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Abstract

Metamaterials are engineered structures designed to alter the propagation of
electromagnetic waves incident upon the structure. The focus of this research was the
effect of metamaterials on electromagnetic signals at radio frequencies. RF meta-atoms
were investigated to further develop the theory, modeling, design and fabrication of
metamaterials. Comparing the analytic modeling and experimental testing, the results
provide a deeper understanding into metamaterials which could lead to applications for
beam steering, invisibility cloaking, negative refraction, super lenses, and hyper lenses.
RF meta-atoms integrated with microelectromechanical systems produce tunable meta-
atoms in the 10 — 15 GHz and 1 — 4 GHz frequency ranges. RF meta-atoms with
structural design changes are developed to show how inductance changes based on
structural modifications. RF meta-atoms integrated with gain medium are investigated
showing that loss due to material characteristics can be compensated using active
elements such as a Low Noise Amplifier. Integrating the amplifier into the split ring
resonator causes a deeper null at the resonant frequency.

The research results show that the resonant frequency can be tuned using
microelectromechanical systems, or by induction with structural designs and reduce loss
associated with the material conductivity by compensating with an active gain medium.
Proposals that offer future research activities are discussed for inductance and active
element meta-atoms. In addition, terahertz (THz), infrared (IR), and optical structures are

briefly investigated.
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DESIGN, FABRICATION AND TESTING OF TUNABLE RF META-ATOMS

I. Introduction

Metamaterials are a new concept based on periodic meta-atom structures used to
control electro-magnetic (EM) propagation by producing materials with a tailored index
of refraction. Research into metamaterial structures began in 1968 when V. G. Veselago
published an article outlining the approach and application of metamaterial structures [1].
In the years since, as modeling and fabrication techniques matured, researchers were able
to design and create structures that have an effective electric permittivity and effective
magnetic permeability. The initial concepts opened up a new field of study into the
investigation of the electric and magnetic properties of metamaterials. Previous research
efforts focused on modeling, designing, fabrication for radio frequency (RF), infrared
(IR) and optical metamaterials which will be discussed in this introduction. This research
effort focuses on modeling, designing, fabrication and testing of tunable metamaterials
operating at RF frequencies and implementing a gain medium to compensate for loss.
Terahertz, infrared and optical metamaterials were briefly investigated and appear in the
appendix.

Metamaterial structures affect the propagation of electromagnetic waves based on
the size, dimension, periodicity and material properties of the structures. Investigation
into RF metamaterial began in 1996 when Pendry et al. first theoretically suggested (and
later experimentally demonstrated) that a composite medium of periodically placed thin
metallic wires can behave as an effective plasma medium of radiation with wavelength
much larger than the spatial periodicity of the structure [2]. A year later, they discovered

1



a split ring resonator (SRR) produces the changes in the refractive index (n) and
effectively changes the EM propagation [3]. His work in RF signal propagation has been
applied to other areas of the EM spectrum.

IR metamaterial has the potential to revolutionize the research into IR
applications by improving signal propagation and enhancing sensing capabilities. In the
IR region, metamaterial structures are still of considerable size and dimension, which
enables the use of microelectronic fabrication techniques. Some current research into
metamaterial designs for IR frequencies include: 1) dynamic tuning of an infrared hybrid-
metamaterial resonance using a sapphire substrate, thin layer of vanadium dioxide (VO)
and thick gold SRRs [4], 2) an optical band-pass filter based on a double lattice SRR
array [5].

A final example for an IR application is a comparison of birefringent electric
split-ring resonator and meanderline structures as quarter-wave plates at terahertz
frequencies [6]. Strikwerda et al. fabricated a quarter-wave plate from a single layer of
birefringent electric split-ring resonators and compared the transmission and reflection IR
signals to a scaled double layer meanderline structure. Figure 1 shows the structures used

in the comparison of the designs to generate circular polarization.

Figure 1. Optical microscope picture of (a) electric split-ring resonator and (b)
meanderline waveplate used to generate circular polarization at IR frequencies [6].



Optical metamaterials generate a different set of challenges compared to RF and
IR metamaterials due to the decrease in wavelength (1). The most difficult challenge is
scaling the dimension of the elements to be less than A/5 size to avoid undesired
interaction between the EM radiation and the elements. Chettiar et al. investigated
metamaterials at optical frequencies and outlined fabrication challenges and the impact of
fabrication limitations, specifically surface roughness, of the fabricated structures on the
optical properties of the metamaterials [7]. One of the main goals of the investigation was
to produce negative index material behavior for red light at a wavelength of 710 nm. By
incorporating silver and alumina layers into a fishnet structure, made by a tailored
evaporation process, Chettiar et al. demonstrated a single negative-negative index
material property that was supported by their simulations.

Another challenge at optical frequencies is overcoming the diffraction limit, or the
problem of decreasing evanescent modes [8]. Pendry et al. show that material with a
negative index of refraction (n) can successfully spread waves, such that the component

k, of the wave vector along the direction of spreading has an imaginary value [9].

2
k, = i«/%—kf (1)
C

Where w is the radian frequency, c is the speed of light in a vacuum, ky and k; is the wave
vector components along the x and z axis, respectively. This model is valid for very large
kx, Or in other words, for very short electromagnetic waves. In materials with positive
values of n, where n = kc/w, the amplitude of such waves (the evanescent modes), in
accordance with Equation (1), will exponentially decrease along the z axis, thereby

making it impossible for an optical system to image objects with sizes noticeably smaller



than the wavelength [8]. However, in work [9] Pendry suggests that in material with
negative refraction index, waves with large values of kx do not decrease, but increase thus
suggesting that it is possible to transfer images with sizes much less than the wavelength
from one point of space to another [8], [9]. This suggestion was motivated by the
possibility of increasing surface modes due to resonance in material with negative

refraction [8].

1.1. Long Term Problem

Baseline meta-atom designs are static structures that cannot be used in tuning
applications. The static structures are suitable for fixed frequency operations, but having
a tunable meta-atom increases the functionality for broader applications. For example, a
cloaking device devised by Schuring et al. is able to block an obstacle by surrounding it
with artificially structured metamaterials designed for operation over a narrow band of
microwave frequencies. The cloak decreased scattering from the hidden object while at
the same time reducing its shadow, so that the cloak and object combined began to
resemble empty space [10]. Figure 2 shows the cloaking device designed by Schuring et
al. which is composed of copper split ring resonators on Duroid 5870 material. A
limitation of this cloaking implementation is that it has a fixed resonant frequency at 8.5
Gigahertz (GHz). To implement a tunable metamaterial structure, more research is
required into the modeling, design, fabrication and testing for meta-atoms that can shift
the resonant frequency based on changing structural dimensions or material properties.

My research focuses on the individual meta-atom to determine methods to tune the



resonant frequency. In addition, loss associated with metamaterial designs will be

investigated.

[mm|

Figure 2. 2D microwave cloaking structure (background image) with a plot of the
material parameters that are implemented. p, (red line) is multiplied by a factor of 10 for
clarity. pg (green line) has the constant value 1. g, (blue line has the constant value 3.423.
The SRRs of cylinder 1 (inner) and cylinder 10 (outer) are shown in expanded schematic
form (transparent square insets) [10].

1.2. Contributions
The novel contributions of this work, to the metamaterial field, include:

1. Demonstrate tunable meta-atoms based on shifting capacitance with
electrostatically actuated MEMS varactors. By integrating these tunable
capacitive elements into the double split ring resonator baseline meta-atom, |
developed a method to tune the meta-atom based on how the electrostatic MEMS
varactors adjust the overall capacitance. Also, integrating the baseline meta-atom
with the electrostatic MEMS varactors at different locations on the double split
ring resonators provides design, modeling and experimental verification into the
effect tunable capacitive elements have on the design’s response to

electromagnetic fields.



2. Produced novel 1 — 4 GHz meta-atoms that shift the resonant frequency location
based structural design changes. Provides a contribution to the field using these 1
— 4 GHz meta-atoms which shift the resonant frequency based on the changes in
the self-inductance value of the outer split ring resonator. Developed modeling
and testing methods to understand the role self-inductance has on the resonant
frequency location for meta-atoms. Fabricated and experimentally verified the
designs which are in agreement with the modeling and simulations results.

3. Designed, fabricated and tested a 1 — 4 GHz active element meta-atom which
compensates for losses at the individual meta-atom. This is accomplished by
integrating the baseline meta-atom with a low noise amplifier which provides
impedance matching and gain. Through experimental testing, | have shown that
the 1 — 4 GHz active element meta-atom produces a deeper null at the resonant
frequency that is often reduced in a meta-atom due to loss. Furthermore, the
resonant null depth is controllable based on the biasing level applied to the low

noise amplifier.
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Cantilevers to Enable Electrostatic Tuning of the Resonant Frequency,” Experimental
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1.4. Dissertation Organization

This dissertation is organized as follows. Chapter I, the introduction, gives a
general overview of the metamaterials field. Background information on metamaterial
theory, design parameters and lumped circuit elements along with MEMS fabrication and
actuation methods are covered in Chapter Il. Chapter 11 examines RF metamaterial
designs based on individual meta-atoms and how variations in the meta-atom design
create engineered magnetic and electric responses. Chapter IV provides analytic

modeling, finite element modeling and electromagnetic propagation simulation results



that were generated based on the meta-atom designs detailed in Chapter I1l. Chapter V
provides the experimental results resulting from each meta-atom design. Chapter VI
concludes the main document by providing an overall summary of research activities, a
summary of key findings, and recommendations for subsequent research. This is
followed by an appendix that provides a design toolbox consisting of fabrication process
followers and developmental MATLAB® code used to support the research. Optical,
terahertz and infrared metamaterials are covered in the appendix, as additional research
conducted during this period. Finally, the appendix includes an example illustrating a

design based on a infrared meta-atom incorporated with thin film transistor.



I1. Background

2.1. Metamaterials

Metamaterials are structures composed of engineered materials [11]. These man-
made structures are arranged in many different shapes based on the way the structures
interact with propagating electromagnetic waves. At RF, the most abundant
metamaterials consists of meta-atoms composed with split-ring resonators, and metal
rods/traces [11], [12], [13], [14], [15], [16].

The meta-atom is the single element representation of metamaterials. It is the
smallest component that can produce the effective parameters that help to describe the
behavior of metamaterials. Based on the effective parameters, the meta-atom can help
engineer structures for metamaterials and characterize the expected behavior of the
designs.

In the following subsections, the effective parameters will be described in detail.
Methods to determine the effective parameters will be developed based on equivalent
circuit modeling and a retrieval process to extract parameters from scattering parameters.
The subsections will conclude with a discussion on implementing gain using active

elements.

2.1.1. Metamaterials Effective Parameters
Stemming from a 1968 landmark paper by V. G. Veselago, the race to create
negative refractive material structures has been gaining momentum. Veselago discusses
the effect of the permittivity (¢) and the magnetic permeability («) on propagating

electromagnetic waves [1]. Both ¢ and x are the fundamental characteristic quantities that
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determine the propagation of electromagnetic waves in matter. Both exist in Equation
(2), the dispersion equation, which connects the frequency (w) of a monochromatic wave

and its wave vector (k).

2

w
_gij/uij —kzé‘ij + kikj =0 (2)

C2
where c is the speed of light in a vacuum. For isotropic substances, the dispersion

equation can be simplified into the following form.

2
2 ==’ ®

By knowing that n? is the square of the index of refraction of the substance, we can
replace n? with the permittivity and permeability through this formal use of the refractive

index.

2

n°=sgu 4

Expanding the components of n to account for lossy media allows the investigation of the
lossy effects by argumentative or complex forms. Using the expansion of the refractive

index,

S ,
0= Jfell 2" ©

where 6, and 6, are the tensors representing the permittivity and permeability phase
relationship; respectively. The permittivity and permeability can be separated and
examined independently for effects on the refractive index and as a method to
characterize what happens at the resonant frequency. In the argumentative form, the

permittivity is

11



s=e|e (6)

0

which gives the magnitude (|¢]) and phase relationship (e") for permittivity. In the

complex form, the permittivity is

e=¢g'+rig" (7
which expands the permittivity into a rectangular form. Where ¢ is the real part denoted

by the single quotation and ¢ is the imaginary part denoted by the double quotation

mark.

For permeability, the argumentative and complex forms are expanded similar to

permittivity in the following manner.

p=lple” 8)

pH=pEip” )
where z” is the real part denoted by the single quotation and x ” is the imaginary part
denoted by the double quotation mark. Using the magnitude and phase relationship form,

the refractive index can shift to a negative value when the argument of the ¢ and x goes to

m (€™ =-1).

Determining the method to have negative refractive index started Veselago to
theorize the possible opportunities of the double negative refractive index material. His
theories would take time to develop and materialize. To have isotropic materials with a
double negative behavior is difficult and as of yet hard to produce. Current research has
shown results in anisotropic and bi-anisotropic materials. In our work, the meta-atom is

considered as an anisotropic medium. The development of the permittivity and
12



permeability parameters to characterize the meta-atom will be based on the anisotropic

behavior and the interaction with electromagnetic plane waves.

The tensors of anisotropic permittivity and permeability can be used to help show
the latest development to engineered materials (metamaterials) which have double
negative refractive index. Using the anisotropic tensors of permittivity and permeability
has started metamaterials on a direction toward creating these structures up to isotropic
behavior; however, the current progress remains at anisotropic and bi-anisotropic

materials.

For anisotropic and bi-anisotropic materials, permittivity and permeability
parameters respond differently than those observed by isotropic materials. The response
is determined by the direction the electromagnetic wave travels and material parameters
along that direction. Based on the type of material, these anisotropic and bi-anisotropic
materials can be described using effective models. The anisotropic permittivity and
permeability matrices are provided in several references to anisotropic materials [17],
[18]. The tensors can be represented in a 3 x 3 square Cartesian matrix to show the
interaction of each permittivity and permeability element based on direction.

XX gxy Ex

e=lg, &, €& (10)

X gzy €y
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Hyx /uxy Hy,
H=| My fy My, (11)
Hox :uzy Hy,

For the meta-atom, the permittivity and permeability will be dependent on the
propagation of the electromagnetic wave within the RF strip line. The RF strip line
allows the use of simple orthogonal coordinates for permittivity and permeability based
on the electromagnetic plane wave generated. For this reason, the EM plane wave will
interact with the anisotropic meta-atom and have the electric field oriented in one
direction normal to the center conductor. The magnetic field will be oriented normal to
the electric field. The principle reason behind this electromagnetic wave orientation is to
test meta-atoms with a fixed alignment and orientation. This will simplify the permittivity
and permeability tensors needed to characterize the meta-atom behavior [19], [20], [21].
And limit the amount of unknown parameters that must be solved. The RF strip line is
shown in Figure 3 with the direction of the electromagnetic plane wave propagation
indicated at the beginning of the strip line. Having the RF strip line generate the
electromagnetic plane wave illumination will aid the modeling and experimental

verification for the meta-atom designs.

Outer Conductor

Center Conductor

Outer Conductor
x E:
¥

Figure 3. RF Strip Line used for electromagnetic plane wave propagation.
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The permittivity and permeability models are described in detail by several
authors [22], [23], [24]. To help understand this observation, meta-atoms are designed to
exhibit specific electromagnetic properties at particular wavelengths that are much larger
than the single meta-atom. One critical parameter to the responses is the resonant
frequency. The resonant frequency (wo) is the point along the frequency spectrum where
a large amount of dispersion occurs. Near the resonant frequency, the imaginary
components of the permittivity, permeability and refractive index gain magnitude due to
the resonance. By properly driving and enhancing the resonance, the permittivity or
permeability material parameters can become negative in a frequency band slightly above

the resonance frequency.

Using the resonant frequency, and the effective magnetic permeability model,

f 0’

() =1+— (12)

o} -’ —iTCw
can describe the behavior for metamaterials where the fill factor (f) and damping factor
(I) are associated with material losses. Smith et al. states that the fill factor depends on
feature dimensions like the radius (r) and periodic spacing (a) by f = z/a® [11]. The
damping factor is directly dependent on the material resistivity (p), periodic distance (p)
between layers and inversely dependent on the radius of the split ring by 7" = (2pp)/(1r)
[11]. In our meta-atoms, the designs are square, so the length and the radius are based off

dimensions of the square meta-atom.
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Figure 4. Split Ring Resonators

The effective permittivity model,

g(@)=1-——"F—— (13)

where wy is the plasma frequency and y is the damping factor, characterizes the
anisotropic permittivity. The effective permittivity model describes the interaction of
surface plasmons on thin metal wires. As shown in Figure 5 the thin metal wires can be
arranged to behave as a low frequency plasma. This model is derived from the Lorentz
model and tailored for thin metal wires [2], [25]. The effective permittivity is dependent
on metal, dimensions and the induced electric field. The plasma frequency

Ng?

W, = 14
P 80 meff ( )

is characterized by the electron concentration (N), electron charge (q), permittivity and
effective mass (mer) of the metal or semiconductor layers [2]. Plasma frequency is the
natural frequency of oscillation in the metal at which free electrons and positive ions may
be thought of as plasma. The damping factor (y) is a damping term representing
dissipation of the plasmon’s energy into the system. The damping factor considers the

conductivity (o) of the metal, periodic spacing between the traces and the radius of the

16



trace (y=s0a’w, /mr°c) [25]. The effective permittivity is essentially negative below the

plasma frequency and characterizes the thin wire in the meta-atom design.

I C)

Thin Wires

Figure 5. Periodic thin wire mesh

Using the effective parameters helps to determine the electromagnetic wave’s
response to the meta-atom. The effective permeability parameter depends on the
resonance response of the meta-atom. The effective permittivity parameter depends on
the plasma frequency of the meta-atom. Combining both parameters establishes the range
where the negative index behavior occurs for metamaterials. Understanding the physical
characteristics of the meta-atom leads to design, simulation expected experimental
characteristics which can be defined by additional methods. Two methods that show my
contribution to the metamaterials field are based on equivalent circuit modeling and

parameter retrieval process to characterize meta-atom designs.

2.1.2. Meta-atom Equivalent Circuit Modeling
At resonance, meta-atoms can induce large amounts of dispersion in the effective
medium parameters at frequencies close to the resonant frequency. The resonant

frequency of meta-atom designs can be calculated using

17



1

“=Jic

which consists of lumped inductance (L) and capacitance (C) parameters used to describe

(15)

the circuit behavior. Inductance and capacitance have been described by several
researchers. Two commonly used definitions for inductance and capacitance will be

described and used for defining lumped element models.

2.1.2.1. Lumped Elements
This section provides background information on two lumped elements used in
meta-atom designs. Inductance and capacitance are two parameters that define the
resonant frequency used in the effective parameters. In this section, each lumped element
is described to provide an understanding into how the elements can be used for meta-

atom designs.

The general inductance model is defined as

L= IUOIZ
t

(16)

where | is the length of the conductor, t is the thickness of the conductor and o is the
permeability constant. This induction model does not describe the reaction of the
component to the internal current flow. A more detailed inductance model depends on the
material, length (1), thickness (t), width (w), and total induced current on the component,

wire, or trace. Based on applied current, inductance is defined as
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J

where ;; represents the magnetic flux in the loop due to a current I; in the loop j [26].
From this definition, the self-inductance of any wire, loop, or filament can be described
using the dimensions of the structure and the induced current. For instance, using a
simple loop as shown in Figure 6 (a) the self-inductance of the loop can be determined by
introducing a potential across the opening of the loop and tracing the current path around

the loop.

+ L——

- wl

(@) (b)
Figure 6 (a) Simple loop showing the voltage applied and the direction of the current
flow. (b) sub-conductors (a) in a thin conductor (k) with cross-sectional area indicating
the number of filaments in the wire.

In [26], Ruehli provides a derivation of partial self-induction per length which
leads to a simplified equation for infinitely thin conductors
L ﬂ{SIn[u +(u? +1);] +U%+u™ +3u In[1 + (12 +1);] - [u; + (1)§]§} (18)
| 6r u u u
where u is the permeability and u is defined as the ratio of the | to the w. For this
simplified equation, the ratio of the thickness to the width of the conductor is considered

less than 0.01.
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From the derivation of infinitely thin conductors, Ruehli goes on to give the
equation for partial self-inductance of rectangular conductors with an arbitrary cross
section [26]. Using Figure 6 (b), given a straight conductor k of length | with an arbitrary
cross section, let the conductor cross section be approximated by a set of sub-conductors

each having rectangular cross section (a); then the partial self-inductance is given by

-1
N-1 N N
L, = {zz . cof L, + > cof LPU} detL,, (19)

i=1 j=i+l i=1
where cof indicates the cofactor of the element in the matrix and det is the determinant
with the summation conducted over the conductor’s area. The definition of inductance for

each sub-conductor is

LP-. = (20)

where the voltage drop (V) and the sign (s) associated with the direction (x1) and
frequency of current flow (1) to solve the self-inductance [26]. Since the voltage drop
along the sub-conductors is related to the current vector by V = sLpl and since all
voltages along the conductor are equal to V; = V. Use is made also of the symmetry of the

matrix of partial sub-inductances [26].

From this derivation, the calculation of the partial self-inductance for complex
traces or circuits can be solved using Equation (18) or Equation (19). CoventorWare ®, a
finite element model program, determines the inductance of our designs using an integral
equation approach combined with a multipole-accelerated solution algorithm [26], [27],

[28]. The use of this simulation helps with the evaluation of the complex layouts showing
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how the inductance changed with design modifications. These simulations will be

discussed in section 4.3.

Capacitance is the measure of a capacitor’s ability to store an electric charge on
plates. The charge is built up on the plates by creating a voltage potential difference
between the plates. Figure 7 shows the diagram that demonstrates the buildup of charge
on plates by a voltage source. This model not only describes capacitance but also shows a

parallel plate capacitor, the simplest capacitor model.

AN
v
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Charge

anchored plate Positive
+++++++++1+++ Charge

Figure 7. Parallel Plate Capacitor

Three factors contribute to the capacitance of a capacitor. The first factor is
permittivity or dielectric constant of the insulator. The second factor is the surface area of
the plates that build up charge. And the third factor is the distance between the plates
which is inversely related to the capacitance. Each is represented in the capacitance

analytical model
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g (21)

C=¢g¢

where ¢ is the absolute permittivity, & is the relative permittivity, Area is surface area of
the plates, and d the distance between the plates.

The parallel plate capacitor model and the physical capacitor component have
useful applications in DC and AC operations. For DC operations, the charge builds up
until the potential equals the source voltage and stops the flow of current in the circuit. At
AC operations, the capacitor acts like a voltage source because it builds up and drains the
potential energy from the plates.

A capacitor can have a fixed value or be manufactured as a variable component.
In order to change the capacitance of the capacitor one of the three factors must be
adjustable. Two commonly used methods to vary capacitance are adjusting the distance
between the plates or changing the overlapping surface areas of the two plates. Besides
the parameters found in the simple capacitor model, additional factors must be considered
to fully characterize the capacitor.

The parallel plate capacitor is a commonly used model to help determine
capacitance. However, incorporating a dielectric or insulator into the gap along with an
air gap complicates the analysis of the parallel plate capacitor. The dielectric creates its
own charge on the component and causes a shift in the overall capacitance. The dielectric
and air gap can be considered as two parallel plate capacitors in series. The analytical
approach to calculate the expected capacitance is to consider two capacitors in a series

capacitance model
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where t is the thickness of the dielectric. Based on the model, the thickness of the
dielectric causes the total capacitance to decrease as the thickness of the material
increases.

Another factor to consider for capacitors is the fringing effect on the plates.
Fringing fields develop around the edge of the capacitor plates. Figure 8 shows the
fringing effect on a one dimensional model. The fringing fields cause changes to the

capacitance to account for these edge effects.

N~

w

Figure 8. Capacitor model showing the fringing effect.

Two models were found in previous research conducted by Palmer et al. and
Yang et al. And based on these models an improved approximation is described by Leus
et al. which combines the models to increase the accuracy of the computation [29]. Based
on the parallel plate with fringing effect the one dimensional capacitance model becomes

2
Cose, W14 2 [ 2W) 2 g g 2 UL L (23)
d W d TW d d d

where t represents the thickness of the metal plate, w is the width and d is the spacing

between plates. Within the model, the first term defines the capacitance. The second term
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defines the fringing field due to finite dimensions of the plate. Finally, the third term
defines the fringing field associated with the thickness of the plates which vanishes for
zero-thickness plates.

