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ABSTRACT

MICHEAL J. MCLAMB. Two- and Three-Dimensional Metamaterials for the
Infrared Spectral Range. (Under the direction of DR. TINO HOFMANN)

Plasmonic metamaterials are artificially structured materials with the inclusion of
metallic elements regarded as macroscopically uniform mediums. These materials
showcase adaptable optical characteristics achieved through manipulation of the ma-
terials’ intrinsic geometries at scales much finer than the wavelength of the incident
electromagnetic radiation under consideration.

This dissertation focuses on the fabrication methodologies and applications of
plasmonic metamaterials in perfect absorption and plasmonic sensing. Plasmonic
metamaterials, distinguished by their ability to manipulate electromagnetic radiation
through engineered subwavelength structures, have garnered significant attention for
their potential in various fields, including photonics, sensing, and energy harvesting.

The dissertation examines current fabrication techniques for plasmonic metamate-
rials, focusing on additive manufacturing approaches. The advantages of two-photon
polymerization for the fabrication of plasmonic metamaterials is discussed in detail
along with more traditional techniques like electron beam vapor deposition and atomic
layer deposition. The advantages and limitations of each approach are scrutinized,
laying the groundwork for subsequent investigations into tailored designs for specific
applications.

Building upon the foundation of fabrication techniques, two distinct applications
of plasmonic metamaterials are examined. Firstly, the concept of perfect absorption,
wherein the metamaterial is engineered to efficiently absorb incident electromagnetic
radiation across a narrow spectral range. Through theoretical modeling and exper-
imental validation, novel designs for achieving perfect absorption are proposed and

characterized. The investigated designs leverage the unique optical properties of plas-
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monic metamaterials to enhance light-matter interactions.

Subsequently, the utilization of these architectures for sensing applications is demon-
strated. By exploiting the sensitivity of surface plasmon resonance to changes in the
local refractive index, plasmonic metamaterials offer unprecedented opportunities for
label-free, real-time detection of biomolecules, gases, and other analytes.

This dissertation showcases the potential practical applications of plasmonic meta-
materials in perfect absorption and plasmonic sensing. It contributes to the ongoing
advancement of plasmonic metamaterials and their seamless integration into cutting-

edge photonics and sensing technologies.
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FIGURE 3.1: Represents the unit cell used in COMSOL Multiphysics.
The bar resonator is composed of Au with 38 nm thickness which
rests on a slab of fused silica with a square periodicity of 3 pm.
The length and width of the bar resonator is 2.5 pm and 0.5 pm
respectively.

FIGURE 3.2: Polar plot of the reflectance of the dipole array as a function
of the input polarization. A reflectance maximum appears at 0° and
180°. These angles are marked by a green dot signaling the “on”
state of the metasurface. As the orientation of the polarization profile
shifts the reflection maximum begins to decrease. At iterations on
45° + n - 90° the metasurface is considered to be in the “oft” state
marked by a red dot.

FIGURE 3.3: Displays the schematic of the location and orientation of
metallic bars for the encoded metasurface. The panels on the right
display the image corresponding with the polarization of the incident
electric field. When the incident radiation is polarized in & the meta-
surface will appear in the image of a “1.” When the incident radiation
is polarized in 2y the metasurface results in the image of a “0.”

FIGURE 3.4: An optical microscope image taken in transmission mode
of the metasurface post fabrication to determine the fidelity of the
metasurface. The panels to the right of the microscope image depict
hyperspectral images obtained at A = 6 pm when illuminated with
linear polarization in  and 2y corresponding to the image of a “1”
and “0” respectively.

FIGURE 4.1: (a) The reciprocal metasurface composed of a three-layered
heterostructure: Au bar-antenna array (b), polymer-based fin-array
(c), and a patterned Au surface reciprocal to the rectangular bar
array (d).

FIGURE 4.2: (a) Numerically calculated reflectance (solid) and trans-
mittance (dotted) of the optimized reciprocal plasmonic metasurface
(black) and its individual constituent parts: Au bar-antenna array
(orange) and perforated film (red). (b) Numerically determined re-
flectance map of the reciprocal metasurface as a function of the height
H of the fins valued from 0.5 pm to 1.7 pm. Panel (c¢) and (d) display
the normalized electric field distributions ]E | at the resonant wave-
lengths of 1.55 pm and 2.70 pm, respectively, as indicated by the
black dashed line in panel (b). Panels (c) - (e) and (f) - (h) depict a
second-order harmonic and fundamental harmonic standing wave for
the wavelengths of 1.55 pm and 2.70 pm, respectively.
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FIGURE 4.3: (a) Effective medium optical model of the optimized recipro-

cal metasurface consists of an effective medium sandwiched between
two effective mirrors. Panel (b) shows phase changes at the mirrors
(¢,,,,) and due to the propagation (¢,,). (c¢) Calculated resonant
wavelengths (black dashed lines) with varying quantities of the cavity
height H from 0.5 pym to 1.7 pm, wherein the numerically determined
reflectance map shown in Fig. 4.2 (b) is shown for comparison. Panel
(d) shows the calculated relative amplitude of the confined electric
field |E.,, | inside the effective medium.

av

FIGURE 4.4: Angle of incident-dependent reflectance map calculated for

a cavity height H=1.25 pm for an incidence defined by the angles
0, and 0, along the x- and y-axis, respectively. The polarization
direction of the electric field is always parallel to the x-z plane. The
dispersion of the cavity modes can be clearly observed.

FIGURE 4.5: (a) Nearly perfect absorption with a Q-factor of 20 is ob-

tained at the resonant wavelength of 2.70 pm (red solid line). As
ambient index n, as shown in the inset, deviates from 1 to 1.01, the
resonance peak at 2.70 pum has a 0.02 pm red shift (red dashed line),
shown in the zoomed-in plot. The sensitivity S* and figure of merit
FOM* are shown in (b) and (c) for characterizing the sensing capa-
bility of the reciprocal plasmonic metasurface. Panel (d) indicates
the electric field E strongly localized between the polymer fins when

n 2 Mp pip-

FIGURE 5.1: Depiction of the square unit cell used in COMSOL model-

ing. The metasurface is composed of three layers: an IP-Dip polymer
fin, a 50 nm Au dipole layer atop the fin, and a 50 nm layer surround-
ing the base of the fin. Fused silica is used as a substrate.

FIGURE 5.2: Real €1(\) and imaginary e3(\) part of the model dielec-

tric function of amorphous Al;O3 in the spectral range of 2 pm to
33 pm used for the COMSOL calculations reported here. The model
dielectric function is composed of six Gaussian oscillators with the
parameters summarized in Table 5.1.

FIGURE 5.3: A schematic of the two-step fabrication method used to

synthesize reciprocal plasmonic metasurfaces is shown. (a) Initially,
rectangular fin arrays are additively manufactured using two-photon
polymerization on a fused silica substrate. (b) Post-polymerization,
the reciprocal metasurface sample is metalized using electron beam
evaporation, simultaneously forming the top and bottom layers of
the sample.
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FIGURE 5.4: Experimental reflectance spectrum of the fabricated recip-

rocal plasmonic metasurface without any dielectric coating. The ex-
perimental data were obtained at 8.7° incidence with a polarization
parallel to the long axis of the rectangular fins. The resonance of the
reciprocal plasmonic metasurface can be observed at 4.8 pm. The
absorption feature, located at 5.8 pm, is due to an absorption band
in the dielectric spacer (see Figure 5.1) [35].

FIGURE 5.5: False-color map of the reflectance of the reciprocal plas-

monic metasurface as a function of the coating thickness and wave-
length centered on the plasmonic metasurface resonance (a) and the
IP-Dip absorption band (b), respectively. Whereas a shift of the cen-
ter absorption wavelength as a function of dielectric coating thickness
can be easily observed in (a), the IP-Dip absorption band shown in
(b) is not affected, as expected.

FIGURE 5.6: Experimental results delineating the effects of incremen-

tal conformal coatings of amorphous Al;O3 deposited on reciprocal
plasmonic metasurfaces. The main absorption peak represented in
Figure 5.4 at 4.8 pm red-shifts after 10 nm increments.
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CHAPTER 1: Introduction

1.1  Overview

Several metamaterial designs are presented in this work that have potential appli-
cations in perfect absorption, polarization selective reflectance, and ambient refractive
index sensing as well as a fabrication process for the rapid prototyping of plasmonic
metamaterials using additive manufacturing. The initial chapter details the fabrica-
tion process for a simple arrangement of metallic bars to create a polarization sensitive
reflector which is further altered to create a metasurface that displays two separate
images depending of the linear polarization of the source. The reciprocal plasmonic
metasurface is a perfectly absorbing metamaterial that displays sensitivity to changes
in the ambient index.

Metamaterials are a group of materials that are designed to manipulate amplitude,
phase, and polarization of incident electromagnetic radiation through spatially peri-
odic arrangement of sub-wavelength optical elements [1]. Plasmonic metamaterials
are a subset of metamaterials which utilizes the collective oscillation of electrons on
the surface of a metal known as a surface plasmon polariton. Tuning these metallic
elements such that incident radiation induces these polaritons leads to localization
and enhancement of the electromagnetic fields [2].

The concept of a metamaterial was first alluded to by Russian scientist Victor
Veselago in 1968. Veselago asserted that the permitivity and permeability (e, p) £
0 for materials found in nature and suggested that negative refractive index would
occur if these values were to be simultaneously negative [3]. In the year 2000, Sir
John Pendry published a brief journal article expanding on Veselago’s work and sug-

gested a mechanism for creating a perfectly focusing lens utilizing negative refractive
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index [4]. In 2006, the first experimental demonstration of a functional metamaterial
is produced by David Smith in collaboration with Sir Pendry et. al. in the form
of a microwave cloaking device [5]. Metamaterial research has since been driven by
designing optical components to perform in ways previously thought to be impossible.
Metamaterial capabilities have expanded from a perfect lens and cloaking to energy
harvesting, optical filters, sensors, super-resolution lenses, and thermal emission con-
trol, for instance. Fabrication methods and computing power of simulations have
prevented the effectuation of such devices in the past but new fabrication techniques
and ever-growing capabilities of computers have emerged allowing for the realization
of working metamaterials.

