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Abstract

This dissertation proposes and realizes the first Ka-band frequency tunable
metamaterial absorber with stress-induced MEMS cantilever with oxygen plasma
ashing process. To employ a MEMS-driven actuator for LC resonance frequency
tuning method in the GHz regime, the split-ring resonator (SRR) structure of the
metamaterial unit cell is designed to have a sub-mm scale cantilever as a capacitor
element of the unit cell. To enlarge capacitance change, the MEMS cantilever is
released with a large out-of-plane deflection by the plasma ashing process. This
MEMS cantilever with stress gradient is arranged at four parts of a symmetrical SRR
unit cell, and the two cells compose the absorber sample as an array structure. The
overall cantilevers of the absorber actuate from the initial bent upward state to pulled
down state when the electrostatic voltage is applied. The decrease of deflection
reduces the gap between cantilevers and bottom electrodes to increase capacitance
for frequency tuning to lower frequency.

To verify and improve the uniformity of the mechanical behavior of the
absorber, this research proposes and demonstrates 3 different design types of
releasing on stress-induced cantilevers. First, the array design of 12 cantilevers with
400 pm in length and 50 um widths is modified from a cantilever with 400 um
in length and 800 um widths. To overcome the limitation on the mechanical

behavior of cantilever arrays due to their nonuniformity, further modification on



etching hole rearrangement is reflected in the 2™ type of rectangular cantilever. The
space length of etch hole varies depending on the position from the open end of
cantilevers. This incremental space length between 8 um etch holes from the open
end enables sequential releasing of cantilevers during photoresist oxygen plasma
ashing. The cyclic process was performed in the ashing process to lower the
distribution of fabrication results. Finally, the last design to have a semicircle shape
with incremental space length between etching holes to improve the uniformity of
the cantilever to prevent such drawbacks of a wrinkled profile which the previous
design shows. Also, our last design is driven by a digital drive creating 5 different
reconfiguration states.

With full-wave simulations, the performance of the proposed absorber
demonstrates experimentally in each of 5 different reconfiguration states. The
initially measured deflection of the cantilever beam is 51.8 um on average. At the
initial state, the resonant frequency and the absorptivity are 32.95 GHz and 80.95%.
When all the cantilevers are pulled down, the frequency shifts a total of 4.08 GHz
from the initial state showing a tuning ratio of 12.29 %. The error between the
measured value and the simulation value came within 0.39 GHz in all five states.
This dissertation demonstrated the potential of MEMS as a tuning method for Ka-

band absorbers.
Keyword : Ka-band, Metamaterial absorber, Frequency tunable, MEMS, Stress-

induced cantilever, oxygen plasma ashing
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CHAPTER 1. Introduction

1.1Background

1.1.1 Advent of metamaterial

A metamaterial is an artificially tailored composite of periodic or non-
periodic structure as a creation for engineering purposes, whose function shows a
peculiar and exotic electromagnetic behavior unlike materials found in nature [1, 2].
This metamaterial function is due to both the chemical composition and the cellular
architecture structuralized on a size scale smaller than the wavelength of external

stimuli. Figure 1.1 is a brief view archetypal of the periodic structure of

metamaterials studied recently [3-9].
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Currently, metamaterials are called by various names, such as frequency
selective surface (FSS), high-impedance surface (HIS), left-handed material (LHM),
negative index material, and meta-device, depending on the scope and the conceptual
ambiguity of the research object or the continuous development of research in each
field. Notably, before the nomenclature of metamaterial was suggested by Roger M.
Walser in 1999, the metamaterial was first called the left-handed material in 1968,
the time when Vaselago proposed its concept. Indeed, one of the early discoveries of
the theoretical phenomena of negative refraction and backward-wave propagation
dates back to 1944, the year when the research by L.I. Mandelshtam is published [1].
Afterward, the advent of negative index materials spawned extensive research into

metamaterials.

1.1.2 Application of metamaterial

The vast amount of studies related to compelling phenomena on
metamaterials such as metalens [10-13], slow light [14-17], device with chirality
[18-22], negative refractive index[23, 24], ultrafast device [25, 26], antenna
elements[27, 28], perfect absorption [29, 30], etc. have being vigorously announced.
Metamaterials are attractive not only for their exotic electromagnetic properties but
also for their promise for applications. Figure 1.2 shows a glance at the application

of the metamaterial phenomena.
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Figure 1.2. Metamaterial and its application

1.1.3 Physics of metamaterial

= Electromagnetic behavior of metamaterial

Previously mentioned outcomes are based on the fact that the
electromagnetic properties of the material are mostly defined by a function of its
permittivity (€) and permeability (u).

As a matter of fact, the permittivity and the permeability of almost all

isotropic materials found in nature such as dielectrics have a positive value. That is,
3

A=



these natural materials are usually called double-positive (DPS) materials or right-
handed medium (RHM) since the wave vector K formsa right-handed system with

the electric and magnetic field E and H. Additionally, there are some materials
with negative permittivity and positive permeability values typically such as noble
metals. The dielectric constant of such metals has frequency dependency in the
Drude-Lorentz model, and the permittivity is negative below the plasma frequency.
This region is to be denoted as an epsilon negative (ENG) material or electric plasma
in an evanescent wave-propagation perspective. Moreover, certain materials such as
gyrotropic magnetic materials show the permittivity of positive values and the
permeability of negative values. Such a realm is called mu-negative (MNG) or
magnetic plasma in an evanescent wave-propagation perspective. However, there is
no such thing found in nature with both negative values of permittivity and
permeability. The only way to achieve the corresponding specifications is to
artificially design composite structures. These synthetically fabricated materials are
labeled as double-negative (DNG) materials or left-handed medium due to the left-
handed form relations of the wave vector and the electric/magnetic fields. Figure 1.3

represents the first to the fourth quadrant of the € — u domain.
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Figure 1.3. The quadrant of the material classification according to wave propagation

characteristics

Materials can be categorized in a quadrant. In &€ — u domain, a point (0,0)

denotes the perfect tunneling effect and the point (&y, yg) indicates the air.

Furthermore, the point (—&y, —fy) is where the perfect lens is applied and the linear

graph crossing the air elucidates the materials with impedance matching or somehow

called absorber. The wave vector and the pointing vector are in the same direction

on DPS media. However, the pointing vector of the light in DNG media has a reverse

direction from the wave vector. Figures 1.4 (a) and (b) explain the comparison of the

incident wave path between the DPS-DPS boundary and the DPS
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Figure 1.4. (a) The wave path between DPS-DPS boundary (b) The wave path with

negative refractive index (c) The schematic of the wave path in metamaterial
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» Mathematical compendium on the foundation of metamaterial physics

The previous explanation of categorizing material properties by the sign of
permittivity and permeability is based on the following foundation of physics. Below
glance at the explanation of material nature is a microscopic view. That is, a simple
approximation or maybe the most favorable approximation on motion of the bounded
electron in a dielectric atom can be modelized by the second harmonic Lorentz
oscillation. Therefore, the complex permittivity with the single resonance could be

expressed as

~ Wpe
&w)=1+— 2 _
wy, — w* — jwl

Eqn. 1.1

where wg, is the electric resonance frequency, [, is electric damping

coefficient and w, is electric plasma frequency [31]. In here,
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Eqn. 1.2
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N, is the number density of electrons, g, is an electron charge, and m,
is an effective mass of electrons. Also, due to the duality of electromagnetics, the
complex permeability of the Lorentz model on dielectric materials having the
magnetic dipole of electron spinning nucleus can be expressed as the following

equation.
2
Whm

() = 1
(@) =1+ " w? —jal,

> Eqgn. 1.3

wom

wo,, 1s the magnetic resonance frequency, [3, is the magnetic damping

coefficient and wy,, is a magnetic plasma frequency. The magnetic plasma



frequency is

Nmqé
def Eqn. 1.4
Wpm = Mg a

N,,, is the number density of magnetic charges, gq,, is a magnetic charge,

and m, is an effective magnetic mass.
If it is certain that the complex permittivity and the complex permeability
are known, the macroscopic views on the physics of wave propagation are achieved
by some of the well-defined parameters. First of all, the complex refractive index is

in the following relationship.
=/ l-& Eqn. 1.5
In the other hand, in the frequency domain, the complex refractive index 7
has the real part (n) for wave propagation and the imaginary part (x) called

attenuation coefficient for wave decay. This refractive index is also related to the

propagation constant (y).
The vy = i—n is the propagation constant for free space, and the 4, is the
0

free-space wavelength. Also, the impedance of a certain medium could be calculated

by the following terms.
= |_E~’| Eqn. 1.7
[H]
The complex impedance 7 has the real part " which has the amplitude

relations and the imaginary part n'’ that is related to phase. Also, the complex

impedance can be rewritten relative to the free space impedance.
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Thus, the key approach for designing a metamaterial absorber is acquired by
impedance matching with the air impedance 1y, = 376.730 (0. With the above
parameters, the reflection coefficient (I'(w)), the transmission coefficient (T (w)) of
the air-medium with a thickness (d), and the absorptivity (A(w)) have the following

relations [60].

Mo — 17
Nw) = — Eqn. 1.9
Mo+ 1 1
T(w) =e7 74 Eqn. 1.10
Alw)=1-T(w) — T(w) Eqn. 1.11

Therefore, the complex permittivity and the complex permeability can be

rewritten with the propagation coefficient and the reflection coefficient.

- Y/n-r
& =Y_0<1+—F> Eqn 1.12
. Yn+r
Uy =y—0(m) Eqn. 1.13

That is, the design parameters of the target metamaterial define the complex
permittivity and the complex permeability which determines S-parameters.
Ironically, the experimental measurement of return loss (S;1) and the insertion loss
(S,4) infer the graphical plot on the permittivity and the permeability, and ascertain
the metamaterial characteristic.

The absorptivity ( A) has the following relation with the reflection

coefficient (I"), the transmission coefficient (7).



A=1—1T?>-|T|? Eqn. 1.14
Moreover, the S-parameters are related to the reflection coefficient I" and

the transmission coefficient T.

S11 [dB] = 201log(|T'|) Eqn. 1.15
S,, [dB] = 201og(|T|) Eqn. 1.16

Strictly speaking, the reflection coefficient is a voltage ratio, and its dB
conversion value is S;1, but S;; is regarded as the reflection coefficient in many
literatures and references. In this thesis, the title of the graph y-axis of simulation
and measurement of S;; value will be unified as "Reflection coefficient (dB)".

To conclude, the absorptivity can be written with the S-parameters in

following equation.

Su S21
A=(1—1010 —1010>><100 [%] Eqn. 1.17

1.1.4 Meta-atom

Decisively, the quintessence of this research on artificial engineering to yield
desired electromagnetic response is achieved by controlling the permittivity and
permeability by specially designing the geometry of the unit cell, in charge of the
subwavelength resonant structure of the metamaterial, called a meta-atom. The
coupling construction is accomplished by manifold structures such as mushroom-

type artificial magnetic conductor (AMC) shape [32], interconnected grid structure
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[33], colloidal nanoparticle [34], optimized binary FSS patterns [35], triple wires[36],

spiral resonators [37], Swiss rolls [38], meta-solenoids [39], S-shaped structures [40],

chiral structures [41], and etc. Figure 1.5 expresses diverse shapes of metamaterial

unit cells.
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Figure 1.5. Several types of meta-atoms in the metamaterial
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= Split-ring resonator unit cell

Despite the multifarious shapes on the resonant structure having been
demonstrated by countless papers, the split-ring resonator (hereinafter referred as
SRR) is the most common and straightforward method to design subwavelength
resonant structure. Metamaterial researches based on the SRR shape have been most
widely and intensely reported and became mainstream [6, 42, 43].

SRR is the structure with an enclosed loop with splits at opposite ends. Most
the metamaterial are a combination of the dielectric substrate and the metal SRR
pattern above them. These artificial media create a strong electromagnetic coupling.

By Faraday’s law, an electromagnetic field is induced when a time-varying
magnetic field is applied in a split ring and again occurs a rotating current. So much
that, the induced currents generate the split ring’s own secondary magnetic field
enhancing or diminishing the incident fields. That is, these semi-enclosed loop
patterns of metal act as an equivalent LC circuit. Specifically, the capacitor stores
the energy in terms of an electric field, and in fact this possesses a dielectric response
showing Lorentz like behavior.

Additionally, researches on the derivative form of SRR such as the
complementary split-ring resonator (CSRR) [3, 24, 44], the micro-split split-ring
resonator (MSSRR) [45-47], the electric LC resonator (ELC) [30, 48, 49],
Omega(Q)-shaped structures [50-52] and etc. are also actively progressing. Figure

1.6 is the example list of the scientific works on SRR.
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1.1.5 Electromagnetic absorber to metamaterial absorber

This thesis will focus on the metamaterial absorber among metamaterial
fields. It is considerably worthy to engineer such a substance that can manipulate the
electromagnetic (EM) wave. The EM absorber is central to manufacture those EM
controlling products. As previously mentioned, the perfect EM absorption could be
achieved by matching of free space impedance and the metamaterial impedance.
This is called the impedance matching theory.

Explaining in deductive form, the EM absorber can be generally
categorized into resonant EM absorbers and broadband EM absorbers. The trace of
EM absorber dates back to the early 20century. Perhaps the first absorber-related
outcome is thought to be an absorber research by Naamlooze Vennootschap
Machineriee in 1938 [53].

The major type of the early stage was the form of Salisbury screen which
is the stereotype of resonant EM absorber devised by W. W. Salisbury [53]. Also,
similar absorbers of Salisbury such as the Jaumann absorber devised by J. Jaunann
and circuit analogy absorbers were independently published [54]. Other EM absorber
types are Dillenbach layer, crossed grating absorber, Geometric transition absorber
(foam absorber), and etc.

Even though the above absorbers show excellency on performance in the
aspect of the absorptivity, the mandatory design constraint on the form factor of EM

absorber is that the absorber device should have at least a quarter operation
A, . . . . . .
wavelength (Z) dimension in the direction of the traveling wave.

By way of contrast, unlike the conventional EM absorbers mentioned above,
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EM absorbers based on metamaterial structure comprise numberless engineering
merits in the respect of absorptivity performance to volume ratio. Moreover, this EM
absorber designing with metamaterial leads to provide a manufacturing or
fabrication process advantage in terms of the level of difficulty and economic

benefits. Thus, in 2006, the first type of the metamaterial-based absorber was

theoretically scrutinized [55]. Unlike the other conventional EM absorbers having %

requirement, studies on metamaterial absorbers showed from :—5 to even % [30,
56-58].

Figure 1.7 assists on understanding the fundamental differences between
the typical types of absorbers mentioned above and absorbers based on metamaterial.

Due to the advantage on volume to performance ratio and design flexibility,
metamaterial absorbers, regardless of its targeting frequency from GHz even up to
THz, having been widely applied to sundry fields such as detection and sensing. One
of the major applications of metamaterial absorber is thermal emitters [59, 60].
Moreover, applications on microbolometers using metamaterial absorber have been
reported [61, 62]. Practical application such as automotive radar, imaging, wireless

network, and etc. has vigorously developing [63].
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1.1.6 Reconfigurable metamaterial

Even if the metamaterial-based device for electromagnetic wave reflection
and transmission has higher degree of freedom in terms of meta-atom design
flexibility and better volume-to-performance ratio, metamaterial absorbers have
limitations and tolerance problems on losses and operational bandwidth resulting
narrow absorption. That is, a single narrow absorption could limit the sensitivity of
such sensor application device based on the metamaterial absorber.

One of the straightforward approaches to solve these drawbacks of
metamaterial is to change reflectance of meta-atom in any way. As a result of this,
many studies have been attempted to apply the tuning mechanism to metamaterials
recently.

In modern engineering society, the active control of metamaterial has been
reached by brilliant strategies. Macroscopically, frequency tuning methods of
metamaterial are categorized in three typical ways. One is using a special material
tuning characteristic itself, another is using electrical tuning components in
metamaterial, and the other is mechanical tuning.

Such intrinsic material tuning are shown below : liquid crystal [64-66],
graphene & carbon nanotube [67-69], ferroelectric/ferromagnetic material [70, 71],
optically pumped photo-conductive material [72-74], phase change material [75,
76], thermally controlled materials [77-80]. In here, like the inherent ambiguity of
taxonomy, the classification of phase change material and thermally controlled

material would cause unsureness as the phase change material are mostly activated
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by thermally controlled mechanism. However, distinguishing phase change material
and thermally controlled material, in the sense of all-encompassing a wide range of
ways to trigger phase change transitions in addition to thermally controlled
mechanism, can help, at least, to fathom the concept of the tunable metamaterial.

Another tuning category is electrical tuning mechanism : PIN diode [81-83],
varactor [84-86], non-Foster material [87, 88], semiconductors [89-93],
superconductors [94-96]. As well as a particular material mentioned above, it has
been proven that tuning of metamaterial be originated from materials integrated with
unique geometrical shape such as nanorods [97, 98], and Origami [99, 100].

However, the most straight forward of tuning metamaterials is to modify
displacement of meta-atom by mechanically tuning method [101-103].

