
ABSTRACT

WILSON, JOHN MICHAEL. Linearly Tunable RF-MEMS Capacitors Implemented

Using an Integrated Removable Self-Masking Technique (Under the direction of Paul D.

Franzon.)

MEMS tunable capacitors exhibit a non-linear capacitance verses voltage tuning

characteristic. In addition, electro-statically actuated devices suffer from ‘pull-in’ after

exceeding 33% of their total displacement. This non-linear behavior and limitation on

continuous tuning that occurs from ‘pull-in’, limits the easy-of-use and tuning range of

previously reported MEMS tunable capacitors.

This dissertation presents a MEMS tunable capacitor that produces a wide tuning

range with linear tuning throughout. The basic concept is similar to that of

trimming/tuning capacitors used in early radios, where multiple metal plates create a

capacitor that is varied by rotating a shaft which changes the overlap area. However, this

device is built using modern IC processing methods that enable batch fabrication.

The core of the design comes from high yield, mechanically proven gear

structures defined in the SUMMiT design library, available from Sandia National Labs.

Significant alterations were made to the physical gear structure to realize the final device.

A novel masking technique that enables the complex patterning of metal(s), in different

amounts, on any layer(s) of a released chip was also conceived. This ‘integrated

removable self-masking technique’ enables the construction of low-loss controlled

impedance structures such as coplanar waveguides in a polysilicon only MEMS process.

In addition, this technique allows metal to be deposited in a regulated manner on multiple

layers of a post release chip so that low-loss metal-insulator-metal capacitors can be built.

Numerous device topologies are possible each with advantages and

disadvantages. These various topologies and their design are discussed in detail. The

metallization techniques for depositing single or dual metal layers are presented, along

with a discussion on the construction of the masking layers so that they can be easily

removed. Device simulation, modeling, and measurement are then presented.
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Chapter 1 Introduction

1.1 Motivation for this Research

The primary goal of this research was to design and build a tunable MEMS

capacitor providing a wide tuning range with truly linear tuning throughout the entire

range. At this time, no MEMS tunable capacitor has been reported that exhibits a truly

linear tuning characteristic. It was important that a standardized and publicly available

process be used to fabricate the device. Publicly available processes have cost advantages

and they enable other researchers to leverage on previous work more easily. These

processes may have limitations, but many researchers have used various post processing

techniques to overcome these limitations. Post processing was required to realize this

device and a novel technique was conceived for patterning metal on released chips. This

secondary goal of this research was to provide a means for depositing metal(s) on any

layer(s), at process feature sizes, on a polysilicon only MEMS chip. This technique

needed to enable a regulated metal deposition so that controlled impedance structures

could be produced for use at RF and Microwave frequencies.

1.2 Brief overview of Device Design

The rotating MEMS tunable capacitor presented in this research was constructed

by modifying existing gear designs from the SUMMiT process available through Sandia

National Labs. The SUMMiT V process is a batch process and it enables high volume,

low-cost production. The device presented in this research is similar in operation to the

varactors used for tuning in radios dating back to the era of tube-based electronics. In

this research a rotating metallized polysilicon disc that is overlapped by two metallized

plates was designed and built. Sandia National Labs has many components designed in

their SUMMiT process giving the designer a set of mechanically proven designs to work

from. Modifications to existing device designs may or may not be needed depending on
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required performance and/or the effects that post process metallization has on these

devices.

Four different device topologies for rotating tunable capacitors across three

different size devices are presented. Considerable design effort is required on the actual

chip layout to yield useful structures for use at RF and Microwave frequencies. The upper

two polysilicon layers are used as self-masking/removable stencil layers to block the

deposition of metal on certain areas of the chip. In addition to blocking the deposition of

metal onto specific areas, the upper two layers can be used to create two different metal

thicknesses during multiple metal depositions. This is required to minimize warpage of

critical structures due to the added stress from the metal films. Any deviation in planarity

in capacitive devices will result in degraded performance, especially in RF applications.

Previous metal depositions of SUMMiT chips at NCSU have shown, even the smallest

amounts of metal will add stress to the polysilicon films causing the device to bend

upward. The progressive self-masking technique introduced here allows the designer two

important degrees of freedom. First, very thick amounts of metal can be deposited

directly onto the substrate surface or onto rigid polysilicon structures designed using

trapped oxides to strengthen the film stack. The thick metal is used primarily for the

construction of low-loss signal conduction paths, such as coplanar waveguides. The thin

layer of metal helps to increase the conductivity of components within the signal path that

need to maintain their planarity, such as the plates of tunable capacitors.

Before presenting the actual structure a brief overview of the available polysilicon

and oxide layers in the SUMMiT V process is needed. The different devices studied in

this paper will then be presented using simplified top views and cross-sections to

illustrate the key differences between topologies. Following will be a detailed

examination of the various device topologies. The expected impact of device size and

topology on performance and yield is also included.
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1.3 Brief overview of the SUMMiT V Process

The SUMMiT V process provides the MEMS designer with five polysilicon layers. Four

of these polysilicon layers are mechanical layers. These five levels allow for over 13

microns of topography across the chip surface. The top two polysilicon layers, poly-3 and

poly-4 are ultra planar. This planarity is achieved through a CMP of the oxide surfaces

upon which the polysilicon layers are deposited. This process provides tremendous

flexibility for the designer. Thick structures can be constructed by anchoring layers of

polysilicon together. By trapping oxide layers between polysilicon layers, the designer

can further increase the thickness of these anchored layers. The difference in height on a

particular piece of polysilicon may be reduced by applying the dimple cut to a specific

region of a layer. The application of the dimple cut also allows the designer to produce a

very small and precise gap between polysilicon layers. Details of the process are

available through Sandia National Labs. The stack of oxides and polysilicon layers are

shown in Figure 1.1.

