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Abstract

Negative refractive index materials are an example of metamaterials that are

becoming increasingly popular. Research into these metamaterials could possibly be

the first steps toward bending electromagnetic radiation (i.e., microwaves, light, etc.)

around an object or person. Split ring resonators (SRR) are classified as metamaterials

that create an artificial magnetic response from materials with no inherent magnetic

properties. Once fabricated, an SRR has a specific resonant frequency due to its

permanent geometry.

This research introduces a new concept of using a variable capacitive micro-

electro-mechanical system (MEMS) device located at the gap of an SRR to mechani-

cally alter the capacitance of the SRR structure and thus change its resonance. This

design simplifies fabrication and uses less space than a varactor diode or MEMS switch

since the MEMS device is the capacitive element and is fabricated in-situ with the

SRR. This research is the first known to demonstrate the fabrication of a MEMS

tuneable capacitive device on an SRR.

This thesis reports on the model, design, fabrication, and testing of the capaci-

tive MEMS device as a stand-alone test structure and as located on an SRR. When

pulled-in, the cantilever beams each add between 0.54− 0.62 pF.
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A MEMS Multi-Cantilever

Variable Capacitor

On Metamaterial

I. Introduction

1.1 Problem Statement

Ever since Pendry et al. [1] proposed using microstructured split ring resonators

(SRR) to create artificial magnetic responses from materials with no inherent mag-

netic properties, SRRs have become increasingly popular for use as negative magnetic

media, also known as metamaterial [2, 3]. An example of an SRR is shown in Fig-

ure 1.1. SRRs inhibit a narrow band of electromagnetic waves that lie in the SRRs

resonant frequency, provided the electromagnetic waves are polarized along the axis of

the SRR [4,5]. However, once fabricated, an SRR has a specific, unalterable resonant

frequency due to its geometry.

Past research has focused on SRR metamaterials as passive devices in which

the electromagnetic resonance of the structure remains constant. However, tunable

SRRs are gaining particular interest for antenna beam steering [5]. Recently, studies

have been carried out to answer the demand for a resonant-tuneable metamaterial

device. For instance, one study used a varactor diode to electronically tune SRR-based

notch filters [4]. Another study used pre-packaged micro-electro-mechanical-systems

(MEMS) as switches to create a metamaterial SRR with a dual state electromagnetic

response [5].

This paper introduces the novel concept of using a MEMS varactor device lo-

cated at the gap of a split ring to mechanically alter the capacitance of the SRR

structure and thus change its resonance. This design simplifies fabrication because

the SRR and MEMS device are both fabricated using micromachining processes. This
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design also uses less space than current tuneable SRRs since the MEMS varactor de-

vice is fabricated directly on the SRR. Another benefit is that a broad frequency

response is available due to the large capacitance ratio of the MEMS varactor.

Figure 1.1: Split ring resonator (SRR) unit cell used in this study [6].

1.2 Micro-electro-mechanical Systems

MEMS have been researched and developed since the 1970’s. MEMS technology

refers to mechanical structures on the order of 1 to 100’s of micrometers (µm). Recent

advancements in reliability and lifetime issues have increased considerations for their

use in many applications. Specifically, MEMS devices are becoming increasingly pop-

ular for use in radio frequency (RF) applications. MEMS are ideally suited for use as

RF devices because of their many advantages over their solid state counterparts such

as [7–11]:

1. Capacitive Switches:

• high isolation: RF MEMS switches are fabricated with air gaps and there-

fore have low off-state capacitances in the tenths of fF as shown in Fig-

ure 1.2
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• low power consumption: MEMS require high voltage (20− 80 V) for elec-

trostatic actuation, but consume a negligible amount of current (leakage

current from the on-cycle)

• low insertion loss: typical transmission insertion losses of 0.06 dB/mm at

10 GHz have been reported [9]. Thicker transmission lines also reduce

insertion loss when the beam is in the up-state [12] (as shown in Table 1.1)

2. Contact Switches:

• low resistive loss [12] (as shown in Table 1.1): the MEMS switch can be

made with high conductivity metal

• high power handling capability [12]: MEMS switches are free of the pn

junction breakdown limit

• excellent linearity: MEMS do not have nonlinearities like that in field effect

transistors (FET) as shown in Figure 1.2 [13]. A MEMS contact switch is

an all-metal structure which behaves like an ideal resistor and is thus not

governed by the carrier statistics like that of a FET [14]

Figure 1.2: FET and MEMS switch comparison [14].

3



Table 1.1: RF switch technology comparison [14].

1.3 Research Objectives

The objectives of this research are to:

1. Design and fabricate MEMS cantilever devices directly on an SRR

2. Characterize fabricated devices (i.e., actuation voltage, release voltage, capaci-

tance, limited lifetime test)

3. Experimentally demonstrate tuning SRR frequency using a MEMS capacitor

1.4 Design Requirements

1. Devices must be fabricated on a dielectric substrate, preferably sapphire (for

RF testing purposes)

2. Fabrication techniques must be available at the Air Force Institute of Technology

(AFIT) or the Air Force Research Lab/Sensors Directorate (AFRL/RY)
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3. Voltage needed to actuate cantilevers must not exceed the dielectric breakdown

voltage

4. Beams must actuate one at a time to provide a controllable way to change

capacitance

5. Cantilevers should not stick in the down state after actuation voltage is removed

6. Capacitive array should provide enough of a capacitance change to the SRR to

observe a shift in resonant frequency (≈ 1− 3 pF per beam)

1.5 Organization of Thesis

This thesis is divided into seven chapters and one appendix. Chapter one details

the intent of the research. Chapter two provides a comprehensive literature review

on MEMS cantilever and capacitive switches, tunable varactors, metamaterial, SRRs,

and MEMS on metamaterials. Chapter three is a review of the mechanical theory

of cantilever beams and a brief electromagnetic theory review on SRRs. Chapter

four describes the method of device design and fabrication. Chapter five presents an

analysis of cantilever mechanical modeling and simulation using analytic equations

and a finite element modeling software program, CoventorWarer. Chapter six covers

the experiments and test results. Chapter seven discusses overall conclusions from

the test results and recommendations for future research. Appendix 1 contains the

process followers used for device fabrication.
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II. Background

2.1 Chapter Overview

This chapter presents background material pertinent to MEMS contact and

capacitive switches. It gives the status of research on variable capacitors using MEMS

devices, and it briefly explains metamaterials and split ring resonators.

2.2 Background on Contact and Capacitive Switches

There are many methods available to actuate a MEMS switch, such as electro-

static, electromagnetic, thermal, and piezoelectric; however, electrostatic actuation

(used in this design) is the most widely implemented due to its near zero power con-

sumption and simplicity [15]. The following subsections discuss the design, behavior,

and reliability of electrostatically actuated contact and capacitive MEMS switches.

2.2.1 Contact Switch. The first major category of RF MEMS switches is the

metal-on-metal contact switch, also known as an ohmic or series switch, which opens

or closes electronic transmission through mechanical movement [15]. The contact

switch in Figure 2.1 is composed of an anchored cantilever beam with contact dimples

Figure 2.1: Layout (a) and cross section (b) view of a cantilever type contact
switch [16].
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at its free end, a drive electrode, and a contact area landing pad. A bias voltage

(positive or negative) applied between the cantilever beam and the drive electrode

operates the device. As the applied bias voltage increases, coulombic force attraction

between the beam and electrode causes the free end of the cantilever to bend toward

the bottom drive electrode. The dimples at the end of the cantilever land on the

contact area, which creates an electrical connection.

2.2.1.1 Electrostatic Actuation. Figure 2.2 is a generic force diagram

which models an electrostatic actuator as a parallel plate capacitor. The top plate

can be thought of as the cantilever beam, and the bottom plate as the drive electrode

from Figure 2.1. The two primary forces acting on the plates are (1) the mechanical

restoring force (Fs), which is determined by beam geometry and material, and (2) the

electrostatic force (Fe), which is governed by Coulomb’s law.

Figure 2.2: Generic force diagram for a parallel plate electrostatic actuation device
(cantilever). The mechanical restoring force, Fs, is a function of plate separation,
d, and the beam spring constant, k, which is dependent on material properties and
device geometry. Electrostatic force, Fe, is a function of: the applied voltage across
the parallel plates, the surface area of the plate, A, the permittivity of the dielectric
between the plates, ε0 and εr, and the distance between the plates, d [17].
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Recall Coulomb’s law, which states that like forces repel and opposite forces

attract. Coulomb’s law is an inverse square law which means that if the distance

between two point charges doubles, then the Coulombic force attraction between the

two points decrease by a factor of four. (Coulombic forces in MEMS structures are

high because the distance between the two point charges is in the micrometer range)

The electrostatic force between two parallel plates is given by [18]:

Fe =
ε0εrAV 2

2d2
(N) (2.1)

where ε0 is the permittivity of free space and εr is the dielectric constant of the

medium separating the two sources, A is the plate area, V is the applied voltage, and

d is the distance separating the parallel plates.

When the voltage source in Figure 2.2 is turned on, positive charges collect on

the bottom plate and negative charges collect on the top plate. Following Coulomb’s

law, these opposite charges attract which forms an electrostatic force. Initially, the

mechanical restoring force (Fs) resists the plates from moving toward each other.

Increasing voltage further causes more charge to accumulate on the plates, which

leads to a higher electrostatic force. Eventually, the electrostatic force overcomes the

mechanical restoring force of the beam causing the beam to “snap” down onto the

contact area as shown in Figure 2.3. The voltage at which the beam snaps down is

called the pull-in voltage, (Vpi).

Figure 2.3: Cantilever beam at pull-in voltage. Colors represent magnitude of
deflection; blue = no deflection, yellow = 2 µm deflection.
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The cantilever snaps down in the tens of micro-seconds and is a function of the

electrostatic force exerted on the cantilever [15]. Referring back to Figure 2.1, when

the beam pulls into contact with the landing plate (referred to as the down, closed, or

on-state) an electrical connection is made, which allows an RF signal to pass through

the beam to the signal line. When the voltage applied is less than Vpi, the beam

does not bend down enough to contact the signal line and the RF signal cannot pass

(referred to as the up, open, or off-state). When the applied voltage is removed, the

electrostatic force quickly falls to zero and the mechanical restoring force becomes the

dominant force and restores the beam back to its original position.

2.2.1.2 Contact Force and Area. When in the down-state, the contact

switch creates an electrical connection, however, the switch still introduces a small

resistance (less than 3 Ω) to the circuit. Coutu et al. [19] showed that increasing

the bias voltage beyond the pull-in voltage increases the contact force between the

beam and the contact plate, which decreases contact resistance. Contact force is

a compressive force which causes material deformation, therefore, when increased,

it compresses the beam and contact plate together creating more surface contact

area [19]. Contact area is determined by contact geometry, surface roughness, elastic

modulus, and material hardness [19]. An example of a contact switch with surface

roughness is shown in Figure 2.4(a). When the two plates come into contact as shown

in Figure 2.4(b), the peaks (also known as surface asperities) contact first, therefore

the contact surface area is not at its maximum [20]. The surface asperities undergo

(a) (b)

Figure 2.4: Example of surface roughness (a) which leads to a decreased contact
area at pull-in (b).
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a slight deformation [20] creating small areas of contact (Figure 2.5). Over-biasing

the contact switch increases the contact force between two contacting objects, which

elastically and plastically deforms surface asperities, thus creating a greater contact

surface area.

Figure 2.5: Example of contact area (in black) at pull-in voltage [19].

2.2.1.3 Contact Resistance. From Equation 2.2, as contact area in-

creases, the total resistance (R) of the contact switch decreases proportionally [19].

R =
ρL

Ac

(Ω) (2.2)

where ρ is resistivity of the material, L is the length, and Ac is the contact area. In

Figure 2.6, switch resistance falls dramatically at Vpi indicating the switch has pulled-

in and made an electrical connection. The slight increase in resistance that occurs

directly after pull-in is due to the cantilever bouncing during pull-in, however, the

beam quickly settles to form a stable contact [15]. The switch contact resistance then

continues to decrease as actuation voltage increases, indicating that contact surface

area is increasing.

2.2.1.4 Collapse Voltage. Device engineers desire a minimum amount

of switch resistance, however, actuation voltage cannot be increased indefinitely.
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Figure 2.6: Plot of measured closed switch resistance vs. applied actuation volt-
age. Initial drop in resistance occurs at pull-in voltage and decreases with increasing
actuation voltage (indicating an increasing contact area). At collapse voltage, Vcpi,
the beam makes contact with the drive electrode and shorts the device causing device
failure [20].

Eventually, the switch encounters the collapse voltage (Vcpi) [21]. As illustrated in

Figure 2.7, a cantilever is at collapse voltage when contact is made between the

cantilever and the drive electrode. If the drive electrode is not insulated, the device

shorts out, causing device failure. Cantilever collapse occurs because coulombic forces

continuously attract the beam towards the drive electrode (even after beam pull-in

has occurred). As voltage increases, the electrostatic attraction force becomes strong

enough to pull the beam down onto the drive electrode. The desired range of actu-

Figure 2.7: Cantilever at collapse voltage. Colors represent magnitude of deflection;
blue = no deflection, red = 2.2 µm deflection.
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ation voltage is between Vpi and Vcpi, however, switches operated near Vcpi have less

contact resistance. An engineering tradeoff must be determined between actuation

voltage and resistance because operating close to Vcpi also affects the reliability and

lifetime of the switch by increasing chances of failure.

Coutu et al. [22] have designed an RF MEMS cantilever switch to prevent a

beam from collapsing onto an electrode. In their device shown in Figure 2.8, the

electric contacts and actuation electrode are co-located near the beam’s end which

allows for higher actuation voltages without increasing the chances of collapsing the

beam [22].