Figure 1.8 shows the glimpse of the diversification of tuning mechanism in

metamaterial research.
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Figure 1.8. Tuning mechanism of metamaterials

On the subject of this tuning mechanism of metamaterial, the forte and the
counter demerits of each tuning methods are briefly summarized in the below Table

1.1.
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Table 1.1. Merits and demerits of the tuning mechanism

Tuning mechanism Strength

- Drastic change
- Resistant to contamination

Microfluidic L L
Mechanical - Elimination of bias circuitry
tuning None-MEMS - High structural freedom
mechanical - Applicability on multiple
tuning application
- High tuning ratio
- Fast tuning speed
PIN diode - Integration simplicity
- Appropriate on broadband-
switch
- High tuning ratio
- Fast tuning speed
Varactor - Simplicity of integration
Electrical
tuning
- Integration compatibility
Semiconductor with various substrate
- Ultrafast modulation
- Sufficient dynamic behavior
- Highly desirable features
Superconductor _ Ultra low losses
- Wide spectral range
- - Large birefringence
Liquid erystal - Agile tuning speed
Phase change Relat}vely fast swtchmg
. - Considerable tuning ratio
material
Material Optically  ~ Fast modulation

tuning  pumped material

- Relatively high performance
Graphene/ on nonli.near optical
conversion
Caron nanotube _ High performance in mid-
infrared range
- Relatively fast switching
- Considerable tuning ratio

Ferroelectric/
magnetic

20

Issues

- Low tuning speed

- Precise fluidic control
requirement

- Miniaturization limit
- Slow tuning

- Scaling limitation

- Parasitic impedance above
10GHz

- Bias distribution

- Change of impedance rather
than capacitance

- Parasitic impedance above
10GHz

- Bias distribution

- Continuous tuning capability - Limitation on broadband

spectrum

- Passive for RF frequencies
- Non-linear effects

- High-carrier density
requirement over THz

- Performance dependency
over Tc

- Thickness scaling issues

- Josephson nonlinearity

- Narrow liquid crystal phase
temperature

- Issues on molecular
anchoring (scaling difficulties)
- Temperature limitation

- Requirements of specific
fabrication and materials

- Relatively low efficiency

- Pumping intensity

- Lifetime issues

- Niche on applications

- Requirement of preprocess
on chemical potential

- Unsuitability except for IR
regime

- Temperature constraints



Furthermore, according to recent reviews on meta surface, a simple radar
chart about a brief glimpse on characteristics of metasurface tuning mechanism is
plotted. As shown in Figure 10, material-based tuning mechanism such as liquid
crystal, PCM, and etc. has demerits relatively on tuning speed, fabrication difficulty,
cost, and target frequency range. The electrical tuning mechanism secures a high
tuning ratio, rapid tuning speed, relatively accessible fabrication level, and somewhat
better cost-effectivity [104].

At any rate, metamaterial tuning mechanism using MEMS solution has quite
strength on applying target frequency band, structural flexibility, relatively

admissible tuning ratio, and relatively fair Q-factor value even though MEMS tuning

1.1.7 MEMS reconfigurable metamaterial

It is the MEMS-based tuning mechanism that fits the scale issue when
considering the wavelength that performs through the metamaterial device among
the mechanical tuning. The characteristic length of metal patterning, somehow called
meta-atom unit cell, would mean a form factor of a piece of microdevice or the
assemblage of microdevice spawned by MEMS solution which deliver impact on
metamaterial performance and determines resonant frequency, and that the length
maybe around 100 nm to 10 mm considering the resolution of photolithography, in
which approximately converted to 10 GHz to 1,000 THz in spectral frequency.

In this article, even though it would be a desirable act to wholly scrutinize
all the reference papers as much as possible, pre-study of many reference papers
related to MEMS tunable metamaterial would have been omitted and not been
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completed.

With deeply contemplating this in mind, research outcome of metamaterial
based on MEMS tuning mechanism might be better to categorized in manner of
spectral frequency and tuning ratio, tuning parameters, types of MEMS actuators and
the driving energy source of the MEMS actuators. MEMS tuning technology.

In frequency perspective, majority of MEMS-driven reconfigurable
metamaterial are focused in THz regime since the characteristic length of micrometer
scale is converted to THz domain. Researches on GHz region seldomly published.
In the second place, an electrostatic driven micro-cantilever is the most widely used
MEMS actuators as a tuning mechanism [48, 105-120]. A few researchers utilized
thermal energy or pneumatic driving [121-123]. Since the frequency shift inevitably
requires a displacement change meaning mechanical reconfiguration, the simplest
form is using cantilevers or minorly membrane as in vertical direction or is using
comb-drive actuators as in lateral direction [43, 124-130]. Moreover, these micro-
scale instrument inevitably involves the change of energy status and the most widely
used methods are electrostatic and electrothermal driving mechanism. Thirdly,
studies on a reconfigurable MEMS-driven metamaterial targets tuning of
polarization, transmission, and frequency. Given these points, Table 1.2 summarizes

recent studies related to keywords: MEMS, tunable, and metamaterial.
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1.1.8 Tunable metamaterial absorber

Figure 1.9 shows the summary of the tunable metamaterial absorbers in
terms of tuning mechanism and applied frequency range. Metamaterial-based
absorbers can accomplish both high absorptivity and a thin thickness with a simple
and low-cost fabrication. However, the metamaterial-based absorber has a decisive
disadvantage of narrow bandwidth caused by the resonance frequency characteristic.
To overcome the drawbacks of narrow bandwidth, studies on tunable metamaterials
have been actively presented.

The tuning of a metamaterial absorber can be categorized into four methods.
The first method is electrical tuning. Because the electrically tuning system uses
electrical active components such as a varactor or PIN diodes [84, 131, 132], a
metamaterial absorber with electrical tuning has a fast tuning speed, wide tuning
ratio, and high absorption range. However, these electrical components have a
limitation above the 10 GHz range due to the bias distribution and parasitic
impedance. Second, there is a method to realize a tunable metamaterial absorber by
changing the material properties using liquid crystals [133, 134], phase change
material [80, 135-137], graphene [138, 139], etc. Even though these material tuning
metamaterial absorbers have a wide spectral range, a relatively fast switching speed,
and a considerable tuning ratio, these materials have major disadvantages in
temperature constraints and unusual fabrication difficulties. Moreover, some studies
have applied a fluidic platform for tuning metamaterial absorbers [140]. The aqueous
solution injected above the metamaterial unit cell can dramatically affect the
refractive index. Though this fluidically tunable metamaterial has an exceptional
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tuning range, the fluidic tuning has an extremely low tuning speed and difficulties
with integration with other applications. The most straightforward way to achieve a
tunable metamaterial absorber is to mechanically reconfigure the metamaterial unit
cell. The deformation of the unit cell can simply lead to a resonance frequency
change without high loss, continuous power consumption, and temperature

limitations.
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1.1.9 MEMS reconfigurable metamaterial absorber

Studies related to MEMS-driven tunable metamaterial absorbers have been
published [141-143]. These studies apply cantilever beams as out-of-plane actuators
for the unit cell reconfiguration. However, these MEMS-based tunable metamaterial
absorbers are only found in the sub-THz and THz-regime because the MEMS
fabrication solution is suitable for only a characteristic length (A/4) of the sub-THz

and THz regime. Table 1.3 summarizes each MEMS tunable metamaterial absorber.
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Table 1.3. Summary of MEMS reconfigurable metamaterial absorber

Resonance frequency
(f)
Wave length (1)

Characteristic length
2
@)
Meta-atom unit cell

Type of MEMS
actuator

Driving of unit cell

Deflection direction
Maximum deflection

(6.9)

Fabrication
Sacrificial layer

Tuning range
Tuning ratio

Peak absorptivity

Driving voltage /
current

[141] F. Huetal.,
2016

Sub THz regime

f =0.61THz
A =491 um
122.75 pm

160 x 90 um?

cantilever
Individual unit cell
driving
Vertical, out-of-plane
¢ = 0.6°
HF wet etching
Phosphosilicate glass
Af = 0.06 THz
T 9%
About 60 %

V, =20V
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[142] M. Liuetal., = [143] X. LXuetal.,

2017
THz regime

f =1168 THz
A=261pum
65.25 um

60 X 60 um?

Suspended membrane

9 unit cells set driving

Vertical
6 =3 um
Oxygen plasma
Polyimide
Af = 0. 188 THz

A
7f=16%

Up to 80 %

V, =250V

2020
THz regime

f =0.68 THz
A =441 pm
110.25 pm

80 x 105 pm?

cantilever

Individual unit cell
driving
Vertical, out-of-plane
¢ =54°
Oxygen plasma
Polyimide
Af = 0.01 THZ

Af
—=15%
f

95.6%

I =1200 mA



1.1.10 Tunable metamaterial absorber for Ka-band

This Ka-band is a blind spot for achieving a tunable metamaterial absorber
because it is not quite easy to apply the electrical, material, fluidic, and mechanical
tuning methods for the millimeter-wave length. Today, a tunable metamaterial
absorber for the Ka-band is only achieved by utilizing liquid crystals [144]. In this
study, a Ka-band tunable metamaterial absorber is implemented by using the change
in the relative permittivity of nematic liquid crystals according to the application of
a bias voltage. Even though this approach has advantages of low loss, mature
fabrication, and relatively large tuning range, it has a limitation on temperature
sensitivity and requires continuous energy consumption for frequency tuning,
Summary of this Ka-band tunable metamaterial absorber using liquid crystal is

briefly explained in Figure 1.10 and Table 1.4.
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Table 1.4. Summary on Ka-band tunable metamaterial absorber using liquid crystal

MTunable triple-band millimeter-wave absorbing meta-surface based on nematic liquid crystal s

Tuning method

Material tuning (Nematic liquid crystal)

Resonance frequency

f, = 25.4 GHz, f, = 28.7 GHz,f; = 32.8 GHz

Tuning ratio % =9.5%, % =9.1%, % = 8.58%
Bias voltage DC5V
Explanation by change of relative permittivity of nematic liquid crystal in
short axis(e, = 2.4) and long axis(g; = 3.2)
Summary Proof of circuit model and full wave simulation
- Calculation of inductance (L; = 4.99 pH, L, = 5.7 pH, L; = 6.4 pH)
and capacitance (C; = 3.77 pF, C, = 5.37 pF, C3 = 6.09 pF) of metal strip
- Low loss of nematic liquid crystal
Advantage - Mature fabrication of liquid crystal

- Relatively large tuning range

Disadvantage

- Temperature sensitivity of the effective permittivity of nematic liquid
crystal

- Continuous dc bias

31



1.2 Originality and contribution

In this study, we attempt for the first time to exploit the MEMS solution for
realizing a frequency tunable metamaterial absorber for the Ka-band (26.5 — 40 GHz)
which is a blind spot for the tunable absorber. We resolved the scaling issue of
applying the MEMS solution in the Ka-band by designing the SRR unit cell to have
a sub-mm scale stress-induced cantilever. Stress-induced cantilevers with initial out-
of-plane deflection act as variable capacitances in SRR to realize frequency
tunability. This realization is achieved by the ashing process with specific conditions.
However, the general cantilever shape has limitations in terms of high uniformity
and reproducibility. In this paper, the cantilever shape is constructed with
semicircular geometry to improve uniformity and reproducibility. Moreover, an
incremental etching hole is introduced to release the distribution of stress generation
during the plasma process. With an improved realization of the semicircular
cantilever, the tuning range and the tuning ratio of the Ka-band tunable metamaterial

absorber have shown sufficient results compared to other absorbers in Ka-band.
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1.3 Document structure

This dissertation is specifically organized by following research contents.

In chapter 2 of this thesis, the evolution of the shape of the stress-induced
cantilever will be discussed.

In chapter 3, the 1* design of Ka-band MEMS tunable metamaterial absorber
with stress-induced cantilever array will be thoroughly explained.

In chapter 4, the 2™ design of Ka-band MEMS tunable metamaterial absorber
with stress-induced rectangular cantilever with incremental etch hole spacing to
overcome the characteristic of having a larger width than length will be introduced
and described in detail.

In chapter 5, a final evolved design of Ka-band MEMS tunable metamaterial
absorber with stress-induced semicircular cantilever with incremental etch hole
spacing to maximize uniformity would be described.

Finally, in chapter 6, a conclusion and eventual summary of this total

dissertation on MEMS-driven metamaterial absorbers are organized.
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CHAPTER 2. Stress-induced sub-mm scale cantilever

2.1 Initial design

As widely acknowledged, many papers presented studies on MEMS
cantilevers with hundreds of micrometer-scale lengths. These MEMS cantilevers are
released by various fabrication approaches. First of all, research based on wet-
etching has been widely attempted. However, the larger the cantilever, the more
possible the cantilever to fail by stiction from the high surface energy of wet
chemicals. Secondly, cantilever releasing by vapor gas has also been widely studied.
Despite its simplicity, it is not appropriate for a monolayer metal cantilever structure
to generate sufficient deflection because the deflection of the cantilever is mainly
dependent on the intrinsic stress of the metal film. Instead, some studies focus on the
mechanical properties of MEMS cantilevers with an out-of-plane deflection by using
plasma ashing [145, 146]. Figure 2.1 shows the results of MEMS cantilever beams
fabricated by plasma ashing. This cantilever releasing method based on plasma
ashing is a very strong tool since the deflection can be controlled by the various
conditions of the ashing processes such as ashing cycles and ashing times. In this
paper, the plasma ashing process which etches photoresist-based sacrificial layer will

be utilized to realize cantilevers with deflection.
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Figure 2.1. Deformation of electroplated MEMS cantilever beams released by

plasma ashing [145]

Furthermore, a sub-mm scale cantilever with a sufficient stress gradient is
required to work in the Ka-band regime. The initial design of the cantilever beam is
tested to have 0.4 mm in length and 0.8 mm in width with a 20 pum square etch hole
and 20 pm square etch hole.

As shown in Figure 2.2(a), Asher 1 (V15-G, Plasma finish) in
Interuniversity Semiconductor Research Center is used for releasing AZ 4330
photoresist sacrificial layer. The plasma power induced by 2.45 GHz microwave, the
chamber pressure, and the oxygen gas (0) flow are 300W, 150 Pa, and 150ml/min,
respectively. The maximum ashing process time is 10 min, due to the excessive heat
generation. The cantilever beam is released by 1 to 3 cycles of 10 min ashing cycles.

The samples of absorbers are loaded in the mesh as shown in Figure 2.2(b).
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(a) (b)

(1)

L LA

TN

Figure 2.2. (a) Photographs of Asher 1 (b) Sample loading in asher chamber

Beam width affects lateral stress no matter how carefully and thoroughly
releasees the cantilever beam as shown in Figure 2.3. The solution to break through
difficulties is to cut one cantilever into a suitable size, where the length is much

longer than the width.

ERE R R R )
SEREE R )

s

54800 15.0kV 1

Figure 2.3. SEM image of sub-mm scale cantilever after releasing: (a) Non-uniform

curvature of Au film (b) Strong stress generation in the lateral axis
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2.2 Cantilever arrays with stress gradient

2.2.1 Preliminary experiment

Various experiments on cantilever beam shapes, metal selection, and beam
parameters such as width or thickness have been conducted to improve the non-
uniformity of the cantilever shown in the previous section. Various metal types such
as gold, titanium, aluminum, gold-titanium bilayer, and chromium-titanium bilayer
are tested to find out the most suitable for generating appropriate stress gradient.
Also, thickness difference creates unpredictable stress gradient direction. Especially,
a number of arrays is something to consider because more number of an array the
more unfavorable to achieve uniformity as shown in Figure 2.4.

(a) (b

g1 50um width

g2l : 80um width

&l : 100um width

() (@

Figure 2.4. Failure examples: (a) Excessive ripple generation in Au film (b) Failure
of releasing broad width cantilever beams (c) Excessive stress generation in titanium

film (d) Opposite stress gradient in titanium-gold bilayer
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2.2.2 Design

Considering previous experiments, the length, width, and the space of the
cantilever beam are decided to be [, = 400 um, wy, =50 pm, and s = 12 pm.
Through experiments, it was determined that 1 um thickness of aluminum was the
optimal film thickness for out-of-plane deformation. The initial design is described

in schematic as shown in Figure 2.5.

Figure 2.5. Parameters for the 1% design of cantilever arrays with stress gradient
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2.2.2 Fabrication results
A stress-induced semicircle shape cantilever beam with 800 pum in length

and 400 pum in width is fabricated by surface micromachining. The cantilever beam
is composed of aluminum with a 1 pm thickness film. The Al film was sputtered
above a 3.4 pm thick AZ4330 photoresist sacrificial layer which is thermally cured
over 1 hour in 200 °C after spin coating at 5,000 rpm. The condition of the ashing
process is the same as in Section 2.1. A total of 2 cycles of plasma ashing process
are performed at intervals of one day for 10 minutes per cycle. Figure 2.6(a) is the
SEM image of cantilever arrays released with curvature. Even though the sample in
Figure 2.6(b) is released with relatively good uniformity, the majority of samples

have failed to achieve array-to-array uniformity or beam-to-beam uniformity.

