creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

A THESIS
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Enhancing Microwave Absorption for
Measurement Sensitivity Improvement in
Thermoelastic Optical Indicator Microscopy

Through Metamaterial Integration

SHEWANGZAW HAMELO

Department of physics

GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY
December 2023



Enhancing Microwave Absorption for
Measurement Sensitivity Improvement in
Thermoelastic Optical Indicator Microscopy

Through Metamaterial Integration

A dissertation submitted in partial FULFILLMENT of the requirements
for the degree of Doctor of Philosophy [Physics]

Shewangzaw Hamelo

Jeju National University Graduate School

Department of physics

Supervised by Professor Han Ju Lee

A Dissertation has been approved by the dissertation committee.

2023.12

Chair Jungkial Kim
Member Younghan
Member Hanju Lee

Member Myung-Hwa Jung



Abstract

This study is devoted to improving the measurement sensitivity of thermoelastic optical
indicator microscopy (TEOIM) by enhancing microwave absorption within the optical
indicator (Ol). Ol, the fundamental component of TEOIM, consists of a glass substrate
coated with a thin film, and the sensitivity of TEOIM is closely related to the efficiency of

microwave absorption within the Ol.

In this work, two approaches were implemented to study microwave absorption
enhancement based on the Ol. First, the microwave absorption of Ol with different film
thicknesses was investigated. For this purpose, aluminum-coated glass with film thicknesses
of 10nm, 25nm, 50nm, 75 nm, and 100nm was fabricated. Their corresponding microwave
absorption was investigated by measuring the microwave near-field. The results show a clear
correlation between the thickness of the thin films of Ol and the absorption of the microwave
near field. 10nm showed an increased absorption of microwaves. This correlation indicates
that the reduction of thin film thickness of the Ol has a higher sensitivity to the microwave

near field.

Second, the microwave absorption of Ol is investigated by integrating it with the
metamaterial absorber. The metamaterial absorber resonating at 11.5 GHz was fabricated on
an alumina substrate using silver metal, and the Ol was glass coated with ITO thin film. The
microwave near-field distribution was measured with and without the metamaterial absorber.
Integration of the metamaterial showed improved absorption, and a 10-times increase in
sensitivity at the resonance frequency of the metamaterial was calculated. In addition, the
improved sensitivity was verified by an experiment comparing the TEOIM measurement

system with and without the metamaterial absorber. The results provided compelling



evidence of the significant improvement in sensitivity due to the integration of metamaterial

absorbers.

In addition, using the resonance properties of the metamaterial absorber, the resonance
frequency shift with changes in the dielectric environment was investigated. Based on the
resonance frequency shift, the equation relating the resonance frequency and the dielectric
constant of the tested material was formulated. On this basis, an innovative method for

imaging a non-uniform dielectric material was developed.
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CHAPTER 1

Introduction

As applications for microwave (MW) near-field imaging technologies expand, they are
becoming increasingly important. These technologies are now fundamental in several fields,
including materials testing, monolithic microwave integrated circuit (MMIC) design,
semiconductor device design, nondestructive detection, and medical diagnosis.[1]- [3] As
this application landscape continues to grow, so does the need for the development of

sensitive measurement methods and innovative techniques.

Thermoelastic optical indicator microscopy (TEOIM) is a new technology to measure
microwave near field distribution. It is a non-destructive method that relies on the absorption
properties of the thin film of an optical indicator. The optical indicator is a fundamental
component of the TEOIM system, comprising a glass substrate coated with thin films. It
plays a vital role in converting microwave signals into optical signals, facilitating the

visualization and measurement of microwave near-field distributions[4]

The pursuit of further improvement of measurement sensitivity of TEOIM has led to an
exploration of methods that improve microwave absorption within the thin film of the optical
indicator. Additionally, it seeks to propose innovative approaches to characterize dielectric
materials, with a particular focus on spatially varying dielectric properties. This dissertation

is dedicated to this endeavor, and it is structured as follows.
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1.1  Motivation

The desire to further improve the measurement sensitivity of TEOIM has led to the
exploration of mechanisms that enhance microwave absorption in the thin film of the optical
indicator through experimental analysis. The first part of the dissertation systematically
examines the influence of varying the thickness of the thin films within the optical indicator
on microwave absorption. The second part delves into the integration of metamaterial

absorbers with the optical indicator.

Metamaterials, known for their ability to manipulate electromagnetic waves and enhance the
absorption, are employed to explore their potential to further enhance microwave absorption.
These engineered materials offer unique electromagnetic properties not found in natural
materials, exhibiting an electromagnetic response attributed to their geometry[5]- [8]. They
allow coupling to the radiation from free space at resonance frequency and enhance the
absorption of microwaves. This property led to enhanced absorption of thin films when they
are integrated with metamaterial absorbers. In TEOIM this enhanced absorption leads to a

notable improvement in measurement sensitivity.

Moreover, the integration of metamaterials not only enhances sensitivity but also brings
additional benefits. In the final part of this work, the frequency shift response of the
metamaterial in response to variations in dielectric constants is utilized, enabling the
development of an innovative method for mapping the relative permittivity of dielectric
materials. This not only advances our understanding but also opens new possibilities for

research and applications within this field.
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1.2 Microwave Absorption and Heating Mechanism of Thin film.

When electromagnetic waves encounter a medium, the waves may be reflected, absorbed,
transmitted, or any combination of these three interactions. Microwave heating is governed
by two key mechanisms: dielectric heating and eddy current loss. Understanding these
mechanisms is vital to utilizing the potential of microwave technology for various processes.
Dielectric heating: electric field component is responsible for this and primarily causes
dielectric heating. This phenomenon involves two primary mechanisms: dipolar polarization
and ionic conduction. In the presence of an oscillating electric field, dipoles in the material
attempt to align but are prevented from doing so by their reaction delay, resulting in
collisions and the generation of heat [9], [10].

Eddy Current Loss: Eddy current loss, on the other hand, is associated with the magnetic
field component of microwaves. It arises from the induction of eddy currents within
conductive materials when exposed to a changing magnetic field. The intensity of eddy
current loss is closely related to the electrical resistance of the material. This mechanism is

especially significant in the heating of conductors and semiconductors [9]-[13]

1.3  Factors Affecting Microwave Heating Efficiency

Several factors can affect microwave heating efficiency. One significant factor that affects
the efficiency of microwave heating of thin films is the material properties of the film itself
[10], [14]. Different materials have different properties, which determine their ability to
absorb microwave radiation and convert it into heat. In addition, the thickness of the thin
film also plays a crucial role in microwave heating efficiency. Thin films with a thickness
that is comparable to the penetration depth of microwave radiation can efficiently absorb and
convert microwave energy into heat[13]. Other factors that can affect the efficiency of
microwave heating of thin films include the power and frequency of the microwave radiation

[10], [14].. Microwave Frequency and Power play a crucial role in the heating mechanisms
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of thin films. The frequency of the microwave radiation determines the depth of penetration
into the film, with higher frequencies resulting in shallower penetration. This is due to
higher-frequency microwaves having shorter wavelengths. In terms of power, increasing the
power of the microwave radiation leads to more efficient and rapid heating of thin films. The
power directly affects the rate at which the molecules in the film absorb the microwave
energy, leading to an increase in temperature. Therefore, the choice of microwave frequency

and power is crucial in optimizing the heating efficiency of thin films.

1.4  Optical Indicators

The optical indicator consists of a glass substrate coated with thin films. The thin film is
heated by the absorption of microwaves. The specific nature of this heat generation depends
on the properties of the thin-film coating. When the thin film is dielectric, it absorbs the
dielectric component of the electromagnetic wave, resulting in heat production. Conversely,
if the thin film is conductive, it absorbs the magnetic component of the electromagnetic
wave, leading to heat generation. Based on these, the Ol determines the selective
measurement of electric and magnetic fields. The glass substrate is used to quantify the heat

generated by the thin film using the photoelsatic effect.

The photoelastic effect is a phenomenon that occurs in certain materials when they are
subjected to stress. Under stress, these materials exhibit birefringence, changing the
polarization state of incident light as it passes through them. These changes in polarization
can be observed and analyzed using optical techniques. Figure 1.1 (b) shows the illustration
of the Ol. Where the incident light generates heat and the heat generated diffuses to the glass

substrate and that induces stress in glass medium

16



By configuring optical components as shown in Figure 1.1 (a), the intensity of the light is
then measured as it passes through the analyzer due to the change in polarization state, this
arrangement allows measurement of both minimum and maximum light intensity at a 45-

degree angle, facilitating detection and analysis of stress-induced changes in polarization[4]

(a) :
Light source Stress axis
x (90%)  (459) l (45° or 0°)
o, P
( ( CP\Hﬁ 'EP|
¥ S \_/
Polarizer Circular Analyzer
polarizer ol
Photoelastic medmum
(Glass)
(b) Circular polarization Tl —ar
(Incident light)
;4
B L= - [\
- '\\_l
y ] Heat Incident
b microwave
Elliptical polariztion
(Reflected Light)

!

Microwave

ahsorbing thin film

Figure 1.1. (a) llustration of measurement setup of the optical component to obtain the

optical signal. b. Optical indicator.
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1.5 Statement of the Specific Research Objectives and Aims:

The goal of this research is to investigate and develop methods that improve the
measurement sensitivity of thermoelastic optical indicator microscopy (TEOIM) and to
propose applications for this technique. To achieve this overarching objective, the research is

guided by the following specific objectives:

1. Investigation of Thin Film Thickness Effects on Microwave Absorption and
TEOIM Sensitivity Enhancement:

» Explore the correlation between the thickness of thin films and their
microwave absorption properties.

» Understand how varying film thickness impacts microwave absorption and,
subsequently, enhances TEOIM sensitivity.

2. Integration of Metamaterials with Ol for Microwave Absorption Enhancement
and TEOIM Sensitivity:

» To design and configure the metamaterial absorber with the Ol to facilitate
improved microwave absorption of the thin films of the OlI.

» To achieve enhanced TEOIM sensitivity through the strategic integration of
metamaterials into the Ol

3. Development of a Novel Dielectric Permittivity Mapping Technique:

» Incorporate metamaterial absorbers into TEOIM to offer a unique mapping
technique that provides insight into the electrical properties of non-
homogeneous materials.

» To advance TEOIM capabilities, making it a more effective tool for non-

destructive testing and comprehensive material characterization.
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Chapter highlights
This chapter provides a comprehensive overview of thermoelastic optical indicator
microscopy (TEOIM) and describes its components, advantages, measurement principles and
how the optical indicator works. It examines strategies for improving microwave absorption
in the optical indicator and discusses the measurement sensitivity of TEOIM. In addition,
this chapter introduces the concept of metamaterials and their role in achieving perfect
absorption. Research gaps are identified, particularly in the area of TEOIM and the
integration of metamaterials, opening doors for future investigations and potential

applications in this area.
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CHAPTER 2

An overview of TEOIM and metamaterials

2.1 Thermoelastic Optical indicator Microscopy (TEOIM)

Thermoelastic optical indicator microscopy (TEOIM) is a technique for high-resolution
imaging of microwave near-field distributions. It uses an optical indicator and a microscope
system with a CCD camera. The measurement principle is based on the reconstruction of the
heat source distribution from the thermal stress distribution obtained by photoelastic
measurement of the optical indicator. The optical indicator (Ol) consists of a glass substrate
coated with a thin film that absorbs an electromagnetic (EM) field emitted from the material

under investigation.