Another capacitance model that considers first-order fringing field was developed

by Osterberg and Senturia [30], [31]. This capacitance model,

CoGEAR) ) hapS (24)
2d w

where d is the distance between plates, dy is the initial distance and w represents the
width is based on overlapping parallel plates. In this analytical equation, the capacitance
model is an adjusted model used to account for non-parallel electric fields that develop
outside the confines of the parallel plate capacitor. The first-order fringing field is due to
an oversized conducting plate interacting with a smaller plate (such as a cantilever beam)
which creates additional fields outside the overlapping plates. The model accounts for
variations in the total capacitance and will be used in the analytical sections to
determining capacitance.

Based on the capacitance and the factors that are used to determine the value of
capacitors, the analytical solution can be used to determine designs for meta-atom
designs and electrostatic actuated MEMS. As a first order approximation, the parallel
plate capacitor which accounts for fringing fields will be used to help determine design
requirements for tunable meta-atom designs. The background on inductance and
capacitance will be used to help build on the contribution to meta-atom design using

equivalent circuit modeling and for MEMS.
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2.1.2.2. Equivalent Circuit Modeling
To understand the behavior of the meta-atom, the equivalent circuit model can be
applied to simulate responses similar to experimental results using inductance and
capacitance lumped elements. After acquiring test results for the 1 — 4 GHz baseline
meta-atom, the frequency response was plotted for the transmission response. Figure 9
shows the results from the 1 — 4 GHz meta-atom design indicating response

characteristics for a bandstop filter at the resonant frequency.
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Figure 9. 1 — 4 GHz meta-atom transmission response with resonance at 2.83 GHz.

The equivalent circuit model that closely resembles the resonant response is the
series resonant bandstop filter which causes a short circuit at the resonant frequency and
does not allow a band of frequencies to pass voltage to a load. The simplest bandstop
filter design consists of a capacitor and inductor in series resonating at a specific
frequency. Figure 10 shows the series resonant bandstop filter which combines the
capacitor and inductor components in series. The circuit model has two operational states.
One operational state is outside the resonance bandwidth where the RF signal continues

to propagate to the output of the model. The second operational state occurs within the
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resonance bandwidth where the RF signal shorts through the series resonant bandstop

filter and does not propagate to the output.

AN~ ® Qutput
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Figure 10. Series Resonant Bandstop Filter Equivalent Circuit

Knowing the equivalent circuit response depends on the capacitor and inductor
values at resonance, the simple model can be used to obtain a first order approximation
for the meta-atom characteristics. This model will be the further investigated using
experimental data and simulations to build a model that considers the interaction of
propagating signals and the meta-atom. For example, by properly driving and enhancing
the resonance, one can cause the effective material parameters ¢ or « to become negative

in a frequency band slightly above the resonance frequency [2].

Lumped elements in equivalent circuit modeling are common in the microwave
and RF regime; however, these circuit elements have played a limited role in optics [32],
[33], [34]. There has always been a jump from electromagnetic models to plasmons at
optical frequencies. Lumped optical circuit models are now available for metallic nano-
spheres, split-ring resonators and nanorods, but the simplest case of the electrical circuit
for a flat metallic surface plasmon has not been presented [35]. In [35], electrical circuit
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descriptions for bulk plasmons, single surface plasmons and parallel-plate plasmons are
discussed. For these plasmons, simple circuits can reproduce the exactly known
frequency versus wave-vector dispersion relations, with reasonable accuracy. The circuit
paradigm directly provides a characteristic wave-impedance that is rarely discussed in the
context of plasmonics. Now, for metal-optics, the wave propagation can be modeled
using a one-dimensional distributed element transmission line based on transmission line
dispersion and wave impedance. The simplest metal-optics circuit model incorporates
capacitance, Faraday inductance, and also includes kinetic inductance arising from the
inertia of the electrons in a metal. Kinetic inductance dominates over Faraday inductance
for devices with characteristic dimensions smaller than the collision-less skin depth.
When kinetic inductance dominates over Faraday inductance, the frequency region is
called the plasmonic regime. Based on the metal-optics response, the model must include
all three circuit components. To help explain the modeling, Staffaroni et al., provide
detail on kinetic inductance and how it arises from the simple LC circuit model [35].
They also discuss the link between metal dielectric constant and resistivity, whose
imaginary part represents kinetic inductance. Finally, they demonstrate equivalent
transmission line circuits for surface plasmon waves on a single metal surface, and
between a parallel plate metal waveguide [35]. Based on their research, the equivalent
circuit model used for meta-atoms must be considerate of the frequency regime and the

structural design.
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2.1.3. Retrieval Process for Effective Parameters

Another approach to finding the effective permeability and permittivity is using
the retrieval process described by Smith et al. and Chen et al. [36], [37] where the known
scattering parameters (S-parameters) can be used to determine the refractive index and
impedance. This retrieval process is important for simulation and experimental data

verification. Beginning with the definition for S-parameters,

E . (z=0
" — reﬂ( ) (25)
E,.(x=0)
E. . (z=d,+d+d,))
S _ __trans 1 2 26
“ Einc(Z = O) ( )
S =Sy (27)

where Einc, Erei and Eirans are the incident, reflected and transmitted electric fields;
respectively, as observed by a plane wave within a parallel plate waveguide.

Computing the impedance (z) from the S-parameter values is performed using

2 2
7=+ /(1"' S11)2 ~ S221 (28)
(1_ S11) - 521
where, the S-parameter data is collected over a frequency spectrum.

To determine the refractive index (n), a derivation must be completed on the

following equation to solve for real and imaginary refractive index values.

el — X +i1- X2 (29)

where X =(1-S2 +52))/(2S,,) [2]. The advantage of this intermediary step is that the

index of refraction and the impedance are physical quantities upon which a series of
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requirements can be imposed. For instance, if the material is passive, the requirement that

Re (z) > 0 fixes the choice of the sign on the impedance.

Rearranging Equation (29) to solve for the refractive index leads to a complex
solution

n= ﬁ{[ Im (In (e )) + 2m;r} —i [Re(ln (e ))]} (30)

0

that when solved, careful attention must be taken to select the correct solution. Inspecting
the solution and setting Im (n) > 0 leads to an unambiguous result for Im (n). For the
integer (m), which is related to the number of wavelengths that propagate inside the slab,
short samples must be chosen to ensure the sample is smaller than one wavelength, thus
automatically selecting m = 0 is a good solution. The Re (n) is not a problem for

metamaterial designs; in fact, it helps identify regions which are left-handed.

To determine the electric permittivity and magnetic permeability, the refractive

index and impedance derived from the S-parameters can be used for solutions where

g=" (31)
z
and

M=nz (32)

Both n and z, and therefore ¢ and y, are frequency dependent complex functions
that satisfy certain requirements based on causality [30]. This calculation is carried out in

MATLAB and used on S-parameter simulation and experimental data sets.

29



2.1.4. Compensating for loss at resonant frequency

An active material incorporated into the meta-atom is a method to compensate for
loss associated with dispersion [22], [38], [39], [40], [41], [42], [43]. The anisotropic
parameters for permittivity and permeability model the loss observed in the meta-atom
structure by the damping factors. The main issue of loss is the damping of the response
which reduces the null at the resonant frequency. To compensate for the loss, active
materials that generate a gain at the resonant frequency are considered possible solutions.
Components and materials used by other researchers include RF amplifier, tunable phase
shifter, Rh800-epoxy, and optical parametric amplification [40], [38], [39], [41]. Based
on the previous research conducted to compensate for loss, a low noise amplifier will be
integrated in the design and used to demonstrate that loss can be controlled by a gain
medium. Details of the design will be covered in section 3.4. The experimental results

will be discussed in section 5.4.

2.2. Microelectromechanical Systems

Microelectromechanical Systems (MEMS) applications involve sensors and
actuators, collectively known as transducers [44]. Two MEMS technologies relative to
metamaterials are RF MEMS and Optical MEMS. Examples of RF MEMS include
micromachined relays, tunable capacitors, micro-integrated inductors and solenoid coils,
resonators and filters, and antennas. Examples of Optical MEMS are binary optical
lenses, diffraction gratings, tunable optical mirrors, interferometric filters, and phase
modulators for applications including optical display, adaptive optics, tunable filters, gas

spectrum analyzers, and network routers.
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MEMS sensing and actuation involves transforming signals or power from one
energy domain to another. There are six major energy domains of interest: 1. Electrical,
2. Mechanical, 3. Chemical, 4. Radiative, 5. Magnetic, and 6. Thermal. The electrical,
magnetic and radiative domains are used in metamaterials research to help understand the
material and electromagnetic parameters of metamaterial designs. The parameters include
electromagnetic waves, infrared radiation, absorption, transmission, voltage, current,
current density, capacitance, inductance and electrostatic actuation. Capacitance,
inductance and electrostatic actuation are the three main parameters used to combine

metamaterial designs and MEMS.

Combining MEMS with the baseline SRR offers a unique way to have variable
resonance shifts from an otherwise static design. MEMS provide the ability to use micro-
mechanical devices in applications at the macro scale. Incorporating MEMS into the SRR
gives the ability to bring functional mechanical capabilities into meta-atom designs at the

micro-level which is essential for varying capacitance on small structures.

2.2.1 MEMS Fabrication

MEMS fabrication consists of a portfolio of techniques. These techniques are
derived from the integrated circuit industry and are based on micromachining.
Micromachining combines lithography, thin film processing and sacrificial layer etching
to form mechanical devices. The three types of micromachining fabrication processes are
bulk micromachining, microforming and surface micromachining. Each fabrication
process will be discussed in the following subsections to provide information on MEMS

fabrication.
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2.2.1.1. Bulk Micromachining

Bulk micromachining is the creation of microstructures by bulk etching of
material from the substrate by anisotropic/isotropic wet/dry etching or reactive ion
etching. It is a subtractive process. For example, on a silicon substrate the silicon is
removed from the bulk of the substrate using etching to form features. In processing a
bulk material, the substrate is the key to the outcome of the process. Many bulk
micromachining processes are customized for particular applications. Large features and
structures are the expected outcome from the process.

Beginning with the substrate, masking is performed with thin films. Etching is the
next process step to remove undesired material. The key to making etching useful is to
precisely and with repeatable results control the material that is removed. After the
etching process, wafer bonding is completed to add additional material for further
processing.

Wafer bonding is used to create high-aspect ratios for multilayer structures, sealed
cavities and multi-level chambers to name a few examples. The types of wafer bonding
are anodic bonding, fusion bonding and other low temperature methods. Anodic bonding
is caused by a force with voltage applied across the interface. Fusion bonding is caused
by covalent bonding and highly dependent on surface preparation, contact surface and
annealing temperature. An example of low temperature bonding is adhesive bonding
[45]. For low temperature adhesive bonding, the representative adhesive layers include

photoresist, polymer adhesive and spin-on glass adhesive [44]
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2.2.1.2. Micromolding

Micromolding is commonly referred to as a process called LIGA. The word LIGA
is an acronym that stands for the main steps of its process: deep X-ray lithography,
electroplating (Galvanoformung in German) and injection molding (Abformung in
German) [44]. Early developers of the LIGA process recognized the broader implications
of the process as a new means of low-cost manufacturing of a wide variety of microparts
previously impossible to batch fabricate [46]. It involves patterning a thick layer of
photoresist with high-energy beams produced by a synchrotron radiation (SR) X-ray
source. The photoresist is developed for structures with deep vertical walls and high
aspect ratios. Electroplating is conducted to fill the cavities with metal. The metal piece is
harvested by removing the resist and can be used as a precision metal part, or as a mold
for the batch fabrication of plastic parts [44].

The latest development in micromolding is the use of deep X-ray lithography
(DXRL) exposures which uses a critical dose underneath the absorber to avoid
development. The critical dose consists of a top dose used at the top resist layer before
bubble formation occurs and a bottom dose which is the minimum dose needed at resist
to substrate interface to completely dissolve the resist. Key features of DXRL
microstructures are the ability to define arbitrary shapes, structure heights up to several
millimeters, minimum feature sizes in the order of micrometers, sub-micrometer
topographical details, vertical sidewall profile and smooth sidewalls. DXRL has provided
the ability of three-dimensional X-ray lithography based on a technique to tilt and rotate
the assembly of an X-ray mask and a resist coated substrate exposed to incident X-rays
[47].
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2.2.1.3. Surface Micromachining (polyMUMPS ®, SUMMIT V™)

Surface micromachining is based on integrated circuit fabrication techniques. This
process builds up microstructures on the surface of the wafer (silicon, quartz) by making
use of the full lithography capability of integrated circuit processing. The processes
commonly involve deposition, patterning and removal of various layers of silicon
dioxide, polysilicon, phosphosilicate glass (PSG) and silicon nitride [48]. Thin films are
the main structural materials along with the sacrificial layers. Surface micromachining is
considered a planar process because of the well defined process layers. Examples of
surface micromachined devices are single layer structures like cantilevers, bridges and
sealed cavities. There are movable in-plane structures like parts for turbines, gear train
and micro-motors. Micro-hinges and flip up structures can also be made with surface
micromachining. Two foundry processes are based on the surface micromachining
process which are Polysilicon Multi-User MEMS processes (polyMUMPS ®) and Sandia
Ultra-planar, Multi-level MEMS Technology (SUMMIT V ™),

PolyMUMPS ® was started in 1992. It began as a foundry to produce MEMS in a
commercially available surface micromachining process [49]. The foundry provides a
process with a crystalline silicon wafer, silicon nitride layer, three polysilicon layers, two
silicon dioxide layers and a metal layer. Various structures are possible from this process
which range from accelerometers, micro-motors, microfluid channels, tunable mirrors,
capacitors and inductors. Figure 11 shows the layers currently available for the

polyMUMPS ® process.
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Figure 11. PolyMUMPS ® layers and dimensions for MEMS. The layers provide
structures to build devices with a surface micromachine process.

Since polyMUMPS ® is a commercial foundry, the processing data for each layer
is available to help with designs. Table 1 shows the polyMUMPS ® process run humber
83 material information as an example for the characteristics of each layer.

Table 1. PolyMUMPS ® Run #83 material information

PolyMUMPS ® Layer Data Run #83
150mm wafers
Standard Sheet
Thickness | Deviation | Resistance | Resistivity | Stress
(A) (A) (ohm/sg) | (ohm-cm) | (MPa)
Nitride 6,015 239 - - 108 T
Poly0 5,026 32 32 1.61E-03 33C
Oxidel 19,477 293 - - -
Polyl 19,867 161 12 2.38E-03 8C
Oxide2 7,054 97 - - -
Poly2 14,880 12 24 3.57E-03 9C
Metal 5,204 - 0.056 2.91E-06 21T

The Sandia Ultra-planar, Multi-level MEMS Technology is available as a four or

five-layer polycrystalline silicon surface micromachining process based on SUMMIT
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IVT™ or SUMMIT V™ fabrication process. The fabrication process is a batch fabrication

process using conventional integrated circuit processing tools. Using this technology,

high volume and low-cost production can be achieved. Common processing challenges,

such as topography and film stress are overcome using these processing methods. For

example topography issues are mitigated by using chemical-mechanical polishing to

achieve planarization. The stress is maintained at low levels using a proprietary process

[50]. MEMS are produced by alternately depositing a film, photolithographically

patterning the film, and then performing chemical etching. By repeating the process with

layers of silicon dioxide and polycrystalline silicon, interconnected three-dimensional

shapes can be formed [50]. Figure 12 shows the mechanical layers used in the SUMMIT

V™™ fabrication process.
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Figure 12. SUMMIT IV & V™ fabrication layers. The
polysilicon layers are the structural mechanical layers.
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2.2.1.4. MEMS Fabrication Method for Meta-atoms

Three MEMS fabrications techniques were discuss in the previous subsections.
The decision on which fabrication technique to use for research revolves on three factors.
The first factor is the availability of materials to build the meta-atoms. The meta-atom
must consist of metal or semiconductor split-ring resonators and traces. The split-ring
resonators must be separated with insulating materials to build up surface charge. Second,
the method to establish the structures must be repeatable over large surface area. Third,
the fabrication method must allow the integration of tunable features that can shift the
resonant frequency. Surface micromachining fabrication provides solutions to all these
factors. And, an additional benefit is the ability to use clean rooms at AFIT and AFRL to

process the meta-atoms.

2.2.2. Actuation Methods

MEMS actuation mainly involves the movement of structures by either electrical
or thermal excitations. Actuation methods examined in the research are electrothermal,
piezoelectric and electrostatic actuation. Each actuation method has unique characteristics
for actuating devices. And, each method can be accomplished using surface
micromachining fabrication.

Electro-thermal actuators operate based upon thermal expansion properties of
materials used to fabricate the MEMS devices. In principle, as a current is passed
through a MEMS conductor, Joule heating causes the material of the conductor to

increase in temperature. As the material of the beam heats up, the thermal expansion of
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the material causes the beam to elongate. Figure 13 depicts this elongation effect of a
MEMS beam and can be described by

Lew = Lo+ [Lo(Toyg —To)] (33)
where Lpey IS the new beam length; Ly is the initial beam length; «, is the coefficient of
linear thermal expansion; Tay is the average final temperature of the beam; and, Ty is the
initial temperature before current flow [51]. The change in beam length can be utilized in
various configurations to create mechanical displacements in MEMS devices. A major
disadvantage of electro-thermal devices is the much slower actuation response times and
power requirements. Once the applied voltage is removed, these devices must cool using
thermal conduction and convection. Given the operational attributes of these devices,
they tend to be highly suited for the physical movement of larger MEMS objects;
however, they are very poor when high repetition and speed is required [52], [53], [54],

[55].
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Figure 13. MEMS electro-thermal technique illustrating beam elongation due to Joule
heating caused by current flow through the conductor material

The piezoelectric actuation is based on using piezoelectric material where an
applied voltage induces an internal stress [44]. Zinc Oxide is a common material found in

piezoelectric actuators [44]. By applying an external voltage, the internal stress changes
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and creates a longitudinal strain along the axis of the material. Actuation results from an
expansion of the material which can be used to create displacement.

Electrostatic actuation is based on using an applied electric field to generate a
force. The electric field acts on induced or permanent charges to generate a electrostatic
force between conductors. Advantages to using electrostatic actuation are low power
operation and high response speed. One disadvantage is the small range of motion.
Another disadvantage is the large footprint required to generate large force and
displacement. Despite the disadvantages, electrostatic actuation offers the best actuation
choice to build tunable meta-atoms. Based on the decision to use electrostatic actuation,
more detail will be developed to understand this actuation method and provide a

contribution to meta-atom designs in the following subsections.

2.2.3. Electrostatic Actuation

Electrostatic actuation is described as the force generated when an applied electric
field acts on induced or permanent charges [44]. The electrostatic force is a result of this
actuation and is defined as a surface force on a moving particle due to applied electric
fields [44]. To help understand electrostatic actuation, the simple parallel plate capacitor
can be used to derive the force based on the electrostatic potential energy stored in the

capacitor. The dimensions of the capacitor in Figure 14 are width (w), length (I) and gap

(d).

39



E,

mechanical

Negative
Charge

anchored plate Positive
+++++++++ e+ Chame

Figure 14. Parallel plate capacitor used to describe electrostatic actuation.

The maximum electrostatic potential energy, Ee m, stored in the capacitor is

2

wlV
e %0 (34)
e,m 2d

where Vy, represents the electrical breakdown voltage and eoewl/d the capacitance (C)
[46]. When moving one plate of the capacitor with respect to the other in any direction,
the electrostatic force involved is the negative spatial derivative in the direction of the
stored energy E. [46]. A movement of one plate in a microactuator (i.e. cantilever) in any
direction leads to a force (F). For example a translational movement of one plate in a

microactuator in the direction, x, leads to a force, Fy, as

2
o __V (35)
OoX 2 OXx

where V is the applied voltage [46]. For two plates of a parallel capacitor in a
microactuator displaced perpendicular to each other in the x-direction, the force at its

starting position is given as

E £y&,WIV? ZECVZ
" 2d? 2 d

(36)
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This force will tend to decrease the gap, which gives rise to displacements and the

mechanical restoring force (Fmechanical)- The Fmechanical 1s defined using Hooke’s Law

F=k,d (37)
where kq, is the mechanical spring constant and d represents the gap. Under static
equilibrium, the mechanical restoring force has an equal magnitude but opposite direction
as the electrostatic force (Fejectrical). Setting the mechanical restoring force and
electrostatic force equal to each other allows you to determine the voltage necessary to
move the plate. To help simplify the equation, two variable changes are required on the
force equations. The first change is replacing mechanical distance (d) with x. And the

second change involves replacing the new equilibrium position with (xo — x). This

provides the voltage equation,

2k X
&€, WI

V = (%, —X) (38)

where the voltage can be used to help determine pull-in distance and pull-in voltage. The
pull-in distance is determined by finding the maximum or minimum point for the change

in the voltage equation based on the change in gap distance. Using the derivative of

VN - 1%, / N7
ax 0T 2 gogwl D (39)

the derivative can be solved for the pull-in distance of x = Xo/3. Plugging the pull-in

voltage equation,

distance into the voltage equation provides the model for determining the pull-in voltage
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which can be used to determine the electrostatic actuation voltage for MEMS cantilevers.
The mechanical spring constant (ky,) calculated using parallel plate capacitor in

Figure 14 with a loading force applied normal to the movable plate is,

Kn = i—\"f ; (41)
where E is the Young’s modulus of the material, w is the width, t is for the thickness, and
I is the length [38]. By actuating the movable plate, the capacitance can shift based on the
distance of the gap and the biasing voltage.

The principle for electrostatic actuation on parallel plate capacitors applies to
electrostatically actuated MEMS cantilevers. The cantilever is a device used in MEMS to
transfer signals, actuate a circuit or act as a sensor. The cantilever is defined as a fixed-
free beam anchored at one end and free to move at the other end. The beam can be made
out of several different types of materials, but copper, gold and semiconductors are
common materials used in the MEMS industry.

The cantilever dimensions and material properties are two factors that can
determine the cantilever operation. The dimensions considered for cantilever operation
are beam width, length and thickness. The dimensions help define the degrees of freedom
(DOF) the beam can move. Figure 15 shows the cantilever with labeled dimensions.

Based on the dimensions, the cantilever can bend when subject to an applied force. The

location and amount external force exerted on the cantilever causes the cantilever to
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deflect out of plane. The material properties that effect the cantilever operation are
internal stress due to the material and beam’s spring constant which includes the Young’s
modulus. For example, the internal stress deflects the beam when trying to compensate

for residual material stress.

Force
]— width
thickness
Cantilever
length ——48 5 I: d

Figure 15. Cantilever

The parallel plate capacitor model was defined in Equation (21) to describe the
capacitance between two adjacent metal plates or structures. Equation (21) can apply for
MEMS cantilevers which can be integrated into meta-atom structures for variable
capacitor components. In fact, the cantilevers will be used on split ring resonators to vary
the capacitance. The MEMS cantilever has been studied for many applications besides
RF MEMS. The cantilever which is shown in Figure 16 is a simple illustration of the
cantilever structure which consists of a beam, anchor, actuation pad covered with
dielectric, an air gap and signal pad coated with a dielectric material to avoid shorting out
the device. Details on various parameters the effect the actuation for the cantilever beam
will be discussed in detail in the following subsections. Each subsection builds on my

contributions that help to understand the expected actuation response for the cantilever.
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Figure 16 Simple cantilever beam with actuation pad
covered with a thin dielectric layer for short circuit
protection.

2.2.3.1. Fringe effect on cantilevers
Using the actuation pad and cantilever depicted in Figure 16, the fringing effect
responsible for changing the capacitance can be described using Equation (24). As the
overlapping area of the cantilever and actuation pad changes, the total fringing
capacitance is altered by the structural modifications. Incorporating the fringing effect,

the total capacitance increases as a function of the overlapping area.