(a) _ (b)

$4800 15.0kV 9.8mm

Rals i Ty R e SRR S S SRy L A S

Figure 2.6. SEM image of fabricated cantilever array (a) lateral view of cantilever
array with stress gradient (b) Cantilever array with better uniformity (c) Cantilever

array with worse uniformity
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2.3 Rectangular shape sub-mm scale cantilever with

incremental etch hole spacing

2.3.1 Preliminary experiment

Low plasma power oxygen plasma ashing in RIE etcher (RIE 80 plus, Oxford)
is tested to investigate the uniformity of the cantilever. RF power in the RIE chamber
is 200 W and the oxygen flow is about 150 ml/min. Despite the expectation that less
plasma power of the RIE process will improve uniformity compared to high power
ashing chamber and the shape of the cantilever eliminates lateral stress generation,
the etched holes at equal intervals are not conducive to the fabrication of the
cantilever because the etch rate on the anchor side is faster. Figure 2.7 shows the
remaining level of the sacrificial layer as the cycle increase. Therefore, a low plasma
power process is not a good approach because it takes a long time if the etch pattern
is not considered. Figure 2.8 shows that excessive oxygen plasma etching can deform
metal film properties. Thus, time should be considered as an affecting variable in

cantilever releasing.
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High etch rate  Low etch rate  High etchrate Low etchrate  High etch rate Low etch rate

(@

High etch rate  Low etch rate

» » »

Figure 2.7. Microscope images after sacrificial layer cyclic

»

etching in cantilever

beams with equally spaced etching holes under low plasma power (a) 50 cycles (b)

60 cycles (c) 70 cycles (d) 80 cycles

High etch rate
(undercut)

Figure 2.8. Ripple generation under long plasma etch time
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2.3.2 Design

To release the cantilever beam as uniformly as possible by alleviating the
thermal effect, the etch hole and the space are incrementally arranged from the edge.
Figure 2.9 (a) shows the parameters for the etch hole array and spaces. The etch hole
size is d =8 pm. The first space length between the edge and the etch hole of the 1
column is s; = 6 pm. The second space length between the etch holes in the first
column and the etch hole in the second column is s, =8 um. With the same principle,
the space length is set to be ascending from the open end of the cantilever to the
anchor of the cantilever by 2 pm as shown in Figure 2.9 (b). Summarized in Table
2.1, the detailed space is s3 =10 pm, s4=12 um, ss=14 pm, ---, s12 =28 pm, and
s13 = 30 pm. These incremental changes of the etch hole space lead to sequential
releasing from the edge. The designing above led to the total number of 391 etch
holes and 95.9% of effective area. Effective area calculation is important in absorber

samples which will be discussed later.
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Table 2.1. Dimension and etch hole shape of rectangular cantilever beam

Parameters Description Value Unit
d The diameter of etch hole 8 pm
wy The width of the beam 800 pum
lp The length of the beam 400 pm
e The length of the edge and 1% column 6 pum
s The space between 1% column and 2nd column, 3 m
1 The space between etch holes in 1% column K
s The space between 2" column and 3™ column, 10 m
2 The space between etch holes in 2" column K
s The space between 3™ column and 4™ column, 12 m
3 The space between etch holes in 3™ column K
s The space between the 4™ column and the 5™ column, 14 m
4 The space between etch holes in the 4" column K
s The space between the 5™ column and the 6™ column, 16 m
5 The space between etch holes in the 12" column K
s The space between the 6™ column and the 7™ column, 18 m
6 The space between etch holes in the 6" column K
s The space between the 7™ column and the 8™ column, 20 m
7 The space between etch holes in the 7 column K
s The space between the 8™ column and the 9™ column, ” m
8 The space between etch holes in the 8™ column K
s The space between the 9™ column and the 12 column, 24 m
9 The space between etch holes in the 9™ column K
s The space between the 10™ column and the 11% column, 2% m
10 The space between etch holes in the 10* column K
s The space between the 11" column and the 12" column, 28 m
1 The space between etch holes in the 11" column K
s The space between the 12 column and the 13 column, 30 m
12 The space between etch holes in the 12 column K
tp The thickness of the cantilever beams 1 pm
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2.3.2 Fabrication

A stress-induced rectangular shape cantilever beam with 800 pm in length and
400 pm in width is fabricated by surface micromachining. The cantilever beam is
composed of aluminum witha 1 pm thickness film. The Al film was sputtered above
a 3.4 pm thick AZ4330 photoresist sacrificial layer which is thermally cured over 1
hour in 200 °C after spin coating at 5,000 rpm.

The Al thin film deposited by sputtering inevitably has residual stress during
the deposition process. Residual stress is affected by various factors such as the
thickness or shape of the thin film, the oxidation level of the thin film, the surface
crystallization related to the pressure or temperature during the process, the
difference in the thermal expansion coefficient, and impurities on the surface. The
MEMS cantilever is subjected to significant thermal deformation in the additional
oxygen plasma ashing process. The ashing process is conducted at a 300 W RF power,
and an oxygen flow rate of 150 sccm with a V15-G plasma asher (SIEMENS).
Previous studies have shown that the deflection of the cantilever is affected by
complicated factors such as the plasma temperature distribution and the changes in
the surface metal properties [146].

To release the cantilever beam as uniformly as possible by alleviating the
thermal effect, a cyclic ashing process is performed. The step time of the ashing is 5
min per cycle. Sufficient cooling of the asher chamber is conducted for more than

10 min between steps.
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Figure 2.10 shows the microscope image of a rectangular cantilever changing
over the cycle from 0 to 9 cycles. The beam bending starts from the open-end tip of
the cantilever. As the area of the dark part increases, the deflection increases. Figure
2.11 is a microscope image taken from the backside, and it can be seen that the

sacrificial layer is released from the beam edge.

Figure 2.10. Top view optical images of cantilevers after cycles of ashing process:
(a) 0 cycle (b) 1 cycle (¢) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5 cycles (g) 6 cycles

(h) 7cycles (i) 9 cycles
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Figure 2.11. Backside view after of photoresist sacrificial layer residues after cycles
of ashing process: (a) 0 cycle (b) 1 cycle (¢) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5

cycles (g) 6 cycles (h) 7cycles (i) 9 cycles

For more accurate investigation, sequential releasing of the rectangular
cantilever is captured by SEM as shown in Figure 2.12. Beam deflection starts from
the 5™ cycle. The profile of the open end of the cantilever beam is measured using a
3D surface profiler as shown in Figure 2.13. The profile in Figure 2.13 (c) indicated

that stress majorly acts in the lateral direction, showing a corrugated profile.
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Figure 2.12. SEM images of MEMS cantilevers with semicircle shape after cycles
of ashing process: (a) 0 cycle (b) 1 cycle (¢) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5

cycles (g) 6 cycles (h) 7cycles (i) 9 cycles
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Figure 2.13. (a) Optical 3D surface profile of released MEMS cantilever (b) Profile

measurement for the open end of cantilever (c) Profile of open end of rectangular

cantilever
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2.4 Semicircular sub-mm scale cantilever with incremental

etch hole

2.4.1 Design of semicircular sub-mm scale cantilever with
incremental etch hole

To release the cantilever beam as uniformly as possible by alleviating the
thermal effect, the etch hole and the space is incrementally arranged from the edge.
Figure 2.14 (a) shows the parameters for the etch hole array and spaces. The etch
hole size is d = 8 um. The first space length between the edge and the etch holes
within the 1% radius is 51 =6 pm. The second space length between the etch holes in
the first radius and the etch hole within the second radius is s, = 8 um. With the
same principle, the space length is set to be ascending from the edge of the cantilever
to the anchor of the cantilever by 2 pum. As shown in Figure 2.14 (b). The detailed
space is s3 = 10 pm, s4 = 12 pm, s5 = 14 pm, -+, s;p =28 um, and 513 = 30 pm.
These parameters are organized in Table 2.3. These incremental changes of the etch
hole space lead to sequential releasing from the edge. Designing above lead to total

number of 451 etch hole and 93.9% of effective area.
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The 1%t radius
The 2™ radius

The 3% radius

Figure 2.14. (a) Design parameters of cantilever beam with semicircle shape (b) Etch

hole arrangement
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Table 2.2. Dimension and etch hole shape of semicircle cantilever beam

Parameters Description Value Unit
d The diameter of etch hole 8 um
s The space between edge and the 1t ‘radius, 6 m

1 The space between holes in the 1™ radius H
s The space between the 1™ radius and the 2" radius, 8 m
2 The space between holes in the 2" radius H
s The space between the 2" radius and tge 3" radius, 10 m
3 The space between holes in the 3™ radius H
s The space between the 3" radius and tne 4" radius, 12 m
4 The space between holes in the 4" radius K
s The space between the 4" radius and the 5" radiius, 14 m
5 The space between the holes in the 5" radius K
s The space between the 5 " radius and the 6" radius, 16 m
6 The space between holes in the 6 radius K
s The space between the 6 radius and the 7' radiius, 18 m
7 The space between holes in the 7" radius K
s The space between the 7" radius and the 8" radiius, 20 m
8 The space between holes in the 8" radius K
S The space between the 8™ radius and the 9" radius, 29 m
° The space between holes in the 9" radius K
s The space between the 9™ radius and th 10" radius, 24 m
10 The space between holes in the 10" radius K
s The space between the 10%" radius and tme 11" radius, 26 m
1 The space between holes in the 11" radius K
s The space between the 11" radius and tme 12" radius, 28 m
12 The space between holes in the 12" radius K
s The space between the 12" radius and tme 13" radius, 30 m
13 The space between holes in the 13" radius K
R The radius of the cantilever beam 390 pum
ty The thickness of the cantilever beams 1 pum
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2.4.2 Fabrication

A stress-induced semicircle shape cantilever beam with radius an R =390 pm
is fabricated by surface micromachining. The cantilever beam is composed of
aluminum with a 1 pm thickness film. The Al film was sputtered above a 3.4 pum
thick AZ4330 photoresist sacrificial layer which is thermally cured over 1 hour in
200 °C after spin coating at 5,000 rpm. Figure 2.15 is a magnified microscope after
cantilever beam patterning. The cantilever beam profile is measured by the surface

profiler before the ashing process as depicted in Figure 2.16.
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Figure 2.16. Cantilever profile before release
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The ashing process is conducted at a 300 W RF power, and an oxygen flow rate
of 150 sccm with a V15-G plasma asher (SIEMENS). Previous studies have shown
that the deflection of the cantilever is affected by complicated factors such as the
plasma temperature distribution and the changes in the surface metal properties.

To release the cantilever beam as uniformly as possible by alleviating the
thermal effect, a cyclic ashing process is performed. The step time of the ashing is 5
min per cycle. Sufficient cooling of the asher chamber is conducted for more than
10 min between steps.

Figure 2.17 shows the microscope image of the semicircular cantilever
changing over the cycle. The beam bending starts from the end tip of the cantilever.
As the area of the dark part increases, the deflection increases. Figure 2.18 is a
microscope image taken from the backside, and it can be seen that the sacrificial

layer is released from the beam edge.

53



(d)

(c)

(©)

(2)

Figure 2.17. Top view optical images of cantilevers after cycles of ashing process :

(a) 0 cycle (b) 1 cycle (¢) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5 cycles (g) 6 cycles

(h) 7cycles

54



Figure 2.18. Backside view after of photoresist sacrificial layer residues after cycles
of ashing process : (a) 0 cycle (b) 1 cycle (c) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5

cycles (g) 6 cycles (h) 7cycles

Figure 2.19 (a) to (h) show the SEM image from 1 cycle to 7 cycles of the
oxygen plasma ashing. SEM image indicated that sacrificial layer holding on
semicircular cantilever unit 3 cycles of ashing process and starts to bend upward
from 4 cycles of ashing. At each step, the maximum end-tip deflection is measured
using an optical 3D surface profiler (NanoFocus uSurf) as described in Figure 2.20
(a). The cantilever shows no change until 3 cycles of ashing, but shows a deflection
of 20 pum at 4 cycles, 31.7 pum at 5 cycles, 38.5 pm at 6 cycles, and 59.4 pum at

7cycles as shown in Figure 2.20 (b).
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Figure 2.19. SEM images of MEMS cantilevers with semicircle shape after cycles
of ashing process : (a) 0 cycle (b) 1 cycle (c) 2 cycles (d) 3 cycles (e) 4 cycles (f) 5

cycles (g) 6 cycles (h) 7cycles

(@) (b)

Maximum tip deflection (um)

34 34

1<;yc 2c’yc 3c'yc 4c'yc Sc'yc Ec'yc 7c’yc
Ashing cycles [ 5 min per cyc]

Figure 2.20. (a) 3D surface profile image of the stress-induced cantilever after 7

cycles of plasma ashing (b) Maximum deflection with cycle change
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CHAPTER 3. The 1* design of MEMS tunable
metamaterial absorber with cantilever arrays for

continuous tuning

3.1 General overview

The entire schematic view of the proposed MEMS-driven frequency
tunable metamaterial absorber is shown in Figure 3.1. The absorber is designed to
be characterized with a waveguide measurement setup which will be described in
section 3.4. From the bottom to the top, the absorber consists of an aluminum ground
plane on the backside, a glass substrate, electrode pads/bias lines/driving electrodes
which are all made of aluminum, silicon dioxide layers on the driving electrodes,
and bias lines for electrical isolation, and two SRR unit cells. Each SRR unit cell
contains 4 sets of aluminum cantilever arrays, and each array consists of 12
cantilevers as shown in Figure 3.1 (b). Each cantilever beam at the initial off-state is
curved upward due to a stress gradient in the aluminum film as described in Figure
3.1 (c), bending downward to the on-state (Figure 3.1 (d)) when an electrostatic
driving voltage is applied to the electrode pads. The resonant frequency shifts from
the initial off-state to the on-sate due to the capacitance change that occurs by the

deflection of the cantilever beams.
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Common electrode pad
(Al) MEMS metamaterial absorber
unit cell

Driving electrode pad
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Bias lines
(Al covered with SiO,)

Glass substrate
Ground —

(backside, Al)

(e MEMS cantilever beams (d) MEMS cantilever beams
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Figure 3.1. Design of the 1* absorber (a) Perspective illustration of the 1% absorber
sample (b) Schematic of unit cell (c) Initial state of MEMS cantilever beams bent

upward (d) MEMS cantilever beams actuated downward
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3.2 Design

Figure 3.2 shows the unit cell schematic and parameters used for designing
the 1% absorber. As shown in Figure 3.2 (a), the SRR structure of the unit cell is in a
symmetry shape. Also, 12 cantilevers in each bottom electrode site are aligned with

12 um space. The detailed value of the parameters is described in Table 3.1.

(a) (b)

FETTTETETT
LELLEELELL]

FEELLLLLLL]

. Al - Si0; Glass

Figure 3.2. Design parameters of the 1°' absorber (a) Unit cell parameters (b)

Parameters of cantilever array and bottom layer (c) Parameters shown in lateral view
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Table 3.1. Dimension of the 1% design

Parameters Description Value Unit
d The line width of the electrode line 40 pm
ly The edge length of the unit cell 200 pm
l, The middle length of the anchor 800 pm
I3 The length of the anchor 1 mm
l, The length of the dielectric film 300 um
w The width of the SRR unit cell 3 mm
W, The width of the dielectric film 800 um
lp The length of the cantilever beam 400 um

Wy The width of the cantilever beams 50 um
s The space between cantilever beams 10 um
wy The margin of the array edge 45 pm
ty The thickness of the cantilever beam 1 pum
g The gap of the initial sacrificial layer 2.5 pum
tox The thickness of the silicon oxide 500 nm
te The thickness of the electrode pad 500 nm
h The thickness of the glass substrate 500 um
ty The thickness of backside Al 200 nm
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3.2.1 Split ring resonator and simulation

Figure 3.3. is the equivalent circuit for the metamaterial absorber because
the cantilever functions as variable capacitance. The frequency tunability can be

realized by the following equation:

f = 1 Eqn. 3.1
" 2n/LC,..

where, f, is resonant frequency, L and C,,. are inductance and capacitance

of the SRR, respectively.

R L Coar

AJd Zd

Figure 3.3. The equivalent circuit of metamaterial absorber

In order to design and optimize the electromagnetic (EM) response of the
proposed absorber, commercial full-wave EM simulation software (Ansys HFSS) is
used. Figure 3.4 shows the electric field distribution of the proposed metamaterials
absorber unit cell. The electric field was strongly distributed between the cantilever
and aluminum of the SRR. Accordingly, SRR capacitance (C,.r) can be regulated by

a cantilever beam angle.

61



Sio,

E. Al ; ;
x = . Aluminum Aluminum
| R a
k 0 80 [V/m]

Figure 3.4. Electric field distribution of the proposed metamaterial absorber unit

cell.