Figure 2.8: RF MEMS switch with electric contacts and actuation electrode co-
located near the beam’s end to prevent the beam from collapsing [22].

2.2.1.5 Reliability Issues. Device reliability of greater than 108 hot-

switched switch cycles is a key performance criterion for RF MEMS switches [19].

A hot-switch is defined as voltage potential existing across a contact actuating from

open to closed, or a current flowing through a contact actuating from closed to open.

Hot-switching may create arcing, which damages contact dimples and reduces device

lifetime. The two primary failure mechanisms that dictate MEMS device reliability
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are stiction and the degradation of the ohmic contact. The first failure mechanism,

stiction, occurs when micromachined parts adhere to each other or to the substrate

due to various effects such as capillary forces, van der Waals forces, electrostatic at-

traction, or hydrogen bonding [19, 23]. Stiction of a device may occur when in use

or during the release process. Capillary forces of the liquids in the release process

can pull mechanical structures together [23]. Stiction caused during the release pro-

cess can be mitigated by designing stiffer structures, reducing contact surface area

by using dimples, or by using a carbon dioxide (CO2) critical point dryer to re-

lease structures [23]. The second failure mechanism is a degradation of the ohmic

contact in which the contact resistance significantly increases with increasing switch

cycles [19, 20, 24]. Gold (Au) is typically used for metal-to-metal contacts primarily

because of its low resistivity and high-resistance to oxidation. However, Au has a

low material hardness factor and is easily eroded through material transfer, which

increases contact resistance over time due to a reduced contact area as determined by

Equation 2.2 [19]. It has been shown that Au alloyed with harder metals such as pal-

ladium (Pd), platinum (Pt), and copper (Cu) increases beam hardness and improves

switch reliability with a trade-off of slightly higher contact resistances [19].

2.2.2 Capacitive Switch. Figure 2.9 shows a simple capacitive switch inte-

grated in a coplanar-waveguide (CPW). The metallic membrane (bridge beam) has

a high conductivity and stiff mechanical properties. A dielectric insulator covers the

transmission line to prevent the control signal from shorting during device actuation.

The ends of the beam (posts) are anchored to the CPW ground planes. The beam

and transmission line act like a parallel-plate capacitor.

When no voltage is applied to the transmission line, the beam remains in its orig-

inal up-state position. When a voltage is applied between the transmission line and

the beam, positive and negative charges form on the conductor surfaces which induces

an electrostatic force on the beam. As the applied voltage between the transmission

line and beam increases, the electrostatic force eventually causes the beam to collapse
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(a) (b)

Figure 2.9: A capacitive switch layout (a) and cross section view (b) [25]. Charges
on the transmission line pull the beam downwards. When the beam pulls-down on
the insulator, a large capacitance exists between the beam and transmission line. At
GHz frequencies, the impedance between the transmission line and ground line is low,
which forms a reflective switch.

on the dielectric layer, which increases the capacitance by a factor of 30 − 150 [26].

From Equation 2.3, a switch in the down-state increases switch capacitance (≈ pF),

which decreases the reactive impedance (ZC) between the transmission line and the

beam at microwave frequencies, thus creating a reflective switch:

ZC =
1

jωC
(Ω) (2.3)

where ω is the frequency, and C is the capacitance provided from the capacitive

switch [27].

When the applied voltage is removed, mechanical restoring forces return the

beam to its original position. In the up position, the capacitance between the beam

and transmission line is negligible (≈ fF), which causes the impedance between the

transmission line and beam to increase by multiple orders of magnitude. To the

circuit, the high impedance is essentially an open, thus any signal travelling on the

transmission line passes with little reflective loss to the ground lines.
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2.2.2.1 Capacitance. A parallel plate capacitor model is shown in

Figure 2.10. The capacitance between the two plates in the up-state (Figure 2.10(a))

is given by [7, 26]:

Cpp =
ε0A

d + td
εr

(fF) (2.4)

where td is the thickness of the dielectric layer. The total capacitance is actually

higher than Cpp because of the fringing effect [26]. The total up-state capacitance is

calculated using:

Cup = Cpp(1 + Pf ) (fF) (2.5)

where Pf is the fringing field contribution of approximately 25 percent [26].

(a) (b)

Figure 2.10: Parallel plate capacitor model in the up-state (a) and down-state (b).

Assuming a perfectly flat contact area, the capacitance in the down-state posi-

tion (Figure 2.10(b)) is expressed as [7]:

Cd =
ε0εrA

td
(pF) (2.6)

However, Cd is expected to drop due to dielectric roughness, residue left after

release etches, or contaminants—all of which cause poor contact between the moveable
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beam and dielectric layer [12,26,28]. Lakshminarayanan et al. [26] report a reduction

of calculated down-state capacitance (Equation 2.6) by 46 percent due to dielectric

surface roughness.

2.2.2.2 Dielectric Surface Roughness. Device engineers desire that

capacitive switches have a high off-state/on-state capacitance ratio, therefore, the

down state capacitance must be as high as possible. The surface roughness of the

dielectric film has a significant effect on the down-state capacitance. A rough dielectric

surface creates parasitic air gaps as shown in Figure 2.11 and significantly lowers the

down-state capacitance [29]. The dielectric film must be as smooth as possible such

that when the cantilever beam pulls-down, the contact area between the dielectric film

and metal beam is maximized [13]. The process used to deposit the dielectric film has

a significant effect on surface roughness. Also, increasing actuation voltage deforms

Au bridge beam asperities (silicon nitride (Si3N4) has a higher hardness factor than

Au) to create a larger capacitance area (analogous to reducing resistance in a contact

switch by increasing voltage).

Figure 2.11: Dielectric surface roughness with parasitic air gaps that decrease the
overall down-state switch capacitance by reducing surface contact area [29].

2.2.2.3 Microwave Power Effects. When a microwave frequency signal

travels through a MEMS switch, it must be taken into account that microwave power

affects MEMS switch operation [30]. The relaxation time of free electrons in Au is
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0.29 × 10−15 sec which means the electrostatic force instantaneously follows the RF

electromagnetic field [31]. Therefore, the average voltage of the rectified RF sine wave

attracts the switch [31]. This can lead to two types of RF power failure mechanisms:

RF latching and RF self-actuation [32]. RF latching occurs when the applied RF

power is enough to keep the membrane switch held down even after DC bias has been

removed. RF self-actuation occurs when the RF power is high enough to actuate

(pull-down) the membrane without applying a DC bias [32]. However, for both cases

of failure, when RF power is removed or reduced from the switch, the device returns

to its original position (no longer in a failure mode). Pillans et al. [32] also show in

Figure 2.12 that as RF power increases, the pull-down voltage decreases.

Figure 2.12: Applied RF power vs. DC pull-down voltage [32].

According to Reid et al. [30], RF power also induces a current in the beam bridge

which creates ohmic heating that in turn lowers pull-in voltage. Beam temperature

and beam pull-in voltage are related to microwave power and frequency as shown in

Figure 2.13.

2.2.2.4 Reliability Issues. The main cause of low reliability in ca-

pacitive MEMS switches is due to stiction induced by dielectric charging [26, 33, 34].

When the beam collapses on the dielectric, the electric field across the dielectric is
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Figure 2.13: Calculated temperature vs. power at different frequencies for a capac-
itive switch [30].

in the MV/cm range [24, 35]. The high electric field causes charges to tunnel into

the dielectric similar to Frenkel-Poole emissions [7,24,36]. The dielectric accumulates

charge due to its high density of traps associated with dangling bonds and surface

defects [35]. The charge then becomes trapped within the dielectric because there are

no convenient conduction paths for the charge to escape [24] (recombination time for

these charges can be on the order of seconds to days [7,35]). Trapped charge continues

to accumulate in the dielectric as the switch cycles on and off. This trapped charge

counteracts (screens) the applied voltage used to actuate or release the switch [24].

Figure 2.14 shows how trapped charge shifts the pull-in and release voltages. As the

switch actuates over time, the electric field of the trapped charge becomes strong

enough to keep the beam stuck in the down position. Since the hold-down voltage

is much less than the actuation voltage (explained in next section), stiction occurs

quickly [7, 24].

Contaminants (hydrocarbons and particulates), humidity, and temperature also

affect switch lifetime [25]. Contaminants and humidity change the adhesion force

between the beam and dielectric. Temperature changes the stress in the beam which
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Figure 2.14: Capacitance-Voltage (C–V) relationship of a capacitive switch. Curve
1 represents a switch actuated for the first time and thus has little to no trapped
charge. Curve 2 represents the same switch that has been actuated numerous times.
Therefore, there is a +5 V shift in pull-in voltage, Vpi, and release voltage, Vr, due to
trapped charges in the dielectric that have accumulated over time [25,34].

changes the pull-in and release voltages [24, 30, 37]. Yuan et al. [35] also report that

increasing temperature increases trap densities, which shifts actuation voltage and

softens the dielectric membrane, making it more prone to stiction.

Mechanical failures are currently of little interest since they do not occur until

switch lifetime reaches on the order of 100 billion cycles, which is beyond the failures

due to device stiction [28].

2.2.3 Designs Increasing Lifetime. Goldsmith et al. [24] demonstrate that

the switch lifetime is directly related to the applied voltage because of dielectric

charging effects. In their experimentation, they used a dual-pulse square waveform

where the first pulse was applied to pull down the beam and the second pulse was then

applied at a lower voltage to keep the beam down. A beam in the down-state requires

a lower hold-down voltage because the distance between charges is negligible [7] (recall

Equation 2.1; a smaller distance creates a greater force). Switching to a lower holding

voltage decreases the amount of time that a high voltage is applied to the electrode

dielectric, and thus minimizes the amount of charge tunnelling into the dielectric; this
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reduces stiction caused by dielectric charging. Yuan et al. [35] report using the dual

pulse method minimizes dielectric charging due to its exponential voltage dependence.

Goldsmith et al. [24] also report of an exponential relationship between applied voltage

and switch lifetime. In their studies, lifetime improved by a factor of ten for every

5− 7 V decrease in actuation voltage.

The bipolar actuation waveform is another actuation technique used to reduce

stiction. In bipolar actuation, the initial applied voltage actuates the switch. When

the switch is pulled down, charge tunnels into the dielectric film. Voltage is then

released followed by applying the next actuation voltage, but at the opposite polar-

ity, which discharges the trapped charge in the dielectric [33]. This method keeps

the trapped charge at a minimal level, thus decreasing stiction. The bipolar actua-

tion method, however, is not completely free from stiction because the charging and

discharging speeds are not the same for positive and negative voltages [33]. To cor-

rect this, Yamazaki et al. [33] have developed an intelligent bipolar actuation (IBA)

method, as shown in Figure 2.15, to fix the imbalance between positive and negative

charging and discharging speeds. They have developed a software algorithm that de-

tects the amount of release voltage shift (∆Vr) after every actuation cycle. If ∆Vr is

higher than a threshold voltage (Vth), then the polarity of the next actuation voltage

is reversed. Using the IBA method, Yamazaki and his team were able to free the

switch from electrostatic stiction [33].

Figure 2.15: Waveform of IBA method [33].
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Lakshminarayanan et al. [26] mitigated dielectric charging and temperature ef-

fects by changing device geometry rather than by adjusting the actuation method.

They designed a miniature MEMS capacitive switch approximately 150 times smaller

in lateral dimensions than a standard MEMS device [26]. The miniature MEMS

device has a significantly higher mechanical restoring force than a standard MEMS

device [26]. The miniaturization, however, results in a reduced capacitance ratio.

Device reliability was found to be in the billions of cycles, which makes miniature

MEMS more reliable than standard MEMS switch capacitors [26].

2.2.4 Varactors. MEMS are increasingly being used as variable capacitors

(varactors) in microwave circuit applications because of their low power consumption,

low insertion loss, and inherent tunability. Varactors are designed to have a broad

capacitive tuning ratio, a high quality factor, and stiction immunity. Simple bridge

or cantilever beams have a very narrow range of stable motion (1/3 the gap) and can

only obtain a continuous tuning range of 1 : 1.5 before deflection instability occurs

and the beam pulls-in [7, 28]. However, there are many capacitive MEMS device

designs that allow a far greater tuning range than the simple beam structure switch.

Fang et al. [38] used simple MEMS technology to fabricate a low-voltage-controlled

variable capacitor as shown in Figure 2.16. The parallel plate capacitor has a high

quality factor and a simple design, however, considering the large surface area used,

the tuning ratio for capacitance was minimal at 1 : 1.31.

Figure 2.16: Simple parallel plate variable capacitor with a low tuning range [38].
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Bakri-Kassem and Mansour [39] have developed a parallel-plate variable capac-

itor with carrier beams between the plates to increase the tuning range as shown in

Figure 2.17. In this capacitor design, the movable plate pulls-in at Vpi, but the carrier

beams prevent it from collapsing onto the fixed plate electrode. The carrier beams

situated between the plates are designed with a high spring constant which prevents

the top movable plate from collapsing onto the fixed plate. As the DC bias increases

beyond the pull-in voltage, electrostatic forces draw the movable plate downwards,

however, the carrier beams slightly bend down with the movable plate, still prevent-

ing it from pulling-in. Bakri-Kassem and Mansour’s varactor has a quality factor of

14.6 at 1 GHz and is capable of an off/on capacitance ratio of 1 : 5.1 (410 percent

tuning range) before pull-in (to the fixed plate). Their design also avoids stiction

issues because the movable plate never fully collapses onto the fixed plate.

Figure 2.17: A parallel-plate variable capacitor with carrier beams. The movable
plate collapses onto the carrier beams at pull-in voltage. The carrier beams bend with
the movable plate with increasing voltage, which provides a controllable capacitive
tuning range [39].