Figure 1.1: SUMMiT V Process Layers

0.2µm gap from dimple-4 cut

0.4µm gap from dimple-3 cut

0.5µm gap from dimple-1 cut

1.5 - 2µm Oxide-4

1.5 - 2µm Oxide-3

0.3µm Oxide-2

2µm Oxide-1

0.8µm Nitride

675µm Silicon
Substrate

2.25µm Poly-4

2.25µm Poly-3

1.5µm Poly-2

1µm Poly-1

0.3µm Poly-0

0.6µm Thermal
SiO2
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Table 1.1: SUMMIT V Process Layers - Description and Purpose

Layer Film Description Purpose

Poly-4 2.25µm doped (ρs ≈ 9Ω/□), planar polysilicon Mechanical polysilicon #4

Dimple-4 Cut Remove Oxide-4, then backfill with 0.2µm of
oxide

Provides small and precise Poly-3
to Poly-4 gap

Oxide-4 1.5 – 2µm CMP planarized TEOS Sacrificial oxide, or anchor if
absent

Poly-3 2.25µm doped (ρs ≈ 9Ω/□), planar polysilicon Mechanical polysilicon #3

Dimple-3 Cut Remove Oxide-3, then backfill with 0.4µm of
oxide

Provides small and precise Poly-2
to Poly-3 gap

Oxide-3 1.5 – 2µm CMP planarized TEOS Sacrificial oxide, or anchor if
absent

Poly-2 1.5µm doped (ρs ≈ 18Ω/□), polysilicon Mechanical polysilicon #2

Oxide-2 0.3µm TEOS Sacrificial oxide, hub clearance, or
anchor if absent

Poly-1 1µm doped (ρs ≈ 22Ω/□), polysilicon Mechanical polysilicon #1, hub for
gears

Dimple-1 Cut Etched until 0.3 - 0.5µm of Oxide-1 remains Vertical standoffs to limit motion

Oxide-1 2µm TEOS Sacrificial oxide, or anchor if
absent

Poly-0 0.3µm doped (ρs ≈ 40Ω/□), polysilicon Ground plane (not mechanical)

Silicon Nitride 0.8µm SiNx Etch stop and electrical isolation

Thermal SiO2 0.6µm SiO2 Electrical isolation

Silicon substrate 675µm thick, 2 - 20 Ω-cm, 150mm wafer Wafer

Sandia’s SUMMiT V process is one of the most advanced, if not the most advanced

surface micro-machined process currently available. The process has the ability to yield

released mechanical features from the single digit micron to the millimeter range, while

maintaining sub-micron planarity. Some design examples from Sandia are shown in

Figure 1.2. The etch holes shown in the images of Figure 1.2 are 2µm by 2µm and the

gear teeth all images except Figure 1.2(c) are 10µm long. The encoding gear in Figure

1.2(e) is approximately 500µm in diameter, while the gear used as an optical shutter in

Figure 1.2(f) is approximately 2000µm (2mm) in diameter.
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Figure 1.2: Example design capabilities of Sandia’s SUMMiT V Process: (a) interlinking gear teeth, (b)
drive gear with offset drive hub, (c) ratcheting mechanism, (d) gear train & linear rack, (e)
encoding/locking mechanism, (f) optical shutter with quadrature comb motors for drive, All images are
"Courtesy of the Intelligent Micromachine Initiative, Sandia National Laboratories,
http://www.sandia.gov/Micromachine"

1.4 Device Description - Simplified

The rotating MEMS tunable capacitor is constructed by using existing gear designs from

the SUMMiT V design library and subsequent metallization of specific sections of a

rotating gear and other portions of the chip. These are high yield, mechanically proven

designs and there is a large library of supporting structures to provide actuation and

additional functions. Significant modifications are made to the library designs so that the

device may be used as a tunable capacitor. Numerous variations are possible each with

performance, reliability, and yield trade-offs.

Top and cross-sectional views of the basic device are shown in Figure 1.3. Some

details of the actual stack up have been omitted for clarity. In this illustration, the device

is in the 45° position, set to approximately 50% of the full capacitance value. Sections

have been removed from the polysilicon gear to increase the capacitance tuning range, by

(a) (b) (c)

(d) (e) (f)
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decreasing the minimum capacitance value. The darkest regions illustrate where metal

has been deposited on the structure. The basic gear design is constructed from an

anchored stack of polysilicon layers, with metal deposited on the upper surface of the top

polysilicon layer. The metallized gear rotates beneath a suspended section of polysilicon

that overlaps the gear. The overlapping piece of polysilicon also has metal deposited on

top of it. This forms a capacitor with a dual dielectric of air and polysilicon. There are

actually two capacitors formed between the rotating gear and suspended polysilicon that

overlaps the gear. These two capacitors appear in series between each overlapping plate,

and reduce the capacitance by a factor of two. Additionally, since each capacitor is one

half the total capacitance for the device, the effective capacitance of the device is one-

fourth of the total area capacitance. This reduction in capacitance is offset by the benefits

of a wide tuning range with linear tuning throughout.

Figure 1.3: Simplified top view and cross-sectional view of a rotating MEMS tunable capacitor after
metallization, set to 45º position or approximately 50% of full tuning range capacitance

Metallized Metallized

Overlap
Capacitance

Overlap
Capacitance Overlap

Capacitance

Metallized
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1.5 Various device topologies - Simplified

Three distinct variations in device architecture were examined in this research. The three

variations provide up to eight different device topologies for comparison. However, only

six of these topologies are easy to yield. The variation to the device that produces the first

degree of design freedom to be examined is provided by removing sections of the gear.

This first variation divides devices into two categories, solid and spoked. By removing

sections of the gear, this variation in device topology helps to reduce the minimum

capacitance, or 0° capacitance. Five variations of solid and spoked gears in different

positions are shown in Figure 1.4. The device shown in Figure 1.4(a) is the top view,

when in the 0° position, for any device topology. Shown in Figure 1.4(b) and 1.4(c) are

spoked and solid devices in the 90° position. The last two devices shown in Figure 1.4(d)

and 1.4(e) are an example of spoked and solid devices in the 45° position.

Figure 1.4: Simplified top views of various devices after metallization: (a) any device 0°, (b) spoked gear
90°, (c) solid gear 90°, (d) spoked gear 45°, (e) solid gear 45°

The second variation is in the height of the cantilevered polysilicon leads that overlap the

gear. This portion of the device is made from mechanical polysilicon layer and will have

a layer of metal deposited on its top surface. Either poly-3 or poly-4 can be used to

overlap the gear. Both of these polysilicon layers are approximately 2.25µm thick and

a b c

d e
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ultra planar due to the preceding chemical mechanical polishing (CMP) of oxide-3. This

variation is provided by using the dimple cut layer on the portion of the polysilicon lead

that is overlapping the surface of the gear. Normally, the separation between the

underside of the overlapping polysilicon leads and the top surface of the unmetallized

gear may be as little as 1.75µm or as much as 3.8µm, depending on the particular device

topology. This separation provides a rather large air gap for the dielectric of the variable

capacitor. By applying the dimple-cut layer, the air gap between the overlapping

polysilicon leads and the gear can be reduced. This reduction in the air gap significantly

increases the per unit area capacitance of the device. Application of the dimple-cut

reduces the device air gap to be as small as 0.5µm or 0.7µm, depending on which layer

was used to construct the overlapping polysilicon lead. The dimple-cuts are different in

poly-3 and poly-4, and are stated in Table 3.1. All the estimates for device air gap assume

that the gear moves towards the chip surface by 0.3µm after release. This axial movement

results from the use of oxide-2 in the hub design. In practice, the movement is probably

in the range of 0.2µm to 0.3µm, due to surface roughness, oxide deposition variations

inside the hub region, and other process variations. Any decrease in the amount the gear

moves towards the chip surface equates to a proportional decrease in the air gap thickness

of the device. This second variation divides devices into two more categories, non-

dimpled and dimpled. Illustrated in Figure 1.5(a) and 1.5(b), with halved cross-sectional

views, is the difference between the absence and the presence of the dimple cut applied to

the overlapping polysilicon lead.