Initially simulated EM characteristics of the designed absorber are shown in
Figure 3.5. For simplicity of the simulation, MEMS cantilever beams are assumed
to be flat, linear structures, instead of the upward curved structures that the fabricated
MEMS cantilevers beams would really have. Figure 3.5 (a) shows the simulated
reflection and transmission coefficient when the cantilever beam has a flat structure.
The initial flat cantilever beam structure had -18 dB of reflection coefficient at 26.4
GHz of resonance frequency. Since the bottom plane was totally covered with

metallic ground, the transmission coefficient was below -60 dB. Accordingly, the

normalized real and imaginary impedance (ZZ—M) were 0.78 and 0.12, respectively, as
0

shown in Figure 3.5 (¢). As a result, the proposed metamaterials absorber had 98.5%
absorptivity at 26.4 GHz as shown in Figure 3.5 (b). To check frequency tunability,
the reflection coefficients were simulated according to the cantilever beam angle
variation. As expected from Figure 3.5 (d), the absorption frequency was increased
from 26.4 GHz to 28.4, 30.2, 32.3 and 33.5 GHz when the cantilever beam angle
was increased from 0° to 2°, 4°, 6° and 8°, respectively. Therefore, the frequency
tunability was confirmed by numerical simulation according to the cantilever beam

angle variation.
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Figure 3.5. Analysis of the electromagnetic characteristics of the proposed

metamaterial absorber. (a) Reflection and transmission coefficients when cantilever

beam angle is 0° (b) Absorptivity calculated from the simulated S-parameter results

(c) Normalized impedance from free space impedance of the proposed metamaterial

absorber (d) Reflection coefficient results according to the cantilever beam angle

variation.
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3.2.2 Capacitance of cantilever with stress gradient

Furthermore, the beam height is also correlated with the curvature of the
entire beam, and each beam height and curvature is correlated with the C value in
the LC resonator, so the beam height affects the resonant frequency of the absorber.
In the SRR structure resonator of this study, capacitance is formed between the
beams and the bottom electrode.

Assuming that the beam profile is g(x), it can be roughly obtained by the

following equation.

Lergowy Eqn. 3.2

Cbeam = f L dx qn. 5.
x, 9&)

where ¢, is the effective permittivity considering the air layer and the

oxide layer, wy, is the beam width, and x; and x, are the integral ranges.

Therefore, since the beam height d is roughly % and the resonance

. . 1 .
frequency f is proportional to — , the resonance frequency value in the absorber

NG
is greatly affected by the height difference between the Al beam and the bottom
electrode. That is, the frequency f is roughly proportional to +/d. Furthermore, if
an external force acts and the cantilever beam is deflected and the height difference
between the beams is reduced, the frequency shifts and the value drops. In this paper,
the height of the cantilever beam was adjusted by electrostatic driving to change the

frequency.
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B Numerical approach in simplest form

For a brief description of the mechanical behavior of the beam with the width
(wp,) and the length (L), the simplest way is to start with the capacitance of the curled
beam at position x. It is better to set the parameter x by assuming the position of
the anchor of the beam as x = 0, with the silicon oxide layer and ground to be

inclined from (x = Lg) to (x = L) as shown in Figure 3.6

Beam [___Jl &
Wy,
g 0
d,
R
SiOx t Lax
;t T
9 Common

1 dy, Electrode E—
Substrate A

x= 0/7////:‘11/4;; Ly ]
@)
Figure 3.6. Cantilever profile for capacitance calculation

Ignoring the fringing effect, the capacitance of the silicon oxide can be
calculated by the relative permittivity of silicon oxide (& o) and the thickness of the

silicon oxide layer (t,).

_ gr,oxSOWb (L - LO)

tOX

COX

Eqgn. 3.3

where &y is the vacuum permittivity.

Additionally, assuming the profile of the cantilever after the ashing process to
fit the curvature approximately with radius (R) and arc length (L), it is possible to
calculate the air-gap capacitance using the maximum tip end deflection (d,,4,)- The

radius of curvature can be briefly calculated by solving the following relationship.
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L
R (1 — cos (E)) = dmax Eqn. 3.4
Thus, the simplest approximation by which to calculate the capacitance of the

air gap between the silicon oxide layer and the beam can be written in the following

form.

Xy, 1

Cair—gap = EWp LO g+R (1 _ cos (%)) dx Eqgn. 3.5

where g is the initial gap of the sacrificial layer.
Thus, the capacitance between the single cantilever and the ground is the serial
summation of the silicon oxide capacitance and the air-gap capacitance.

C. = CoxCair—gap
' Cox + Cair—gap

Eqn. 3.6

In the reference paper, if the beam has an ideal curvature, the length in the x-
direction is L, and the height d at the end of the beam, the pull-in voltage can be
roughly calculated as follows.

That is, the tip deflection §(x) at position x, with the curvature q(x) caused
by a concentrated load can be expressed by Young’s modulus (E), the moment of
inertia of the beam (1), the width of the beam (wy,), and the length of the beam (L)
[147].

2

x
- _ Eqgn. 3.7
6(x) SET (BL — x)wpq(x)dx q

Here, g(x) can be modeled by the following expression.:

2
KeffSO V

R VR CR c3)

where k.rr is the effective dielectric constant for the gap and V' is the applied

q(x) = Eqn. 3.8
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voltage. Here, the effective dielectric for the gap between the beam the common
electrode is calculated to be 1.048.
Thus, the tip deflection caused by the applied voltage can be determined known

by integrating over the x-axis.

dx Eqgn. 3.9

3.2.3 Electrostatic driving of cantilever

In the case of an electrostatically driven MEMS cantilever, assuming that
the cantilever is an Euler-Bernoulli cantilever, the potential energy of the cantilever
is expressed as the sum of electrical potential energy (U, ) and bending strain energy
(Un).

uU=0U,+U, Eqgn. 3.10

First of all, if the initial profile of the beam is called g(x) and the reduced

deflection function when voltage V is applied is called w(x), in the case of U, is

in following equation [148].

_ _ V_2 aC(x) _ ewpV?
U, = fFe(x)dx = f 2 3(g00) —w@) = _fZ(g(x) —w () dx Eqn. 3.11

Moreover, bending strain energy U, could be written in following form.

EI [ (d*w
Um = 7 W dx Equ 3.12

Where E is Young’s modulus, and I is a cross-sectional area moment.
In the same vein, for a general upward curved cantilever beam, assuming that
w(x) is a cubic equation with respect to x, w(x)=0 at x = 0 and the beam is not linear,

then it is available to assume w(x) to be linear combination of polynomial by
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Taylor expansion.
w(x) = ngx? + npxs Eqn. 3.13
With this assumption, the beam must satisfy to be in a static equilibrium state.

oU _ 9U
=—=0

— == Eqn. 3.14
g Iy a

Here, n, and 7, are known, and if voltage V is applied, the beam deflection
height in static equilibrium can be known.

Furthermore, when 71, and 1, are known, the equilibrium state is converted
to a non-equilibrium state under the conditions that pull-in occurs.

90U _9°U _

v _0°Y _ Eqn. 3.15
onz  on} i

®m  Analytical approach

The pull-in voltage of a single curled cantilever beam can be simply
calculated using an analytic approach. Assuming that the beam has uniform
curvature showing the maximum tip end deflection (d,,4y ), the pull-in
voltage (Vpuii-in) can be expressed by the Young’s modulus of metal (E), the
possion ratio of metal (v), the initial gap (g), and the dimensions of the
cantilever beam. The analytic equation for the pull-in voltage is as in the

following expression [149].

N =

Eqn.
d 2t3gE/(1 —v?
Vor = <1 +1015 =% 5 b(;qv;( )0 19 0.4t0°
8.37¢,lp (6_92 + g1.zs;wl§).7s g1.zlslg475 gll.s‘l;vb) 3.16

68



However, in the absorber unit cell structure of this paper, the beam and
the bottom electrode are not precisely aligned, so a more complex formula
must be used to obtain analytically accurate results. Therefore, it is much
precise, to use commercial finite element method (FEM) simulation on
calculating the pull-in voltage as shown in Figure 3.7.

(a) (b)
144 3q

= Calculated

134 * COMSOL |

= Calculated
e  COMSOL

Capacitance (fF)
Tip Deflection (um)
L]

6 1‘0 1‘1 1'2 1.3 1'4 1‘5 (I] 1'0 1'1 1'2 1'3 1‘4 1'5
Voltage (V) Applied Voltage (V)

Figure 3.7. Comparison of numerical calculation and FEM simulation on (a)

capacitance (b) tip deflection

3.2.4 Stress analysis & PR ashing

The metal film deposited on the sacrificial layer of the steel modifier inevitably
has residual stress during the deposition process. Residual stress is expressed as
compressive stress or tensile stress due to various conditions such as the thickness
or shape of the thin film, the difference in the degree of oxidation of the thin film,
the crystallization difference according to process conditions such as pressure or
temperature, the difference in the coefficient of thermal expansion between the
substrate and the thin film, and impurities on the surface. Therefore, during the

sputtering process, a stress is applied on the metal beam by the main causes rooted
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by a difference in the coefficient of thermal expansion of the glass substrate and the
metal on a polymer-based hardbaked photoresist. This metal beam is additionally
subjected to an oxygen plasma ashing process in the form of dry etching. At this
point, the -C H, bond of the photoresist-based sacrificial layer under the metal beam
is decomposed into carbon monoxide, carbon dioxide, and water vapor by active
oxygen, generating a huge amount of heat. As a result, the Al beam receives a thermal
stress at the bottom due to the difference in temperature between the upper and lower
part of the film. At this time, according to the magnitude of the stress, the metal beam
fixed on one side has a specific bending and the height difference is shown at the
other end. In particular, ideally, if the stress of the beam has a linear relationship with
the thickness and it is assumed that the thickness of the beam is significantly smaller
than the width, the height difference (d) and the stress (o) at the beam end have the
following relationship according to the Euler beam theory [146].

Otop — Obottom _ 2E d

. =172 Eqn. 3.17

In this case, E is Young's modulus and v is Poisson's ratio.

70



3.3 Fabrication

3.3.1 Fabrication process

The overall fabrication process for the proposed absorber is illustrated in
Figure 3.8. A 4-inch, 525-um-thick borosilicate glass wafer is used as the substrate
for the absorber. The wafer is cleaned in a 4:1 mixture of sulfuric acid (H.SO4) and
hydrogen peroxide (H>O,) to remove contaminants. On the backside of the wafer, a
300-nm-thick aluminum layer is deposited by means of metal sputtering as a ground
layer (Figure 3.8 (a)). On the topside, common electrodes for the bias pads, driving
electrodes and bias lines are patterned by metal sputtering of a 500-nm-thick
aluminum layer and a lift-off process using negative photoresist (DNR-L300,
DONGIJIN SEMICHEM CO. (Figure 3.8 (b)-(d)). Next, a 500-nm-thick silicon
dioxide layer is deposited using plasma enhanced chemical vapor deposition
(PECVD) and patterned by reactive ion etching process using carbon tetrafluoride
gases to prevent electrical shorting between the MEMS cantilevers and driving
electrodes (Figure 3.8 (e)-(g)). After that, a positive photoresist (AZ 4330) is spin-
coated at the speed of 5,000 rpm and patterned by a photolithography step as a
sacrificial layer. The sacrificial layer is then thermally cured on the hot plate at the
temperature of 210°C for 1 hour in order to make it stable to the subsequent
processing steps (Figure 3.8 (h)). The final thickness of the sacrificial layer after this
thermal treatment is about 2.5 pum. Next, cantilever beam arrays are patterned by
aluminum sputtering and a lift-off process using negative photoresist, again the

DNR-L300 (Figure 3.8 (i)-(k)). Finally, oxygen plasma ashing of the sacrificial
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photoresist layer is used to release the cantilevers without stiction problem (Figure
3.8 (1)). The ashing process is performed under a RF power of 300 W, an oxygen

flow rate of 150 sccm and a chamber pressure of 100 Pa as in Section 2.

(a) Backside Al deposition  (b) 1! photolithography (c) Al sputtering
(d) Metal lift-off (e) SiOx deposition (f) 2m photolithography

¢

(2) SiOx (h) 34 photolithography (i) 4% photolithography
& PR thermal curing

(G) Al sputtering (k) Metal lift off (1) Oxygen plasma ashing

Figure 3.8. Fabrication process flow
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Table 3.2. Fabrication process flow - recipe runsheet

Process flow
[1] 1" photolithography
Cleaning Wet station SPM10 min
QDR Wet station DI water 6min, Spin dry
Spin coating Spin coater Target: PR 2 um thickness HMDS 500 rpmx5 sec, _2500 rpmx7 sec
DNR-L-300-40 2000 rpm X 40 sec (*negative PR)
Soft bake 90 °C, 90 sec
Exposure Aligner 3 TSA, soft contact 200 mJ (25 mW X 8 sec)
PEB 110 °C, 90 sec
Develop Wet station DPD-200 60 sec
QDR Wet station DI water 6min, Spin dry
[2] Al deposition
Al depo. [ SRN sputter Al'’5000 A
[3] Metal lift-off
Lift-off Ultrasonic sonicator Acetone 10min
QDR Wet station DI water 6min, Spin dry
[4] SiO2 deposition
SiO2 depo. | oxfordPECVD | Target 5000 A recipe: ISRC 3000 A/min x 100 sec
[5] 2" photolithography
Spin coating Spin coater Target: PR 2 um thickness AZ4330 500 rpmx5 sec, 4000 rpmx35 sec
Soft bake Wet station 110 °C, 60 sec
Exposure Aligner 3 TSA (top side alignment), soft contact 400 mJ (20 MW x 20 sec)
Develop Wet station AZ 300K 2min 30 sec
Rinsing Wet station DI water 6 min
PEB 5 min
[6] SiO2 etch
Si02 etch Dielectric ICP Etcher Target 5000 A, recipe: ISRC 3083 A./min x 1 min 40 sec
PR selectivity 1.:1
PR strip SPM 10 min
[7] 3rd photolithography and thermal curing
Spin coating Spin coater Target: PR 2 um thick, after AZ4330 500 rpmx5 sec, 4000 rpmx35 sec
Bake 110 °C, 60 sec
Exposure Aligner 3 TSA (top side alignment), soft contact 400 mJ (20 mW x 20 sec)
Develop Wet station AZ 300K 2min 30 sec
Rinsing Wet station DI water 6 min
Sacrificial layer thermal curing 200 °C lhr
[8] 4" photolithography
Spin coating Spin coater Target: PR 2 um thickness HMDS 500 rpmx5 sec, 2500 rpmx7 sec
DNR-L-300-40 2000 rpm X 40 sec (*negative PR)
Soft bake 90 °C, 90 sec
Exposure Aligner 3 TSA, soft contact 200 mJ (25 mW X 8 sec)
PEB 110 °C, 90 sec
Develop Wet station DPD-200 60 sec
QDR \Wet station DI water 6min, Spin dry
[9] Al deposition
Al depo. | SRN sputter Al 10000 A
[10] Metal lift-off
Lift-off Ultrasonic sonicator Acetone 10min
QDR \Wet station DI water 6min, Spin dry
[11] Al deposition
Backside Al depo. | SRN sputter Al 2000 A
[12] Dicing
[13] Ashing and beam bending
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| Ashing | PR asher 1 | 10 min + 1day resting + 10 min, 150 sccm, 300 W

3.3.2 Fabrication results

Figure 3.9 (a) shows the photo of the fabricated MEMS tunable
metamaterial absorber sample. Only two out of 70 samples survived to verify.
However, one sample has failed to measure in the waveguides. Figure 3.9 (b) is the
microscope image of the upper cell and the lower cell. In the microscope image, it
can be decided whether the cantilever can be released or not. As shown in the figure,
cantilevers with stress gradient show dark image due to the diminish of light
reflection. Figure 3.9 (c) is the perspective SEM image of the metamaterial unit cell.