Luo et al. [40] used multiple beams as shown in Figure 2.18 to create a variable

capacitor. Their devices consist of multiple cantilevers and bridges (with lengths

ranging from 75 µm to 200 µm in 5 µm increments) that are suspended over an

electrode. A dielectric layer is coated over the electrode, which forms a capacitive

switch. Luo et al. [40] used three different dielectrics to achieve different capacitance

ratios: silicon dioxide (SiO2), silicon nitride (Si3N4), and hafnium dioxide (HfO2)

with dielectric constants of 3.8, 7.8, and 20, respectively (recall Equation 2.6, where
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(a) (b)

Figure 2.18: Two types of variable capacitors. The varying length cantilevers (a)
pull-in longest-to-shortest. The bridge beam over the longest bottom electrode (b)
pulls-in first, followed by the bridge over the next longest electrode [40].

increasing the dielectric constant increases the down-state capacitance). As the bias

voltage applied to the electrode increases, the cantilever and bridge beams pull-in one-

by-one (longest-to-shortest) thus realizing a step increase in capacitance as shown in

Figure 2.19 [40].

Figure 2.19: C–V characteristic of a multi-cantilever capacitor. The zipper effect
is observed where the capacitance increases between 5 and 13 V even though no
additional cantilevers have been pulled-down. The large step increase in capacitance
at 13 V is due to three cantilevers being pulled-in at once. Also shown, is that
capacitance does not return to its original value after actuation voltage has been
released, which corresponds to cantilever stiction [40].
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Referring to Figure 2.19, at 13 V, a sharp increase in capacitance occurs which

represents a cantilever pulling-in. Luo et al. [40] report that the first increase in

capacitance is too large for only one cantilever pulling-in, and is in fact the result

of three beams pulling-in at once. Luo et al. [40] also show that capacitance still

increases with voltage when no cantilevers are pulling-in (between 5− 13 V, 14− 19

V, etc.). This behavior is believed to be caused by the “zipping effect,” [26] where

the cantilever lands at an angle shown in Figure 2.20(a), thus the tip contacts the

dielectric first while the rest of the cantilever pulls-in (zipper-like) with increasing

voltage (Figure 2.20(b)) [40]. The added contact area caused by the zipper effect

(Figure 2.20(b)) increases the capacitance contributed by each cantilever.

(a) (b)

Figure 2.20: Cantilever collapsing tip first (a) results in a small contact area that
creates a small capacitive change. As voltage is increased, more of the beam pulls-in
(b), thus creating a “zipper effect”. The extra contact area increases capacitance [40].

Figure 2.19 also shows the C–V characteristics as voltage ramps down, however,

only two decreasing steps in capacitance occur. Luo et al. [40] report that many of the

cantilevers remained stuck to the dielectric layer after voltage had been removed—

most likely caused by charge injection into the insulator [40].

2.3 Metamaterials

For this work, a metamaterial is described as a class of ordered microcompos-

ites that exhibit electromagnetic material properties. A unique definition for meta-

materials does not exist, however, there are essential aspects common in the many

metamaterial definitions such as [41–44]:

• metamaterial properties are not observed in the constituent materials
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• metamaterial properties are not observed in nature

• metamaterials are comprised of a periodic structure

• the metamaterial structure has lattice constants that are much smaller than the

wavelength of the incident radiation

The first point compares the constituents with those of the whole. The metama-

terial is comprised of lower-level components. “Only the co-existence of homogeneous

materials with well-defined response properties causes new properties to appear on

the next, higher level” [41].

The second point is that metamaterial properties are not found in naturally

formed substances; they are man-made (this is a loose and inclusive definition since

engineered objects are all non-natural).

The third point is an aspect that some definitions do not require [41]. This

thesis uses a periodic metallic SRR structure (discrete “particles”) that simulates a

homogeneous material whose specific properties are not naturally occurring.

The fourth point is an important aspect because the global response (bulk effect)

of the metamaterial is a function of the size of the scattering particles and their

neighboring distances [41, 42]. The lattice constant of an SRR unit cell, a, must be

smaller than the operating wavelength as shown in the following expression [42]:

0.01 <
a

λ
< 0.2 (2.7)

This research focuses on metamaterials operating greater than 10 GHz. The

wavelength at 10 GHz is 3 cm, therefore, lattice constants are no larger than 6 mm.

2.4 Split Ring Resonators

Artificial magnetics, such as SRRs, are classified as metamaterials. Even though

they are non-magnetic, SRR particles possess magnetoelectric coupling, meaning that

external electric fields induce electric and magnetic responses in the SRR particle [45,
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46]. SRRs are sub-wavelength resonators that inhibit propagation of a narrow band of

electromagnetic waves that lie in the vicinity of the SRRs resonant frequency, provided

that the electromagnetic waves are polarized along the y-axis of the SRR [4,5, 45] as

shown in Figure 2.21.

Figure 2.21: Simple SRR with axes labelled. Electromagnetic waves polarized along
the y-axis prompt a magnetic response from the SRR [45].

Once fabricated, the SRR has a certain resonant frequency due to its fixed

geometry. Resonant frequency of an SRR is given by [5, 47]:

ω0 =
1√
LC

(
rad

sec

)
(2.8)

where L is the self inductance of the metal trace and C is the capacitance of the

split ring. Past research has focused on SRR metamaterials as passive devices in

which the electromagnetic resonance of the structure remains constant due to un-

alterable device geometry. Recently, studies have shown that it is possible to control

the effective electromagnetic parameters of a metamaterial structure by using external

tuning devices [5].

2.4.1 Capacitor Loaded SRRs. Aydin and Ozbay conducted studies that

show SRRs loaded with capacitors at different locations on the split ring produce

different frequency responses [2]. Their experiment (Figure 2.22) consisted of fabri-
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cating SRRs on FR4 printed circuit board substrate and then mounting capacitors

with various capacitance values in three different regions on the SRR structure.

(a) (b) (c)

Figure 2.22: SRR with capacitor loaded between rings (a), across the outer ring gap
(b), and across the inner ring gap (c) [2]. Capacitors (circled) at different locations
on the SRR induce different frequency responses.

A schematic of Aydin’s and Ozbay’s SRR unit cell is shown in Figure 2.23(a). Two

monopole antennas created from microwave coaxial cable with a length on the order of

λ/2 were used for electromagnetic (EM) detection. Figure 2.23(b) shows a photograph

of the experimental setup used for measuring transmission coefficients.

(a) (b)

Figure 2.23: Schematic of SRR with dimensions d = 200 µm and t = 200 µm,
w = 900 µm, and R = 3.6 mm (a), and a photograph of experimental setup using two
monopole antennas for measuring transmission coefficients of a unit cell SRR (b) [2].
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The experimental results (Figure 2.24) show that as capacitance increases, the reso-

nant frequency decreases.

Figure 2.24: Magnetic resonance frequency of an SRR as a function of loaded
capacitances at different capacitive regions. Results from numerical models (solid
lines) agree with experimental data (data points). A variable capacitor located at the
outer split provides the largest tuning ratio [2].

Figure 2.24 also shows that capacitors located on the outer ring have the highest

change in resonant frequency vs. change in capacitance, which agrees with the simu-

lated field intensity at magnetic resonance shown in Figure 2.25. From Figure 2.25,

it is clear that the electric field intensity is greatest at the outer ring split region,

followed by the inner ring split region, and lowest in the gap between the outer and

inner rings. Therefore, loading capacitors at the outer split region achieves the highest

amount of tuning [2].

In summary, Aydin and Ozbay have shown that it is possible to change the

effective permeability values of an SRR particle using external capacitive devices.

They also proved that capacitor location has a strong influence on the tuning ratio of

SRRs.
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Figure 2.25: Simulated electric field intensity profile at the magnetic resonance fre-
quency of the SRR. Note the highest intensity is between the outer ring gap, followed
by the inner ring gap, and then between the two rings. This simulation agrees with
the measured data shown in Figure 2.24 [2].

2.4.2 Tunable SRRs. Gil et al. [4] have developed a varactor-loaded split

ring resonator (VLSRR) as shown in Figure 2.26 to tune a notch filter at microwave

frequencies. The resonant frequency of the VLSRR is controlled by changing ca-

pacitance with a varactor diode located between the concentric split rings [4]. The

varactor device, however, is larger than the SRR unit cell and thus requires a large

surface area as shown in Figure 2.27.

Figure 2.26: VLSRR with a diode varactor between internal and external split rings
where d is the ring separation (200 µm) and c is the ring width (200 µm) [4].

The device is fabricated on Rogers RO3010 with a dielectric constant of 10.2.

The silicon tuning diodes have a capacitance range of 0.75 − 9 pF at 28 − 1 V re-
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Figure 2.27: Photograph of fabricated SRR with varactor diode. The size of the
varactor diode uses nearly the same surface area as the SRR structure [4].

verse bias, respectively. This capacitance range dominates over the original SRR

capacitance (without varactors in-place) [4]. Figure 2.28 displays measured transmis-

sion coefficients for a VLSRR at different bias voltages. As capacitance of the SRR

structure increases, the resonant frequency shifts to a lower frequency.

Figure 2.28: VLSRR resonance behavior under different bias conditions. The res-
onant frequency shifts to the left as capacitance is increased [4].

Shadrivov et al. [48] created a tunable SRR using a variable capacitance diode

similar to Gil et al., however, the variable capacitor was placed between the outer

split rather than between the concentric rings. Using the device shown in Figure 2.29,

Shadrivov et al. [48] were able to tune the resonant frequency of the SRR particle from

2.27− 2.9 GHz—a tuning range of approximately 26 percent.
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Figure 2.29: Varactor-loaded SRR system along with circuitry used for voltage
biasing [48].

2.4.3 Tuning SRRs using MEMS. Hand and Cummer developed a dual-

state tunable metamaterial element using a TeraVicta RF MEMS switch to control the

effective capacitance of an SRR [5]. In their design, the TeraVicta switch is used in the

single-pole, single-throw configuration and operates from DC to 7 GHz, and actuates

at 68 Vdc. The switch can be placed in either a series or parallel configuration with the

SRR structure. When the switch is placed in series, it introduces a capacitance when

in the open-state, thus shifting the resonance of the SRR as shown in Figure 2.30.

Figure 2.30: Open and closed switch responses for an SRR with a MEMS switch
placed in series with the SRR. When the switch is opened, it introduces a capaci-
tive element, which shifts the resonant frequency higher, thus creating a dual-state
resonance. The 100 kΩ resistors are used for isolating the DC voltage source [5].

When placed in parallel with the SRR, the switch in the closed-state shorts out the

SRR, which eliminates the SRR resonance as shown in Figure 2.31.
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Figure 2.31: Open and closed switch responses for an SRR with a MEMS switch
placed in parallel. In the closed-state, the MEMS switch shorts the SRR, preventing
a resonant response. The 100 kΩ resistors are used for isolating the DC voltage
source [5].

Hand and Cummer also demonstrate that inserting a MEMS switch alters the

resonant behavior of the SRR [5]. The MEMS switch introduces a parasitic parallel

capacitance which shifts the resonant frequency of the SRR [5]. The shift in resonant

frequency can be seen when comparing Figure 2.32 to Figures 2.30 and 2.31.

Figure 2.32: Resonance of an SRR without a MEMS switch. Inserting a MEMS
switch alters the SRR resonant frequency [5] (compare to Figures 2.30 and 2.31).
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Hand and Cummer demonstrate the feasibility of a tunable metamaterial ele-

ment using MEMS technology, however, the MEMS device is only used as a switch

and not as the capacitive element. Although the device is smaller than a varactor

diode, the TeraVicta switch device still uses valuable area outside of the SRR unit

structure as shown in the insets of Figures 2.30 and 2.31.

2.5 Chapter Summary

This chapter presented a comprehensive review on MEMS capacitive and contact

switches. However, MEMS device designers are still trying to conquer the challenging

aspects of RF MEMS switches such as lowering actuation voltage, reducing stiction,

increasing switching speed, increasing power handling, and increasing lifetime and

reliability [31]. A review of metamaterial, SRRs, and capacitors on SRR circuits was

presented that provides the foundation for this research. The next chapter discusses

the theory of cantilever bending and SRR resonance.
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III. Theory

3.1 Chapter Overview

This chapter introduces the beam mechanics of the MEMS cantilever used for

this thesis. Beam bending theory from Shigley [49] is used to produce analytical

beam equations. This chapter also presents capacitance modeling of parallel plates

and briefly touches on the physics of SRRs.

3.2 Theory of Design

A hybrid MEMS capacitive switch is used in this study to change the resonant

frequency of an SRR. The mechanical design of this switch is based on a cantilever

beam model while the electrical design is based on a parallel plate capacitor model.

A capacitive cantilever MEMS device was chosen for use in this design because of its

micrometer-size geometry, low actuation voltage (< 30 V), and large on-off capaci-

tance ratio (40 : 1). In addition, the length of the split ring gap (300 µm) is an average

distance for a cantilever length. Figure 3.1 shows a schematic of the core capacitive

cantilever design used in this study, and is referred to in the following discussion.

The cantilever beam is rigidly fixed (anchored) at one end of the SRR and free to

move at the other end. The anchor also serves as an electrical connection between the

beam and SRR. The cantilever extends across the SRR gap and overlaps the other

split end of the SRR by a length of Lo. When a voltage is applied to the electrode,

electrostatic forces pull the beam downwards. As voltage is increased, the electro-

static force eventually overcomes the mechanical restoring force of the material, and

the end of the beam snaps down onto the dielectric. The beam snap-down increases

the total capacitance of the SRR since one end of the beam is electrically connected

to the SRR. Increasing the voltage further brings more of the beam in contact with

the dielectric thus increasing the capacitance between the cantilever beam and SRR.