The third variation is in the trapping of oxides between polysilicon layers used to

construct the gear. When an oxide layer is trapped by polysilicon it is not removed during

the etch process. Trapping oxide layers has two positive effects on device performance.

First, when used in a device that is non-dimpled it helps to reduce the air gap; thereby,

increasing the device’s capacitance. (The air gap for a device that uses the dimple-cut is

set by the backfill of the respective oxide used after the dimple is etched, so dimpled

device’s do not show an increase in capacitance when oxides are trapped.) Second, it has

been shown that the trapping of oxides greatly reduces the out-of-plane bending
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(warpage) of polysilicon plates due coefficient of thermal expansion (CTE) mismatches,

resulting from subsequent metal deposition. It is possible to trap up to two oxide layers

by using three polysilicon layers in the construction of the gear. The resulting gear is a

sandwich of polysilicon and oxide layers totaling almost 7µm in thickness. Illustrated in

Figure 1.5(c) and 1.5(d), with halved cross-sectional views, is the difference between the

absence and the presence of the dimple cut applied to the overlapping polysilicon lead,

when the gear has a trapped oxide layer.

(a) (b)

(c) (d)

Figure 1.5: Simplified (halved) cross-sectional views of capacitor air gap variations due to absence and
presence of the dimple cut on the overlapping polysilicon lead, without and with a trapped oxide layer:
(a) non-dimpled device without trapped oxide layer, (b) dimpled device without trapped oxide layer,
(c) non-dimpled device with trapped oxide, (d) dimpled device with trapped oxide

These three variations provide eight variables for device topology to be compared. Only

six of these topologies were examined. Two device topologies, the combination of a

spoked gear and the dimple cut for both gears with and without trapped oxides, require

the gear to be rotated after release, but before metallization. These two device topologies

would be more difficult to yield and were not explored in this research. They will only be
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discussed as future work in a later section. Device size and yield will be affected by the

choice of device topology and these trade offs must be considered. For example, spoked

gears might exhibit greater curvature resulting from metal deposition on the gear. If this

is the case, the effect will be most dramatic in large devices since the polysilicon

thickness does not increase with device size. In addition, the use of the dimple cut layer

to lower poly-3 will increase the chances that a warped gear will not properly function

because it might come in contact with lowered poly-3. Again, larger devices will be most

susceptible to these effects. Because of this, it is important that the induced stress from

metallization is kept to a minimum.

1.6 Integrated Removable Self-Masking Technique for Metallization

Presented is a novel masking technique that enables the complex patterning of

metal on any layer of a released MEMS chip. This masking and metallization technique

enables the construction of circuit elements previously unavailable in MEMS process that

did not have a metal layer included at fabrication. Processes like the SUMMiT V process

from Sandia National Labs are currently polysilicon only processes. One of the

advantages of the SUMMiT process is the ultra-planar low stress polysilicon. However,

the high temperatures required for annealing polysilicon prevents the inclusion of a metal

into the process. The temperatures required to anneal polysilicon would cause metal to

begin to melt and creep into the surrounding oxide. Work is underway at Sandia to give

designers a single metal layer on top of the last polysilicon layer, poly-4. This metal

would be deposited after the polysilicon has been annealed. Even with the inclusion of a

single metal layer in the process, there are still significant limitations imposed by only

having metal available on one level. The technique introduced here enables the

deposition of metal on the surface of any layer. The amount of metal deposited on a given

layer is also adjustable, which has advantages for both RF and Optical applications.

When building devices for use at RF and Microwave frequencies, low-loss

conductors are required. It is also important to design structures that can be easily
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measured and their performance quantified. Therefore, metal should only be deposited

where it is required to construct ground planes, signal lines, and the device. Since the

SUMMiT V process does not provide the metal layers needed to design passive

components for use at RF and Microwave frequencies, a technique to solve this problem

was conceived.

1.6.1 The Technique

By using the mechanical layers of polysilicon to regulate where metal is

deposited, the ability to construct low resistance controlled impedance structures in a

polysilicon only MEMS process is enabled. The mechanical polysilicon is used as a self-

masking/removable stencil layer to block where metal is deposited on to the chip. The

metal is not actually block from deposition on to the chip, but rather it is deposited on to

sections of polysilicon that will be removed later. This on chip shadow masking approach

enables the complex patterning of metal at process feature sizes. The minimum pattern

size is determined by the minimum spacing or cut allowable in a given polysilicon layer.

Also, since the masking layer is only a few microns above the surface where the metal is

deposited, high directivity is maintained. This ability gives the designer the flexibility

needed to build structures such as landing pads for ground-signal-ground high-frequency

probes and coplanar waveguides. Metal can be deposited on any exposed surface of the

chip, including the nitride layer or any polysilicon layer. In addition, by building multiple

removable masking layers the designer has the ability to deposit metal on any exposed

surface during the first deposition and then remove the first masking layer and deposit

metal on to a previously shielded surface. In theory, this can be repeated for each

mechanical polysilicon layer in the process. In this research e-beam evaporation was

used, however, a technique such as sputtering could also be implemented.

The ability to deposit metal layers of different thickness has advantages when it is

important to keep induced stress at a minimum. In this application, it is required to

minimize the warpage of critical structures due to the added stress from the metal films.
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Any deviation in planarity in capacitive devices will result in degraded performance. In

previous work, the deposition of metals on to released polysilicon plates has been shown

to cause out-of-plane bending (warpage) due coefficient of thermal expansion (CTE)

mismatches.

This identifies two contradictory problems that need to be solved. First, to build

low-loss signal conduction paths a thick metal layer is required. Second, to combat the

problem of induced stress a thin layer of metal must be deposited on any released

polysilicon surfaces to maintain planarity. The progressive self-masking technique

introduced here gives the designer these two important abilities. Very thick amounts of

metal can be deposited directly onto the substrate surface or onto rigid polysilicon

structures designed using trapped oxides to strengthen the film stack. The ‘thick’ metal is

used primarily for the construction of low-loss signal conduction paths, such as coplanar

waveguides. After the first mask is removed, a ‘thin’ layer of metal can be deposited.

