi-

The effect of a high-density defect layer is explored by comparing the infrared op-
tical response of two photonic crystals. Using simple stratified-layer optical model
calculations, the photonic bandgaps of the photonic crystals are designed to be cen-
tered at w = 2556 cm™! (A = 3.91 pum). The selection of the wavelength for the
photonic bandgaps is based on the dielectric function of IP-Dip which offers a trans-
parent window in the range from 2000 to 3000 cm™" [29]. One crystal is composed
of 6 alternating high- and low-density layers. The thicknesses of the high- and low-
density layers are designed to be 3.3 nm and 2.8 pm respectively as shown in Fig. 2.1.
The volumetric fill factor f; of the low-density layers is f; = 0.2. The second crystal
is identical to the first crystal except for the introduction of a high-density defect
layer in the center of the layer stack. The high-density defect layer has a thickness
of 5.3 nm and consists of compact polymerized IP-Dip. The base of both photonic
crystals is designed to be 49.2 pm x 49.2 pm.

A commercial two-photon polymerization system (Photonic Professional GT, Nano-
scribe, GmbH) was used to polymerize a single monomer (IP-Dip) in order to fabri-
cate the one-dimensional photonic crystal structures on a fused silica substrate. It is

very well known that the voxel size depends on a number of parameters such as the
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Figure 2.1: CAD model showing the dimensions of the one-dimensional photonic
crystal design investigated here. The photonic crystal consists of alternating high-
density, compact, layers and low-density layers. The nominal thickness of the high-
density layers is 3.3 pm. The low-density layers with a nominal thickness of 2.8 pm
are composed of cylindrical pillars with a diameter of 1.2 nm which are arranged
in a square-lattice pattern on the surface with a lattice constant of 2.4 pym. The
corresponding nominal volumetric fill factor f; of the low-density layer is f; = 0.2.
For the photonic crystal with the high-density defect, the defect layer has a nominal
thickness of 5.3 pm and is centered in the layer stack.

objective, choice of monomer, laser power, scan speed, and hatching and slicing dis-
tances, for instance [25-28|. Thus the identification of parameters which permit the
true-to-design fabrication of complex structures can be difficult and time consuming.

For the photonic crystals discussed here, the volume-to-surface ratios between the
low-density and high-density layers differ substantially. As a result, low- and high-
density layers are affected differently by the solvent-diffusion-based swelling/contrac-
tion which occurs during the rinsing/drying process after the polymerization. This
fabrication problem is resolved here by introducing a one-dimensional geometric scal-
ing factor vsr, which provides a layer thickness scaling that is different for high- and
low-density layers. The scaling factors were determined using photonic crystals with-
out defects, but otherwise identical designs. For the high-density layers v4=0.92 and
for the low-density layers 75=1.30 was used.

Following the fabrication, the structures are rinsed in propylene glycol monomethyl
ether acetate for 10 minutes, 99.99% isopropyl alcohol for 10 minutes, and then left

to air dry for at least 30 minutes. A 63x objective with laser power at 20 mW and
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scan speed at 500 mm /s was used. Both slicing distance and hatching distance were
set to 0.2 pm.

Infrared reflection measurements were carried out for all photonic crystals in the

spectral range from 2000 cm ™! to 3000 cm ™! with resolution 2 cm™*

using an IR mi-
croscope (HYPERION 3000 Bruker, Inc.) in combination with a FTIR spectrometer
(VERTEX 70, Bruker, Inc.). The IR microscope with an annular collection aperture
was equipped with a Mercury-Cadmium-Telluride detector. A 15x Cassegrain objec-
tive with confocal illumination was used with an aperture setting of 20 nm, resulting
in an angular spread of 0.6° with an average angle of incidence of 8.7°. All reflec-
tion measurements were normalized to a bulk gold sample using the same aperture
settings as employed during the sample data acquisition. A silicon carbide globar
was used as a light source. All measurements were performed at room temperature.
Stratified-layer optical model calculations obtained using WVASE32 (J.A. Woollam
Co.) were employed to analyze the reflection measurements. SEM images, shown in

Fig. 2.2 independently demonstrate the quality of the fabrication and the resulting

true-to-design dimensions of the fabricated photonic crystal.
2.3 Results and Discussion

The experimental reflection data (dashed lines) and best-model calculated reflection
data (solid lines) for both crystals are depicted in Fig. 2.3. The major spectral feature
is the photonic bandgap which is centered at 2500 cm™! for both photonic crystals.
For the photonic crystals with the solid layer defect, a defect mode is formed in the
center of the photonic bandgap. The reflection amplitude of the photonic crystal
without a defect is 77%, with a high-density defect layer this amplitude is reduced
to 62%. The defect mode of the photonic crystal with a high-density defect layer

! and has a reflection amplitude of 26% with respect to the

is centered at 2520 cm™
average bandgap maxima of 62%. A very good agreement was found between the

best-fit stratified-layer optical model calculations (solid lines) and the experimental
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Figure 2.2: Scanning electron microscope (SEM) image taken at an operating voltage
of 1kV of the photonic crystal with a defect layer, as described by Fig. 2.1. Inset SEM
image taken with an operating voltage of 7 kV.
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Figure 2.3: Comparison between best-model calculated (solid lines) and experimen-
tal (dashed lines) reflection data obtained from identical photonic crystals with and
without a solid defect. The spectra are dominated by the photonic bandgap centered
at approximately 2500 cm~!. The photonic crystal with a solid defect exhibits a
defect mode in the middle of the photonic bandgap. Experimental and best-model
calculated data are in very good agreement.
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reflection measurements (dashed lines) for both photonic crystals.

The optical model is composed of 14 layers: a fused silica substrate, 6 A-B layer
pairs of low- and high-density layers and a high-density defect layer in the center
following the design shown in Fig. 2.1. The dielectric functions of the glass substrate
and IP-Dip used here were previously determined using spectroscopic ellipsometry
and were not varied in the model [29, 31]. Eq. (2.1) is used to determine the di-
electric function of the low-density layers. During the data analysis, geometrical
model parameters were varied simultaneously, including: layer thickness of the low-
and high-density layers, layer thickness non-uniformity, and volumetric fill fraction f;.
All parameters were adjusted using a Levenberg-Marquardt-based algorithm until the
best-match between the model-calculated and experimental reflection data set was ob-
tained. Note that the experimental data sets of both photonic crystals were analyzed
simultaneously in order to reduce parameter correlation. The best-model thickness of
the low-density layers was determined to be (2.771 4+ 0.014) pm, the high-density to
be (3.311 + 0.010) pum, and the high-density defect layer to be (5.240 + 0.015) pm.
The best-model volumetric fill factor was found to be f; = 0.296 £+ 0.007. In order
to model the experimental reflection data accurately, layer thickness non-uniformities
were taken into account and found to be an average of (2.8 £ 0.1)% for all layers.

The effect of this non-uniformity on the defect mode is illustrated in Fig. 2.4 where
stratified-layer optical model calculations for two photonic crystals with a defect
are compared. The spectrum plotted with a black dashed line depicts the model-
calculated reflection obtained assuming ideal interfaces and the red solid line assumes
a 2.8% layer thickness non-uniformity. A photonic bandgap with a centered defect
mode can be seen for both models; however, the amplitude of both the photonic
bandgap and the defect mode is diminished for the photonic crystal with non-ideal
interfaces. The reflection amplitude of the defect mode with perfect layer uniformity

is 56% while the amplitude with a 2.8% layer thickness non-uniformity is 26%. Addi-
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tionally, the average photonic bandgap magnitude is reduced by approximately 5.6%
with this non-uniformity present. Our experimental findings corroborate theoretical
calculations conducted by T.S. Perova et al. [8] which have shown that layer thickness
non-uniformities induce a reduction in the bandgap amplitude similar to what is seen
in Fig. 2.4.

The influence of the layer thickness non-uniformity on the defect mode ampli-
tude is shown in Fig. 2.5. A comparison is made between the changes in the pho-
tonic bandgap amplitude in a photonic crystal without a defect and the defect mode
amplitude in a photonic crystal with a defect with respect to layer thickness non-
uniformity. The changes in amplitude are normalized to the maximum reflection of
the photonic bandgap in the photonic crystal with no defect and ideal, abrupt, plane-
parallel interfaces. The change in amplitude of the defect mode is more significant for

increasing layer thickness non-uniformity compared to that for the photonic bandgap.
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Figure 2.4: Model-calculated reflection data obtained for a stratified-layer model with
ideal, plane parallel interfaces (black dashed line) in comparison to reflection data
calculated using a model where a 2.8% layer thickness non-uniformity is assumed
(red solid line). The largest difference can be observed at the defect mode resonance
frequency, where the amplitude of the defect-mode is substantially suppressed after
introducing layer thickness non-uniformity into the model.
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Figure 2.5: Amplitude change as a function of increasing layer thickness non-
uniformity. The change in defect amplitude is more sensitive to changes in non-
unifority between 0% and 5% where the bandgap amplitude of crystals without a
defect experience only small changes in this range. Beyond 5% layer non-uniformity,
the amplitude of the defect-mode is decreased to the point it is no longer observed.

This trend continues up to a non-uniformity of 5% at which point the defect mode

becomes indistinguishable.
2.4 Conclusions

A one-dimensional photonic crystal with a solid, compact, defect layer was suc-
cessfully fabricated by direct laser writing with two-photon polymerization. After
determining and introducing one-dimensional geometric scaling factors for the low-
and high-density layers, two photonic crystals were fabricated, identical except for
the addition of a defect layer in one. For both crystals a photonic bandgap was
identified experimentally. The photonic bandgap is centered at 2500 cm~!. In the
photonic crystal with a defect layer, a defect mode was induced in the middle of the
the photonic bandgap.