Fabrication of metamaterials includes both additive and substractive techniques.
Examples of subtractive manufacturing include laser cutting, CNC machining, water-
jet cutting, and lithography to name a few. Additive manufacturing techniques in-
clude, two-photon polymerization, material extrusion, and material jetting. There are
advantages and disadvantages for both fabrication processes. Advantages of substrac-
tive manufacturing include the number of suitable materials available, high surface
accuracy, and the lack of post-processing required. On the other hand, substractive
manufacturing may not be able to produce geometries with higher complexity and
leaves material waste that may become expensive. Additive manufacturing provides
a fast and cheap alternative allowing for the rapid prototyping of metamaterials for
a research environment at the cost of manufacturing scalability [6]. This work will
focus on several metamaterial designs and the additive manufacturing processes used

to fabricate them.
1.2 Modeling

Finite element modeling (FEM) is employed to predict the optical response of the
various designs of metamaterials that are described in the following chapters. FEM

is a numerical method of solving partial differential equations within a two- or three-
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dimensional space. These calculations are performed by demarcating sections of the
space with imposed boundary conditions referred to as finite elements to create a
mesh. The dimensions of these individual elements are determined in several different
ways. In the steady state case, elements are modeled using algebraic equations that
locally approximate the original complex partial differential equations of the entire
system.

A generic overview of the modeling process consists of an inclusion of accurate
dielectric function data and the desired geometry. Accurate knowledge of the op-
tical properties of included materials is essential for the design and fabrication of
structured optical materials. Here we use spectroscopic ellipsometry as a precision
optical characterization technique that monitors changes in the polarization state and
phase of incident electromagnetic radiation on a given sample composed of stratified
components. Measuring this change yields ellipsometric parameters ¥ and A which
describe the amplitude ratio and difference in phase between the p- and s- polarized
reflections respectively. This measurement technique is sensitive to the thickness of
the sample constituents and their optical properties. As the thickness increases, there
is an increasing optical path difference. Allowing for a stratified model fitting (J. A.
Woollam’s WVASE) of optical properties and sample geometry independent of one
another [7].

All material properties utilized in FEM calculations are characterized with spectro-
scopic ellipsometry ranging from 2 pm - 30 pm using J. A. Woollam’s IR-VASE. The
majority of simulated constituents composing the metamaterials in this work con-
sist of Nanoscribe’s fused silica, electron-beam deposited Au, air, and Nanoscribe’s
IP-Dip for the case of single-photon polymerization.

The FEM modeling uses a square unit cell with a fused silica substrate with the
desired geometry resting on the substrate plane. The four sides of the unit cell

are configured with periodic boundary conditions to simulate an infinite array of
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sub-wavelength structures. The emitting port is placed above the desired structure
at an arbitrary distance and a receiver placed in the base plane of the substrate.
Perfectly matched layers are included above and below the emitting and receiving
port respectively. A perfectly matched layer mimics a non-reflective interface into an
infinite domain. These perfectly matched layers also contain scattering conditions.
These settings ensure that once light interacts with the unit cell, including Fresnel

reflections, all transmitted light and reflected light escapes the system.
1.3 Fabrication

Two distinct sample geometries are investigated in this work. One geometry is a two
dimensional arrangement of subwavelength features the second is a three dimensional
arrangement of two dimensional surfaces separated by a dielectric spacer.

The bulk of the sample fabrication is performed using additive manufacturing tech-
niques. Two-photon polymerization is a photo-chemical process wherein the advan-
tage lies in the non-linear absorption of the photon. This allows for substrate plane
resolution on the order of 100 nm as well as arbitrary geometry construction. Con-
sidering this spatial resolution, this process is sufficient to fabricate sub-wavelength
structures necessary for metamaterials operating in the near- to mid- infrared. Here
we use Nanoscribe’s Photonic Professional GT2 that employs a linear writing process
and is not suitable for commercial manufacturing. However, this technique excels in
rapidly prototyping samples in lab-based research to provide insight into a sample’s
operating mechanisms and provide proof on concept.

The architecture of the sub-wavelength features of the sample dictate how the
three-dimensional direct laser writing will be utilized. In the case of the presented
two-dimensional plasmonic materials, an inverse thin layer of the desired geometry
will be written and removed after metallization leaving only the desired geometry on
the substrate. For the case of three-dimensional plasmonic materials, the polymer

layer serves as a scaffold suspending one metallic layer above another.
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One metallic constituent, Au, was used in all of the following metamaterial designs.
Au layers were deposited onto existing polymer scaffolds or inverse polymer layers
using electron beam physical vapor deposition via Kurt J. Lesker’s PVD 75 system
at approximate pressures of 5 x 107® Torr. Electron beam deposition is a line of
sight deposition process. It is therefore not suitable for complex three-dimensional
geometries that require coatings in a location that is in the “shadow” cast by the
polymer scaffold. In the case of the metamaterials shown here, a line of sight method
is preferred for creating metallic layers.

Atomic layer deposition (ALD) is employed here to attain conformal coatings of
dielectrics on complex three-dimensional metamaterials, ALD is a subclass of the
chemical vapor deposition (CVD) process with the difference pertaining to how pre-
cursors react. In CVD, volatile precursors are injected into the reaction chamber
under vacuum at the same time to react and degrade resulting in a thin film. The
precursors saturate the surface of a heated substrate where nucleation of the precur-
sors begin to aggregate randomly. In contrast, the majority of ALD procedures are
based on binary reaction sequences, in which two surface reactions take place, and a
compound film is formed. The reactions can only deposit a limited number of surface
species dictated by the surface area of the substrate. Because each surface reaction
is self-limiting, it can be performed in sequential order [8]. Though it is a slower
deposition process than CVD the main advantage of the technique is the capability
to deposit conformal thin films. There are several subsets of ALD pertaining to how
the reaction takes place, such as thermal, plasma-assisted, and spatial ALD. This
work will focus on the thermal oxidation process where the chemical reaction takes

place at the substrate surface.
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CHAPTER 2: Metasurfaces for the infrared spectral range fabricated using

two-photon polymerization

2.1  Overview

Fabrication of metasurfaces is often time consuming and expensive, involving com-
plex lithographic processes.! The maskless fabrication of metasurfaces composed of
rectangular Au bars is reported as a suitable alternative, providing cost-effective,
rapid prototyping of metasurfaces. The investigated metasurfaces were fabricated
using a simple three-step process which is discussed in detail. The fabrication pro-
cess establishes a simple method for producing high fidelity 2D patterns suitable
to synthesize metasurfaces for chemical sensing, beam steering, and perfect reflec-
tion/transmission. Comprehensive polarization-sensitive reflection data reveal multi-
ple resonances in the infrared spectral range. In addition to the dipole and substrate
resonances, a resonance which is attributed to a coupling between the excitation of

the metasurface and the substrate phonon mode is observed.
2.2 Introduction

Metamaterials describe a group of materials designed to have properties typically
not found or existing in naturally occurring compounds [1]. The optical properties of
metamaterials can be tuned by the shape, geometric parameters, composition, and
the arrangement of their constituents |2, 3, 4, 5, 6, 7|.

Metasurfaces are 2D metamaterials which have drawn substantial attention in re-

cent years due to their ability to provide large local electromagnetic field improve-

'Reprinted by permission from Elsevier Inc. M. McLamb, Y. Li, P. Stinson, and T. Hofmann,
“Metasurfaces for the infrared spectral range fabricated using two-photon polymerization,” Thin
Solid Films 721, 138548 (2021).(C) 2021
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ments for directivity, surface-enhanced Raman scattering, and vibrational mode cou-
pling, for instance [8, 9, 10]. Plasmonic metasurfaces are a subset of metasurfaces
for which a coupling with localized surface plasmon excitations further improves the
electromagnetic characteristics of the metasurface |8].

Metasurfaces have been demonstrated using a wide range of constituents from
nanorods, nanodots, to nanobars for which high sensitivity photodetection, hot elec-
tron collection, and biosensing has been observed [11|. There are also promising
applications in energy harvesting, thermal imaging, and thermal emission [11, 12].
Au nanobars have recently been used in plasmonic sensing where they are superior
to traditional structures by offering advantages in parameter control through changes
in structure and index [11].

Several different fabrication methods ranging from photolithography, E-beam depo-
sition, etching, and lift-off to laser induced forward transfer approaches, have been ex-
plored for the fabrication of metasurfaces [8, 13, 14]. In addition, significant progress
has been made in enhancing the fabrication scale of these metasurfaces using self-
assembly processes [13]. While self-assembly processes, in principle, allow scaling to
larger metasurface areas, the accessible constituent geometries are often limited.

Recently, direct laser writing using two-photon polymerization has been explored
for the fabrication of metasurfaces [10, 13, 14]. This approach has the advantage
that it does not require the use of expensive lithographic masks and therefore reduces
fabrication time and cost. It further enables the rapid prototyping of metasurfaces
with different constituent geometries.

In this study we report on the fabrication and polarization optical characterization
of metasurfaces in the infrared spectral range. The fabrication concept presented
here further simplifies the two-photon polymerization configuration and improves the

quality of the fabricated metasurfaces compared to previously used approaches [10].
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Figure 2.1: The metasurface geometry studied here is composed of Au bar resonators
positioned in a square unit cell on a silica substrate. The inset shows a magnified view
of the unit cell. The optimal geometric parameters for a dipole resonance centered at
6 pm were found using finite element model simulations (length = 2.5 pm, width =
0.5 pm, and periodicity = 3 pm). The thickness of the Au bar resonators is 50 nm.

2.3 Design and Fabrication

Finite element model simulations were performed using COMSOL in order to deter-
mine the optimal geometric parameters of a metasurface composed of bar resonators
to produce a strong dipole resonance in the infrared spectral range. The calculations
were carried out using periodic boundary conditions with a unit cell as shown in the
inset of Fig. 2.1. The unit cell consists of a single rectangular Au bar resonator, the
fused silica substrate, and ambient air.

Accurate dielectric function data were obtained for the fused silica substrate (Nano-
scribe GmbH) using ellipsometric measurements in the range from 2 pm - 33 pm (IR~
Vase, J.A. Woollam Co., Inc.) and imported into COMSOL. A single-term Drude
model is employed here to describe the dielectric response of Au in the spectral range
from 2 pm to 16 pm. The Drude model parameters are p; = (3.3 +3 x 1077) X
1079 Q/cm, 7 = (18 + 1.13) fs. The optical response has been verified through in-
frared spectroscopic ellipsometry in the spectral range from 2 pm to 33 pm using a
witness sample. The dielectric function for fused silica and Au is depicted in Fig. 2.2

(a) and (b), respectively.
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Figure 2.2: Real and imaginary dielectric function data €; and ey, respectively, ob-
tained via spectroscopic ellipsometry ranging from 2 pm to 16 pm of (a) fused silica
substrate and (b) Au deposited via electron beam evaporation onto a fused silica
substrate witness sample.