Moreover, the stress gradient can be verified by SEM image as shown in Figure

3.9(d).
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$4800 15.0kV 9.8mm x40 SE(M) 1.00mmiill S4800 15.0kV 9.8mm x500 SE(M) 100um
Figure 3.9. Fabrication results of the 1% absorber design (a) Photographs of absorber
sample (b) Microscope image of upper and lower unit cell (¢) SEM image of

metamaterial unit cell (d) SEM images on cantilevers with stress gradient

In two unit cells, the total height profile of 96 beams was actually measured
through a 3d surface profiler as shown in Figure 3.10. The mean is 41.52 pm, the
standard deviation is 15.4 pm, and the maximum value is 66 pm, and the minimum

value is 6.01 pum. The whole distribution is depicted in Figure 3.11.
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Figure 3.10. 3D surface profiler measurement of cantilever curvature
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Figure 3.11. Distribution of total 96 cantilevers measured by 3D surface profiler
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3.4 Simulation

With commercial FEM simulation tools one for electromagnetic simulation
(HFSS ANSYS) and the other for electromechanical simulation (COMSOL Altsoft),
the prior linear curve simulation can be slightly modified. The simulation procedure
is explained in Figure 3.12. From the measured data in Section 3.3.2 using a 3D
surface profiler, the initial geometry of the entire unit cell array can be constructed.
With this geometry, the capacitance at 0, 10, 11, 12, 13, 14, and 15 V and deflection
profile at 10, 11, 12, 13, 14, and 15 V can be calculated by using the FEM simulation
of COMSOL. With this simulated data, the entire geometry of the unit cell array at
10, 11, 12, 13, 14, and 15 V can also be constructed. With this geometry at each step
voltage, the electromagnetic full-wave simulation can be conducted using another

commercial FEM simulation tool, HFSS.
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Figure 3.12. Simulation process (a) Geometry construction for simulation from
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Figure 3.13. Simulation results (a) Total capacitance calculated with FEM tool (b)
Plot of pull-in voltage according to deflection (¢) Number of cantilevers in pull-in

state using FEM simulation (d) Distribution of simulated pull-in voltage

Figure 3.13 (a) is the simulated value of capacitance at each driving voltage. As
shown in Figure 3.13 (b), pull-in voltage can be different from each other even
though the cantilever has the same deflection. This graph verifies, it is extremely
difficult to predict the behavior of the pull-in mechanism. The number of pulled-
down cantilever is counted concerning the results from the FEM simulation. As
shown in Figure 3.14, the state at 12 and 13 V is similar. In addition, we saw the
distribution of pull-in voltage with 96 distributed cantilever profiles as shown in

Figure 3.13 (d). As a result of the simulation, the average pull-in voltage was
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approximately 17.018 V. However, in the absorber unit cell structure in this paper, it
is difficult to accurately define the pull-in voltage of the entire absorber because the
cantilever beams are bundled in an array form.

For the electromagnetic analysis, a commercial software HFSS ANSYS ®
based on the finite element method is used. From the data of the end-tip deflection
measured by the 3D surface profiler, S-parameters of the cantilever array structure
at an initial off-state are simulated using HFSS. Here, the dielectric constant of
borofloat 33 glass is assumed to be 4.2, and aluminum is assumed as a perfect
conductor. Also, from the initial off-state structure, the structural change of the entire
cantilever arrays is simulated using COMSOL when 10, 11, 12, 13, 14, and 15 V are
sequentially applied. From the simulated structural shape at each voltage, S-
parameters are simulated using HFSS. The simulated results are shown in the graph

at Figure 3.14.
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Figure 3.14. Simulated reflection coefficient form the simulated structure
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3.5 Experiment

3.5.1 Experiment setup

The S-parameters of the fabricated sample were measured by employing an
Agilent network analyzer (N5227B, Keysight Technologies Corporation). The
measurement setup is shown in Figure 3.15. After the calibration of the network
analyzer, the fabricated absorber sample was precisely aligned and embedded
between two waveguides (34WCAK Cu WR-34, A-info Corporation). The form
factor of the waveguide is 8.636 mm x 4.318 mm, and the corresponding frequency
range is from 22 GHz to 33 GHz. In Figure 3.16, the dimension of the waveguide is

well described.
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Figure 3.15. Experiment setup (a) Schematic block diagram of the measurement
setup, (b) Photograph of the measurement setup; (c) Photograph of the probe tips

contacted with the electrodes for biasing the MEMS cantilevers.

82



=
=y
b

Q’{

|
N IS I
T

%Lza

=
B
=

211

Figure 3.16. Dimension of the waveguide

After the assembly process, the probe tips of the micro-positioner are made to
contact with both the driving electrode and the common electrode for applying a
driving voltage to reconfigure the cantilever arrays. After connecting the micro-
positioner to a power supply, a DC bias voltage is gradually applied to the electrodes
of the absorber sample while measuring the reflection coefficient using the network
analyzer. Only the reflection coefficient was measured to calculate absorptivity,
because the backside of the absorber sample was completely covered with the
deposited aluminum layer. The applied bias voltage is swept from 0 V to the pull-in

voltage of the MEMS cantilever arrays
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3.5.2 Experiment results

It was assumed that the peak of the resonant frequency would suddenly shift
at the pull-in voltage. Because the pull-in voltage is the voltage at which the
cantilever array undergoes stiction momentarily, the pull-in voltage is assumed to be
the voltage when the resonant frequency shows a sudden shift according to the
network analyzer. Figure 3.17 (a), (b), and (c) are the results of the reflection
coefficient, the transmission coefficient, and absorptivity, respectively, measured
while applying voltage from 5 V to 15 V. When 0, 5, 10, 11, 12, 13, 14, 15 V are
sequentially applied, the absorption frequencies are 28, 27.9, 27.1, 26.6, 26.2, 26.1,

25.9, and 25.5, respectively. The results are depicted in Table 3.3

Table 3.3. Summary on measurement results

Applied voltage|Resonance frequency|Reflection coefficient|Transmission coefficient|Absorptivity
ov 28.0 GHz -5.68 dB -39.30 dB 72.9 %
5V 27.9 GHz -5.70 dB -43.57dB 73.0 %
v 27.1 GHz -11.23 dB -53.74dB 92.5%
1v 26.6 GHz -14.08 dB -57.24dB 96.1 %
12V 26.2 GHz -16.40 dB -61.85dB 97.7 %
13V 26.1 GHz -16.50 dB -58.90 dB 97.8 %
14V 25.9 GHz -16.02dB -59.49 dB 97.5 %
15V 25.5 GHz -33.60dB -57.33dB 99.9 %
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3.6 Summary

To find out the mechanism of the 1% design MEMS tunable metamaterial
absorber with stress-induced cantilever arrays, a vast amount of the simulations is
conducted. To figure out explainable logic on the average effect of non-uniform and
non-linear pull in movement, simulation is conducted with the real existing
cantilever profile (#94 cantilever) that has the most similar value to the average of
total of 96 cantilevers as shown in Figure 3.18. Converting non-uniform state to
uniform state array, the simulation results show an extremely narrow tuning range,
unlike the real measurement. Even more, in the initial state, there is a gap between
the simulation and the actual measured value. No matter what method exists, a cause
cannot be found. This leads to the conclusion of the study was a failure. What we
believed to be analog tuning was actually seeing the digital drive as continuous as

the number of cantilevers increased.
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Figure 3.18. (a) Simulation results on deflection of the 1% cantilever out of 96 (b) S-
parameters simulation results with virtual structural shape having uniform and

nonlinear 96 identical profile
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CHAPTER 4. The 2"? design of MEMS tunable
metamaterial absorber with rectangular shape sub-
mm scale stress-induced cantilever with an

incremental etch hole spacing for digital driving

4.1 General overview

Figure 4.1 (a) shows the total illustration of the finally evolved MEMS
tunable metamaterial absorber. The absorber design is characterized for a waveguide
measurement setup which will be discussed later. The absorber sample consists of
two SRR unit cells, a silicon oxide layer for electrical isolation, one common
electrode, four driving electrodes, bias lines, a borosilicate glass substrate, and a
backside metal plane. Aluminum is used for all the SRR unit cells, electrodes, bias
lines, and backside metal plane. Each unit cell consists of four stress-induced
cantilever beams in total, which are driven as a set, tied in pairs of two left and two
right. The inset image of Figure 4.1 (b) shows a schematic view of the unit cells in
the absorber. When a pull-in voltage is applied to the electrodes, the cantilever bends
downward by electrostatic force and creates a large capacitance change followed by
an LC resonance frequency change. Figure 4.1 (c) shows the schematic view of a
cantilever beam with upward bending at the initial off state, and Figure 4.1 (d) shows

the schematic view of a cantilever beam after applying a pull-in voltage
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Common
electrode (Al)

Bias lines
(Al covered with SiO,)

~_<«—— Driving electrode 1
- «—— Driving electrode 2
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(backside, Al) ~«— Driving electrode 4
(©)
< Al
Sio,
> : Glass
MEMS cantilever beam bent upward MEMS cantilever beams actuated

(Initial off-state) downward (On-state)

Figure 4.1. Design of the 2™ absorber (a) Schematic of absorber sample (b) Unit cell

array (c¢) Cantilever initially bent upward (d) Cantilever pulled down

As shown in Figure 4.2, driving electrode 1 and 2 are connected to two right
side cantilevers of the upper unit cell, and to two right side cantilever of the lower
unit cell, respectively. For the left side, the left two cantilever of the lower unit cell
are driven by electrode 3, and the left two cantilever of the upper unit cell are driven
by electrode 4. After pull-in state, the gap between the cantilever and the common
electrode affects the capacitance between those two. Therefore, the increase of
capacitance changes the resonance frequency to shift to lower frequency. Here,
pull-in voltage will sequentially applied from electrode 1 to electrode 4 making total

5 reconfiguration state as shown in Figure 4.2.
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4.2 Design

Figure 4.3 (a) shows the parameters of the metamaterial absorber. Figure
4.3 (b) and (¢) describe the bottom driving electrode and the thickness of each layer,
respectively. Moreover, Figure 4.3 (d) and (e) show the etch hole distribution in the
cantilever, which is the same as Section 2.4. The detailed values of the parameters

are described in Table 4.1. and Table 4.2.
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Figure 4.3. Design parameters of the 2™ absorber (a) Unit cell parameters (b) Unit
cell parameters of bottom layer (c) Parameters shown in lateral view (d) Design

parameters of cantilever beam with semicircle shape (e) Etch hole arrangement
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Table 4.1. Dimension of the 2" absorber

Parameters Description Value | Unit
b The line width of the electrode line 40 pm
Iy The edge length of the unit cell 200 pm
L, The middle length of the anchor 800 pm
I3 The length of the anchor 1 mm
l, The length of the dielectric film 300 pm
w The width of the SRR unit cell 3 mm
We The width of the dielectric film 800 um
lp The length of the cantilever beam 400 pm
wy The width of the cantilever beams 800 um
tp The thickness of the cantilever beam 1 um
g The gap of the initial sacrificial layer 2.5 pm
tox The thickness of the silicon oxide 300 nm
te The thickness of the electrode pad 500 nm
h The thickness of the glass substrate 500 pm
ty The thickness of backside Al 200 nm
Table 4.2. Parameters of rectangular cantilever
Parameters Description Value | Unit
d The diameter of etch hole 8 um
e The length of the edge and 1% column 6 pum
5 The space between 1% column apd 2" column, ] um
The space between etch holes in 1% column
5, Tl%i space between 2" column gnd 3;‘1 column, 10 um
e space between etch holes in 2™ column
55 The space between 3™ column apd 4th column, 1 um
The space between etch holes in 3™ column
sy The space between 12" column and 1]3th column, 2% um
The space between etch holes in 12" column
S13 The space between etch holes in 12t column 30 um
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4.3 Fabrication

The overall fabrication process before the last step release is the same as
Section 3.3. Therefore, the overall process is described in Section 3.3.1. Likewise,
the ashing condition is the same as in Section 2.5.

Finally, as described in Section 2, the MEMS cantilever is released with a
cyclic plasma ashing process. However, because the driving voltage is patterned
below the cantilever to function as a capacitor, the etching rate of the sacrificial layer
is faster in the actual sample than in the sample fabricated in Section 2. The backside
aluminum ground plane also affects heat generation and increases the etching rate.
Therefore, the 5 min step time is sustained until 5 cycles, and then, a shorter step
time is applied to slow down the etching rate. The resting time between cycles is
over at least 15 min. For the absorber, the additional step time is set to 1 or 2 min.

Figure 4.4 (a) is the fabrication result of the absorber sample. The
perspective view of the absorber unit cell array is shown in Figure 4.4 (b). Further
magnified vie of stress-induced cantilever with incremental etch hole spacing from
the open end of the cantilever is shown in Figure 4.4 (c). For a clear investigation of
the cantilever profile, an SEM image is captured as shown in Figure 4.4 (d). The
figure mentioned above verifies the developed uniformity of cantilever arrays.

However, this cantilever still has nonuniformity at the open end of the cantilever.

93



Figure 4.4. Fabrication results of the 2™ absor (a ticl mage of fabriced
MEMS tunable metamaterial absorber sample (b) Unit cell array (c) Lateral view on

release semicircle shape cantilever (d) SEM image on the lateral view of semicircle

shape cantilever in the unit cell

Figure 4.5 is the microscope image of the upper and lower unit cells. The
dark site of the cantilever indicated the degree of releasing. Total 9 samples are
fabricated and every cantilever is measured by 3D surface profile. Figure 4.6. is the

3D surface profile of one absorber sample.
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Figure 4.5. Microscope image of fabricated MEMS tunable metamaterial absorber

sample (a) Upper cell (b) Lower cell
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Figure 4.6. Optical 3D surface profile of each cantilever in absorber sample (a)

Upper cell (b) Lower cell

Even though it is hard to define the surface profile by one parameter, data

of the maximum deflection on the cantilever are written in Table 4.3.
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Table 4.3. Data on the maximum deflection of each semicircular cantilever in each

fabricated sample

(unit : pm)
Unit cell (upper) Unit cell 2 (lower)
Sample
Left Right Left Right
#1 52.3 475 45.0 46.4 51.7 45.0 49.6 48.9
#2 40.0 46.6 50.0 48.0 50.2 40.2 50.2 494
#3 51.2 48.7 47.7 48.6 50.8 46.9 46.2 45.0
#4 49.0 50.3 48.5 53.9 479 455 54.5 46.5
#5 53.1 51.0 54.6 56.9 52.7 47.6 424 52.0
#6 46.0 48.8 373 47.5 46.6 46.8 49.6 41.8
#7 44.9 49.7 50.3 51.5 49.2 40.5 54.3 49.7
#8 39.7 45.0 46.2 47.6 44.5 43.7 46.8 46.2
#9 60.5 56.8 48.0 483 60.8 62.3 65.8 62.6
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4.4 Simulation

The simulation setup and procedure will be later described in Section 5.4.
Since it is impossible to copy the schematic of the released cantilever due to the 3D
randomness of the surface, the center profile of the rectangular cantilever is exported
into an excel data point. With these data, it is assumed that the rectangular has a
uniform profile in terms of the later axis. These ideal profile structures are then
simulated by a commercial FEM simulation tool.

The simulation results are organized in Table 4.4. The frequency sweep of
full-wave simulation results on the reflection coefficient and the absorptivity is
shown in Figure 4.7.

Also, electro-mechanical simulation is performed to calculate pull-in
voltage. Pull-in voltage is calculated to be in the range of 40 to 50 V, according to

the deflection.

Table 4.4. Simulation results of the 2" design

State Resonance Reflection Transmission Peak
frequency coefficient coefficient absorptivity
State 1 31.09 GHz -10.30dB -62.94 dB 90.67 %
State 2 30.08 GHz -19.35dB -63.56 dB 99.84 %
State 3 29.28 GHz -13.06 dB -63.30 dB 95.06 %
State 4 28.49 GHz -23.80 dB -64.53 dB 99.58 %
State 5 27.87 GHz -15.79 dB -63.52dB 97.37 %
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4.5 Experiment

The experiment setup and procedure will be later described in Section 5.5.
The 8" sample in Table 4.3. is used for measurement. Table 4.5 show the results of
the reflection coefficient and absorptivity, respectively, measured while applying 120
V of DC bias on electrode 1 to electrode 4 sequentially. Even though FEM simulation
results indicated under 50 V pull-in voltage, the actual rectangular cantilever did not
display a sudden shift until 50 V. Sudden frequency shift in network analyzer appears
near 100 V.

The resonance frequencies of the 5 different reconfiguration states from the
initial off-state to all pulled-down state, are 32.24, 32.11, 31.88, 31.53, and 30.12

GHz, respectively. Figure 4.8. presents the reflection coefficient graphs.

Table 4.5. Measurement results of the 2™ design

State || Resonance frequency | Reflection coefficient | Transmission coefficient | Absorptivity
State 1 32.24 GHz -7.85dB -35.74dB 83.59 %
State 2 32.11 GHz -7.13dB -35.13dB 80.63 %
State 3 31.88 GHz -8.33dB -35.53dB 85.31 %
State 4 31.53 GHz -791dB -34.99 dB 83.81 %
State 5 30.12 GHz -10.34 dB -35.58dB 90.75 %
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4.6 Summary

The 2™ design absorber with rectangular stress-induced cantilever with
incremental etch hole spacing clearly shows better and much fabrication results
compared to the 1% design absorber with a stress-induced cantilever array. However,

the tuning range from the initial off state 1 to all the pulled down state 5 is only
Af=2.12 GHz, and the tuning ratio (g) is only 6.6%. In the case of the resonant

frequency, the difference between the experimental and simulation results is almost
up to 3.04 GHz error. Although the uniformity of the fabrication process result has
increased remarkably, the difficulty of mechanical driving operation is considerable
and substantial. The cause can be inferred from the simulation of the pull-in voltage
and the fact that there is a large gap between it and the actual operation. This driving
difficulty seems to be due to the fact that the driving of both vertices of the cantilever
beam is not normal. Also, the metal film at the open end of the cantilever will not be

straight, so the drive will not be in clear movement.
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CHAPTER 5. The 3" design of MEMS tunable
metamaterial absorber with semicircular sub-mm
scale stress-induced cantilever with an incremental

etch hole spacing for digital driving

5.1 General overview

Figure 5.1 (a) shows the total illustration of the finally evolved MEMS
tunable metamaterial absorber. The absorber design is characterized by a waveguide
measurement setup which will be discussed later. The absorber sample consists of
two SRR unit cells, a silicon oxide layer for electrical isolation, one common
electrode, four driving electrodes, bias lines, a borosilicate glass substrate, and a
backside metal plane. Aluminum is used for all the SRR unit cells, electrodes, bias
lines, and backside metal plane. Each unit cell consists of four stress-induced
cantilever beams in total, which are driven as a set, tied in pairs of two left and two
right. The inset image of Figure 5.1 (b) shows a schematic view of the unit cells in
the absorber. When a pull-in voltage is applied to the electrodes, the cantilever bends
downward by electrostatic force and creates a large capacitance change followed by
an LC resonance frequency change. Figure 5.1 (c) shows the schematic view of a

cantilever beam with upward bending at the initial off state, and Figure 5.1 (d) shows
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the schematic view of a cantilever beam after applying a pull-in voltage.