Our stratified-layer optical model calculations are in a very good agreement with

the experimental results. Best-model thickness values are in a very good agreement
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with the nominal design parameters. When the scaling factor (ysr) was implemented,
a stratified-layer optical analysis of the reflection data from these photonic crystals
reveals best-model layer thicknesses within +1.2% of our nominal design values. In
introducing scaling factors, we take into account not only the voxel size, but the entire
effect of the two-photon polymerization, rinsing, and drying process which results in
the final geometry. Even minute changes in layer thickness non-uniformity had sub-
stantial effects on the amplitude of the defect mode. For the photonic bandgap these
amplitude changes were not as pronounced. This sensitivity can be used to determine
layer thickness non-uniformity in one-dimensional photonic crystals fabricated for the
infrared spectral range by two-photon polymerization. The volumetric fill factor for
the low-density layers was found to be 9.6% larger than designed. While having min-
imal effects on the shape of spectral features, this change resulted in a shift of the
photonic bandgap from the designed 2556 cm™! to 2500 cm~!. Note, that the scal-
ing factor was omitted for the volumetric fill factor, which explains the substantial
deviation of from its nominal value. This deviation may be reduced by introducing a
separate scaling factor.

By introducing density dependent scaling factors in the design phase we have en-
abled the fabrication of one-dimensional photonic crystals with defect modes which
have true-to-design layer thicknesses. In contrast to determining the layer thick-
nesses, the interface roughness (layer thickness non-uniformity) is difficult to as-
sess. Therefore, one-dimensional photonic crystals engineered with narrow band
defect modes may provide a method to quantify this important fabrication parame-
ter. One-dimensional photonic crystals with defect modes demonstrate features rele-
vant for applications as narrow band filters [20]. In addition, photonic crystals show
promise as enhanced Faraday rotators [4], omnidirectional bandgap filters [5], and

sensors [18, 19].
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CHAPTER 3: MECHANICALLY TUNABLE PHOTONIC CRYSTALS

3.1  Mechanical Control of the Optical Bandgap in One-Dimensional Photonic
Crystals

Over the last several years, two-photon polymerization has been a popular fabrication

1" One-dimensional

approach for photonic crystals due to its high spatial resolution.
photonic crystals with photonic bandgap reflectivities over 90% have been demon-
strated for the infrared spectral range. With the success of these structures, methods
which can provide tunability of the photonic bandgap are being explored. In this
study, we demonstrate the use of mechanical flexures in the design of one-dimensional
photonic crystals fabricated by two-photon polymerization for the first time. Experi-
mental results show that these photonic crystals provide active mechanically induced
spectral control of the photonic bandgap. An analysis of the mechanical behavior of
the photonic crystal is presented and elastic behavior is observed. These results sug-

gest that one-dimensional photonic crystals with mechanical flexures can successfully

function as opto-mechanical structures.
3.1.1 Introduction

Photonic crystals have been explored for photonic bandgap filtering applications
over the last several decades [1-6]. This is due to their ability to provide nearly
perfect reflection within narrow bandgaps which can function over a broad spectral
range. These spectral regions with high reflectivities and little to no transmission

are known as photonic bandgaps. Photonic crystals induce a photonic bandgap by

'Reprinted with permission from V. P. Stinson, N. Shuchi, M. McLamb, G. D. Boreman, and
T. Hofmann, “Mechanical Control of the Optical Bandgap in One-Dimensional Photonic Crys-
tals,” Micromachines 13, 2248 (2022). (©) 2022, MDPI.
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creating a dielectric periodicity in either one-, two-, or three-dimensions [5]. In the
one-dimensional case, this periodicity is created along a single axis [1, 2, 7-12].

There are several effective fabrication approaches for one-dimensional photonic
crystals such as spin coating, self-assembly, chemical /physical vapor deposition, top-
down etching, and molecular beam epitaxy [13, 14]. While these approaches each
have their advantages, they are restricted in terms of geometrical design freedom.
A recent approach in the fabrication of one-dimensional photonic crystals is direct
laser writing by two-photon polymerization [11, 15-17|. This approach allows for the
fabrication of complex geometrical structures on a scale which is sub-wavelength for
most infrared applications [18, 19]. With the aforementioned fabrication approaches,
at least two dielectric materials must be used in order to form the necessary dielectric
periodicity. In direct laser writing, dielectric periodicity can be produced using a
single dielectric material by varying the density of the layers [11, 17].

While the highly reflective photonic bandgaps are in themselves extremely useful
spectral features, many researchers have looked to provide even further spectral con-
trol by mechanical means [6, 12, 20, 21|. Many of these studies explore the ability to
control spectral features produced by photonic crystals by mechanically straining the
material [20-22|. For the one-dimensional photonic crystal, the photonic bandgap is
extremely sensitive to changes in layer thickness. By introducing layers containing
mechanically flexible constituents [23, 24] a mechanical force can be used to either
expand or compress the photonic crystal. This will allow the active control of the
photonic bandgap by mechanical stimuli. This concept has been demonstrated in the
THz spectral range by implementing cantilevers into the one-dimensional photonic
crystal design [23].

In this study, we present a one-dimensional photonic crystal design which allows
mechanically induced spectral tuning of the photonic bandgap in the infrared spec-

tral range for the first time. To accomplish this, a bow tie flexure design adapted
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from Ref. 24 is scaled down such that the dimensions are subwavelength for the
spectral range of interest in this study. Experimental results suggest that these one-
dimensional photonic crystals with flexures fabricated by two-photon polymerization
exhibit mechanical hysteresis while in compression, as expected of an elastic mate-
rial [25]. The results reported here suggest that one-dimensional photonic crystals
with flexures fabricated by two-photon polymerization may be used in novel opto-

mechanical devices enabling mechanical tuning of optical features.
3.1.2  Design, Fabrication, and Characterization

The one-dimensional photonic crystals under study were designed using a stratified-
layer optical model (WVASE32, J.A. Woollam, Co., Lincoln, NE, USA) in combi-
nation with a mechanical finite-element model (COMSOL, Multiphysics). A single
photo-sensitive polymer (IP-Dip) was used to fabricate the one-dimensional photonic
crystal. The mechanical properties for IP-Dip vary widely depending on fabrication
parameters, the properties which were employed during finite-element modeling were
obtained from Refs [26, 27]. To induce dielectric periodicity using a single polymer, 13
plane parallel layers of alternating high- and low-density were used (see Figure 3.1).
The dielectric properties of the compact, high-density, layers have been previously
established using spectroscopic ellipsometry in the infrared spectral range and are
described using a simple mixed oscillator model [28]. The low-density layers con-
sist of the printed mechanical flexures and the void (air) between adjacent flexures.
The dielectric properties of these layers are calculated using the Bruggeman effective
medium approximation [29]. The use of this approximation to model the spectral
response of one-dimensional photonic crystals is described in detail in previous pub-

lications |7, 11, 17, 23, 30].
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Figure 3.1: Computer-aided model of the designed one-dimensional photonic crystal
investigated here. The photonic crystal consists of alternating high-density compact
and low-density layers. The nominal thickness of the high-density layers is 3.35 pm.
The low-density layers with a nominal thickness of 3.40 pm are composed of an array
of bow tie flexures which are arranged in a square-lattice pattern on the surface with
a lattice constant of 2.85 pm. The corresponding nominal volumetric fill factor f; of
the low-density layer is f; = 0.04.

To demonstrate the ability of the designed photonic crystals to produce spectral
bandgap shifts upon compression, the layer thickness and dielectric composition of
the low-density layers were designed such that several bandgaps were induced within
the measurement window (1000-5000 cm™!). Within this region, the initial bandgap
is induced at 2000 cm~! and the final at 4700 cm~!. This spectral range was selected
based on the dielectric function of IP-Dip which offers a transparent window from
1800 to 5000 cm ™! [28]. The high-density layer thickness was designed to be 3.35 pm.
The low-density layer thickness was designed to be 3.40 pm. Each low-density layer
consists of an 18 x 18 array of bow tie flexures, arranged in a square lattice pattern
with a periodicity of 2.85 ym. The base of the one-dimensional photonic crystal is
49.2 ym x 49.2 pm. The computer-aided design for the resulting geometry can be
seen in Figure 3.1.

A commercially available two-photon polymerization system (Photonic Professional
GT, Nanoscribe, GmBH) was employed in the fabrication of these one-dimensional

photonic crystals from a single photosensitive monomer (IP-Dip). The selection of
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appropriate print parameters is essential in order to produce a sample which is true to
design. The designed bow tie flexures push the resolution limits of this system, lim-
iting the range of print parameters which can successfully produce a given geometry.
Many print parameters such as the choice of objective, monomer, laser power, scan
speed, and hatching and slicing distance will affect the voxel size of the system [31-
34]. The voxel is the ellipsoidal volume in which there is enough photon irradiance
to polymerize the monomer. To efficiently determine the best settings for this ge-
ometry, a dose matrix was performed in which several combinations of scan speed
and laser power were tested. Here the 63x objective was chosen with both hatching
and slicing distances set to 0.2 pm. A single low-density layer was printed on top
of a high-density layer. Scanning electron microscope images were taken in order to
compare the quality. Scan speeds ranging from 500 to 5000 mm/s were tested with
laser powers ranging from 20 to 50% of the maximum output power of 25 kW.

The scanning electron microscope images for the two best scan speed and laser
power combinations can be seen in Figure 3.2. From the top down view given by (b)
and (d), it appears that the 50% laser power resulted in the best geometry compared
with the 20% layer. However, upon taking a side view of these layers at a higher
magnification it can be seen that the layer fabricated at 50% laser power (a) has been
over-polymerized compared to the layer fabricated at 20% laser power (c). In order
to ensure a hollow center within the flexures, a lower laser power must be used.
There is an apparent compromise in structural stability as laser power is decreased,
which can be seen in the collapse of flexures in (d) compared to the stable flexures
in (b). However, when fabricating the complete one-dimensional photonic crystal,
this behavior is not an issue because the high-density layers provide the necessary
permanence to maintain an upright orientation. Thus, a scan speed of 500 mm /s and

laser power of 20% was chosen for the fabrication of the complete photonic crystal.
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Figure 3.2: Scanning electron microscope images of single flexure layers which were
fabricated with different laser power settings. Images (a) and (b) show two views of a
flexure layer which was fabricated using 500 mm/s scan speed with 50% laser power.
Images (c) and (d) show the same views of a layer fabricated using 500 mm/s scan
speed with 20% laser power.