TEOIM offers several advantages, including the use of conventional materials and
equipment, and real-time measurement capability. It has been successfully used for various
NDT applications, such as monitoring electronic devices during operation, characterization
and crack detection of conductive thin films, inspection of conductive particles embedded in
opaque dielectric materials, non-invasive measurement of liquid concentrations, and defect

detection in dielectric materials.[1]- [4]

2.2 Components of TEOIM

The components of Thermo-Elastic Optical Indicator Microscopy (TEOIM) include an
Optical Indicator (Ol), a polarized light microscope system consisting of polarizers, and a
CCD camera. The Ol is a thin film coated on the glass substrate that absorbs the
electromagnetic radiation from the Device Under Test (DUT) and undergoes a change in its

optical properties.
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Figure 2.1 (a) experimental setup of TEOIM (b) measurement principle of TEOIM

polarization state of the reflected light.
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The polarized light microscope system is used to visualize and analyze the changes in the
polarization state and intensity of the light transmitted through the Ol material. It includes
components such as a light source and polarizers. The linear polarizer changes the light from
the light source to linear polarization and circular polarizers change the light from linear

polarization to circular polarization, and the sheet polarizer is used to analyze the

The CCD camera is used to capture the intensity changes of the transmitted light passing

through the Ol material. It records the images of the Ol material and allows for real-time



visualization and analysis of the microwave near-field distribution. These components work
together to enable the measurement and visualization of the microwave near-field

distribution in TEOIM.[5]

2.3 The existing optical indicators utilized in TEOIM.

Various types of optical indicators are reported in the literature; for instance, to measure the
electric near field, a sliding glass coated with aluminum nanoparticles (AINP) embedded in a
poly (methyl methacrylate) (PMMA) thin film was used as the optical indicator (Ol) material
to measure the microwave electric component, and a conductive platinum (Pt) thin film with
a thickness of 200 nm was used as the Ol material for measuring the microwave magnetic
near-field[4]. 1TO-based optical indicators are used in various applications of non-
destructive measurements by using TEOIM[1]-[3], [6]. Additionally, new types of optical
indicators called meta-surface-based optical indicator was reported to measure the electrical

microwave fields[7].

2.4  Measuring principle of TEOIM

The principle of thermoelastic optical indicator microscopy (TEOIM) is based on the
measurement of the thermal stress distribution in an optical indicator (Ol) caused by the
absorption of the microwave signal radiated from the DUT. This absorption generates heat,
which then diffuses into the glass substrate of the OI, resulting in a thermal stress
distribution within the glass substrate.

The stressed Ol material exhibits the photoelastic effect, where the polarization state of
incident light passing through the material is changed into an elliptically polarized state,
depending on the stress axis and material properties. This change in polarization state can be

measured by monitoring the linear birefringence (LB) of the Ol material. By analyzing the
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change in LB of the Ol material, the heat source distribution visualized [5]. The

measurement setup and measurement principle are shown in Figure 2.1

2.5 Strategies for Enhancing Microwave Signal Absorption in Thin Films and its

application for Ol.

There are numerous strategies to improve the microwave absorption of thin films. One of
them is the incorporation of additives into the thin films [8]- [11]. This strategy has been
applied in the context of the optical indicator (Ol) in TEOIM [5]. Aluminum nanoparticles
have been used due to their high absorption coefficient, which makes them suitable for

measuring electric microwave fields.

Another effective strategy is to optimize the thickness of the metal thin film itself to increase
absorption [12]- [14]. While these strategies have been used in optical indicator applications.
Recent developments have demonstrated the potential of metamaterial absorbers integrated
into thin films to enhance microwave absorption [15]- [22]. However, its application in the

context of Ol absorption is still relatively unexplored.

2.6 Measuring sensitivity of TEOIM

The sensitivity of TEOIM is important for understanding its performance in detecting
microwave fields. This sensitivity is determined by the relationship between microwave field
intensity and the absorption of an optical indicator (Ol). Essentially, when microwaves are
absorbed by the Ol, it generates heat, resulting in changes in its optical properties. These
changes lead to alterations in the intensity of light passing through the indicator material,
making it a measurable parameter for quantifying microwave absorption.[4],

Practically, the sensitivity of TEOIM is assessed by calculating the change in response to

incident microwave power. In the study conducted by [4], the sensitivity of the indicators to
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incident microwave power was determined by analyzing the change in intensity (Al) to the

change in microwave power (AP), and it is defined as follows.

§ = AI/AP 91

The researchers plotted the calculated intensity changes as a function of incident microwave
power. Through this comparison, they quantified the sensitivity by assessing how the change
in intensity relates to the incident power. In particular, at a microwave frequency of 10 GHz,
predictable sensitivities ranged from 0.1 to 1 mW for measurements averaged over 15,000
times. Notably, the intensity of light passing through the Ol material exhibited a linear

increase with an increase in the incident microwave power [4].

12  — E-indicator
—— H-indicator

. Frequency : 10 GHz

Intensity (radx10%)

40 80 12 16 20 24 28 32
Power (mW)

Figure 2.2 Calculated average intensities of electric (black) and magnetic (red) fields at
10GHz as a function of incident microwave power|[4]

This relationship between absorption and incident power was consistently demonstrated for
both electric and magnetic fields. Figure 2.5 in the study visually depicts the calculated
intensity changes as a function of incident microwave power at 10 GHz. The graphical
representation of the data clearly illustrates the linear increase in intensity changes for both

the electric and magnetic fields.
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2.7 Metamaterials
Metamaterials are man-made materials that usually have periodically arranged structures
with dimensions smaller than the wavelength of the desired operating frequency. They
exhibit electromagnetic properties that differ significantly from those of naturally occurring
materials. Metamaterials derive their properties from a combination of composition and
structure rather than from their composition alone[23]- [26]. The existence of metamaterials
was first foreseen by Victor Veselago, a Russian physicist, in his pioneering research on the
existence of materials with negative refractive index. He described their properties decades
before their physical realization. The theoretical background of metamaterials begins with
Maxwell's laws of electromagnetism [27]. For an electromagnetic (EM) time-harmonic wave
propagating in a lossy medium with conductivity o, dielectric constant €, and permeability p,

four laws are given in differential form by.

V.E=0 2.2
V.H=0 2.3
VXE=—jwuH 24
VXH=(o+jwe)E 25

Applying curls on both sides of the equation on equation 3 for the waves in lossy dielectric

the electric field becomes.

= Jjwu(o + jws)

where, ¥ the propagation constant

Similarly, the magnetic field can be written as
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The above equations are Helmholtz equations.

If the wave plane monochromatic wave travels in the z direction the electric and the

magnetic fields are prospecting along the x and y direction, respectively.

Then the above equation can be simplified further

E=E.z)a, 2.8
E.(z) =Eye¥* + E',e™?* 2.9
E(z,t) = Real(E (z)a e’ 2.10

As v is a complex number it can be represented by

Thus

E(z,t) = Eje " cos(wt — kz)a, 2.12

Similarly, the magnetic field

H(z,t) = Hye *cos(wt — kz)a, 2.13

The relation between the two becomes.
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E, 2.14
Hy = D/{:;r

If the medium is lossless the conductivity is approximately zero, and thus the E field and the
H field are in phase with one another.

The permittivity (¢) and permeability (n) of a medium affect the propagation of the
electromagnetic wave shown in Figure 2.3 The first group of material is named double
positive material, as both permittivity and permeability of the material are greater than zero.
This category primarily contains dielectrics. Permittivity is less than zero and permeability is
larger than zero in the second category, which is why it is termed epsilon negative material.
Many plasmas exhibit these properties at certain frequency regimes. The third group of
materials possesses a permittivity greater than zero and permeability less than zero. Gyro
tropic magnetic materials display these characteristics and are called mu-negative materials.
The fourth group contains the double negative material, which can only be produced
artificially. This class of material has both permittivity and permeability less than zero, or
negative. When an EM wave enters such media, the direction of wave propagation reverses.

No naturally available material has both negative permeability and permittivity[25].

2.8 Metamaterial Absorbers

The field of metamaterials has made significant progress in recent years, with a particular
class of materials known as metamaterial absorbers attracting considerable attention.
Metamaterial absorbers have become a promising area of research due to their unique
properties. They have applications in several areas, such as reducing the radar cross section
(RCS) of targets, improving detection capabilities, and reducing the side lobes of antennas.
Typically, they are structured as 2-D meta surfaces consisting of an array of unit cells (nxn).
These unit cells are carefully designed to match the impedance of the entire structure to that

of free space. When an electromagnetic wave of a certain frequency hits the metamaterial
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absorber, it induces electrical and magnetic excitations at that frequency, resulting in

absorption.

Lt
-~
>0 and <0 1=0 and =0
Epsilon negative Double positive
materials materials
plasmas Dielectrics
* > C
u<0 and £=0
K=0 and &<0 Mu negative
Double 11legam e materials
1113‘[e1‘1al.~3l' Gyrotropic
Metamaterial magnetic material
L J

Figure 2.3 Classification of materials

A crucial mechanism by which metamaterial absorbers can achieve perfect absorption is the
technique of impedance matching. In this approach, the metamaterial absorber is designed to
have an impedance equal to that of the incident electromagnetic wave, minimizing reflection

and maximizing absorption.

Another key element contributing to the perfect absorption mechanism in metamaterial
absorbers is their electromagnetic resonance-based absorption. This mechanism is based on
the resonant interaction between the incident electromagnetic wave and the structural
components of the metamaterial absorber. Specially designed, periodically arranged metal
layers create specific resonances at the desired frequency. To achieve impedance matching to
free space, the dimensions of these resonators must be adjusted. Under this condition of
impedance matching, the reflectivity on the device disappears and ensures that all incident

EM waves are efficiently coupled into the absorber.
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2.9 General principles of the absorption mechanism metamaterial

When an electromagnetic wave incident on a structure, it can be reflected, transmitted, or
absorbed. An electromagnetic absorber can avoid reflection and transmission, converting all
the incoming energy into thermal energy through dissipation. To describe this phenomenon,
the energy law is introduced by.

A=1-R-T 2.15

where A is the absorbance, R is the reflectance, and T is the transmittance. The absorbers are
bounded by a metallic plate at the bottom that cancels all transmission, which means T = 0,

reducing

Metallic plate

Figure 2.4 The geometry of a metamaterial. Here blocks indicating resonators. 1 is the
unitary incident power that can be either reflected or absorbed. The metallic plate
assures zero transmission.

A=1-R 2.16
Thus, to obtain total absorption, the condition of zero reflection is required. This condition is
known as impedance matching.
To understand the impedance matching condition, we assume the case of a plane wave
traveling in free space under normal incidence and reaching a medium above a metal plate,
as depicted in Figure 2.4.
Let R is the reflectance corresponding to the power ratio between the reflected and incident

waves. It can be written in terms of complex reflection coefficient I', or complex reflection
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coefficient described by the scattering parameter S11, both T' and Si: are expressed as

voltage ratios.

R =T 2.17

R = 15,17 2.18

A=1—-s,IP=1—-|5, 2.19

p=1""o 2.20
n+ng

Since the transmission is zero below the metal plate, the unitary absorptivity described is
achieved through material losses when the reflection coefficient in the equation vanishes.

where 1 is the intrinsic impedance of the medium and no s the intrinsic impedance of the free
space (air) equal to 377 Q. When n = no, the impedance matching condition is satisfied since
the reflection coefficient (I') is zero. The intrinsic impedance of a generic material 7 is
dependent only on the constitutive parameters of the medium. where p and & are complex
values corresponding to the permeability and permittivity, respectively, and are described by

equation.

[H_ Mok, E 22

n = '=_uc,|

f
NE [ £58
™ r
\

The metamaterial unit structure is artificially designed to equate € and p to satisfy the
impedance matching relation in Equation 2.21. where 1 is the wave impedance of the
material and no IS the wave impedance in the free space. The appropriate impedance
matching will make all the incident waves enter the absorber structure without reflection,
and the energy loss is contributed by the imaginary part of the complex equivalent € and L.
By designing the imaginary part, the energy can be dissipated to the maximum extent,
reducing transmission and reflection, and finally achieving perfect wave absorption.
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2.10 Integration of optical indicators (Ol) with metamaterial absorbers

Studies have demonstrated that the integration of metamaterial absorbers can enhance the
absorption performance of thin films[28]- [32]. However, the potential for improving the
absorption capabilities of Ol through the integration of metamaterials remains unexplored.
This research is dedicated to exploring the integration of an Ol with a metamaterial absorber,
presenting a new approach expected to enhance microwave absorption within the thin films
of the OI. This integration promises to improve the measurement sensitivity of
Thermoelastic Optical Indicator Microscopy (TEOIM). It utilizes the principles of
microwave absorption of thin films with the resonance effect of metamaterial. This

integration encompasses both theoretical and practical dimensions.

The theoretical aspect of integrating an Ol with a metamaterial absorber depends on the
understanding of the electromagnetic properties of both components. The Optical Indicator,
known for its capacity to absorb microwave signals and convert them into optical signals, is
combined with a metamaterial absorber. This absorber enhances the absorption of
electromagnetic waves through its resonance effects. The conceptual framework for the
metamaterial integrated and without metamaterial integrated system is explained in Figure
2.5. When the optical indicator is exposed to the microwave near field or incident microwave
radiation, absorption leads to heating. The heat generated by the microwave depends on the
loss property of the material coated on the glass substrate. For the case where the glass
substrate is coated with a dielectric loss material, the generated heat by the dielectric loss per
unit volume is as follows[33].