The width and length of the rectangular dipole as well as the periodicity of the array
were varied in order to determine dimensions that would yield a resonance centered
at 6 pm. The height of the resonators was held at a constant 38 nm, which was
determined experimentally by spectroscopic ellipsometry using a fused silica substrate
witness sample. As a result, the bar resonator length and width were determined to
be 2.5 pm and 0.5 pm, respectively.

The investigated metasurfaces were fabricated using a three-step process onto fused
silica substrates ((25 x 25) mm?, 700 pm thick, Nanoscribe GmbH) which were
cleaned prior to the deposition by rinsing with isopropanol-2 and drying with Ns.
First, a patterned sacrificial negative-tone photoresist (IP-Dip) layer was deposited
using a two-photon polymerization process, which allows its maskless fabrication.

The sacrificial layer has a thickness of 200 nm and is inversely patterned to the
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Figure 2.3: Illustration of the three fabrication steps employed here to synthesize
metasurfaces. (a) A sacrificial layer of the inverse desired metasurface geometry is
fabricated using two-photon polymerization (Photonic Professional (GT), GmbH)
with a 63x objective lens immersed in a two-photon polymerization compatible pho-
toresist: IP-Dip (Nanoscribe GmbH). (b) After the polymerization and development
of the inverse geometry, a thin Cr adhesion layer and a Au film are deposited using
e-beam evaporation. (c) Subsequent to the metallization step, the sacrificial layer is
removed leaving only the structured Au metasurface with the desired geometry on
the fused silica substrate.

metasurface depicted in Fig. 2.1. This step is followed by metallization and subsequent
sacrificial layer lift-off. A schematic detailing the process steps for the fabrication of
the metasurface can be observed in Fig. 2.3.

A commercial two-photon lithography system (Photonic Professional GT, Nano-
scribe GmbH) was employed for the patterning of the sacrificial layer. The instrument
utilizes a 780 nm femtosecond laser in conjunction with an inverted microscope and a
63x immersion objective. High resolution direct laser writing is achieved by inducing
the absorption of two photons [15]. This non-linear process results in the polymer-
ization of a spherical volume with a diameter of approximately 200 nm [10, 15, 16].

The position of the voxel in the x-y plane is determined by the motorized sample
stage while the objective is fixed. Further control of the voxel position is achieved
by manipulating the beam using a galvanometer. This allows the position of the
voxel to be adjusted within a circular area in the x-y plane with a diameter of ap-
proximately 200 pm. For the fabrication of the patterned sacrificial layer the vertical

voxel position was at the interface of the substrate and the IP-Dip monomer with
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no additional changes in the vertical voxel position made. To ensure highest pattern
fidelity and interface adhesion the exposure parameters were optimized prior to the
sacrificial layer fabrication by adjusting laser power and write speed [17, 18]. Using
the optimized fabrication parameters the processing of the sacrificial layer can be
achieved in approximately 30 minutes.

After polymerization, excess IP-Dip monomer is removed from the substrate by ver-
tically immersing the sample into propylene glycol monomethyl ether acetate for two
minutes and then into isopropanol-2 for two minutes. Once the excess monomer has
been removed the sample is allowed to air dry at room temperature for approximately
5 minutes.

After the direct laser writing of the patterned sacrificial layer is completed, the
sample was metallized (Kurt J. Lesker PVD 75). Initially, electron beam evaporation
was used to deposit a 7 nm adhesion layer of chromium, sourced from chromium pieces
(99.95%) and, immediately following, a 38 nm Au layer (determined experimentally
using spectroscopic ellipsometry) evaporated from Au pellets (99.99%). Both films
were deposited at a rate of 1 A /s. All depositions were carried out at room temper-
ature at a pressure of 2.53x107° Pa. The substrate holder was rotated during the
deposition at approximately 15 rpm to ensure a homogeneous film thickness across
the entire sample.

After the metallization, the sacrificial photoresist layer was removed by plasma
cleaning at 150 watts and a 12 SCCM flow of Oy (Tergeo Plus, Pie Scientific). After
the plasma cleaning the substrate is completely immersed in acetone until the sacri-
ficial photoresist layer is lifted off completely. Subsequently, the sample is cleaned by
rinsing with isopropanol-2 and methanol and dried with Nj.

The metasurface was characterized using polarized infrared reflection measurements
in order to determine its infrared optical response. Complementary scanning electron

microscope images (JEOL 6460LV), with an operating voltage of 14 kV, were obtained
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in order to verify the dimensions and integrity of the fabricated metasurface.
Linearly polarized reflectance data was captured using a Hyperion 3000 micro-
scope (Bruker) in combination with a Vertex 70 FTIR spectrometer (Bruker). The
reflectance measurements were carried out in the spectral range of 2 ym to 16 pm with
a resolution of 0.05 pm. A 15x IR Schwarzschild objective and a mercury cadmium
telluride detector were used for all measurements. An adjustable, KRS-5, wire-grid
polarizer mounted in a custom-built, electro-mechanical, rotation stage was used to

polarize the incident radiation.
2.4 Results & Discussion

Fig. 2.4 depicts a scanning electron micropscope (SEM) micrograph top-view of the
fabricated metasurface. As can be clearly observed, the rectangular bar resonators
were fabricated with high fidelity. In particular the true-to-design geometry of the
rectangular resonator bars is notable if compared to similar structures obtained with
different lithographic techniques [10, 13]. The dimensions of the fabricated bar res-
onators are found to be in good agreement with the nominal values shown in Fig. 2.1.
Analysis of the SEM micrograph reveals a length of the long and short axis of the
bar resonators of 2.3 pm and 0.5 pm, respectively, which is in good agreement with
the nominal design values of the long and short axes. Furthermore, the dimensions
of the bar resonators are homogeneous across the metasurfaces.

The experimental infrared reflection data are compared with finite element model
based calculated reflection data. The experimental (green dashed lines) and finite
element model calculated (red solid lines) reflectance spectra in Fig. 2.5 panels (a)
and (b) display the response of the bar resonators to linearly polarized light along
the long and short axes, respectively. Overall, a good agreement between the model
calculated and the experimental data can be observed. All the major spectral features
and their relative magnitudes are reproduced accurately by the model calculation. An

offset can be noticed at the lower and upper end of the spectral range. The reflectance
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Figure 2.4: Top-view SEM micrograph of the metasurface depicting the regular ar-
rangement of the rectangular bar resonators. The scale bar at the bottom right
indicates 5 pm. The bar resonator has a long axis length of 2.3 ym and a short axis
length of 0.5 pm.

in the vicinity of these strong spectral resonances is considerably underestimated. A
better agreement with the experimental reflectance data in the spectral range outside
of these areas can be achieved using simple stratified optical layer calculations which
consider the average metal coverage due to the Au bar array.

When the light is polarized along the long axis three distinctive peaks can be
observed. The first peak, located at 6 nm, is due to the dipole resonance of the bar
resonator. This resonance is polarization sensitive as can be seen by comparing the
reflectance spectra in Fig. 2.5 panels (a) and (b). While the resonance is dominating
the reflectance spectrum obtained with the input polarization oriented parallel to the
long axis of the resonator Fig. 2.5 (a), it is completely suppressed for the perpendicular
orientation Fig. 2.5 (b). This behavior is expected for the dipole resonance associated
with a simple bar resonator geometry as shown in Fig. 2.1. This is in good agreement

with linearly polarized reflectance data reported by Braun and Maier [10]. A similar
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Figure 2.5: The measured (green dashed) and experimental (red solid) reflectance
data for, linear polarization parallel to the long and short axis, is shown in panel (a)
and (b), respectively. The dashed vertical lines from left to right indicate the position
of the dipole resonance (blue), phonon resonance of the substrate (magenta), and the
coupled dipole-phonon resonance (orange). Panels (c¢) and (d) depict a polar map
of the simulated and experimental reflectance, respectively. The incident radiation
is linearly polarized along the long axis of the bar resonator when the polarizer is
oriented at 0°.

behavior can be observed for a resonance located at a wavelength of approximately
10.2 pm. For the resonance located at 9 pm the polarization sensitivity is lacking.
This resonance is attributed to a phonon excitation in the silica substrate [19].
Panels (c) and (d) of Fig. 2.5 show the finite element model calculated and experi-
mental polar maps of the polarized reflectance spectra, respectively. The polarization
of the incident radiation is varied from 0° to 360° with a resolution of 1°. The az-
imuthal orientation of the polarization is denoted with respect to the long axis of the
bar resonators. A polarization of 0° and 90° therefore corresponds to a polarization

state parallel and perpendicular to the long axis of the resonator, respectively.



16

At a first glance a good agreement between the experimental and the model calcu-
lated data can be recognized. The most notable feature is the dipole resonance, which
can be clearly observed at 6 pm with peaks in reflectivity at 0° and 180° in Fig. 2.5 (c)
and (d). The polarization behavior of the second polarization dependent resonance
at 10.2 pm is also well reproduced. We attribute this resonance to a coupling be-
tween the phonon resonance and dipole resonance of the metasurface. Such coupling
phenomena have recently attracted much attention, but are outside of the scope of
this work. The interested reader is referred to Ref. |9, 20, 21| and references therein.
At 9 nm the polarization independent phonon resonance of the silica substrate can

be observed in both panels.
2.5  Conclusion

We have demonstrated the fabrication of metasurfaces for the infrared spectral
range using a three-step process which includes the maskless deposition of a patterned
sacrificial layer by two-photon polymerization. A simple metasurface composed of bar
resonators arranged on the surface in a square unit cell was used to demonstrate the
capabilities of this synthesis approach. The fabricated metasurfaces exhibit features
with as-designed dimensions and high structural fidelity.

A comprehensive infrared-optical characterization using polarization-sensitive re-
flection measurements was carried out. We found a good agreement between the
experimental reflection data and the model-based calculated reflection data. Several
reflectance maxima were identified in the spectral range from 2 pm to 16 pm. One
resonance with a distinctive polarization characteristic was attributed to the dipole
resonance of the bar resonator. In addition, we identified a resonance in the vicinity
of the polarization independent substrate phonon-resonance which exhibits a similar
polarization dependence as the dipole resonance. Such coupled excitations between
dipole and substrate phonon resonances have been observed for several substrate ma-

terials in the infrared spectral range, but so far have not been presented for fused
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silica.