A 4 x 4 array of one-dimensional photonic crystals with 3 mm square lattice
periodicity were fabricated on a fused silica substrate. This arrangement was chosen
based on finite-element model calculations of the elastic properties of the bow tie
flexure design. Compressive force was applied to the photonic crystals in increments.
In order to provide an even distribution of pressure while maintaining transparency
for measurement, a fused silica window with thickness 0.7 mm was placed on the array.
This window was measured to have a mass of 1.37 g. Subsequent slides were placed
on top of the initial window in log-cabin style to provide incremental increases in
compressive force without interfering with the central measurement aperture. These
subsequent increases in loading were done in steps of 2.83 g.

Infrared reflection measurements were taken of the photonic crystal for the spectral

1

range from 1000 cm™! to 5000 cm™! with resolution 2 cm™'. An IR microscope (HY-

PERION 3000 Bruker, Inc., Billerica, MA, USA) with a Fourier-transform infrared
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spectrometer (VERTEX 70, Bruker, Inc., Billerica, MA, USA) was used for these
measurements. This system uses a silicon carbide globar as the infrared light source.
A 15x cassegrain objective with a square aperture of 20 pm x 20 pm was selected,
resulting in an angular spread of 0.6° with an average angle of incidence of 8.7°. All
measurements were normalized to the reflection of a bulk gold sample using identi-
cal parameters to those aforementioned. Experimental measurements were taken at

room temperature.
3.1.3  Results and Discussion

In order to determine which photonic bandgaps were appropriate to observe upon
compression, two Fourier-transform infrared reflection measurements were taken of
the photonic crystal both with and without the presence of the fused silica window.
Here kapton tape spacers are placed around around the edges of the fused silica
window in order to prevent compression, allowing the effects of the fused silica window
on the photonic bandgaps to be isolated. These measurements are given in Figure 3.3.
The red dashed curve shows the measurements for the photonic crystal in air where
four distinct photonic bandgaps can be seen. The black dashed curve shows the
measurements where the fused silica window has been introduced but is not yet
in contact with the structures. From this comparison, it is apparent that three of
the four photonic bandgaps induced within this spectral range experience minimal
amplitude loss due to the fused silica window. Thus, the photonic bandgap centered
at 4040 cm~! was chosen to observe due to its amplitude and position within the
measurement window.

The experimental reflection data for two compressive cycles are given in Figure 3.4
where the measurement window is centered around the 4040 cm~! bandgap. For the
first point in the compressive cycle shown in Figure 3.4 (b) and (d), the peak shift is
0 cm™!. The reflection spectra for these initial points in the load curve can be seen in

Figure 3.4 (a) and 3.4 (c), respectively, for F = 0.84 mN. For each point in (b), as the
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photonic crystal is loaded and unloaded, the peak center is measured from (a) and the
peak shift is recorded in (b) as a function of compressive force. The same process is
followed for the second cycle given in (c) and (d). For visual clarity, each subsequent
curve in (a) is vertically offset by 0.5 relative reflection intensity. During these cycles,
the rate of shift is higher during loading than unloading. Comparing the photonic
bandgaps during this cycle in (a) it is clear the peak center does not return to the
initial position even though it is under the same compressive force. During the sec-
ond compressive cycle, the maximum compressive force is increased from 4.31 mN
per photonic crystal to 6.05 mN. While the degree of shifting varies between cycles,
the general shape of the curves is similar (see Figure 3.4 (b) and (d)). Peak shifting
to larger wavenumbers during loading aligns with the expected effects of reducing
the low-density layer thickness. Similarly, shifting to smaller wavenumbers during

unloading is expected as low-density layer thickness is increased.
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Figure 3.3: Fourier-transform infrared reflection measurements of the fabricated pho-
tonic crystal measured both in air (black dashed) and through a Fused Silica substrate
(red dashed). At this stage, there is no compression on the photonic crystal.
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Figure 3.4: Effect of compressive force on photonic bandgap spectral positioning
and amplitude for two cycles. Here the photonic bandgap centered at 4040 cm™? in
Figure 3.3 is isolated and studied. The Fourier-transform infrared reflection measure-
ments for this bandgap are given in (a) and (c) for loading and unloading where a
shift of the peak center can be seen as well as fluctuations in amplitude. An offset
of 0.5 relative reflection intensity is introduced between adjacent curves for visualiza-
tion. A mechanical hysteresis curve following the compressive cycles of (a) and (c) is
plotted in (b) and (d), respectively. Here compressive force is plotted as a function
of shift in peak center.

3.1.4  Conclusions

One-dimensional photonic crystals with mechanical flexures fabricated by two-
photon polymerization have demonstrated spectral shifting as a function of com-
pressive force. The photonic crystal consists of 13 alternating layers of high- and
low-density. The ability of such a device to induce high-contrast photonic bandgaps

in the infrared spectral range has been demonstrated previously [11, 17]. In this study,
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mechanical flexure arrays are implemented to function as the low-density layers. Due
to the photonic bandgap’s sensitivity to changes in layer thickness, compression of
the photonic crystal induces spectral shifting of the photonic bandgaps which can
be observed in Figure 3.4. Such an effect has been previously demonstrated in the
THz spectral range using stereo-lithography [23]. In contrast to the previous THz
demonstration, the low-density layer geometry was altered in this study to include
vertically symmetric flexure arrays as opposed to cantilevers arrays. When compar-
ing compressive effects on the photonic bandgap observed in this study with the THz
demonstration, it appears that the effects on bandgap amplitude and broadening
during compression are reduced.

In conclusion, a mechanically tunable one-dimensional photonic crystal designed for
the infrared spectral range was fabricated using two-photon polymerization. The elas-
tic capabilities of this device were tested by conducting loading and unloading cycles.
During cycles, Fourier-transform infrared reflection measurements were taken to ob-
serve the effect of compressive force on the photonic bandgap’s spectral location
and amplitude. The results of this study suggest one-dimensional photonic crys-
tals with mechanical flexures allow dynamic control of spectral features by way of
mechanical stimuli. While static one-dimensional photonic crystals have clear appli-
cations in sensing and bandgap filtering, the addition of mechanical tunability opens

doors for uses in fields such as micro-robotics and micro-optomechanical systems

(MOEMS) [35].
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3.2 Photonic Crystals Fabricated by Two-Photon Polymerization with Mechanical

Defects

One-dimensional photonic crystals have been used in sensing applications for decades,
due to their ability to induce highly reflective photonic bandgaps.? In this study,
one-dimensional photonic crystals with alternating low- and high-density layers were
fabricated from a single photosensitive polymer (IP-Dip) by two-photon polymer-
ization. The photonic crystals were modified to include a central defect layer with
different elastic properties compared to the surrounding layers, for the first time. It
was observed that the defect mode resonance can be controlled by compressive force.
Very good agreement was found between the experimentally measured spectra and
the model data. The mechanical properties of the flexure design used in the defect
layer were calculated. The calculated spring constant is of similar magnitude to those
reported for microsprings fabricated on this scale using two-photon polymerization.
The results of this study demonstrate the successful control of a defect resonance in
one-dimensional photonic crystals fabricated by two-photon polymerization by me-
chanical stimuli, for the first time. Such a structure could have applications in fields,
such as micro-robotics, and in micro-opto—electro-mechanical systems (MOEMS),

where optical sensing of mechanical fluctuations is desired.
3.2.1  Introduction

Photonic crystals have been of interest in sensing applications for several decades [1,
13, 36]. This attention can be attributed to the photonic bandgaps found in photonic
crystals. These photonic bandgaps create spectral regions of high reflectivity with
little to no transmission |9, 13, 37]. Photonic crystals are generally categorized, based

on their periodic arrangement, as being one-, two-, or three-dimensional [5, 36|. For

2Reprinted with permission from V. P. Stinson, N. Shuchi, D. Louisos, M. McLamb, G. D. Bore-
man, and T. Hofmann, “Photonic Crystals Fabricated by Two-Photon Polymerization with Mechan-
ical Defects,” Optics 4, 300 (2023). (© 2023, MDPL
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the purpose of this study we focus on the one-dimensional photonic crystal geometry
where dielectric periodicity is created along a single axis [1, 2, 7-12].

In order to create the necessary dielectric contrast between layers to induce pho-
tonic bandgaps, different materials are generally used. Often spin coating is used to
deposit series of thin films with carefully controlled thicknesses [13, 38]. Alternative
methods, such as self-assembly, chemical vapor deposition, physical vapor deposition,
and molecular beam epitaxy, are also well established [13, 14]. While these fabrication
approaches have a clear advantage in their scalability, they are restricted in terms of
geometric freedom. Recently, a direct laser writing approach, two-photon polymeriza-
tion, was used to fabricate one-dimensional photonic crystals [11, 15-17, 39]. When
compared with conventional techniques, this approach allows more design flexibility.

In this study, one-dimensional photonic crystals are fabricated from a single dielec-
tric material by two-photon polymerization. As opposed to creating the necessary
dielectric contrast by altering materials, contrast is created by varying the density
between layers. This method of using density-dependent layers to fabricate high-
contrast photonic crystals has been successfully demonstrated in the infrared and
terahertz spectral ranges [7, 11, 17, 23, 30].