)]
q:EErrlElz 2.22
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Conversely, for the metamaterial integrated approach, the heat generated by the Ol can be

expressed as

2.23
9 enhanced — EEH |E|z

And

When the conductive metal thin film is coated on the glass substrate, the resistive losses (or
ohmic losses) are responsible for generating heat. Then, the absorbed microwave by the thin
metal film is.

— P _ Bs 12 2.24
q=-,=7,Hl
Where H is the microwave magnetic field tangential to the surface of the thin metal film, Rs
and ds are the surface resistivity and skin depth of the metal-thin film, respectively. In the

same way for the metamaterial integrated system, the above equation becomes.

Qenh r:.!=&=&|H|2 2
enhance V 2t
(a) (b)
Photoelastic medim Photoelastic medium Metamaterial
(Glass) (Glass)

| |

1
o
|

Incident
microwave
Microwave Microwave
absorbing thin film absarbing thin film
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Figure 2.5 Illustration of Ol (a) without metamaterial (b) with metamaterial integrated.

In any case, the generated heat is diffused to the glass substrate due to thermal conduction,
the temperature change of the glass substrate can be expressed as.
—(KV?T)=q 2.26

This heat distribution on the optical indicator can be visualized using probing polarized light
and a CCD camera. Importantly, the heat distribution on the optical indicator is directly
proportional to the microwave near-field distribution. Areas of high microwave intensity
exhibit increased absorption and heating in the metal film, resulting in localized temperature
variations that are captured by the optical indicator [33]. The heat source distribution on the
optical indicator was calculated as [33].

_ ¢ VBalxy) | 3Br(xy) | 872l 2.27
7= dxdy dxt dyl

Where C is a constant related to the wavelength of the light, thickness, and stress optical
constant of the glass substrate. Practically, B1 and [, are two related to the normal and shear
stress distributions of the Ol and calculated from measured images with different

polarization states of light and the orientations of the optical axis of the analyzer [34]

In the practical aspect, integration involves physically fabricating the Optical Indicator (Ol)
and metamaterial absorbers. The precise assembly of the components in the TEOIM
structure is critical to ensure they work together effectively in improving microwave
absorption. The selection of materials, geometries of structures, and specific design

parameters play a central role in achieving the desired results.

2.11 Mapping dielectric constant with metamaterial integrated frequency shift

Metamaterial absorbers (MA) offer exciting possibilities beyond their traditional role in

enhancing microwave absorption. They are becoming pivotal in the field of sensors. MA
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sensors stand out for their simplicity in design, cost-effectiveness, ease of fabrication, and
remarkable sensitivity, making them ideal for applications ranging from temperature and
humidity measurement to assessing pressure and agricultural product quality. The key to
their sensitivity lies in their capacity to detect changes in resonant frequency, which, in turn,
stems from variations in the permittivity of the material under test (MUT). The quality factor
of MA plays a crucial role in their sensitivity, as higher quality factors result in a narrower
absorption bandwidth, leading to increased frequency selectivity. A high-sensitivity MA
demands substantial absorption to confine electromagnetic fields near the structure. To
achieve this, MAs are engineered with specific resonant frequencies and excited with
electromagnetic fields. When the MUT interacts with this field, it alters the resonant
frequency [40]- [42]. A substantial shift in resonance frequency (f) indicates a highly

sensitive MA and it’s given by

Sf=f—h 2.28

Where f is the resonant frequency of MA sensor and f; is the resonant frequency of a sensor

after interaction with MUT. The frequencies are calculated by.

1 2.29
fl]l = —
2myLC

The inductance (L) and capacitance (C) of the MA sensor before interaction with the MUT
determine these frequencies. Additionally, a new parameter, Cw (capacitance introduced due
to the interaction of the MA sensor with the MUT), comes into play during the interaction.

[43]
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MA-based sensors are versatile and find applications in various sensing domains. The
literature abounds with reports of MA sensors for measuring dielectric permittivity in
materials exhibiting a uniform dielectric constant [43]— [48]. However, when dealing with
materials featuring spatially varying dielectric constants, conventional methods become less
practical. In such cases, alternative techniques like near-field scanning microwave
microscopy (NSMM) and microwave holography come to the rescue [49-50]. NSMM
involves systematically scanning a probe tip over the sample surface to create images of the
local electromagnetic field. This method provides a high-resolution representation of
dielectric properties. On the other hand, microwave holography leverages interference
patterns generated by microwaves reflected from or transmitted through the sample to
reconstruct the distribution of dielectric permittivity. Nonetheless, the scanning approach in
these methods can be time-consuming and may not suit large-scale or time-critical

applications.

2.12 Research gaps in TEOIM and metamaterial absorber integration

Review of the existing literature on thermoelastic optical indicator microscopy (TEOIM) has
revealed research gaps that provide opportunities for investigation and exploration. These

gaps include:

1. Limited exploration of metamaterial integration: current research focuses primarily
on the fundamentals of TEOIM. However, there is a significant research gap in

exploring how metamaterial absorbers can be effectively integrated into TEOIM
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systems. This integration represents an exciting opportunity to improve microwave
absorption, and the potential applications remain largely untapped.

Strategies to improve sensitivity: Although various strategies to improve microwave
absorption in optical indicator (Ol) have been discussed, there is a lack of
comprehensive research on how metamaterial absorbers, known for their unique
electromagnetic properties, can be seamlessly integrated to further improve
sensitivity.

Potential Applications: The review suggests potential applications of TEOIM
integrated with metamaterials as an optical indicator for electric component imaging
and characterizing the metamaterial using the TEOIM field visualization method.
However, further research is needed to explore the full potential of integrating
metamaterials with TEOIM. Future research should explore the practicalities of
implementing this integration and identify specific use cases.

Dielectric constant mapping: conventional methods for mapping dielectric constants
work well for uniform materials. However, there is a notable research gap in
understanding how integrating metamaterial absorbers with TEOIM can effectively
map spatial variations in dielectric constants. Research in this area is critical to

expanding the capabilities of TEOIM.

38



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

2.13 Reference

H. Lee, Z. Baghdasaryan, B. Friedman, and K. Lee, “Detection of a Conductive Object
Embedded in an Optically Opaque Dielectric Medium by the Thermo-Elastic Optical
Indicator Microscopy,” IEEE Access, vol. 7, pp. 46084-46091, 2019, doi:
10.1109/ACCESS.2019.2908885.

Z. Baghdasaryan, A. Babajanyan, L. Odabashyan, J. H. Lee, B. Friedman, and K. Lee,
“Visualization of microwave near-field distribution in sodium chloride and glucose aqueous
solutions by a thermo-elastic optical indicator microscope,” Sci Rep, vol. 11, no. 1, Dec.
2021, doi: 10.1038/s41598-020-80328-8.

H. Lee, Z. Baghdasaryan, B. Friedman, and K. Lee, “Electrical Defect Imaging of ITO
Coated Glass by Optical Microscope with Microwave Heating,” IEEE Access, vol. 7, pp.
42201-42209, 2019, doi: 10.1109/ACCESS.2019.2907013.

H. Lee, S. Arakelyan, B. Friedman, and K. Lee, “Temperature and microwave near field
imaging by thermo-elastic optical indicator microscopy.”

H. Lee, S. Arakelyan, B. Friedman, and K. Lee, “Temperature and microwave near field
imaging by thermo-elastic optical indicator microscopy.”

S. Hamelo, J. Yang, and H. Lee, “Detection of Defects in a Dielectric Material by Thermo-
Elastic Optical Indicator Microscopy,” IEEE Access, vol. 11, pp. 45961-45971, 2023, doi:
10.1109/ACCESS.2023.3274534.

Z. Baghdasaryan et al., “3D visualization of microwave electric and magnetic fields by using
a metasurface-based indicator,” Sci Rep, vol. 12, no. 1, Dec. 2022, doi: 10.1038/s41598-022-
10073-7.

S. Hoghoghifard and H. Mokhtari, “Improving the microwave absorption in Ni-coated
fabrics by saccharin addition in plating bath,” Journal of Industrial Textiles, vol. 49, no. 3.

SAGE Publications Ltd, pp. 402-411, Sep. 01, 2019. doi: 10.1177/1528083718787525.

39



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

P. W. Liang et al., “Additive enhanced crystallization of solution-processed perovskite for
highly efficient planar-heterojunction solar cells,” Advanced Materials, vol. 26, no. 22, pp.
3748-3754, Jun. 2014, doi: 10.1002/adma.201400231.

D. H. Kim et al., “Bimolecular Additives Improve Wide-Band-Gap Perovskites for Efficient
Tandem Solar Cells with CIGS,” Joule, vol. 3, no. 7, pp. 1734-1745, Jul. 2019, doi:
10.1016/j.joule.2019.04.012.

F. Wang, C. Bai, L. Chen, and Y. Yu, “Boron nitride nanocomposites for microwave
absorption: A review,” Materials Today Nano, vol. 13. Elsevier Ltd, Mar. 01, 2021. doi:
10.1016/j.mtnano.2020.100108.

P. A. Yang et al., “Optimization of Fe@Ag core—shell nanowires with improved impedance
matching and microwave absorption properties,” Chemical Engineering Journal, vol. 430,
Feb. 2022, doi: 10.1016/j.cej.2021.132878.

M. Feng et al., “Material-structure collaborative design for broadband microwave absorption
metamaterial with low density and thin thickness,” Compos B Eng, vol. 263, Aug. 2023, doi:
10.1016/j.compositesh.2023.110862.

D. S. Aherrao, C. Singh, and A. K. Srivastava, “Review of ferrite-based microwave-
absorbing materials: Origin, synthesis, morphological effects, dielectric/magnetic properties,
composites, absorption mechanisms, and optimization,” Journal of Applied Physics, vol.
132, no. 24. American Institute of Physics Inc., Dec. 28, 2022. doi: 10.1063/5.0123263.

Y. Qi et al., “A tunable terahertz metamaterial absorber composed of elliptical ring graphene
arrays with refractive index sensing application,” Results Phys, vol. 16, Mar. 2020, doi:
10.1016/j.rinp.2020.103012.

J. Gou, Q. Niu, K. Liang, J. Wang, and Y. Jiang, “Frequency Modulation and Absorption
Improvement of THz Micro-bolometer with Micro-bridge Structure by Spiral-Type
Antennas,” Nanoscale Res Lett, vol. 13, 2018, doi: 10.1186/s11671-018-2484-7.

2008 International Workshop on Metamaterials. | E E E, 2008.
40



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

S. Lai et al., “A High-Performance Ultra-Broadband Transparent Absorber With a Patterned
ITO Metasurface,” |EEE Photonics J, wvol. 14, no. 3, Jun. 2022, doi:
10.1109/JPHOT.2022.3171864.

H.-M. Lee and H.-S. Lee, “A METAMATERIAL BASED MICROWAVE ABSORBER
COMPOSED OF COPLANAR ELECTRIC-FIELD-COUP-LED RESONATOR AND
WIRE ARRAY,” 2013.

Y. Zou et al., “Improved microwave absorption of carbonyl iron powder by the array of
subwavelength metallic cut wires,” IEEE Journal on Selected Topics in Quantum
Electronics, vol. 16, no. 2, pp. 441-445, Mar. 2010, doi: 10.1109/JSTQE.2009.2033256.

L. Pometcu, A. Sharaiha, R. Benzerga, P. Pouliguen, and G. Dun, “Improved Microwave
Absorption of Pyramidal Absorber Using Metamaterial.”

C. M. Watts, X. L. Liu, and W. J. Padilla, “Metamaterial Electromagnetic Wave Absorbers,”
2002.

P. Yu et al., “Broadband Metamaterial Absorbers,” Advanced Optical Materials, vol. 7, no.
3. Wiley-VCH Verlag, Feb. 05, 2019. doi: 10.1002/adom.201800995.

M. Amiri, F. Tofigh, N. Shariati, J. Lipman, and M. Abolhasan, “Review on Metamaterial
Perfect Absorbers and Their Applications to ToT,” IEEE Internet of Things Journal, vol. 8,
no. 6. Institute of Electrical and Electronics Engineers Inc., pp. 4105-4131, Mar. 15, 2021.
doi: 10.1109/J10T.2020.3025585.