(a (b)
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Ground
(backside, Al)
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W sio,
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MEMS cantilever beam bent upward MEMS cantilever beams actuated
(Initial off-state) downward (On-state)

Figure 5.1. Design of the 3™ absorber (a) Schematic of absorber sample (b) Unit cell

array (c¢) Cantilever initially bent upward (d) Cantilever pulled down
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As shown in Figure 5.2, driving electrode 1 is connected to two right side
semicircular cantilevers of the upper unit cell, and driving electrode 2 is connected
to two right side semicircular cantilevers of the lower unit cell. For the left side, the
left two semicircular cantilevers of the lower unit cell are driven by electrode 3.
Finally, driving electrode 4 controls the two left semicircular cantilevers of the upper
unit cell. Therefore, if the high voltage over pull-in voltage is applied to one of the
electrodes, the cantilever undergoes a pull-in state. Then, the gap between the
cantilever and the common electrode affects the capacitance between those two.
Therefore, the increase of capacitance changes the resonance frequency to shift to a
lower frequency.

In this research, as shown in Figure 5.2, the high voltage over pull-in
voltage will be sequentially applied from electrode 1 to electrode 4. Each electrode
has only two states, initially bent upward off-state and pulled down on the state.
However, in this thesis, the absorber is designed to have 5 different reconfiguration
states. Thus, at each reconfiguration state, the resonant frequency will be measured

with S-parameters with a network analyzer that would be explained later.
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5.2 Design

5.2.1 Electromagnetic properties

Figure 5.3 (a) shows the electric field distribution of the proposed MEMS
tunable metamaterial absorber unit cell in the TE mode. The electric field is strongly
formed between the cantilever and the driving electrode. Parametric studies by full-
wave FEM simulation using commercial software (ANSYS HFSS) are performed to
design and optimize the electromagnetic response of the proposed metamaterial
absorber. First, a simulation of the electromagnetic characteristics of the designed
absorbers is conducted when all the cantilevers are pulled down in the unit cells. For
the simulation, MEMS cantilever beams are assumed to have a flat profile with no
etch hole. Figure 5.3 (b) is the reflection coefficient and transmission coefficient
from the simulation results. For all cantilevers pulled down, the reflection coefficient
is calculated to be -15.15 dB at 28.48 GHz of the resonance frequency. The
transmission coefficient is calculated to be -63.52 dB because the backside plane of
the absorber is deposited with the metallic ground. Additionally, the simulation
results for the normalized impedance of the real and imaginary parts are 0.65 and

0.23 shown in Figure 5. 3 (¢).
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5.2.2 Design parameter

Figure 5.4 (a) shows the parameters of the metamaterial absorber unit cell.
Also, the dimension of the bottom metal layer under semicircular shape stress-
induced cantilever is described in Figure 5.4 (b). Moreover, the thickness dimension
of a substrate, backside ground metal film, bottom metal film layer, silicon oxide
thickness, and beam thickness is depicted in Figure 5.4 (¢). Figure 5.4 (d) and (¢) are

the same form factor from Section 2.5.
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Figure 5.4. Design parameters of the 3™ design (a) Unit cell parameters (b) Unit cell

parameters of bottom layer (c) Parameters shown in lateral view (d) Design

parameters of cantilever beam with semicircle shape (e) Etch hole arrangement

The detailed values of the parameters are described in Table 5.1. and Table
5.2. The same values in Section 2 are used for the parameters of the etch hole and

space in the stress-induced MEMS cantilever
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Again, the etch hole spacing described in Table 5.2 increases linearly to
achieve uniformity of cantilever profile after oxygen plasma ashing. By arranging to
etch holes more densely the near the edge of the cantilever, cantilevers have a gradual

deflection from the outside

Table 5.1. Dimension of the 3™ design absorber

Parameters Description Value Unit
b The line width of the electrode line 40 pm
ly The edge length of the unit cell 200 pm
[, The middle length of the anchor 800 pm
I3 The length of the anchor 1 mm
l, The length of the dielectric film 300 pm
w The width of the SRR unit cell 3 mm

We The width of the dielectric film 800 pm
R The radius of the cantilever beam 390 pm
ty The thickness of the cantilever beam 1 um
g The gap of the initial sacrificial layer 34 pm
tox The thickness of the silicon oxide 300 nm
te The thickness of the electrode pad 500 nm
h The thickness of the glass substrate 500 pm
tg The thickness of backside Al 300 nm

Table 5.2. Parameters of semicircular cantilever

Parameters Description Value Unit
d The diameter of etch hole 8 pum
s The space between edge and 1 radius, 6 m
1 The space between holes in 1% radius K

s The space between 1% radius and 2" radius, 3 m
2 The space between holes in 2™ radius K

s The space between 2™ radius and 3" radius, 10 m
3 The space between holes in 3™ radius K

s The space between 11" radius and 12" radius, 28 m
12 The space between holes in 12" radius K

s The space between 12t radius and 13™ radius, 30 m
13 The space between holes in 13™ radius K
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5.3 Fabrication

The overall fabrication process before the last step releasing is the same as
Section 3.3. Therefore, the overall process is described in Section 3.3.1. Likewise,
the ashing condition is the same as in Section 2.5.

Finally, as described in Section 2, the MEMS cantilever is released with a
cyclic plasma ashing process. However, because the driving voltage is patterned
below the cantilever to function as a capacitor, the etching rate of the sacrificial layer
is faster in the actual sample than in the sample fabricated in Section 2. The backside
aluminum ground plane also affects heat generation and increases the etching rate.
Therefore, the 5 min step time is sustained until 4 cycles, and then, a shorter step
time is applied to slow down the etching rate. The resting time between cycles is
over at least 15 min. For the absorber, the additional step time is set to 2 min.

The key strategy to release semicircular cantilever with stress-gradient is to
measure the cantilever aspect at each cycle and sufficient cooling of both sample and
the plasma chamber. This look-up fabrication process is the key strategy to achieving
end-tip deflection uniformity.

In total, 18 absorber samples are fabricated. The fabricated absorber
samples are individually released. A total of 144 sub-mm scale MEMS cantilever
beams with a stress gradient from 18 absorber samples are released and measured by
a 3D surface profiler.

The fabrication results are described in Figure 5.5. Figure 5.5 (a) is the

optical image of the fabricated sample size of 35.45 mm x 11.75 mm. Figure 5.5 (b)
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is the perspective view of two metamaterial unit cells aligned in the middle of the
absorber sample 4.318 mm apart from each other. The uniform release of stress-
induced cantilever beams can be verified. Unlike rectangular shape cantilever,
semicircular has maximum deflection at the perpendicular point from the semicircle
center. The results from Figure 5.5 (c) verify the release shape and profile of the sub-
mm scale semicircular cantilever with stress gradient. Figure 5.5 (d) is the later SEM

image of a semicircular cantilever.

$4800-3 15.0kV 11.6mm x

Figure 5.5. (a) Optical image of fabricated MEMS tunable metamaterial absorber

sample (b) Unit cell array (c) Lateral view on release semicircle shape cantilever (d)

SEM image on lateral view of semicircle shape cantilever in unit cell
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Figure 5.6 (a) shows the glowing image under strong light intensity. At the
maximum deflection point, the light reflects from the aluminum film showing
dazzling images. Figure 5.6 (b) is the perspective view of the MEMS tunable
metamaterial absorber unit cell. During releasing, cantilever deflection can be easily
confirmed by a general microscope as shown in Figure 5.6 (¢). The dark site kept

growing after every cycle of the ashing process.

(®)

Figure 5.6. (a) Microscope image of fabricated unit cell array glowing light reflection
(b) Perspective view on unit cell microscope image (¢) Microscope image on each

unit cell with semicircle shape cantilever bent upward
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Every 144 cantilevers in 18 absorbers are three-dimensionally measured by
a 3D surface profiler (Nanofocus), Figure 5.7. is a 3D surface profile image of one
of the 18 samples. Even though it is hard to define the surface profile by one
parameter, the semicircular cantilever shows only one maximum deflection point
near the center of the edge. Therefore, in this work, data on the maximum deflection
of the semicircular cantilever are accumulated in Table 5.3. The average and standard
deviation within the same absorber sample are calculated in the right 2 columns of

the table.
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Figure 5.7. Optical 3D surface profile of released MEMS cantilevers in absorber

sample
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Table 5.3. Data on the maximum deflection of each semicircular cantilever in each

fabricated sample (unit : pm)
Unit cell (upper) Unit cell 2 (lower) Standard

Sample Average deviati
Left Right Left Right cviation

#1 57.6 54.5 57.0 56.6 539 55.0 54.6 57.0 55.8 1.3

#2 42.0 50.9 40.4 53.0 46.6 49.6 40.0 46.0 46.1 4.6

#3 57.7 57.5 61.3 51.2 574 56.8 48.0 594 56.2 4.1

#4 56.9 559 63.8 64.7 55.1 50.0 55.2 65.0 583 52

#5 523 543 55.9 56.0 57.3 65.1 57.7 583 57.1 35

#6 48.9 50.9 46.2 54.9 48.0 49.8 43.2 56.2 49.8 4.0

#1 40.0 48.0 425 52.0 40.8 472 453 448 45.1 3.7

#8 48.5 51.5 524 51.6 447 45.7 46.0 424 479 35

#9 479 504 54.0 52.5 50.3 44.0 52.5 514 504 3.0

#10 439 43.0 433 48.5 47.8 459 44.0 44.5 45.1 1.9

#11 52.6 59.8 58.0 594 56.7 58.5 56.6 57.5 574 2.1

#12 61.9 58.5 60.5 54.3 504 55.7 62.9 56.2 57.6 39

#13 48.1 47.5 48.8 444 448 43.8 46.3 459 46.2 1.7

#14 471 483 535 51.7 47.7 452 52.7 50.0 49.5 2.7

#15 454 59.2 61.0 58.8 57.3 59.0 61.0 62.1 58.0 5.0

#16 473 50.5 51.1 52.9 45.0 447 48.3 48.6 48.6 2.7

#17 46.0 45.8 50.2 523 46.3 45.4 49.6 47.5 47.9 2.4

#18 53.0 52.5 56.2 57.8 58.8 56.7 58.0 56.8 56.2 2.2

The average value of the average deflection of each sample is 51.8 pum, and
the average standard deviation among each standard deviation of the absorber sample
is 3.1 pm.

The end-tip deflection data are plotted in Figure 5.8 by the number of
additional ashing cycles with a 2 min step time after the 4 cycles of the 5 min step

time in the ashing process. Thirty-two cantilever end-tip deflections from 4 samples
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are measured after the additional 4 cycles of the 2 min ashing process. Moreover, 48
cantilever end-tip deflections from 6 samples are measured after an additional 5
cycles of the 2 min ashing process. Next, 32 cantilever end-tip deflections from 4
samples are measured after an additional 6 cycles of the 2 min ashing process, and
32 cantilever end-tip deflections from 4 samples are measured after an additional 7
cycles of the 2 min ashing process. The average deflections are 45.6, 49.0, 56.5, and
57.0 um, and the standard deviations of the deflection are 3.3, 3.3, 3.6, and 3.9 pum
after 4, 5, 6, and 7 cycles of additional ashing, respectively. Furthermore, the
deflection of the end-tip can be controlled by modifying the step time and the total

number of the plasma ashing cycles.
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Figure 5.8. End-tip deflection of the MEMS cantilever according to the number of

ashing cycles
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5.4 Simulation

5.4.1 Simulation setup

Full wave simulation is performed with a commercial FEM simulation tool
(HFSS, ANSYYS). Electromagnetic simulation is performed with a total schematic of
the metamaterial unit cell, absorber sample, and waveguide. These schematics are
built by the parameter of absorber described in Section 5.2.2. and waveguide
dimension explained in Section 3.5. The real measured profile of the cantilever by a
3D surface profiler is utilized as a schematic of the cantilever. As already mentioned
before, the form factor of WR-34 is 8.636 mm X 4.318 mm. The bias lines, the
common electrode, and the driving electrode are not built as a model due to the
computing memory limitation. Also, the screw used to tighten up the upper and lower
waveguide is assumed to as a titanium metal. All the material properties except for
the borofloat glass are derived from the system library. The solution type of the
simulation is driven modal, and the network analysis is utilized as driven options.
Figure 5.9. shows the port information and boundary condition of full-wave
electromagnetic simulation. Port 1 is set as the upper waveguide input terminal, and
port 2 is set as the lower waveguide. The line is defined in each port excitation since
the electric field direction is always parallel to the shorter dimension in a rectangular
waveguide. The position is drawn considering the dimension of WR-34. Furthermore,
two boundary conditions are set in the model. The aluminum backside ground plane

for the absorber is set as finite conductivity. Another boundary condition, the
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radiation box, is built to restrain space for accurate electromagnetic field calculation.
The number of passes are restricted to 35 times due to the computing memory
limitation. The maximum Delta S is 0.025. The number of passes, and minimum
converged passes are 2,2, respectively. The rest of the simulation option is set to

default. The sweep type is interpolating.
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Figure 5.9. Simulation setup in HFSS

The most significant simulation variable is to know the exact dielectric
constant and tangent loss of the absorber substrate because the glass permittivity is
the key factor in calculating impedance matching. For the free space dielectric
constant of borofloat glass, the dielectric constant and tangent loss were measured at

the Korean Institute of Material Science. A split cylinder cavity resonator (EMLabs,

120



CR-728) is used as the method for low loss, a thin glass substrate. In dielectric
constant measurement, the glass substrate was polished until the thickness is under
250 pm by the CMP process. The length and the width for measurement are 34 mm
and 50 mm. The commercial post calculation software (N1500A, Keysight Corp.) is
used to calculate the dielectric constant. The real part of the dielectric constant is
about 4.4769, and the tangent loss is 0.008799. However, since this research is for
TE mode waveguide, the dielectric is the measure before the dielectric constant used
in this thesis is 4.2, and tangent loss is assumed as 0.07. Table 5.4 shows the different

values of the dielectric constant of a borofloat glass.

Table 5.4. Dielectric constant of Borofloat 33

Dielectric Tangent loss Frequency in
constant (&) (tan §) document
Schott datasheet 4.5 0.012 24 GHz
Corning datasheet 4.6 0.004 1 MHz
Dssemicon datasheet 4.6 0.0037 1 MHz
Watanabe et al. [150] 5.4 0.006 28 GHz
Sissoko et al. [151] 3.9 0.012 upto 7 GHz
Zhao et al. [152] 4.4 0.0058 1GHz
DARPA NETEX 4.3 0.0047
Measurement in KIMS 4.476974 0.008799 28 GHz

121



5.4.2 Simulation results

To examine the tunability of the proposed absorber, the reflection coefficients
are simulated according to different reconfiguration states depending on the voltage
applied to the separate electrodes. As mentioned before, four pairs of cantilevers are
actuated separately by each electrode. Assuming that the voltage is turned on
sequentially from electrode 1 to electrode 4, the eight cantilevers bent upwards
undergo a reconfiguration state change by pulling down two by two. Therefore, the
two unit cells undergo 5 different states including an initial state. Full-wave
electromagnetic simulation is performed with the five different structures from the
five states. The structure of the pulled-down cantilevers is assumed to be flat in the
simulation. The structure of the MEMS cantilevers bent upward is constructed by
the profile from the test cantilever sample with a 50.0 um maximum deflection at
the end-tip. At initial off-state, when all the cantilevers are bent upward, the
simulated resonance frequency, the reflection coefficient, and the transmission
coefficient are 32.95 GHz, -9.11 dB, and -65.27 dB, respectively. When the right two
semicircular cantilevers of upper cells are pulled down, in which is reconfiguration
state 2, the simulated resonance frequency, the reflection coefficient, and the
transmission coefficient are 32.42 GHz, -35.43 dB, and -65.90 dB, respectively. For
the reconfiguration state 3, in which the two right cantilevers of each cell are pulled
down, the simulated resonance frequency, the reflection coefficient, and the
transmission coefficient are 30.47 GHz, -11.98 dB, and -64.68 dB, respectively. After,
the left two wings are pulled down in the lower cell, the simulated resonance
frequency, the reflection coefficient, and the transmission coefficient are 29.00 GHz,

-24.17 dB, and -64.68 dB, respectively. Finally, when all the cantilevers are pulled
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down in both upper and lower cells, the simulated resonance frequency, the reflection
coefficient, and the transmission coefficient are 28.48 GHz, -15.15 dB, and -63.52
dB, respectively.