This ‘thin’ layer of metal helps maintain the planarity in released polysilicon surfaces,

such as the plates of tunable capacitors. In this research, the polysilicon plate in question

is the rotating gear. Although the gear portion of the capacitor also requires a low

resistance, a trade-off exists between a thick metal low-resistance gear, and thin metal

more resistive gear with potentially less warpage.

1.6.2 Simplified Design and Layout: Single Masking Layer

To regulate the metallization on a released chip, the designer must layout more

than just the devices in question. The masking layer must be designed to correctly block

and regulate metallization. The simplified design flow for a single masking layer is

illustrated in Figure 1.6. In Figure 1.6(a), the basic structure is shown without masking

the masking layer. In Figure 1.6(b), the masking layer is added to prevent the deposition

of metal in the areas between the signal conductors of the CPW line.
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(a) (b)

Figure 1.6: Simplified design flow for the integration of a single masking layer with a design, (a) basic
structure, (b) addition of masking layer

Illustrated in Figure 1.7 is the process flow for metallization and removal for a

single masking layer. All structures in Figure 1.7(a) have been metallized and the device

is shown lighter for illustrative purposes only. The device and CPW lines will have equal

amounts of material deposited on them when using the single masking layer technique. In

Figure 1.7(b), the metallized masking layer is removed. The details of mask removal will

be discussed in a later section.

(a) (b)

Figure 1.7: Simplified process flow for metallization and removal of a single masking layer, (a) metallized
structure, (b) removal of masking layer, (metallized device shown lighter for illustrative purposes only)
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1.6.3 Simplified Design and Layout: Dual Masking Layers or

Progressive Metal Deposition

This technique is an extension of the single masking layer approach, with the

exception that more than one removable masking layer is constructed. In theory, this

technique could be used for every mechanical polysilicon layer available in the process.

In the SUMMiT V process, this ‘progressive metal deposition technique‘ would allow

metals to be deposited in four different amounts. In this research, only a dual masking

layer approach was implemented. This enables the deposition of a ‘thick’ and ‘thin’ layer

of metal on different structures on the chip. As previously mentioned, the thick metal is

for low loss conductors and the thin metal is used on surfaces that need to be conductive,

but maintain their planarity.

Illustrated in Figures 1.8 is the simplified design flow for the design and layout

for dual masking layers. . In Figure 1.8(a), the basic structure is shown without masking

the masking layers. Figure 1.8(b) adds the lower masking layer. The lower masking layer

is used to block the second metal deposition in the areas between the signal conductors of

the CPW line. Figure 1.8(c) adds the upper masking layer. The upper masking layer is

used to block the first metal deposition from the surface of the device. By design, it also

blocks the first metal deposition from the lower masking layer.
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(a) (b)

(c)

Figure 1.8: Simplified design flow for the integration of dual masking layers with a design, (a) basic
structure, (b) addition of lower masking layer, (c) addition of upper masking layer

Illustrated in Figure 1.9 is the process flow for metallization and removal for a

dual masking layer design. The first or ‘thick’ metal deposition is illustrated in Figure

1.9(a). The upper mask is shown lighter for illustrative purposes only. The upper mask

and CPW lines both have the ‘thick’ layer of material deposited on them. In Figure

1.9(b), the upper masking layer is removed. The exposed device and lower mask are

unmetallized at this point in the process. In Figure 1.9(c), the second or ‘thin’ layer of

metal is deposited. The CPW lines now have the sum of the first and second metal

depositions (‘thick’ plus ‘thin’) on their surface. However, the device and lower masking

layer have only the ‘thin’ layer of metal on their surface. The final structure is realized by

removing lower masking layer, and is illustrated in Figure 1.9(d). The lower masking
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layer was used to block the second metal deposition in the areas between the signal

conductors of the CPW line. The details of mask removal will be discussed in a later

section.

(a) (b)

(c) (d)

Figure 1.9: Simplified process flow for dual metallization and mask removal, (a) ‘thick’ metal is deposited,
(b) removal of upper masking layer, (c) ‘thin’ metal is deposited, (d) removal of lower masking layer
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1.7 Dissertation Outline

The following chapters in this dissertation justify this research effort and the

research process. Chapter 2 is a comprehensive summary of the current state-of-the-art in

MEMS tunable capacitors. The various types of continuously tunable MEMS capacitors

and capacitive switches are discussed. Then applications for MEMS capacitors are

presented. Chapter 3 discusses the different device topologies that were designed in this

research and discusses the pros and cons of each. Chapter 4 describes the integrated

removable self-masking technique that was conceived to enable the required

metallization. Chapter 5 discusses the simulation and modeling process for the rotating

MEMS tunable capacitor. Also, discussed in Chapter 5 are the measurement results and

the performance of the devices. Chapter 6 summarizes and concludes this research effort

and discusses future work.

1.8 Novel Contributions of this Research Effort

The novel contributions of this research are:

First, is the rotating MEMS tunable capacitor. This is the first reported MEMS tunable

capacitor with a truly linear tuning range. In addition, the rotating device presented in this

work is the first of its type to have electrical performance measured and reported.

Second, is the integrated removable self-masking technique that enables the regulated

metal deposition in a polysilicon only MEMS process. This technique allows for metal

deposition, at process feature sizes, on any exposed layer(s) and the deposition of

metal(s) in different amounts. The ability to construct controlled impedance structures is

enabled using the method.
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1.9 The Origin of MEMS

It is difficult to say exactly when Micro Electro Mechanical Systems were first

conceived. Many in the field of MEMS trace its beginnings to a paper presented by

Richard Feynman in 1959, titled “There’s Plenty of Room at the Bottom”. [1]. Feynman

talked about the concept of having information on a small scale, building better electron

microscopes, and the miniaturization of computers. He also discussed how to make tiny

devices by using techniques such as evaporation, and issues associated with lubrication.

Over twenty years later, in 1982, Feynman presented another paper where he talked about

technological advances and what the future might hold, given the ever accelerating rate at

which technology was advancing. The title of the paper was “Infinitesimal Machinery”

[2]. Not only did he talk about how to make small machines, but also how to use them.

He discussed how to use electro-static actuation and about friction and sticking. Since

then, we have coined the term ‘stiction’. These papers mark the beginnings of MEMS.

They have been revisited and will continue to be [3].
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Chapter 2 Literature Review

This chapter provides a comprehensive review of all relevant literature on the subject of

microelectromechanical tunable capacitors for use at RF and Microwave frequencies.