This actuation method provides a limited tuning range since the max capacitance of

the two plates is not reached until the overlapped beam is fully collapsed down onto

the dielectric.
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Figure 3.1: Schematic drawing of a capacitive cantilever used in this study. The
cantilever is anchored to one end of the SRR. The other end of the beam is elec-
trically isolated from the SRR. The electrode pulls the beam down to increase total
capacitance of the SRR structure.

3.3 Cantilever Beam Model

The beam models discussed in this chapter are assumed to be flat and not curled

up due to residual stress created from the fabrication process (experimentation proves

this to be an incorrect assumption since the electroplating step introduces stress into

the cantilever beam).

3.3.1 Tip Deflection. The applied force, Fa, that deflects the cantilever

beam comes from electrostatic forces generated when a potential voltage is applied

between the beam and the drive electrode (as discussed in Chapter 2). In this design,

the electrode is positioned at an intermediate location underneath the beam with the

electrode’s center positioned at length, a, from the anchor as shown in Figure 3.1.

For simplicity, the electrostatic force generated from the electrode is considered as a

point source load, Fa, applied at position a as shown in Figure 3.2.

From mechanical engineering theory, maximum beam tip deflection, d, due to

an applied force, Fa, at position a along the beam is found using [18,23,49]:

d =
Faa

2

6ẼIz

(3Lb − a) (µm) (3.1)
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Figure 3.2: A cantilever beam with fixed end at x = 0 , a free end at x = Lb, and
an intermediately placed load, Fa, at length a along the beam. The electrostatic force
generated by the electrode (labelled as a point source load for simplicity) attracts the
free end of the beam downward by a distance of d. [16].

where Fa is the applied force, a is the load position, Lb is the length of the cantilever

beam, Ẽ is the Effective Young’s modulus, which for wide beams (wb ≥ 5tb, where wb

is the width of the beam and tb is the thickness of the beam) is given by [50]:

Ẽ =
E

(1− ν2)
(GPa) (3.2)

where E is Young’s Modulus (E = 80 GPa was used for Au in this study [16]), ν is

Poisson’s Ratio of the beam material, and Iz is the moment of inertia about the z-

axis. The moment of inertia is a measure of the dispersion of area about the centroid

(center of gravity) of the beam and is given by [23,49]:

Iz =
wbt

3
b

12
(µm4) (3.3)

3.3.2 Spring Constant. Young’s modulus, also known as the modulus of

elasticity, is the ratio of stress-to-strain in a body undergoing elastic deformation. In

other words, it is the measure of the stiffness of a material [23, 49]. When a beam is

loaded, it deforms and deflects. In this study, the beam deflects in the y direction
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as shown in Figure 3.2. After load removal, the elasticity of the material forces the

beam to return to its original configuration as long as the material’s elastic limit

was not surpassed [49]. The beam behaves like a spring because it has a mechanical

element that exerts a force when deformed in the linear elastic region—the mechanical

restoring force. Hooke’s law equates the force from the applied load to the beam’s

mechanical restoring force [20,49]:

k =
Fs

d

(
µN

µm

)
(3.4)

where k is the spring constant of the cantilever, Fs is the mechanical restoring force

of the beam, and d is the deflection distance at the tip of the cantilever found using

Equation (3.1).

Substituting Equation (3.3) into Equation (3.1) and solving for the applied force

over deflection derives an alternate expression for the spring constant. The expression

is then set equal to Equation (3.4) resulting in:

k1 =
Ẽwbt

3
b

2a2(3Lb − a)

(
µN

µm

)
(3.5)

where k1 is the spring constant for the model in Figure 3.2.

3.3.3 Improved Beam Model. Meng et al. [51] developed an improved beam

model, shown in Figure 3.3 that accounts for the effects of the anchor height on beam

deflection. Using the method of moments, Meng et al. derived an improved analytical

model for tip deflection, d1 (with an error–missing wb, corrected here) [51]:

d1 =
2(1− ν2)

Ẽwbt3b
(−L3

b + 3aL2
b + (Lb − a)3 + 6aLbl)Fa (µm) (3.6)

where l is the anchor height (tb + g0), and g0 is the initial gap between the two plates

at zero bias. The use of Hooke’s law produces a new spring constant for the improved

beam model:
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k2 =
Ẽwbt

3
b

2(1− ν2)(−L3
b + 3aL2

b + (Lb − a)3 + 6aLbl)

(
µN

µm

)
(3.7)

Figure 3.3: Improved cantilever beam model with fixed end at (x = 0) , a free end
at (x = Lb), and an intermediately placed load, Fa, at position a along the beam.
Effects of anchor height, l, on beam tip deflection are considered in this model [20,51].

3.3.4 Parallel Plate Capacitor Models and Electrostatic Force. Recall that

applying voltage to the pull-down electrode on the cantilever beam induces an elec-

trostatic force. This electrostatic force is approximated by modeling the beam and

SRR as a parallel-plate capacitor. The charge Q on each plate is given by [52]:

Q = CV (Coulomb). (3.8)

The energy stored by the parallel plates at a constant voltage is given by [18,52]:

W = −1

2
CV 2 =

ε0AV 2

2(d + td
εr

)
(J). (3.9)

Potential energy is then converted to a force by taking the derivative of the electro-

static energy with respect to the distance separating the plates (distance separating

plates includes dielectric thickness) [7, 18,20,37,52]:
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Fe =
V 2ε0wbLe

2
(
g +

(
td
εr

))2 (µN) (3.10)

where Le is the length of the electrode and g is the gap height. Fe is represented by

the externally applied load, Fa, in Figures 3.2 and 3.3.

3.3.5 Pull-in Voltage (Electrostatic Actuation). Using the beam and parallel

plate capacitance models previously discussed, an expression for pull-in voltage, Vpi, is

derived. The pull-in voltage is defined as the voltage at which the electrostatic force

between the beam and drive electrode overcomes the mechanical restoring force of

the beam, and the beam snaps down [7]. In equilibrium, Fe is equal to Fs, therefore,

substituting Equation (3.10) into Equation (3.4), letting g = g0 − d, and solving for

voltage results in [7, 20]:

V1 =

(
g0 +

td
εr

− d

) √
2kd

ε0wbLe

(V). (3.11)

To reduce the equation to one unknown, it is necessary to find the deflection

distance, d, at the point where electrostatic forces overcome the mechanical restoring

forces and the beam pulls-in. The deflection distance at which the beam pulls-in

is renamed as the pull-in distance, dpi, which is found by taking the derivative of

Equation (3.11) with respect to d and setting the equation equal to zero—the height

(d) at which equation instability occurs is the pull-in distance [7]. The deflection

distance at which maximum voltage occurs is [7]:

dpi =
g0

3
(µm). (3.12)

The cantilever beam deflection becomes unstable at (g0/3) because of a positive feed-

back loop in the electrostatic actuation of the beam. This is better understood by

reviewing electrostatic force in terms of charge and electric field [7]:
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Fe =
Q
−→
E

2
(µN) (3.13)

where Q is the charge on the beam and
−→
E = V/g

(
V

µm

)
is the electric field due to the

applied voltage. When the actuation voltage increases, the electrostatic field between

the parallel plates increases, which increases the electrostatic force. This increase in

force instantaneously pulls the beam downward thus decreasing the gap height, g,

which, in turn, increases the parallel plate capacitance (recall Equation 2.4). This

increase in capacitance further increases the charge and electric field, thus completing

the feedback loop [7].

An expression for pull-in voltage, Vpi, is found by substituting Equation (3.12)

into Equation (3.11) resulting in [7, 30]:

Vpi =

(
g0 +

td
εr

− dpi

) √
2kdpi

ε0wbLe

(V). (3.14)

By neglecting the thickness of the dielectric, Equation (3.14) is simplified with little

error to:

Vpi =

√
8g3

0k

27ε0wbLe

(V). (3.15)

3.3.6 Improved Pull-in Model. The previous expressions for pull-in voltage

exclude the effects of fringing field capacitance which could introduce an error of

20 percent [7,50]. Chowdhury et al. [50] take into account the capacitance due to the

fringing fields. Thus, the total capacitance is comprised of parallel plate capacitance

and fringing fields due to the width, thickness, and free end of the beam as shown in

Figure 3.4. The improved model for the parallel plate capacitance is given by [50]:

C = ε0Lo


0.77 +

(
wb

g0 + td
εr

)
+ 1.06

(
wb

g0 + td
εr

) 1
4

+ 1.06

(
tb

g0 + td
εr

) 1
2


 (pF) (3.16)
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Figure 3.4: Cantilever beam showing electric-flux fringing fields which increase total
capacitance [50].

where Lo is the distance the beam overlaps the SRR as shown in Figure 3.1. Chowd-

hury et al. also take into account that the electrostatic force on the beam becomes

non-uniform due to the redistribution of the charges as the beam deflects downward

as shown in Figure 3.5. Therefore, the tip area experiences a higher electrostatic force

than the rest of the beam [50].

Figure 3.5: Non-uniform pressure profile of the electrostatic pressure on a cantilever
beam during actuation [50].

Accounting for the effects of fringing field capacitance and non-uniform electro-

static forces on the beam, Chowdhury et al. [50] provide a new closed-form model to

determine the pull-in voltage:

Vpi =

√√√√ 2Ẽt3bg0

8.37ε0L4
b

(
5

6g2
0

+ 0.19
g1.25
0 w0.75

b
+ 0.19

g1.25
0 L0.75

e
+

0.4t0.5
b

g1.5
0 wb

) (V). (3.17)
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This equation, assumes the total area under the cantilever beam is acting like an

electrode, therefore, a deviation from Meng’s pull-in voltage is expected.

3.3.7 Collapse Voltage. As described in Chapter 2, it is necessary to bias

switches past Vpi to increase contact area for a reduced contact resistance. In the case

of a capacitive switch, a maximum contact area is also desired to increase the total

amount of on-state capacitance. The cantilever in this design is overdriven past its

pull-in voltage to increase capacitance, however, at a certain voltage, the cantilever

collapses onto the bottom electrode as discussed in Chapter 2. After pull-in is reached,

the cantilever is modeled as a fixed end beam with a simply supported end at x = Lb

as shown in Figure 3.6. A new spring constant, kss, for the stiffened structure is given

by [20]:

kss =
−Ẽwbt

3
bL

3
b

a2b((3Lb(b2 − L2
b)) + a(3L2

b − b2))

(
µN

µm

)
(3.18)

where b = Lb − a. Collapse voltage, Vcpi, is defined as the voltage where the beam

collapses onto the electrode. In this study, if the beam collapses, the device does not

short out because the electrode is coated with a dielectric layer (Si3N4). However,

collapse should be avoided to reduce the chance of beam failure due to dielectric

breakdown or stiction. The collapse voltage is given by [16,20]:

Vcpi = (g0 − de)

√
2kssde

ε0wbLe

(V) (3.19)

where g0 is the initial gap under the beam and de is the remaining distance to the

top of the electrode (collapse distance). Detailed derivation of Vcpi can be found in

Coutu’s dissertation [20].

3.3.8 Release Voltage. Once a beam pulls-down, applied voltage may be

significantly reduced while still keeping the beam in a down-state position. A pulled-in

beam does not require the same pull-in voltage to stay clamped down because there is
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Figure 3.6: Cantilever beam model with a fixed end at x = 0 and a simple support
at x = Lb. The simply supported beam has a stiffer spring constant then a cantilever
beam [16].

little to no distance between the plates—recall Equation 2.1 where decreasing distance

increases the electrostatic force regardless of applied voltage. As applied voltage

reduces, the point at which mechanical restoring forces overcome the electrostatic

forces and the beam releases (Vr) is found by [7]:

Vr =

√
2k

ε0εrwbLe

(g0 − de)

(
de +

td
εr

)2

(V). (3.20)

Equation 3.20 is accurate up to de ' 0, but not at de = 0, primarily due to the

unknown adhesion and repulsion forces between the metal and dielectric made at

intimate contact (de = 0) [7].

3.3.9 Dielectric Breakdown Voltage. Dielectrics have a material parameter

called dielectric strength. The dielectric strength (given in V/m) is the maximum

electric field a dielectric can withstand before it can no longer electrically isolate

charged bodies [52]. At breakdown, the electric field frees the bound electrons within

the dielectric, thus creating a conductive path (short) between the electrodes. The
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instantaneous, massive current flow superheats and destroys the dielectric layer and

the underlying electrode as shown in Figure 3.7.

Figure 3.7: A photograph showing areas where dielectric breakdown occurred (cir-
cled). The dielectric breakdown creates a conductive path (short) between plates.
The massive current flow that results superheats and then melts the dielectric and
Au electrode (cantilever beams have been removed with a probe for illustration pur-
pose).

The voltage at which breakdown occurs (Vbr) is calculated by multiplying the

dielectric’s electric field strength ( ~Eds) by its thickness:

Vbr = ~Edstd (V) (3.21)

3.3.10 Mechanical Resonant Frequency. Mechanical resonant frequency of

a MEMS cantilever switch is given by [53]:

f0 =

√
k
m

2π
(Hz) (3.22)
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where m is the mass of the cantilever.

The switching time is then calculated by [53]:

ts ' 3.67
Vpi

Vs2πf0

(µs) (3.23)

where Vs is the actuation voltage.

The theoretical cut-off frequency of a capacitive switch is calculated by [12]:

fcut−off =
1

2πRCpp

(Hz) (3.24)

3.4 Two-port Network Model

The MEMS capacitive switch can be modeled as a two-port network shown in

Figure 3.8. Where Rs is the beam resistance, L is the inductance, C(t) is the time

varying capacitance, and Z0 is the line impedance [8].

Figure 3.8: Equivalent circuit model of a capacitive RF MEMS switch [8].

The beam resistance is given by [8]:

Rs =
Lb

wb

√
µπf

σ
(Ω) (3.25)
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where f is the frequency, µ is the magnetic permeability of the beam, and σ is the

conductivity of the beam. The beam inductance is given by [8]:

L =
Rs

2πf
(H) (3.26)

3.5 Figures of Merit

Figures of merit are dimensionless values used to assess and compare the capa-

bilities and performance of electronic devices. [54].