In summary, we have shown that direct laser writing allows the maskless fabri-
cation of 2D metasurfaces with high structural fidelity. State-of-the-art direct laser
writing systems provide voxel sizes which enable the printing of patterned sacrificial
layers with geometries optimized for the infrared spectral range. The maskless, direct
laser writing-based, process presented here therefore provides a suitable alternative
for cost-effective, rapid prototyping of metasurfaces. In contrast to classical fabri-
cation of metasurfaces, the complex and time consuming fabrication of lithographic
masks is completely omitted. We envision that this technique will provide a suit-
able fabrication approach for rapid prototyping and cost-effective manufacturing of
infrared plasmonic metasurfaces with complex geometries and applications in areas

such as perfect absorption and index sensing.
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CHAPTER 3: Bi-encoded metasurfaces

3.1  Overview

Plasmonic metasurfaces composed of arrays of rectangular metallic bars are well
known for their strong optical response in the infrared spectral range.! In this study,
we explore the polarization sensitivity of plasmonic metasurfaces for encoding infor-
mation. The polarization-sensitive optical response depends strongly on the orienta-
tion of the metallic bars allowing the encoding of information into the metasurface.
Here we demonstrate that a 2-dimensional polarization encoded metasurface can be
obtained by using mask-less two-photon polymerization techniques. This novel ap-
proach for the fabrication of plasmonic metasurfaces enables the rapid prototyping
and adaptation of polarization sensitive metasurfaces for the encoding of multiplexed

images.
3.2  Introduction

Metamaterials describe a group of materials with properties that are not typically
found in nature. Metamaterials are designed to manipulate phase, amplitude, and
polarization of electromagnetic radiation by implementing an array of subwavelength
components with arbitrary optical properties which eliminates the need for classically
bulky optical systems [1]. Metasurfaces are a subset of metamaterials which elimi-
nate the height dimension of metamaterials in favor of a simpler design permitting an
easing of the precision of fabrication requirements. Plasmonic metasurfaces are com-

posed of a metallic array of components that utilize the plasmonic resonances, known

'Reprinted by permission from SPIE M. McLamb, Y. Li, V. P. Stinson, N. Shuchi, D. Louisos
and T. Hofmann, “Bi-encoded metasurfaces for the infrared spectral range,” Optical Components
and Materials XX 12417, 101-105 (2023).(C) 2023
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as surface plasmon polaritons, to manipulate the optical response of incoming elec-
tromagnetic radiation and have a wide field of applications[1, 2, 3]. A few examples of
metasurface applications include beam steering, planar metalenses, holography, and
narrow and broadband absorbers|l, 2, 4, 5]. Metasurfaces can be fabricated using
many techniques, for example, electron beam lithography, focused ion beam milling,
interference lithography, and nano-imprint lithography, to name a few. Two-photon
polymerization has been established as a mask-less lithographic technique which al-
lows the fabrication of metasurfaces |6, 7].

This work aims to show proof of concept for the encoding of information into a
plasmonic metasurface fabricated using two-photon polymerization techniques. A
metasurface composed of an arrangement of rectangular dipoles on a dielectric sur-
face was designed and fabricated using two-photon polymerization with subsequent
metallization. The metasurface was intended for use in the infrared spectrum. The
reflected amplitude varies as a function of the linear polarization profile of the incident
radiation to produce two distinct images. In this case, the image created by aligning
the linear polarization along 0° + (n-180°) of the dipole resonator produces the image
of a “1” and aligning the linear polarization in angles of 45° 4 (n-90°) forms the image
of a “0” (where n =0, 1, 2,...). The fabrication of the metasurface uses a three-step
technique that involves two-photon polymerization on a dielectric slap subsequently
followed by a metallization step using electron-beam evaporation to form the metal-
lic layer. The polymerized layer is then removed post-metallization with a lift-off
technique leaving only the metallic dipoles on the dielectric layer. The encoding of
metasurfaces through the polarization profile of incident radiation has applications in
color display, information security, and anti-counterfeiting [3|. This work will discuss
the basic design principles, fabrication process, and experimental results for the rapid

prototyping of an encoded polarization sensitive plasmonic metasurface.
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3.3 Design and Fabrication

Fused Silica

Width =0.5 um

Au iI

Length = 2.5 um

Periodicity = 3 um

Figure 3.1: Represents the unit cell used in COMSOL Multiphysics. The bar res-
onator is composed of Au with 38 nm thickness which rests on a slab of fused silica
with a square periodicity of 3 pm. The length and width of the bar resonator is
2.5 nm and 0.5 pm respectively.

The dimensions and arrangement for the bar resonators were determined using
finite element modeling (COMSOL). The resonators are arranged in a square lattice.
The COMSOL calculations further require accurate knowledge of the constituents
of the metasurface. The dielectric function of the fused silica substrate (Nanoscribe
GmbH) was determined through spectroscopic ellipsometry in the range from 2 pm -
33 um (IR-Vase, J.A. Woollam Co., Inc.). [6]. The Au optical properties are modeled
with a single Drude oscillator with parameters p; = (3.3 +3 x 1077) x 107% Q/cm,
71 = (18 £ 1.13) fs. The boundaries of the unit cell were given periodic conditions
to simulate an infinite array of resonators. The dimensional parameters of the unit
cell were varied in order to determine the optimal conditions for a resonance to occur
at a wavelength 6 pm when normally incident radiation is linearly polarized along
the long axis and no resonance when polarized along the short axis of the resonator.

The thickness of the Au layer was controlled at 38 nm, consistent with the measured
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thickness of the Au witness sample, with fused silica as the substrate, measured
with spectroscopic ellipsometry. The optimal dimensions for a central reflectance
maximum at A = 6 pm were found to be [ = 2.5 nm, w = 0.5 pm, and p = 3 pm. The
unit cell can be viewed in Fig. 5.1. The results of the simulation were verified with
experimental results which can be viewed in a previous publication [6]. For brevity,
the results of the simulation and experiment can be seen in Fig. 3.2. The reflectance
map is used to determine what orientations should be used to create two distinct
images. The green dots in Fig. 3.2 represent polarization states where the image of
a “1” will appear, conversely, the red dots indicate states where the image of a “0”
will appear. There is a secondary reflectance that is apparent at A = 9 pm which
arises due to vibrational mode within the fused silica substrate.[8] This reflectance
maximum can be observed in all cases and thus can be determined to be polarization

insensitive.
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Figure 3.2: Polar plot of the reflectance of the dipole array as a function of the
input polarization. A reflectance maximum appears at 0° and 180°. These angles are
marked by a green dot signaling the “on” state of the metasurface. As the orientation
of the polarization profile shifts the reflection maximum begins to decrease. At iter-
ations on 45° + n - 90° the metasurface is considered to be in the “off” state marked
by a red dot.

Once the optimal dimensions were determined, the resonators must be oriented
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in such a way as to construct an image when illuminated with the appropriate po-
larization. This was done by digitizing images of a “1” and “0” with pixels set at a
periodicity of 3 pm using Matlab. Each image has two possible combinations, either
“on” or “off” meaning there are four distinct combinations of images. These four sets
of coordinates are superimposed on each other to create the locations and orientations

of the bar resonators which can be seen in Fig. 3.3.
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Figure 3.3: Displays the schematic of the location and orientation of metallic bars for
the encoded metasurface. The panels on the right display the image corresponding
with the polarization of the incident electric field. When the incident radiation is
polarized in & the metasurface will appear in the image of a “1.” When the incident
radiation is polarized in xy the metasurface results in the image of a “0.”

The total image coordinates obtained in Matlab are used to create a write file
of the inverse of the desired metasurface which is fabricated by a commercial two-
photon lithography system (Nanoscribe GmbH). The inverse pattern is constructed
on a 25x25x0.75 mm? slide of fused silica. The fused silica substrate is prepared prior

to deposition by rinsing with isopropanol-2 and drying with Ny. IP-Dip was used to
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fabricate a 200 pm thick inverse geometry sacrificial layer. After polymerization the
excess monomer is rinsed from the sample using propylene glycol monomethyl ether
acetate and isopropanol-2 for two minutes and 5 minutes respectively. Once the excess
monomer is removed the sample is allowed to air dry at room temperature for five
minutes [6].

After the direct laser writing of the patterned sacrificial layer is completed, the
sample was metallized (Kurt J. Lesker PVD 75). Initially, electron-beam evaporation
was used to deposit a 7 nm adhesion layer of chromium, sourced from chromium pieces
(99.95%) and, immediately following, a 38 nm Au layer (determined experimentally
using spectroscopic ellipsometry) evaporated from Au pellets (99.99%). Both films
were deposited at a rate of 1 A /s. All depositions were carried out at room tempera-
ture at a pressure of 2.53 Pa. The substrate holder was rotated during the deposition
at approximately 15 rpm to ensure a homogeneous film thickness across the entire
sample [6].

After the metallization, the sacrificial photoresist layer was removed by plasma
cleaning at 150 W and a 12 SCCM flow of Oy (Tergeo Plus, Pie Scientific). After the
plasma cleaning, the substrate is completely immersed in acetone until the sacrificial
photoresist layer is lifted off completely. Subsequently, the sample is cleaned by

rinsing with isopropanol-2 and methanol and dried with Ny [6].
3.4 Results and discussion

Linearly polarized reflectance data was captured using a Hyperion 3000 micro-
scope (Bruker) in combination with a Vertex 70 FTIR spectrometer (Bruker) though
a 90x90 pm? square aperture. The reflectance measurements were captured at 11°
angle of incidence using a 15x IR Schwarzschild objective with confocal illumination
[9]. A mercury cadmium telluride focal plane array detector was used for all mea-
surements. An adjustable, KRS-5, wire-grid polarizer mounted in a custom-built,

electro-mechanical, rotation stage was used to polarize the incident radiation.
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The results of the hyperspectral imaging can be seen in Fig. 3.4. The image on the
left was taken with an optical microscope to inspect the fidelity of the metasurface
post lift-off. Compared to the schematic shown in Fig. 3.3 a good conformity with
the as designed geometry can be observed. The panels to the right of the microscope
image depict the hyperspectral images given their corresponding polarizations. When
the electric field is polarized in z the metasurface displays a “1” and contrarily when
polarization is in 2y the metasurface yields the image of a “0.” It can be seen in the
polarized reflectance legend that the “1” and “0” reach nearly full reflectance while the
surrounding resonators are either much lower, in the case of the “1,” or slightly lower,
in the case of the “0.” This difference in reflectance provides the necessary contrast
to observe the definite image. The image is acquired at the wavelength of 6 pm and

the vibrational mode of the fused silica substrate does not affect the image quality.

rrea

Polarized Reflectance

————

Figure 3.4: An optical microscope image taken in transmission mode of the meta-
surface post fabrication to determine the fidelity of the metasurface. The panels to
the right of the microscope image depict hyperspectral images obtained at A = 6 pm
when illuminated with linear polarization in  and 'y corresponding to the image of
a “1” and “0” respectively.