This will provide the foundation and path taken for the core research of this thesis. The

strengths and weaknesses of MEMS tunable capacitors will be compared and contrasted

with current technology. An exploration of the application areas that can benefit from

MEMS tunable capacitors will be identified. Then circuits and systems that have used

MEMS tunable capacitors will be introduced. The majority of the review will summarize

the various types of MEMS tunable capacitors that have been conceived and/or

fabricated. The performance of these devices, both individually and in many cases the

performance of the circuits and systems in which they were integrated, will be presented.

2.1 Motivation

Modern RF and Microwave systems demand light weight, small volume, ultra

low power, and high performance simultaneously [4-26]. Numerous functions that

semiconductor technology provides in RF and Microwave circuits and systems can be

realized with higher performance and significantly lower power by using MEMS tunable

capacitors [4-26]. There are many advantages to using these devices over current

semiconductor solutions. A distinct advantage that electro-statically actuated MEMS

tunable capacitors have over their semiconductor equivalents (e.g. varactor diodes & p-i-

n diodes) is their ability to operate without consuming significant, if any, DC power.

MEMS tunable capacitors are typically set to a capacitance value by actuating them with

a DC voltage. In electro-static devices, the required current is typically a very small

transient current that consumes negligible power and is only required to charge or

discharge the tunable capacitor to a different voltage, resulting in a change in position

and therefore capacitance. However, some devices use electro-thermal actuation and do

consume transient and/or DC power, but they are still considerably more efficient that
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semiconductor solutions. Another advantage is that MEMS tunable capacitors are

inherently linear because they are passive devices. This gives MEMS tunable capacitors a

significant advantage over their semiconductor equivalents, especially in RF and

Microwave applications where high-linearity and low-distortion are two of the most

important performance metrics. This advantage becomes even more significant in

systems where large signals are present. Perhaps the greatest advantage is the potential

for complete RF and microwave systems on a chip or multi-chip module. The pressure to

further integrate electronic devices has been driving the electronics industry for the past

fifty years. RF and microwave MEMS devices will provide yet another step in the

evolution of electronics integration by moving large and expensive discrete passive

components onto chips with active devices or onto chips that can be coupled to another

chip via flip chip assembly techniques.

A brief overview of the power, performance, and cost advantages of MEMS

tunable capacitors illustrates why there is a growing interest in this field. However, in

light of these advantages, many problems must be solved to realize reliable and

affordable MEMS devices. Due to their mechanical nature, MEMS devices exhibit

slower tuning or switching times than their semiconductor equivalents. Depending on the

application this may or may not be of great concern and as research continues, this

difference is gradually decreasing. Additionally, MEMS devices are very sensitive to

certain environmental conditions, such as humidity and particulate contamination

[4,11,98,100.] In addition, the yield and reliability of most MEMS devices suffer from a

phenomenon known as stiction. Stiction refers to the sticking of the structural elements

either to the substrate or to adjacent elements [4]. The testing of MEMS devices is also

adds greatly to the cost of a final product. Almost every step in the assembly process is

potentially fatal to these devices; the chips can fail during any step of the processing [98].

Other families of MEMS devices, specifically contacting MEMS switches, exhibit

degraded performance due to fatigue from increased contact resistance after extended use

[11]. MEMS tunable capacitors, used a switches, do not suffer from contact degradation

since they do not require a metal-to-metal contact. However, these capacitive switches
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suffer from stiction due to charging effects that occur during contact between the

dielectric layer and the metal of the switch [11]. These charging effects can cause the

switch to stick in either the down-state position or cause the pull-in voltage to increase to

the point that the MEMS switch can no longer be actuated [11]. Currently, the testing,

packaging, and assembly requirements account for 75%, or more, of the final price of

MEMS devices [100]. These are the main inhibitors of bringing this technology to market

and work to solve these problems has become the focus of many research groups and

companies.

2.2 Application areas

The research and development of MEMS devices for use in RF and Microwave

systems is a technology driven by high performance applications areas such as defense

research, space exploration, broadband communication systems, and portable

communication devices [4-34]. Each of these areas has similar performance

requirements, but each also places more or less emphasis on particular performance

metrics. Defense applications are generally focused on new technology that can yield

advantages in warfare. Performance is usually the dominant factor for these applications.

Space exploration demands low weight, small volume, low power, and high performance

[31-34]. MEMS devices can reduce power consumption, which will simultaneously

extend the lifetime of satellites and drastically reduce their mass. Broadband and portable

communications applications are driven by low cost, high performance, and low power

consumption [19-30]. The recent surge in consumer demand for high-speed connectivity

and tiny portable wireless communications devices can continue its trend thanks to the

advantages of MEMS devices. Analysis in one case indicated that RF MEMS tunable

filters enable a 60x reduction in size and a 150x reduction in weight [35].

The Defense Advanced Research Programs Agency (DARPA) has sponsored

many research programs at universities across the nation [9]. DARPA has a strong

interest in developing low cost phased array antennas for high-performance defense
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applications. At this time, they are currently funding three contractors to build phase

shifters for phased array antennas. It has been estimated that a MEMS-based array might

reduce the cost of an antenna by over an order of magnitude [5].

Recently, NASA has shown interest in the development of micro-spacecraft [33].

Low mass, low volume, lower power consumption, and low cost will be key to the

production of micro-spacecraft, especially since it will desirable to produce them in large

numbers. In addition, MEMS tunable capacitors could be used to make reconfigurable

satellites that consume negligible power and achieve higher channel selectivity [31].

Reducing power requirements means that a significant portion of a satellite’s mass can be

reduced. Since power consumption correlates to battery mass, or reactor mass in the case

of deep space exploration, large reductions in rocket payload requirements can be

realized by using MEMS devices.

As MEMS technology improves, and packaging and reliability issues are solved,

broadband and portable communications applications will start to yield the benefits that

MEMS devices can provide. This area is far larger than defense and space applications

and constant pressure from consumers will produce the funding to realize truly

inexpensive MEMS devices. The demand for multi-function portable wireless

communication devices places high requirements on power consumption and cost [5,29].