3.5.1 Quality Factor. The Q (quality) factor compares the time constant

for decay of an oscillating system to its period. A high Q factor would indicate that

the oscillations of a system decay slower than a low Q factor system. Quality factor

is given by [5]:

Q =
1

R

√
L

C
(3.27)

3.5.2 S-Parameters. A commonly used figure of merit is a set of S (scatter-

ing) parameters used to represent reflection and transmission coefficients of a two-port

network operating at microwave frequencies [27]. S parameters are ratios of the powers

of travelling waves [54]:


 b1

b2


 =


 s11 s12

s21 s22





 a1

a2


 b1 = s11a1 + s12a2

b2 = s21a1 + s22a2

The letters a and b are the powers of incoming (incident) and outgoing (reflected)

waves, and subscripts 1 and 2 represent the input and the output of the two-port net-

work, respectively. Figure 3.9 shows the two-port network with incident and reflected

waves labelled.
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Figure 3.9: Two-port network characterized by S parameters [54].

Expressions for S parameters are found by terminating the incident waves a1 and

a2 [27]:

S11=
b1
a1

∣∣∣
a2=0

Input Reflection Coefficient

S12=
b1
a2

∣∣∣
a1=0

Reverse Transmission Coefficient

S21=
b2
a1

∣∣∣
a2=0

Forward Transmission Coefficient

S22=
b2
a2

∣∣∣
a1=0

Output Reflection Coefficient

3.6 Split Ring Resonators

A split ring resonator (SRR) is the common name for a structure that creates a

bulk permeability from non-magnetic materials. The effect is created by the split-ring

geometry where the structure sizes are much smaller than the operating wavelength

(as discussed in Chapter 2) The SRR structures create an inductance and capacitance

such that it can be modeled as an RLC circuit where the inductance arises from the

rings and the total capacitance of the SRR structure comes from the split ring gap

capacitance and the gap of the concentric rings [2]. An equivalent circuit diagram of an

SRR is shown in Figure 3.10. The capacitance and inductance of the SRR determine

its resonant frequency as shown in Equation 3.28 (repeated for convenience) [5, 47]:

ω0 =
1√
LC

(
rad

sec

)
(3.28)
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Figure 3.10: SRR equivalent circuit diagram [5].

The magnetic response of an SRR-type structure can be mathematically mod-

eled as [55]:

µ(ω) = 1− ω2
pm

ω2 − jΓmω
(3.29)

where ωpm is the magnetic plasma frequency and Γm is a damping term associated

with losses in the material. Assuming there are no losses for frequencies less than

the plasma frequencies and ω < ωpm, the constitutive parameter of effective perme-

ability (µ(ω)) is negative. The plasma frequency is a function of the capacitance and

inductance, both of which are controlled by varying aspects of the SRR geometry.

When using two split rings, the resonant frequency is found by [2]:

ω0 =

√
2πLav

((
πCg

2

)
+ COR + CIR

)
(Hz) (3.30)

where Lav is the average inductance of the two rings, Cg is the capacitance due

to the gap of the concentric rings, and COR and CIR are capacitances due to the

outer and inner splits, respectively (see Figure 3.11). Split capacitance is found using

Equation 2.4 from Chapter 2.

An approximation of induction for a square ring is given by [5]:

48



L ≈ λ0µ0

5π

(
2.3log10

(
8λ0

5wSRR

)
− 2.85

)
(H) (3.31)

where λ0 is free space wavelength( side length a=λ0/10), and wSRR is the SRR width

(see Figure 3.11).

Figure 3.11: SRR unit cell with labeled ring dimensions.

More detailed calculations can be found in [45]. The capacitance of the split

rings, however, must take into account the gap capacitance between rings as shown

in Figure 3.11 [45]:

C1 = COR +
Cg

2
(F), C2 = CIR +

Cg

2
(F). (3.32)

It should be noted that there are multiple shapes and geometries of SRRs that

also demonstrate the capability to create magnetic effects, each with associated advan-

tages and disadvantages [55]. For the purpose of this paper, the SRR in Figure 3.11

will be the sole focus.
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3.7 Chapter Summary

This chapter presented a review of the necessary theory for an overall under-

standing of MEMS cantilever beam capacitive switches and SRR operation. There

are many equations for spring constants and pull-in voltages derived from different

authors, however, Meng’s spring constant equation contains the most variables rele-

vant to this thesis. More information on SRR operation is found in [55]. The next

chapter explains device design and fabrication.
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IV. Design and Fabrication

4.1 Chapter Overview

This chapter presents cantilever array, SRR, stand-alone test structure designs,

and the custom fabrication process used to create them. Luo, Smith, Gil, Hand, and

Cummer’s research (reviewed in Chapter 2) influenced the design of the MEMS device

and the SRR structure.

4.2 Design

4.2.1 Varactor Design. The core cantilever design shown in Figure 4.1 was

used in creating an array of cantilevers.

Figure 4.1: Schematic drawing of core cantilever model used in this study. The
electrode pulls the beam down onto the landing pad, which increases SRR capacitance
(see Table 4.1 for color legend).

Table 4.1: Coventor color legend for Figures 4.1 and 4.2. Colors are listed in the
order fabricated.

Color Material Layer

Yellow Gold SRR
Blue Gold Electrode
Red Silicon Nitride Dielectric

Grey Gold Anchor and Beam

The cantilever array shown in Figure 4.2 is comprised of five core cantilevers

that range in length from 400 µm to 300 µm in 25 µm increments, with a spacing
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between beams of 10 µm. The widths of the beams are 75 µm except for the 400 µm

long cantilever which is 60 µm wide due to size constraints. The changes in width alter

the spring constant and capacitance of the beam, but it does not affect pull-in voltage

(this statement is proved inaccurate during testing and is discussed in Chapter 6).

The cantilevers are anchored at one end of the split ring; they extend across the split

and overlap the other side of the split ring by 120 µm.

Figure 4.2: Photograph (from microscope) of a unit cell SRR with cantilever arrays
spanning the split ring gap. Inset: Schematic drawing of a multi-cantilever variable
capacitor. Cantilever lengths range from 300− 400 µm in increments of 25 µm. The
longest cantilever, which has the lowest spring constant, pulls-in first followed by the
next longest beam.

These beam dimensions were specifically chosen to produce a large on-off capac-

itance ratio with low actuation voltages. Specifically, each cantilever is predicted to
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actuate between 22− 98 V depending on its length and thickness, and to contribute

roughly 2.2− 3.7 pF of capacitance in the down-state.

Not shown in Figure 4.2 is that all electrodes in the array are electrically con-

nected, therefore, one voltage source controls all beams. As voltage is applied to the

drive electrode, the longest cantilever is the first to snap down since its spring con-

stant is the lowest. Increasing voltage results in pulling the remaining beams down

one–by–one (longest–to–shortest), realizing a step increase in capacitance [40].

The cantilever array shown in Figure 4.2 is similar to that of Luo et al.’s varactor

shown in Figure 2.18, however, there are key differences in this design. First, to avoid

multiple beams pulling in at the same time, the beam lengths differ from each other

by 25 µm instead of 5 µm. Also, the electrode and landing pads are not the same

element, instead the electrode and landing pad are separated, which decreases failures

caused by stiction and dielectric breakdown. Additionally, the electrode thickness is

slightly less (0.1 − 0.5 µm, depending on fabrication) than the SRR thickness. The

lower electrode ensures that the beam contacts the landing pad first as it pulls-in. It

also increases the amount of voltage needed to collapse the beam onto the electrode

because after pulling-down to the landing pad, the beam becomes a fixed/simple-

support fixture (as shown in Figure 3.6).

4.2.1.1 Dielectric Selection. This study uses silicon nitride Si3N4

as the dielectric layer because of its availability (at AFRL/RY) and high dielectric

constant (6− 7.8) [40,56]. Silicon nitride is deposited using plasma enhanced chemi-

cal vapor deposition (PECVD). The dielectric strength for PECVD silicon nitride is

5 MV/cm [13,18,56] corresponding to a breakdown voltage of 150 V for a 3000 Å-thick

silicon nitride film (recall Equation 3.21). Silicon nitride, when compared to silicon

dioxide, has a comparable breakdown strength with nearly twice the dielectric con-

stant. However, PECVD silicon nitride can be plagued with pin holes and poor step

coverage which may cause breakdown to occur lower than its theoretical breakdown

voltage (Vbr) [56]. It is also impractical to deposit a silicon nitride film thinner than
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1000 Å using PECVD because large pin holes are generated, which results in a low

dielectric breakdown [13].

4.2.1.2 Structural Materials. This design uses Au as the SRR struc-

tural metal because it is conductive, evaporates and then condenses at a low stress [18],

and is compatible with standard lift-off technology. This project also utilized Au for

the cantilever beam material because it deposits at a low stress (compared to other

metals) when electroplated [18].

4.2.2 SRR design. SRR dimensions were chosen to provide a resonant

frequency around 10 GHz. SRR geometries from Smith et al.’s [6] research were used

to create two generic split rings (an inner and outer ring). As shown in Figure 4.3,

the MEMS cantilever array required a modification of the split rings. Modifications

(a) (b)

Figure 4.3: Original SRR design concept from Smith et al. [6] (a) and the modified
design used in this study (b), which shows the added geometry (boxed) used to make
area for the cantilever arrays. The SRR design layout was created in L-edit.
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include widening the sides with the split ends by 200 µm to create area for the

cantilever array. The split end was also narrowed (in a stair-step fashion) so that

each cantilever would have the same landing pad area.

The resonant frequencies of the two geometries are close enough to one another

that the resonant frequency of the inner ring is approximately equal to the resonant

frequency of the outer ring (ωIR ≈ ωOR) [45]. The outer ring provides a strong

magnetic response where the real part of permeability is negative. The inner ring

reduces resonant frequency because of its additional capacitance coupled to the outer

ring. Also, the inner ring split must be located at the opposite side from the outer

ring split, otherwise the gap capacitance, Cg, is not connected in parallel to the split

capacitance [45].

4.2.3 SRR with Multi-Cantilever Design. The final unit cell SRR design

with cantilever arrays and voltage supply lines is shown in Figure 4.4.

Figure 4.4: Unit cell SRR with cantilever arrays anchored to inner and outer split
rings. Ground and voltage lines supply bias voltage for actuating the cantilever arrays
(see Figure 4.5 for inset and Table 4.2 for color legend).
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Table 4.2: L-edit color legend for Figures 4.4 and 4.5. Colors are listed in the order
they were fabricated.

Color Material Layer

Orange Gold SRR and GND/VCC lines
Blue Gold Electrode
Red Silicon Nitride Dielectric

Checker Gold Anchor
Grey Gold Beam

Referring to Figure 4.4, the orange line on the left supplies ground to the outer

and inner SRRs, and the orange line on the right supplies input voltage to electrodes.

The lower gray line connects the lower cantilever array to the voltage line. The last

layer (electroplated Au) was used to create a bias line for the lower cantilever array.

A dielectric strip isolates the bias line from the outer ring. Figure 4.5 shows a close

up view of the inset cantilevers from Figure 4.4 (in L-edit, the layers are transparent,

therefore, bottom layers are visible).

Figure 4.5: Close up view of cantilever array (inset from Figure 4.4).

After the SRR unit cell was created in L-Edit, the “Edit Object” feature was

used to generate a 17 x 16 array of the SRR unit cells as shown in Figure 4.6. The
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ground beams were then extended up and connected, and the voltage lines were

extended down and connected to ensure all cantilever electrodes have the same voltage.

This design used a large array of SRRs so that 6 x 1 strips of SRR unit cells could be

diced if needed. Multiple stand-alone cantilever arrays and SRRs were designed for

placement on the outer regions of the 3 inch wafer not taken up by the SRR array.

Figure 4.6: Final L-edit design layout for a 3 in wafer.

The main devices in the stand-alone test structure areas are multiple 300 −
400 µm cantilever arrays (as shown in Figure 4.7) which were designed for easy testing

using the Zygo interferometer to record actuation voltage and out-of-plane beam

bending.
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(a) (b)

Figure 4.7: 300 − 400 µm cantilever array test structure designed in L-edit with
large probe pads for easy test measurements (a) and a scanning electron microscope
(SEM) image of the same device (b).

4.3 Fabrication

There are three main ways of fabricating MEMS structures: bulk micromachin-

ing, micromolding, and surface micromachining. Bulk micromachining is a process

that removes “bulk” sections out of the substrate [18]. Micromolding such as LIGA

(German acronym for LIthographie (lithography), Galvanoformung (electroplating),

and Abformung (molding)) is a fabrication process that uses lithography, electroplat-

ing, and molding to create high-aspect-ratio metallic structures [18, 52].

Surface micromachining was used to fabricate the SRR and MEMS devices

of this thesis. Surface micromachining is an additive process where materials (i.e.,

sacrificial layers, dielectrics, and metals) are deposited, patterned, and etched on top

of a substrate. The MEMS device is “released” when the sacrificial layers are removed

(by etching), leaving behind free standing mechanical structures [18,20]. An example

of a simple micromachining process flow is shown in Figure 4.8.
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Figure 4.8: Example of a simple surface micromachining process flow for a cantilever
beam [20].

When fabricating devices, compatibility of materials and etchants must be taken

into account. For instance, titanium (Ti) structural layers are not compatible with

the SiO2 etchant, hydrofluoric acid (HF), which readily dissolves both SiO2 and Ti.

Deposition temperatures must also be compatible with the layers previously deposited.