3.5  Conclusion

A plasmonic metasurface was designed and fabricated for the infrared spectral

range that allows for the encoding of images. For this particular metasurface two
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distinct images are encoded, a “1” and a “0.” The fabrication of this metasurface uses
a three step process, the direct laser writing of an inverse sacrificial layer using two-
photon polymerization, a metallization step using electron-beam evaporation, and
then the removal of the patterned sacrificial layer using a lift-off procedure [6]. The
fabricated metasurface was characterized using hyperspectral imaging to determine
the quality of the encoded images. The measurements displayed distinct depictions
of the encoded information with sufficient contrast to discern profile and background.
This metasurface serves as a proof of concept for applications such as color display,

information security, and anti-counterfeiting in the infrared region.
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CHAPTER 4: Theoretical study of enhanced plasmonic-photonic hyrbrid cavity

modes in reciprocal plasmonic metasurfaces

4.1  Overview

A new configuration for metasurface construction is presented to exhibit potential
multi-functionalities including perfect absorption, bio/chem sensing, and enhance-

1 The reciprocal plasmonic metasurfaces discussed

ment of light-matter interaction.
here are composed of two plasmonic surfaces of reciprocal geometries separated by a
dielectric spacer. Compared to conventional metasurfaces this simple geometry ex-
hibits an enhanced optical performance due to the hybrid plasmonic-photonic cavity.
The discussed reciprocal metasurface design further enables effective structural op-
timization and allows for a simple and scalable fabrication. The physical principle

and potential applications of the reciprocal plasmonic metasurfaces are demonstrated

using numerical and analytical approaches.
4.2 Introduction

Metasurfaces are resonant textured surfaces with unit cells much smaller than the
wavelength of incident electromagnetic radiation [1]. One of the most frequently
used metasurface designs are heterostructures composed of triple-layered constituents
which are optimized for optical frequencies [2, 3, 4, 5, 6, 7, 8,9, 10]. Such heterostruc-
tured metasurfaces have been extensively studied over the past decade and exhibit
excellent optical performance [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].

Despite these advances, the explored designs often require complex nanofabrication

'Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Y. Li,
M. McLamb, S. Park, D. Childers, G. D. Boreman and T. Hofmann, “Theoretical Study of Enhanced
Plasmonic-Photonic Hybrid Cavity Modes in Reciprocal Plasmonic Metasurfaces,” Plasmonics 16,
2241-2247 (2021).(C) 2021
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processes which can lead to a reduced performance of the as-synthesized metasurfaces
compared to numerical results obtained from optimized, nominal designs [22]. For
example, one of the most common fabrication defects when using a mask or lift-off
processes is the dislocation of elements of the metasurface [23, 22|. Furthermore,
loss in fidelity often results in an imperfect reproduction of the nominal geometries
of the metasurfaces constituents [23, 22, 24|. These imperfections directly impact
the performance of the heterostructured metasurfaces. For instance, in metasurfaces
designed as perfect absorbers, the experimentally observed absorption values are often
much lower [23|. In addition, fabrication-induced imperfections can lead to grain
boundaries between areas with different defect densities, which can further diminish
the performance of the entire metasurface [22].

Here we introduce a metasurface design that can be synthesized using a simple
two-step fabrication process. The process envisioned here consists of the deposition
of a structured polymer layer and a subsequent metallization. This results in two
metal-based metasurfaces with reciprocal geometry separated by a dielectric spacer,
forming a plasmonic-photonic cavity. The reciprocal plasmonic metasurface with its
hybrid cavity mode is theoretically studied here using finite-element-based numerical
and analytical effective medium optical models. It is found that reciprocal plasmonic
metasurface designs exhibit the potential for applications in perfect absorption, sens-
ing of minute ambient refractive index changes, and enhancement of spontaneous
emission, compared to conventional heterostructured metasurfaces. The record val-
ues obtained for the figure of merit for refractive index sensing suggest that these
structures are ideal candidates for extremely sensitive ambient index sensors [4]. In
addition to providing enhanced optical performance, the reciprocal plasmonic meta-
surface discussed here dramatically reduces the fabrication complexity compared to

the currently existing heterostructured metamaterials.
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4.3  Design and Theoretical Models

The geometry of this reciprocal metasurface is depicted in Fig. 4.1. The top plas-
monic metasurface is composed of rectangular bars while the bottom metasurface
has a reciprocal arrangement with rectangular openings in a metallized surface. The
dielectric spacer is formed by fins with a rectangular base.

The optical performance of the reciprocal metasurface is optimized by carefully
engineering the geometrical parameters using a numerical optical model based on the
finite-element method (FEM, COMSOL® 5.3) as shown in Fig 4.2. The reciprocal
metasurface was developed to achieve a narrow and strong absorption at a wave-
length of 1.55 pm and a quality factor of 20, which is relevant for telecommunication
applications. In addition, the physical mechanism of the reciprocal metasurface has
been theoretically studied by an effective medium optical model based on interference
theory [25], as shown in Fig. 4.3.

The reciprocal metasurface designed here consists of a dielectric fin-array sand-
wiched by two Au patterned layers, as shown in Fig. 4.1. This array is composed of
fins with the following dimensions: length L=0.9 pm, width W=0.3 pm, periodicity
P=1 pm, and height H=1.25 pm in a square lattice pattern, as shown in Fig. 4.1
(c). This design allows rapid prototyping for instance using two-photon polymeriza-
tion and while the simplicity of the geometry enables the fabrication of larger surface
areas using standard lithography techniques [26]. For the calculations discussed be-
low, it was assumed that the top bar resonator array and bottom perforated film are
fabricated from Au with a thickness of 50 nm. The dielectric spacer is assumed to
be composed of IP-Dip, a polymer compatible with the two-photon polymerization
process, for which the optical properties are well known in the infrared and visible
spectral range [27].

Fig. 4.2 (a) shows the calculated reflectance spectrum (black solid line) of the

optimized reciprocal metasurface under normal incidence illumination with the plane



34

Figure 4.1: (a) The reciprocal metasurface composed of a three-layered heterostruc-
ture: Au bar-antenna array (b), polymer-based fin-array (c), and a patterned Au
surface reciprocal to the rectangular bar array (d).

electric field polarized along the long axis of the bars (x-axis). Note that in the
simulation periodic boundary condition was applied to the four side faces of the unit
cell. Two perfectly matched layers were employed on the top and at the bottom of
the unit cell to optimize the simulation with open boundaries along vertical direction.
In the spectral range from 1.3 pm to 3.5 pm, two nearly-zero-valued minima centered
at 1.55 nm and 2.70 pm can be observed.

For comparison, the response of the top metasurface (rectangular bar array, orange
solid line) and the bottom metasurface (rectangular hole array, red solid line) are also
depicted in Fig. 4.2 (a).

The normalized electric and magnetic field distributions |E| and |H|, respectively,
corresponding to the two resonant wavelengths are shown in Fig. 4.2 (c) - (h), respec-
tively. The field distributions for H=1.25 ym in Fig. 4.2 (c) - (e) and (f) - (h) depict a
second-order harmonic and fundamental harmonic standing wave for the wavelengths
of 1.55 pm and 2.70 pm, respectively. The locations of the reflectance minima depend

linearly on the the cavity height H. This is illustrated in the reflectance map shown
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in Fig. 4.2 (b) where the reflectance is plotted as a function of H valued from 0.5 pm
to 1.7 nm over the spectral range from 1.3 pm to 3.5 pym. Fig. 4.2 (b) also indicates
an additional higher-order mode, which can be accessed if the dielectric fin-array
has a sufficient height. For the investigated spectral range, higher-order modes can
be observed for H>0.9 pm. It can be concluded that with increasing H, the reso-
nant modes of the reciprocal metasurface red-shift while higher-order modes start to
appear at the short wavelength end of the spectrum.

In addition to being a function of the cavity height H, the optical response of the
reciprocal metasurface also depends on the plasmon resonance of the Au bar-antenna
array. The reflectance (orange solid line) and transmittance (orange dotted line)
spectra of the top Au bar-antenna array are included in Fig. 4.2 (a) for comparison
indicating a plasmon resonance at 2.07 nm. Note, that the modes of the reciprocal
metasurface are interrupted in the vicinity of the plasmon resonance as can be clearly
seen in the reflectance map Fig. 4.2 (b). This is due to the lack of transparency of
the top metasurface as shown in Fig. 4.2 (a) which prevents the effective coupling to
the bottom metasurface.

The reflectance of perforated Au film at the bottom of the reciprocal metasurface
(red solid line, Fig. 4.2 (a)), on the other hand, shows very little variation as a function
of the wavelength. This observation is relevant for the development of an analytical
model discussed below where the perforated Au film at the bottom of the reciprocal
metasurfaces is treated as a plasmonic mirror reflecting all the wavelengths of interest.

Based on the results of the FEM-based calculations, an analytical effective medium-
based formalism is developed in the following. In contrast to the FEM-based nu-
merical model the analytical model allows the rapid determination of the geometry
parameters of the reciprocal metasurface which are required to obtain specific target
frequencies for its absorption bands. In addition, this model further provides insights

into the physical mechanism which is driving the plasmonic-photonic hybrid cavity
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modes of the reciprocal metasurfaces discussed here.

Figure 4.3 (a) depicts the concept of the effective medium optical model. Due
to the sub-wavelength-sized structural features of the dielectric fin-array [as shown
in Fig. 4.1 (c)], it can be treated as a single layer with an effective index n_g. n ¢
can be calculated using the Bruggeman effective medium approximation and the
complex dielectric function of the constituent material IP-Dip (26, 28, 29]. This layer
is enclosed by two reflective surfaces (top Au bar array and bottom Au perforated
film) which are denoted in Fig. 4.3 (a) as top and bottom mirror.