2.2.3.2. Dielectric effect on cantilevers
The actuation pad is used to pull the cantilever down reducing the air gap thus
increasing the capacitance. Adding the dielectric material within the gap further
complicates the design by having a material within the gap which must be included in the
capacitance calculation. To include the effect of the dielectric material, Equation (22)
must be used and modified by the properties of the dielectric layer. Now the capacitor

model,

1 _ 1 _ EsigN, EairEo A (42)
1 1 t N d Egin, 0AP + &, t
Eo€sin, Wl &8, WI

air CSi3N4 air

will include the air gap and the dielectric material thickness (t) and relative permittivity

(air or SigNy). Including this dielectric effect into the actuation modeling, increases the
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required pull-in voltage for the cantilevers. For multiple cantilever beams, the solution
becomes even more complex. The use of computer simulations helps determine the
capacitance of multi-cantilever designs to reduce differences between the experimental

values and those in the analytical solutions.

2.2.3.3. Cantilever thickness variation

Figure 15 shows the force applied in a downward direction. The force and
moment of inertia of the cantilever along with the dimensions effect the operation of the
cantilever. The mechanical spring constant for this cantilever is provided by Equation
(41). The length and thickness control the amount of force necessary to deflect the
cantilever. However, the thickness is the dominate factor for determining the spring
constant, mechanical restoring force, deflection and pull-in voltage. Using the spring
constant, the thickness is raised to a third power which effects all aspects of the cantilever

actuation response.

2.2.3.4. Anchor Moment

The final factor effecting electrostatic actuation of the cantilever considers the
anchor response to electrostatic actuation. By applying a force to create a moment at the
anchor, the cantilevers deflection changes due to the electrostatic actuation. In general,
the anchor in the fixed-free beam is considered an immovable object. . This first order
approximation works well for describing beam deflection. However, for anchors on
cantilevers with a high aspect ratio of the anchor pad to height of the anchor, the
deflection generates a higher order effect based on the shifting anchor. Figure 17 shows a

diagram of the potential change that can occur at the anchor due to the flexible anchor.
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Solutions to ensure the stability of the anchor are the large anchor pads, low height aspect
ratio, and maintain a cantilever thickness that does not require a large force to generate a
deflection. In the design, the anchor consists of a large area on the double split ring

resonators with a small height and factors out this effect.

Initial anchor
location

Cantilever

Figure 17. Cantilever anchor deflecting due to an applied force

2.3. Summary

An overview of the theory which began with Veselago’s initial analytical work on
negative refractive index which leads to metamaterials was presented. Effective
parameters were described to understand the characteristics of anisotropic meta-atoms.
Using the resonant frequency model, the meta-atom behavior was explained using
lumped elements and equivalent circuit modeling. A retrieval process which uses
experimental data was explained on how it can be useful to characterize the effective
parameters. This background research leads to identifying parameters like inductance
and capacitance that can help identify methods to integrate tunable elements into the
meta-atom. And, provide understanding on how incorporating active materials in the

meta-atom will help compensate for loss at the resonant frequency

To incorporate the tunable components, MEMS was discussed as a potential
device for building the tunable elements into RF meta-atoms which are based on variable
capacitance, inductance and electrostatic actuation. Chapter 111 presents the RF meta-

atoms that incorporate tunable elements and active materials.
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I11. RF Metamaterial Structures

3.1. Fixed Meta-atoms for Metamaterial Structures

Metamaterials research covers the electromagnetic spectrum from acoustics to
optical frequencies. At the various frequencies, the structures are arranged in patterns that
generate a resonant frequency. For this research, the focus is on RF metamaterial
structures. The metamaterial dimensions at different wavelengths is provided in Figure 18
which shows split ring resonators at RF and Terahertz frequencies and fishnet structures

at the optical frequencies.
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Figure 18. Advances in metamaterials. The solid symbols denote n < 0; the open symbols
denote 1 < 0. Orange: data from structures based on the double split-ring resonator
(SRR); green: data from U-shaped SRRs; blue data from pairs of metallic nanorods; red:
data from the fishnet structure. The four insets give pictures of fabricated structures in
different frequency regions [56].

In the RF part of the spectrum, most meta-atoms are composed of split ring

resonators which make up the individual elements for RF metamaterial designs. The
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meta-atom sizes range from micrometer to millimeter which depend on the expected
resonant frequency. At RF, the meta-atom size allows flexibility for several design
iterations to help understand the behavior of these structures and theorize on methods to
adapt tuning methods for shifting the resonance frequency.

The baseline meta-atom was carried through the modeling, fabrication and testing
phases to verify the design process. Two baseline meta-atoms were completed for design
verification one at the 10 — 15 GHz range and one at 1 — 4 GHz range. Using the baseline
meta-atom as a reference, the structural design can be defined to determine the
inductance and capacitance parameters inherent in the structure used to establish a
resonant frequency. Figure 19 shows the baseline structure that creates a resonance at 2.8
GHz. The split ring resonator loops interact primarily with the corresponding magnetic
field to produce an effective permeability. The metal rods interact primarily with the
electric field oriented along their length to produce an effective permittivity. The unit cell
of the meta-atom includes rods from which an electromagnetic field is induced which
behave as low frequency plasma [2]. The rods are also used to actuate the tuning
elements. The baseline meta-atoms are arranged in a periodic array of four unit cells for
testing of the structure which established a baseline for our modified designs.

Using the baseline design of a double split ring resonator meta-atom, several
modifications are made to change the structure and observe the effects on the resonant
frequency. The modifications are based on: 1) varying the capacitance using MEMS
devices, 2) varying the inductance with design modifications and 3) adding a gain

element to compensate for loss.
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Figure 19 (a) Diagram of the baseline SRR with additional rods. (b) RF Transmission
measurement showing resonance at 2.8 GHz with SRR inserted in RF strip-line.

3.2. Capacitive Tunable Meta-atoms

The meta-atoms are integrated with electrostatically actuated MEMS cantilevers
to change the effective resonant frequency based on shifting the capacitance. The designs
are arranged to investigate two conditions. First, the effect capacitance has on the designs
at two different RF frequencies (10 — 15 GHz and 1 — 4 GHz). Second, modified designs
are implemented to look at the effect of capacitance change within the gap and between

the rings of the double split ring design.

3.2.1. 10 — 15 GHz Gap capacitive tuning meta-atom design

The baseline meta-atom was modified to meet the design requirements for
electrostatic cantilevers. At 10 — 15 GHz, the meta-atom is defined with the following
dimensions [57]. The outer SRR had a height of 2400 pm and a width of 2200 pum. The
metal trace width is 200 um for both the inner and outer SRR, except for the sides
containing the gap which was expanded to 400 pm to accommodate the cantilever array.

The inner/outer ring separation is 150 pm and the gap separation begins at 280 um. The
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gap separation decreases in a stair step fashion to create identical overlapping areas for
each of the varying length beams. The gap is decreased by 25 um for an overall decrease
of 100 um for the shortest beam. This design feature ensures that each beam will
contribute the same amount to the overall capacitance as it actuates. Figure 20 shows the
double SRR unit cell with modifications to the gap regions to accommodate the

cantilever array.
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Figure 20. SRR unit cell schematic showing modifications to the gap region to
accommodate the cantilever array.

The cantilever array was designed to produce a continuous transition of the
resonance frequency as the beams were actuated or pulled-in. To achieve a steady
increase in capacitance, the SRR gap region was altered to create identical landing pads
for each cantilever. The cantilever dimensions were chosen so that upon actuation
approximately two picofarads (pF) were added to the overall capacitance of the structure.

The cantilever array was also designed to actuate at low voltages. To ensure the low
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voltage requirement, the cantilever dimensions and dielectric were chosen so that the
actuation voltage will be less than 100 VDC. Figure 21 is a layout view of the 10 — 15
GHz meta-atom showing the location of the cantilevers, and voltage control lines [57] -
[59].

The cantilever array consists of five beams separated by 10 um that are 75 um
wide and have lengths of 300, 325, 350, 375, and 400 um. For each cantilever, the
thickness is expected to be 4.75 um based on analytical modeling and simulation results
to maintain the low actuation voltage requirement. Each cantilever is fixed to one side of
the SRR gap and overlaps the other end of the SRR by 120 um. The initial gap height of
the cantilever is 2 um. Beneath the cantilever is a separate drive electrode that is 120 pm
by 75 um. The electrode is 10 um away from the edge of the SRR. All the electrodes in
the array are electrically connected so that one voltage source can actuate all the beams.

To achieve the desired added capacitance, the landing area of the SRR is coated in
a dielectric. Silicon nitride (SizN4) was chosen as the dielectric due to its high relative
dielectric constant (6 — 9) [46]. The Si3N4 was deposited using plasma enhanced chemical
vapor deposition (PECVD). The dielectric strength of PECVD silicon nitride is 5 MV/cm
which corresponds to a breakdown voltage of 150 V for a 3000 A-thick film [46], which
is well above the range required to pull-in the cantilevers. PECVD deposited films often
exhibit “pin holes” which reduce the breakdown voltage however, not significantly
enough to inhibit the actuation.

The capacitance, pull-in voltage and resonant frequency calculations are provided

in the analytical and simulation sections located in Chapter IV of this dissertation.
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Figure 21. Layout showing cantilevers in the 10 — 15 GHz meta-atom design [57].
3.2.2. 1 — 4 GHz Gap based design

The 1 — 4 GHz design is similar to the design developed for 10 — 15 GHz testing.
Reasons for integrating to a 1 — 4 GHz design are to allow for scaling of the meta-atom,
integrating larger MEMS components and allowing greater flexibility for design changes.
The larger scale for the designs allowed the investigation for capacitance effects based on
locating cantilevers at the SRR gap, and intra-ring location between the double rings.

The first design layout at 1 — 4 GHz is a scaled up version for the 10 — 15 GHz
design which integrates cantilevers into the gaps of both the inner and outer SRRs. The
cantilever array consists of five cantilevers 300 pm wide that vary in length. The length
of each cantilever varies by 50 um to have cantilevers ranging from 300 to 500 um. Each
beam extends over the gap to the opposite side of the SRR overlapping the SRR by 75
um. Each cantilever is isolated from the SRR by a 0.3 pm layer of silicon nitride and a
gap with a height of 2.0 um. Figure 22 is the layout view with the dimensions for the
overall meta-atom design placed on an insulating quartz substrate. The quartz substrate

was chosen for isolating the meta-atoms and ease of fabrication processing constraints.
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Figure 22. Layout for the 1 — 4 GHz Gap based meta-atom design.
3.2.3. 1 -4 GHz Intra-ring Meta-atom Designs

Three designs modifications were decided on to layout and fabricate as meta-
atoms. Each design helps to look at how capacitance changes affect the resonance
frequency when cantilevers are incorporated into the double split ring resonators. The
first intra-ring design incorporates cantilevers sets between the inner and outer split ring
resonators by having four cantilevers make up a set of variable capacitors (varactors) for
the design. There are two sets of cantilever arrays located on the adjacent sides of the
SRR from the gap. For the design, the cantilever arrays consist of four beams each 300
um wide, whose length varies from 350 to 500 um in 50 um steps. The cantilevers extend
from the inner SRR across the gap to the outer SRR, overlapping it by 75 um. The
actuation pads are placed between the rings at locations to vary the pull-in voltage. The
longest beams on all four arrays should pull-in at the same voltage, thus creating four

shifts in the resonant frequency.
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The second intra-ring design incorporates cantilevers in the SRR gaps as well as
between the SRRs. The cantilever arrays in this design have the same dimensions as
those of the meta-atom with cantilever in the SRR gaps and the meta-atom with intra-ring
cantilevers. The overall intention of this design is to increase the range in which the
resonance frequency shifts by incorporating more cantilevers for a larger increase in the
capacitance. With all the cantilevers at the same length having the same pull-in voltage,
the design has a larger shift in resonance per cantilever.

The third intra-ring design has three arrays consisting of four cantilevers placed
between the SRRs. The widths of each cantilever array are varied to change the
capacitance area of each array. One set of the cantilevers has a width of 300 um while the
other cantilevers sets are 400 and 500 um wide, respectively. Increasing the area creates a
broader change in capacitance than the other designs.

Developing the intra-ring structures from the baseline meta-atom design presented
some design challenges. For instance, the actuation pads and interconnects add
unnecessary capacitance and inductance which shifts the resonant frequency. To alleviate
this problem, interconnects are scaled to smaller sizes to minimize the additional
capacitance and/or mutual inductance.

In the intra-ring meta-atom designs, the metal components are fabricated with
gold to improve: conductivity, ease of micro fabrication, and prevent oxidation of the
material. A quartz substrate was used as a base for the metal components to increase
electrical isolation since quartz is a non-conducting material [60]. All three designs were

fabricated based on the two modification options (intra-ring and between the gap) in
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order to test the effect of integrating MEMS cantilevers into the SRR structure and

determine the configuration that offered the widest tunable range [61].
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Figure 23. Layout of the three intra-ring meta-atom design variations integrated with
(Design 1) cantilevers between rings, (Design 2) cantilevers in the gap and connecting the
rings, and (Design 3) cantilevers with varying widths between the rings.

3.3. 1 -4 GHz Inductance based Meta-atom Designs
Based on Equation (15), the simplest resonant frequency analytical model
involves inductance as well as capacitance from structures. This section introduces meta-
atoms which vary the overall inductance while at the same time minimize capacitance
change based on the design. The section covers designs for static inductive meta-atoms.
Based on the 1 — 4 GHz baseline meta-atom, structural modifications were made

to increase the amount of inductance with minimal changes in the structure’s capacitance.
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Two meta-atoms were designed which altered the outer SRR to increase the total
inductance.

To modify the 1 — 4 GHz baseline meta-atom with minimum capacitance change,
the outer SRR was changed with a 0.15 mm gap in the middle of the vertical sides. Loops
were added to the outer SRR which increased the overall length of the outer SRR. The
increased length produced a change in the induction based on the increased path for
current flow. From the baseline design, two modifications are implemented with each
meta-atom design increasing the length of the loop which in turn increased inductance of

the outer SRR.

Left Trace
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Figure 24. Layouts of the meta-atoms (a) baseline, (b) Loop A with loop extending up
and down the outer SRR's vertical side and (c) Loop B with the loop equal to the outer
SRR's vertical side.

On all the meta-atoms for inductance variation, the periodic distance between
meta-atoms remains constant on the substrate and between arrays inserted in the RF strip-
line. And the 0.15 mm gap in the vertical sides of the outer SRR is maintained on both
modifications to connect the loops of the various designs. The designs were laid out using
L-Edit. After laying out the designs, a computer simulation of each design is
accomplished using CoventorWare ® to determine the self-inductance and capacitance of

each ring and trace.
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3.4.1 -4 GHz Active Element based Meta-atom Design

Based on the previous capacitive and inductive design approaches, the meta-atom
lends itself to another design concept which is implementing a meta-atom with an active
element. The active element consists of a gain medium such as a transistor or a low noise
amplifier (LNA) which is needed to overcome resonant null loss. The concept behind the
integration is to have the ability to control current flow around the SRR. Incorporating
the low noise amplifier into the baseline meta-atom involves creating a gap in the outer
split ring resonator and connecting the input and output of the amplifier to either side of
the gap. With this design, the original gap is preserved and can still be used for tuning.
The current flow for the outer split ring resonator goes from the split ring resonator gap
around the ring to the input of the amplifier. The current flow then proceeds out of the
amplifier and continues around the split ring resonator to stop at the opposite side of the
gap. The gap of the split ring resonator functions as a charged capacitor generating the
electromagnetic field that provides a built up charge on the split ring resonator. The low
noise amplifier controls the amount of charge build-up through the split ring which in
turns controls the level of the resonant null of the meta-atom.

For the research into the active element, a 0.5 — 6.0 GHz Low Noise Gallium
Arsenide (GaAs) MMIC Amplifier (LNA) was chosen as the gain medium integrated into
the outer SRR based on the operating rang of the LNA and matching to the meta-atom.
[62]. The 1 — 4 GHz baseline meta-atom design was chosen to integrate the active
element because of the size, ease of device integration and availability of impedance
matched LNA operating at the 1 — 6 GHz (S-Band) frequency range. The equivalent
circuit for the LNA uses pHEMT technology with self-biasing current sources, a source-
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follower inter-stage, resistive feedback, and on-chip impedance matching networks. The
normal operating voltage range of the amplifier is 0 — 7 VDC and generated 18 — 20 dB
of gain at ~4 GHz. Incorporating the low noise amplifier into the baseline meta-atom
involves creating a 0.40 mm gap in the outer split ring resonator and connecting the RF
input and output of the amplifier at the gap. The current flow for the outer split ring
resonator travels from the large split ring resonator gap around the ring to the RF input of
the amplifier. The current flow then proceeds out of the amplifier and continues around
the split ring resonator stopping at the opposite side of the large gap. The large gap of the
split ring resonator functions as a charged capacitor generating the electromagnetic field
that provides a charge built up on the split ring resonator. The low noise amplifier
controls the amount of free flowing electrons traveling through the split ring resonator
which in turn controls the resonant null level of the meta-atom by counteracting any loss.
To build and integrate the meta-atom, prototypes were drawn up with a printed
circuit board (PCB) layout editor. The layout consists of the 1 — 4 GHz baseline meta-
atom along with landing pads for the LNA surface mount devices, and interconnects for
DC bias and ground. A 0.40 mm gap is cut out of the outer SRR to integrate the LNA and
interconnects. The DC bias and ground interconnect traces are located on the backside of
the layout and connected with thru-vias to the topside for the LNA. The design layouts
are inspected and sent for fabrication on double sided printed circuit board (PCB) made

of insulating glass reinforced epoxy resin (FR4) at a commercial foundry [63].
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Figure 25. Active element integrated into the 1 — 4 GHz meta-atom. The GaAs low noise
amplifier integrated into the baseline meta-atom is used to effect the resonant frequency
based on a gain medium inserted into the SRR.

3.5. Summary

Variations on RF meta-atom designs were presented. The Baseline meta-atom and
modifications to the structure were discussed to implement tunable resonant frequency
and compensate for loss. The modifications incorporate electrostatic cantilevers,
inductive loops and active elements. Based on the modifications, new concepts will be
discussed in the future research section that can be experimentally investigated as future
work. These new concepts are inductive tuning with phase change material and

investigating metamaterials with two dimensional (2-D) focus beam system.
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IV. RF Meta-atom Modeling and Simulation

4.1. Analytical Modeling
This section cover the analytical modeling completed on the meta-atom designs to
compare with simulation and experimental results. The section also covers analytical

modeling completed on the cantilever which will be used in tunable meta-atom designs.

4.1.1. Meta-atom Analytical Modeling

Analytical modeling for RF meta-atoms used to calculate the resonant frequency
helps define the effective permeability parameter. The approach used to define the
parameters for meta-atoms begins by knowing at what specific frequency the resonance
should occur. To help understand the analytical modeling, a resonance occurring between
1 — 4 GHz was chosen for the modeling approach to show how the modeling is used to
derive a solution for the baseline design. From the design described in section 3.1, the
analytical modeling begins with defining the capacitance and then the inductance based

on type of metal, and dimensions for the split ring resonator as shown in Figure 26.
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Figure 26. Meta-atom showing dimensions used to calculate the capacitance and
inductance values.

The capacitance can be described by the parallel plate capacitance model
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C =gy, wi (43)

0

as described in the background section on lumped elements under capacitance. To define
the capacitance, the meta-atom is divided into four sections that represent the total
capacitance in the design. Figure 27 shows how the design is diced into sections to obtain
the capacitance. Section A determines the capacitance of the sides away from the gap in
the split ring resonator. Section B determines the capacitance by calculating the
capacitance at the gap of the outer split ring resonator and the section of the inner ring
adjacent to the outer ring’s gap. Section C determines the capacitance by calculating the
capacitance at the gap of the inner split ring resonator and the section of the outer ring

adjacent to the inner ring’s gap.
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Figure 27. The 1 — 4 GHz Meta-atom showing sections for capacitance calculations.

Using the parallel plate capacitance model, the g, represents the open area in the
split ring resonator gaps, between the rings or traces. The split ring resonator width (w) at
the gap is used in the model because it is the location where the electric field builds up
the charge to send current around the ring. The length (1) is based the length of the ring

after accounting for the gap and width. For the analytical model, the lengths for the outer
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and inner rings are 27.6 mm and 16.4 mm, respectively. For the 1 — 4 GHz baseline meta-
atom, the dimensions are provided in Figure 26. Based on the dimensions and the relative
permittivity for air (1.0), the capacitance for each section is determined based on the
structural dimensions. For section A, the vertical sides of the outer and inner rings are
used as the overlapping areas. The outer ring vertical side has the length and width equal
to 7.2mm and 0.8mm, respectively. The inner ring vertical side has the length and width
equal to 3.6 mm and 0.8mm, respectively. The gap between the outer and inner ring is 0.6
mm. The capacitance for section A equals 0.128 pF. For section B, the gap in the outer
split ring resonator creates a capacitance value along with the capacitance observed by
the side of the inner split ring resonator. Both of these capacitances make up a series
combination for section B. The outer split ring resonator capacitance at the gap equals
0.09 pF, while the inner split ring contributes capacitance equal to 0.071 pF. For section
C, a series capacitance occurs similar to section B. The inner split ring resonator
capacitance at the gap equals 0.057 pF and the outer split ring contributes capacitance
equal to 0.104pF. The metal trace capacitance calculated to a total of 0.106 pF.
Combining all the capacitance values into a total provides a 0.384 pF for the meta-atom.
The inductance is based on the knowing the metal type, and structural dimensions.
Using the simplified equation for infinitely thin conductors which was described in a
earlier section but provided by the following model, the inductance for the outer and

inner ring can be solved analytically.
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Providing the dimensions and relative permeability for copper (« = 0.999994 1),
the outer split ring resonator inductance is calculated using the length of 27.6 mm and
width of 0.8 mm. The inner split ring resonator inductance is calculated using the length
of 16.4 mm and width of 0.8 mm. Based on the model, the outer and inner split ring

resonator inductance are 26.19 and 13.87 nanohenry (nH), respectively.

After obtaining the capacitance and inductance for the outer and inner split ring
resonators, the resonant frequency can be solved and used in analytical models to solve
the effective permeability and permittivity. At RF, the resonant frequency analytical
model

_ 1

f
" 2xJLC

uses the parallel inductance and total capacitance for the meta-atom design. Based on the

(45)

capacitance and inductance values obtained for the 1 — 4 GHz baseline design, the
resonant frequency is 2.70 GHz. This value does not take into account the capacitance
produced by the vertical traces and the inner ring in the meta-atom design which will be
solved during the simulation of the design. It does give a relative idea of the resonant
frequency but a comparison must be made between the analytical model, the simulation

and experimental testing.
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4.1.2. Cantilever Analytical Modeling

Building on the contributions made in the background section of electrostatic
actuation, the cantilever has design parameters that must be considered for modeling and
experimental analysis. The parameters include force, mechanical spring constant, pull-in
voltage, and capacitance. For these parameters, the cantilever model must be thoroughly
examined to understand what is expected during actuation.

The force based on spring constant variation changes with the cantilever
dimensions. The cantilever thickness changes the force necessary to deflect the
cantilever. Using Hooke’s Law, the force versus thickness is plotted to show the
dependence of force on the thickness of the cantilever. The cantilever length is kept

constant at 0.30 mm. The Young’s modulus of gold (78 GPa) is used in the modeling.
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Figure 28. Cantilever deflection force versus cantilever thickness.

The cantilever pull-in voltage is a parameter that relies on the dimensions of the
cantilever and the capacitance due to the electrostatic actuation. In the section on
electrostatic actuation, three variables that change the level of pull-in voltage were

discussed. The simple cantilever model is compared to the model when dielectric
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material and fringing effects are taken into consideration. The models discussed in the
background section on electrostatic actuation are plotted in Figure 29 to show the
differences in pull-in voltage as a function of cantilever length and capacitance model.

The cantilever thickness and width are kept constant at 5 um and 300 pum, respectively.
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Figure 29. Cantilever pull-in voltage as a function of length and capacitance model. The
fringing effect on the capacitance model shows the largest deviation from the simple
model. The simple model and model with the dielectric layer show a similar pattern.