A majority of conceptual MEMS devices are created with the PolyMUMPSTM [57],

MetalMUMPSTM, or SUMMIT foundry processes which offer consistent, working

MEMS structures if minimum size rules are followed. The MEMS device of this

project required a substrate–metal–dielectric–sacrificial layer–metal (bottom-to-top)

layering, which the popular foundries do not provide (foundry fabrication steps cannot

be conducted out of order). Also, a sapphire substrate is needed for its high resistiv-

ity (minimizes leakage current) and its dielectric properties (enables RF waveguide

testing). The option of having sapphire as the substrate material is unavailable if us-

ing a foundry (PolyMUMPSTM, MetalMUMPSTM, etc.) for fabrication; the user has

no control of substrate selection since multiple users share the same wafer (usually a

silicon (Si) wafer). Instead, a custom process was developed to fabricate the MEMS

59



device with available facilities at AFIT and AFRL/RY. The specific fabrication pro-

cedures, however, still follow the generic surface micromachining process of starting

with a base substrate and then building layers on top of each previous layer.

4.3.1 Custom Micromachining Process. The custom fabrication process

used to create the devices in this study is shown in Figure 4.9, and is referred to for

the following step-by-step fabrication discussion.

The custom process used in this design begins with a 0.5 mm- thick, 3 inch

diameter, R-plane, highly resistive, sapphire wafer substrate. The base SRR layer

was patterned using photolithography, then 200 Å of Ti followed by 5500 Å of Au

were deposited using E-beam evaporation, the excess metal was then removed using

a standard metal lift-off technique (a) [58–60] (the thin layer of Ti was evaporated

prior to the Au deposit to facilitate Au adhesion to the sapphire substrate). Next,

the 4500 Å-thick Au electrode with a 200 Å Ti adhesion layer was fabricated using

the same evaporation and lift-off techniques (b). Next, 2000 Å of Si3N4 was de-

posited using plasma enhanced chemical vapor deposition (PECVD), patterned using

photolithography, and then etched using reactive ion etching (RIE) (c). Next, two lay-

ers of MicroChem’s polydimethylglutarimide (PMGI) based photoresist, SF-11 were

deposited to form a 2 µm-thick beam gap (sacrificial layer) (d) [60]. Next, standard

photolithography was used to pattern anchor points, the un-protected SF-11 was then

exposed to deep ultra-violet (DUV) and developed (e). Next, the wafer was baked

on a hot plate set at 270◦ C to re-flow and round off the ∠90◦ cantilever hinges (f).

A 200 Å-thick seed layer of Ti followed by 1000 Å of Au was then sputtered on the

entire wafer surface (g). Next, standard photolithography was used to pattern the

cantilever beam. The wafer was then put into a Au electroplating bath to electroplate

5 µm of Au (h). Finally, the cantilever devices were released by stripping the PMGI

sacrificial layer with 1165 Stripper followed by four isopropyl baths and four methanol

baths and then dried using a CO2 critical point dryer (i).
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Figure 4.9: Illustration of custom fabrication process.

Nine wafers were created during the fabrication phase of this project. The wafers

were identified by their material and by the order they were fabricated, for example,

the first silicon wafer was identified as SiW1 (silicon wafer one). Three silicon wafers

(SiW1 − SiW3) were fabricated to define process parameters, such as spin speeds,
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exposure times, developing times, bake temperatures, etc. Two quartz wafers (QtzW1

and QtzW2) and four sapphire wafers (SaW1 − SaW4) were created for device

testing, however, of the six wafers, only two wafers produced testable devices: SaW3

and SaW4 (QtzW1 broke, and the beams on QtzW2, SaW1, and SaW2 curled up from

tensile stress). Table 4.3 summarizes the actions, materials, and layer thicknesses (for

SaW3 and SaW4) of the custom fabrication process. The detailed process followers

(step-by-step instructions) used for fabrication are shown in Appendix 1.

Table 4.3: Summary of custom fabrication process with deposition thicknesses for
SaW3 and SaW4.

Thicknesses (µm) for:
Step Action Material Layer/Mask Name SaW3 SaW4
N/A Clean Sapphire Substrate 500 500

a Deposit Ti Adhesion Layer 0.02 0.02
Deposit Au SRR 0.75 0.55

b Deposit Ti Adhesion Layer 0.02 0.02
Deposit Au Electrode 0.5 0.45

c Deposit Si3N4 Dielectric 0.15 0.2
d Deposit PMGI Sacrificial Layer 2.0 2.0
e Etch PMGI Anchor 2.0 2.0
f Re-flow PMGI N/A N/A N/A
g Deposit Au Beam Seed Layer 0.1 0.1
h Deposit Au Beam Structure 8.0 5.0
i Release PMGI N/A 2.0 2.0

4.3.2 Fabrication Challenges.

4.3.2.1 SF-11 Sacrificial Layer. Microchem reports that SF-11 be-

comes a planar layer after it is soft-baked to 275◦ C as shown in Figure 4.10. Mi-

crochem did not supply a re-flow time, therefore, 4 min was used according to Coutu’s

process follower [20]. After re-flow, the SF-11 layer was measured with a Tencor

profilometer, which showed that the layer was not becoming planar, and was still

conformal (even after multiple re-flow attempts). Re-flow attempts failed most likely

because of insufficient soft-bake time.
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Figure 4.10: SF-11 planar coating and conformal coating ability [60].

4.3.2.2 Electroplating. When different layers with dissimilar coef-

ficient’s of thermal expansion are deposited on each-other during micromachining,

they deform under tensile or compressive stress as shown in Figure 4.11.

(a) (b)

Figure 4.11: Diagram of tensile (a) and compressive (b) stresses on two layers with
different coefficient’s of thermal expansion [56].

The cantilevers in this study have three layers: a 200 Å Ti adhesion layer (etched

during release process) a 1000 Å Au seed layer followed by 5− 8 µm of electroplated

gold. The electroplated cantilever beams on three wafers (QtzW2, SaW1, and SaW2)

curled up as shown in Figure 4.12 after the release step, indicating that a tensile stress

is in the electroplated Au. Current density settings and deposition thicknesses were

adjusted for the next two sample wafers (SaW3 and SaW4), the results of which are

shown in Figure 4.13. Increasing the electroplater current density and the thickness

of the Au resulted in cantilevers with lower tensile stress, which produced working

devices.
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Figure 4.12: SEM image showing cantilever beam curling up more than 20 µm due
to tensile stress introduced during the electroplating process.

(a) (b)

Figure 4.13: SEM image showing cantilever beams electroplated with different cur-
rent density settings. SaW3 was electroplated with an average current of 6 mA which
produced a solid beam (a) and SaW4 was electroplated with an average current of
12 mA which produced a beam with voids throughout the material (b). The SaW4
cantilevers deflected less and actuated at a lower voltage than cantilevers from SaW3
(brighter sections are the sides and darker sections are the tops of the beams).
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4.3.2.3 Tousimis Autosamdri Critical Point Drier Failure. The four-

inch Tousimis Autosamdri critical point drier at AFRL failed to reach the temperature

and pressure needed to start the critical point drying process, therefore, the SRR array

had to be diced in smaller than desired pieces to fit into AFIT’s one-inch critical point

drier.

4.3.2.4 Beam Metal Surface Roughness. As shown in Figure 4.14, the

bottom side of the cantilever beam (Au sputtered seed layer) is not a perfectly smooth

surface. The surface roughness reduces the contact surface area which decreases

overall capacitance.

Figure 4.14: SEM image showing surface roughness on the underside of a cantilever
beam (cantilever beam was bent back with a probe for illustration purpose).
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4.4 Chapter Summary

This chapter discussed in detail the cantilever array, SRR structure, test-structure

designs, and the fabrication process used to create them. The issues encountered dur-

ing the fabrication process were also presented. However, there is still a significant

deflection in wafers SaW3 and SaW4, therefore, an intensive Au electroplating study

(out of the scope of this project) is needed to determine the optimal machine set-

tings (i.e., current density, temperature, duty cycle) used for depositing Au with the

least amount of tensile stress. For a comprehensive review of the fabrication process,

refer to the process followers in Appendix 1. The next chapter combines the theory

and design of the cantilever array and applies it to the modeling and simulation of

cantilever actuation.

66



V. Analytic Predictions, Modeling, and Simulation

5.1 Chapter Overview

This chapter presents analytical predictions of cantilever beam behavior based

on beam theory introduced in Chapter 3. This chapter also includes the modeling

and simulation results of the capacitive cantilever design discussed in Chapter 4 to

compare with the analytical predictions. Comsol electromagnetic simulations are also

provided.

5.2 Analytic Predictions

Pull-in voltage, capacitance, collapse voltage, and release voltage are calculated

using cantilever dimensions from fabricated test structures (SaW3 and SaW4) and

equations from Chapter 3.

5.2.1 Pull-in Voltage. Multiple pull-in voltages were calculated using Equa-

tion 3.14 with three different spring constant values:

1. a simple spring constant equation from Coutu et al. [16]

2. a modified spring constant to account for electrode position under cantilever

(Equation 3.5)

3. a modified spring constant that accounts for electrode position and post height

(Equation 3.7)

The pull-in voltage calculations conducted for SaW3 and SaW4 are shown in Fig-

ure 5.1 and Figure 5.2, respectively (note: an extra calculation using Luo’s pull-in

equation is also included [40]).

Analytic calculations confirm that the longest cantilever pulls-in first followed

by the next longest beam. The spring constant selected for use in the pull-in equation

has a significant impact on the calculated pull-in voltage. Meng’s equation, which

accounts for electrode position and beam height, theoretically provides the most ac-

curate model for this study.
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Figure 5.1: Calculated pull-in voltages vs. beam length for SaW3 (tb = 8 µm).

Figure 5.2: Calculated pull-in voltages vs. beam length for SaW4 (tb = 5 µm).
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5.2.2 Capacitance. When a beam is pulled-in, it increases the capacitance of

the device. The capacitance contributed by each cantilever pulling-in was calculated

using Equation 2.6 and then plotted in Figure 5.3 along with the corresponding can-

tilever’s average pull-in voltage. This C–V curve is created with the assumption that

total potential cantilever capacitance is reached at pull-in (assumes beam and dielec-

tric are perfectly flat and make full contact). Each data point represents a cantilever

snapping down at a corresponding pull-in voltage.

Figure 5.3: Capacitance vs. average pull-in voltage for multi-cantilever array.

5.2.3 Collapse Voltage. Collapse voltages were calculated for SaW3 and

SaW4 using Equation 3.19 and are shown in Table 5.1. The cantilever array was

designed so that all five cantilevers would actuate before the longest beam collapses

(i.e., the Vpi of the 300 µm beam should be less than the Vcpi of the 400 µm beam).

After comparing the collapse voltages in Table 5.1 to the pull-in voltages in Fig-

ures 5.1 and 5.2, all SaW3 cantilevers actuate before any collapse, however, SaW4’s

400 µm beam could possibly collapse before all beams pull-in (depends on spring

constant).

69



Table 5.1: Calculated collapse voltages for cantilevers on SaW3 and SaW4.

Collapse voltages (V), Vcpi, for:
Beam length (µm) SaW3 SaW4

400 99.08 39.03
375 111.83 44.05
350 129.1 50.86
325 153.78 60.58
300 191.69 75.52

5.2.4 Release Voltage. Release voltages were calculated for SaW3 and SaW4

using Equation 3.20 and are shown in Table 5.2.

Table 5.2: Calculated release voltages for cantilevers on SaW3 and SaW4.

Release voltage (V), Vr for:
Beam length (µm) SaW3 SaW4

400 4.19 1.24
375 4.85 1.43
350 5.72 1.69
325 6.91 2.05
300 8.61 2.57

5.3 Finite Element Modeling and Simulation

CoventorWarer (a finite element modeling (FEM) software program [61]) was

also used to predict beam pull-in voltages. First, the cantilever array design was con-

structed in L-edit (recall Chapter 4, Figure 4.5) and then imported into CoventorWarer.

Next, a custom fabrication process (shown in Figure 5.4) was developed using the Pro-

cess Editor in CoventorWarer to construct a solid model of the cantilever beam array

(Figure 5.5) out of the imported L-edit design. For simplicity, the substrate and SRR

base were hidden from the mesh model, and the cantilever array was partitioned into

separate beams to decrease computer process time. The solid model was then meshed

using “Manhattan brick” mesher settings as shown in Figure 5.5. Small brick sizes

were used in the mesher settings to ensure accurate simulation results. The anchored
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end of the cantilever was designated as a “fixed-end patch” so the computer model

would treat the beam as a fixed-end/free-end beam.

Figure 5.4: Screenshot showing summary of custom fabrication process created in
the Process Editor of CoventorWarer.

Figure 5.5: Meshed cantilever in CoventorWarer.

CoventorWarer’s analyzer tool, CoSolveEm, was then used to electromechani-

cally simulate the meshed cantilever beam model. The cantilever beam was fixed at

0 V, and the applied voltage on the electrode was set as a trajectory over a range of

voltages. The voltage range for each cantilever beam was specifically selected so results

would include pull-in, zipper effect, and collapse. All modeled beams (300− 400 µm)

behaved the same mechanically, therefore, CoSolveEm beam results are shown gener-

ically in Figure 5.6.

The simulation results for a 300 µm beam from SaW3 are shown in Table 5.3.

The results show the beam pulling down as voltage increased, however, no snap-
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Figure 5.6: Generic FEM analysis of cantilever. The colors represent displacement
magnitude; blue = no deflection, orange = 2 µm deflection, and red = max deflection
of 2.1− 2.2 µm (depending on which fabrication dimensions are used).

down is observed at one-third of the gap deflection. One-third of the gap for the

simulated cantilever is 0.73 µm, which according to Table 5.3, would put the pull-in

Table 5.3: CoventorWarer simulation results for displacement and capacitance of
a 300 µm cantilever (using SaW3 dimensions).