While the highly reflective photonic bandgap is, in itself, a versatile feature for
spectral-filtering applications, it is possible to add additional spectral control by dis-
rupting the spatial or dielectric periodicity of the photonic crystal. Such defects can be
designed so that narrow transmission bands may exist within the otherwise reflective
photonic bandgap. The ability to induce these narrow defect transmission bands has
been well documented [1, 2, 8, 12, 30, 40-42]. The applications for one-dimensional
photonic crystals with defects range from sensors [3, 4] and narrow-band filters [5]
to more complex devices, such as enhanced Faraday rotators [1] and omnidirectional
bandgap filters [2].

The spectral capabilities of photonic crystals can be taken a step further through
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mechanical manipulation. Studies involving the structural alteration of photonic crys-
tals by mechanical stimuli have increased in recent years [6, 12, 20, 21]. Many of
these investigations demonstrate that the photonic crystal’s spectral features may be
controlled by mechanically straining the structure [20-22|. In the one-dimensional
photonic crystal case, spectral features have an innate sensitivity to changes in geo-
metric parameters such as layer thickness. Exploiting this sensitivity, one-dimensional
photonic crystals can be designed such that the layers consist of mechanically flex-
ible constituents and, thus, the layer thickness can be mechanically varied. Such
configurations in one-dimensional photonic crystals have been used to control layer
thicknesses by mechanical force |23, 24, 39|.

The use of photonics for mechanical sensing is a growing and well established
field. Depending on the desired sensitivity, several system designs have proven to
be effective. Three designs which have been of particular interest in mechanical
sensing are Mach—Zehnder interferometers [43, 44|, photonic micro-electromechanical
systems [45-47|, and fibre bragg gratings [48]. Using these methods, the ability
to sense small mechanical changes ranges from highly sensitive, in the order of
12 pm/MPa [46], to relatively insensitive, in the order of 0.2 pm/Pa [44]. Applications
for devices which provide photonic mechanical sensing range from MOEMS [35, 45]
to more sophisticated systems, such as micro-robotics [35] and internal biological—
pressure sensing [49].

Initial demonstrations of the ability of one-dimensional photonic crystals composed
of high- and low-density layers to combine optical and mechanical capabilities were
designed for the terahertz spectral range. These one-dimensional photonic crystals
were fabricated by stereo-lithography. With success in the fabrication of high-contrast
one-dimensional photonic crystals [7], the ability to induce defect resonances by intro-
ducing a centralized defect layer was investigated [30]. Following these studies, active

mechanical tuning of the photonic bandgap was realized by introducing cantilever



41
arrays to the low-density layers. As a function of compressive force, the photonic
bandgap experienced spectral shifting [23]. Combining concepts from these studies,
a central air-gap defect layer was designed such that the defect layer thickness could
be mechanically controlled. By varying the thickness of this defect layer, tuning of
the defect resonance within the photonic bandgap was demonstrated for the first
time [50].

Many of these same concepts have been demonstrated in the infrared spectral range
using two-photon polymerization [11, 17, 39]. We previously demonstrated the abil-
ity to induce narrow transmission bands produced by defect resonances in reflective
photonic bandgaps [17]. Recently, we showed the ability to allow dynamic spectral
control of the photonic bandgap by introducing mechanical flexures in the low-density
layers of the photonic crystal [39]. Inspired by the terahertz demonstration (Ref. 50),
the purpose of this study was to combine these concepts to create a one-dimensional
photonic crystal for the infrared spectral range, whose transmissive defect resonance
within the reflective bandgap can be mechanically tuned. By introducing a central-
ized defect layer, composed of an array of sub-wavelength mechanical flexures, the
spectral location of a defect resonance was controlled by compressive force. This opto-
mechanical sensitivity may prove useful in applications, such as those in MOEMS and
micro-robotics [35].

As science advances, there is a persistent need to miniaturize in order to pro-
vide more functionality without increasing the size of the system. As a result, two
photon polymerization has become a popular approach for the development of micro-
actuators [51]. Devices fabricated using this process have demonstrated the ability
to provide a mechanical action as a function of external stimuli. There are many
methods of stimulation which are being explored for actuation. A few which have
recently been realized experimentally include electro-magnetic and chemical stimu-

lation [35, 52-54]. The development of actuating devices on the micro-scale is an
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essential step to fulfilling the demands of future technology.
3.2.2  Design, Fabrication, and Characterization

A simple stratified layer optical model (WVASE32, J.A. Woolam, Co., Lincoln,
NE, USA) was employed to design the one-dimensional photonic crystal. This model
calculates the spectral response of a given stratified layer design using the Fresnel
equations in conjunction with thin film interference expressions. The photonic crystal
is modeled as a stack of three dielectrics. These dielectrics are termed the high-density,
low-density and defect layers. The permittivity of the high-density layers, which are
composed entirely of a resin compatible with two-photon polymerization (IP-Dip),
were taken from Ref. 28. The permittivity for both the low-density layers and defect
layer, as shown in Figure 3.5, were calculated using the Bruggeman effective medium

approximation given by [29]:

) = 3{BA~ Da) + @ - 3f)aw) = (3.1)
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In this approximation, the effective permittivity for the low-density layers is cal-

N

culated using the properties of the inclusions ¢; and host medium ¢,,. In this design,
the inclusions are composed of the same photosensitive polymer (IP-Dip) as the high-
density layers €;(w) = €p_pi,(w). The host medium in this case is air ¢, = 1. The
volumetric fill factor f; describes the spatial ratio of inclusions to host medium within
these layers. For this approximation to accurately describe the dielectric response of
the low-density and defect layers, it is essential that the geometric features within

these layers be sub-wavelength.
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Figure 3.5: The spatial layer arrangements and layer permittivities used to model the
optical response of the designed photonic crystal can be seen. Permittivities with the
superscript “eff” are calculated using the Bruggeman effective medium approximation
given in Equation (3.1). The permittivity with a subscript “IP-Dip” is used for the
high-density layers which are composed entirely of the photosensitive polymer used
in this study.

A geometry was designed such that a photonic bandgap was induced at w = 2500
cm™' (A = 4 pm), and was, thus, centered in a transparent region for IP-Dip [28].
This geometry can be seen in Figure 3.6. The designed photonic crystal is composed
of 14 alternating layers of high- and low-density with a centralized mechanical defect
layer. The nominal thickness of the high-density and low-density layers are 3.35 pm
and 2.92 pm, respectively. The low-density layers are composed of an array of sub-
wavelength pillars, each with a diameter of 1.20 pm. The pillars are arranged in
a square lattice with periodicity of 2.40 pm. The thickness of the defect layer is
6.63 pm. It consists of an array of bow-tie flexures, similar to those shown in Ref. 24,
arranged in a square lattice with periodicity of 2.85 pm. Based on these geometries,
the volumetric fill factor for the low-density and defect layers were calculated as
fi = 0.20 and f; = 0.02, respectively. The square base of the photonic crystal is

49.2 pm x 49.2 pm.
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Figure 3.6: CAD model of the designed one-dimensional photonic crystal under study.
The photonic crystal is composed of 14 alternating layers of high- and low-density with
a centralized mechanical defect layer. The nominal thicknesses of the high-density,
low-density, and defect layers were modeled to be 3.35 nm, 2.92 pm, and 6.63 pm,
respectively.

The designed one-dimensional photonic crystal was fabricated using a commercially
available two-photon polymerization system (Photonic Professional GT, Nanoscribe,
GmbH, Karlsruhe, Germany). Using this system, the photonic crystal was poly-
merized on a fused silica substrate. The bow-tie flexures used in the defect layer
approached the resolution limits of the two-photon polymerization system. Due to
this, it was essential to isolate the bow-tie array to observe the effects of fabrica-
tion parameters on the resulting geometry. The optimization method followed in this
study was discussed in detail in a previous study, where similar bow-tie flexures were
designed for use in the low-density layers of photonic crystals [39].

A dose matrix was performed where scan speed and laser power were varied. Slicing
and hatching distances, which define the space between consecutive laser scans, were
kept constant at 0.2 pm. SEM images were taken of the dose matrix in order to
assess quality. The settings which provided the best results for the flexure layer, as
shown in Figure 3.2, were found to be at a 500 mm/s scan speed and 50% laser power
(maximum 25 kW). It can be seen that, for these parameters, the central region of

the bow-tie was hollow, allowing the array to flex as designed.
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Figure 3.7: Scanning electron microscope image of an array of mechanical flexures.
This array was fabricated with a scan speed of 500 mm /s at 50% laser power (max 25
kW). The periodic arrangement of this array matched that of the mechanical defect
layer in Figure 3.6.

In order to correct for swelling and contraction effects, which occur during fabrica-
tion, scaling factors s were applied to the desired nominal layer thicknesses. Conven-
tionally, layer-specific print parameters would need to be used to nullify these effects.
The scaling factor approach effectively compensates for the variation in volume-to-
surface ratio between the high- and low-density layers without requiring the use of
layer-specific print parameters. The scaling factors used for this study were previ-
ously determined and verified through SEM imaging [17]. The scaling factors for the
high- and low-density layers were vgr = 0.92 and g = 1.30, respectively.

A transparent window of fused silica was selected to act as the compressive compo-
nent, in order to provide transparency in the spectral region of the induced photonic
bandgap, and, thus, allowing infrared reflection measurements during compression.
A 4 x 4 array of the designed photonic crystal was fabricated on the substrate with a
square lattice periodicity of 3 mm. Force was applied to the photonic crystals normal
to the layer interfaces by placing the window material on the 4 x 4 photonic crystal
array. The mass of the window was measured to be 1.37 g. Assuming a uniform force
distribution, the applied force per photonic crystal of 0.84 mN was obtained.

Reflection measurements were taken in the infrared spectral range from 2000 cm™!
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(5.00 pm) to 3000 cm ™! (3.33 pm), with resolution of 2 ecm™'. A HYPERION 3000
infrared microscope (Bruker, Inc.), in combination with a VERTEX 70 Fourier-
transform infrared spectrometer (Bruker, Inc., Billerica, MA, USA), was used for
these measurements. A silicon carbide globar was the infrared light source. The
15x Cassegrain objective, with a square 20 pm x 20 pm aperture provided an av-
erage angle of incidence 6 of 8.7° on the photonic crystal structure in air with an
angular spread of 0.6°. A schematic of the testing apparatus is given in Figure 3.8.
All reflection measurements were taken at room temperature. A bulk gold sample

was used to normalize all reflection measurements.