Also, the peak absorptivity at each resonance frequency is 87.72, 99.97,
93.66, 99.62, and 96.94%, respectively All the numbers previously mentioned are
well descripted in Table 5.5.

Figure 5.10 shows the simulated results of the 5 states with different
reconfigurations of the metamaterial absorber. The simulation results of state 2 and
state 4 show an additional minor resonance point due to the asymmetry of the
structure in the upper cell and lower cell at state 2 and state 4. This will be thoroughly

discussed later in Section 5.6.

Table 5.5. Simulation results of the 3™ design

State Resonance Reflection Transmission Peak
frequency coefficient coefficient absorptivity
State 1 32.95 GHz -9.11 dB -65.27 dB 87.72 %
State 2 32.42 GHz -35.43 dB -65.90 dB 99.97 %
State 3 30.47 GHz -11.98 dB -63.21 dB 93.66 %
State 4 29.00 GHz -24.17 dB -64.68 dB 99.62 %
State 5 28.48 GHz -15.15dB -63.52dB 96.94 %

123



(a) (b)
0 i 0-
L aa
!lﬂ! ’!!!7 'I-.I- ..“.AaAAAd.A.R*’*‘,M 104
-54 “A‘t I‘ v, .,- l-:‘j
) E ‘ B o
g ol R A S T
£ P 4' y 5 304
o aes $ { G
2% & Q
& 15 LR ! T a0
L Q
Q Q
g -20 4 5 50+
0
= @
Q ‘£ -60 4
o @ -70 -
=
230 4
-804
‘35 T T T T T T T T -QU T T T T T T T T 1
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 20 30 ¥ 332 I} 3
(C) Frequency (GHz) Frequency (GHz)
100 - JUS aac T Aol iot
90 ra et x,
x"A-‘" ¥ o uTTE
80 P -
£ o e wru,
704 ‘ hd * Tw o, "v.
9 £ oy 1 Upper cell Lower cell
T 60 3 hd Yoy
= W Mharag teett State 1
'% 50 4 ‘::“o" J,-‘ hdded b d ——
g oy State 2
=] beog «® v
g g, ——
< a0 Rt t o State 3
——
20 4 State 4
+
101 State 5
0 T T T T T T T +

25 26 27 28 29 30 31 32 33
Frequency (GHz)

T
34

35

Figure 5.10. Simulation results of the 3™ absorber: (a) Reflection coefficient (b)

Transmission coefficient and (c) Absorptivity

A simulation of the electromechanics is also performed with the FEM

simulation tool. The pull-in voltage is calculated with the same structure used for the

electromagnetic simulation, cantilevers with slightly higher deflection and slightly

lower deflection. Each initial deflection is set to be 40, 50, and 60 pm, respectively.

The pull-in voltage is calculated to be 37.9 V for the stress-induced semicircle shape

cantilever with 50.0 um of initial deflections. The calculated capacitance between

the cantilever with 50.0 pum deflection and the bottom driving electrode is 0.130 pF.

Assuming the semicircle shape is pulled down to a flat profile, the capacitance is
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0.469 pF from the simulation result. Since the absorber has a total of 8 cantilevers,
the total capacitance change is 8 times the single cantilever contains. However, when
the pull-in occurs, the cantilever sticks to the bottom oxide layer meaning a lower
profile than the initial flat profile. Moreover, the semicircular cantilever has a narrow
analog tuning range since the pull-in occurs after only 10 pm deflection is pulled
down. Figure 5.11 (a) shows the electromechanical simulation by a commercial FEM
tool called COMSOL. Figure 5.11 (b) is the deflection graph according to the applied

voltage.
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Figure 5.11. COMSOL simulation of electrostatic driving
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5.5 Experiment

5.5.1 Experiment setup

The absorber sample used for the experiment showed 8 MEMS cantilevers end-
tip deflections of 46.0, 45.8, 50.2, 52.3, 46.3, 45.4, 49.6, and 47.5 pm. The average
end-tip deflection is 47.9 pm, and the standard deviation is 2.4 pm.

Since the absorber size is larger than the waveguide and the absorber sample is
aligned between two waveguides, it is extremely difficult to align and implement the
absorber sample between waveguides. Therefore, for the experiment, the absorber
sample is implemented with a printed circuit board (PCB) to accurately align the
absorber sample between the waveguides. This absorber sample is attached to a
customized PCB jig with epoxy while electrodes on the absorber are connected to
the extended bias lines in the PCB jig with wire bonding.

Figure 5.12 (a) is the schematic of the absorber sample, PCB jig, and bottom
PCB jig. PCB jigs have a hole in the middle. After, integrating two PCB jigs into the
absorber sample, driving electrodes in the absorber sample are connected to the wire
in the PCB by wire bonding. Gold wire bonding is conducted outside the laboratory
(Daesin semiconductor corp.) After alignment of the absorber-jig sample and two
waveguides, four screws are locked up as shown in Figure 5.12 (b). The real
photographs of the absorber-PCB jig sample and implementation process are

depicted in Figure 5.13.
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Wire bonding

(b)

Figure 5.12. Waveguide implementation setup: (a) Fabrication schematic of
absorber sample and PCB jig layer (b) Implementation of wire-connected absorber-

PCB sample and waveguide Inset : microscope image of connection with wire

bonding
Figure 5.13. Waveguide implementation setup: (a) Photographs of wire-
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connected absorber-PCB sample (b) Absorber sample fixed to lower wave guide (c)

Fully integrated sample and waveguide

The reflection coefficients of the fabricated sample were measured with an
Agilent network analyzer (N5227B, Keysight Technologies Corporation). The
overall measurement setup is shown in Figure 5.14. The fabricated absorber sample
connected to the PCB jig is precisely aligned and embedded between the two
waveguides (34WCAK Cu, A-info Corporation) after the calibration of the network
analyzer. For measuring the 22 to 33 GHz frequency range, the corresponding
waveguide form factor is 8.636 mm x 4.318 mm. After the assembly process, the
wires are made to contact with all the driving electrodes and the common electrode
for applying a driving voltage to reconfigure the cantilever arrays. After connecting
the wires to the switches and a power supply, 80 V of DC bias is sequentially applied
from electrode 1 to electrode 4 of the absorber sample while measuring the S-
parameters using the network analyzer. After the instantaneous frequency movement
of the graph was seen and stabilized, the S-parameters are measured. Figure 5.15 is

the photographs of the network analyzer and waveguide setup.
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5.5.2 Preliminary experiment

To verify that the LC resonance structure is formed by the cantilever
structure, a simple measurement of S-parameters is performed. First of all, borofloat
glass substrate only with backside aluminum film ground plane is measured with
same waveguide and same network analyzer. This is a sort of knowing the dielectric
constant of a glass substrate and the process of calibration for the next RF
characterization. As shown in Figure 5.16, any resonance occurs in the 25 to 35 GHz
frequency range. Therefore, the reflection coefficient is below 3dB and the

transmission coefficient is near -60 dB.
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Figure 5.1.6 Measurement of substrate with ground plane (a) Schematic of borofloat

glass with backside Al ground plane (b) Reflection coefficient (c) Transmission

coefficient and (d) Absorptivity of borofloat glass with backside ground plane

Furthermore, the sample with bottom aluminum SRR structure deposition

is measured by a network analyzer. This procedure is also the same verification of

MEMS metamaterial absorber. As shown in Figure 5.17, both the simulated and

measured reflection coefficient is below -5 dB, and both the simulated and measured

transmission coefficient is near -60 to -70 dB.
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5.5.2 Experiment results

Figure 5.18 (a) is the microscope image of the initial off-state and (b) is the
pull-in state. As shown in the figure, it can be seen the twinkle of light when voltage
is not applied. When the semicircle cantilever is pulled down flat by applying over

pull-in voltage, the shape of etch hole and the space between etch hole are well seen.

(a)
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Figure 5.18. Microscope image (a) Initial-off state (b) Pull-in state
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Table 5.6 show the results of the reflection coefficient and absorptivity,
respectively, measured while applying 80 V of DC bias on electrode 1 to electrode 4
sequentially. At initial off-state, when all the cantilevers are bent upward, the
simulated resonance frequency, the reflection coefficient, and the transmission
coefficient are 32.95 GHz, -7.20 dB, and -45.59 dB, respectively. When the right two
semicircular cantilevers of upper cells are pulled down, which is reconfiguration
state 2, the simulated resonance frequency, the reflection coefficient, and the
transmission coefficient are 32.07 GHz, -9.27 dB, and -41.60 dB, respectively. For
the reconfiguration state 3, in which the two right cantilevers of each cell are pulled
down, the simulated resonance frequency, the reflection coefficient, and the
transmission coefficient are 30.10 GHz, -8.63 dB, and -42.81 dB, respectively. After,
the left two wings are pulled down in the lower cell, the simulated resonance
frequency, the reflection coefficient, and the transmission coefficient are 29.37 GHz,
-21.02 dB, and -41.22 dB, respectively. Finally, when all the cantilevers are pulled
down in both upper and lower cells, the simulated resonance frequency, the reflection
coefficient, and the transmission coefficient are 28.87, -8.70 dB, and -39.48 dB,
respectively. From state 1 to state 5, the measured peak absorption rates at each state

are 80.95 %, 88.17 %, 86.29 %, 99.21 %, and 86.51%, respectively.
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Table 5.6. Measurement results of the 3™ design

State Resonance Reflection Transmission Absorptivit
frequency coefficient coefficient vy
el 3295 GHz -7.20 dB -45.59 dB 80.95 %
el 320761z -9.27dB -41.60 dB 88.17 %
St;‘te 30.10 GHz -8.63dB -42.81 dB 86.29 %
Stzte 29.37 GHz -21.02 dB -41.22dB 99.21 %
el 2887 GHz -8.70 dB -39.48 dB 86.51 %

Figure 5.19. shows the measurement result of the reflection coefficient and

the absorptivity. The tuning range from the initial off state 1 to all the pulled down

state 5 is A=4.08 GHz, and the tuning ratio (%) is 12.4%. In the case of the resonant

frequency, the difference between the experimental and simulation results was within
0.39 GHz error. However, the magnitudes of the reflection coefficients are lower
than the simulation results. It is presumed that the loss occurred because the two
waveguides did not engage precisely due to a gap created by the substrate of the
absorber sample. The comparison between measurement and the simulation results

is clearly well depicted in Table 5.7.
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Figure 5.19. Measurement results of the 3™ absorber: (a) Reflection coefficient (b)

Transmission coefficient and (d) Absorptivity

Table 5.7. Comparison of measurement and simulation results

Measurement Simulation Error
State Resonance Reflection Resonance Reflection
frequency coefficient frequency coefficient
Sti‘te 32.95 GHz ~7.20 dB 32.95 GHz 9.11 dB -
Statel 35 47 GHz 927 dB 3242GHz | 354348 | 033
2 GHz
State| 34 10 GHz -8.63dB 30.47 GHz q198ag | 037
3 GHz
State| 59 376Hz | -21.02dB | 2000GHz | 241748 | 37
4 GHz
State| ¢ 67 GHz ~8.70 dB 28.48 GHz 1s.15a8 | O3
5 GHz
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5.6 Further Analysis

5.6.1 The waveguide simulation

The reflection measurement of the electromagnetic absorber is thoroughly
studied with the rectangular waveguide. The rectangular waveguide method is a
way to measure signals by putting them into a closed rectangular waveguide and
exciting it with an ﬁ-plane polarized extension waveguide transition. This method
eliminates external electromagnetic interference and edge diffraction. In a
rectangular waveguide, the path of an incident wave having an incident angle 6

and the path of a reflected wave are displayed as shown in Figure 5.20.

Waveguide

~

Absorber

{

Figure 5.20. The path of incident wave with incident angle 6 and the path of reflect

wave

137



The incident angle 6 could be calculated with the length of the waveguide

[ and wavelength A by following equation.

A
0= sin_lz Eqn. 5.1

The measuring of the reflection coefficient is not proper for a wave with
vertical incidence but is suitable for oblique incidence. Even though the
measurement using a waveguide cannot entirely elaborate on the absorber
properties, the reflection coefficient value using the rectangular waveguide is very
similar to the value measured using the arch-method [153]. Due to the simplicity
and effectiveness, many research are published with reflectivity results using the
waveguides [57, 154, 155].

This thesis is researched and measured based on the waveguide setup for
the above reason. All those the above simulations until this section are performed
considering the entire schematic of the waveguide. In this thesis, the apertures of
the WR-34 waveguide for an experiment are 8.636 mm x 4.318 mm. Therefore, the
incident angle at 30 GHz is about 8 = 35.4°. Also, the waveguide WR-34 is only
effective in measuring TE o mode.

A FEM simulation is conducted with another mode in port 1, especially, for

TE o and TEy to investigate whether the absorber is independent of the electric field
direction. Figure 5.21 are the electric field distribution at each TEo and TEq mode.

The simulation results at state 5 are shown in Figure 5.22.
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Figure 5.21. Electric field distribution in TEo, TEo1 mode on simulation setup
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Figure 5.22. Simulation results of TEio and TE¢; mode at all-pull-down state (state
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However, a wave with a certain mode can only propagate at frequencies
above the cutoff frequency. To consider the cutoff frequency, the cutoff wavenumber

should be defined. The cutoff wavenumber is a function of the m and n indexes

of mode.
2o - (m”)z N ("”)2 Eqn. 5.2
b = (5 - qn. 5.
Then, the cutoff frequency is
Ko Eqgn. 5.3
fomn = N qn. 5.

There is no significant meaning in TEQ1 mode because the cutoff frequency
exceeds the frequency range of the WR-34 waveguide. Table 5.8 indicates the cut-

off frequency of major modes in the Ka-band waveguide.

Table 5.8. Cut-off frequencies of major modes in Ka-band waveguide

Mode Cut-off frequency (GHz)
TEM Not supported
TE]O 21 07 GHZ

TEOl 42 1 5 GHZ

TEu 47.13 GHz

TMio Not supported
TMo Not supported
TMy 47.13 GHz
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5.6.2 The periodic metamaterial unit cell simulation

In this section, the simulation of a periodic metamaterial unit cell is performed
to verify the characteristic of the designed absorber. Figure 5.23. shows the periodic

boundary condition using primary/secondary coupled boundary (master/slave in an
older version of HFSS) to find out the absorber properties according to E-field

polarization and E-field incident angle.

Figure 5.23. Periodic boundary condition in FEM simulation (a) Floquet port 1 (b)
Floquet port 2 (c¢) Coupled boundary condition for x-axis (d) coupled boundary

condition of y-axis
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Figure 5.24 (a). is the comparison of the reflection coefficients when E-
field is applied in angle with 0° with having only y-axis polarization component and
x-axis polarization component at all pull-down state (state 5). In this consideration,
the y-axis polarization corresponds to the TE¢; mode in the rectangular waveguide
measurement, and the x-axis polarization corresponds to the TEip mode in the
rectangular waveguide measurement. Figure 5.24 (c) and (d) is the comparison of
the transmission coefficients and absorptivity when E-field is applied in an angle at
in of 0 ° with having only a y-axis polarization component and x-axis polarization
component. However, as mentioned above, the calculated incident angle in a
rectangular waveguide is about 35°. Therefore, to verify the measurement results of
the rectangular waveguide with the periodic unit cell simulation, the reflection
coefficient, the transmission coefficient, and the absorptivity simulation results of
E-field having only x-axis polarization and 35 degrees incident angle should be
compared. Figure 5.24 (b), (d), (e) are the reflection coefficient, the transmission
coefficient, and the absorptivity simulation results when E-field propagates with
only x-axis polarization and 35° incident angle. As shown in Figure 5.24 (b), the
resonant frequency is about 28.7 GHz, which is similar to the 28.87 GHz of the

measurement result.
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Transmission coefficient, (f) Absorptivity).

Figure 5.25 (a) is the comparison of the reflection coefficients according to
the polarization an angle when E-field is applied at angle of 0° at all pull-down state
(state 5). Figure 5.25 (b) is the comparison of the reflection coefficients according to
the polarization angle when E-field is applied an angle of 35° at all pull-down state
(state 5). Figure 5.25 (c) and (d) are the comparison of the transmission coefficients
and absorptivity according to polarization angle when E-field is applied an angle of
0 ° when all the cantilevers are pulled down. Also, Figure 5.25 (c) and (d) are the
comparison of the transmission coefficients and absorptivity according to
polarization angle when E-field is applied in angle with 35 © when all the cantilevers
are pulled down. As shown in the graph, the peak absorptivity is sustained above 80 %

absorption rate with 45° polarization angle.