Y. I. Abdulkarim et al., “A Review on Metamaterial Absorbers: Microwave to Optical,”
Frontiers in Physics, vol. 10. Frontiers Media SA, Apr. 29, 2022. doi:
10.3389/fphy.2022.893791.

W. Li, M. Xu, H. X. Xu, X. Wang, and W. Huang, “Metamaterial Absorbers: From Tunable
Surface to Structural Transformation,” Advanced Materials, vol. 34, no. 38. John Wiley and
Sons Inc, Sep. 01, 2022. doi: 10.1002/adma.2022025009.

“YEE: SOLUTION OF INITIAL BOUNDARY VALUE PROBLEMS.”
41



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Y. Qi et al., “A tunable terahertz metamaterial absorber composed of elliptical ring graphene
arrays with refractive index sensing application,” Results Phys, vol. 16, Mar. 2020, doi:
10.1016/j.rinp.2020.103012.

J. Gou, Q. Niu, K. Liang, J. Wang, and Y. Jiang, “Frequency Modulation and Absorption
Improvement of THz Micro-bolometer with Micro-bridge Structure by Spiral-Type
Antennas,” Nanoscale Res Lett, vol. 13, 2018, doi: 10.1186/s11671-018-2484-7.

L. Pometcu, A. Sharaiha, R. Benzerga, P. Pouliguen, and G. Dun, “Improved Microwave
Absorption of Pyramidal Absorber Using Metamaterial.”

C. M. Watts, X. L. Liu, and W. J. Padilla, “Metamaterial Electromagnetic Wave Absorbers,”
2002.

H.-M. Lee and H.-S. Lee, “A METAMATERIAL BASED MICROWAVE ABSORBER
COMPOSED OF COPLANAR ELECTRIC-FIELD-COUP-LED RESONATOR AND
WIRE ARRAY,” 2013.

H. Lee, S. Arakelyan, B. Friedman, and K. Lee, “Temperature and microwave near field
imaging by thermo-elastic optical indicator microscopy.”

E. Pert et al., “Temperature Measurements during Microwave Processing: The Significance
of Thermocouple Effects,” Journal of the American Ceramic Society, vol. 84, no. 9, pp.
1981-1986, 2001, doi: 10.1111/j.1151-2916.2001.tb00946.x.

Z. Baghdasaryan, A. Babajanyan, L. Odabashyan, J. H. Lee, B. Friedman, and K. Lee,
“Visualization of microwave near-field distribution in sodium chloride and glucose aqueous
solutions by a thermo-elastic optical indicator microscope,” Sci Rep, vol. 11, no. 1, Dec.
2021, doi: 10.1038/s41598-020-80328-8.

H. Lee, Z. Baghdasaryan, B. Friedman, and K. Lee, “Electrical Defect Imaging of ITO
Coated Glass by Optical Microscope with Microwave Heating,” IEEE Access, vol. 7, pp.

42201-42209, 2019, doi: 10.1109/ACCESS.2019.2907013.

42



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Z. Baghdasaryan, A. Babajanyan, L. Odabashyan, J. H. Lee, B. Friedman, and K. Lee,
“Visualization of microwave near-field distribution in sodium chloride and glucose aqueous
solutions by a thermo-elastic optical indicator microscope,” Sci Rep, vol. 11, no. 1, Dec.
2021, doi: 10.1038/s41598-020-80328-8.

S. Hamelo, J. Yang, and H. Lee, “Detection of Defects in a Dielectric Material by Thermo-
Elastic Optical Indicator Microscopy,” IEEE Access, vol. 11, pp. 45961-45971, 2023, doi:
10.1109/ACCESS.2023.3274534.

H. Lee, Z. Baghdasaryan, B. Friedman, and K. Lee, “Detection of a Conductive Object
Embedded in an Optically Opaque Dielectric Medium by the Thermo-Elastic Optical
Indicator Microscopy,” IEEE Access, vol. 7, pp. 46084-46091, 2019, doi:
10.1109/ACCESS.2019.2908885.

Y. Zhang, J. Zhao, J. Cao, and B. Mao, “Microwave metamaterial absorber for non-
destructive sensing applications of grain,” Sensors (Switzerland), vol. 18, no. 6, Jun. 2018,
doi: 10.3390/s18061912.

M. A. H. Ansari, A. K. Jha, and M. J. Akhtar, “Design and Application of the CSRR-Based
Planar Sensor for Noninvasive Measurement of Complex Permittivity,” IEEE Sens J, vol.
15, no. 12, pp. 71817189, Dec. 2015, doi: 10.1109/JSEN.2015.2469683.

M. S. Boybay and O. M. Ramahi, “Material characterization using complementary split-ring
resonators,” |IEEE Trans Instrum Meas, vol. 61, no. 11, pp. 3039-3046, 2012, doi:
10.1109/T1M.2012.2203450.

D. Isakov, C. J. Stevens, F. Castles, and P. S. Grant, “A Split Ring Resonator Dielectric
Probe for Near-Field Dielectric Imaging,” Sci Rep, vol. 7, no. 1, Dec. 2017, doi:
10.1038/s41598-017-02176-3.

A. Soffiatti, Y. Max, S. G. Silva, and L. M. de Mendonga, “Microwave metamaterial-based
sensor for dielectric characterization of liquids,” Sensors (Switzerland), vol. 18, no. 5, May

2018, doi: 10.3390/s18051513.
43



[45]

[46]

[47]

[48]

[49]

[50]

Y. Zhang, J. Zhao, J. Cao, and B. Mao, “Microwave metamaterial absorber for non-
destructive sensing applications of grain,” Sensors (Switzerland), vol. 18, no. 6, Jun. 2018,
doi: 10.3390/s18061912.

T. ul Haq, C. Ruan, X. Zhang, and S. Ullah, “Complementary Metamaterial Sensor for
Nondestructive Evaluation of Dielectric Substrates,” Sensors, vol. 19, no. 9, May 2019, doi:
10.3390/519092100.

Q. Huang, G. Wang, M. Zhou, J. Zheng, S. Tang, and G. Ji, “Metamaterial electromagnetic
wave absorbers and devices: Design and 3D microarchitecture,” J Mater Sci Technol, vol.
108, pp. 90-101, May 2022, doi: 10.1016/j.jmst.2021.07.055.

Y. Cao, K. Chen, and C. Ruan, “A Microwave Metamaterial-inspired Sensor for
Nondestructive Evaluation of Dielectric Substrates,” in 2021 International Conference on
Microwave and Millimeter Wave Technology, ICMMT 2021 - Proceedings, Institute of
Electrical and Electronics Engineers Inc., 2021. doi: 10.1109/ICMMT52847.2021.9617917.
A. Ahmed, V. Kumari, and G. Sheoran, “Non-Destructive Dielectric Measurement and
Mapping Using Microwave holography,” in 2022 2nd Asian Conference on Innovation in
Technology, ASIANCON 2022, Institute of Electrical and Electronics Engineers Inc., 2022.
doi: 10.1109/ASIANCON55314.2022.9909059.

IEEE Electrical Insulation Society Staff, 2013 13th Mediterranean Microwave Symposium

(MMS). IEEE, 2013.

44



Chapter highlights

This chapter introduces the key elements of the experiment and simulation that have been
used in this thesis. It covers the instrumentation and measurement setup of the TEOIM,
including the generation and amplification of microwave signals, and the fabrication of
metamaterials. It also explains the materials used in fabrication and their properties and
characteristics. In addition, the chapter includes an explanation of the experimental

procedures and techniques.
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CHAPTER 3

Materials Method and measuring technique.

3.1 Instrumentation and Measurement Setup of TEOIM

Figure 3.1 illustrates the three sections of the Thermoelastic Optical Indicator Microscopy

(TEOIM) system. It comprises the microwave section (right section of Figure 3.1), the

optical section (left section of Figure 3.1), and the optical indicator. In the microwave section,

a microwave signal is generated and amplified to the required power level. This signal is

then connected to the antennas using coaxial cables.

The optical section of TEOIM includes a light source, polarizers, and an imaging system.

This section plays a vital role in controlling the light path, manipulating the polarization state

of the incident light, and capturing optical signals for visualization and analysis. The optical

indicator is positioned between the microwave section and the optical section. Its function is

to absorb microwave radiation and convert it into a measurable optical signal.

a)
Optical system Microwave system :
DUT MW
Optical (7 Microwave
component 0] ' ([ M/ component
A
MW near-field
Computer — ]

Figure 3.1 Illustration of optical, microwave, and optical indicator sections.
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3.1.1 Microwave Signal Generator and Amplification

An illustration of the experimental setup and photos of the experimental setup is shown in
Figure 3.2. In the experiment, a signal generator (Mini-Circuits, SSG-15G-RC) and a signal

power amplifier (Mini-Circuits, ZVE-3W-183+) were employed. The initial signal,

47



generated with a power of -10dBm, was amplified to +34dB before being transmitted
through a coaxial cable to a waveguide. X-band TE mode waveguide with internal

dimensions of 22.86mm by 10.16 mm was used.

3.2 Optical Polarization and Detection Setup

Light from a light-emitting diode (LED) is circularly polarized after passing through a linear
sheet polarizer and a variable full-wave liquid crystal retarder (Thorlab, LCC1423-A). The
polarized light illuminates the Ol, and the resulting light is reflected and passed through an
analyzer. A charge-coupled device (CCD) camera measures the intensity of the light after it
passes through the analyzer. The optical indicator (Ol) used in this thesis was a glass-coated
ITO thin film with dimensions of 10 cm by 10 cm and a thickness of 1 mm, with a film

thickness of 200 nm.

3.3 Metamaterial fabrication

3.3.1 Fabrication background

The metamaterial was fabricated at the experimental facilities of the Physics Department of
Jeju National University. It was fabricated on an aluminum oxide (Al.Os) substrate with
dimensions of 100 mm x 100 mm. Using high dielectric constant (¢;) materials as substrates
for resonators offers the advantages of small-sized resonators and improves their
performances. High & substrates allow for the miniaturization of resonators by shortening
the wavelength of electromagnetic waves within the material, enabling smaller physical
dimensions while maintaining the desired resonant frequency. Additionally, high & substrates
enhance resonator performance by increasing the quality factor (Q-factor)[1]. The fabrication
process involved several steps, including unit cell design, silver pasting, drying, etching, and

removal of organic adhesives from the patterned silver solution.
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3.3.2  Unit cell design

The foundation of metamaterials lies in the design of the unit cell, a fundamental building
block with unique electromagnetic properties. In this thesis, the CST Microwave Studio was
utilized to simulate the unit cells [2], [3]. The simulation configuration in the software is
depicted in Figure 3.3(a). Simulation Setup: In the simulation environment, the unit cell is
treated as an infinite periodic structure, employing unit cell boundary conditions along the x
and y directions. The structure incorporates an open space (add space) and a perfect electric

conductor (PEC) boundary at the front of the metamaterial, as illustrated in Figure 3.3(a).

Unit Cell Structure: The unit cell design is a customized modification of the
complementary rectangular split-ring resonator. To tailor the unit cell for a specific
frequency range, the outer and inner rectangular rings were connected, and a strip was

inserted symmetrically into the inner ring, as illustrated in Figure 3.3(b).

Material Properties: Within the simulation environment, the alumina substrate was
specified with a relative permittivity (&) of 9.8. For the metallic pattern, silver metal with an

electrical conductivity of 6.3 x 10" S/m was used.

Resonance Properties: To determine the optimal dimensions of the unit cell, the dimensions
of the resonator were varied systematically. This process resulted in the identification of the

resonant frequency, which was 11.5 GHz.

Key Design Parameters: Based on the simulation and optimization, the primary parameters

of the unit cell are detailed in Figure 3.3(c):

e Gapwidth (g) =0.1 mm

e Substrate length (h) =2 mm
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e Line width (w) =0.1 mm
e Length of silver (I) = 1.2 mm

e Thickness of substrate (t) =1 mm

(®) ©

T

Unit cell
boundary

Figure 3.3 Simulation setup (b) Illustration of the unit cell (c) The metamaterial plate
and its magnified view.