The capacitance changes as a function of these higher order variables and shifts
the pull-in voltage required to deflect the cantilever. The fringing model shows the
highest deviation from the simple capacitance model. In the designs, the cantilevers will
overlap the actuation pads which have smaller surface area. The fringing capacitance
model will be used to set design specifications. The fringing capacitance model will be
compared with simulation and experimental values to check for deviations in expected

values.
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Four different modifications were considered based on two options to build and
test the effect of integrating cantilevers into the SRR. For example, the first 1 — 4 GHz
based design integrates cantilevers into the gap of the resonator rings. Five cantilevers of
varying length were placed into the gap. Each cantilever has a width of 300 um; however,
the length of each cantilever varies by 50 um to have beam lengths changing from 300 to
500 um. The actuation pad under each cantilever is shifted to allow for varying pull-in

voltages which are calculated with

_2% [k
P 3 \1.5C,

(46)
where X is the initial gap, kn is the spring constant and Cy is the capacitance between the
cantilever and actuation pad at the gap [60]. For the SRR, each cantilever contributes a
change in the capacitance based on the area that overlaps the gap on the SRR, an area of
300 um by 75 um. The beam extends over the gap to the opposite side of the SRR. The
cantilever height is 2.0 um. The cantilever is isolated from the SRR by a layer of silicon

nitride with a thickness of 0.3 um. When the each beam is pulled in, it contributes

approximately 0.6 pF to the overall capacitance.

4.2. Meta-atom Equivalent Circuit Modeling

The 1 — 4 GHz Baseline Meta-atom is used as the design to describe how to build
the equivalent circuit model. In this sub-section, the lesson learned from the background
research on the meta-atom and the analytical modeling will be combined to help build the
equivalent circuit model that can help characterize the design at RF. The initial model
used in the background section was a series resonant bandstop filter. It has a single

resonant null at a given frequency. This is similar to experimental results carried out on
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the baseline 1 — 4 GHz Meta-atom. However, the series resonant bandstop filter accounts
for one capacitor and one inductor. In order to characterize the meta-atom, the equivalent
circuit model has to consider the affect of all the meta-atom’s subcomponents which are
the split ring resonators, and metal traces. Based on the analytical modeling, the
capacitance can be calculated for sections of the meta-atom and combined into one
lumped element. A better representation will be to consider the sections as capacitor
elements which combine into one branch in the model. The series resonant bandstop filter
used to represent the meta-atom based on the capacitive sections is shown Figure 30. It
includes the capacitors and inductors for the meta-atom. The capacitors in the circuit are
equivalent to each section based on the surface charge between the metal components.
Inductance values for the meta-atom come from the self-inductance of the split ring
resonators. In the analytical section, the inductance was calculated for the inner and outer
split ring. These values are combined in the equivalent circuit model as parallel lumped

inductor elements.

Figure 30. Meta-atom equivalent circuit model.

Simulink is used to simulate the meta-atom equivalent circuit. The capacitance

and inductance values obtained in the analytical section were used in the simulation. The
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response from the circuit is shown in Figure 31. The resonant null appears at the
calculated frequency. Based on the response and analytical calculations, the meta-atom
equivalent circuit developed for the sections provides an accurate representation for the

design.

Frequency Response

Transmission Response (Mag)

Frequency (Hz) <10

Figure 31. Meta-atom equivalent circuit frequency response

4.3. RF Simulations

Simulations for the RF meta-atom designs were completed using two simulation
programs. The programs are used to compare the capacitance, inductance and resonant
frequency values generated by the simulations. The first program is CoventorWare ®
which generates the capacitance and inductance values. The second program is CST
Microwave studio ® which simulated the condition of RF energy impinging onto the

meta-atoms.

4.3.1. CoventorWare ® Modeling
To demonstrate the tuning capacitance, CoventorWare ® is used to simulate the
designs determining the capacitance, inductance, and cantilever actuation values [64]. For

the simulation, the meta-atoms designs are constructed with finite element models that
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sectionalize the designs into individual elements or blocks. Each element is a data point
linked to all the surrounding elements composing the entire design. The element size and
type in the model determines how accurate the finite element model can calculate the
parameters. A mesh analysis is completed to determine the size of the elements necessary
to build the models. The larger the element size, the faster the computation; however, the
parameter value may be underestimated. Having a smaller element size slows the
computation time and provides a more accurate the parameter value. A trade-off between
the element size and parameter value is determined by completing the mesh analysis.
Based on finite element modeling, the capacitance of each component against the other
structural components is simulated and inserted into the resonant frequency equation.
Using this method, the meta-atoms designs are simulated in two operational states to
understand the effect of capacitance changes on the designs.

The first operational state is with all cantilevers located in the initial position
having a 2 pm gap between the cantilever and the adjacent resonator ring coated with
silicon nitride. With all the cantilevers in the initial state, the capacitance of the design is
at the lowest value, which represents the highest resonator frequency achievable by the
design. As the cantilevers are pulled-in, the capacitance increases which in-turn causes
the resonant frequency to decrease leading to the second operational state. For the second
operational state simulation, all cantilevers are located at the pull-in position. This state
happens when the applied actuation voltage pulls all the cantilevers in contact with the
silicon nitride on top of the actuation pad. This operational state represents the highest
value capacitance position where the capacitance shifts the resonant frequency to its

lowest value.
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The electrostatic actuation is conducted with actuation pads which attract the
cantilever using a voltage potential. By applying the voltage potential, the simulation
reveals the experimental behavior of the cantilever integrated into the meta-atom design.
The simulations show the cantilevers start to actuate at 26 VDC. Applying more actuation
voltage, draws the cantilevers closer to the actuation pads until all the cantilevers come in
contact with the dielectric layer on the actuation pad. Figure 32 shows the actuation of the

cantilevers in the simulation at different voltage biasing conditions.
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Figure 32. Cantilever actuation simulated with CoventorWare ® to determine the biasing
voltage necessary to draw the cantilevers to the actuation pads.

4.3.1.1. 10 — 15 GHz Gap based Designs
The meta-atom design at 10 — 15 GHz is composed of the double split ring
resonator design which was described in section 3.2.1. Rederus completed an initial
investigation into the design that provided the initial research into MEMS incorporated
into the split ring resonator meta-atom [57]. He developed a custom simulation process to
construct the designs into a solid model. To simplify the model, the substrate and split

rings were hidden during the modeling of the cantilever array to reduce simulation time
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required for the design. Figure 33 shows the solid model of the cantilever meshed to
perform the simulations.

Simulations carried out using CoventorWare ® provided estimates for pull-in
voltage, capacitance, collapse voltage, and release voltages. Using the CoSolveEm
analyzer tool, the cantilever was fixed at 0 V and the actuation electrode is simulated with
applied voltages ranging from 0 to 130 VDC. As the voltage changes, the capacitance is
measured for each cantilever. For the 300 um cantilever, the capacitance changed from
0.083 pF at 0 VDC to 0.396 pF at 130 VDC which is the state when the free end of the
cantilever contacts the dielectric on the opposite side of the split ring resonator gap.
Based on his results, masks for the 10 — 15 GHz meta-atom design were produced to

fabricate the design on insulating semiconductor substrates.

Anchor designated
as fixed-patch

Figure 33. Meshed cantilever in CoventorWare ® used to calculate pull-in voltage,
capacitance and release voltage [57].

4.3.1.2. 1 — 4 GHz Gap based Designs
The 1 — 4 GHz based designs are based on the meta-atoms discussed in section
3.2.2. The meta-atoms at the 1 — 4 GHz range provide flexibility in the meta-atom
structure for the design and fabrication of tunable structures. Two designs were simulated
to obtain the capacitance and inductance values based on scaling the meta-atom design.
The Baseline design is the first scaled design to ensure the fundamental design performs

as expected without further modifications. The Baseline design consists of the double
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split ring resonator meta-atom which is shown in Figure 34. The dimensions of the meta-
atom are obtained using analytical modeling and then a device layout is completed based
on the dimensions. CoventorWare ® is used to simulate the model using its FEM solvers
for electrostatic and inductance values. The Baseline design is meshed to complete FEM
analysis on the structure. Based on the simulation the values for the capacitance and
inductance are collected on each SRR and the metal traces. The total capacitance value
for the meta-atom which includes the outer and inner split ring resonators and metal
traces capacitance is 0.384 pF. And the inductance values simulated for the outer and
inner split ring resonators are 26.19 nH and 13.87 nH, respectively. Using the resonant
frequency equation, the resonant frequency is 2.70 GHz, which equal to the analytical
solution. Figure 35 shows the Baseline meta-atom meshed and prepared for
CoventorWare ® simulations. For the simulation, the meta-atom is composed of gold
rings and traces. The quartz substrate is not used during the simulation because electrical

isolation is its main purpose.

Quter Ring

Left Trace
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Figure 34. 1 — 4 GHz Baseline meta-atom design with dimensions used in analytical
modeling and CoventorWare ® simulations.
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Figure 35. Baseline meta-atom meshed and prepared for CoventorWare ® simulations.

The second 1 — 4 GHz meta-atom design adds electrostatic cantilevers to the inner
and outer split rings. The cantilevers are used to produce a tunable meta-atom design that
allows the resonant frequency to shift based on the position of the cantilever’s tip. Figure
22 shows the tunable meta-atom with dimensions for the cantilever added to the Baseline
meta-atom. The design is imported in to CoventorWare ® for simulations. The
MemeElectro solver is used to determine the capacitance values of the design. The
capacitance is solved for two operational states which are the initial operational state with
cantilevers having a 2 pm gap and the final operational state with all the cantilevers
pulled into contact with the dielectric layer. The inductance for the design is simulated
using a block design because of issues using the 3-D design shown in Figure 36. Based
on the simulated design, the total capacitance for the split ring resonators and the metal
traces is 0.84 pF for the initial operational state. The total capacitance for the split ring
resonators and metal traces is 0.94 pF for the final operational state. The capacitance
values are used in the resonant frequency equation. The initial operational state resonant
frequency is calculated to be 1.97 GHz. The final operational state resonant frequency is

calculated to be 1.86 GHz.
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Figure 36. Meta-atom design modified with cantilevers for a tunable resonant frequency
response.

4.3.1.3. 1 — 4 GHz Intra-Ring Designs

The intra-ring meta-atom designs are built with electrostatic cantilevers to
examine different effects of placing cantilevers in different areas around the split ring
resonators. The three designs are based on the structures discussed in section 3.3.3 and
shown in Figure 23. Similar to other designs, these three designs are constructed using a
layout editor and simulated with CoventorWare ®. With the simulation, the capacitance
is captured at the initial and final operational states using a meshed FEM to determine the
frequency range for experimental testing. The operational states are similar to the 1 — 4
GHz meta-atom design with cantilevers located in the split ring resonator gaps. Using all
the simulated results compiled into Table 2 and Table 3, a simulation comparison is
possible for the two operational states. From the simulation results, the resonant
frequency was calculated to predict the expected results once the designs are fabricated.
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As expected, the CoventorWare ® simulations show the capacitance increases as the
cantilevers pull into contact with the actuation pads which in turn decreases the resonant
frequency. Based on the simulated results, the meta-atom designs are fabricated to see
how well the simulated and experimental results match.

Table 2. Simulated capacitance and induction parameters for the designs at initial

operational state where the capacitance gap is 2 um and no actuation voltage
applied; along with the calculated resonant frequency for each design.

Design Louter Liner  Capacitance Ores

(nH)  (nH) (pF) (GHz)

Baseline 262  13.87 0.384 2.70
1 25 12 1.28 1.56

2 25 12 1.227 1.59

3 25 12 2.45 1.13

Table 3. Simulated capacitance and induction parameters for the designs at final
operational state where the capacitance gap is closed and maximum actuation
voltage applied; along with the calculated resonant frequency for each design.

Design Louter L inner Capacitance Ores
(nH) (nH) (PF) (GHz)

1 25 12 1.889 1.29

2 25 12 1.483 1.45

3 25 12 6.193 0.71

4.3.1.4. 1 — 4 GHz Inductance based Meta-atom Designs
Simulations for the inductive based meta-atom designs discussed on section 3.3.1
were carried out in CoventorWare ® to determine the capacitance and induction values of
each design. Figure 24 shows the baseline design along with the two designs that change
the induction value of the outer split ring while permitting only small changes to the
capacitance values. The static designs are simulated in frequency range from 1 Megahertz
(MHz) to 10 GHz to determine the capacitance and inductance of the design across a

broad spectrum. To obtain inductance values, the simulated designs are biased with one
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volt across the gaps of the inner and outer rings. The one volt bias stimulates a current
flow through the rings similar to an induced current on the rings at the SRR capacitive
gaps. Figure 37 shows the imaginary current density of each design simulated with
CoventorWare ® used to solve for capacitance and inductance. As shown in the Figure
37, the magnitude of the imaginary current density increases relative to the increase in
inductance for the inner split ring resonator. However, the magnitude of the imaginary
current density decreases on the outer split ring resonator as the length of the loop

increases.

It is critical for the inductance to remain relatively constant over a broad
frequency range for stability of the design, as discussed by Grover [65]. The metal SRR
structures are constructed with copper (FR4 PCB prototypes) or gold (microelectronic
fabrication) to eliminate any unwanted inductance shifts as a function of the metal type or
frequency. The range of operations is well below the plasma frequency of copper or gold
where metals lose their complex refractive index form and become transparent. There is a
slight shift in inductance as the frequency goes beyond 100 MHz due to a change in the
uniform current density the across wires/conductors at higher frequencies [65]. This is
due to the “skin effect” or the tendency of the current to forsake the interior of the wire

cross section and crowd into portions near the surface of the wire [65].
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Figure 37. CoventorWare ® plots showing magnitude of imaginary current density
incident on the (a) Baseline, (b) Loop A and (c) Loop B versions of the meta-atom
designs. Changes in the imaginary current density were observed as the length of each
loop increased from the Baseline to the Loop B design. The magnitude of the imaginary
current density increases on the inner split ring resonator which is relative to the increase
in inductance and capacitance. However, the magnitude of the imaginary current density
decreases for the outer split ring resonator.

The CoventorWare ® simulations show a large inductance change can be
achieved with minimal capacitance change. Table 4 lists the inductance and capacitance
values obtained from the analytical modeling and simulations. Both designs show a shift

in the resonance towards a lower frequency.

Table 4 Inductance and capacitance values obtained during modeling and simulations

DESIQn %ll‘lrt]zr :23322:{12 CSection_B CSection_C CLeft_Side CRight_Side CTraces FﬁgZ?JZ?]Z;
Inductance (nH) (F) (pF) (PF) (pF) (pF) (GHz)
(nH)
Baseline 26.19 13.87 0.04 0.037 0.128 0.128 0.053 2.70
Loop A 31.73 13.87 0.04 0.037 0.15 0.15 0.106 2.33
Loop B 46.94 13.87 0.04 0.037 0.153 0.153 0.106 2.20
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4.3.2. CST Microwave Studio ® Modeling

CST Microwave Studio ® is a commercial full-wave electromagnetic solver that
primarily uses the finite integration technique [66]. It can employ the finite integration
technique in the time or frequency domain. The results from the simulations are often
provided in the form of scattering parameters. From the scattering parameters, effective
material parameters can be calculated using the approach described by Smith et al. and
Chen et al. [36], [37]. Simulation performed for specific designs provided a comparison
between the CoventorWare ® and CST Microwave Studio ® values. A thorough
explanation for the capabilities from CST Microwave Studio ® is provided by Jussaume
[67]. All simulations detailed in the following sub-sections were completed on the AFIT
low observable radar and electromagnetic network (LOREnet) machines. The computers
are Dell Precision 690™ Workstations with one Quad 3.00 GHz Intel Xeon ® processor

and 32 GB of RAM. All workstations run Windows ® XP Professional x64.

4.3.2.1. 10 — 15 GHz Gap based Designs

Jussaume simulated the 10 — 15 GHz AFIT-designed adaptive metamaterial
structures (meta-atoms) in CST Microwave Studio ® for the following models: 1) A
single cell structure with periodic boundary conditions, 2) A single cell structure with
non-periodic boundary conditions, 3) A column of four unit cells placed in the waveguide
used for measurements, and 4) A column of 17 unit cells placed in the waveguide used
for measurements. On all four structures, the MEMS capacitor is modeled using a lumped
network element. All the models are thoroughly explained by Jussaume in his thesis [67].

For instance, the 10 — 15 GHz baseline meta-atom shown in Figure 38 is simulated with
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periodic boundary conditions along the xy-plane. The z-boundaries are the Floquet ports
or the source ports for problems with periodic boundary conditions. This is the source
location and the measurement area for the S-parameters analysis [67]. With the boundary
conditions set, the simulation is solved using the frequency domain solver for the
frequency range 1 to 25 GHz. Figure 38 shows the bulk meta-atom sample used in the
simulation. Figure 39 is plots of the results of the S-parameter analysis for the baseline
meta-atom design without the lumped element variable capacitors used in the simulation.
The magnitudes of the simulated reflection (S11) and transmission (S;;) cross near 11

GHz, 20 GHz, and 23 GHz indicating resonant locations.

|
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|

—

Figure 38. CST Microwave Studio ® model of the Baseline meta-atom designed
with lumped element capacitors. Periodic boundary conditions are used in the xy-
plane. [67]
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Figure 39. S-parameter results from the single cell periodic model with fixed gap
capacitance. (a) The magnitudes of S1; and S,; show resonance points near 11, 20 and 23
GHz. (b) The phases of S1; and S,; show the largest changes around the resonance points
[67].

Along with the baseline meta-atom design, Jussaume performed simulations on
several other iterations of the 10 — 15 GHz meta-atom design to include not only the
lumped element capacitors, but included cuts in the outer ring. The simulated cuts were to

demonstrate how well CST Microwave Studio ® could match the fabricated designs with

cuts in the outer ring [67].

4.3.2.2. 1 — 4 GHz Gap based Designs
The 1 — 4 GHz meta-atom design discussed in section 3.2.2 was simulated in CST
Microwave Studio ®. The five cantilevers located in the gap region of the split ring
resonators were implemented with lump element capacitors for the simulation. To
construct the design in the simulation, the 1 — 4 GHz based design was simulated using
the following models. 1) A unit cell model extending infinitely in the two non-
propagation directions, stimulated by a transverse electro-magnetic (TEM) mode. 2) A

single cell model stimulated by a TEM mode with the electric field oriented along the
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vertical wire traces. 3) Four meta-atoms in a column simulated in the model of the
physical waveguide. These models are also used for the intra-ring meta-atom designs.
The results for the four meta-atoms in a column are provided in Figure 40 (a), which
shows the dispersive transmission results and an area of resonance above 2 GHz when all
cantilever have the 2 um gap. When the meta-atom has all cantilevers pulled-in, the

capacitance shifts the resonant frequency below 0.5 GHz as shown in Figure 40 (b).
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Figure 40. 1 — 4 GHz meta-atom integrated with cantilevers. The cantilevers are
simulated with lumped elements capacitors.
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4.3.2.3. 1 — 4 GHz Intra-ring Meta-atom Designs
The intra-ring meta-atom designs were simulated in CST Microwave Studio ® to
compare with CoventorWare. The models were simulated in the same manner as the 1 — 4
GHz based design with lumped element capacitors. Figure 41 shows the three meta-atom
designs used in the simulation with the location of the lumped element capacitors. The
transmission response for each design arranged in a column with four meta-atoms is

shown in Figure 41 under each design.
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Figure 41 Intra-ring Meta-atom designs simulated in CST Microwave Studio®. The
transmission response for each design show the resonant frequency shifts to lower
frequency as the capacitance increases.

4.3.2.4. 1 — 4 GHz Inductance based Meta-atom Design
The Loop B inductance meta-atom design was simulated in CST Microwave
Studio ® to compare to with the CoventorWare ® simulations. The design is based on the
meta-atom discuss in section 3.3. For a comparison, a single meta-atom was simulated
with periodic boundary conditions. The resonant frequency for the model implemented in
CoventorWare ® predicted a resonant frequency at 2.20 GHz. The resonant frequency
produced by this simulation is at a higher frequency of 2.5 GHz. Figure 42 shows a plot

of the simulation results.
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Figure 42. CST Microwave Studio ® simulation results for the Loop B
Inductance Meta-atom design. The resonant frequency shifted to 2.5 GHz
based on the added loop on the outer split ring resonator.

4.3 Summary

Modeling and simulation was completed on the RF meta-atom designs to provide
a thorough understanding into the theory and application of the meta-atom designs that
can be used as metamaterials. The analytical modeling provided a fundamental
understanding for the behavior of meta-atom based on the capacitance and inductance
parameters that produce the resonant frequency. Simulations conducted with
CoventorWare ® and CST Microwave Studio ® provides computational analyses that
help build understanding into the various designs and identify potential challenges. Based
on the analytical modeling and simulations, the meta-atoms were fabricated and tested to

compare with experimental results.
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V. RF Metamaterial Experimental Results

Experimental testing was completed in AFIT’s low observable radar and
electromagnetic laboratory (LOREIab). Testing capabilities for the LOREIlab covered
testing on the meta-atoms over a radio frequency range of 0 — 20 GHz. To accomplish the
testing, an Agilent E8362B Programmable Network Analyzer (PNA) and two RF strip-
lines were set up for experimental testing. The PNA provides the capability to test from
10 MHz to 20 GHz. The PNA was used to stimulate the strip-line and collect the
experimental S-parameter data. The S-parameter data shows the response of the
propagating signal generated by the PNA to the meta-atom designs. The two RF strip-
lines cover different frequency ranges which are 10 MHz — 4 GHz and 10 MHz — 18
GHz. Figure 43 shows the two RF strip-lines used in the experimental testing.
Experimental testing was completed on Baseline, the capacitive tunable, inductive and

active element based meta-atom designs which are described in the following sections.

Network
Analyzer

Figure 43. The Agilent E8362B Programmable Network Analyzer connected to 4 GHz
strip-line and 10 GHz strip-line.
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5.1. Fixed Meta-atoms

The fixed meta-atoms are the Baseline designs at the 1 — 4 GHz and 10 — 15 GHz
range. These fixed designs were modeled and fabricated to serve as references to any
modifications. Because of the static structures, the fixed meta-atom designs produced a
single resonant frequency which serves as a set point for all designs that implement a
change to the resonant frequency. The Baseline designs were fabricated with FR4 printed
circuit board and on quartz substrates using microelectronic fabrication techniques. The
FR4 PCB samples served as rapid prototype samples helping to determine the
experimental results for the meta-atoms. The samples on the quartz substrate served as
testing samples to determine how well the results compared for microelectronic
fabrication. The baseline samples were tested using the 10 MHz — 4 GHz RF strip-line,
Agilent Programmable Network Analyzer, and cabling accessories. Figure 44 shows the
1 — 4 GHz Baseline sample inserted into the RF strip-line for testing. As shown, the
Baseline meta-atom is arranged in columns containing four individual meta-atoms to
effect the RF transmission. Figure 45 shows the transmission response that has a

resonance at 2.83 GHz.
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Figure 44. 4 GHz RF strip-line with 1 — 4 GHz Baseline meta-atom designs inserted for
testing
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Figure 45. Transmission response captured for the 1 — 4 GHz
Baseline meta-atom. The transmission magnitude approaches zero
at 2.83 GHz.

The 10 — 15 GHz Baseline meta-atom was fabricated and tested in the same
procedures used when testing the 1 — 4 GHz Baseline meta-atom. For this design, the
resonant frequency occurred at approximately 10 GHz. Based on the design, samples
were fabricated and placed into the 10 MHz — 18 GHz RF strip-line for testing in the 0 —
18 GHz range. Figure 46 shows the transmission response for the 10 — 15 GHz Baseline

meta-atom along with the inset image of a sample in RF strip-line.
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Figure 46. The transmission magnitude response captured for the 10 — 15
GHz Baseline meta-atom showing the resonant frequency occurring just
above 10 GHz. The inset shows a 10 — 15 GHz Baseline meta-atom
inserted in the RF strip-line between the inner and outer conductor.