144



~
Q
~
o
)

(b) o,
-5
— .54
o —
3 g
8 107 5 10
] S
5 &
o @
8 15 8 159
s 5
b3 =
D -204 — 3 -20
> Polarization % Polarization
['4 e d 75 degree o = phi= 75 degree
= phi= 60 degree e L
-25 4 j=——phi= 45 degree -254
j====phi= 30 degree
= phi= 15 degree = phi= 15 degree
(incident angle 0 degree) (incident angle 35 degree)
-30 T T T T T T T T T 1 -30 T T T T T T T T — 1
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35
Frequency (GHz) Frequency (GHz)
(C) 0 Polarizati (d) 0
arnzation 1
o Polarization
Ao phf: 75 degree p—phi= 75 degree
gz —ph!- 60 degree -10 l—— phi= 60 degree
) fr— ph!= 45 degree a pee phi= 45 degree
T 204 === phi= 30 degree T 20 l—— phi= 30 degree
] = phi= 15 degree - phi= 15 degree
'g -30 (incident angle 0 degree .5 -304 (incident angle 35 degree)
] (3]
$ 404 £ 40
Q Q
o o
c  -50 c -50
2 S
8 -60- % 60+
£ £
2 70 g 70
g g
= = 8o
-80
-90 -90
100 4+ T e e
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35
Fre n Hz
(e) Frequency (GHz) (f) equency (GHz)
100 4
Polarization 100 :
2 = phi= 75 degree jee phii= 7
90 ——phi= 60 degree 90 —2h;- sg 333:22
= phi= 45 degree = phi= 45 degree
80 f—— phi= 30 degree 80+ f=— phi= 30 degree
= phi= 15 degree j—phi= 15 degree
— 70 4 (incident angle 0 degree) I 70 4 (incident angle 35 degree)|
g S
2 60 z 60
= >
2 50 e 501
3 2
2 404 8 404
< <
304 304
20 20
104 10
0 ; : : ; : : : . ’ ! 0 T T T T T T T T T 1
25 26 27 28 29 30 31 32 33 34 35 2 20 28 29 B0 N 2w s ¥
Frequency (GHz) Frequency (GHz)

Figure 5.25. E-field properties according to polarization angle in all pull-down state
(state5) at at 0° incident angle ((a) Reflection coefficient, (c) Transmission
coefficient, (e) Absorptivity) and 35° incident angle((b) Reflection coefficient, (d)

Transmission coefficient, (f) Absorptivity).

145

-



Moreover, simulation on the reflection coefficient, the transmission
coefficient, and the absorptivity at all pulled-down state according to E -field
incident angle. Figure 5.26 shows the results on the reflection coefficient, the
transmission coefficient, and the absorptivity when E-field is applied with incident
angles from 10 ° to 80 °. The peak absorptivity shows the highest values when the
incident angle is about 50 °. The peak absorptivity drastically shrinks below 70 % at

80 ° of incident angle.
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5.6.3 Analysis on the surface current

Further information on electric field and surface current can be plotted with
the FEM full wave simulation conducted in Section 5.4.2. Since the 3™ design of this
thesis research has total of 5 different reconfiguration states, each state is classified
as a structural symmetry. For the first initial off-state, the left and the right part of
the SRR unit cell is symmetry and also the upper unit cell is identical to the lower
SRR unit cell. Figure 5.27. (a), (b) and (c) are the distribution of the electric field,

the distribution of the surface current density (f ) intensity, and the vector distribution

of the surface current density (f ) at initial off-state 1.

Because the structure is symmetry in state 1, the electric field distribution is
symmetry in the left and right parts of the single unit cell, and the electric field is
strongly applied at the bottom of the cantilever. The intensity of the surface current
density (f ) also shows symmetry within unit cell and is slightly higher near the center
of the waveguide as shown in Figure 5.27 (b). Moreover, the current flow of the SRR
unit cell can be indicated by taking the vector of the surface current density 0 )

account. Strong current flows strongly from the outskirts of the SRR unit cell.
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Second, the reconfiguration state 2 is an asymmetry structure between unit
cells unlike state 1. In state 2, the right set of cantilevers as pulled down while the
left part of the upper SRR unit cell and the entire part of the lower unit cell still
remains the same. Therefore, the upper cell and the lower cell is not in the identical
state. As shown in Figure 5.28 (a), the electric field is much more strongly applied

in the upper unit cell than in the lower unit cell due to the asymmetry structure.

Moreover, the surface current density (f ) is more intense in the lower unit cells. The
surface current vector drives strongly in the lower cell, and the direction of current

is different being a reason for double resonance in a frequency range.
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5.7 Summary

5.7.1 Summary of the 1%, 2", and 3™ design

The characteristics of each of the 1%, 2", and 3™ designs are described. Table
6.1. is the summary of the 1%, 2", and 3™ designs in this work. All of the designs
target Ka-band. All of the design share the bottom SRR form factor and function as
vertical and out-of-plane actuators. These different design samples are fabricated
under the same fabrication process and equipment called oxygen plasma ashing and
asher 1. However, a slightly different approach is applied in the ashing recipe. The
1% design is released with 2 cycles of ashing, the 10 min ashing per cycle, and 1 day
resting. The other two designs are released with an active look-up ashing process.
These samples are fabricated under additional numbers of 2 min ashing per cycle to
a certain amount of 5 min ashing per cycle process with the measurement results of
profile condition. Moreover, the experiment on S-parameters according to the
different actuating mechanisms of cantilevers is another different aspect of the three
designs. The first work investigates analog tuning with different voltage states,
however, the other two work is regard as digital driving, which only considers initial
off and pull-in state. This strategical change is due to the unstable and narrow
mechanical behavior of the curved monolayer cantilever. The micro difference in the
cantilever profile clearly spawn unpredictable behavior results. Therefore, while the
2" and the 3 design involve 4 driving electrodes to differentiate the reconfiguration

state under digital driving, the initial design only connotes a single driving electrode.
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Based on this background, the first device checked the measured value by increasing
the voltage step-by-step to 15 V, and the other two devices applied each pull-in
voltage to the electrode step-by-step to confirm the measurement. Therefore, as
shown in Table 6.1, the former is continuous tuning and the latter is discontinuous
tunings. Applied pull-in voltages in the 1%, 2™, and 3" design are 15V, 110 V, and
80V, respectively. The major distinctive factor defining each design is the shape of
the cantilever, which dominantly affects the capacitance that determines resonance
frequency. The 1* design utilizes cantilever arrays having a general shape that the
width of the beam can be neglected according to the length of the beam. These arrays
are the key strategy to solve the scaling-up issue. However, the cantilever shape in
the 2™ design is developed by incremental etch hole spacing overcoming the non-
uniformity in wide width scale cantilevers. The final evolved structure of the Ka-
band MEMS tunable metamaterial absorber is the 3™ design having a semicircular
cantilever with incremental etch hole spacing under time splitting ashing conditions
to dramatically pull up the uniformity. Therefore, the tuning ration of the 3™ design
from the initial 32.95 GHz of the resonance frequency is 4.08 GHz, overwhelming
the 2.12 GHz and 2.5 GHz tuning ratio from the initial 32.21 GHz and 28 GHz of
the 2" and the initial design, respectively. Again, the key difference is described in

Table 5.9.
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Table 5.9. Summary of the 1%, 2, and 3™ design

%
-

The 1* design The 2™ design The 3™ design
Ka-band Ka-band Ka-band

Resonance frequency
(f)

Tuning method  Mechanical tuning  Mechanical tuning | Mechanical tuning

f=28GHz  f=3221GHz f =32.95GHz

MEMS MEMS MEMS
Tuning range Af = 2.5 GHz Af = 2.12 GHz Af = 4.08 GHZ
o Af Af Af
Tuning ratio T =9% 7 =6.6% T =12.29%
Peak absorptivity 99.95% 90.75 % 99.21%
Type of MEMS Cantilever Cantilever Cantilever
actuator

Number of electrodes 1 electrode in 1 4 electrodes in 2 4 electrodes in 2

cell cells cells
. . Vertical, out-of- | Vertical, out-of- Vertical, out-of-
Deflection direction
plane plane plane
Fabrication Oxygen plasma | Oxygen plasma Oxygen plasma
. . . Discontinuous Discontinuous
Tuning Continuous tuning . .
tuning tuning
Driving voltage Vg =15V V=110V V; =80V
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5.7.2 Comparison with MEMS tunable metamaterial
absorber

In this article, the detailed contrasting factor among MEMS tunable
metamaterial absorbers would be portrayed. These works from F. Hu et al (2016), M.
Liu et al(2017), and J. Xu et al(2020) [141-143] are compared to the thesis work.
One common aspect of all the MEMS tunable metamaterial absorbers is the vertical
deflection direction. However, only the 3™ absorber uses other types of MEMS
actuator called suspended membrane while the rest of the three absorbers applied
cantilever as a type of MEMS actuator. With this in consideration, the driving of the
unit cell is different from each other. While, the 2™ and the 4" absorber show
individual unit cell driving, the 3™ absorber works as 9 unit cells set driving and our
work is more similar to unit cell element driving due to the scaling issue. Amazingly,
the 4™ absorber is current driving compared to voltage driving of the rest of the
absorbers. The driving 1200 mA current in the 4" absorber creates thermal
reconfiguration of the cantilever. Also, the driving voltage in the 3™ absorber is 250
V due to the suspended structure.

The major distinctive key aspect of this research to other absorbers is that
our absorber is the only device that works in the GHz regime unlike other absorbers
working in sub THz and THz regimes. Before emphasizing the interesting different
points, the numerical results such as initial resonance frequency, characteristic length,
unit cell dimension, tuning range, tuning ratio, and peak absorptivity are well
outlined and depicted in Table 6.2. Mentioning those numbers is just the result of the
research-creation.

Another difference is shown in material and fabrication. Only the 2™
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absorber used hydrofluoric wet etching to release the cantilever while other work

used an oxygen plasma ashing process. Therefore, the sacrificial layer used in the 2™

absorber is phosposilicate glass instead of a polymer such as photoresist in this work

or polyimide in the 3™ and the 4™ absorber. All of the properties mentioned above

are well descripted in Table 5.10.

Table 5.10. Summary of MEMS tunable metamaterial absorber

This work
GHz
Resonance f = 32.95 GHz
frequency (f) oo
Characteristic | )
length (/Zl) i 2.275 mm
Meta-atom unit 2 % 3 mm?
cell
Type of MEMS | Stress-induced
actuator cantilevers
Driving of unit Unit cell element
cell driving
Deflection Vertical, out-of-
direction plane
Maximum
deflection (8,¢) 8 = 60 um
Fabrication ' Oxygen plasma
- Photoresist
Sacrificial layer AZ4330
Tuning range | Af = 4.08 GHz

. . Af
Tuning ratio 7 =1229%

Peak absorptivity 99.21 %
Driving voltage /

current Va=80V

[141] F Hu et al,

2016
Sub THz regime

f =0.61THz
A =122.75
Z = . um

160 x 90 um?

Cantilever

Individual unit
cell driving

Vertical, out-of-
plane

¢ =0.6°

HF wet etching

Phosphosilicate
glass

Af = 0.06 THz
Af
— =99
f
About 60 %
V,=20V
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[142] M Liu et
al., 2017

THz regime

f = 1.168 THz
A 65.25
Z = . um

60 x 60 um?

Suspended
membrane

9 unit cells set
driving

Vertical
6 =3 um
Oxygen plasma

Polyimide

Af
= 0. 188 THz

Af
—=16%
f

Up to 80 %

V=250V

[143]J. Xu et al.,
2020

THz regime

f = 0.68 THz
A =110.25
Z— . um

80 x 105 pm?

Cantilever

Individual unit
cell driving

Vertical, out-of-
plane

¢ =54°
Oxygen plasma

Polyimide
Af = 0.01 THZ

A
7~ 150

95.6%

I =1200 mA
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1-]5 -ﬁ.i
L~ | ’I.



5.7.3 Comparison with Ka-band tunable metamaterial
absorber

The research on Ka-band tunable metamaterial absorbers including this
work will be briefly explained. The work from Q. Wang et al (2022) [144] used
material tuning using nematic liquid crystal which controlled triple resonance by
triple metal stripe deposition above the liquid crystal. However, this research applied
MEMS solution instead of other tuning mechanisms. The former Ka-band tunable
metamaterial absorber showed a tuning ratio of 9.5, 9.1, 8.58% from an initial 25.4,
28.7, and 32.8 GHz under DC bias 5 V of liquid crystal transition compared to the
12.29 % tuning ratio in this work. Therefore, the tuning ratio is slightly higher in this
research work. To resume, each tuning approach has both advantages and
disadvantages. Even though, the former has strengths such as low loss of nematic
liquid crystal, mature fabrication process, and relatively large tuning ratio, the
temperature constraints, and continuous power consumption are drawbacks of the
absorber reliability. In contrast to the former research, the absorber in this thesis
shows a relatively large tuning ratio and consumes less power, However, the tuning
speed and reliability are the major flaw. The Table 5.11 clarifies each characteristic

of tunable metamaterial absorbers in Ka-band.
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Table 5.11. Summary on Ka-band tunable metamaterial absorber

Resonance
frequency (f)

Tuning method
Tuning range

Tuning ratio

Peak
absorptivity

Driving voltage

Advantages

Disadvantages

[144] Q. Wang et al, 2022

Ka-band

fi = 25.4 GHz,
f, = 28.7 GHz,
fs = 32.8 GHz

Material tuning
Liquid crystal

Af
+ = 95% 9.1%, 858%

Up to about 95%

DCbias V3 =5V

Low loss of nematic liquid
crystal

Mature fabrication of liquid
crystal

Relatively large tuning range

Common
electrode

Bias lines’ <

(Al covered with Si0,) . N .
<« Driving electrode 1
+—— Driving electrode 2
<—— Driving electrode 3
Driving electrode 4

Ground
(backside, Alf

This work
Ka-band

f =32.95GHz
Mechanical tuning
MEMS cantilever

Af = 4.08 GHz

A
—f =12.29%

f
99.21%

Electrostatic V; =80V

Relatively large tuning range
Low energy consumption for
pull-in

Temperature sensitivity of the

effective permittivity of nematic

liquid crystal
Continuous dc bias
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CHAPTER 6. Conclusion

MEMS solution is first proposed and demonstrated to realize frequency
tunable metamaterial absorber for Ka band. To achieve resonance frequency
tunability with mechanical reconfiguration, sub-mm scale stress-induced MEMS
cantilever having initial out-of-plane deflection is applied as an electrostatically
actuating element in the metamaterial unit cell to generate capacitance change. The
absorber consists of two split ring resonator structure in which the four cantilever
beams with stress gradient is aligned symmetrically with pairs. Determination of the
dimensional parameters are realized based on the impedance matching simulation of
full electromagnetic wave.

The fabrication of the absorber is entirely performed by surface
micromachining with metallic film and photoresist based sacrificial layer on the
glass wafer. Oxygen plasma ashing process is selected as a releasing method for
realizing cantilever with large deflection. To ramp up the uniformity and
reproducibility of sub-mm scale stress-induced cantilevers in absorber, condition of
ashing process is thoroughly controlled with cyclic processing and various beam
structure is attempted during engineering. Three different beam design from
cantilever array type to finally evolved semicircular beam type are proposed and
measured as an appropriate shape for applying to absorber.

First of all, the absorber continuously actuated with stress-induced
cantilever array structure. The fabricated total 96 cantilevers showed average 41.5

pnm deflection. The absorber initially resonated in 28 GHz and gradually shifted to
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25.5 GHz showing 2.5 GHz of tuning range when the voltage is applied up to 15 V.
The peak absorptivity shift from 72.9 % of initial off-state to 99.9 % of pull-in state.

The 2™ design absorber having sub-mm scale rectangular cantilevers with
incremental etch hole pattern reconfigures digitally in 5 different states. From initial
state to all pull down state, the absorber performance show 2.14 GHz of tuning. The
resonance frequency changes from 32.14 to 30.10 GHz. The peak absorptivity at
resonance frequency undergoes 83.58 % to 90.75 %. Even though the releasing of
cantilevers has improved, the performance of metamaterial absorber has not been
fully achieved due to the abnormal mechanical behavior of electrostatically driven
cantilevers.

The semicircular beam with an incremental etch hole showed the most
improved uniformity results. The fabrication result of the 3™ design absorber
constantly shows reproducibility of releasing sub-mm scale cantilever. Analyzing
144 cantilevers from total 18 samples, the average of the average maximum end tip
deflection is 51.8 um and the standard deviation of the average maximum end tip
deflection is 3.1 um. The performance of the fabricated absorber is experimentally
validated with a rectangular waveguide measurement setup. Through undergoing
different reconfiguration state from initial off-state to all pulled-down state, the
absorption frequency range is measured as 4.08 GHz with 12.9% of tunability when
applying DC 80 V bias in each electrode. The resonance frequency shift from 32.95
to 28.87 GHz. The reflection coefficient at each stage exceeds over -9 dB, the
transmission coefficient is lower than -39 dB at each state, and the peak absorptivity
at each state show over 80%. The measured peak absorption rates at each state are

80.95 %, 88.17 %, 86.29 %, 99.21 %, and 86.51%, at each state respectively.
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