3.2.3  Results and Discussion

Experimental Fourier-transform reflection measurements (dashed black) taken dur-
ing compressive testing and best-model calculated data (solid red) were plotted, and

shown in Figure 3.9. The measurements were taken with the window in place. For
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Figure 3.8: Cross-sectional schematic of the one-dimensional photonic crystal during
compressive testing. The compressive medium (fused silica) is shown in contact with
the photonic crystal structure. The photonic crystal is illuminated by a Cassegrain
objective. For the 20 pm x 20 pm square aperture setting the average angle of
incidence 6 on the sample was 8.7° (in air) with an angular spread of 0.6°, shown here
as the red beam path regions. This illumination was radially symmetric with respect
to the normal axis.
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the measurements shown in Figure 3.9 (a), Kapton tape with a thickness greater
than the height of the photonic crystals was placed on the edges of the window to
act as a spacer and to prevent compression. In Figure 3.9 (b), reflection measure-
ments were taken without this Kapton tape, allowing the window to come in contact
with the photonic crystals and compress the structures. Both (a) and (b) show a

photonic bandgap centered at 2535 cm ™.

As a 0.84 mN compression was applied
to the photonic crystal, defect resonance shifted into the photonic bandgap. Here, a
very good agreement could be seen between the experimental data and the best-fit
stratified-layer optical model.

The stratified-layer optical model of the design was used to perform the best-fit
analysis of the experimental data. The dielectric functions of IP-Dip, the compressive
medium and substrate (fused silica) were previously determined using spectroscopic

ellipsometry and were not varied in this model [28, 55]|. A fit analysis was performed by

varying geometric model parameters, including the following: high- and low-density
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Figure 3.9: Experimental reflection measurements (black dashed lines) taken before
(a) and during (b) compression of the photonic crystal and best-fit models (red solid
lines). Measurements were taken through the fused silica window. The feature domi-
nating the spectra was the photonic bandgap, which was centered around 2535 cm™!.
During compression, a transmissive defect resonance was observed within the pho-
tonic bandgap. The experimental and best-model calculated reflection data were in

good agreement.
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layer thicknesses, defect layer thickness, and the volumetric fill factors for both the
low-density and defect layers. A Levenberg-Marquardt-based algorithm was used to
vary the model parameters until a best-fit was reached between the calculated and
the experimental reflection data.

The best-fit model layer thicknesses for the uncompressed photonic crystal (Fig-
ure 3.9 (a)) were determined to be (3.165 £ 0.015) pm for the high-density layer,
(2.937 + 0.026) pm for the low-density layer, and (6.7 £ 0.1) pm for the defect
layer. The best-fit volumetric fill factor for the defect layer was determined to
be f; = 0.02 £ 0.02. The best-fit model layer thicknesses for the compressed photonic
crystal (Figure 3.9 (b)) were determined to be (3.202 £ 0.033) pm for the high-
density layer, (2.844 + 0.025) pm for the low-density layer, and (4.1 + 0.1) pm for
the defect layer. The best-fit volumetric fill factor for the defect layer was determined
to be f; = 0.33 4+ 0.08. During the best-model analyses the overall layer thickness
non-uniformity and the low-density volumetric fill factor was assumed to be consis-
tent between uncompressed and compressed states. The calculated layer thickness
non-uniformity and low-density volumetric fill factor were found to be 4.4 4+ 0.7 and
fi = 0.41 £ 0.02, respectively.

During compression, the defect layer thickness was calculated and shown to have
reduced to (4.1 £ 0.1) pm from (6.7 & 0.1) pm. Based on this layer displacement,
the defect layer, as an array, showed a stiffness of 315 pN /pm to the applied 0.84 mN
compression. Since the defect layer consisted of an 18 x 18 array of bow-tie flexures,
this suggested the spring constant of a single flexure was roughly 0.97 pN /um following
Hooke’s Law.

To verify elasticity in the defect layer, reflection measurements were taken before
and after the compression of the photonic crystal structure. These measurements
are given in Figure 3.10. For this comparison, measurements were taken without the

presence of the window. The lack of compressive loading resulted in an increase in
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Figure 3.10: Experimental reflection measurements of the photonic crystals before
(black) and after (red) compressive testing. Both measurements were taken in air,
without the presence of the fused silica window. A slight amplitude change was
observed as a result of the compressive testing. No other spectral changes to the
photonic bandgap were distinguishable.

bandgap amplitude when compared with the measurements in Figure 3.9. The black
curve in Figure 3.10 reflects the situation before any compressive contact was made
with the photonic crystal structure. The reflection spectra given by the red curve
refer to the situation after the compressive load was removed from the photonic crystal
structure. The defect-mode resonance which was present during contact (Figure 3.9b)
was no longer located within the photonic bandgap. It can be seen that the amplitude,
broadening, and spectral center of the photonic bandgap were very near to those

measured before compression (black).
3.2.4  Conclusions

A one-dimensional photonic crystal with a mechanical defect layer was fabricated
by two-photon polymerization. Under compression, a defect resonance was induced
within the observed photonic bandgap. Best-fit analyses of the measured reflection

spectra were performed using a simple stratified-layer optical model. Very good agree-
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ment between the measured and optical model calculations was observed. The best-fit
calculated layer thicknesses were found to be within £6% when compared with the
nominal layer thicknesses. Confidence intervals for the calculated layer thicknesses
were comparable to a previous publication, where modeled layer thicknesses were
verified by scanning electron microscope imaging [17]. The best-modeled volumetric
fill factor for the low-density layers was calculated to be higher than the nominal fill
factor. This indicated that the pillar diameters were wider than designed, resulting in
the overall larger volume of inclusion material (IP-Dip) within these layers. This may
have been a result of swelling effects, which are known to occur during the sample
rinsing process [17].

The change in thickness of the defect layer as a result of compression was calculated.
This displacement was used to estimate the stiffness of the bow-tie flexures used in the
defect layer array. The spring constant of a single bow-tie flexure was calculated to be
0.97 uN/pm. When compared with previously reported microsprings of similar geo-
metric scale fabricated by two-photon polymerization, this spring constant was found
to be in the same order of magnitude [56]. It was also observed that the volume
fill factor for the defect layer increased during compression. This aligns with ex-
pected compression effects. As the layer thickness decreases there is a larger inclusion
(IP-Dip) to host medium (air) ratio within this layer.

To verify the elasticity of the defect layer, reflection measurements were taken
before and after compressive testing. These measurements verified that the photonic
bandgap returns to its original spectral response once compressive force is removed.
Changes to the bandgap were unremarkable. These measurements suggest that, after
removing the compressive force, the defect layer expands, allowing for the defect
resonance to return to its original location, outside the photonic bandgap. Based on
this relaxation of the defect layer, composed of a flexible bow-tie array, we suspect

this degree of compressive force did not cause appreciable plastic deformation in the
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photonic crystal.

The observed spectral response, as a result of changes in defect layer thickness,
aligned with that of our previous terahertz study [50]. In contrast to the terahertz
study, where the defect layer was designed to be an air gap, the defect layer here
was attached to the photonic crystal, thus fixing the initial thickness as a result of
the bow-tie array geometry. When comparing the degree of defect resonance shifting
between these studies, the degree of compression necessary to induce a centralized
defect resonance reduced by roughly 50%. Thus, the photonic crystal presented in
this study demonstrates a higher sensitivity to changes in layer thickness than what
has been previously reported.

The presented results demonstrate the first successful fabrication of a one-dimension-
al photonic crystal with a mechanically tunable defect, fabricated by means of two-
photon polymerization. As designed, the presence of a defect resonance was controlled
by applying a compressive force to the photonic crystal structure. Very good agree-
ment was found between the experimental and model calculated data. Using the
defect layer thicknesses obtained from performing best-model analyses of the exper-
imental spectra, the mechanical properties of the defect layer were estimated. The
calculated mechanical properties of a single flexure agreed with spring constants re-
ported previously for microsprings fabricated by two-photon polymerization from the
same material (IP-Dip) on this same geometric scale [56]. Based on the findings of
this study, we feel the designed one-dimensional photonic crystal can function as a
sensitive mechanical sensor. Such functionality is desired in applications, such as

microrobotics, and in MOEMS systems [35].
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CHAPTER 4: DIFFRACTIVE OPTICS FOR MICRO-MECHANICAL
APPLICATIONS

4.1  Towards Two-Photon Polymerization-Compatible Diffractive Optics for

Micro-Mechanical Applications

Diffractive optics are structured optical surfaces that manipulate light based on the
principles of interference and diffraction.! By carefully designing the diffractive op-
tical elements, the amplitude, phase, direction, and polarization of the transmitted
and reflected light can be controlled. It is well-known that the propagation of light
through diffractive optics is sensitive to changes in their structural parameters. In this
study, a numerical analysis is conducted to evaluate the capabilities of slanted-wire
diffraction gratings to function opto-mechanically in the infrared spectral range. The
slanted wire array is designed such that it is compatible with fabrication by two-
photon polymerization, a direct laser-writing approach. The modeled optical and
mechanical capabilities of the diffraction grating are presented. The numerical re-
sults demonstrate a high sensitivity of the diffracted light to changes in the slant
angle of the wires. The compressive force by which desired slant angles may be
achieved as a function of the number of wires in the grating is investigated. The abil-
ity to fabricate the presented design using two-photon polymerization is supported by
the development of a prototype. The results of this study suggest that slanted-wire
gratings fabricated using two-photon polymerization may be effective in applications

such as tunable beam splitting and micro-mechanical sensing.