5.2. Capacitive Tunable Meta-atoms

The first modification to the baseline meta-atom design involves the
implementation of electrostatically actuated cantilevers. The purpose of the cantilevers is
to provide a tunable element for the structure. The cantilevers were added to the split ring
resonator’s gap and between the rings for different designs. To test the designs, DC and
RF testing was accomplished to evaluate the tunable meta-atom’s overall performance.
The DC testing ensured the cantilevers actuated and determined the actuation voltages of
the beams. A Zygo white light interferometer helped to visualize the cantilever’s

actuation and pull-in based on the cantilever thickness and length. The RF testing
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captured the transmission and reflection performance of the meta-atoms within the 10
MHz — 4 GHz RF strip-lines. Five designs were implemented to test the tunable meta-

atom designs for 10 — 15 GHz and 1 — 4 GHz ranges and to include intra-ring variations.

5.2.1. 10 — 15 GHz Gap based Meta-atom Designs

The 10 — 15 GHz capacitive tunable meta-atom discussed in section 3.2.1 was
fabricated using microelectronic fabrication. The samples were built on quartz substrates
to isolate the structures within the RF strip-line. Samples were prepared into strips
containing one row of 17 meta-atoms with contact pads at one end. The 17 cantilever
arrays on the inner and outer split ring resonators were inspected prior to testing. A
fabrication error was noticed on the design which required adjusting. The trace for the
actuation pad that pulls down the cantilevers on the inner split ring resonator was shorted
to the outer split ring resonator during the fabrication process used to electroplate the
structure due to a photolithography mask error. To correct the error, a focused ion beam
was used to mill out the trace isolating it from the outer split ring resonator by placing a
gap in the resonator and by cutting the trace. Both methods were employed and devices
were tested. Figure 47 shows the meta-atom and the two cutting methods used to isolate
the outer split ring resonator. Also, it was observed that a few of the cantilevers were
stuck down due to stiction. To release some of the cantilevers, an oxygen plasma asher
was used to clean away residue and free the beams. The cantilevers were observed to
actuate with an applied DC voltage and return to their original position as the voltages

were decreased back to 0 VDC.
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Figure 47. A 10 — 15 GHz Capacitive tunable meta-atom fabricated on quartz substrate.
The meta-atom had to be cut at the metal trace leading to the cantilever actuation pads for
the inner split ring resonator. Two types of cuts were created with a focused ion beam to
isolate the split ring resonator which led to two testing methods.

After correcting the fabrication errors and stiction problems, the meta-atom arrays
were tested for DC actuation. The Zygo tool provided visual data on the actuation of the
cantilevers and helped determine the voltage range necessary to complete the RF testing.
The cantilever actuation was captured with the Zygo at different voltage levels. Figure 48
shows cantilevers pulled down at 60 VDC which changed the capacitance of the meta-

atom to the highest capacitance value.
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Figure 48. Cantilevers pulled-in at 60 VDC. Image captured during DC testing on meta-
atom array. All the cantilevers are pulled-in which represents the maximum capacitance
value achieved.

The two methods used to cut the outer split ring resonator caused the initial
resonant frequency to shift away from the expected resonance frequency with no applied
voltage. The initial resonant frequency is a result of the capacitance based on the gap
under the cantilevers and by the gap due to the focused ion beam cuts. The meta-atom
array was inserted into the RF strip-line for testing. The cantilever actuation pads were
biased with the same actuation voltage observed in DC testing. The transmission
response from the meta-atom array cut by the first method showed a initial resonance at
14.2 GHz. Applying a voltage up to 60 V shifted the resonance frequency to as low as
12.6 GHz for the meta-atoms. Figure 49 shows the transmission magnitude for the meta-
atom array along with an inset zoomed in on the range where the resonance frequency

shift occurs.
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Figure 49. Transmission from a 1 x 17 array of the 10 — 15 GHz Capacitive Meta-atom
with cut across the outer split ring resonator. As the applied voltage is increased the
resonant frequency shifts from 14.2 GHz to 12.6 GHz.

The second focused ion beam cutting method used to isolate the outer split ring
resonator caused a slightly different shift in the initial resonant frequency. Figure 50
shows the transmission response for the meta-atom array. The voltage level on the plot is
not as high on this array compared to the array cut using the first method. The sample
shorted out during testing and no other data could be collected. Based on the testing, the
resonance frequency starts out at 8.4 GHz and shifts to 8.04 GHz which is a smaller shift
when compared to the other meta-atom array. The smaller resonant frequency shift is
attributed to the different effects the added capacitance will have on the inner/outer split
ring resonators due to their size difference. The sample also has a resonance at 13.5 GHz
that does not tune as the cantilevers are actuated and may be an artifact of capacitive gap

from the FIB cutting.
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Figure 50. Transmission from a 1 x 17 array the 10 — 15 GHz Capacitive Meta-atom with
cut across the metal trace. As the applied voltage is increased the resonant frequency
shifts from 8.4 GHz to 8.04 GHz.

The 10 — 15 GHz capacitive meta-atom showed that tuning the resonance
frequency is possible. Modifying the structure with embedded electrostatic cantilevers
worked as expected. The errors in the fabrication were a minor setback but using the

focused ion beam to correct the fabrication error proved to be a suitable fix.

5.2.2. 1 -4 GHz Gap based Meta-atom Designs

The meta-atom design was scaled up by a factor of four to help with testing. The
design was discussed in section 3.2.2 which provided background on the reason for
scaling and the dimensions used for the design. Based on the design and modeling, the 1
— 4 GHz meta-atom design was fabricated and tested to compare the experimental results
to the modeling and simulations.

Once again, the tunable meta-atom performed as expected, with the initial
resonant frequency occurring at 2.06 GHz. The resonant frequency change was similar to

what the simulation predicted with a change of 0.18 GHz compared to the estimated
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change predicted by the simulation of 0.11 GHz. Figure 51 shows the meta-atom array
suspended in the RF strip-line by Styrofoam. Figure 52 shows the transmission response

to the meta-atom and the resonance shift occurring as the actuation voltage increases.

o

Outer Conductor

™ Inner Conductor

Outer Conductor

Figure 51. Experimental setup showing 4 unit cells of the 1 — 4 GHz meta-atom
embedded with cantilever in the gap and placed in the RF strip-line. The image shows the
DC wires bonded to the actuation pads to control the electrostatic actuation. The array is
suspended between the inner conductor and outer conductor by styrofoam to help with
electrical isolation.
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Figure 52. Plot of the transmission response for the meta-atom design with cantilevers
embedded in the split ring resonator's gap. The initial resonant frequency occurs at 2.06
GHz as predicted by the simulation; however, the change in resonance shifts by 0.18
GHz.

5.2.3. 1 — 4 GHz Intra-ring Meta-atom Design
Three intra-ring meta-atom designs are inserted into the RF strip-line as shown in
Figure 51 to obtain the RF response. From this testing, the S-parameter data for

transmission and reflection is collected. Figure 53 shows the transmission response to
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each design ranging from 100 MHz to 2.0 GHz. Using these measurements, the
experimental data results are compared to the simulations for resonant frequency
comparison. Based on simulations, capacitance changes as a function of the cantilever
separation gap. However, the design produced unexpected results. Design 1 has a
resonance response lower than expected based on the simulation which shows a
resonance at 1.56 GHz. In the measurements, a resonance occurs at 1.3 GHz with no
significant shift. Design 2 measurements show a resonance occurring at 1.2 GHz;
however, the signal null is not as deep as the baseline design. This is attributable to the
capacitance separation gap of the electrostatic cantilevers which is not consistent across
the row of meta-atoms. Inspecting the cantilevers after fabrication showed some
cantilevers were not at the same initial position. Some cantilevers had larger gaps and
some cantilevers had smaller gaps which affected the capacitance values for each meta-
atom. In the final operational state, the resonance shifts away from the 1.2 GHz point but
IS not seen across the frequency range during testing. For Design 3, the resonance is not
significant nor does the resonance response change from the initial to the final
operational state. Based on the measurements, the capacitance change has not affected the

overall capacitance enough to shift the resonant frequency.
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Figure 53 Transmission responses for the Baseline and three modified meta-atom designs
in the initial and final operational states.

5.3. 1 -4 GHz Inductance based Meta-atom Designs

The inductance based designs discussed in section 3.3 were fabricated to compare

the modeling results with experimental data.

5.3.1. Static Designs

Experimental testing was completed on the inductive meta-atom designs using the
10 MHz — 4 GHz RF strip-line and PNA. Two sets of the three designs were fabricated:;
one set was prototyped on FR4 printed circuit board with single sided copper and the
second set was fabricated using microelectronic techniques. These prototype designs

were tested in the RF strip-line. Figure 54 shows how the Loop B design appears when
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inserted into the RF strip-line. As the wave propagates down the RF strip-line, the meta-
atoms affect the applied electric field (E) and magnetic field (H) when placed above and
below the center conductor. In this configuration, the applied fields emulate a plane wave

illumination of a larger metamaterial array.

Figure 54. Meta-atoms inserted in the RF strip-line between the center and outer
conductor. The signals propagating down the strip-line generate planar electric and
magnetic wave from the center to the outer conductor.

The prototype designs, on the FR4 PCB, were completed using a T-Tech Inc.
Quick Circuit 5000 milling system. From the PCB prototype devices, the fabrication
transitioned to microelectronic fabrication where the meta-atoms were fabricated on
semiconductor substrates (76 mm quartz substrates). The reason for using
microelectronic fabrication is to broaden the available fabrication options.
Microelectronic fabrication allows several design of experiments based on various
metals, dielectrics and substrates. The fabrication process used to create these structures
consisted of evaporating titanium (Ti) adhesion layer and gold (Au) seed layer. A

photolithography mask was used to define the SRR and the traces. The split ring

96



resonators and traces are electroplated with gold onto the seed layer to define the final
structures. The extra titanium and gold evaporated layers were then removed, leaving
only the meta-atoms and traces on the quartz substrate. Figure 55 shows the completed
samples made on the FR4 PCB and on the quartz substrates. The FR4 PCB samples have
rough edges, resulting from the milling process, while the samples fabricated using the
microelectronic techniques have much smaller minimum feature sizes and greater
resolution. The rough edges and minimum feature sizes have the effect of reducing the

magnitude of the resonant null and location of the resonant frequency.

Figure 55. Fabricated Inductance based meta-atom designs: a) prototypes on printed
circuit board and b) designs made by microelectronic fabrication techniques on quartz

substrates. The FR4 PCB samples have rough edges which is a result from the milling
process. The microelectronic fabrication improved the edges on the samples.

A 1 x 4 array of each SRR meta-atom design (Baseline, Loop A, Loop B) was
tested using an RF strip-line test fixture. The meta-atom arrays are inserted into a 4 GHz

strip-line oriented normal to the transverse electromagnetic mode for RF testing (i.e.
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parallel to the propagation vector). An Agilent Technologies E8362B programmable
network analyzer was then used to measure S-parameters within the 1.5 — 3.5 GHz
spectrum incident on the meta-atom arrays.

The resonance frequency shifted based on the different designs as expected,
matching the simulation results for the Baseline, Loop A, and Loop B designs. The
resonant frequency for the Baseline, Loop A and Loop B designs fabricated on printed
circuit board (FR4 PCB) are 2.68, 2.37 and 2.18 GHz, respectively. The designs
fabricated on quartz wafers showed resonant responses at 2.78, 2.45, and 2.24 GHz,
respectively. The difference is attributed to the dielectric constants of the two substrates
and the level of resolution for the two fabrication methods. The resonant frequency of
each fabrication process design is shown in Figure 56. The experimental data collection is
close to the simulation results shown in Table 4. Figure 56 (a) shows the data collected
from two arrays of FR4 PCB meta-atoms spaced 10 mm apart which form a 2D structure.
Figure 56 (b) shows the data collected from two arrays of quartz substrate meta-atoms
spaced 10 mm apart also forming a 2D structure. Increasing the loop size causes the
resonance to shift to a lower frequency with the greatest shift occurring on the Loop B
design in which the loop equals the vertical side of the outer SRR ring as shown in Figure
55 (c). Adding more meta-atom arrays and increasing the size of the 2D structure in the

RF strip-line increases the magnitude of the resonant frequency null.
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Figure 56. a) Data collected on meta-atoms fabricated on FR4 printed circuit board. b)
Data collected on meta-atoms fabricated on quartz substrates. The samples are measured

in a 4 GHz strip-line to obtain the small signal S-parameters.

The effective refractive index, permeability and permittivity are calculated for
each design as a function of frequency. The calculations are based on previous work
conducted by Smith et al. and Chen et al. [30], [37]. The values are generated using real
and imaginary S-parameter data collected for the different designs. Figure 57 shows the
effective values of the refractive index for each design calculated with data collected on
two arrays (1 x 4) of meta-atoms placed in the RF strip-line The effective refractive index
shifts to lower frequencies, which is consistent with the transmission data of the samples
as shown in Figure 56 (a) and (b). The effective real refractive index decreases below
zero on the x-axis (and goes negative) for all of the designs. These experimental results

prove the effect that these meta-atoms have on the propagating signals.
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Figure 57. The effective refractive index (n) for each design calculated from transmission
data collected between 1.5 — 3.5 GHz.

5.4. 1 -4 GHz Active Element based Meta-atom Design

Two samples of the 1 x 4 array of the meta-atom design integrated with low noise
amplifiers were placed between the inner and outer conductor of a 4 GHz RF strip-line as
shown in Figure 58. The meta-atom arrays are inserted into the strip-line oriented normal
to the transverse electromagnetic mode for RF testing. An Agilent Technologies E8362B
programmable network analyzer stimulates and measures the RF signal. S-parameters
within the 10 MHz to 4 GHz range incident on the meta-atom arrays are collected for

analysis.
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Figure 58. 1 — 4 GHz meta-atoms integrated with LNAs placed in 4 GHz RF strip-line.

The resonance frequency appears at 3.85 GHz slightly higher than the simulated
values. The meta-atom with the LNA shows a stronger null at the resonant frequency.
Integrating the LNA into the split ring resonator increased the resonant null for the meta-
atom, but is based on the amount of biasing voltage applied. For comparison, a 1 — 4 GHz
Baseline sample without a gain medium is tested to see how the resonance null compares
to the meta-atom integrated with the LNA. The resonant frequency for the Baseline
sample appears at 2.69 GHz and reduced to -5.51 dB. As another comparison, samples
were made with a gap in the Baseline outer split ring resonator. Test results for this
sample shows a resonance at 3.86 GHz with a -2.61 dB null. These experimental results
match the simulation results for the resonant frequency location. With the amplifier
turned off (0 VDC), the resonant frequency appears at 3.75 GHz with a reduction in the
transmission to -11.82 dB. As the biasing voltage increases, the resonant frequency shifts
to as much as 3.95 GHz with transmission reduced to -23.21 dB when biased at 7.0 VDC.
Figure 59 (a) and (b) show the transmission data plotted for the meta-atoms over the 10
MHz to 4.2 GHz range. Measurements above 4 GHz are not viable for our RF strip-line

which starts to multimode.
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Figure 59. a) Transmission response for the meta-atoms in the RF strip-line. The
Baseline, Baseline with a 0.4 mm gap in the outer split ring resonator and meta-atom
integrated with the low noise amplifier were tested using a programmable network
analyzer. The data is collected over 10 MHz to 4 GHz. In the plot, the frequency range is
10 MHz to 4.2 GHz to show the location of the resonant frequency. Samples are taken at
biasing steps from 0 to 7 VDC at one volt intervals. The transmission response plots
show the resonant response at 0 and 7 VVDC.

5.5. Summary

Experimental testing was completed on several design iterations. The Baseline,
Tunable Capacitive, Inductive Static and Active element designs provided valuable
insight into the way RF signals are affected by the meta-atom structures. The deepest
resonant null occurred for static and active element integrated structures at fixed

frequencies. While the capacitive tuning meta-atom designs provided valuable insight
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into the best location to place elements that shift the resonant frequency. The research
conducted on the different meta-atom designs help understand the theory, modeling,

fabrication and testing of tunable RF meta-atoms.
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V1. Conclusion

6.1 Research and Contributions Summary

The modeling, design, fabrication and testing of various tunable RF meta-atoms is
carried out in order to understand the effects of changing the structure, integrating tunable
components and inserting active elements in the meta-atom. Metamaterials are formed
with arrays of meta-atoms, and based on structural changes for tuning meta-atom shown
in this research more insight is provided into the behavior of propagating signals effected
by these structural modifications.

Using electrostatically actuated MEMS varactors, tunable RF meta-atoms were
demonstrated which shifts the resonant frequency using capacitance as a varying factor.
Designs were made at two different frequency ranges (1 — 4 GHz and 10 — 15 GHz). The
baseline double split ring resonator was modified to integrate the electrostatically MEMS
varactors at different positions on the structure. The level of tuning for various designs
varied based on the locations of the MEMS varactors. The design with MEMS varactors
inserted at the split ring resonator gap provided the best tuning method and shifted the
resonant frequency based on the amount of capacitance change. Designs with the MEMS
varactors situated between the inner and outer split ring resonator showed no significant
change in the resonant frequency location.

As a novel approach, the self-inductance of the meta-atom design was a focus to
shift the resonant frequency. Based on the 1 — 4 GHz baseline design, structural
modifications were designed, modeled, fabricated and experimentally tested to

demonstrate how inductance can be used as a parameter to shift the resonant frequency.
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Using the baseline and two design modifications, the overall self-inductance of the meta-
atom was incrementally increased using loops on the outer split ring resonator and
provided a shift in the resonant frequency for the RF meta-atom. Through the change in
self-inductance, the resonant frequency shifted 0.60 GHz (2.78 GHz to 2.18 GHz) based
on the amount of inductance variation. Based on the shifting resonant frequency, the self-
inductance parameter is a viable method to build tunable RF meta-atoms.

The third contribution from this research into tunable RF meta-atoms comes from
the investigation into active elements compensating for loss at the resonant frequency. To
compensate for the loss, the active elements help by providing a gain element within the
structure. Accomplishing the design, modeling, and fabrication, a LNA was integrated
into the structure which operates using low DC bias (0 to 7 VDC) to provide RF gain.
Based on experimental results, as the biasing voltage increased, the active element meta-
atom produced a response that improved the resonant null demonstrating that loss can be
compensated with gain. The lowest transmission level (-23.21 dB) occurs while the LNA
is fully biased (7 VDC). Using the active element within a meta-atom has proven to be a
viable method to compensate for loss and stands as a significant contribution

Base on these three contributions, the research conducted during this effort will
provide understanding into tunable RF meta-atoms. The experimental results confirm the
design and simulation results for the RF meta-atoms. Based on the results, new areas of
design, simulation and experimental testing of meta-atoms can be further investigated

leading to applications with metamaterials.
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6.2 Recommendations for Future Research

6.2.1. Tunable Inductance Meta-atom Design

In order to make meta-atoms that change the resonant frequency based on
inductance changes, a new method is to be developed where the structural dimensions of
the meta-atom remain constant but the inductance shifts based on either an electrical,
thermal or chemical response of an Metal Insulator Transition (MIT) phase change
material. One of the alternatives is based on using a thermal response to alter the
inductance. Based on background research, the phase-change material is a viable material
option to carry out this experiment [68], [69], [70]. The concept behind using this
material is that a thermal stimulation to the material causes the material to change from a
resistive to a more conductive state. This leads to a change in the inductance based on the
opposition to current flowing through the material. As the level of current changes, the

inductance will shift the resonant frequency.

6.2.2. Meta-atoms combined into Metamaterials for 2-D Focus Beam System

The metamaterial composed of a large area array of meta-atom is required to test
with a 2-D Focused Beam System. Building up to the large area metamaterial array has
been a long term focus for the tunable meta-atom research. Combining the experience
gained from the research on meta-atoms and the ability to mass produce the metamaterial
array using microelectronic fabrication techniques will provide valuable insight into what
is required for the overall design. As a lead-in to future developments, an explanation into
the 2-D Focused Beam System and initial design consideration are discussed to help

understand the reasons for implementing a 6 — 8 GHz metamaterial design for the system.
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The 2-D Focused Beam System simulates plane-wave illumination of targets in a
compact area using lenses to focus radiation in the form of a Gaussian beam [71]. The 2-
D Focused Beam System performs measurements on larger samples that can’t be
measured in the stripline using a Gaussian beam. Samples need to be one unit cell high
and the “hall of mirrors” effect creates the infinite periodicity in that direction. At the
waist of a Gaussian beam, the phase is planar while the amplitude is tapered to eliminate
edge diffraction effects of a finite sized sample [71]. For material samples that are planar
and homogeneous, such as metamaterial, a Gaussian beam illumination successfully
simulates plane-wave illumination. Also, many inhomogeneous and anisotropic samples
such as honeycomb can be successfully modeled assuming homogeneity by using an
effective dielectric constant. A word of caution must be taken into consideration for these
measurements. That is, homogeneity assumptions for material samples using structures of
periodic elements, either metallic or dielectric, are sometimes inaccurate [71]. Figure 60
shows a schematic diagram of a focused beam system with the transmission and receive
antennas, two focusing lenses and a sample centered at the focal point of the lenses. The
dash line extending from the antennas in Figure 60 represents the propagating signal
which the width is based on the frequency of the transmitted signal. For instance, higher

frequencies will have a smaller spot size focused toward the center of each lens.

Figure 60. Schematic of a focused beam system [71].
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The meta-atom required for a resonant response at 6 — 8 GHz is on the size of
several millimeters in length and width. The analytical modeling completed on the
baseline designs at 1 — 4 and 10 — 15 GHz continues to apply for this meta-atom arrayed
into a metamaterial structure based on the effective permeability and permittivity
parameters. To begin the design, a baseline design was constructed using L-Edit for the
photolithography mask designs. In order to build the metamaterial, the design has to
cover an area 729.66 cm? to reduce edge illumination to negligible levels on the Gaussian
beam when the sample size is too small. To build up the metamaterial for the area, the
design which covers an area less than 26.2 cm? is duplicated using several substrates and
placed side by side to cover the focus area in the 2-D Focused Beam System at the
desired resonant frequency. A baseline design at 7 GHz should be constructed to help test
the microelectronic fabrication process and test the meta-atom design within the 2-D
Focused Beam System. Figure 61 shows a prototype of the meta-atom used as the

baseline design for the metamaterial.

Figure 61. 6 — 8 GHz Meta-atom for testing in the 2-D Focused Beam System. Based on
modeling and simulation, the meta-atom will resonate at 7 GHz.
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6.2.3. Future Work Summary

Based on the simulations and experimental results, areas of new research could
definitely come out of this dissertation. The first area involves research into tunable
designs based on changing inductance in the split ring resonator. Material that can change
the induction parameter yet remain unaffected will be an avenue to investigate this
tunable approach. The second area involves further research into active elements to
compensate for loss at the resonant frequency. The initial look into the compensation of
loss shows great potential for this research.