As the incident electromagnetic radiation transmits through the top partially trans-
parent mirror [Fig. 4.3 (a)], a cavity mode forms inside the effective medium layer.

This phenomenon only occurs when these waves oscillate in phase, i.e., the phase

difference Ap after a round trip are integer multiples of 27:

Ap =, + ¢, + Ppop = N2 (N =1,2,...), (4.1)

where ¢, and ¢, respectively denote the phase changes induced by the interaction
of the electrical radiation with the top and bottom mirrors, for which the numerical
calculations on each individual part determine their spectra shown in Fig. 4.3 (b).
The phase change due to the propagation in the effective medium ¢, is calculated
bY @prop = 2mHn /A for H = 1.25 pm and also included in Fig. 4.3 (b) (black solid
line).

Varying the value of the cavity height H in the same range as the one used in the
numerical simulation shown in Fig. 4.2 (b), Eqn. (4.1) allows the identification of the
cavity resonances with N = 1, 2, and 3 which are depicted by the black dotted lines
in Fig. 4.3 (c¢). Note, that the results for the reflectance map of the FEM-based model
[Fig. 4.2 (b)| are reproduced here again for direct comparison.

A good agreement between the analytically calculated and the numerically simu-

lated results is achieved for the location of the reciprocal metasurface modes. This
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confirms the optical-cavity-based mechanism of the reciprocal metasurface.

The reflectance map [Figs. 4.2 (b) and 4.3 (c)| further revealed that the strength
of the cavity modes are wavelength dependent, an effect which can not be obtained
using a simple phase analysis as shown in Eqn. (4.1). Instead, this effect can be
described considering the relative amplitude |E,_,,| of an infinite number of electric

fields that constructively interfere inside the layer with the effective index n_g:

2
t

| Eay | o Tr ) (4.2)

where ¢, , and r, denote the transmissivity and reflectivity for the top and bottom

mirrors, respectively, and their values are derived from the corresponding transmit-

tance and reflectance spectra obtained by the FEM-based calculations [Fig. 4.2 (a)].

|E

cav

| is shown in Fig. 4.3 (d) for the spectral range from 1.3 to 3.5 pm. Two
maxima centered at 1.60 pm and 2.66 pm can be observed. The minimum at 2.07 pm
corresponds to the plasmon resonance of the top mirror. The pair of the plasmonic
surfaces therefore influence the phase change at both interfaces and modulate the elec-
tromagnetic field amplitude inside the cavity, consequently, the resonance frequency
and its amplitude can be tuned by changing the geometry of the plasmonic surfaces
and the cavity height H.

Additionally, the interference-based optical model can be validated using the nu-
merically calculated dispersion relation as shown in Fig. 4.4. The inset of Fig. 4.4
describes two incident conditions: 1) Transverse magnetic field is incident at an angle
0, ranging from 0° to 16° in x-z plane, and 2) transverse electric field is incident at
angle 0, of the same angular range in y-z plane. The angle of incidence-dependent
reflectance maps corresponding to the two incident conditions are depicted in the
left and right half of the figure, where the black areas represent the reflectance min-
ima. With increasing the angle of incidence, the cavity modes are nearly invariant for

both incident conditions, meaning a zero-valued group velocity in z-direction. The
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angle-resolved reflectance maps therefore corroborate the character of standing wave
supported in the plasmonic cavity along z-direction, of which the typical electric field
distributions inside the plasmonic cavity are instructively represented as shadowed
profiles in Fig. 4.2 (d) and (g).

A comprehensive understanding of the optical mechanism of the reciprocal meta-
surface has been achieved. In the following section, potential applications of the

designed metasurface are briefly explored.
4.4  Discussion and Applications

Fig. 4.5 (a) depicts the absorption spectrum (red solid line) of the optimized recip-
rocal metasurface. Two absorption peaks at wavelength of 1.55 ym and 2.70 pm can
be observed. The Q-factor for both absorption peaks is approximately 20. Therefore
the reciprocal metasurface could be readily applied as a narrow-band perfect absorber
in the near-infrared spectral range for which the absorption frequencies can be eas-
ily adjusted by the geometry and the refractive index of the dielectric spacer of the
reciprocal metasurface.

Furthermore, this type of metasurface is an excellent candidate for sensing applica-
tions due to its high sensitivity to the ambient refractive index n, as shown in the inset
of Fig. 4.5 (a). An index change of 0.01 would result in a shift of the resonant wave-
length of 0.02 um which can be easily detected. Its sensing capability is characterized
in terms of sensitivity S*, defined as the ratio of the intensity change vs. the change
in refractive index, while the figure of merit FOM* is the ratio of S* vs. the absolute
intensity [4]. For the example depicted in Fig. 4.5 (b) and (c¢) S* is a approximately
18, while FOM* is found to be larger than 8000. This extreme sensitivity is due to the
strong change of the plasmonic resonance of the top and bottom metasurfaces upon
ambient index variation. Furthermore, the effective refractive index of the cavity n_g
also varies as a function of the ambient refractive index, amplifies the changes in the

optical response of the reciprocal metasurface.
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In addition to the discussed applications for sensing and as a perfect absorber,
the intense near field confinement is another critical characteristic of the reciprocal
plasmonic metasurface that allows for the exploration of strong light-matter cou-
plings, such as the plasmon-exciton polariton, spontaneous emission enhancement,
and surface enhanced Raman spectroscopy (SERS). In Fig. 4.5 (d), assuming that a
fluorescent material with refractive index n larger than or comparable to that of the
polymer fins is integrated into the metasurface and fills up the space between the fins,
a strongly localized electric field E approaching to 1.19 x 10% V/m can be observed
between the fins while the amplitude of the source electric field is 1 V/m. It is worthy
to note that in contrast to air as host medium, materials with large-valued refractive
index can shift the local maximum of the electric field away from the polymer fins’
area (see Fig. 4.2 (e) and (h)). This increases the interaction of the field of light with
the materials to be measured. Given the partial transparency of the Au bar-antenna
array that can serve as the top mirror of the cavity, it is encouraging to further
study the reciprocal plasmonic metasurface for surface-mode lasing functionality by

exploiting the enhancement effect.
4.5  Conclusion

To conclude, the optical properties of a reciprocal plasmonic metasurface were
theoretically studied using a FEM-based approach and an effective medium optical
model. The near-infrared optical response of the reciprocal metasurface discussed
here reveals strong resonances for which almost perfect absorption is found, assuming
realistic dielectric properties of the constituents. It is demonstrated that the hybrid
resonance frequencies can be easily tuned by changing the height of the dielectric
spacer between the top and bottom Au layers with reciprocal geometries.

The results of the FEM-based calculations are in very good agreement with the
data obtained from the analytical, effective medium based model. In comparison

with the FEM-based model, the analytical effective-medium-based optical model al-
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lows the rapid optimization of the geometry of the reciprocal metasurface for a wide
range of target frequencies. The analytical model further reveals the cause of the
strong absorption peaks, which is an interplay between an effective optical-cavity and
the plasmon resonances of the reciprocal top and bottom surfaces. On the basis of
the developed theoretical model, the invariant dispersion relation of the metasurface
exhibited in the specific incident angle range is clarified qualitatively in conjunction
with the numerically simulated reflectance maps.

The theoretical findings presented here illustrate the advantages of the reciprocal
plasmonic metasurfaces in the applications of perfect absorption. The narrow absorp-
tion characteristic and its strong dependence on the ambient refractive index further
suggest that reciprocal metasurfaces can be employed as optical sensors. Because of
the enhanced light-matter interaction arising from the reciprocal geometry, a higher
sensitivity has been obtained compared to other metasurfaces engineered for ambient
sensing [4, 17, 30, 31, 32, 33].

In addition to applications for perfect absorption and sensing of minute ambient
refractive index changes, localized electric field calculations exhibit an enhancement
effect which could be exploited to construct a novel plexciton platform for realizing
strong light-matter coupling effects.

While studied theoretically here, reciprocal metasurfaces have substantial practi-
cal implications as the simplicity of its design suggests a considerable reduction in
fabrication complexity often plaguing heterostructured metasurfaces demonstrated
so far. In fact, the discussed geometry is suitable for a simple two-step fabrication.
In the first step the dielectric spacer would be deposited, for instance using mask-
less two-photon polymerization approaches. In the subsequent metallization step the
reciprocal top and bottom surfaces can be deposited at the same time.

We believe that the reciprocal plasmonic metasurfaces can open a new avenue

for the design and fabrication of metasurfaces with enhanced performance yet low



manufacturing time and cost.
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Figure 4.2: (a) Numerically calculated reflectance (solid) and transmittance (dot-
ted) of the optimized reciprocal plasmonic metasurface (black) and its individual
constituent parts: Au bar-antenna array (orange) and perforated film (red). (b) Nu-
merically determined reflectance map of the reciprocal metasurface as a function of
the height H of the fins valued from 0.5 pm to 1.7 pm. Panel (c¢) and (d) display the
normalized electric field distributions |E | at the resonant wavelengths of 1.55 pm and
2.70 pm, respectively, as indicated by the black dashed line in panel (b). Panels (c) -
(e) and (f) - (h) depict a second-order harmonic and fundamental harmonic standing
wave for the wavelengths of 1.55 pm and 2.70 pm, respectively.
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Figure 4.3: (a) Effective medium optical model of the optimized reciprocal metasur-
face consists of an effective medium sandwiched between two effective mirrors. Panel
(b) shows phase changes at the mirrors (¢,,,) and due to the propagation (¢, )-
(c) Calculated resonant wavelengths (black dashed lines) with varying quantities of
the cavity height H from 0.5 pm to 1.7 pm, wherein the numerically determined re-
flectance map shown in Fig. 4.2 (b) is shown for comparison. Panel (d) shows the
calculated relative amplitude of the confined electric field |E.,,| inside the effective
medium.
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Figure 4.4: Angle of incident-dependent reflectance map calculated for a cavity height
H=1.25 pm for an incidence defined by the angles 8, and 60, along the x- and y-axis,
respectively. The polarization direction of the electric field is always parallel to the
x-z plane. The dispersion of the cavity modes can be clearly observed.
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Figure 4.5: (a) Nearly perfect absorption with a Q-factor of 20 is obtained at the
resonant wavelength of 2.70 ym (red solid line). As ambient index n, as shown in
the inset, deviates from 1 to 1.01, the resonance peak at 2.70 pm has a 0.02 pm red
shift (red dashed line), shown in the zoomed-in plot. The sensitivity S* and figure
of merit FOM* are shown in (b) and (c) for characterizing the sensing capability of
the reciprocal plasmonic metasurface. Panel (d) indicates the electric field E strongly