!Reprinted with permission from V. P. Stinson, U. Subash, M. K. Poutous, and T. Hofmann,
“Towards Two-Photon Polymerization-Compatible Diffractive Optics for Micro-Mechanical Applica-
tions,” Micromachines 14, 1319 (2023). (©) 2023, MDPL.
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4.1.1 Introduction

Diffraction gratings have a wide range of applications such as holography, spec-
tral analysis, integrated optics, quantum electronics, etc. [1]. For applications such
as spectral filtering [2, 3|, antireflection [4], and waveguide coupling [5], diffractive
gratings are used to optimize the system transmission efficiencies. Other applica-
tions such as pulse shaping, mode locking, Q) switching, multiplexing, demultiplexing,
spatial light modulation, and multiple-beam generation also depend on gratings [1].
While all these applications are distinct, they all exploit the same basic diffraction
properties of a grating.

Slanted-wire gratings are an efficient design for light coupling into waveguides,
which is essential in applications such as liquid crystal displays, virtual reality dis-
plays, and backlighting and has been studied for over a decade [6]. While these
applications are in the visible regime, slanted gratings are also optimized for perfor-
mance in the infrared regime for applications such as multi-mode interference (MMI)
couplers [7]. Slanted gratings have advantages over traditional binary rectangular
gratings as they can be operated at normal incidence, a useful feature in integrated
optics, as it eases the complexity of alignment.

Slanted gratings are fabricated mainly using electron-beam lithography and reactive
ion etching (RIE) processes. To etch at oblique angles, an equipotential Faraday cage
is placed over the substrate resting at an oblique angle with the platten of the etching
chamber [8]. Fabrication by focused ion beam etching using an alumina hard mask
and iodine gas have also been reported [9]. Fabrication errors such as a deviation
from the nominal design depth, fill factor, and distorted side walls are common in
RIE-fabricated gratings due to shadowing effects [10].

While these approaches have advantages in their scalability, they require the use of
sophisticated processes that can be costly and time consuming and are not applicable

for rapid prototyping. The use of additive manufacturing to fabricate optics has seen
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attention in recent years [11]. The main advantage of 3D-printing processes is their
ability to synthesize nearly arbitrary geometries. Two-photon polymerization has
been the additive-manufacturing technique of choice for the development of optical
devices for applications in the visible and infrared spectral range. Using this tech-
nique, resolutions can be attained below the diffraction limit of the light source [11].
This was first demonstrated in 2001 by S. Kawata et al., who successfully printed a
bull figurine with feature sizes of 120 nm [12].

The ability of two-photon polymerization to fabricate nearly arbitrary geometries
on a sub-wavelength scale is a powerful tool in the development of structures that
manipulate light by diffraction. The applications of diffractive optics fabricated with
this technique are expansive, ranging from biological applications such as fiber-optical
microendoscopy [13| to wide-scope “lab on a fiber” devices for applications in chemical
and temperature sensing [14].

In addition to the synthesis of optical devices, two-photon polymerization has been
implemented in fabricating micro-mechanical systems [15-18|. Structures fabricated
with this approach can be designed to have elastic functionality. As interest has grown
in this area, studies have been conducted to characterize the mechanical properties of
many two-photon polymerization-compatible resins [19-22|. These mechanical prop-
erties have been exploited to develop devices such as micro-electromechanical systems
(MEMS) [16], biomaterial scaffolds [17], and magnetic micro-robots [18].

There is interest in combining optical and micro-mechanical capabilities in a single
device. These devices are often termed “MOEMS,” which stands for micro-optical
electromechanical systems. MOEMS have a range of applications in fields such as
communication technology, medicine, and aerospace [23|. The utilization of MOEMS
ranges from simple micro-mirror arrays [24| and photonic switches [25] to more so-
phisticated applications such as micro-spectrometers [26]. However, reports on de-

vices with opto-mechanical capabilities fabricated by two-photon polymerization are
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scarce [27-29).

Micro-scale slanted-wire arrays have been realized with two-photon polymeriza-
tion [30, 31]. The slanted wires fabricated in these studies are on a scale that could
function in the infrared spectral range as diffractive gratings. However, there has not
yet been an investigation of slanted-wire diffractive gratings fabricated with this tech-
nique. The fabrication of slanted-wire gratings using two-photon polymerization could
be an impactful next step in diffractive optics. While these off-axis gratings currently
require a more sophisticated fabrication approach than axis-symmetric gratings, they
pose no additional intricacies for fabrication with two-photon polymerization.

In this study, we numerically investigate the potential of combining the mechanical
properties of a two-photon polymerization-compatible material (IP-Dip) with the
unique functionality of slanted-wire diffraction gratings. Using a rigorous coupled-
wave analysis approach, a slanted wire grating geometry is optimized to transfer power
between the Oth and 41st order as a function of compression. The mechanical nature
of the designed slanted wire grating is then investigated using finite element method
simulations. The promising results of this numerical investigation suggest slanted-wire
gratings fabricated with two-photon polymerization may be effective in applications
such as micro-mechanical sensing and tunable beam splitting. The ability to realize
the designed grating with two-photon polymerization is verified by the fabrication
of a prototype. The quality of the prototype is determined using scanning electron

microscope (SEM) imaging.
4.1.2  Model Design

General diffractive concepts can be used to explain the distinct diffractive char-
acteristics that are frequently observed in slanted-wire gratings. The slant angle is
specifically selected to be close to the first Bragg angle, to increase the first diffracted
order efficiency [32]. The structure parameters of the grating were designed such

that only the Oth and +1st diffracted orders will be able to propagate under normal
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incidence conditions. This follows directly from the diffraction equation:
ng sin By, — n;sinf; = m (%) sin ¢, (4.1)
m = 0,£1,4£2,+3 ...
where n; and n; are the indices of refraction of the incident and transmitted directions,
respectively. A and ¢ are the period and slant angle, respectively, as seen in Figure 4.1,
and 6, and 6; are the diffracted angle for the mth order and the incident angle,
respectively. As the ratio Asin¢/A approaches 1, the value of orders m for which the
diffracted angle is real approaches zero (Equation (4.1)), indicating that the diffracted
orders become progressively evanescent. Light propagates through the grating medium
only for diffracted orders resulting from real angle values. This relationship can be
exploited to effectively limit the number of propagating orders to two. This can be
achieved by intentionally designing the grating period A such that it closely matches
the operating wavelength \.

Rigorous coupled-wave analysis was used in combination with the diffraction equa-
tion to calculate the diffraction efficiency, as well as the diffraction angles 6, [1]. The
investigated slant angle range was restricted from 35° to 45° in order to minimize the
possible inaccuracies that may result from deformations in the wire geometry during
compression.

The material that was selected to design the grating for these simulations was
a two-photon polymerization-compatible resin (IP-Dip). This resin provides trans-
parency bands in the infrared and allows nanoscale resolution using two-photon
polymerization [33, 34|. The optical properties of IP-Dip that are used in this model
have been previously determined using spectroscopic ellipsometry and are described
in detail in Ref. 33. As a starting configuration, the geometric structure parameters
were adapted from a previous investigation of slanted-wire arrays that were success-

fully fabricated from IP-Dip using two-photon polymerization (see Ref. 31).
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The slanted wire grating is described by several structure parameters. These pa-
rameters are shown in the inset of Figure 4.1. The wire width w, length L, and
periodicity A were varied in order to optimize the transmitted diffraction pattern.
The slant angle ¢ was set to 45°. The design wavelength was selected to be 4 nm.
X-axis linearly polarized light at normal incidence is assumed, which follows the in-
plane direction of the slanted wires, as shown in the inset of Figure 4.1. Fused silica
is selected as the substrate due to its compatibility with two-photon polymerization
fabrication. The dielectric properties of the substrate were determined using spectro-
scopic ellipsometry.

Following the selection of the grating parameters, mechanical analysis was con-
ducted. The Structural Mechanics module of COMSOL Multiphysics was used for
finite element method mechanical simulations of a single slanted wire. The slanted
wire is assumed to be an isotropic linear elastic material. During computation, the
mechanical deformation was calculated using a 6 x 6 elasticity matrix [35].

The mechanical properties used for IP-Dip in this model were taken from Refs. 21
and 22. The design used for mechanical simulation is given in Figure 4.2. The config-
uration consists of three main parts, upper and lower platforms and a single slanted
wire. The platforms act as regions of attachment. The lower platform simulates

the substrate on which the slanted wires are fabricated and thus, it remains fixed

N/ sin(¢)
NG
O
y & ¢
X W
Figure 4.1: CAD model of the slanted-wire diffraction grating investigated here. Dur-

ing simulation, the wire width w, length L, x-axis projection of the grating period
A/sin ¢, and slant angle ¢ were varied to optimize the design.

Vo
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Reference Point

Fixed Base

Figure 4.2: Design used for mechanical simulation in COMSOL Multiphysics. Top
and bottom platforms can be seen on each end of a single slanted wire. The bottom
platform is fixed while the top platform and wire are free bodies. Displacement of the
slanted wire is measured with respect to a reference point on the top of the slanted
wire, indicated by the red dot in the diagram.

during simulation. The upper platform acts as the object that is compressing the
slanted wire. The upper platform and slanted wire are free-moving, allowing them
to displace and deform during simulation. As the applied force is varied, the z-axis
displacement of the reference point on the slanted wire is monitored. This reference

point is indicated by the red dot in Figure 4.2.
4.1.3  Results and Discussion
4.1.3.1  Optical Simulations

The slanted-wire-grating geometry was optimized such that the transmitted diffrac-
tion order efficiencies would vary as a function of the slant angle ¢. Practically, such
a variation can be achieved by compression. Since compression is proportional to
changes in the slant angle, the wire width w, length L, and x-axis periodicity A/sin ¢
were optimized using parametric sweeps to maximize the contrast in transmission
efficiency as a function of the slant angle. It is worth highlighting that the diffraction

orders are insensitive to changes in the y-axis periodicity. Thus, this periodicity can
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be selected based on fabrication constraints.