Finally, further work can be done for each step of the design process. Modeling
different designs can contribute to building unique meta-atoms based on MEMS-based
toolbox, capacitive and inductive elements, or active elements. Work in the fabrication of
meta-atoms needs to continue in order to produce structures with wider tunable properties
and deeper resonant nulls. Generating large area metamaterials to test in the 2-D Focused

Beam will allow a broader range of testing not possible with the RF strip-line.
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Appendix A. Process Followers

Init. Process Step: SRR Base Metal Notes Date
Time
INSPECT WAFER: Start Date
O Note any defects
Start Time

SOLVENT CLEAN WAFER:

20 sec acetone rinse at 500 rpm

20 sec methanol rinse at 500 rpm

20 sec isopropyl alcohol rinse at 500 rpm
20 sec deionized water rinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

oooooo

DEHYDRATION BAKE:
O 2 min 110°C hot plate bake

SF-11 COAT:

O Flood wafer with SF-11

O 4 sec spread at 500 rpm

O 30 sec spin at 4,000 rpm

O 2 min 200°C hot plate bake

1818 COAT:

O Flood wafer with 1818

4 sec spread at 500 rpm
30 sec spin at 3,000 rpm

2 min 110°C hot plate bake

O
O
O
O Use acetone to remove 1818 on backside

EXPOSE 1818 WITH SRR MASK:
O No alignment for first level mask needed, however mask should be straight
O 8.0 sec exposure using EVG 620

1818 DEVELOP:

O 45 sec develop with 351:DI (1:5), flood wafer first, then use a
spin/stop/spin/stop method at 500 rpm

O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

EXPOSE SF-11 WITH DUV:
O Align to bottom metal alignment marks
200 sec exposure using DUV system

SF-11 DEVELOP:

O 2 min develop with nano-101 developer
O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

ASHER DESCUM:
O 4 min, 75 W, O2 Barrel Asher

TENCOR MEASUREMENT:
O Measure photoresist step height

T C B

BOTTOM METAL DEPOSITION:
O Evaporate 200 A Ti/ 5500 A Au with Figure 8 pattern at 4.8 kV, 30 mA
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LIFT-OFF METAL:

Heat 1165 remover to 90°C (set hot plate to 110°C)
Tape liftoff or 30 min soak in acetone

5 — 10 min vibrobath in acetone

20 sec acetone rinse at 500 rpm

20 sec isopropyl alchol rinse at 500 rpm
20 sec DI water rinse at 500 rpm

Dry with nitrogen at 500 rpm

5 min soak in 1165 at 90°C

20 sec Dl rinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

Ooooooooooo

INSPECT METAL:
O Inspect metal under microscope

ASHER DESCUM:
O 5min, 75 W, O2 Barrel Asher

TENCOR MEASUREMENT:
O Measure metal step height

T C
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Init. Process Step: Electrode Base Metal Notes Date
Time
DEHYDRATION BAKE: Start Date
O 2 min 110°C hot plate bake
Start Time

SF-11 COAT:

O Flood wafer with SF-11

O 4 sec spread at 500 rpm

O 30 sec spin at 4,000 rpm

O 2 min 200°C hot plate bake

1818 COAT:

O Flood wafer with 1818

O 4 sec spread at 500 rpm

O 30 sec spin at 3,000 rpm

O 2 min 110°C hot plate bake

O Use acetone to remove 1818 on backside

EXPOSE 1818 WITH ELECTRODE MASK:
O Align to bottom metal alignment marks
O 8.0 sec exposure using EVG 620

1818 DEVELOP:

O 45 sec develop with 351:DI (1:5), flood wafer first, then use a
spin/stop/spin/stop method at 500 rpm

O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

EXPOSE SF-11 WITH DUV:
O 200 sec exposure using DUV system

SF-11 DEVELORP:

O 2 min develop with nano-101 developer
O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

ASHER DESCUM:
O 5 min, 75 W, O2 Barrel Asher

TENCOR MEASUREMENT:
O Measure photoresist step height

T C B

BOTTOM METAL DEPOSITION:
O Evaporate 200 A Ti/ 4500 A Au with Figure 8 pattern at 4.8 kV, 30 mA

LIFT-OFF METAL:

Heat 1165 remover to 90°C (set hot plate to 110°C)
Tape liftoff or 30 min soak in acetone

5 — 10 min vibrobath in acetone

20 sec acetone rinse at 500 rpm

20 sec isopropyl alcohol rinse at 500 rpm
20 sec DI water rinse at 500 rpm

Dry with nitrogen at 500 rpm

5 min soak in 1165 at 90°C

20 sec Dl rinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

OooOoooooobooon

INSPECT METAL:
O Inspect metal under microscope
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ASHER DESCUM:

O 5 min, 75 W, O2 Barrel Asher

TENCOR MEASUREMENT:

O Measure metal step height

T

Cc
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Init. Process Step: Dielectric Deposition Notes Date
Time
DIELECTRIC DEPOSITION: Start Date
O Deposit 3000 A SizN,4
O PECVD BLAH min, 167 sccm 5% Silane in N5, 200 sccm N, 2.0 sccm NHy, .
Start Time

60W, 800 mTorr, 600 sccm He, 300 °C

INSPECT DIELECTRIC:
O Inspect dielectric under microscope and look for

o Uniform color o Pinholes o Cracks around metal o Flaking

5214 COAT:

Flood wafer with 5214

4 sec spread at 500 rpm

30 sec spin at 4,000 rpm

1 min 110°C hot plate bake

Use acetone to remove 5214 on backside

ooooo

EXPOSE 5214 WITH DIELECTRIC MASK:
O Align to bottom metal alignment marks
O 1.5 sec exposure using EVG 620

O 2 min 110°C hot plate bake

O 60 sec Flood Exposure to reverse image

5214 DEVELOP:

O 45 sec develop with 351:DI (1:5), flood wafer first, then use a
spin/stop/spin/stop method at 500 rpm

O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

ASHER DESCUM:
O 5 min, 75 W, LFE Barrel Asher

TENCOR MEASUREMENT:
O Measure photoresist step height

T C B

RIE DIELECTRIC:
O 4:40 min Plasma Therm 790 RIE Etch, 40-sccm CF4, 3-sccm 10% O3, at 50
mTorr, 100 W

INSPECT DIELECTRIC:
O Inspect dielectric removal under microscope

REMOVE 5214:

O 30 sec acetone rinse at 500 rpm

20 sec methanol rinse at 500 rpm

20 sec isopropyl alcohol rinse at 500 rpm
Dry with nitrogen at 500 rpm

O
O
O
O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect under microscope for resist removal

ASHER DESCUM:
00 5 min, 75 W, LFE Barrel Asher

TENCOR MEASUREMENT:
O Measure metal step height

T C B
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Init. Process Step: Sacrificial Layer and Post Notes Date
Time
DEHYDRATION BAKE: Start Date
O 1 min 110°C hot plate bake
Start Time

FIRST SF-11 (PMGI) COAT:

O Flood wafer with SF-11

O 4 sec spread at 500 rpm

O 30 sec spin at 3,000 rpm

O 5 min 270°C hot plate bake

SECOND SF-11 (PMGI) COAT:
O Flood wafer with SF-11

O 4 sec spread at 500 rpm

O 30 sec spin at 3,000 rpm

O 5 min 270°C hot plate bake

1813 COAT:

O Flood wafer with 1813

4 sec spread at 500 rpm
30 sec spin at 4,000 rpm

2 min 110°C hot plate bake

O
O
O
O Use acetone to remove 1813 on backside

EXPOSE 1813 WITH POST MASK:
O Align to bottom metal alignment marks
O 8.0 sec exposure using EVG 620

1813 DEVELOP:

O 40 sec develop with 351 (1:5), flood wafer first using two bottles, then use a
spin/stop/spin/stop method at 500 rpm

O 30 sec DI water rinse at 500 rpm

O Dry with nitrogen at 500 rpm

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

TENCOR MEASUREMENT:
O Measure photoresist step height

T C B

FIRST DUV CYCLE (~1.5 um / cycle):
O 200 sec DUV exposure @ 35 mW/cm?, 254 nm

SF-11 DEVELOP:

O 60 sec bucket develop with SAL 101

O 4x DI bucket rinse

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect SF-11 under microscope, check for fringe patterns indicating residual
SF-11

SECOND DUV CYCLE (~1.5 pm / cycle):
O 200 sec DUV exposure @ 35 mW/cm?, 254 nm

SF-11 DEVELOP:

O 60 sec bucket develop with SAL 101

O 4x DI bucket rinse

O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect SF-11 under microscope, check for fringe patterns indicating residual
SF-11
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TENCOR MEASUREMENT:
O Measure resist step height

T C B

REMOVE 1813:

30 sec acetone rinse at 500 rpm *Do not allow acetone to dry on SF-11
30 sec methanol rinse at 500 rpm

30 sec isopropyl alcohol rinse at 500 rpm

10 sec DI rinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

oooooo

INSPECT RESIST:
O Inspect photoresist for 1813 removal

ASHER DESCUM:
O 4 min, 150 W, LFE Barrel Asher

TENCOR MEASUREMENT:
O Measure SF-11 step height

T C B

POST REFLOW & INSPECT WAFER:

O 90 sec 250°C hot air oven bake
OR

O 50 sec 270°C hot plate bake

O Inspect for resist reflow.

TENCOR MEASUREMENT:
O Measure SF-11 step height

T C B

HARD BAKE:
O  Place in 90°C hot air oven 30 min before seed layer deposition
O  Skip if reflow just completed and seed layer deposition immediately follows
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Init. Process Step: Electroplate Beam and Release Notes Date
Time
SPUTTER SEED LAYER: Start Date
O Sputter 1000 A Au using Discovery-18
Start Time

AZ 4620 COAT:

O Flood wafer with AZ 4620
O 4 sec spread at 300 rpm

O 60 sec spin at 2,000 rpm

O 5 min 110°C hot plate bake

EXPOSE AZ 4620 WITH CANTILEVER MASK:
O  Align to bottom metal alignment marks
O 50 sec exposure using EVG 620 (1000 mJ/cm? constant dose)

CLEAR PLATING CLIP AREAS:
O Use foil-mask clip template for 50 sec exposure

AZ 4620 DEVELORP:
O 3 min develop with AZ400K:DI (1:4)
o Bucket develop using a beaker, agitate, but do not make liquid swirl,
create waves parallel with beam
O 30 sec DI water rinse using one quick spin at 500 rpm (2 sec) then stop
O Dry with nitrogen at 500 rpm
O Dry wafer with nitrogen on clean texwipes

INSPECT RESIST:
O Inspect photoresist under microscope

WAFER EDGE PROTECT:

O Coat wafer edge with 1400-27 resist using swab
O  Air dry with nitrogen

O Bake in 90°C oven for 30 min

ASHER DESCUM:
O 4 min, 150 W, LFE Barrel Asher

TENCOR MEASUREMENT:
O Measure photoresist step height

T C B

ELECTROPLATE CANTILEVER BEAMS:
O Plating conditions* :

o Bath temp 58.5°C
o  Duty cycle 40-on/60-off (4 ms/6 ms)
o  Current density at 2.0 mA/cm? (0.02A, 1.0vDC)

o Average current 12 mA
O Electroplate for 1.2 A-min

TENCOR MEASUREMENT:
O Measure electroplated step height

Posts:

T C B
Beam End:

T C B

0 Repeat electroplating step if needed
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REMOVE AZ 4620:

30 sec acetone rinse at 500 rpm

30 sec methanol rinse at 500 rpm

30 sec isopropyl alcohol rinse at 500 rpm
30 sec Dl rinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

ooooono

ASHER DESCUM:
O 5min, 75 W, LFE Barrel Asher

SEED LAYER ETCH:

O 30sec Kletch

O 4x DI bucket rinse

O Dry with nitrogen on clean texwipes

INSPECT RESIST:
O Make sure seed layer is completely removed

TENCOR MEASUREMENT:
O Measure electroplated step height

Posts:

T C B
Beam End:

T C B

O Update plating database

AZ 4620 RE-COAT FOR DICING:
O Flood wafer with AZ 4620

O 4 sec spread at 300 rpm

O 60 sec spin at 3,000 rpm

O 5 min 110°C hot plate bake

WAFER DICING:

O Dice wafer at AFRL/RYD

O Create a cutting map in L-edit for dicing technician
O Sections must fit in CO, Dryer

REMOVE AZ 4620:

30 sec acetone rinse at 500 rpm

30 sec methanol rinse at 500 rpm

30 sec isopropyl alcohol rinse at 500 rpm
30 sec DI rinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry wafer with nitrogen on clean texwipes

oooooo

ASHER DESCUM:
O 10 min, 75 W, LFE Barrel Asher

STRIP SF-11 SACRIFICIAL LAYER (RELEASE PROCESS):

Do NOT vibrobath devices

Heat 1165 remover to 90°C (set hot plate to 110°C)

30 min soak in 1165 at 90°C

Wet transfer from 1165 beaker to 1% IPA in petri dish, 30 sec soak
Wet transfer to 2 4 IPAin petri dish, 30 sec soak

Wet transfer to 3 IPA in petri dish, 30 sec soak

Wet transfer to 4™ IPA in petri dish, 30 sec soak

Wet transfer to 1° methanol in petri dish, 30 sec soak

Wet transfer to 2™ methanol in petri dish, 30 sec soak

Wet transfer to 3 " methanol in petri dish, 30 sec soak

Wet transfer to 4™ methanol in petri dish, 30 sec soak

Fill cO? dryer chamber with enough methanol to cover the wafer.
Remove wafer from 4" methanol dish and place in co? dryer chamber.
Immediately cover co? dryer and start process

SHER DESCUM:
30 min, 75 W, LFE Barrel Asher

O»00000000000000O
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Appendix B. Matlab Files

% MATLAB m-file used to plot the transmission magnitude for the Intra-ring
% Capacitance on Meta-atom designs.
% Measurements were performed on 2 June 2011.

function Output = AFITSRRStripline02Jun2011__DL (varargin)
%% Setup

tic

CurrentDir = cd;

if nargin< 1
P=1,;
close all
clc

else
P=0;

end

%% Sample 00: RF Stripline, Calibration and Gating
if exist('"E:\\AFIT PhD Program\MetaMaterials','dir") ==
cd('E:\AFIT PhD Program\MetaMaterials\RF Metamateria\LORE_Lab_PNA _data\02
Jun2011\Sample00")
else
disp('Data is missing for Measurements.")
end

filename_sample00 = ...
['Calibration_Gated.cti'];

for ii = 1:size(filename_sample00,1)
[~, S21_sample00(ii,:),~, ~, Freq] = ...
citi2s(filename_sample00(ii,:), 2);
end

Output.S21_Sample00 = S21_sample00;
Output.Freq_Sample00 = Freq*10”6;

MagS21 sample00 = abs(S21_sample00);

% Plotting for sample 00
if P==
figure (1)
plot(Output.Freq_Sample00*107-9, MagS21_sample00);%([1, 11],:)use to select voltage trace
ylabel("Transmission (S_{21}) - Magnitude ', 'fontsize', 14, 'FontName','Times New Roman',...
'FontWeight','demi’)
xlabel('Frequency (GHz) ', 'fontsize', 14, 'FontName', Times New Roman',...
'FontWeight','demi’)
Yaxis([1 2.0 0.80 1.1])
grid on
% title("Transmision (S21) - Capacitor Layout A, ‘fontsize', 16)
legend(filename_sample00(:,1:11), 'location’, 'NorthWest');%][1, 11]use to select voltage trace

119



%saveas(gcf, 'LayoutD.png’)
%saveas(gcf, 'LayoutD.fig')
%axis([0.5 3.5 0.7 1])
%Ilegend(filename_sample02(:,1:3), 'location’, 'SouthEast")
%saveas(gcf, 'LayoutD_zoom.png’)
%saveas(gcf, 'LayoutD_zoom.fig')
end

%% Sample 02: Capacitor Layout D
if exist('E:\\AFIT PhD Program\MetaMaterials','dir") ==
cd('E:\\AFIT PhD Program\MetaMaterials\RF MetamateriaN\LORE_Lab_PNA _data\02
Jun2011\Sample02")
else
disp('Data is missing for Measurements.")
end

filename_sample02 = ...
[LayoutD_1 00VDC.cti';'LayoutD_1 05VDC.cti';'LayoutD_1 10VDC.cti';...
‘LayoutD_1_15VDC.cti';'LayoutD_1_20VDC.cti';'LayoutD_1_30VDC.cti';'LayoutD_1_40VDC.cti';...
'‘LayoutD_1 50VDC.cti';'LayoutD_1 60VDC.cti';'LayoutD_1 70VDC.cti';...
'‘LayoutD_1 80VDC.cti";

for ii = 1:size(filename_sample02,1)
[~, S21_sample02(ii,:),~, ~, Freq] = ...
citi2s(filename_sample02(ii,:), 2);
end

Output.S21_Sample02 = S21_sample02;
Output.Freg_Sample02 = Freq*10"6;

MagS21_sample02 = abs(S21_sample02);

% Plotting for sample 02
if P==
figure2 = figure(2);

% Create axes

axes2 = axes('Parent’ figure2,...
'"XTickLabel',{'0.2''0.4','0.6','0.8','1",'"1.2','1.4','1.52''1.8','2'},...
'XTick',[0.20.4060811.21.4152182],...
'Position’,[0.106194690265487 0.166666666666667 0.744346116027532 0.758333333333333]);
grid(axes2,'on’);
hold(axes2,all");

plot(Output.Freq_Sample02*107-9, MagS21_sample02([1, 5, 7, 9, 11],:), 'Marker','+");%use to select
voltage trace
plot(Output.Freq_Sample00*107-9, MagS21_sample00,'b-";
ylabel("Transmission (S_{21}) - Magnitude ', 'fontsize', 14, 'FontName','Times New Roman',...
'FontWeight','demi’)
xlabel('Frequency (GHz) ', 'fontsize', 14, 'FontName', Times New Roman',...
'FontWeight','demi")

axis([.1 2 0.84 1.06])
%grid on
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% title("Transmision (S21) - Capacitor Layout A, 'fontsize', 16)
legend(filename_sample02([1, 5, 7, 9, 11],11:15), 'location’, 'NorthEastOutside");%[1, 11]use to select
voltage trace
hold off
Y%saveas(gcf, 'LayoutD.png’)
Y%saveas(gcf, 'LayoutD.fig')
%axis([0.5 3.5 0.7 1])
%legend(filename_sample02(:,1:3), 'location’, 'SouthEast")
%saveas(gcf, 'LayoutD_zoom.png’)
%saveas(gcf, 'LayoutD_zoom.fig')
end

%% Sample 04: Capacitor Layout C with one array
if exist('E:\\AFIT PhD Program\MetaMaterials','dir") ==
cd('E:\AFIT PhD Program\MetaMaterials\RF MetamateriaN\LORE_Lab_PNA_data\02
Jun2011\Sample04")
else
disp('Data is missing for Measurements.")
end

filename_sample04 = ...
[LayoutC_1_00VDC.cti';'LayoutC_1_10VDC.cti';...
'‘LayoutC_1_20VDC.cti';'LayoutC_1_30VDC.cti';'LayoutC_1_40VDC.cti';...
'‘LayoutC_1_50VDC.cti';'LayoutC_1_55VDC.cti';'LayoutC_1_60VDC.cti';...
'‘LayoutC_1_65VDC.cti';'LayoutC_1_70VDC.cti'];

for ii = 1:size(filename_sample04,1)
[~, S21_sample04(ii,:),~, ~, Freq] = ...
citi2s(filename_sample04(ii,:), 2);
end

Output.S21_Sample04 = S21 _sample04;
Output.Freq_Sample04 = Freq*10”6;

MagS21 sample04 = abs(S21_sample04);

% Plotting for sample 04
if P ==
figure4 = figure(4);

% Create axes

axes4 = axes('Parent’,figure4,...
'XTickLabel',{'0.2',0.4','0.6','0.8",'1",'1.2",'1.4','1.6','"1.76",'2'},...
'XTick',[0.20.40.60811.2141.61.76 2],...
'Position’,[0.106194690265487 0.166666666666667 0.744346116027532 0.758333333333333]);
grid(axes4,'on’);
hold(axes4,all’);

plot(Output.Freq_Sample04*107-9, MagS21 sample04([1, 6, 8, 9, 10],:), 'Marker','+");%use to select
voltage trace
plot(Output.Freq_Sample00*107-9, MagS21 sample00,'b-");
ylabel("Transmission (S_{21}) - Magnitude ', ‘fontsize’, 14, 'FontName','Times New Roman’,...
'FontWeight','demi")
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xlabel('Frequency (GHz) ', 'fontsize', 14, 'FontName', Times New Roman’,...
'FontWeight','demi’)
axis([.1 2.0 0.84 1.06])

% title("Transmision (S21) - Capacitor Layout A', ‘fontsize', 16)
legend(filename_sample04([1, 6, 8, 9, 10],11:15), 'location’, 'NorthEastOutside");%[1, 11]use to select
voltage trace
hold off
Y%saveas(gcf, 'LayoutD.png’)
%saveas(gcf, 'LayoutD.fig")
%axis([0.5 3.5 0.7 1])
%legend(filename_sample02(:,1:3), 'location’, 'SouthEast")
%saveas(gcf, 'LayoutD_zoom.png')
%saveas(gcf, 'LayoutD_zoom.fig')
end
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% Output (struct) = AFITSRRStriplinelnductor__ DL _Dissertation_File_24QOct11(varargin)
% This function plots S parameters measured during

% stripline measurements made on 17 Dec 10. The measurements were of

% the AFIT SRR with with addtional metal in the outer SRR. The resonance

% frequencies are expected around 2.5 GHz.

% This file saves the output pictures and figures to the appropriate

% progress report folder.

% Optional: To not plot anything and only return the S-paramaters and Freq,

% supply an argument.

function Output = AFITSRRStriplinelnductor__ DL_Dissertation_File_240Oct11(varargin)
%% Setup

tic

CurrentDir = cd;

if nargin<'1
P=1,
close all
clc

else
P=0;

end

if exist('"E:\\AFIT PhD Program\MetaMaterials','dir") == 7
cd('E:\AFIT PhD Program\MetaMaterials\RF Metamateria\LORE_Lab_PNA_data’)
else
disp('Data is missing for Measurements.")
end
%% Input Data
StartDir = cd;
Directorylnfo= dir(**Inductor_data*"); %[1 5:12 2:4]

%label = [{'Coil B-Trans'},{'Coil B-Reflection'}];

for ii = 1:size(Directorylnfo,1)
cd(['./' DirectoryInfo(ii).name])

info = dir("*.cti");
for jj = 1:size(info,1)
[Output.S11(ii,jj,:),Output.S12(ii,jj,:),Output.S21(ii,jj,:),Output.S22(ii jj,:), Freq] = ...
citi2s(info(jj).name, 2);
end

Output.Freq = transpose(Freq*1076);

cd(StartDir)
end

%ImpedanceDL = (((1 + Output.S11).72) - (Output.S21).72)./(((1 - Output.S11).”2) - (Output.S21).72);
Output.S11 = squeeze(Output.S11);

Output.S12 = squeeze(Output.S12);
Output.S21 = squeeze(Output.S21);
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Output.S22 = squeeze(Output.S22);

%% S-parameter measurements for the samples
%
if P==

figure(1)

hold on

subplot(221)

plot(Output.Freq*107-9, real(Output.S11), -0, 'linewidth’, 1.0)%([1:4],:)
legend('Re(S_{11})','location’, 'northeast’)

grid on

%axis([04 1 -1])

subplot(222)

plot(Output.Freq*107-9, imag(Output.S11), '-*', 'linewidth',1.0)%([1:4],:)
legend('Im(S_{11})','location’, 'northeast’)

grid on

subplot(223)

plot(Output.Freq*107-9, real(Output.S21), '-.', 'linewidth', 2.0)%([1:4],:)

legend('Re(S_{21})','location’, 'northeast’)

grid on

subplot(224)

plot(Output.Freq*107-9, imag(Output.S21), '--, 'linewidth',2.0)%([1:4],:)
legend('Im(S_{21})",'location’, 'northeast’)

grid on

end

%% Calculating Impedance at each Frequency

% Obtained from Physics and applications of negative refractive index

% materials

Impedance = (+1)*sqrt((((1 + Output.S11).”2) - (Output.S21).72)./(((1 - Output.S11).72) -
(Output.S21).72));%page 46

figure(2)
hold on
plot(Output.Freq*107-9, imag(Impedance), '-0', 'linewidth', 1.0);
plot(Output.Freq*107-9, real(Impedance), -*', 'linewidth’, 1.0);
hold off
%Change Impedance to match a passive medium for the SRR based on Jason
%Paul, Xudong Chen and D. R. Smith
for mmm = 1 : size(Impedance)
for mm =1 : length(Impedance)
if real(Impedance(mmm,mm)) < 0 && imag(Impedance(mmm,mm)) > 0
Impedance_prime(mmm,mm,1) = -real(Impedance(mmm,mm)) - li*imag(Impedance(mmm,mm));
elseif real(Impedance(mmm,mm)) > 0 && imag(Impedance(mmm,mm)) >0
Impedance_prime(mmm,mm,1) = real(Impedance(mmm,mm)) -
li*imag(Impedance(mmm,mm));
elseif real(Impedance(mmm,mm)) < 0 && imag(Impedance(mmm,mm)) <0
Impedance_prime(mmm,mm) = -real(Impedance(mmm,mm)) - li*imag(Impedance(mmm,mm));
else
Impedance_prime(mmm,mm) = Impedance(mmm,mm);
end
end
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end

figure(3)

hold on

subplot(2,1,1)