Voltage (V) Displacement (µm) Capacitance (pF)
0 0.058 0.083

95 0.602 0.099
100 0.693 0.102
102 0.734 0.103
104 0.776 0.105
106 0.822 0.107
110 0.922 0.111
112 0.978 0.114
114 1.038 0.117
116 1.104 0.120
120 1.260 0.130
122 1.355 0.138
124 1.471 0.149
126 1.624 0.169
128 1.922 0.269
130 2.001 0.396
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voltage between 100− 102 V, which agrees with analytical calculations in Figure 5.1.

However, instead of deflecting to 2 µm at 104 V, the simulator continues with a

gradual deflection until pull-in is reached at 130 V–well past the calculated value of

pull-in voltage.

5.4 Results Comparison

The CoventorWarer simulated pull-in voltages for a cantilever array (Table 5.4)

do not agree with the analytically calculated pull-in results shown in Figure 5.1.

Table 5.4: CoventorWarer simulation results for pull-in voltage of a cantilever array
(using SaW3 dimensions).

Beam Length (µm) Pull-in Voltage (V)
400 58
375 60
350 90
325 98
300 130

Deviation between analytical and simulated analysis is most likely due to as-

suming a point source load in the analytical calculations. In reality, the electrode

exerts a distributed force on the cantilever beam. Also, the spring constant in Equa-

tion (3.5) was calculated using a point source force, Fa, located at position a, and a

deflection, d, located at position Lb. However, according to [49], all variables from

Equation (3.5) must be located at the same position. Another factor contributing to

simulation error is residual stress. The residual stress of the beam is not taken into

account using current analytical models. Further analytic modeling of the beam is

necessary to develop a more accurate prediction of device operation.

5.5 SRR Comsol Simulations

S-parameter simulations were performed on a unit cell with the SRR geometry

shown in Figure 1.1. Periodic boundary conditions were used to simulate an array of

unit cells. Effective permeability was extracted from the S-parameter measurements.

73



Figure 5.7: Permeability of a simulated SRR with MEMS devices in the up-state
(a) and with one beam in the down-state (b). Note the shift in resonant frequency
(µ < 0).

The capacitance of the unit cell was changed by altering the permittivity in the gaps

between the split ends. While this simulation does not simulate the actual MEMS

structure, it does simulate the effects which should be induced. Figure 5.7(a) shows

the retrieved permeability with an effective gap capacitance when all cantilevers are in

the up-state, and Figure 5.7(b) shows the retrieved permeability when one cantilever

is in the down-state.

5.6 Chapter Summary

This chapter presented the analytical predictions of cantilever beam behavior.

Values for pull-in voltage, capacitance, collapse voltage, and release voltage were

given, however, values for predicted voltages are significantly influenced by the spring

constant models. CoventorWarer was also used to predict pull-in voltage, however,

the software is not programmed to show snap-down occurring at one-third the gap,

therefore, CoventorWarer modeled pull-in voltages is higher than expected. The next

chapter presents the results of testing conducted on the cantilever array test devices.
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VI. Experiments and Test Results

6.1 Chapter Overview

This chapter presents the results (i.e., pull-in voltage, release voltage, capaci-

tance, and limited lifetime test) from testing conducted on the cantilever array test

devices.

6.2 Pull-in Voltage Measurements

6.2.1 Experiment Test Setup. As shown in Figure 6.1, a Zygo interferometric

microscope, power supply, and voltmeter were used to test the pull-in voltage of a

standard 300−400 µm cantilever array test structure. Micromanipulator probes were

used to connect DC voltage to bond pads. Voltage was then applied and deflection

was observed on the Zygo monitor. The voltage reading on the voltmeter was recorded

at each beam pull-in. Testing was attempted on previous fabrication runs (QtzW2,

SaW1, and SaW2), however, as shown in Figure 6.2, the cantilever beams were curled

up to nearly 19 µm. Slight deflection was observed as voltage was applied, but even

at maximum power source voltage (200 V), pull-in was not achieved. Note that a

Figure 6.1: Schematic illustration of the experimental test setup used to actuate
cantilevers and measure resulting deflection.
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device actuating past the dielectric breakdown (100 V) instantaneously shorts out

and destroys the device.

(a) Plan view (b) Profile plot (follows line on plan view)

Figure 6.2: Zygo interferometer measurement of SaW2. Beams are deflected up by
19 µm due to residual stress introduced during electroplating. Beams were deflected
too high to be pulled-in. yDst in (b) is the height difference between the two inspection
points. Data drop-out is due to the rough surface of the electroplated Au, which
scatters light.

Pull-in voltage tests were accomplished on SaW4 devices. The beams on SaW4

had the least amount of tensile stress compared to previous test wafers as shown in

Figure 6.3, and they were able to actuate below dielectric breakdown voltage (100 V).

(a) Plan view (b) Profile plot (follows line on plan view)

Figure 6.3: Zygo interferometer measurement of SaW4 cantilever array in the up-
state. The 400 µm beam appears short because it deflects beyond the range of mea-
surement. SaW4 beams had the least amount of tensile stress of all test wafers.
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6.2.2 Pull-in Voltage Results. During the first time testing, beams would

pull-in, however, they either remained stuck as shown in Figure 6.4 (testing data

example in Table 6.1) or the dielectric broke down at a lower voltage than the expected

voltage of 100 V as shown in Figure 6.5 (testing data example in Table 6.2). Stiction

occurred on most cantilevers most likely due to humidity in the characterization lab

or from organic material not removed during the release process. However, beams

that did not remain stuck when voltage was removed continued to actuate without

failure. The test structures where Vbr occurred could not be tested further because

the breakdown created a shorted path between the cantilever and landing pad.

Table 6.1: Initial SaW4 cantilever array test results with stiction issues.

Beam Length (µm) Vpi (V) Vr (V)
400 49.7 stuck
375 48.3 stuck
350 52.1 25.8
325 59.5 47.4
300 71.1 stuck

Figure 6.4: SEM image of a cantilever stuck in the down-state.
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Table 6.2: Initial SaW4 cantilever array test results with dielectric breakdown
issues.

Beam Length (µm) Vpi (V)
400 51.7
375 49
350 53.6
325 Vbr @ 70
300 N/A

(a) (b)

Figure 6.5: Image of test device failure due to dielectric breakdown (circled).

After encountering multiple breakdown and stiction failures using different test

devices, the wafer pieces were plasma ashed at 150 W for 30 minutes to remove

any organic or moisture residue that could cause stiction. Test devices adjacent to

the failed devices on SaW4 were then subjected to the same experiment. A test

device was actuated through multiple pull-in/release cycles; the results are shown in

Figures 6.6(a) and (b). A zygo interferometer measurement was taken post-ashing,

and it was observed that the beams had deflected more, which explains why pull-

in voltage increased after plasma ashing. Regardless of the increased deflection, the

post-ashed devices pulled-in and demonstrated no stiction issues and few dielectric

breakdown instances. Therefore, the ashing step removes any contaminants that cause
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stiction, however, it also removes a combination of a thin layer of Au and organic

material lodged in the crevices of the electroplated Au (large crevices are shown in

Figure 4.13); both of which decrease the spring constant of the beam causing an

increased deflection.

(a)

(b)

Figure 6.6: Pull-in (a) and release (b) voltage results for a SaW4 cantilever array.
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As shown in Figure 6.6(a), the first beam that pulls-in is the 375 µm beam

instead of the 400 µm beam. This occurs because the 400 µm beam is not as wide

(60 µm instead of 75 µm) as the other beams and it subsequently has a lower ma-

terial spring constant. A beam with a higher spring constant resists curve deflection

caused by tensile stress, therefore the 400 µm beam curls up more than the other

beams. Since the 400 µm beam has a steeper curve, it requires more voltage to pull

it down, which is why it pulls-down out of sequence. The test device structure, how-

ever, still demonstrates a one-at-a-time actuation scheme, which satisfies the design

requirement.

The beams also release one-at-a-time as shown in Figure 6.6(b). The release

voltage is higher than expected due to the tensile stress deflection. The curling of

the beam caused by the tensile stress is a plastic deformation which increases the

mechanical restoring force, therefore, the beams release at a much higher voltage

than if they were flat beams. Again, the 400 µm beam releases out of sequence

because it has a higher tensile stress gradient than the other beams.

Table 6.3 shows the calculated pull-in voltages and tested pull-in voltages for

comparison. The cantilever devices actuated at nearly twice their respective calcu-

lated values, however, this was expected since the cantilever beams were not perfectly

flat. The deflection due to tensile stress is measured from the beginning of the beam

to the tip of its free-end. The gap between the cantilever beam and electrode, g0, is

not increased by the full deflection amount, rather, it is increased by a quarter of the

tensile stress deflection.

6.2.3 Collapse Issues During Pull-in Voltage Tests. First, a Zygo interfer-

ometer measurement was taken of all beams in the up-state as shown in Figure 6.3.

Voltage was then applied to the actuation electrode and increased to the point where

the first beam pulled-in. A measurement was then taken with the Zygo and is shown

in Figure 6.7. The profile plot (Figure 6.7(b)) displays that the middle of the beam

has collapsed onto the electrode and the end of the beam has been deflected upwards
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Table 6.3: Comparison of calculated and tested pull-in voltages for a SaW4 can-
tilever array.

Beam Length
(µm)

Calculated Vpi

(V)
Ave. Tested
Vpi (V)

Measured Deflection due
to Tensile Stress (µm)

400 23.7 57.2 8.6
375 26.8 55.5 7.4
350 30.7 61.1 6.2
325 35.8 69.7 5.7
300 42.8 80.9 4.3

(recall the profile plot is similar to the collapsed beam simulation shown in Figure 5.6).

Similar measurements were taken on pulled-in beams of multiple test devices. The

multiple measurements confirm that the cantilever beams are instantaneously collaps-

ing at pull-in. The beams are collapsing at pull-in because they were not designed to

actuate at high voltages—meaning the pull-in voltage of a curled beam is higher than

the collapse voltage of a flat beam with the same dimensions as shown in Table 6.4.

Table 6.4: Comparison of calculated collapse voltages and measured pull-in voltages
for a SaW4 cantilever array. Pull-in voltages are greater than collapse voltages, which
means the cantilever instantaneously collapses at pull-in.

Beam Length
(µm)

Calculated Vcpi

(V)
Ave. Tested
Vpi (V)

400 39 57.2
375 44 55.5
350 50.9 61.1
325 60.6 69.7
300 75.5 80.9

Another possible contributing factor causing instantaneous beam collapse, is the

way a curved beam pulls-in as shown in Figure 6.8. If the beam has a high curvature,

then the middle of the beam contacts the electrode first, and would do so even if the

pull-in voltage did not exceed the collapse voltage.

After the beam pulled-in, voltage was reduced to the point just before beam

release and a Zygo measurement was taken as shown in Figure 6.9. A comparison of

the profile plots in Figures 6.7 and 6.9 indicates that the beam slightly lifts off the

81



(a) Plan view (b) Profile plot (follows line on plan view)

(c) 3-D model

Figure 6.7: Zygo interferometer measurement of cantilever array with one beam
pulled-in. The cantilever beam is instantly collapsing onto the electrode at pull-in.

Figure 6.8: Actuation of a curved beam. The curvature of the beam causes the
beam to land on the lower electrode pad before the SRR pad.

electrode when the voltage is reduced, but the electrostatic attraction is still strong

enough to keep the beam in the down-state. This test demonstrates that there is

contact being made between the beam and SRR landing pad.
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(a) Plan view (b) Profile plot (follows line on plan view)

(c) 3-D model

Figure 6.9: Zygo interferometer measurement of cantilever array with one beam
pulled-in with actuation voltage reduced to the point just before beam release. The
beam has pulled up slightly and is not as collapsed as it was at pull-in (Figure 6.7(b)).

6.3 Capacitance Measurements

6.3.1 Experiment Test Setup. As shown in Figure 6.10, an Agilent 4284A

Precision LCR (Inductance, Capacitance, Resistance) meter was used with the Micro-

manipulator probe station to test capacitance of the cantilever array. A test fixture

(HP 16048 D) with a 1 m-long cable was used to connect directly to the micro probes.

Separate micro probes were used to control actuation of the cantilever beams using

a Krohn-hite 7602M power amplifier. Open/short corrections were then performed

according to the 4284A user manual [63]. It should be noted that the optic power

selected on the probe station affects the open correction measurement, therefore, the

optic power used for observing deflection must be in position during the open mea-
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Figure 6.10: Schematic illustration of the experimental test setup used to actuate
cantilevers and then measure resulting capacitance. During capacitance measure-
ments, it was found that the amplifier ground was contaminating measurement data
since the LCR meter provides its own virtual ground [62], therefore, the ground probe
from the amplifier was not used for capacitance measurements.

surement correction (optic powers, 5×, 20×, 50×, etc., are different distances from the

wafer which causes different parasitic capacitances). A thin-film chip capacitor with

a known capacitance of 3.3 pF (+/−0.05 pF) was then tested with the LCR meter to

ensure accuracy. The optics were focused on the SRR landing pad which makes the

cantilever beams out of focus as shown in Figure 6.11(a). When the cantilever beams

pull-in, they come into focus (Figure 6.11(b)) (this method allows the user to observe

deflection without using an interferometer). Voltage on the electrodes was increased

until the first cantilever came into focus. At that point, voltage and capacitance val-

ues were recorded, then voltage was increased again until the next beam pulled-in.

After all beams pulled-in, voltage was reduced to release the beams. When the first
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(a) (b)

Figure 6.11: Optics are focused on SRR landing pad, which leaves cantilevers out
of focus (a), when beams pull-in, they come into focus (b).

beam released, amplifier voltage and capacitance were measured immediately before

and after beam release. Voltage was then reduced until the next beam released and

measurements were repeated. Voltage and capacitance measurements were taken pe-

riodically to show the capacitance measured between beams pulling-in and releasing.