localized between the polymer fins when n > p Dip-



CHAPTER 5: Tuning of reciprocal plasmonic metasurface resonances by ultra-thin

conformal coatings

5.1  Overview

Metamaterials, in the form of perfect absorbers, have recently received attention
for sensing and light-harvesting applications.! The fabrication of such metamateri-
als involves several process steps and can often lead to nonidealities, which limit the
performance of the metamaterial. A novel reciprocal plasmonic metasurface geom-
etry composed of two plasmonic metasurfaces separated by a dielectric spacer was
developed and investigated here. This geometry avoids many common fabrication-
induced nonidealities by design and is synthesized by a combination of two-photon
polymerization and electron-beam-based metallization. Infrared reflection measure-
ments revealed that the reciprocal plasmonic metasurface is very sensitive to ultra-
thin, conformal dielectric coatings. This is shown here by using AlyOs grown by
atomic layer deposition. It was observed experimentally that incremental conformal
coatings of amorphous Al,O3 result in a spectral red shift of the absorption band
of the reciprocal plasmonic metasurface. The experimental observations were cor-
roborated by finite element model calculations, which also demonstrated a strong
sensitivity of the reciprocal plasmonic metasurface geometry to conformal dielectric
coatings. These coatings therefore offer the possibility for post-fabrication tuning of
the reciprocal plasmonic metasurface resonances, thus rendering this novel geome-
try as an ideal candidate for narrow-band absorbers, which allow for cost-effective

fabrication and tuning.

'Reprinted by permission from MDPI M. McLamb, S. Park, V. P. Stinson, Y. Li, N. Shuchi,
G. D. Boreman, and T. Hofmann, “Tuning of reciprocal plasmonic metasurface resonances by ultra-
thin conformal coatings,” Optics 3, 70-78 (2022).(©C) 2022
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5.2  Introduction

Optical metamaterials are a group of engineered materials that are composed of an
arrangement of artificial structures, which result in properties that are not exhibited
in naturally occurring compounds |1, 2]. These unique optical properties can be
used to produce extraordinary optical effects including giant optical activity [3, 4],
narrow band filters |5, 6|, perfect lensing |7, 8], and perfect absorption [9, 10], to name
only a few of the most prominent, well-documented effects. In addition to enabling
novel optical components and devices, the optical properties of metamaterials can be
carefully tailored to the requirements of the application by changing the composition,
geometry, and arrangement of the constituents [11].

Metamaterials with perfect absorption have attracted much attention as they allow
the design of novel sensors for the detection of trace gasses [12, 13, 14, 15], are used
for increasing the efficiency of solar cells [16, 17], and are also used as optical switches
[18, 19], for instance. In order to achieve perfect absorption, metamaterial designs that
rely on heterostructures have shown promising results. These materials are composed
of multiple, stratified constituents |9, 10, 13, 20, 21, 14, 15, 22, 23, 24, 25, 26, 27, 28|.

The fabrication of metamaterials requires complex nanofabrication techniques; for
instance, colloidal lithography, nanosphere lithography, or focused ion beam writing
are most frequently employed [25, 26, 27, 28, 29, 30, 31, 33, 32|. Due to the complexity
of the fabrication processes, deviations from nominal geometries are often inevitable.
One of the sources of such deviations that can result in a substantial degradation
of the optical response of the heterostructure is the alignment of the metamaterial
components. Thus, the identification of metamaterial geometries and fabrication
approaches that eliminate these nonidealities are of critical importance.

In addition, toward the goal of realizing metamaterial designs that avoid crucial
fabrication steps or simplify the fabrication process, metamaterials that allow the ad-

justment of the optical response by using simple, scalable sample size post-fabrication
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processes could lead to a substantial reduction in the fabrication time and materials.
The central idea is that small adjustments in the optical response of the metamaterial
may be accomplished without a change in the overall geometry of the metasurface.
These small adjustments can instead be made by using a comparatively simple post-
fabrication approach in which the metasurface is conformally coated with a dielectric
[34].

We developed a reciprocal plasmonic metasurface geometry that simplifies the fab-
rication process of heterostructured metamaterials and thereby prevents nonidealities
by avoiding the misalignment of the metasurface constituents by design [24]. Re-
ciprocal plasmonic metasurfaces are composed of two plasmonic metasurfaces with
reciprocal surface geometries that are separated by a dielectric spacer. We explored
the optical response of reciprocal metasurfaces theoretically using finite element cal-
culations and found that the geometry enables a post-fabrication adjustment of its
spectral response by applying a thin conformal dielectric coating [24].

In this paper, we demonstrate for the first time that reciprocal plasmonic metasur-
faces can be fabricated using two-photon polymerization techniques in combination
with a simple metallization using electron-beam evaporation. The fabrication process,
using only two main process steps, eliminates the requirement of crucial alignment
steps between the top and bottom metasurface.

We further explored the effect of subsequent ultra-thin conformal dielectric coatings
on the spectral response of the reciprocal plasmonic metasurface. Our observations
indicated that such dielectric coatings can induce a spectral red-shift of the main reso-
nance of the reciprocal plasmonic metasurface, corroborating our previous theoretical

findings.
5.3  Materials and Methods

A schematic of the unit cell of the investigated reciprocal plasmonic metasurface

can be seen in Figure 5.1.
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The reciprocal plasmonic metasurface was composed of a rectangular Au bar ar-
ray separated by a dielectric spacer from a rectangular hole array. A negative-tone
photoresist polymer (IP-Dip), which is compatible with two-photon polymerization,
was used as a dielectric spacer. Fused silica glass was employed as a substrate. The
infrared optical response of the reciprocal plasmonic metasurface was calculated us-
ing finite element modeling (FEM) simulations through COMSOL. The calculations
were performed for the wavelength range from 4 pm to 7 pm using periodic boundary
conditions along a unit cell. Accurate dielectric function data for fused silica glass
and [P-Dip were obtained using spectroscopic ellipsometry in the range from 2 pm
to 33 pm and were used for the FEM calculations [33, 35, 36].

The effect of a conformal dielectric coating of amorphous Al,O3 on the spectral
response of the reciprocal plasmonic metasurface was investigated for four different
coating thicknesses: 10 nm, 20 nm, 30 nm, and 40 nm. A simple harmonic oscilla-
tor approach consisting of six Gaussian oscillators was used to describe the optical
properties of the amorphous Al,O3 grown using atomic layer deposition. The real
and imaginary parts of the model dielectric function £;(A\) and e9()), respectively,
used for the COMSOL calculations can be seen in Figure 5.2. A summary of the

parameterized Gaussian oscillators can be found in Table 5.1.

Figure 5.1: Depiction of the square unit cell used in COMSOL modeling. The meta-
surface is composed of three layers: an IP-Dip polymer fin, a 50 nm Au dipole layer
atop the fin, and a 50 nm layer surrounding the base of the fin. Fused silica is used
as a substrate.
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amorphous Al,Oz in the spectral range of 2 pm to 33 pm used for the COMSOL
calculations reported here. The model dielectric function is composed of six Gaussian
oscillators with the parameters summarized in Table 5.1.

Table 5.1: Amplitude, center energy, and broadening parameters of the six Gaussian
oscillators used to characterize amorphous Al;O3 in the wavelength range from 2 pm

to 33 pm.
Amplitude Energy (cm™!) Broadening (cm™!)
4.081 541.8 256.7
1.624 766.9 294.7
0.1803 1075 155.2
0.1727 891.7 1631
0.1529 3067 703.4
0.2141 3407 390.5

The reciprocal plasmonic metasurfaces investigated here were fabricated using a

two-step process: two-photon polymerization followed by metallization, depicted in

Figure 5.3.

Prior to the two-photon polymerization step, the substrate was cleaned by rinsing

with isopropanol-2, drying with Ns, followed by a 5 min plasma cleaning using 12
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SCCM flow of O, at 13.56 MHz with a power of 150 W. The polymerization process
was performed using a commercial two-photon lithography system (Photonic Profes-
sional GT, Nanoscribe GmbH), which employs a 780 nm femtosecond laser with an
inverted microscope.

A 63x microscope objective was directly immersed into the monomer for the poly-
merization of a rectangular fin array, as shown in Figure 5.3. The laser beam position
in the sample plane was controlled through a galvanometer. The position of the laser
beam normal to the sample plane was controlled via a piezo actuator. To ensure
structure quality and promote adhesion of the polymer to the substrate, the exposure
parameters were optimized by adjusting the laser power and write speed prior to the
sample fabrication. After polymerization was completed, the excess monomer was
removed by immersing the sample into propylene glycol monomethyl ether acetate
followed by isopropanol-2 for five minutes each. Once the excess monomer had been
removed, the sample was allowed to air dry at room temperature for approximately
5 min.

a) b)

63x Objective
]

“»' g "P.-Dlp

Figure 5.3: A schematic of the two-step fabrication method used to synthesize re-
ciprocal plasmonic metasurfaces is shown. (a) Initially, rectangular fin arrays are
additively manufactured using two-photon polymerization on a fused silica substrate.
(b) Post-polymerization, the reciprocal metasurface sample is metalized using elec-
tron beam evaporation, simultaneously forming the top and bottom layers of the
sample.

Subsequent to the direct laser writing of the fin structures, the sample was metalized
using an electron beam deposition system (Kurt J. Lesker PVD 75). A 5 nm layer

of Cr, sourced from Cr pieces (99.95%), and a 50 nm Au layer, evaporated from Au
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pellets (99.99%), were deposited at a rate of 1 A/s and 3 A/s, respectively. The
metallization resulted in the formation of a reciprocal plasmonic metasurface (see
Figure 5.1). A rectangular bar array was placed on the top of the dielectric fins and a
rectangular hole array on the substrate surrounding the bottom of the dielectric fins.
All depositions were conducted at room temperature at a pressure of 2.53 x 107° Pa.
The substrate holder was rotated during the deposition at approximately 15 rotations
per minute to ensure a homogeneous film thickness across the sample.