%plot(Output.Freq*107-9, real(Impedance_negative), '-r', 'linewidth’, 1.0);
plot(Output.Freq*107-9, imag(Impedance_prime), '-0', 'linewidth’, 1.0);
xlabel('Frequency (GHz)', ‘fontsize',14)

ylabel('Imaginary Impedance’, ‘fontsize’, 14)

legend([{'Imaginary'}],'location’, 'southeast', 'fontsize', 14)

subplot(2,1,2)

%plot(Output.Freq*10.-9, real(Impedance_positive), -rp', 'linewidth’, 1.0);
plot(Output.Freq*107-9, real(Impedance_prime), '-*', 'linewidth’, 1.0);

grid on

%plot(Output.Freq*107-9, real(Impedance_prime), '-r', 'linewidth’, 1.0);
%plot(Output.Freq*10.-9, imag(Impedance_prime), '-0', 'linewidth’, 1.0);
xlabel('Frequency (GHz)', ‘fontsize',14, 'FontName', Times New Roman',...
'FontWeight','"demi")

ylabel('Real Impedance', 'fontsize', 14,'FontName','Times New Roman',...
'FontWeight','"demi")

legend([{'Real'}],'location’, 'southeast’, ‘fontsize’, 14,'FontName','Times New Roman',...
'FontWeight','"demi")

hold off%Calculating the half-space reflection coefficient

Reflection_01 = (Impedance_prime - 1)./(Impedance_prime + 1); %page 46
% figure(4)

% plot(Output.Freq*107-9, abs(transpose(Reflection_01)), 'p', 'linewidth’, 1.0);
%X = (1 - ((Output.S22).22) + ((Output.S21).72))./(2.*Output.S21); %page46
%X = 1./((2.*Output.S21).*(1 - ((Output.S11).72) + ((Output.S21).%2)));
%Robust method_Chen Phy Rev E 70, 016608(2004)

%stepl_exp = X + 1i*(1 - X.*2).70.5;

Y%step2_exp = X - 1i*(1 - X.*2).70.5;

m = 0; %page47

uo = 4*pi*10°(-7);

€0 = 8.854*107(-12);

k0 = transpose((2*pi*Output.Freq)*sqrt(uo*eo)); %find

d_length = 0.012;%0.045; %4*0.016962; %length of SRR array stripline (meters)

for mnn =1 : size(Output.S21)

index_n(mnn,:) = (-1)*(1./(k0.*d_length)).*(acos((1./(2.*Output.S21(mnn,:))).*(1-
(((Output.S11(mnn,:)).~2)-((Output.S21(mnn,:)).*2)))));

%the index must be inspected to have positive imaginary values; + or - must be added to index
end

figure(11)

hold on

plot(Output.Freq*107-9, imag(index_n(1,:)), -0, 'linewidth’, 1.0);
plot(Output.Freq*107-9, real(index_n(1,:)), '-r*', 'linewidth’, 1.0);
axis([1.53.5-1.81.8])

grid on

hold off

for mnnn = 1 : size(Output.S21)
for mn =1 : length(index_n)
if imag(index_n(mnnn,mn)) <0
index_n_primel(mnnn,mn) = real(index_n(mnnn,mn))*0 - li*imag(index_n(mnnn,mn));
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else
index_n_primel(mnnn,mn) = index_n(mnnn,mn);
end
if imag(index_n_primel(mnnn,mn)) < 0.1486 && real(index_n_primel(mnnn,mn)) > -0.52
index_n_prime(mnnn,mn) = real(index_n_primel(mnnn,mn))*0 +
li*imag(index_n_primel(mnnn,mn));
else
index_n_prime(mnnn,mn) = index_n_primel(mnnn,mn);
end
end
end
%

figure (5)
for mo = 1%:size(index_n_prime)
hold on
plot(Output.Freq*10”-9, imag(index_n_prime(mo,:)), '-0','Color’, [.5 .25*mo .25*mo], 'linewidth’,
1.0)%
plot(Output.Freq*107-9, real(index_n_prime(mo,:)), '-*', 'Color', [.5 .25*mo .25*mo], linewidth’, 1.5)
%

hold off

end

%axis([3 4.5-.12])

grid on

box on

xlabel('Frequency (GHz)', ‘fontsize',14,'FontName',' Times New Roman',...
'FontWeight','"demi")

ylabel('Imaginary and real refractive index', 'fontsize', 14,'FontName’,'Times New Roman’,...
'FontWeight','"demi")

legend([{'Imaginary'},{'Real'}],'location’, 'northeast’, ‘fontsize’, 14,'FontName','Times New Roman,...
'FontWeight','"demi")

%saveas(gcf,'Refractive_Index_Baseline_Ex.png’)

%saveas(gcf,'Refractivelndex_Baseline_EXx.fig")

%saveas(gcf,'Refractive_Index_Baseline_Ex.bmp")
permeability_relative = index_n_prime.*Impedance_prime;
permittivity_relative = index_n_prime./Impedance_prime;

figure (6)

for mo = 1:size(index_n_prime)

hold on

plot(Output.Freq*10°-9, real(permeability_relative(mo,:)), '-co','Color’, [.75 .25*mo .25*mo], 'linewidth’,
1.0)%(1,:)

hold off

end

grid on

box on

xlabel('Frequency (GHz)', ‘fontsize',14,'FontName', Times New Roman',...
'FontWeight','demi")

ylabel('Imaginary and Real Permeability’, ‘fontsize', 14,'FontName','Times New Roman,...
'FontWeight','"demi")

%legend([{'Baseline Re(\mu)'},{'Coil A Re(\mu)'},{'Coil B Re(\mu)'},{'Coil C Re(\mu)'}],'location’,
'southeast’)

legend([{'Baseline Re(\mu)'},{'Baseline Im(\mu)}],'location’, 'southeast’, ‘fontsize’, 14)
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%saveas(gcf,'Permeability_Baseline_Ex.png')
%saveas(gcf,'Permeability_Baseline_EX.fig")
%saveas(gcf,'Permeability_Baseline_ Ex.bmp")

figure (7)

for mo = 1:size(index_n_prime)

hold on

%plot(Output.Freq*107-9, permeability, ‘gp’, 'linewidth’, 1.0)

plot(Output.Freq*107-9, real(permittivity relative(mo,:)), -co','Color’, [.75 .25*mo .25*mo], 'linewidth’,
1.0)%

hold off

end

grid on

box on

xlabel('Frequency (GHz)', ‘fontsize',14,'FontName', Times New Roman',...
'FontWeight','"demi")

ylabel('Imaginary and Real Permittivity', ‘fontsize’, 14,'FontName’,' Times New Roman’,...
'FontWeight','"demi")

legend([{'Baseline Re(\epsilon)},{'Baseline Im(\epsilon)'}],'location’,...

'southeast’, ‘fontsize', 14,'FontName’," Times New Roman',...

'FontWeight','demi’)

%saveas(gcf, permittivity_Baseline_Ex.png’)
%saveas(gcf,'permittivity_Baseline_Ex.fig")
%saveas(gcf, permittivity_Baseline_Ex.bmp")

figure (10)
for mo = 1:size(index_n_prime)
hold on
plot(Output.Freq*107-9, imag(index_n_prime(mo,:)), -0, 'Color’, ...
[.75 .25*mo .25*mo], 'linewidth', 1.0)%'Color’, [.5 .25*mo .25*mo],
plot(Output.Freq*107-9, real(index_n_prime(mo,:)), -r*', 'Color, ...
[.5.25*mo .25*mo], 'linewidth’, 1.5) %'Color’, [.5 .25*mo .25*mo]

hold off

end

%axis([3 4.5-.12])

grid on

box on

xlabel('Frequency (GHz)', ‘fontsize',14,'FontName', Times New Roman',...
'FontWeight','"demi")

ylabel('Imaginary and real refractive index', ‘fontsize’, 14,'FontName', Times New Roman',...
'FontWeight','demi")

legend([{'Imaginary'},{'Real'}],'location’, 'southeast’, ‘fontsize', 14,'FontName’, Times New Roman’,...
'FontWeight','demi")

%saveas(gcf,'Refractive_Index_Loop_A_Ex.png’)

%saveas(gcf,'Refractivelndex_Loop_A_Ex.fig')

%saveas(gcf,'Refractive_Index_Loop_A_Ex.bmp")

figure (12)

formo=1
hold on
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plot(Output.Freq*107-9, real(index_n_prime(mo,:)), '-ro', 'linewidth’, 1.5) %'Color’, [.5 .25*mo
.25*mo]
plot(Output.Freq*107-9, imag(index_n_prime(mo,:)), '-*', 'linewidth’, 1.0)%'Color’, [.5 .25*mo
.25*mo],
hold off
end
axis([1.5 3.5 -2.5 2.5])
grid on
box on
xlabel('Frequency (GHz)', ‘fontsize',14, ‘fontname’, 'times new roman', 'FontWeight','bold")
ylabel('Imaginary and real refractive index', 'fontsize', 14, 'fontname', 'times new roman’,
'FontWeight','bold")
legend([{'Real'},{'Imaginary'}],'location’, 'northeast’, ‘fontsize’, 14, 'fontname’, ‘times new roman’,
'FontWeight','bold")
%saveas(gcf,'Refractive_Index_Baseline_Ex.png’")
%saveas(gcf,'Refractivelndex_Baseline_Ex.fig')
%saveas(gcf,'Refractive_Index_Baseline_Ex.bmp")

figure (13)
for mo = [2]%:size(index_n_prime)
hold on
plot(Output.Freq*107-9, real(index_n_prime(mo,:)), '-ro’, 'linewidth’, 1.0)%'Color’, [.5 .25*mo
.25*mo],
plot(Output.Freq*107-9, imag(index_n_prime(mo,:)), '-*', 'linewidth’, 1.5) %'Color’, [.5 .25*mo
.25*mo]

hold off

end

axis([1.53.5-2.5 2.5])%[1.5 3.5 -.1 .48]

grid on

box on

xlabel('Frequency (GHz)', ‘fontsize',14, 'fontname', 'times new roman’, 'FontWeight','bold")

ylabel(‘Imaginary and real refractive index', 'fontsize', 14, 'fontname’, 'times new roman’,
'FontWeight','bold")

legend([{'Real'}, {'Imaginary'}],'location’, 'northeast’, 'fontsize’, 14, 'fontname’, ‘times new roman’,
'FontWeight','bold")

%saveas(gcf,'Refractive_Index_Loop_A_EXx.png")

%saveas(gcf,'Refractivelndex_Loop_A_Ex.fig")

%saveas(gcf,'Refractive_Index_Loop_A_Ex.bmp’)

figure (14)
for mo = [3]%:size(index_n_prime)
hold on
plot(Output.Freq*107-9, real(index_n_prime(mo,:)), '-ro’, 'linewidth’, 1.0)%'Color’, [.5 .25*mo
.25*mo],
plot(Output.Freq*107-9, imag(index_n_prime(mo,:)), '-*', 'linewidth’, 1.5) %'Color', [.5 .25*mo
.25*mo]

hold off
end
axis([1.5 3.5 -2.5 2.5])%[1.5 3.5 -.1 .48]
grid on
box on
xlabel('Frequency (GHz)', ‘fontsize',14, ‘fonthame’, 'times new roman', 'FontWeight','bold")
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ylabel('Imaginary and real refractive index', ‘fontsize’, 14, 'fontname’, 'times new roman’,
'FontWeight','bold")
legend([{'Real'}, {'Imaginary'}],'location’, 'northeast', 'fontsize’, 14, 'fontname’, 'times new roman’,
'FontWeight','bold")
%saveas(gcf,'Refractive_Index_Loop_B_Ex.png’)
%saveas(gcf,'Refractivelndex_Loop_B_Ex.fig")
%saveas(gcf,'Refractive_Index_Loop_B_Ex.bmp)
%% Wrap-up
cd(CurrentDir)
toc
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Appendix C. Investigation of Terahertz Metamaterials

RF meta-atoms are the main focus of my dissertation. The theory and concept that
are used in designing the RF meta-atom can also be used at higher frequencies. In this
section, a brief investigation into terahertz metamaterials is reported based on the
additional work completed on metamaterials.

Terahertz includes the 50 GHz to 10 THz frequency range. Research in the
terahertz range concentrates on communication, inspections, medical imaging, security,
scientific imaging. Metamaterials can help in all these research areas by tailoring the
refractive index. An intital investigation conducted on terahertz is discussed in the
following subsections which covers background information, simulation and testing for a

polyMUMPS ® terahertz metamaterial design.

Appendix C.1. PolyMUMPS ® Terahertz Metamaterial Structure Background

Terahertz metamaterial consists of split ring resonators that interact with the
electric and magnetic fields impinging on the structures. The initial scope of this research
is to investigate a fabrication technique to produce an array of terahertz metamaterial that
produces a resonance at a defined frequency [72], [73]. Using a foundry process set up
for fabrication of microelectromechanical systems, a novel approach for the fabrication of
terahertz metamaterials is produced utilizing polyMUMPS ®.

Through scaling of the resonators, metamaterials that function in the infrared and
the radio frequency range of the electromagnetic spectrum have been demonstrated [74],
[75]. Recently, strides have been made to develop metamaterials in the terahertz regime

since most natural materials do not have a response to THz radiation. The lack of natural
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materials has created what is known as the THz gap. Metamaterials tailored towards THz
frequencies provide a means for developing THz devices. For THz generation, resonator
structures need to be fabricated with dimensions on the order of 30 pm.

The aforementioned THz gap covers from 100 GHz to 4 THz of the
electromagnetic spectrum, which lies just above microwaves and below infrared waves.
Developing THz technology has been on the forefront of research as scientists try to close
this gap. Thus far, development of THz sources and detectors has resulted in THz
imagers, semiconductor characterization, and new methods for chemical and biological
sensing [76]. Many THz applications (communications, security, imaging, and chemical
and biological sensing) have been identified and are currently being researched [77].
However, there is still a great deal of advancement required to fully exploit this region of
the electromagnetic spectrum. These applications would undoubtedly benefit from
materials that enhance our ability to manipulate, control, and detect THz radiation.

Metamaterials have played an increasingly important role in the development of
THz devices [9]. For instance, planar arrays fabricated on various semiconductor and
insulator substrates have shown a response to THz radiation both electrically [76], [78]
and magnetically [79], [80]. Based on current research, metamaterials are ideal
candidates for THz devices because they can be scaled and show a resonant frequency
response that can be tunable by the design. Metamaterial-based devices include filters,
modulators, amplifiers, transistors, and resonators [81].

The design for the SRRs was initially laid out in L-Edit ©, a subset circuit layout
editor program of the MEMS Pro software program suite, the design is based on
MatLab® calculations to determine the resonant frequency considering the design
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parameters. Once the design was complete it was transferred to polyMUMPS® foundry
which then fabricated the devices given our design specifications.

The dimensions of the single split ring resonators were chosen to support a
resonant frequency of approximately 5 THz. A layout of the SRR structures and its
dimensions are shown in Figure 62. The SRRs have a square shape with a height and
length of 40 um. The width of the trace is 10 um on all sides. The resonator gap opening

IS 17 pm, such that the length of the trace on either side of the gap is 11.5 um.

17 um

wr oy

10 pm

40 um
Figure 62. A schematic of a top down view of a single unit SRR with the dimensions

indicated.

The SRR structures were laid out such that there were four to a unit cell as shown
in Figure 63. The lattice period is 80 um. The polyMUMPS ® structures were arrayed to

cover a 1 cm? area.
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PolyMUMPS
layers

Silicon Nitride

Silicon Water

Figure 63. 3D Diagram of a unit cell of the patterned metamaterial shows the three
polysilicon and two silicon dioxide alternating layers grown on a silicon wafer with a thin
silicon nitride buffer layer.

MatLab® code was written to aid in selecting the SRR dimensions. The
dimensions of the SRR are determined by first deciding on a target resonant frequency.
The main two contributing factors to the resonance are the structure’s inductance and
capacitance, as shown in this resonant equation.

1

2 \/E (47)

where L in the inductance from the metal trace and C is the overall capacitance , however

since the gap is the dominating source of capacitance only that capacitance is considered.

The inductance of the trace and the gap capacitance are given by
L=p— (48)

Area (49)
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where W is the vacuum permeability, | is the length of the side of the SRR, t is the
thickness of the material, &g is the permittivity of free space, ¢ is relative permittivity, A
is the surface area of the trace, and g is the gap separation. Note the resonant frequency is
not a function of the sample thickness. The parameter having the most effect on the
resonant frequency will be the length of the SRR, which has a linear relationship with the
resonant frequency. The resonance will be inversely proportional to the gap separation
and proportional to the square root of the width of the trace and the relative dielectric
constant. While these parameters still affect the resonant frequency, their contributions
are not as strong as that of altering the size of the SRR.

The SRRs for this study are fabricated with the polyMUMPS ® process [17]
which uses polysilicon and silicon dioxide in alternating layers. The polysilicon layers
acts as a metallic structure and the silicon dioxide layers are used as a dielectric. These
materials are chosen due to the high plasma frequency of the polysilicon and the
dielectric constant of the silicon dioxide. The polyMUMPS® samples consist of
alternating polysilicon and silicon dioxide layers grown on top of a single side polished
crystalline silicon wafer with a small nitride buffer layer, as shown in Figure 64. At the
foundry, the alternating layers are capped with a thin layer of chromium followed by a
thin layer of gold. The layout of the material layers along with each layer’s thickness is
shown in Figure 64. The gold and chromium layers are removed with a wet etch prior to
the metamaterial testing. A detailed review of the polyMUMPS ® fabrication process can

be found on their website [49].
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Au Metal =0.5 um
Cr Metal =0.02 pm

Oxide 2 = 0.75 um

Oxide 1=2.0 um

Figure 64. A schematic illustrating the layers and their corresponding dimensions used in
the polyMUMPS ® process.

Appendix C.2. Simulation for polyMUMPS ® Terahertz Metamaterial Structures

Using the layout generated with L-Edit, simulations are performed on the SRR
shown in Figure 62 to obtain the capacitance and inductance for the structure.
CoventorWare ® provides the simulation tools necessary to obtain the values. The layout
is imported into CoventorWare ® using the GDS-II 2-D layout format converted to CAT
2-D layout format and compiled into a finite element model. Using the finite element
model, the simulation determines the capacitance using the electrostatic analysis, which
simulates an electric field on the conductors and calculates the charge density. Using the
charge density, the capacitance of the model for each component is calculated. Figure 65
shows the charge density for the SRR. The highest current density is measured on the
Poly 2 structure at 1.2 x 10° pC/um?. Based on the charge density, the capacitance
respective of each conductor is provided from the simulation. The capacitance for Poly 2,

Poly 1 and Poly 0 are 0.102 pF, 0.14 pF and 0.0414 pF respectively.
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Figure 65. Charge density simulated on the THz SRR which is used to calculate the
capacitance of the conductors with respect to the other conductors.

The MemHenry solver simulation tool for CoventorWare ® determines the
electrical inductance and resistance for the conductors based on applying a simulated
voltage on the conductors. The simulated voltage is an alternating current voltage with a
frequency sweep from 0.01 to 100 THz. The simulated imaginary current density helps
calculate the simulated inductance at each frequency. Figure 66 provides a detailed image
of the response for each layer to the simulated alternating voltage and the magnitude of
the imaginary current density. Using the simulated inductance at 1 THz, the resonant
frequency for the SRR is calculated with inductance for three Polysilicon layers. The
inductance for the Poly 2, Poly 1 and Poly 0 layers are 35.81 x 10*H (pH), 35.01 pH and

37.67 pH, respectively.
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Figure 66. The imaginary current density magnitude simulated for the SRRs of the
metamaterial structure.

Based on the simulation results and using the resonant frequency equation, the
expected resonate frequency is 3.8 THz. The simulation values are lower than the
analytical value of 5 THz which could attributable to the nitride layer under the meta-

atoms. The experimental testing will help verify these results.

Appendix C.3. Testing for polyMUMPS ® Terahertz Metamaterial Structures

Experimental testing is conducted with Fourier transform spectroscopy (FTS) on
three metamaterial samples and a sample with no SRR structures. The transmission
response is captured by a Fourier transform spectrometer equipped with THz optics at a
resolution of 4 cm™. The measurements are performed in a vacuum at room temperature.
The transmission response is calculated from the ratio of the reference spectrum and the
sample spectrum.

The three samples are measured all with identical structures but with varying
degrees of surface quality. Sample 1 has the worst quality, while sample 3 has the best.

Figure 67 shows the surface quality of the structures captured with using a scanning
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electron microscope. The image shows a polysilion layer on top followed by the silicon
dioxide layer. Figure 68 shows the structural layers for the polyMUMPS® process. A
focused ion beam etched out the layers to help identify the layer thickness and insure the
silicon dioxide layers separate the polysilicon layers. Each layer thickness is comparable

to Figure 64, the schematic illustrating the expected layer thickness.

M A

7 1
AFIT-SEM 10.0kV 20.1mm x399 SE(M) 4/13/2010 15:54

Figure 67. THz Metamaterial structures shown in
an SEM image to show quality of SRRs and
surrounding surface area. This image is a 0.06
mm? area taken out of a 1 cm? area.

D=1.33 (xs) pm

D=1.99 (xs) pm

D=0.52 (xs) pm
D060 (z9)

2.00kV| TLD-S | 24.0 kX|5.038| 52.0°

Figure 68. Layers of the polyMUMPS ® structures etched out
using a focused ion beam to inspect the Polysilicon and silicon
dioxide layers.
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The FTS transmission spectrum for the sample without SRRs, shown in Figure
69, has 0% transmission in the frequency range investigated. This is expected,
considering silicon dioxide is not transparent in the far IR. The transmission spectra of all
three structured samples shown in Figure 70, have an off resonance transmission of about
25 % which drops off at the resonant frequencies. The spectra for all three samples have a
small resonance around 3.7 THz due to the LC response of the SRRs where the
transmission drops to approximately 15%. Also present in all the spectra is a resonance at
18.4 THz where the transmission decreases to 5% to 10% depending on the sample
surface quality. The resonance nulls deepen as the surface quality of the material
improves.

The analytical calculation is performed with MatLab®, which determined the
resonant frequency should be around 5 THz using the dielectric constant of 3.9 for silicon
dioxide. The material stacks also contain a thin layer of silicon nitride which may affect
the dielectric properties of the material. Calculating the resonance using a dielectric
constant of 7.8 for silicon nitride yields a resonant frequency of 3.5 THz, which is much
closer to that measured with the FTS [46].

The overall low transmission amplitude is most likely a result of the layered
material. Layered materials are known to cause a decrease in the transmission and to
broaden the resonance; however, the resonant frequency remains constant [82]. The low
resonance response could be a result of the materials used to fabricate the structures. The
samples are grown on single side polished crystalline silicon. The unpolished backside of
the samples resulted in too much scatter for measurements to be obtained. The following
transmission plots were only obtained after the backside of the samples was polished to a
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highly reflective surface. The off resonance transmission is around 30%. The resonance

dip in the transmission spectrum is about 15% and 5% for the dipole resonance.

AFITS#3, MUMPS - Large Sample
| —— LGSample |

Transmission (%)

1(I)O 2(')0 3(')0 4(l)0 5(')0 6(I)O 700
-1
Wavenumber (cm™)

Figure 69. Transmission spectra of the polyMUMPS ® material without
the SRRs showing zero transmission across the measured frequency range.
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Frequency (THz)

Figure 70. Transmission spectra of the polyMUMPS ® samples fabricated
with SRRs showing a transmission of about 25% and a resonance at 3.7
and 18.4 THz
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Appendix D. Investigation into Optical Metamaterials

Optical metamaterial structures concentrate on the visible and infrared spectrum
for electromagnetic waves. The metamaterials at this level are not split ring resonators
but take on forms of fishnet or nanorod designs. In the following subsections, the

background, simulation and testing of optical metamaterials will be discussed.

Appendix D.1. Optical Metamaterial Structures Background

Optical metamaterials consists of layers of nonmagnetic metal and dielectric
materials arranged in a periodic fashion to account for the electric and magnetic field
interactions. Majority of optical metamaterials take on the form of fishnet structures
which is different from split ring resonators at RF wavelengths. Figure 71 shows two
fishnet structures forming an optical metamaterial design for a layout which separates the

incident magnetic and electric fields [83].