3.4 Fabrication of metamaterial absorber

Once the design was finalized, the silver paint was applied to the screen using the silver
paste technique. A squeegee was used to ensure even distribution by moving it across the
surface of the screen. After an even distribution of the silver paint was achieved, the screen
was carefully placed on the alumina substrate, and the silver paint was transferred to the
substrate. Then, the substrate was dried at 100 degrees Celsius for one hour to remove any
moisture. Then, the desired structures were created by laser etching using a JTY FIBER 20
laser machine Figure 3.4 (a). The sample was then subjected to a high-temperature treatment
using a furnace (SH-FU-5MG) Figure 3.4 (c) at 800 degrees Celsius for three hours to ensure
proper bonding of the silver ink to the substrate and to remove any residual organic solvents.
Finally, the sample was gradually cooled to room temperature to avoid thermal shock and
ensure the integrity of the fabricated metamaterial.
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Figure 3.4. (a) JTY FIBER 20 laser machine to design the structure. (b) a computer
numerical control (CNC) machine used to create structures on test samples. (c) printing
screen. (d) furnace (SH-FU-5MG)

3.5 Thin film fabrication

The thin films were created on a 0.8 mm thick soda-lime glass substrate by depositing
aluminum on the surface using a thermal evaporation technique. During the deposition
process, the chamber pressure and deposition rate were maintained at 10 to 10 Torr and 1
Als, respectively. After deposition, the thickness of the aluminum thin films was checked
with an optical scanning interferometer. A transmission line was fabricated based on

procedure 1.4.
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Figure 3.5 (a) images of fabricated aluminum thin films with their respective thickness.
(b) photos of the transmission line.
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Chapter highlights

This chapter focuses on enhancing sensitivity in thermoelastic optical indicator microscopy
(TEOIM) by optimizing thin film thickness. Aluminum thin films with varying thicknesses
were fabricated, and the microwave near field was measured for each to investigate their
absorption capabilities. The study reveals that thinner aluminum films, particularly with a
thickness of 10nm, exhibit higher microwave absorption capability, thus enhancing
measurement sensitivity. Thin film thickness is a critical factor in absorption, and therefore,
it plays a key role in enhancing TEOIM sensitivity. The findings are further supported by

theoretical analysis and calculated microwave absorption.
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CHAPTER 4
Thin film optimization for enhanced microwave absorption and measurement

sensitivity of TEOIM

4.1 Introduction

Microwave technology plays a pivotal role in nondestructive testing (NDT) methods,
allowing us to inspect the integrity and surface conditions of materials and structures without
causing any harm [1]- [4]. This technology is of paramount importance in modern industries,
leading to extensive research efforts aimed at developing practical NDT techniques [3], [5]-
[7]1. Among the various methods explored, microwave imaging techniques have gained
significant attention due to their cost-effectiveness, remarkable penetration capabilities

through dielectric materials, and non-contact measurement capabilities [8]-[12].

One promising approach to microwave-based NDT is Thermoelastic Optical Indicator
Microscopy (TEOIM), which offers the advantage of scan-free microwave imaging. TEOIM
employs the power of an optical microscopic system equipped with a charge-coupled device
(CCD) camera, offering high spatial resolution, a wide field of view, and rapid measurement
throughput. This innovative technique has found applications in monitoring electronic
devices during operation, characterizing and detecting cracks in conductive thin films,
inspecting conductive particles embedded in opaque dielectric materials, non-invasively
measuring liquid concentrations, and defect detection in dielectric materials [13]- [18].
However, despite substantial progress in TEOIM applications, one critical aspect has
remained unexplored: the enhancement of its measurement sensitivity. The sensitivity of
TEOIM crucially depends on the optical indicator ability to convert microwave

electromagnetic fields into optical signals.
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This chapter aimed to investigate the relationship between the thicknesses of aluminum thin
films and microwave magnetic field (H-MWNF) absorption for the improvement of
measurement sensitivity of TEOIM. To achieve this, optical indicators with an aluminum
thin film of 10nm, 25nm, 50nm, 75nm, and 100nm were prepared, and a microwave
transmission line was fabricated as a test sample. When the transmission line was in
operation, the H-MWNF was imaged by using the prepared Ols. The result demonstrated a
correlation between the thickness of the aluminum thin films and the absorption of the
microwave field indicating that the sensitivity of the optical indicator increases as the

thickness of the thin films decreases.
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4.2 Experiment
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Figure 2.4.1 (a) Measurement setup of the TEOIM. (b) lllustration of the microwave

signal generator system.

4.3 Result and discussion

Figure 1(a) shows the experimental setup used to measure the H-MWNF distribution using

optical indicators to determine the microwave absorption according to their thickness. The
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experimental setup involved the fabrication of a transmission line as a test sample. When the
transmission line is operating, it radiates electromagnetic waves in the microwave frequency

range. Using the fabricated optical indicators, the H-MWNF distribution was imaged, and

their performance is evaluated based on their thickness.
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Figure 4.2 The H-MWNF distribution result measured at the frequency range 1GHz to
3GHz for the Ols of 10nm, 25nm, and 50nm.

Figure 4.2 shows the representative results of Ols of 10nm to 100nm. The H-MWNF
distribution was measured at frequencies of 1GHz to 3GHz at the input power of 30dBm.
The results of this study show that the imaged H-MWNF distribution was found to be
consistent with studies in [14]. Additionally, it was observed that the pattern of spatial
distribution measurements remained consistent across all optical indicators, regardless of
their thickness. This consistency underscores the spatial distribution pattern as an
independent parameter in this measurement technique; however, the field intensity was
clearly influenced by the thickness of the thin film. A strong field distribution was observed

when the thickness of the aluminum thin film was 10nm, indicating that thinner films
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possess a higher microwave absorption capability. Conversely, as the thickness of the

aluminum thin film increased, the field distribution intensity weakened.

40 50 B0 70 80 90 100
distance (mm}

100nm

Figure 4.3 (a) Intensity line profile of a microstrip line at 30dBm input power and a
frequency of 1.5GHz with optical indicators of 10nm, 25nm, 50nm, 75nm and 100nm
respectively. (b) Their corresponding H-MWNF distribution.

Figure 4.3 shows the result of the intensity line profile calculated for each optical indicators
at resonance frequency of 1.5GHz and the input power of 30dBm. The intensity line profile
further confirmed that the intensity of the microwave near field distribution is increased with
the reduction of the thin films of the optical indicator. To quantitatively analyze the
measurement sensitivity of the optical indicator with respect to the thickness of the
aluminum thin film, the intensity of the near field was measured as a function of the
microwave input power. Figure 4.4(a) shows the intensity of the microwave near field per
microwave input power (I/P) for optical indicators with different thicknesses of aluminum
thin films. It shows a fascinating pattern. As the thickness of the aluminum thin film

increases from 10nm to 25 nm, the (I/P) intensity decreases rapidly. However, for film
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thicknesses greater than 25 nm, the (I/P) value gradually decreased with increasing film

thickness.
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Figure 4.2 (a) Measured near-field intensity per microwave input power (1/P) as a
function of the aluminum thin film thickness of the optical indicator. (b) Measured
electrical resistance as a function of aluminum film thickness. The electrical resistance
was measured by the two-point probe method with 2 mm between the probes. (c)
Calculated microwave absorption as a function of aluminum film thickness.

This observation indicates that the measurement sensitivity of the optical indicator is
inversely related to the thickness of the aluminum thin film. Thinner films in the range of
10nm to 25 nm exhibit higher (I/P) intensity, indicating greater microwave absorption
efficiency. In contrast, the (I/P) intensity decreases for films thicker than 25 nm, suggesting
lower microwave absorption efficiency. These results indicate that the sensitivity of
microwave field measurement with the optical indicator can be significantly improved when
the thickness of the thin film is reduced to 10 nm. The enhanced measurement sensitivity of

the optical indicator can be explained by the inverse relationship between the electrical

resistance of the metal thin film and the film thickness, as expressed by Equation (4.1).
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In this equation, R represents the electrical resistance of the aluminum thin film, p represents
its resistivity, while A and L represent the area and length of the aluminum thin film,
respectively. The microwave heating of metal thin films is attributed to the electric current
induced by the microwave magnetic field, and this heating increases with an increase in the
electrical resistance of the thin film. As the electrical resistance of the metal thin film
increases with the film thickness, the measurement sensitivity improves as the film thickness
decreases. This relationship is further supported by the changes observed in the measured
electrical resistance of the aluminum thin film based on the film thickness as shown in Fig.

4.4(b).

Microwave absorption in metal thin films has been investigated in previous studies [19],
[20]. To calculate the absorbed microwave power when a metal thin film is used for
microwave absorption, the following equation is used.

& L 4.2
,wheref=—

R=ta+o2 s

Here A represents the absorbed microwave power, L denotes the thickness of the metal thin
film, and s represents the scale length. The scale length s depends on the impedance of the
surrounding medium (Z0) and the conductivity of the thin metal film (o). It can be calculated

with the following equation.

2 4.3

Using equation (4.3), we calculated the absorption of microwave power according to the
thickness of the aluminum thin film, as shown in Figure 4.4(c). In this calculation, the

conductivity of the aluminum was assumed to be 3.5 x 107 S/m and Z0 was assumed to be
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377 Q. The calculated microwave absorption showed a behavior consistent with the
sensitivity of the indicator with respect to the thickness of the aluminum thin film. It can be
concluded that the increase in the sensitivity of the microwave magnetic field in the optical
indicator is due to the increase in the electrical resistance as the thickness of the aluminum

thin film decreases, which in turn enhances the microwave heating.
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4.4  Conclusion

In summary, the study focused on enhancing the H-MWNF absorption of thin films of the
optical indicator for the improvement of the microwave field measurement sensitivity of
TEOIM. Ols with thin film thickness ranging from 10nm to 100nm were prepared, and their
corresponding H-MWNF distribution was measured from the test sample of the microstrip
transmission line. The investigation examined the correlation between film thickness and
microwave field absorption. The findings confirm the pivotal role of film thickness in
microwave absorption enhancement, with the 10nm thin film demonstrating enhanced
performance compared to other samples. The enhanced microwave absorption of the optical
indicator has improved the measurement sensitivity of TEOIM. Theoretical analysis
indicates that reducing the thickness of the aluminum thin film increases resistance,
subsequently enhancing microwave heating efficiency, and, in turn, improving the
measurement sensitivity of the optical indicator. In conclusion, the thickness of the metal
thin film in the optical indicator stands as a critical factor in enhancing microwave

absorption and improving the microwave measurement sensitivity in TEOIM.
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Chapter highlights

In this chapter, the integration of metamaterial absorbers with optical indicator to improve
microwave absorption and sensitivity in microwave H-MWNF measurements is investigated.
The experimental setup, design, and fabrication of metamaterials, as well as the
measurement principles are presented. The result shows a tenfold increase in measurement

sensitivity with integrated metamaterials, demonstrating improved absorptivity.
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CHAPTER 5
Metamaterial integration for enhanced microwave absorption of the optical indicator

and measurement sensitivity of TEOIM

5.1 Introduction

Microwave absorbing materials, with their ability to convert electromagnetic energy into
heat serve as essential components in various technological applications [1]- [6]. Among
these materials, thin films have emerged as remarkable candidates for their efficiency in
absorbing electromagnetic waves [7]- [12]. This unique property finds a compelling
application in Thermoelastic Optical Indicator Microscopy (TOIM). It is a new technique to
visualize the microwave near field distribution that relies on the microwave absorption of
thin films coated on the glass substrate as an optical indicator[13]. TEOIM enables the
visualization and measurement of microwave near-field distribution with remarkable
sensitivity[13], [14]. Its measurement sensitivity depends on the microwave absorption
efficiency of a thin film within the optical indicator [13]. Therefore, increasing the
absorption efficiency of the thin film of the optical indicator improves the measurement

sensitivity of TEOIM.

Various strategies have been explored to enhance the microwave absorption of thin films
intended for optical indicator applications. One approach involves the use of aluminum
nanoparticles (AINP) coated with a poly (methyl methacrylate) (PMMA) thin film, which
has been utilized for imaging the microwave electrical component due to its high microwave
absorption [13], [15]. Another technique includes the incorporation of good conductors such
as platinum, indium tin oxide (ITO), and aluminum metal thin films, contributing to

increased absorption of the magnetic microwave component [16]- [21].
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Recently, metal thin films integrated with metamaterial absorbers (MM-ABS) have shown
promising results in improving the microwave absorption of thin films [22]- [28]. MM-ABS
consists of subwavelength structures smaller than the wavelength of the incident waves,
allowing them to interact with the waves in unique ways [29]- [32]. By independently
manipulating the dimensions of the resonant component within the unit cell, the MM-ABS
can achieve an impedance match to free space. This leads the absorber to minimize wave
transmission and reflection and effectively maximizes absorption [33], [34]. The ability to
control and manipulate electromagnetic waves at this scale offers significant advantages in
improving microwave absorption. This method has advantages such as cost-effectiveness
and ease of fabrication, flexibility in design, tunability of absorption characteristics, and ease
of integration into existing microwave devices and systems [35].