A paradigm shift in transceiver architecture may be required to realize the full

potential of RF MEMS devices. Conventional transceiver architecture can benefit from a

simple direct component replacement approach, know as bottoms-up, but new transceiver

architecture may be the most efficient approach. By modifying transceiver architecture to

exploit the advantages of MEMS devices, the most efficient designs can be realized. This

is known as the top-down approach and it would not be prejudiced by the typical

limitations imposed by conventional RF components [7]. An example of direct

component replacement for a conventional transceiver and an example of a receiver

front-end that has been revised using the top-down approach are shown in Figure 2.1(a)

and 2.1(b), respectively [7].
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(a) (b)

Figure 2.1: Top down approach for using MEMS components (a) direct component replacement in
conventional transceiver, (b) revised receiver front-end, [7]

2.3 MEMS Tunable Capacitors

Many different types of MEMS tunable capacitors have been conceived,

designed, and/or fabricated. They can be divided into categories based on their intended

mode of operation, either, analog tunable or binary tunable. An analog tunable MEMS

capacitor can have its capacitance continuously adjusted between a minimum and

maximum value [21,36,38-61,68,74]. A binary tunable capacitor is operated between its

“OFF”, or minimum value, and its “ON”, or maximum value [35,37,62-67,69-

72,75,76,79-83,85-88]. Though some of the devices are significantly different in

mechanical design, many of them are nearly identical. Yet, because of the intended use

they are divided into separate categories, the only difference being how the control signal

is used to actuate them (analog tuning or binary tuning).

Another subdivision that can be made to categorize MEMS tunable capacitors is

how they are actuated. Most devices use electro-static actuation; however, some used

electro-thermal actuation and others use indirect electro-static actuation. In the family of

electro-statically actuated devices are differences in mechanical design. Most of the

MEMS tunable capacitors reported in the literature are vertically displacing pistons with

multiple springs that suspend them above the chip substrate [37-41,43,50-53,56,59,60,65-

67,71]. However, many are made from metallic bridges that span over conductors,

typically the center conductor of a transmission line (CPW structure) [62-64,74-78,82-
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83]. Other electro-statically actuated mechanisms reported are simple cantilever beams,

interdigitated lateral comb drives, vertically displacing structures with hinged plates,

laterally translating devices, rotating devices, devices with flexible metallic membranes,

and “zipping” actuators [21,36,42,49,54,57].

Since most devices, both analog and binary tunable, are in the family of vertically

displacing pistons with multiple springs, it is important to define how devices with the

same physical construction can be divided into distinctly different modes of operation.

The distinction is in the use of the actuation voltage and the range of displacements used

for operation. The main reason that electro-static actuation is preferred over other

methods is its ultra low power-consumption characteristic [42]. However, electro-static

actuation has the limitation that the entire piston displacement cannot be used for analog

tuning. However, the entire displacement can be used for binary tuning. The problem lies

in the conflict between the electro-static attracting force of the parallel plates and the

restorative force of the springs suspending the upper plate. Theory for a cantilevered

parallel plate system indicates that as long as the piston has not displaced more than 33%

from its un-actuated position in the parallel plate gap, then piston can be controlled in a

continuous manner, yielding analog tuning of the capacitor. Up to this point, the

restorative force of the springs dominates over the electro-static force between the

parallel plates. Once the piston exceeds the 33% displacement point, the electro-static

force becomes larger than the restorative force of the springs and the piston snaps down

or exhibits “pull-in”. When these pistons are operated between their un-actuated position,

or “OFF position, and their position of maximum displacement, or “ON” position, this is

referred to as binary tuning [42]. MEMS tunable capacitors operated in this mode are

often referred to as capacitive or AC switches.

Electro-statically actuated devices are easy to design mechanically and have the

added benefit of ultra-low power consumption, but their non-ideal actuation behavior

limits their maximum tuning range, which for tunable capacitors (varactors) is probably

one of the most important figures of merit. Theory predicts a maximum tuning range of
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50% (1.5:1) for a cantilevered electro-statically actuated parallel plate system. This is

defined below in Equation 1.1 [42].
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Eq. 1.1

Where MTR is the maximum tuning range, ε is the dielectric constant of the material in

the capacitor gap, A is the surface area of the parallel plates, and g0 is the initial gap

between the two parallel plates of the capacitor [42]. Shown in Figure 2.2 is a plot of

capacitance verses gap height for a vertically displacing electro-statically actuated device.

The initial gap, g0 , is 1.5 µm and actuation occurs after 0.5 µm of displacement at 23 V.

Figure 2.2: Capacitance verses gap height, illustrating “pull-in” at 33% displacement from g0 , [77]

Techniques have been proposed to mitigate this limitation and they will be

discussed in the following section. Other proposed topologies do not suffer from this

problem, such as: interdigitated lateral comb drives, electro-thermal actuation
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mechanisms, vertically displacing structures with hinged plates, laterally translating

devices, rotating devices, and “zipping” actuators. Examples of each of these will be

given and their performance discussed.

2.4 MEMS Analog Tunable Capacitors

A summary of the current state-of-the-art of MEMS analog tunable capacitors

will be given. Separate sections, categorized by differences in their actuation mechanism,

will help to group devices in an effort to provide a succinct presentation. Relevant

measured data will be presented so that performance comparisons can be made to

different technologies (e.g. semiconductor varactors) and between other MEMS analog

tunable capacitors. Any circuit or system that the device has been used in, or might be

appropriate for use in, will be mentioned. However, for a detailed discussion of the

circuits and systems where these devices have been used, the portion of this chapter on

circuits and systems should be referred too. Some of the devices have been fabricated and

tested, while others are simply ideas that have not yet matured.

2.4.1 Multi-Spring Pistons: Electro-Statically Actuated

This topology is probably the most common since its design and operation is well

understood. Solving the equations that describe its motion is a common problem in

MEMS courses and textbooks. Most of the devices presented in the literature have four

springs that suspend one metallic plate above another plate that is either metallic or

heavily doped polysilicon [38-41,44,45,50-53,56,59,60]. The limiting factor to this

topology is its low tuning range. In practice, the theoretical 50% tuning range is generally

not reached because of problems that occur in implementation and fabrication. One

problem that further reduces tuning range is the difficulty in controlling the pistons

displacement just before the point if pull-in. This usually forces stable designs to have a

safety margin built into the useable actuation voltage. Another problem that occurs is
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warpage in the released/moving plate [46]. Because of the underlying theoretical limit

and these problems, some modifications have been made to improve the capacitance ratio

of this topology beyond 50%. One modification was to increase the number of plates to

improve the capacitance ratio beyond 50% [40,41,50-53,56,59]. Another technique used

to increase the capacitance ratio was to alter the shape of the moving plate [44,45].

In one design, an all-metal device was built and tested. The device was fabricated

in a CMOS process along with active devices and the MEMS tunable capacitor was

constructed from aluminum [38,39]. Since both of the capacitor plates and the suspension

springs of the moving plate were made with aluminum, the tunable capacitor had a very

low resistance. The basic device had a plate area of 200µm x 200µm and had an array of

etch holes in the moving plate. These etch holes help to insure that all oxide was removed

from beneath the moving plate during the release process. The author’s reported

measured results on two occasions. On both occasions, the design was a parallel

combination of four devices; each has an area of 200µm x 200µm. The measured results

that were reported for both occasions are given in Table 2.1. Shown in Figure 2.3(a) and

2.3(b) are top and cross section views for one of their devices [39]. Figure 2.4(a) and

2.4(b) are SEM photos of a single device and four devices in parallel, respectively [39].