The metasurface was characterized using polarized infrared reflection measurements
to determine its infrared optical response. Linearly polarized reflectance spectra were
captured using a Hyperion 3000 microscope (Bruker) in combination with a Vertex 70
FTIR spectrometer (Bruker). The reflectance measurements were carried out in the
spectral range 4 pm to 7 pm with a resolution of 0.05 pm. A 15x IR Schwarzschild
objective and 20 pm x 20 pm aperture, resulting in an average angle of incidence
of 8.7°, was used in combination with a mercury cadmium telluride detector for all
infrared reflection measurements. A wire-grid polarizer mounted in a rotation stage
was used to polarize the incident radiation.

In order to experimentally explore the effect of ultra-thin conformal dielectric coat-
ings on the spectral location of the reciprocal plasmonic metasurface resonance, Al,O3
coatings were deposited using atomic layer deposition (Cross flow Savannah G2) in
10 nm thickness increments up to 40 nm. The depositions were carried out at 80 °C
using trimethylaluminum (TMA) as a precursor and H,O as an oxidizer. The cham-
ber pressure was kept at 10.7 Pa. Alternating 0.015 s-long pulses of TMA and H,O
were used to grow the Al,O5 film with a growth rate of 0.8 A /cycle. The growth rate
was determined using ex situ spectroscopic ellipsometry in the visible spectrum. Four
subsequent depositions of 10 nm films were grown with one-hundred twenty-five cycles
each. Infrared reflectance measurements were conducted between each iteration to

characterize the spectral response of the metasurface. COMSOL-based FEM model
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calculations were carried out for the corresponding conformal coating thicknesses for

the comparison with the experimental infrared reflectance data.
5.4  Results and Discussion

Figure 5.4 shows the experimental reflectance spectrum of the as-fabricated recip-
rocal plasmonic metasurface without any dielectric coating. The incident radiation
was polarized along the long axis of the rectangular dipoles forming the top metasur-
face, as shown in Figure 5.1. The reflectance spectra were dominated by a reflection
minimum with a center wavelength of 4.8 pm. This reflectance minimum was due to
a resonant absorption caused by the reciprocal plasmonic metasurface at that wave-
length. A second, much smaller reflection minimum, could be observed at 5.8 pm.
This feature was due to an absorption band of IP-Dip, which was used as a dielectric
spacer in the reciprocal plasmonic metasurface and can be easily recognized in the

imaginary part of the dielectric function of the polymerized IP-Dip reported earlier

[35].
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Figure 5.4: Experimental reflectance spectrum of the fabricated reciprocal plasmonic
metasurface without any dielectric coating. The experimental data were obtained at
8.7° incidence with a polarization parallel to the long axis of the rectangular fins. The
resonance of the reciprocal plasmonic metasurface can be observed at 4.8 nm. The
absorption feature, located at 5.8 pm, is due to an absorption band in the dielectric
spacer (see Figure 5.1) [35].

The origin of the absorption in reciprocal plasmonic metasurfaces was investigated
theoretically using FEM and analytical effective-medium-based calculations in [24].
These calculations indicated that a constructive interference within the dielectric
spacer can be formed due to the coupling between the top and bottom metasurfaces.
The FEM calculations further indicated that the field enhancement between the di-
electric spacer fins resulted in the extreme sensitivity of the optical response to minute
and local ambient index changes [24].

It can be noted that the overall amplitude of the experimental reflection spectrum
presented in Figure 5.4 was lower than what was reported in [24| obtained from
FEM calculations assuming an ideal reciprocal metasurface geometry. We tentatively
attributed this deviation in the reflection amplitude to imperfections in the reciprocal

metasurface geometry.
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The metasurface was coated by subsequent conformal layers of Al;O3 at 10 nm per
iteration to monitor the effect of these thin dielectric coatings on the reciprocal plas-
monic metasurface resonance. The thickness of each subsequent dielectric coating was
monitored using a witness sample, which was characterized by ex situ spectroscopic
ellipsometry. The reflectance measurements were performed between each deposition
starting at a coating thickness of 10 nm. The radiation was incident to the sample

plane at 8.7° and polarized along the long axis of the top dipole layer.
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Figure 5.5: False-color map of the reflectance of the reciprocal plasmonic metasurface
as a function of the coating thickness and wavelength centered on the plasmonic
metasurface resonance (a) and the IP-Dip absorption band (b), respectively. Whereas
a shift of the center absorption wavelength as a function of dielectric coating thickness
can be easily observed in (a), the IP-Dip absorption band shown in (b) is not affected,
as expected.

Figure 5.5 shows the experimental reflectance as a function of wavelength and coat-
ing thickness in the spectral vicinity of the reciprocal plasmonic metasurface resonance
(a) and the IP-Dip absorption band (b) for comparison. Figure 5.5a clearly shows
that the reflectance minimum associated with the reciprocal plasmonic metasurface
resonance followed a linear spectral shift from A = 4.8 pym for the uncoated sample

to A = 4.9 pm for a coating thickness of 40 nm. In comparison, the IP-Dip absorp-
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tion band depicted in Figure 5.5b did not shift as a function of the AlyO3 coating

thickness. This was as expected, because this is an intrinsic property of polymerized

IP-Dip.
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Figure 5.6: Experimental results delineating the effects of incremental conformal
coatings of amorphous Al,O3 deposited on reciprocal plasmonic metasurfaces. The
main absorption peak represented in Figure 5.4 at 4.8 pm red-shifts after 10 nm
increments.

Figure 5.6 illustrates the experimentally observed wavelength shift of the reciprocal
plasmonic metasurface resonance in comparison to the FEM-based model calculations
(COMSOL). A linear trend can be recognized in the experimental data, as well as in
the numerical simulations. We determined the slope of the wavelength shift for the
experimental data to be 1.5, which is only sightly smaller than the slope of 2.4 for
the data obtained using the numerical calculations. It can be further noticed that
while the numerical calculations increased monotonically, the first experimental data
point obtained for a thickness of 10 nm was virtually identical to the one obtained for
the uncoated reference measurement. We tentatively attributed this behavior to the
non-conformal coating of the reciprocal plasmonic metasurface. This could be caused

by the high aspect ratio of the dielectric spacer fins, approximately 3:2 and 7:2 for



61
the long and short axes, respectively. Initial growth delay was observed for atomic
layer deposition on planar surfaces; however, the impact of the surface topology on

the growth rate is not well known.
5.5 Conclusions

Reciprocal plasmonic metasurfaces were experimentally demonstrated and charac-
terized for the first time. The samples were synthesized using a two-step fabrication
process. In the first step, two-photon lithography was used to deposit dielectric
spacer fins. During the second step, electron beam evaporation of Au was employed
to metalize the top of the dielectric spacers and the substrate surface, thereby form-
ing two plasmonic metasurfaces with reciprocal geometries. This two-step fabrication
technique is advantageous, as it ensures the alignment of the reciprocal surfaces by
design.

Experimental infrared reflection measurements revealed the expected reciprocal
plasmonic metasurface resonance, which was observed for the investigated geometries
at 4.8 pm. The location of this resonance was confirmed using finite element calcula-
tions. After incremental conformal coatings of the reciprocal plasmonic metasurface
with Al,O3 using atomic layer deposition, a shifting of the resonance wavelength was
observed. It was found that the wavelength shift depended linearly on the AlyOj
coating thickness. The reciprocal plasmonic metasurface geometry therefore offers
the tunability of the absorption wavelength through a thin conformal coating of a
dielectric.

To conclude, the reciprocal plasmonic metasurface provides a novel geometry for
scalable and tunable metamaterials. The simple configuration and sensitivity to thin
conformal dielectric films demonstrated the reciprocal plasmonic metasurface as an
adaptable platform for the rapid prototyping. In addition, the conformal dielectric

coatings were shown to enable the adjustment of the metasurface resonances.
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CHAPTER 6: Conclusion

We have shown that a novel rapid prototyping technique for the additive manufac-
turing of plasmonic metamaterials using two-photon polymerization is possible. This
was demonstrated by fabricating several plasmonic metamaterial samples including
polarization sensitive filters, polarization sensitive images encoded onto a surface,
and a perfectly absorbing metamaterial with sensitivity to changes in ambient index.
All fabricated samples were first simulated using finite element modeling with good
agreement found between experimental and simulated data.

Initially, a dipole array with a polarization sensitive reflective response was fabri-
cated as a proof of concept of the rapid prototyping technique and detailed in chapter
1. To fabricate the array, two-photon polymerization was used to create an inverse
array using a compatible photoresin. The inverse array is then coated with Au using
electron beam physical vapor deposition. Finally, the inverse polymer layer is lifted
off using a combination of rinsing with solvents and plasma cleaning leaving only the
desired structures left behind. This fabrication technique allows for nearly arbitrary
two-dimensional plasmonic geometries.

This dipole array was later modified with a set of two encoded images where the
image displayed depended on the linear input polarization. This is done by rearrang-
ing the metallic elements to produce an image with sufficient contrast between the
reflectance obtained from the change in polarization states.

The natural progression from two-dimensional materials would be more complex
structures in the form of three-dimensional metamaterials. The reciprocal plasmonic
metasurface is a metal-insulator-metal configured material displaying theoretical per-

fect absorption with the same basic design as the dipole array but with the inclusion
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of a dielectric scaffold. This scaffold acts as a separator of the top and bottom metallic
layers. The electromagnetic field enhancement between the top and bottom layers due
to plasmonic resonance interact with each other within this separation layer leading
to enhanced absorption.

The enhancement due to plasmonic effects not only leads to strong absorption
effects but also allows for an extreme sensitivity to changes in the ambient refractive
index. Sensitivity was initially simulated using finite-element modeling software and
shifting the background index of air from 1 to 1.01 resulting in a shift of the absorption
wavelength by .02 pm. To show this experimentally, conformal coatings of Aly,Oswere
deposited on the reciprocal plasmonic metasurface using ALD in increments of 10
nm thickness. Effects of these coatings were also simulated using accurate dielectric
function data obtained from spectroscopic ellipsometry and compared to experimental
results. Simulated and experimental results showed good agreement with a linear
trend, as expected when comparing to the simulated change in ambient refractive
index.

In addition to plasmonic metamaterials it is suggested that the inclusion of phase
change materials be investigated. The incorporation of conformal layers of vanadium
dioxide would be compatible with polymer scaffolds and current fabrication capa-
bilities. This would allow for dynamic modulation of the optical properties of the

demonstrated designs.