In this work, metamaterial absorbers (MM-ABS) were integrated with the optical indicator
(QI) to enhance its microwave absorption without altering the optical indicator. The optical
indicator investigated was an indium thin oxide (ITO) film deposited on a glass substrate.
The MM-ABS consists of 36x36 resonators operating at a frequency of 11.5 GHz and was
fabricated on an alumina substrate. Silver metal was used to manufacture resonators. The
backside of the MM-ABS was intentionally not coated with metal to facilitate integration
with the ITO layer of the optical indicator. This integration ensures as MM-ABS is grounded
with a conductive ITO layer. When the MM-ABS is at the resonant frequency, the ITO layer
exhibits strong absorption, which enables efficient microwave signal transmission between
the MM-ABS and the ITO layer of the Ol. Microwave near-field measurements were
performed with and without MM-ABS to evaluate the microwave absorption. The results
show that the intensity of the microwave near-field increases in the presence of the MM-
ABS, indicating improved microwave absorption. The calculated sensitivity at the maximum
absorption frequency showed 10 times increase compared to the configuration without MM-

ABS integration.
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Figure 5.1. (a) Illustrates the measurement setup and the enlarged portion in the
illustration that shows the configuration of the metamaterial with the optical

indicator (b) photos of the measurement setup. (c) the front and rear views of Ol.

5.2 Experiment

5.3 Design, simulation, and fabrication of metamaterial absorber.

The simulation experiments were conducted using the CST Microwave Studio Suite, 2019.

Figure 5.2(a) shows the simulation setup in the software. The unit cell is simulated in an
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infinite periodic structure with unit cell boundary conditions along the x and y directions, an
open space, and a PEC at the front of the metamaterial. Figure 6.2 (b) illustrates the structure
of the unit cell, which is a modification of the complementary rectangular split ring resonator.
This modification involves connecting the outer and inner rectangular rings and
symmetrically inserting a strip into the inner ring to achieve the small dimensions of the unit

cell for the required frequency range.

In the simulation environment, an alumina substrate (er = 9.8) and silver were used for the
metal pattern, with a conductivity of 6.3x 107 S/m. Systematically varying the dimensions of
the resonator allowed the observation of resonance characteristics. The dimensions were
successfully determined through optimization, resulting in a resonance frequency of 11.56
GHz. The main parameters of the structure, including gap width (g), substrate length (h), line
width (w), length of structure (l), and thickness of substrate (t), are presented in the

following figure: g = 0.1mm, h =2mm, w = 0.1mm, | = 1.2mm, and t = Imm.

Upon completion of the unit cell structure design, the metamaterial was printed on a 100 mm
x 100 mm alumina substrate. The printing process was carried out using a laser machine
(JTY Fiber 20) after applying silver paste in the first step. Then, the printed structure went
through a 3-hour drying process in the furnace (SH-FU-5MG) at a temperature of 800
degrees Celsius to ensure strong adhesion between the metal structure and the substrate. The

fabricated metamaterial plate is presented in Figure 6.1 (c).
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5.3.1 Experimental setup and working principle.

Figure 5.1 (a), illustrates the experimental setup for Thermoelastic Optical Indicator
Microscopy (TEOIM) to measure the microwave near-field distribution with MM-ABS. The
magnified view within Figure 5.1 (a) illustrates the specific configuration of the
metamaterial with the Optical Indicator (Ol). The Ol, in this experiment, consists of a glass
substrate coated with an Indium Thin Oxide (ITO). When the MM-ABS is placed onto the
ITO layer of the optical indicator, the configuration is established as a perfect metamaterial

absorber grounded by the ITO metal layer.

The working principle of MM-ABS integration with the Ol to improve microwave
absorption is based on the resonance properties of the MM-ABS and the absorption
properties of the ITO thin film. When the MM-ABS is at the resonant frequency, the
resonators are coupled to the incident microwaves and achieve impedance matching with
free space [29]. This property results in minimum reflection at the interface; therefore, many

signals can be absorbed within the MM-ABS. Unlike the metamaterial perfect absorber
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configuration, where a metal ground is used to eliminate transmission, in this configuration,
the transmitted signals are absorbed by the ITO thin film layer of the OIl. The heat induced
due to the absorption of the Ol is diffused to the glass substrate and measured as an optical

intensity based on the measurement principle of the TEOIM [13].

Since the ITO is a conductive material, the microwave magnetic field is absorbed and
converted into heat due to the resistive loss of the ITO layer. Therefore, the field intensities

measured in this method are the microwave magnetic fields (H-MWNF).

5.4 Result and Discussion.

To investigate the microwave absorption enhancement of the optical indicator by integrating
the metamaterial absorber (MM-ABS), The microwave near-field (H-MWNF) distribution
was measured using the measurement setup shown in Figure 5.1(a). The measurement was

performed in the frequency range of 8GHz to 14GHz.
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configuration (b) with MM-ABS. (c) With alumina substrate. (d) optical indicator only.
Three different measurements were performed to evaluate the absorption enhancement. The
Ol and MM-ABS configuration was based on figure 5.3 (a). The first measurement involved
placing an optical indicator with a substrate of MM-ABS (alumina) alone, which served as
the baseline for comparison. In the second measurement, the MM-ABS was integrated with

the OI, while the third configuration involved the optical indicator alone, representing the

absence of the MM-ABS. Based on these experiments, Figure 5. 3 (b) shows the results of
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the H-MWNF distribution with MM-ABS, while Figure 3 (c) shows the results of H-MWNF
distribution with the alumina substrate, and Figure (d) shows the results of microwave H-
MWNF distributions without MM-ABS. The result shows that strong H-MWNF intensity is
observed at the frequency of 11.5GHz when the Ol is integrated with the MM-ABS
compared to the two measurements. This indicates that the presence of the metamaterial in

the measurement configuration enhanced the H-MWNF intensity at 11.5 GHz.
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Figure 54. (@) H-MWNF intensity as a function of frequency measured with
metamaterial (black) with substrate only (red) and optical indicator only (blue). (b)
Reflection coefficient from the simulation (c) the calculated intensity changes as a
function of power at the frequency of 11.5GHz with MM-ABS and without MM-ABS.

Figure 5.4 (a) shows the calculated H-MWNF intensity as a function of the frequency. The
microwave H-MWNF intensity calculation was performed for the three measurements in
similar regions, the rectangular region shown in Figure 5.3 (b). Based on this, the pick
intensity is observed at the frequency of 11.5 GHz, and the intensity is dropped outside these
frequencies.

The peak intensity observed in this result further confirms the enhanced microwave
absorption of the Ol at the resonant frequency of the MM-ABS. Figure 5.4 (b) show the
simulation results of the reflection coefficient. The simulation results show that the reflection
coefficient exhibits a minimum reflection at the specific frequency of 11.5 GHz. Indicating
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that the resonators are efficient in transferring microwaves at the air MM-ABS interface at
this frequency. This demonstrates that the metamaterial minimized wave reflection and
maximized absorption in the ITO layer of the Ol. This, in turn, contributes to the enhanced
sensitivity of TEOIM for measuring H-MWNF distribution.

To quantify the improvement in sensitivity resulting from the increased absorption of the Ol,
an analysis of the intensity changes as a function of incident microwave power at the

resonant frequency of 11.5 GHz was performed based on equation 5.1 [13].

s=2/p 5.1

Here, AS represents the sensitivity, Al represents the change in near-field intensity, and AP
represents the change in input power. Figure 5.4(c) shows calculated result of the change in
output intensity as a function of input power. The result shows that the intensity increases
linearly with the increase in incident microwave power. This linear relationship is consistent
with other studies in [13]. However, the configuration with MM-ABS has a significantly
higher sensitivity than the configuration without MM-ABS. More precisely, a 10 times
improvement was observed. At the resonant frequency of 11.5 GHz, the metamaterial
efficiently absorbs microwave signals and transfers them to ITO layer of the optical
indicator. This results in increased sensitivity, allowing the measurement system to better

detect and respond to changes in incident microwave power.
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Figure 5.5. (a) Measurement setup for testing the metal strip in the simulation

environment (b) the simulated reflection coefficient of the metal strip.

To evaluate the sensitivity enhanced, the experiment was performed with MM-ABS and
without MM-ABS by fabricating a silver metal strip on the alumina substrate. The
dimensions of the metal strips are 1 mm in width and 4 mm in height, while the dimensions
of the substrate are 40 x 20 mm. Before performing the experiment, the response of the metal
strip was simulated using CST microwave studio based on the configuration in Figure 5.5
(a). The reflection coefficient of the metal strip showed a resonant frequency of 11.2 GHz.
Based on this, the two configurations were evaluated by placing the metal strip between the

waveguide and the configuration with MM-ABS and without MM-ABS.
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The fabricated strip was placed at 4 mm from the two configurations as shown in Figure 5.6
(a) and the H-MWNF distribution was measured in the two configurations. Figure 5.6 (b)
shows the intensity as a function of frequency. Figure 5.6 (c) and (d) shows the H-MWNF

distribution with MM-ABS and without MM-ABS respectively.

78



(@) Un patterned (b)

alumina plate
W Metal strip
2 —with MM
¥ 5 ~——without MM
I o 16
W *
212
MW >
c
f ]
i E 4
OF MM Atumina b, ~——7T
substrate 8 9 10 11 12 13 14
Frequency (GHz)

11.5GHz

Figure 5.7 . (@) Measurement setup for testing the metal strip (b) Calculated H-
MWNF as a function of frequency (¢) The H-MWNF distribution with
metamaterial (d) The H-MWNF without metamaterial.

The result shows a strong H-MWNF distribution at 11 GHz for the configuration with MM-
ABS and a strong field distribution at 11.5GHz for the configuration without MM-ABS.
However, the intensity line profile shows that the configuration with MM-ABS has higher
intensity than without MM-ABS shown in Figure 5.6 (b). The small resonance frequency
shift difference observed in MM-ABS integrated measurement may rise due to the coupling
between the metamaterial resonator and the metal strip.

In the previous measurement setup, both configurations, one with MM-ABS and the other

without MM-ABS, demonstrated their capability to detect the presence of the metal strip.
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However, to further evaluate and determine their performance, a non-patterned alumina plate
was placed at the back of the previous experiment as shown in Figure 5.7(a). The purpose of
this setup was to deliberately reduce the field intensity that could be detected by both
configurations. Based on these Figure 5.7 (b) shows the intensity as a function of frequency.
Figure 5.7 (c) and (d) shows the measured H-MWNF distribution with MM-ABS and
without MM-ABS. The results obtained from this experiment showed that the MM-ABS
integrated configuration remains effective in detecting the metal strip, reaffirming its
capability and sensitive measurements. The configuration without metamaterial could not
detect the metal strip under the reduced field intensity conditions. It further emphasizes the
significant role played by MM-ABS in enhancing the ability of the system to detect and

respond to microwave signals efficiently.
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The intensity line profile analysis reinforces these observations. In the configuration without

metamaterial, the intensity line profile does not exhibit any evidence of the existence of a

metal strip. The experiment involving the covered metal strip provides compelling evidence

of the pivotal role of the metamaterial in enhancing the sensitivity and performance of the

configuration. Even in conditions of reduced field intensity deliberately introduced by the

alumina plate, the configuration with metamaterial remains effective in detecting the metal

strip. This result is of particular significance for applications where the detection of weak

microwave signals is essential.
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Finally, an additional test sample with dimensions of 200mm by 100mm and two rectangular
slots on it, each measuring 1mm in width and 20mm in height is prepared on the acrylic plate
as shown in Figure 5.8 (a), the H-MWNF distribution was measured based on the
configuration shown in Figure 5.8 (b). Figure 5.8 (c) shows the results of measured H-
MWNF and Figure 5.8 (d) shows the intensity line profile measured across the slots. In both
configurations the existence of two slots were detected. However, the measurement result
with MM-ABS showed high intensity.