Table 2.1: Measured results for aluminum MEMS analog tunable capacitors [38,39]

Performance Metric 1st Measurements Reported [38] 2nd Measurements Reported [39]
Capacitor Area 4 devices at 200µm x 200µm 4 devices at 200µm x 200µm

Measured Capacitance 2.11pF to 2.46pF 2.04pF to 2.35pF
Capacitance Ratio 1.16:1 1.15:1

Tuning Voltage 0 - 5.5V 0 - 3V
Measured Q at 1GHz 62 60
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(a) (b)

Figure 2.3: Aluminum MEMS analog tunable capacitor: (a) top view, (b) cross section view, [39]

(a) (b)

Figure 2.4: SEM of aluminum MEMS analog tunable capacitor: (a) single device, (b) four devices, [39]

These devices were used in 1GHz and 2GHz VCOs and exhibited performance that was

suitable for most wireless communications applications. The devices would also be useful

in tunable filter applications were high Q capacitors are required.

Similar devices were designed by another group [40,41,50-53]. However, these

devices were fabricated using the MUMPs process and were made from heavily doped

polysilicon and gold. These devices also had four springs suspending the moving plate

and etch holes to assist in the release process. The springs were made from a stack of
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polysilicon and gold, however, the fixed plate of these tunable capacitors was made from

polysilicon only. The use of polysilicon as a plate in the capacitor increases its equivalent

series resistance. There were two different designs reported in this work. One design was

significantly different from other work in the literature. This tunable capacitor had three

plates instead of two. By using different control voltages on the two fixed plates that

enclosed the moving plate, they were able to extend the analog tuning range of the

capacitor to 87%. Table 2.2 summarizes the results the achieved for their two and three

plate tunable capacitors [53]. Shown in Figure 2.5(a) and 2.5(b) are top and cross section

views for their two-plate and three-plate devices. Figure 2.6 is a SEM photo of the three-

plate device, viewed from the top [53].

Table 2.2: Measured results for polysilicon & gold MEMS analog tunable capacitors, [53]

Performance Metric Two-plate Two-plate Three-plate
Plate Area 210µm x 230µm 295µm x 295µm 400µm x 400µm

Measured Capacitance 2.05pF - 3.1pF 3.26pF - 4.89pF 4.0pF - 7.48pF
Capacitance Ratio 1.5:1 1.5:1 1.87:1

Tuning Voltage 0 - 4V 0 - 3.5V 0 - 1.8V & 0 - 4.4V
Measured Q at 1GHz 20 13.6 15.4

These devices were used in a 1.9GHz and 2.4GHz VCO and the results were

acceptable for some wireless communications applications. Tunable filters would also be

another area where the devices could prove useful.
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(a) (b)

Figure 2.5: Polysilicon and gold MEMS analog tunable capacitors: (a) 2-plate, (b) 3-plate, [53]

Figure 2.6: SEM of 3-plate polysilicon and gold MEMS analog tunable capacitor [53]

In other work, a custom MEMS process using gold and an electroplated 2µm

Permalloy film was developed to test a technique for improving the analog tuning range

of electro-statically actuated pistons [44,45]. The gold was used as the fixed plate and the
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moving plate and springs were made using a Permalloy film. Very few details on the

performance of their device were given. Their device was 90µm x 90µm and had a zero

bias capacitance of 32.8fF. They reported a controllable tuning range 73% to 85%

(56.8fF to 60.8fF), but the control voltage was not given for this range. Only the pull-in

voltage of 18V was reported. Because of the small capacitance value for this device,

given its large area, it would be only be useful for very high frequency applications

(greater than about 5GHz). Their 3-plate device appears to be different from the

previously reported 3-plate design; however, it operates on the same principle. Shown in

Figure 2.7(a) and 2.7(b) are the standard two plate capacitor and the modified 3-plate

version they reported. Although there are four plates in their design, because the control

voltage, E3, is applied to the two outside plates on the bottom of Figure 2.7(b), those two

plates are electrically the same and effectively act as one plate.

(a) (b)

Figure 2.7: Gold and Permalloy MEMS analog tunable capacitors: (a) 2-plate, (b) 3-plate, [44,45]

Similar work on 3-plate designs has been done by other groups [56,59]. One

group referred to their 3-plate design as a 2-gap MEM capacitor [59]. This device was

fabricated by Tronic’s Microsystems in France, which uses low resistivity silicon for the

substrate and gold as the structural material. They achieved an analog tunable capacitance

from 1.58pF to 3.55pF using a control voltage from 0V to 17.7V, for a tuning ratio of

2.25:1 [59].
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2.4.2 Bridges Spanning Conductors: Electro-Statically Actuated

This family of MEMS analog tunable capacitors uses the same type of actuation

as a piston that is suspended with springs. The main difference is that these devices are

effectively a capacitor plate and spring, all in one [74,77,78]. These devices are all made

from a metallic material, usually a stack-up of an adhesion layer and a low resistivity

metal. Since the spring is the same size as the moving capacitor plate in these devices,

they have negligible series resistance, which makes them very low loss. These devices

were fabricated on quartz substrates and intended for use from 20GHz to 60GHz. They

were tested in were phase shifters and distributed tunable filters. All of these tunable

capacitors were structures that spanned the center conductor of a transmission line

(CPW). Because of small actuation area relative to the width and length of their springs,

they require much higher voltages to move. Table 2.3 summarizes the measured and/or

expected results, depending on what was reported, for these devices. [74,77,78] Figure

2.8 is a SEM photo of devices spanning a CPW [74].

Table 2.3: Measured results for bridge type MEMS analog tunable capacitors [75,77,78]

Performance Metric [75] [77] [78]
Material 200/30000 � Ti/Al 500/2000/500 � Ti/Au/Ti 8000 � Au

Capacitance Expected 12fF - 18fF Measured 27fF - 31fF Measured 34fF - 39.8fF
Capacitance Ratio 1.27:1 1.15:1 1.17:1

Tuning Voltage 0 - 60V 0 - 23V 0 - 13V

Figure 2.8: SEM of bridge spanning transmission line (CPW) MEMS analog tunable capacitor, [74]
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2.4.3 Interdigitated Comb: Electro-Statically Actuated

This device operates on the same principle as electro-static piston type devices

except that they do not suffer from the problem of pull-in [42,57]. This allows for a much

higher tuning range than other electro-statically actuated devices. The device was

fabricated from single crystal silicon using anisotropic deep silicon etching techniques

like inductively coupled plasma (ICP). To increase its conductivity and make it useful for

RF and microwave applications, a coating of aluminum was sputtered on the device after

release. This analog tunable capacitor had an exceptionally high tuning range and

actuated using IC compatible voltages. The capacitance was measured to be 3.28pF at 0V

and 6.44pF at 5V. This is a tuning ratio of almost 2:1 with 5V. When 15V was applied

the tuning ratio increased to over 3:1. In addition, the capacitor exhibited a measured Q

of 100 at 400MHz. Shown in Figure 2.9 are SEM photos of the interdigitated structure.