Optical Fishnet

/

(a) (b)
Figure 71 Optical Metamaterial Designs

To date, researchers have achieved negative index on metamaterials at low
wavelengths, publishing results at 1.8, 1.5, 1.4, 0.813, and 0.772 um [84]. For example,
an incident magnetic field would be polarized along the set of wide parallel strips while
the incident electric field is aligned along the narrow parallel strips. The magnetic strips

of the different layers are coupled at the magnetic resonance. For an optimized design,
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the magnetic resonance should be sufficiently strong resulting in negative values for the
effective permeability. The electric field should not show signs of diffraction since the
structure is sub-wavelength compared to the electric field. Another consideration for the
metallic strips is the metal type used in the design. Consideration must be made for the
plasma frequency of the metal. Plasma frequency is the natural frequency of oscillation in
the metal at which free electrons and positive ions may be thought of as plasma. The
plasma frequency serves as a critical value below which the index is complex and the
penetrating waves drop off exponentially from the boundary [85]. The structural units of
the optical fishnet must be smaller than the wavelength of the incident radiation. Looking
at the metal’s plasma frequency helps determine the metallic thin film to use in optical
fishnets. For example, the structural units can range in sizes from A, A/5. /10, to A/10000.
Using the frequency of radiation for silver and photon absorption

1.24
A= E(eY) (pm) (50)

where E represents the photon energy, the photon absorption equation helps to determine
metals to use in the optical fishnet structure. For example, silver has a frequency of
radiation equal to 0.903 x 10™ Hz. Based on the photon absorption equation, the smallest
wavelength at which silver will not absorb photons (0.332 pm). Taking into account the
frequency of radiation and the structural unit size, the layout of the optical fishnet will
have dimensions smaller than the incident light used for experimental testing. The
frequency of radiation for metal helps to eliminate metals which are part of the overall

structure and cannot respond at optical frequencies.
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The thin dielectric film isolates the metallic layers and forms a capacitive gap that
factors into the overall resonance. The dielectric film can be tailored based on the
material used for this layer. A common dielectric material is aluminum oxide, commonly
known as alumina, which has a dielectric constant of ~9.0 at DC [86].

A major consideration of optical metamaterial is to have a sub-wavelength
response from the structure. The combination of the metallic strips and dielectric layers
attribute to the response of the structure. Finding the correct material composition has to
be based on the materials and specific frequency.

The optical structures were fabricated in-house at the Sensors Directorate, Air
Force Research Laboratory, Wright-Patterson AFB Ohio. The initial designs were based
on the double negative index metamaterial demonstrated by Chettiar et al. [83]. Having a
fundamental design to initiate development of the metamaterial structure reduced
research and developmental time and gave a milestone for the in-house efforts. The
structures consist of layers of Alumina (Al,O3) and Silver (Ag). One layer of Gallium
doped Zinc Oxide (Ga-ZnO) separates the metamaterial from the quartz wafer. The
metamaterial structure is deposited on quartz wafers to reduce interference for optical
transmission. Figure 71 (A) shows the L-Edit 3-dimensional layout of the metamaterial
based on [83]. The stadium design is processed with e-beam lithography. The dimensions
of the stadium are 100 nm x 150 nm. The periodicity of the structure is 300 nm. Figure
71 (B) is the modification made to initial designs based on research and investigations
conducted by others developing metamaterial structures [83]. The initial Al,O3 and Ga-
ZnO layers help with adhesion to the wafer. The final layer is a thin layer of Al,O; to
keep the silver layer from deteriorating. The Ga-ZnO layer is deposited by pulsed laser
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deposition (PLD). With a PLD system, a laser ablates a target to create a plasma plume of
the material. In this case, the laser ablates the gallium and zinc in an atmosphere of
oxygen. The alumina and silver are sputtered on top of the Ga-ZnO by a Denton
Discovery 22 Sputtering system. The system has the capability to deposit material using
DC or RF electrodes. In the project, we used the RF electrodes to sputter material. Fused
silica was used for initial wafers to complete etch studies for the metamaterial pattern.
Quartz wafers were used for the final etch studies. The quartz wafers offer better
reliability for the process used to deposit Ga-ZnO. Quartz wafers withstand the
temperature change during the PLD process. Fused silica wafers have a tendency to crack
or fracture because of the temperature shock during deposition.

To define the metamaterial structure, an etching process was developed to clear
the alumina and silver in stadium and elliptical areas. The 3-D layout in Figure 71 for the
optical metamaterial show graphically how the openings should look after the etching
process. In order to etch the materials, a two-step process was developed to remove the
alumina and then the silver. A Inductively Coupled Plasma (ICP) etcher was used to
perform the dry etching. The main reason for using the ICP etcher is to have the ability to
etch the profile and a have a low degree of undercutting in the structure. ICP etching also
gives the ability to control the etching process with time, flow rates, and applied RF
power. The first step involves clearing the top layer of alumina with boron trichloride ion
coupled plasma etch. The second step consists of an argon gas ICP etch to clear away
oxide and silver. The two steps are repeated to clear multiple layers of alumina and silver.

Figure 72 shows the results of the etch process conducted on large open areas. Figure 72
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(B) shows how aggressive the etch process is to the structure. In order to reduce the

damage done to the sidewall profiles, reduced RF power during etching is recommended.
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Figure 72 Metamaterial etching results

Figure 73 shows the initial results obtains of the optical fishnet. The SEM images
show a optical fishnet covering a 100 um? area. Figure 73 (B) shows a zoomed in view of
the lower right hand corner area. The resist used in the processing of the wafer was not
removed before capturing the images. The dislocations in the resist are due to rinsing off
the wafers with deionized water immediately after etching. Deionized water removes any
loose resist and helps to clear the etch areas after the etching process. By comparing the
fabricated structure to Figure 71 (A), the E-beam system creates a good profile with high
resolution for the stadium optical fishnet structure. The dimensions of the stadium are
100 nm x 150 nm (£20 nm). The periodicity of the structure is 300 nm (x20 nm). To
make further improvement to the structure, we are investigating the ICP etching process

by using a lower RF bias and shorter etching times for the two etch steps.
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Fishnet MET12. Fishnet MET12_A

(B)
Figure 73 SEM image of optical fishnet structure
The design and fabrication of the optical fishnet structure is an intricate process.
The level of effort needed to make a contribution at optical wavelength has proved to

require a great deal of time which goes beyond this initial research.

Appendix D.2. Simulation for Optical Metamaterial

The optical metamateial is based on initial research by [83] which performed
simulation and analysis using COMSOL Multiphysics. The simulation consisted of using
a unit cell of the stadium with a void similar to Figure 71 (A). The layers consisted of
silver and alumina with the permittivity of silver taken from experimental data with the
exception that the imaginary permittivity is assumed to be three times that of bulk silver
[10]. The experimental and simulated spectra matched well over a broad range of

measured wavelengths and included sharp resonant features [83].

Appendix D.3. Testing for Optical Metamaterial
The optical metamaterial structure was fabricated using E-beam lithography and
two methods for interferometric lithography. The reason for using the three methods was
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to determine which fabrication process provides a stable method to generate the sub-
micron features over a broad area. Collaborations with the Air Force Research
Laboratory, and University of Dayton were started to help with the fabrication processes.
The E-beam lithography is a process that has advantages and disadvantages for
generating optical metamaterial. An advantage for the E-beam lithography includes the
ability to pattern small features as small as 100 nm. Another advantage is the defined
lithography process for pattern generation. However, a major disadvantage is the long
write time and small pattern area which takes hours to write a 1 cm? area. Figure 74
shows a 10 x 10 um area exposed and developed out for the optical metamaterial fishnet
patterning. The openings are on the order of 200 nm and the photoresist lines are 150 nm

in width.

Figure 74. Optical metamaterial fishnet pattern generated by E-beam lithograpy

The interferometric lithography is a new pattern generation process [92], [93].
The reason for using this process is for the short time it takes to generate features in
photoresist across a large area. A disadvantage is the wavelength dependent structural

size for the fishnet pattern. Two interferometric lithography processes were used to
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process samples at DUV (266 nm) and Visible (488 nm) wavelengths. The lithography
system for the DUV wavelength was set up at the University of Dayton. It was able to
produce features on the order of 100 nm with a periodicity of 150 nm over a 1mm? area.
Due to the small area, test was not performed on the samples. However, the sample
patterns were inspected using a SEM. Figure 75 is a SEM image of the photoresist

patterned using the interferometric lithography which generated the fishnet pattern.

At the Air Force Research Laboratory, an interferometric lithography system is

set up to use a 488 nm wavelength diode laser. It has the capability to generate 1 cm?
fishnet patterns using SU8-2025 blended with cyclopentanone and Cyclopentadienyl
(fluorine) iron (I1) hexafluorophosphate which absorbs at the 488 nm wavelength. It
provided the best samples of the optical fishnet with features over a 0.5 cm x 0.5 cm area.
Figure 76 shows two SEM images of the fishnet pattern. The first image shows the
fishnet pattern with thin lines in one direction and thick line normal to the thin line which

is necessary to define the electric and magnetic directions for the strips. The second
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image shows a top down view of the pattern to see how well the stadium was patterned

with the unexposed photoresist removed.
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Figure 76. Interferometric Samples generated at Air Force Research Laboratory.

Testing was performed on samples from the Air Force Research Laboratory using
AFIT’s Complete Angle Scatter Instrument (CASI) to obtain the bi-directional
reflectance distribution function of the optical metamaterial [94]. A calibrated laser
illuminates the sample at different incident angles, and the resultant reflections from the
sample (and/or the transmission through the sample) are measured and recorded by a
sensor mounted on a movable arm. Figure 77 shows the CASI and the orientation
directions from the sample. Both in-plane and out-of-plane measurements can be
performed based on the geometry of the sample’s orientation. Optical metamaterial
testing was accomplished to collect data on the reflection generated by the fishnet which
provides understanding for the fishnet structure’s reflection and transmission properties.
Figure 78 shows the reflection amplitude for the optical metamaterial at a range of

different angles. The reflection peaks occur near -95, -40, -20 and 2 degrees. Due to the
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number of reflection peaks, the structure shows indications of a diffraction grating at

optical frequencies.

Figure 77. AFIT's complete angle scatter instrument used to
measure bi-directional reflection distribution function for optical
metamaterials.
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Figure 78. Bi-directional reflectance distribution function measurements for the optical
metamaterial fishnet. Results show the structure is a diffraction grating at optical
frequencies.
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Appendix E. IR Meta-atom Incorporated with a Thin-Film Transistor

Focusing on the infrared (IR) region, the construction of metamaterial has a lot of

potential. The IR region is commonly used in remote control of TVs, VCRs and CD

players. IR technology is also being used and developed for medical monitoring systems

as well as remote control of environmental control systems, personal computers, and

talking signs [87]. Within wireless communication, IR has several advantages and

disadvantages which are listed in Table 5.

Table 5. Advantages and disadvantages of IR wireless communication.

Advantages

Disadvantages

Low power requirements: therefore ideal for
laptops, telephones, personal digital assistants

Line of sight: transmitters and receivers must be
almost directly aligned (i.e. able to see each other) to
communicate

Low circuitry costs: $2-$5 for the entire
coding/decoding circuitry

Blocked by common materials: people, walls, plants,
etc. can block transmission

Simple circuitry: no special or proprietary hardware
is required, can be incorporated into the integrated
circuit of a product

Short range: performance drops off with longer
distances

Higher security: directionality of the beam helps
ensure that data isn't leaked or spilled to nearby
devices as it's transmitted

Light, weather sensitive: direct sunlight, rain, fog,
dust, pollution can affect transmission

Portable

Speed: data rate transmission is lower than typical
wired transmission

Few international regulatory constraints: IrDA
(Infrared Data Association) functional devices will
ideally be usable by international travelers, no
matter where they may be

High noise immunity: not as likely to have
interference from signals from other devices

Appendix E.1 IR Metamaterial Structure Background

Two areas of interest for military application are telecommunication structures

and night vision. For telecommunications, the C-Band is the dominant band for long-

distance networks. The C-Band covers the 1530 to 1565 nm wavelength of the spectrum.

Telecommunication typically involves the use of electronic devices such as telephones,
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television, radio or computers. Telecommunication is an important part of the world
economy and the telecommunication industry's revenue was estimated to be $1.2 trillion
in 2009 [88]. Night vision equipment is used when there is insufficient visible light to
see. Night vision devices operate through a process involving the conversion of ambient
light photons into electrons which are then amplified by a chemical and electrical process
and then converted back into visible light via data processing. IR sources can be used to
augment the available ambient light for conversion by night vision devices, increasing in-
the-dark visibility without actually using a visible light source [89].

Focusing on the telecommunication industry, transmitters and receivers are used
to transfer data over land, within buildings and over fiber optic links. The ability to
generate these signals with small amounts of attenuation and dispersion have made IR a
vital part of the telecommunications industry. Two benefits of introducing metamaterials
into IR telecommunication systems would be for the improvement of the transmission
signals or filtering out unwanted signals within the communication link.

Metamaterials composed of SRR meta-atoms can help with IR data transmission
improvements for the telecommunication industry. The structures can enhance imaging
systems by improving the refractive index. For example, a filter or flat lens created with
SRR can control the propagation of the IR signals to enhance the directivity or divert the
signal away from a detector. Figure 79 shows a diagram which gives an indication on
how the flat lens can be used to control the propagation of the light. As the IR approaches
the flat lens, the direction of propagation can be controlled by the refractive index of the

metamaterial and the angle of incidence.
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Figure 79. Cartoon showing the effect of negative refractive index.

Appendix E.2. Analytical Approach to IR Meta-atom

To explain how this is possible, an analytical approach is used analyze the
behavior of the SRR meta-atom. Soukoulis, et al, conducted analytical studies of the SRR
structure and compared the results to experimental data [90]. From his modeling studies,
the SRR meta-atom can be set to a particular resonant frequency of interest which allows
the control for the refractive index of the structure. Knowing the IR spectrum range (700
nm to 1 mm) is a key element in the design of SRR operating at this range. The SRR can
be as large as 1/5 the wavelength size down to 1/10000 but depends on material
parameters and fabrication capabilities. Basing the design on the requirement for the
refractive index and wavelength of interest, the modeling procedures demonstrated by
Soukoulis, et al. help to determine the structure of the SRR meta-atom [90].

Beginning with the index of refraction, the permeability (i) and permittivity ()
components which make up the index of refraction can be broken up into the polar (real

and imaginary) forms to effectively change the overall index of refraction.

.1
i~(6,+6,)
n=\/g,/,u = |e;"||,u|e2 (51)
Based on the Equation (51), if you account for the real and imaginary parts of €

and p, while including the expansion of these components for lossy media, the index of
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refraction can be adjusted for a specific frequency. To achieve a negative index of

refractive, the argument of the index of refraction which is given by 0. + H% e [0, 7]

has to reach a range of [n/2, @] in the situation when ¢’ < 0 and x’ <0, so that the real part

of the index of refraction is negative (n’ < 0). In particular, the lossless limit is obtained
as 0, —> 7 and 0, — 7 which produces: n = [|¢||u]e” = —/|¢|| 4 [2]. Using the

assumption of an isotropic medium, this index of refraction can be directly introduced
into Snell’s law and can be shown to change or reverse the refraction direction [2].
Further reducing ¢ and u for defining the index of refraction will help analyze the
response for the SRR structure. Knowing that capacitance is based on permittivity and the
dimensions of the structure, the overall capacitance of the SRR is calculated by the

following equation.
C =g, % (52)

The components of the capacitance are: ¢, is the permittivity of free space, ¢, is
the relative dielectric constant, w is the width, t is thickness and g is the gap of the
capacitor spacing for the dielectric layer.

The inductance of the SRR is based on the geometric structure. For simplicity, an
assumption must be made on the shape of the structure which is defined as a solenoid. By
having a solenoid structure, the inductance of the design can be calculated and used to
obtain the resonant frequency of the SRR. The equation for calculating the inductance of
a solenoid is given by Equation (53), which can also be used to determine the resonant

frequency of the SRR design.
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L= 14 r (53)

where | is the length and t represents the thickness of the material.
Using the C and L values, the resonant frequency (w.c) is calculated by using
Equation (54). Knowing the w, ¢ allows the calculation for the corresponding free-space

wavelength (A.c) which is given by Equation (55).

1

a)LC = ﬁ (54)
27C

ﬁ“LC = P (55)
LC

Having the 4.c value helps to determine if the size SRR is reasonable enough to
be considered as a metamaterial structure. Because the operational wavelength in
metamaterial is much larger than the size of the unit cell, a, the metamaterial can be
considered a homogenous effective medium and described using effective medium
theories, which greatly simplify the description and facilitate the physical understanding
of its main features.

Knowing that the SSR can be classified as an effective medium allows the use of
analytical modeling for effective medium. The effective magnetic permeability expressed
as a function of frequency, ues(w), for a lattice of SRRs can be written as Equation (56)
[90]. Assuming an incident electro-magnetic field propagates parallel to the plane of the
SRRs with the magnetic field (H) perpendicular to the SRR plane and an electric field (E)

parallel to the sides of the SRRs
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w@) =1+ ——— (56)
. —

where F is the dimensionless quantity based on the lumped parameters.

1%t

F=—
aja,

(57)

For the dimensionless quantity, ayy is the lattice constant in the SRR plane, &; is the lattice
constant in the direction normal to SRRs [90].

Examining the effective permittivity as a function of frequency allows us to
investigate the behavior of the permittivity based on plasma frequency of the metallic
layer. Using a Drude-Lorentz form to describe the behavior of the permittivity requires
three parameters: the plasma frequency, wy, the resonant frequency, wo, and the
dissipation parameter, 7" (the damping factor). Equation (58) calculates the response of

the effective permittivity as a function of frequency.

2
a,

elw)y=1-—/—7T>— 58
() o -} +iTw (58)

Combining the permittivity and permeability together into Equation (51) for the
refractive index predicts the analytical behavior of the SSR. For the IR metamaterial, the
analytical modeling can be used to determine structural dimensions, resonant frequency

and index of refraction.

Appendix E.3. IR Application
Using the information acquired about the use of IR in communication and
imaging systems, an array of SRRs can be made to alter the propagation of IR signals

through a flat lens or film. As an example, the U.S. Naval Surface Warfare Center-Crane
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in Crane, Ind., ordered Enhanced Targeting Sight (ETS) Infrared Imaging Systems from
FLIR Systems in North Billerica, Mass. This order is the first production order under an
indefinite delivery/indefinite quantity contract from the U.S. Navy valued at
approximately $35 million. The systems are based on the company's rugged SeeSpot Il|
high performance thermal imager that allows operators to identify targets and view laser
designators simultaneously. Used in both day and night battlefield environments and in
degraded weather conditions, the ETS increases the accuracy of laser designators by
allowing operators to view the laser spot within the target scene. It uses a detector at

4.50-4.80 um and 1.06 um to create thermal images as shown in Figure 81 [95].

Figure 80. SeeSPOT I+ Imager uses IR to detect object at night [95].

Identifying Target Laser Designator
Figure 81. IR Images obtained with the SeeSPOT Il1+ Imager.
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Creating a flat lens out of metamaterial can help to improve the image quality by
filtering out unwanted thermal signatures and enhancing/changing the propagation of IR
signals at the wavelength detected by the detector. The metamaterial can also be used to
stop or reduce detection of the signal if a transition material was installed that effects the
SRR based on an applied bias. These two concepts are be analyzed in the following

section.

Appendix E.4. IR Meta-atom Structure at 60 THz

Designing a metamaterial at the 4.50 — 4.80 wm range requires that the feature
size be a maximum of 0.90 — 0.96 um. To build features for these dimensions, calls for
thin films and dielectric materials that can be used in fabrication methods commonly used
to generate microelectronic circuits. Converting the wavelength to frequency allows the
analytical equations to determine the size of the SRR. The frequency range is 62.5 — 66.7
THz. Using the medium frequency, the design will have a resonant effect slightly below
64.6 THz. Based on Equation (55), A.c will equal 29.2 um which is higher than the SRR
structural size.

The next step will be to determine the dimension necessary for the SRR meta-
atom. Knowing that the maximum size can be no larger than 0.90 um helps to set the
maximum length for the SRR meta-atom. Setting the length to 0.9 pum helps to eliminate
one of the structural parameters.

The next steps will be to define the dielectric constant, width and gap for the SRR
meta-atom. The first process will be to examine the effect of changing the dielectric

constant on the structure. By setting the width, thickness, and gap of the SRR to all equal
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0.3 um, the range of dielectric constant can be investigated to show which values of the
dielectric constant can keep the free-space wavelength (A.c) higher than 29.2 um. Figure
82 shows four plots to compare the free space wavelength against parameters. First, Plot
(a) shows the range of dielectric constants needed to keep the value high. Using the
dielectric constant of silicon dioxide, the SRR’s A, c IS examined as a function of width.
Plot (b) shows the range of the A ¢ as the width is varied from 0.001 to 0.75 pm. Plot (c)

is the range of the A, ¢ at various gaps, while Plot (d) compares the change to various

lengths.
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Figure 82. Free-space wavelength as a function of permittivity, width, gap and length.
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The effective magnetic permeability expressed as a function of frequency, uer(®),
for a lattice of SRR meta-atoms are predicted using Equation (56). Assuming an incident
electro-magnetic field propagates parallel to the plane of the SRR meta-atoms with the
magnetic field (H) perpendicular to the SRR plane and an electric field (E) parallel to the

sides of the SRRs. Figure 83 shows the effective magnetic permeability versus frequency.
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Figure 83. Effective permeability as a function of frequency.

Combining the effective permittivity and effective magnetic permeability into
Equation (51) for the index for refraction produces the results shown in the follow
figures. Notice the dramatic change in both the real and imaginary index of refraction
based on the analytical calculations. From initial observations, the choice of gold for the

metal layer has a big effect on the refractive index.
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Figure 84. Index of refraction calculated using the effective permittivity and
permeability.

To change the structure based on biasing a transition material is one method that
would affect the overall response for the SRR meta-atom. By incorporating a thin film
transistor into the structural pattern of the SRR meta-atom, the biasing that generates an
electric field can alter the refractive index response. Thin film transistor (TFT) structure
is similar to MOSFET built on silicon-on-insulator with the exception that the active film
is a deposited thin film and the substrate can be any form [91]. In the case of the
metamaterial structure, a transparent semiconducting material would be the ideal material
because it will allow IR and visible light to penetrate the structure unaffected. The TFT
could be biased to turn off and on by a gate separated from the channel by a thin oxide
layer. A material that can make up the transistor region would be doped Zinc Oxide
which is transparent and possesses semiconductor characteristics. The gate region can be
made from Indium Tin Oxide, a transparent electrode. The drain and source regions

would be the SRR structure. Figure 85 shows a diagram of the structure with the SRR as
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the source and drain connected to the transparent transistor. The structure is created on a
quartz wafer to help with isolation for the device and allow IR signals to propagate

through the substrate.

Meta-atom with transistor Mesh model of meta-atom
Figure 85. Thin film transistor integrated into SRR meta-atom.

Fabrication of the device consists of 9 Steps. The following flow chart describes

the process in a step-by-step sequence.
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Process Flow

Substrate Etch Oxide

Sputter ZnO Deposit Gate layer

Etch ZnO to define

channel Etch/liftoff Gate layer

Deposit Oxide Deposit SRR

Etch/liftoff SRR

Using CoventorWare ®, simulations were conducted to investigate the
capacitance and charge effects on the structure. The simulation compares the structure
with the ZnO acting as a conductor and a dielectric. The following images give a view of

the charge density of the structure with the ZnO acting as a conductor.
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Figure 86. Images showing charge density of the gate when the doped ZnO act as a metal.
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The simulated capacitance between the gate electrode and the doped-ZnO was
determined by the simulation to be 6.8E-04 pF which is based on the thickness of the gate
oxide and voltage of one volt applied between the two SRR structures.

The simulation was conduct by using the ZnO layers as a dielectric layer. The
following plot shows the charge build up around the SRR region as a function of having
opposite bias on the SRRs and a negative bias on the gate electrode. The charge is shown
to build up around the gap of the SRR. The frequency of the signal was set to 64 THz

which is close to the resonant frequency of the SRR.
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Figure 87. Charge density simulated on thin film transistor.
The SRRs are removed to show the charge density region.
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