This implies that metamaterial integration enables more detailed measurements of H-MWNF
distributions. The measurement with this additional experiment validates the effectiveness of
MM-ABS integration in enhancing the sensitivity of H-MWNF measurements and its

effectivity in non-destructive defect detection applications.
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55 Conclusion

In summary, this chapter successfully demonstrated the integration of metamaterial
absorbers (MM-ABS) with optical indicators to enhance microwave absorption and improve
the measurement sensitivity of thermoelastic optical indicator microscopy (TEOIM). The
MM-ABS was designed to operate at 11.5 GHz and was integrated with the optical indicator
(Ol), and microwave near-field (H-MWNF) distribution measurements were conducted

under both MM-ABS-integrated and non-integrated conditions.

The integration of MM-ABS resulted in a large improvement in microwave absorption
within the OlI, consequently leading to a remarkable 10-fold increase in measurement
sensitivity. This enhancement was quantitatively analyzed, providing clear evidence of the
effectiveness of MM-ABS integration. The validity of the increased sensitivity was further
affirmed through the designed test samples, illustrating that measurements conducted with
MM-ABS integration exhibited higher detection capabilities compared to that without MM-

ABS.
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Chapter highlights
This chapter presents an innovative approach for mapping the permittivity of dielectric
materials. This method works by incorporating metamaterial absorbers into thermoelastic
optical indicator microscopy measurement system. The experimental setup, working
principle of the metamaterial integrated approach, and underlying measurement techniques
are discussed in detail in this chapter. Practical demonstrations are used to show the potential

of this approach for the characterization of various dielectric materials.
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CHAPTER 6
Non-destructive dielectric measurement and mapping using metamaterial integrated

TEOIM.

6.1 Introduction

The ability to map the dielectric constant of materials provides a significant advantage to
understand their electrical properties and performance. This advantage is the foundation for a
variety of applications, including characterization of materials [1]- [3], quality control in
manufacturing [4]- [6], studying the dielectric properties of biological tissue in biomedical
research [7]- [9], evaluating electronic device performance [2], [3], [10], [11], and
identifying material defects [12]-[19]. In these applications, technigues operating in the
microwave frequency range are particularly useful because they can penetrate with low loss
and provide valuable information about their internal structure and composition.
Additionally, microwave techniques offer the advantage of being non-destructive, allowing
for repeated measurements without damaging the sample. This makes them ideal for

continuous monitoring and real-time analysis. [13], [16], [18], [20], [21].

Recently, these techniques have been combined with metamaterials to improve the testing
and characterization of dielectric materials [22]- [29]. Among these, an array of
metamaterial structures has shown promise for mapping the spatial permittivity of dielectric
materials [30]- [38]. For example, an array of metamaterial structures exited by the
transmission line operating at different resonant frequencies have been reported [7], [33],
[39]. In this method, the desired dielectric material is positioned near the structures. The
interaction between the resonators and the dielectric material leads to changes in the
transmission properties, thus facilitating the mapping of the permittivity distribution within
the sample. However, the resolution is non-uniform due to restrictions imposed by the size of
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the resonant frequency of the metamaterial structure on the transmission line. In addition,
microwave near-field microscopy and microwave holography have also been reported [35],

[40], but they involve time-consuming aspects related to scanning.

In this work, a new approach to measure the permittivity of the dielectric material is
presented. The proposed method is based on the integration of a metamaterial absorber
(MM-ABS) with thermoelastic optical indicator microscopy (TEOIM). TEOIM is a high-
resolution microwave near-field measurement technique that does not require scanning [41]-
[47]. By using the resonant properties of the metamaterial absorbers, the permittivity
distribution of dielectric materials can be determined. Metamaterial absorbers are two-
dimensional arrays of resonator structures fabricated on a dielectric substrate [48]. These
absorbers are characterized by strong resonant properties. Due to these resonant properties,
they produce strong, measurable signals characterized by an absorption peak. This
absorption peak is significant enough to accurately monitor shifts in frequency when
metamaterials are exposed to external influences that change the dielectric environment. This
dielectric environment changes the electromagnetic properties accordingly and leads to
changes in the resonant frequency [49]- [51]. Therefore, by integrating the metamaterial
with the optical indicator (Ol), the peaks of resonance intensity at the resonance frequency
can be measured using the existing TEOIM measurement principle. Ol is a component of
TEOIM, it is a glass substrate coated with a thin film that provides an optical signal in

response to the absorption of the microwave signal.

To achieve this, MM-ABS consists of 36 x 36 array of resonators distributed on a 100 x
100 alumina substrate were fabricated. All resonating at 11.5 GHz and each resonator is
decoupled from their neighbor resonator by an optimized pacing. The distributed resonators

are sensing units whose resonant frequency shift is a function of the permittivity change in
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their specific locations. To evaluate this, test samples with different dielectric constants were
fabricated. Their microwave near-field distribution was measured by placing the test samples
on the metamaterial. Based on their resonant frequency, a characteristic equation that relates
the dielectric constant to the resonant frequency was formulated. The obtained result was

then used to map the dielectric constant using the LabVIEW program.

6.2 Experiment.

6.2.1 Design, simulation, and fabrication of metamaterial absorber.

The simulation experiments were conducted using the CST Microwave Studio Suite, 2019.
Figure 6.1(a) shows the simulation setup in the software. The unit cell is simulated in an
infinite periodic structure with unit cell boundary conditions along the x and y directions, an
open space, and a PEC at the front of the metamaterial. Figure 6.1(b) illustrates the structure
of the unit cell, which is a modification of the complementary rectangular split ring resonator.
This modification involves connecting the outer and inner rectangular rings and
symmetrically inserting a strip into the inner ring to achieve the small dimensions of the unit

cell for the required frequency range.

In the simulation environment, an alumina substrate (er = 9.8) and silver were used for the
metal pattern, with a conductivity of 6.3x 107 S/m. Systematically varying the dimensions of
the resonator allowed the observation of resonance characteristics. The dimensions were
successfully determined through optimization, resulting in a resonance frequency of 11.56
GHz. The main parameters of the structure, including gap width (g), substrate length (h), line
width (w), length of structure (I), and thickness of substrate (t), are presented in the

following figure: g = 0.1mm, h =2mm, w = 0.1mm, | = 1.2mm, and t = Imm.
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Upon completion of the unit cell structure design, the metamaterial was printed on a 100 mm
x 100 mm alumina substrate. The printing process was carried out using a laser machine
(JTY Fiber 20) after applying silver paste in the first step. Then, the printed structure went
through a 3-hour drying process in the furnace (SH-FU-5MG) at a temperature of 800
degrees Celsius to ensure strong adhesion between the metal structure and the substrate. The
fabricated metamaterial plate is presented in Figure 6.1 (c).
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Figure 6.1. (a) Simulation setup (b) IHlustration of the unit cell (c) The metamaterial
plate and its magnified view.

6.2.2 Validation of decoupled resonators of MM-ABS through CST simulation.

After designing the unit cell of the MM-ABS, the optimal separation where the coupling of
the resonators is minimized was determined by simulating various distances between the
resonators. Figure 6.2 (a) displays the results of the reflection coefficient for a single unit cell
and an array of unit cells at a separation of 1.6 between the resonators. In the simulation
setup, the boundary condition for a single unit cell was the perfect electric boundary (PEC)
in the x-direction, and the perfect magnetic boundary (PMC) was introduced in the y-
direction. An open space (with added space) was utilized, along with a PEC (Perfect Electric
Conductor) at the front of the metamaterial. For the array of unit cells within the periodic

structure, the unit cell was considered infinite along the x and y directions, with open space
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(with added space) and a PEC at the front of the metamaterial. The resonant frequency of
both single and arrayed unit cells remained unchanged. This observation indicates that the
coupling between the resonators is negligible. Therefore, the resonator can respond
independently at this optimized separation. Besides the optimized distance between the

resonators, the design of the unit cell contributed to the resonator's negligible coupling.
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Figure 6.2 (a) The results of the reflection coefficient of single and array resonators. (b)
Reflection coefficient for different distances between the resonators. (¢) The magnetic
field distribution of the array structure (d) the surface current distribution of the array

structure.

This is because the current flows in opposite directions on the neighboring resonator sides, as
illustrated in Figure 6.2 (d) A, B, C, and D, thereby eliminating coupling effects.
Furthermore, Figure 6.2 (c) demonstrates that the field distributions are confined to the unit
cell, providing another indication that the unit cells have no interference with the

surrounding structures.

6.2.3 Experimental setup and working principle.

Figure 6.3 (a) shows the experimental setup of TEOIM to measure the microwave near-field
distribution with metamaterial absorber (MM-ABS). The magnified view in Figure 6.3 (a)
shows the sample on the array of resonators. Figure 6.3 (b) shows the configuration of the

MM-ABS with Ol. The Ol is a glass substrate coated with the ITO thin film.
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For dielectric mapping, the principle of operation of the MM-ABS is that each resonator
represents one pixel of the dielectric image of the MUT to obtain a one-cell resolution. For
this purpose, all pixels resonate at the same frequency but are not coupled with their
neighbors. Therefore, the measured near-field distribution gives independent absorption
peaks at specific locations. When the DUT is placed on the MM-ABS, the field on the
resonator is influenced by the dielectric properties of the DUT. This results in a shift in the
resonance frequency of the resonator. By analyzing these frequency shifts, the dielectric
permittivity can be determined.

The Ol used in the measurement is a glass substrate coated by ITO coated thin films. Since
the ITO is conductive material the visualized field distribution and intensity picks refer to the

microwave magnetic fields (H-MWMNF).
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Figure 6.3. (a) lllustration of the measurement setup of MM-ABS integrated with
TEOIM for H-MWMNF distribution measurement, the enlarged portion shows
the MUT placed on the resonators. (b) shows the configuration of MM-ABS with

the Ol. (c) shows photos of the measurement setup.

6.3 Result and discussion

6.3.1 Microwave near-field measurement.

For spatial dielectric mapping using the MM-ABS integrated TEOIM technique, the

metamaterial resonators respond independently at their respective locations. To evaluate this,
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the H-MWNF distribution measurements were performed using the measurement setup 6.3
(a) in a frequency range from 8 GHz to 14 GHz and the Ol and MM-ABS configuration

shown in Figure 6.3 (b).

Figure 6.4 (a) shows the result of the intensity line profile across the MM-ABS at 11.5 GHz.
Figure 6.4 (b) shows the result of the intensity as a function of frequency. Figure 6.4 (c)
shows the simulated reflection coefficient. Figure 6.4 (d) shows the microwave near-field
distribution measured with the MM-ABS, while (e) shows the H-MWNF measured without
the MM-ABS.

The field distribution result in Figure 6.4 (d) shows distributed spots in all the measured
frequencies with MM-ABS compared to the field distribution measurement without MM-
ABS Figure 6.4 (e). However, in Figure 6.4 (d) at 11.5 GHz strong field spots are observed
compared to other frequencies. These spots indicate the independent absorption peaks of
each resonator at the resonant frequency, which is indicative of the resonant frequency of the
MM-ABS at 11.5 GHz and highlights the resonant properties of the MM-ABS.

The measured result of intensity as a function of frequency change in Figure 6.4 (b) and the
simulated results of the reflection coefficient in Figure 6.4 (c) confirmed that the designed

MM-ABS resonates around 11.5 GHz.
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Figure 6.4 The experiment to determine the resonance properties of MM-ABS (a) the
intensity line profile measured via MM-ABS at the resonance frequency.(b) the
intensity as a function of frequency (c) the result of the simulated reflection coefficient
(d) the H-MWNF distribution measured with MM-ABS (e) the H-MWNF distribution
measured without MM -ABS.