The greatest contrast was found for the configuration w = 2.25 pm, L = 10 pm,
and A/sin ¢ = 4 pym. The calculated transmission efficiencies and geometry can be
seen in Figure 4.3. As the slant angle is varied between 35° and 45°, the transmission
efficiencies of the Oth (black) and +1st (red) orders share an inverse relationship while
the —1st (blue) order efficiency is effectively suppressed. As the grating is compressed,
resulting in a reduction in the slant angle ¢, the power is coupled from the Oth order
(Op = 0°) to the +1st order (0.4 = 46°). For small variations in the slant angle
between ¢ = 45° and ¢ = 35°, the power transferred from the Oth to the +1st order
fluctuates from a minimum of 3% at ¢ = 45° to a maximum of 70% at ¢ = 35°. The
power is equally shared between the Oth and +1st order at ¢ = 38.4°. It is observed
that the —1st order is suppressed for all slant angles within this range.

The diffraction angles of the Oth and +1st orders were investigated as a function of
the slant angle ¢. It was observed that as the slant angle was varied, the diffraction

angles remained constant, as shown in Figure 4.4. In this diagram, two slant angles
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Figure 4.3: (a) Model calculations comparing the transmitted diffraction efficiencies
for the Oth and +1st orders as slant angle ¢ is varied. An inverse relationship is
seen between the Oth (black) and +1st (red) orders while the —1st (blue) order is
suppressed. (b) The optimized geometry used during this calculation. The values of
the spatial parameters of the wire, w = 2.25 ym, L = 10 pm, and A/sin ¢ = 4 pm,
are shown here.
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1
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Figure 4.4: Diffraction efficiencies and diffraction angles of the Oth and £1st orders
are mapped for two slant-angle (¢) geometries. The efficiencies corresponding to a
slant angle are color-matched. The 45° (blue) and 38.4° (red) slant-angle geometries
are exaggerated for visualization. The arrows indicate the direction of propagation

of the diffracted light.

are compared. The diffraction efficiencies are provided for the different slant angles
by corresponding colors. While the diffraction efficiencies vary between the Oth and
+1st orders as designed, the diffraction angles do not vary.

The constant diffraction angles can be explained by investigating how compression
changes the grating vector K, which results from the orientation of the grating lines
in space and the spatial period, as shown in Figure 4.5. The direction of « is per-
pendicular to the slant of the grating. Its magnitude is inversely proportional to A
(|F] = 2m/A). In Figure 4.5, the grating before and after compression is shown for
two different slant angles ¢, and ¢, with corresponding grating vectors x; and ko.
The angle made by K with the z-axis is equal to the slant angle. The x-component of
K, which is denoted by k, = 27w sin ¢/A, remains constant with compression, whereas
the z-component k, varies. Since the ratio sin¢/A that appears in the diffraction
Equation (4.1) is a constant, the diffracted angles of the Oth and 1st diffracted orders

in transmission are independent of the slant angle.
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Figure 4.5: Comparison of the grating vector for two different slant angles ¢; and ¢,
and their corresponding grating vector K. Here, the x- and z-components for £ and A
are shown. While the z-components of ¥ and A vary for ¢; and ¢,, the x-components
remain constant.

4.1.3.2  Mechanical Simulations

Finite element method simulations were conducted to characterize the mechani-
cal capabilities of a single slanted wire. The geometry used for simulation is given
in Figure 4.3 (b). The structure is defined as an isotropic linear elastic material.
The mechanical properties of IP-Dip that were used during simulation were obtained
from Refs. 21 and 22. These mechanical parameters included Young’s modulus, Pois-
son’s ratio, and density and were estimated to be 2.5 GPa, 0.35, and 1200 kg/m?,
respectively.

Figure 4.6 shows the results of finite element method simulations where a base and
top platform are placed on a single slanted wire to act as attachment interfaces, as

shown in Figure 4.2. The bottom surface remains fixed during simulation. A force is
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applied perpendicular to the top platform. The change in position of a single point is
tracked as the force is varied. This reference point is shown in Figure 4.2. The results
of the simulation are plotted in Figure 4.6. Here, the height change experienced by
the reference point as a function of the applied force is given by the black curve.
Using the calculated height change, the resulting slant angle is calculated. The slant
angle as a function of the applied force is given by the red curve in Figure 4.6.

Based on the results of the mechanical simulation, the spring constant of a single
wire i kgy = 9.62 pN /pum. This value is calculated from the black curve in Figure 4.6
by taking the inverse of the slope, thereby obtaining the relationship between the
applied force and displacement. To predict the stiffness of an entire array of slanted
wires, the array can be treated as individual springs that are in parallel. In paral-
lel, each spring shares the applied force. Applying Hooke’s law, the effective spring

constant kg is then:
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Figure 4.6: Finite element method simulated data showing the effects of applied force
on the geometry of a single slanted wire are shown. The height change (black line)
tracks the z-axis movement of a reference point on a single slanted wire, as shown in
Figure 4.2. The effects on the slant angle (red line) as a function of applied force,
calculated from the height change, are plotted on a second y-axis.
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k‘eff = pk)sw, (42)

where p is the number of slanted wires in an array. Using the effective spring constant
for a given array size, the degree of compression experienced by the array as a function

of the applied force can be calculated using Hooke’s Law [36]:

F = keﬁa, (43)

where a is the displacement of the slanted wire in the z-direction. The force necessary

to reach a desired slant angle for an array of slanted wires can be approximated by:

F(¢) = kegL[sin(¢o) — sin(¢)], (4.4)

where L is the length of a single wire, ¢, is the fabricated slant angle, and ¢ is
the slant angle desired. kg increases linearly with p (Equation (4.2)); thus, a linear
relationship can be expected between p and the applied force needed to achieve a
desired slant angle.

An analysis of this effect using the geometry given in Figure 4.3 (b) is shown in
Figure 4.7. Here, the force range over which the slanted wires will function such
that the slant angle ¢ is varied between 45° (black) and 35° (blue) is plotted with
respect to the array size p. The grey-lined region indicates the force needed to vary
the slant angle between 45° and 35° as a function of p. The range is limited by the

force required to induce a compression resulting in a slant angle of 35° (blue).
4.1.3.3  Fabrication Using Two-Photon Polymerization

A prototype of the designed slanted-wire grating was fabricated using two-photon
polymerization. A geometry was selected such that the wire width and periodic-
ity would be near that of the grating, as shown in Figure 4.3 (b). A commercial

two-photon polymerization system (Photonic Professional GT, Nanoscribe, GmbH,
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Figure 4.7: Effect of increasing array size p on the applied force necessary to achieve
different wire slant angles. Three slant angles are plotted: 45° (black), 38.4° (red),
and 35° (blue). The grey-lined region indicates the force range over which the slanted
wire array can function as designed.

Karlsruhe, Germany) was used to polymerize the design from the photosensitive resin
IP-Dip. A 63x objective was used to write the structures. The best print settings
were determined to be at 40% laser power (maximum 25 kW) with a 500 mm/s
scan speed. The slicing and hatching distances, used to define the space between
consecutive scans, were both set to 0.2 pm.

An SEM micrograph of the resulting structure is given in Figure 4.8. Here, a 10
x 10 array of slanted wires can be seen with wire dimensions and lattice periodicity
near that of the nominal design provided in Figure 4.3 (b). The quality of the wire

structures appears to be uniform across the array, which fills a 36 x 36 pm? area.
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Figure 4.8: SEM micrograph of a prototype slanted-wire diffraction grating with di-
mensions matching the design in Figure 4.3 (b). The wires are arranged in a square
lattice pattern. The wires are fabricated with high fidelity, demonstrating that me-
chanically modulatable three-dimensional grating structures can be obtained using
two-photon polymerization.

4.1.4  Conclusions

A numerical investigation of slanted-wire gratings compatible with fabrication by
two-photon polymerization was conducted. The optical and mechanical characteris-
tics of the designed grating were evaluated. The grating material used to conduct this
analysis was a two-photon polymerization-compatible resin IP-Dip. Using previously
reported optical and mechanical properties for this resin, the grating geometry was
optimized parametrically to maximize the sensitivity to changes in the slant angle. A
slanted-wire grating prototype was fabricated with two-photon polymerization using
the optimized grating geometry.

As the grating slant angle ¢ is changed under compression between 45° and 35°,
the power transitions from the Oth order to the +1st order. It is observed that
the —1st order is suppressed for all slant angles within this range. The maximum
power transfer is observed at ¢ = 35°, while the power is almost equally shared at
¢ = 38.4°. The diffraction angles of the propagating orders are found to be constant
as the slant angle is adjusted. The diffraction efficiency’s sensitivity to small changes

in the slant angle, while maintaining the direction of propagation, could be valuable
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for applications such as tunable beam splitting.

In order to evaluate the compressive functionality of the designed grating, the
mechanical properties of a single wire were considered. The initial slant angle for the
wire was designed to be 45°. Force was applied to the top-most surface of the wire
along the z-axis to simulate the grating under compression. The change in height was
monitored as a function of the applied force. This displacement was in turn used to
calculate the slant angle as a function of the applied force. The spring constant of
a single wire was calculated to be 9.62 pm/pN and is comparable to experimentally
realized values [37].

Applying Hooke’s law to springs in parallel, the force range over which the slanted
wire grating can expect to operate as a function of the array size was determined.
The force required to attain a slant angle of 35° increases at a rate of 12.8 uN /wire.
Increasing the array size effectively decreases the grating’s sensitivity to the applied
force, which can be exploited to optimize the grating’s functionality over a desired
compressive force range. By monitoring fluctuations in either of the propagating
diffractive orders, the degree of compression can be determined. These results suggest
that the grating may be appropriate for applications in micro-mechanical sensing. An
advantage of this sensor would be in the ability to detect mechanical changes without
needing physical access to the grating.