The following section presents the capacitance test results.

6.3.2 Capacitance Results. Figure 6.12 shows the C–V curve for the can-

tilever array during the pull-in cycle. From the data recorded in Figure 6.12, each

cantilever provides an average increase of 0.085 pF when it pulls-in. This capacitance

is 32 times less than the expected value of 2.789 pF. Measurements also show that

capacitance decreases between beams pulling-in, which is opposite of the predicted

behavior. Both results are caused because the beams collapse onto the electrode at

pull-in. As shown in Figure 6.13, a collapsed beam has little surface area touching

the landing pad, thus the low capacitance added per beam pulling-down. Addition-

ally, when voltage increases beyond the collapse voltage, the collapsed surface area

increases, which deflects the tip of the beam away from the landing pad as shown in

Figure 6.13.
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Figure 6.12: CV experimental test measurement for cantilever array. As voltage is
increased, the cantilever beams pull-in, and capacitance slightly increases. The data
points labelled with a beam length are where that respective beam pulled-in.

Figure 6.13: CoventorWarer simulation showing different stages of a collapsed
beam. When voltage is applied beyond collapse voltage, the collapsed surface area
on the electrode increases, which deflects the tip of the beam upwards. Capacitance
decreases as the beam deflects away from the landing pad.

After the last beam pulled-in, the applied voltage was reduced. Figure 6.14

shows the C–V curve for the cantilever array during the release cycle. It is observed
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in Figure 6.14 that the capacitance increases as voltage is reduced even with all beams

pulled-in. This behavior agrees with the Zygo actuation voltage tests where the beams

were collapsing immediately onto the electrode, but as voltage is reduced, the beams

slightly pull off of the electrode, yet still remain down on the landing pad. When

the beam pulls up from the collapsed-state, it increases the surface area touching

the SRR landing pad (or decreases the distance to the landing pad), which increases

capacitance (view Figure 6.13 from bottom-to-top; as voltage is reduced, the beam

lifts up from the electrode).

Figure 6.14: CV experimental test measurement for cantilever array. After the last
beam pulls-in, voltage is reduced and then beams release. The data points labelled
with a beam length are where that respective beam released.

6.3.3 Capacitance Measuring Issues. Since the microprobe connecting the

power amplifier’s ground to the device contaminated the capacitive results, one can

hypothesize that the presence of the amplifier in the circuit affects the LCR meter.

Removing the probe that supplies bias voltage did have an observed effect on the

LCR meter. With the probe placed down on the electrode supply pad, the up-state

capacitance read 0.087 pF. However, when the probe was removed, the LCR meter
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displayed 0.12 pF which is closer to the predicted up-state value of 0.206 pF. Since

the power amplifier is clearly changing the LCR readout, a test was conducted to

measure the capacitance of a beam using a probe to physically press the beam down

onto the landing pad as shown in Figure 6.15. Measurements from this test are shown

in Table 6.5.

(a) Probes pressing down 350 and 400 µm beams (b) Probes pressing down 325, 350, and 400 µm
beams

Figure 6.15: Measuring capacitance by pressing down beams with probe tips.

Table 6.5: Measured capacitance using probe tips to depress beams onto landing
pads. The measured capacitance is read directly from the LCR meter. The ca-
pacitance added from a beam pulling-in is calculated by subtracting the previously
measured value from the current value (i.e., 0.77 pF − 0.12 pF = 0.65 pF added by
the 300 µm beam).

Length of Beam(s)
Pressed Down (µm)

Measured Capac-
itance (pF)

Capacitance Added
from Beam Pull-in (pF)

All Beams Up 0.12
300 0.77 0.65
300 & 350 1.31 0.54
300, 350, & 375 1.93 0.62
300, 350, & 400 1.85 0.54

The capacitance measured using probe tips to press the beams down is much

closer to the predicted value from Chapter 4. The deviation from calculated capac-

itance is most likely caused by dielectric and beam surface roughness. Recall that

Lakshminarayanan et al. [26] reported a reduction of capacitance by 46 percent due
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to dielectric surface roughness; the surface roughness underneath the beam (sputtered

seed layer) also adds to this percentage reduction.

Another test was conducted where a probe tip was used to press down on the

beam section above the electrode, as shown in Figure 6.16, to reproduce the capaci-

tance results of a collapsed beam. The results are shown in Table 6.6.

Figure 6.16: Probes pressing down beam sections directly over electrodes.

Table 6.6: Capacitance measured when probe tips are used to depress beams onto
electrodes.

Beam Length (µm) Capacitance per Beam (pF)
400 0.086
375 0.096
350 0.078
325 0.09
300 0.085

The test results are nearly identical to the capacitance measured when a voltage

was used to actuate the beams (average was 0.085 pF). This test strengthens the

assumption that the beams collapse onto the electrodes at pull-in.

6.4 Cantilever Lifetime Test

A limited lifetime test was conducted on a cantilever array. A signal generator

was used with a voltage source to create a pulse that actuates the beam multiple times-
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per-second. Visual confirmation of device actuation was confirmed by the microscope

on the microprobe station. Frequency (25 Hz), DC voltage (80 V), and pulse width

(19 ms) were adjusted to actuate all beams at once. At the termination of the test

(18 hours), all five beams were still actuating. The beams actuated a total of 1.62×106

cycles.

6.5 SRR Testing

SRR unit cells were diced for individual testing as shown in Figure 6.17. The

cantilever beams on the SRRs were bent up more than the test cantilever structures

and did not pull-down less than 100 V. The difference in beam curvature across the

wafer is due to different Au electroplated thicknesses. Au electroplates slower in the

center of the wafer, which is where the SRR cells are located.

Figure 6.17: SEM image of SRR unit cell.
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6.6 S-parameter Measurements

S-parameters are used to infer the effective medium properties from a unit cell

SRR structure. Reflection and transmission measurements are made using a parallel-

plate rectangular waveguide as shown in Figure 6.18. The waveguide efficiently shields

the sample from the external environment [55].

Figure 6.18: Waveguide test setup to measure S-parameters of SRR devices.

6.7 Chapter Summary

This chapter presented the results from testing conducted on the cantilever array

test devices. Tests were conducted on all test wafers, however, only SaW3 and SaW4

produced testable devices. During pull-in tests, devices would stick or breakdown,

however, after being plasma ashed, failures were minimal. Pull-in voltages were higher

than predicted because beam curl from tensile stress had increased the gap between

the beams and electrodes. Capacitance values were lower than expected because

the beams were collapsing onto the electrodes instead of pulling down onto the SRR
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landing pad. Lifetime testing showed that beams are capable of actuating over one

million cycles. Conclusions of testing and recommendations for further research are

presented in the next chapter.
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VII. Conclusions and Recommendations

7.1 Overall Summary

In this thesis, the design, fabrication, and testing of a MEMS capacitive array

were presented. Analytical equations were developed to predict pull-in voltages, how-

ever, a comparison with test results could not be made because of tensile stress in the

cantilever beams. Overall, the results show that the cantilever beams pull-in one-at-

a-time as predicted and each pulled-in beam adds capacitance to the SRR. However,

the voltage needed to actuate the beams is double the predicted pull-in voltage, which

causes the beams to collapse onto the electrode instead of the SRR landing pad. A

brief summary of specific conclusions is presented next.

7.1.1 SRR with MEMS Devices. Most notably, this study presents the first

known in-situ fabrication of an SRR and MEMS device. This design offers a smaller

device footprint, compatible fabrication steps, and a variable voltage controlled ca-

pacitance.

7.1.2 Device Fabrication. Coutu’s fabrication process [20] was a valuable

starting point for this research. Modifications were made due to different equipment

and chemicals available. The final fabrication process followers are in Appendix 1.

7.1.2.1 SF-11 Planar Coating. A planar sacrificial layer was not

achieved during fabrication (due to insufficient re-flow time), which caused the can-

tilever beams to be conformal to the previous layers–an undesired result.

7.1.2.2 Plasma Ashing. It is necessary to plasma ash the MEMS

devices after release to reduce stiction and breakdown failures. Stiction was nearly

non-existent in most cases after the device had been plasma ashed.

7.1.2.3 Tensile Stress in Electroplated Beams. The most significant

problem for this research was attempting to develop an electroplating process that

deposits low tensile stress Au (not accomplished). The fabrication timeline for this
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study did not allow time to conduct an intensive analysis of variance on the electro-

plater machine settings. The tensile stress causes the cantilever beams to curl up,

which affects pull-down voltage and indirectly results in low capacitance added at

pull-in.

7.1.3 Experiments and Results.

7.1.3.1 Capacitance Measurements. It is possible that the power am-

plifier is affecting the LCR measuring device. For future research, a S-parameter

measurement is needed to determine if this is the case.

7.1.3.2 Device Consistency. Currently, the gap underneath the beam

is not a user controlled dimension because of tensile stress, which causes beam deflec-

tion. Also, tensile stress varies across sample wafers, therefore, identical cantilevers

on different areas of the same chip did not consistently actuate at the same volt-

ages. Without a controllable gap, the SRR ring arrays do not resonate at the same

frequency. Additionally, the electroplated Au thickness across the wafer is not consis-

tent, which affects pull-in voltages (current density is higher on the wafer edge, which

causes a faster deposition).

7.2 Recommendations for Future Research

The results of this thesis demonstrate the feasibility of using a MEMS cantilever

array to control the resonating frequency of an SRR. This study also serves to provide

a foundation for future research in MEMS on metamaterial. As such, the following

recommendations learned through fabrication and testing are provided.

7.2.1 Design Recommendations. The following is a list of recommendations

and explanation for design changes.

1. Increase dielectric coverage on SRR landing pad. This prevents devices from

shorting if masking during lithography is misaligned.
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2. Experiment with beam widths (i.e., 90 or 100 µm instead of 75 µm). If tensile

stress is still an issue, a wider beam does not curl as much because it has a

higher spring constant.

3. Make all cantilever beam widths the same. The different spring constant for

the 400 µm long beam makes it curl more than the others. Or, if electroplating

is perfected and beams do not curl from residual stress, then Luo et al.’s [40]

beam width equation to create a linear C–V relationship can be used:

Wi = W1(1 + 0.3i) (7.1)

where W1 is the width of the first cantilever beam, W2 is the width of the next

longer beam, etc.

4. Create single SRR structures with no center ring. Bringing a voltage bias to

the inner ring adds complexity and a greater chance of failure to the design.

Also, the Au line connecting the inner ring to the outer ring might change the

resonant behavior of the SRR unit cell. It has been shown that a center ring is

not needed to produce a SRR [5,46].

5. Create a via hole to supply Vcc power directly to inner ring electrodes instead

of passing over split ring.

6. Create unit cells or small groups of SRRs instead of one large array. One short

in the array causes total device failure.

7. Create more test SRR structures with probe pads close to each other for easy

testing.

8. Create bigger alignment marks in mask design with large windows nearby. This

decreases the amount of time spent aligning dark masks.

9. Change alignment mark design to the AFRL/SN standard alignment mark sys-

tem for more accurate results.
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10. Create circular SRR structures to test. Most research has focused on circular

SRRs, therefore, more equations are available to predict device behavior.

11. Change current SRR structure to have a uniform width.

12. Test a cantilever structure with the electrode at the same height as the SRR

(instead of being slightly lower). The beam collapses at a lower voltage, however,

it should not deflect upwards.

13. Incorporate plating clip areas into cantilever mask. This provides the user with

a known surface area open to be electroplated (needed to calculate current

density).

7.2.2 Fabrication Recommendations. The following is a list of recommen-

dations and explanation for fabrication changes.

1. Perform an analysis of variance on the electroplating machine settings which

produce beams with the least amount of tensile stress.

2. Sputter a thinner seed layer of Au. The sputtered and electroplated Au layers

could potentially have different coefficients of thermal expansion, which causes

a tensile stress.

3. Research using a different material for the cantilever beam such as nickel (Ni).

Luo et al. [40] fabricated Ni cantilever beams with low stress.

4. Research alternative depositing methods besides electroplating (i.e., LIGA or

micromolding). Most research is conducted on metallic SRR structures that are

greater than 15 µm thick.

5. Purchase thicker lift off resist (LOR) to evaporate thicker structures.

6. Research creating a planar layer of SF-11. More time/heat might be needed

to correctly re-flow the PMGI. A seed layer sputtered on a flat layer of SF-11

ensures electroplating deposition is more uniform.
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7. Use LPCVD to deposit the dielectric layer to get better breakdown and less

pinholes. Low pressure chemical vapor deposition (LPCVD) has no pinholes,

conformal step coverage, and has a dielectric strength of 10 MV/cm [56]. An-

other option–Chang et al [13] report on using high density inductively coupled

plasma (HDICP) chemical vapor deposition (CVD) in place of using PECVD

and observed that the HDICP CVD Si3N4 film had a lower surface roughness, a

higher breakdown voltage (> 9 MV/cm), and less pin hole density than PECVD

grown Si3N4. HDICP CVD is conducted at low temperatures (90− 170 ◦C [13])

which is compatible with micromachine fabrication.

8. Deposit a thicker dielectric if using PECVD because of pinholes and low break-

down strength. Note that a thicker dielectric layer decreases the switch capaci-

tance provided at pull-in.

9. Use other high-k dielectrics. For example, Park et al. [12] use strontium titanate

oxide (SrTiO3) for a dielectric layer which has a dielectric constant ranging

from 30 − 120 depending on what temperature it was deposited at—higher

temperature results in a higher dielectric constant. SrTiO3 also has low loss, low

leakage current, and high breakdown voltage [12]. HfO2 as used by Luo et al. [40]

is another option for a high-k dielectric.
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VIII. Appendix 1. Process Followers
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