The intensity line profile calculated across the resonator at the resonance frequency showed
the resonators have maximum picks at the resonator location and minimum picks between
the resonators, as shown in Figure 6.4 (a). This behavior is compelling evidence of the non-
coupling nature of the resonators at the resonance frequency. Here, the intensities are
stronger in the center of the MM-ABS. This is because the waveguide is located in the center

of MM-ABS therefore H-MWNF distribution is strongest in the center compared to outside

the center of the MM-ABS. The non-coupling property of MM-ABS in Figure 6.4 (a) is of
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paramount importance for spatial dielectric mapping. As each resonator operates
autonomously, it serves as a unique pixel for dielectric mapping, ensuring precise detection

of electromagnetic properties at specific locations.
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Figure 6.5 An experiment was performed to evaluate the MM-ABS when the test
sample placed at different positions. (a) and (c) the intensity line profile when the test
sample is at the center of MM-ABS and shifted from the center (b) and (d) the H-
MWNF distribution when the test sample is at the center and moved to the right

To evaluate the consistency of the response of the resonators at different positions of MM-
ABS, a test sample of alumina, measuring 4mm x 3mm, was introduced at two distinct
locations. The first measurement involved placing the sample in the center of MM-ABS, and
the second measurement involved shifting the position to the right. In both scenarios, the H-
MWNF distribution was measured. Figures 6.5 (a) and (c) display the results of the intensity
line profile when the test sample is introduced at the center of the MM-ABS and shifted to
the right from the center. Figure 6.5 (b) and (d) present the results of the microwave near-
field distribution when the sample is placed at the center and shifted from the center. The
results from the intensity line profile and the microwave field distribution reveal a strong
field distribution at the resonators located where the test sample was placed. In contrast, the

remaining resonators exhibit a uniformly weak field distribution. Importantly, this strong
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field distribution was consistently observed at 8.9 GHz in both positions. The results indicate

that the MM-ABS demonstrates remarkable stability in response across varied positions.
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Figure 6.6 The experimental result of microwave H-MWNF to evaluate the
performance of the MM-ABS when different dielectric materials were placed. (c), (e)
and (g) show the test samples on the MM-ABS during the measurement. (b) The
results of H-MWNF distribution without introducing the test sample on the
metamaterial. (d), (f) and (h) is results of H-MWNF by introducing the glass, acrylic

and alumina a test sample respectively on the MM-ABS
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To investigate the response of MM-ABS to materials with different dielectric constants, a
series of experiments were conducted based on the configuration in Figure 6.6 (a). In each
experiment, various dielectric materials, each with its own specific dielectric constant, were
placed on the MM-ABS. The test sample included alumina (¢,=9.8) as shown in Figure 6.6
(g), acrylic (=3) as shown in Figure 6.6 (e), and glass (&=5) as shown in Figure 6.6 (c). For
reference, measurements were also performed without test samples (¢; =1).The microwave
near-field distribution was measured for each material in a frequency range from 8 GHz to

14 GHz, and the dimensions of the test sample were 3mm by 4mm.

Based on these experiments, Figure 6.6 (b) shows the results of the measured H-MWNF
distribution without the test sample; Figure 6.6 (d) shows the results of the measured H-
MWNF distribution of the glass sample; Figure 6.6 (f) shows the results of the measured H-
MWNF distribution of the acrylic sample; and Figure 6.6 (h) exhibits the results of the

measured H-MWNF distribution of the alumina sample.

The experiments revealed the resonant frequency characteristics of the MM-ABS when
different dielectric materials were placed on it. Specifically, the resonant frequency for air
(without test sample) was measured at 11.5 GHz, aligning with the intended resonant
frequency of the MM-ABS. A frequency shift from 11.5 GHz to 8.9 GHz was detected for
the alumina sample. The acrylic test sample exhibited a shift in resonant frequency to 10.8
GHz, while the glass showed a frequency shift of 10.2 GHz. These resonance frequency
shifts demonstrate that the resonant response of MM-ABS is influenced by the dielectric
properties of the test sample, showing MM-ABS capacity to detect variations in dielectric
constants. These results emphasize the sensitivity of MM-ABS in identifying and responding
to materials with varying dielectric constants. Moreover, it was observed that dielectric

materials with higher dielectric constants induced more substantial frequency shifts. The
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above result is confirmed by the calculated intensity as the function of frequency shown in

Figure 6.7 (a) and the simulated reflection coefficient result in Figure 6.7 (b).
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Figure 6.7 (a) the H-MWNF of the samples (b) the simulated reflection coefficient for
the samples (c) the fitting curve with the measured result. (d) and (e) a comparison of
the measured and simulated dielectric constant with the formulated fitting equations.

To evaluate the ability of MM-ABS to discriminate between different dielectric materials
when placed simultaneously in different locations, an experiment was conducted. In this
experiment, three different dielectric samples such as alumina, acrylic, and glass were
positioned at different locations on the MM-ABS, as shown in Figure 6.8 (a). The H-MWNF

was measured over a frequency range from 8 GHz to 14 GHz.
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Figure 6.8 simultaneously measured H-MWNF distribution of the three samples (a)
images of the three samples on the MM-ABS (b) The H-MWNF of the three samples.
(b) The intensity line profile of the three samples at the frequency of 8.9 GHz, 10.2
GHz, and 10.9 GHz.

The results of the experiment show a clear pattern. Each sample shows a strong microwave
near-field distribution response at different frequencies. In particular, the alumina sample
showed a strong field distribution at 8.9 GHz, the acrylic plate at 10.9 GHz, and the glass
sample at 10.2 GHz. This result emphasizes the ability of MM-ABS to distinguish between
dielectric variations in a single measurement. These results are consistent with previously
independently measured results, further validating the methodology and increasing its
reliability. The intensity line profile confirms the measured near-field distribution and shows
that each test sample has distinct peaks at the corresponding resonant frequencies. These
results are of great importance for the application of spatial permittivity mapping as they
effectively reveal the dielectric variations within different positions of a sample through a

single measurement.
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6.3.2 Equation Formulation

To establish a quantitative relationship between the dielectric constant () of the materials
and the corresponding resonant frequency (fr mut) Of the resonator, a numerical analysis was
performed using the measured data to derive an equation that shows this correlation. To
achieve this, a polynomial function was used with fitting parameters expressed by the

equation.

fosur = A1 T Ape, + Age’? 6.1

Where f; mur represents the resonant frequency of each resonator on the MM-ABS, while &
is the dielectric constant of the material under study. Three fitting parameters enter the
equation. A, Az, and As, which are used to approximate the relationship between dielectric

constant and resonant frequency.

The equation for calculating the dielectric constant (&) based on the resonance frequency (f;,

muT) is presented as follows.

J0.1337—0.252(11.86 — f,pyr) 62

£, =0.3657+ 0.0126

This equation allows for the estimation of the dielectric constant of a material by inputting its
resonance frequency. In Figure 6.7 (c), the corresponding fitting curve is displayed, offering
a visual representation of how the equation fits the experimental and simulated data points.
The close agreement between the calculated values and the simulated values is shown in

Figure 6.7 (d), and the measured values and calculated values are shown in Figure 6.7 (c).
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6.3.3 Dielectric mapping

A customized LabVIEW program was used to create comprehensive dielectric maps of the
samples using the formulated equation that links the dielectric constants to the resonant
frequencies of each resonator on MM-ABS. Steps for the LabVIEW program is illustrated in

Figure 6.13 (a).

Figure 6.9 illustrates the measuring procedure of the dielectric permittivity of the sample
placed on the MM-ABS. Assuming three test samples placed on the MM-ABS, their H-
MWNF distribution was measured. The resonance frequency was determined from the H-
MWNF measurement and finally, the permittivity of the test sample was measured based on

the formulated equation.
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Figure 6.9. An illustration for the process of dielectric mapping using MM-ABS (a)
each resonator representing pixels of the dielectric unit (b) a test sample placed on the
resonators (c) measured frequency shift for each resonator. (d) the imaged permittivity

of each dielectric resonators based on their resonant frequency
To image the dielectric permittivity of the test samples based on the above procedure, the
microwave near-field image results of the three samples, namely alumina, acrylic, and glass,

were separately fed to the custom-designed LabVIEW program. Figures 6.6 (c), (e), and (g)
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are the spatial locations where the test samples were placed on the MM-ABS, and the field

distribution images at the resonant frequencies were used to calculate the dielectric

permittivity of each sample. Based on this, Figure 6.10 (a), (b), and (c) are the calculated

images of the dielectric permittivity of glass, acrylic, and alumina test samples respectively.
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Figure 6.10. the imaged permittivity of individual sample and their line profile (a)

Alumina sample. (b) Acrylic sample (c) Glass sample. (d-f) permittivity line profile of

alumina, acrylic, and glass samples.

Figures 6.10 (d), (e), and (f) show permittivity line profiles that provide insight into the

variations of dielectric constants along specific paths within the samples.
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Figure 6.11. simultaneously imaged permittivity of different dielectric constant and
their line profile. (a) Photographs of the three samples (b) Simultaneously measured
dielectric values of the samples shown. (c) Dielectric line profile across the three
samples

To further demonstrate the applicability of the methodology for simultaneously imaging
dielectric samples with distinct permittivity values, measurements were conducted on
samples with different dielectric constants placed on the MM-ABS. Figure 6.10(a) provides
an image of the three samples positioned on the MM-ABS, while Figure 6.10(b) displays the
mapped permittivity of these samples. Additionally, Figure 6.10 (c) presents the permittivity
line profile. The results of these permittivity measurements for diverse dielectric samples
show the effectiveness of the methodology. This capability holds significant implications,
particularly in scenarios involving materials with spatial variations in dielectric properties.
The successful mapping of different dielectric samples simultaneously suggests practical
utility in a non-destructive way across various applications, ranging from material
characterization and quality control to biomedical research and defect identification.
Furthermore, the methodology represents an accurate approach to determining the dielectric

properties of complex dielectric materials.
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To further validate the methodology, a test sample with a known shape was employed. This
test sample was a 100 mm x 100 mm square acrylic plate featuring a 1.5 mm x 1.5 mm
rectangular hole. Figure 6.11(a) provides an image of this rectangular acrylic plate. Figure
6.11(b) presents the imaged microwave near-field distribution, while Figure 6.11(c) displays
the mapped dielectric distribution of the sample. The successful mapping of the known

features within the test sample validates the effectiveness of the proposed methodology.

108



Receive Field Image File

v

Select Sample Areas

¢

Find the Highest Intensity

4

Record Frequency

'

Calculate Frequency Shift

'

Use Equation for Permittivity

'

Display Image
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6.4 Conclusion.

In conclusion, this chapter introduced a new approach that integrates thermoelastic optical
indicator microscopy (TEOIM) with metamaterial absorbers (MM-ABS) for dielectric
mapping. That involves fabricating MM-ABS, consisting of a 36 x 36 array of resonators, all
operating at a resonant frequency of 11.5 GHz. The H-MWNF measurement showed
spatially distributed absorption peaks, indicating that each resonator of the MM-ABS is
independently resonating at 11.5 GHz. When the test sample was placed in a different
position on the MM-ABS, it exhibited a consistent response and was able to distinguish
between different dielectric constant samples through simultaneous measurement via its
frequency shift response and H-MWNF distribution measurement. Based on the response of
the frequency shift, an equation was formulated that relates the dielectric constant of the
material to the resonance frequency. Using the LabVIEW program, the permittivity of the
dielectric constant is imaged. This technique holds promise for various applications,
providing a non-destructive and efficient means of mapping dielectric properties and

eliminating the need for time-consuming scanning.
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CHAPTER 7

Conclusions

This work investigated the effect of thin film thickness on the optical indicator (Ol) and the
integration of metamaterial absorbers (MM-ABS) with the Ol to further improve the
measurement sensitivity of TEOIM through the microwave absorption enhancement within
the OI. Additionally, it significantly contributed to the advancement of TEOIM for non-
destructive microwave measurements by developing a novel approach the dielectric

measurement and mapping.

The study demonstrated a direct correlation between the thickness of aluminum thin films
and the sensitivity of microwave H-MWNF measurements. As the film thickness decreased,
the sensitivity of the optical indicator increased. Specifically, the Ol with a thickness of
10nm exhibited higher sensitivity compared to optical indicators with film thicknesses of

25nm, 50nm, 75nm, and 100nm at an input microwave power of 30 dBm.

The integration of MM-ABS with the Ol showed an improvement in microwave absorption
capacity and measurement sensitivity, particularly at the resonance frequency of 11.5 GHz.
At this frequency, the sensitivity of TEOIM achieved a 10-time improvement compared to
the configuration without MM-ABS. The enhanced sensitivity performance was rigorously
tested, revealing increased detection capabilities in field measurements. The integration of
MM-ABS also shows the potential of TEOIM for non-destructive dielectric measurements
and mapping, opening new possibilities for applications in diverse fields, including material

characterization, quality control, biomedical research, and defect identification.

Looking to the future, there are possibilities for further research. Fine-tuning the thickness of

aluminum thin film and additives in the deposition process is a promising way to achieve
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even higher sensitivity in microwave magnetic field measurements. Investigating different
metamaterial absorber geometries and configurations can provide the opportunity to improve
the results. In particular, the spatial resolution of dielectric mapping depends on the size of
the resonator on the MM-ABS and the spacing between the resonators. Smaller resonator
dimensions in combination with a smaller spacing promise a higher spatial resolution and

extend the possibilities of this innovative method.
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