To verify the ability to fabricate the slanted-wire grating described in this study
using two-photon polymerization, a prototype was developed. The geometry for this
prototype was selected to match the optimized geometry presented. The quality of the
fabricated array was determined using scanning electron microscopy. It is observed
that the fabricated array geometry is near that of the nominal design. The quality of
the slanted wires appears to be uniform across the array.

In summary, a numerical study of slanted-wire diffraction gratings compatible with

two-photon polymerization was conducted. It is observed that the propagating diffrac-
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tion orders of the designed grating are extremely sensitive to small changes in the
slant angle. This feature, coupled with the mechanical properties the two-photon
polymerization-compatible material IP-Dip, supports the use of such a grating in ap-
plications such as tunable beam splitting and micro-mechanical sensing. By varying
the constituent geometry and array size, the grating can be optimized to function

over a range of wavelengths and compressive forces.
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4.2 Slanted Wire Diffraction Gratings Fabricated by Two-Photon Polymerization

Slanted wire diffraction gratings are difficult to fabricate using conventional etching
approaches, due to their off-axis symmetry.? In this study, we present the first fab-
rication of slanted wire diffraction gratings by two-photon polymerization and verify

the diffractive characteristics.
4.2.1 Introduction

Diffractive gratings are used in many modern technologies such as holography, spec-
tral analysis, integrated optics, and quantum electronics [1]. Slanted-wire gratings are
particularly effective in waveguide coupling applications [6]. In contrast to rectan-
gular binary gratings, slanted wire gratings can populate higher diffractive orders
asymmetrically at normal incidence, a useful feature in integrated optics.

Traditionally, slanted wire gratings have been mainly fabricated by electron-beam
lithography and reactive ion etching. To achieve the necessary off-axis symmetry, the
substrate must be etched at oblique angles, making its fabrication more challenging
than axis-symmetric gratings [8]. In this study, we expand upon a recent numerical in-
vestigation which considered the opto-mechanical potential of slanted wire diffraction
gratings fabricated by two-photon polymerization [38]. As an additive manufacturing
technique, the off-axis symmetry of these gratings pose no additional intricacies when
fabricated by this approach.

Using a rigorous-coupled wave approach (RCWA), a slanted wire grating geometry
was optimized for operation at 633 nm. Using this design, the grating was fabricated
using two-photon polymerization and it’s diffractive characteristics were determined.
While deviations were observed from the nominal design, likely due to fabrication

errors, the asymmetric population of higher diffraction orders is observed and found

2Reprinted with permission from V. P. Stinson, U. Subash, N. Shuchi, M. K. Poutous, and T. Hof-
mann, “Slanted Wire Diffraction Gratings Fabricated by Two-Photon Polymerization,” accepted for
CLEO: Science and Innovations, (2024). (© 2024, Optica Publishing Group.
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to be in good agreement with RCWA calculation results, thus confirming the off-axis
wire alignment. The results of this study demonstrate the fabrication of slanted wire

diffraction gratings by two-photon polymerization for the first time.
4.2.2  Modeling, Fabrication, and Characterization

The optical response of the slanted wire diffraction grating was modeled using a
rigorous coupled wave approach in combination with the diffraction equation. The
dielectric properties of IP-Dip, a two-photon compatible resin, were determined pre-
viously using spectroscopic ellipsometry [39]. Fused Silica was selected as the sub-
strate. Using parametric sweeping, the geometry of the slanted wire array, including
wire width, wire length, slant angle, and grating period were varied. To demonstrate
asymmetric population of diffraction orders at normal incidence, the grating was op-
timized to populate the 0" and +1° orders while suppressing the —1% order. The
optimized geometry for operation at 633 nm using x-polarized light can be seen in
Fig. 4.9 (c) and the resulting diffraction pattern is given by the solid black curve in
Fig. 4.9 (b).

The array was fabricated by two-photon polymerization using the Nanoscribe Pho-
tonic Professional GT system. The 63x objective was selected, the scan speed was
set to 10,000 mm /s and laser power to 60% (maximum 25 kW). A 110 pm x 125 pm
patch was patterned in order to create a roughly 2 mm x 2 mm array area. Microscope
images taken at 10x (inset) and 100x of the fabricated array are shown in Fig. 4.9 (a).
At 10x magnification, a checkered pattern can be seen as a result of stitching between
the 110 pm x 125 pm patches.

The diffractive characteristics of the fabricated sample were tested using a linearly
polarized 633 nm source. A Thorlabs Standard Photodiode Power Sensor, mounted
on a rotation stage, was used to measure the diffraction efficiencies at various angles.
The deviation from the nominal geometric design was determined using a parametric

optimization, which implements a downhill simplex, in order to find agreement with
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Figure 4.9: (a) Microscope images taken of a portion of the fabricated slanted wire
array at 10x (inset) and 100x magnification. In the 10x image, a checkered pattern
can be seen due to the stitching error introduced between adjacent sections, resulting
from movement of the motor stage during the writing process. (b) Experimental (red
dashed line) and model calculated (blue and black solid line) diffraction efficiency
as a function of diffraction angle. (c) Comparison of the nominal and the best-fit
geometries of the slanted wire array.

the experimentally observed diffraction characteristics.
4.2.3  Results

The experimentally measured diffraction efficiencies for the 0" and +1% orders are
given by the red dashed curve in Fig. 4.9 (b). The efficiencies of the —1%¢, 0'' and
+15% orders were found to be 11.240.3%, 36.7£1.1%, and 16.3£0.5%, respectively.
The diffraction angles of the —1%* and +1% orders were —26° and 26°, respectively.
In the nominal design (see Fig. 4.9 (c)), the expected efficiencies of the —1%t, 0*' and
+15% orders were 6.0%, 30.0%, and 52.1%, respectively. The diffraction angles of the
—1%" and +1% orders were —20° and 20°, respectively.

The best-fit geometry, determined by parametric optimization, is given in Fig. 4.9 (c).
Based on this geometry, the efficiencies of the —1%%, 0", and +1% orders were cal-
culated to be 11.3%, 36.9%, and 19.8%, respectively. The diffraction angles of the

—15% and +15% orders were —26° and 26°, respectively. Good agreement can be seen
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between the experimental (red-dashed) and best-fit model (blue solid) data given in
Fig. 4.9 (b).

4.2.4  Conclusions

In this study, slanted wire diffraction gratings fabricated by two-photon polymer-
ization were realized for the first time. Likely as a result of fabrication errors, the
geometry of the investigated sample deviated from the nominal design. From the
experimental results we conclude that the fabricated grating has possible excursions
in periodicity (—16.8%), duty cycle (+25.2%) and phase height (—19.4%). As a
next step, to achieve dimensions closer to nominal, the fabrication parameters can be
altered to compensate for the observed distortions (see Ref. 40).

Due to the sensitivity of gratings to changes in geometry, this deviation affected
the diffractive characteristics. While the difference in efficiency between the —15¢ and
+1% orders in the fabricated sample (9.4%) was less than the nominal model (46.1%),
there is still a clear asymmetry. This asymmetry confirms the off-axis geometry of
the grating, as such asymmetric population can not be achieved at normal incidence

for traditional, axis-symmetric, gratings.
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CHAPTER 5: SUMMARY AND OUTLOOK

In this work, two-photon polymerization has been implemented to fabricate novel
micro-structured optics. Both wavelength-scale and sub-wavelength scale structured
optics were considered for these designs. Mechanically sensitive constituents were
introduced to these designs in order to allow mechanical tuning.

In the first study, a static one-dimensional photonic crystal with an intentional
defect was developed. A narrow transmission band was observed in the center of a
photonic bandgap as a result of this defect layer. In order to exploit the photonic
bandgaps’ sensitivity to changes in layer thickness further, mechanical flexures were
introduced to the low-density layers. By applying compression, it was observed that
the photonic bandgap could be shifted to higher frequencies. It was also observed
that the photonic bandgap shifted back towards lower frequencies as the compression
was removed, verifying the elastic properties of the structure.

Combining the results of these two studies, a photonic crystal with a mechanical
defect layer was designed. The thickness and fill factor of the defect layer was opti-
mized such that upon compression a defect resonance would move into the photonic
bandgap. The defect resonance shift was experimentally verified during compression
and the resonance shifted outside of the bandgap as compression was removed, sug-
gesting an elastic relaxation of the defect layer similar to the low-density design. In
contrast to the low-density design, the photonic bandgap’s amplitude and spectral
center before and after compression was nearly identical. This is likely due to the
rigid characteristics of low- and high-density layers in this design. These layers are
the main contributors to the photonic bandgap’s amplitude and center.

In order to allow more complex control of propagating light, wavelength-scale struc-
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tured arrays were investigated. In this regime, diffractive optics can be developed.
Like the photonic crystals, the optical response of diffractive gratings are very sensi-
tive to geometric changes. A diffractive grating was designed such that the population
of higher orders would be sensitive to changes in the geometry due to compression.
Slanted wire gratings were selected for this investigation. Slanted wire gratings have
an off-axis symmetry, by applying compression to the array, the slant angle of the grat-
ing can be varied. The grating was optimized to be sensitive to changes in slant angle.
The design was mechanically characterized using finite-element method simulations.
Following this numerical study, a slanted wire grating was fabricated by two-photon
polymerization for visible operation for the first time. While the grating’s diffractive
characteristics deviated from the design, likely due to fabrication errors, the off-axis
symmetry of the grating was confirmed.

One obstacle of fabricating structured optics by two-photon polymerization is scal-
ability. For the designs presented in this work, the main applications will be in small
scale settings such as integrated or fiber optics, or in the principle rapid prototyping of
a design before large scale fabrication by an alternative approach. One advantage of
this fabrication approach are that these three-dimensional structures can be printed
directly on a device, such as a photonic integrated chip or fiber optic tip. As the
need for compact dynamic processing power increases, the ability to fabricate nearly
arbitrary structured optics with mechanical sensitivity may play a role in developing

the next generation of technology.
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