The scale for each photo is in the lower right hand corner of the image [42]. This device

is quite large when compared to other MEMS tunable capacitors. This work was done at

Rockwell Scientific Company and published in 1998.

Figure 2.9: SEM photos of interdigitated comb MEMS analog tunable capacitor, [42]

Rockwell published an improved design in 2002 [57]. In this design, metal was

deposited on both sides of the MEMS capacitor in an effort to minimize out-of-plane

bending due to coefficient of thermal expansion (CTE) mismatches. Their two-sided
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metallization successfully counterbalanced the mismatched stress and reduced the out-of-

plane bending from 4.5µm to 0.2µm, a reduction by 22.5 times. The device exhibited an

analog tunable capacitance from 1.4pF to 11.9pF using a control voltage from 0V to 8V,

for a tuning ratio of 8.4:1 [57]. As of early 2003, this is the highest reported tuning range

for an analog tunable MEMS capacitor. This interdigitated comb device is quit large in

all dimensions. The device is 40µm deep and the exact area was not reported, but in the

SEM photo shown below in Figure 2.10(a) the dimensions are just under 1mm x 1mm on

a side. The photo does not show the entire device, it appears to only be a small fraction of

the device. Figure 2.10(b) shows the capacitor tuning range plotted verses actuation

voltage for this device.

Figure 2.10: (a) interdigitated comb device - 8.4:1 tuning ratio, (b) capacitor tuning range vs voltage, [57]

2.4.4 Multi-Spring Pistons: Electro-Thermally Actuated

Research done by a group at the University of Colorado at Boulder reports a

distinctly different actuation mechanism [46-48,55,99]. These devices were fabricated

using the MUMPs process and then bonded to a low-loss substrate (e.g. alumina) using a

custom flip-chip mounting technique. The remaining silicon on the MUMPs chip is

removed to minimize the loss at RF and microwave frequencies. They report that electro-
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thermal actuation has many advantages over electro-static actuation. The stated

advantages are, the avoidance of static charges collecting on the plates, hence, an

improvement in the reliability of tuning, approximately linear capacitance tuning, and

lower driving voltages. Their only reported disadvantages are slower tuning and higher

area requirements. Based on simulations, they claim a tuning ratio as high as 4:1 [47].

Measured results in one reference reported an analog tunable capacitor with a 2:1

capacitance ratio. The measured Q at 1GHz for this 102fF capacitor was 256 [47]. In

another reference, they designed a device that was suspended over a transmission line

[48]. This device had a measured capacitance ratio of 2.7:1 and a Q of 300 at 10GHz

[48]. Their measurements show high Q values, making the devices useful for RF and

microwave applications. They could be used in phase shifters, tunable filters, and VCOs.

Shown in Figure 2.11 is a cross sectional illustration of what their MEMS devices look

like in the custom flip chip package.

Figure 2.11: Illustration of flip chip packaged MEMS analog tunable capacitor, [99]

2.4.5 Hinged Parallel Plate Devices: Indirect Actuation

Devices that displace using hinged structures may be driven electro-statically or

electro-thermally, though electro-static actuation in most likely [21,54]. This will be

referred to as indirect electro-static actuation, since the actuation starts with an electro-

static force and is then translated into mechanical motion in another direction. Devices

using this from of actuation should not rely on electrical contact at the hinges for signal

conduction. This would result in very poor performance and render them useless at RF
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frequencies. One group fabricated devices using the MUMPs process and made

capacitance measurements at low frequencies using a capacitance meter. They built

several vertically displacing hinged devices with plate sizes ranging from 100µm x

100µm up to 2mm x 2mm. Reported were minimum capacitance and maximum values of

0.5pF and 35pF, respectively. The device was of undisclosed size and was measured at

low frequencies [21]. Another research group has reported the idea of using this type of

device, but no results were given [54]. Shown below in Figure 2.12 is a basic illustration

of how these devices operate [54]. Figure 2.13(a) is a more detailed illustration of device

operation, and Figure 2.13(b) is a top view optical photograph of an actual device [21].

Figure 2.14(a,b,c) are SEM images of their devices that shown them in different positions

and also give a detailed view of hinge operation [21].

Figure 2.12: Illustration of vertically displacing hinged MEMS analog tunable capacitor, [54]

(a) (b)

Figure 2.13: (a) details of device and actuation, (b) top view optical photograph of hinged device, [21]
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(a) (b) (c)

Figure 2.14: SEMS of hinged devices: (a) different actuation heights, (b,c) views of plate & hinge, [21]

2.4.6 Cantilever Beams: Electro-Statically Actuated

The simple cantilever beam is the most basic electro-static mechanism available

to the MEMS designer. A tunable capacitor made in this manner is simply one

conducting beam that extends above another conductor. As the actuation voltage is

applied, the beam bends downward to meet the lower conductor. Solving the equations of

motion for this structure is the quintessential MEMS problem in courses and textbooks.

Its operation is well understood and because of this, these structures are often used to

characterize stresses in released layers.

One device had a dielectric layer between the beam and lower conductor to

prevent shorting and allow a tunable capacitor to be formed [36]. This device used a gold

beam that was 2µm thick and was tuned using a voltage that varied from 0V to 65V. The

device was tested in Ka-band tunable filters. These devices also exhibit pull-in behavior

at 33% displacement. No data was given for the device, but the tunable filter performance

has been summarized in the circuits and systems section of this chapter.
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2.4.7 Translating & Rotating Parallel Plate Devices: Indirect Actuation

Devices in this family also use indirect actuation. Only one of these devices was

fabricated, according to the literature [21]. The other reported device was only a concept

[21,54]. The rotating device was fabricated using the MUMPs process, but no measured

data was reported. The claims for these topologies are high capacitance ratios, linear

tuning ranges, and no pull-in problems. Shown in Figure 2.15 is an illustration of a

translating parallel plate device and its operation. Figure 2.16(a) and 2.16(b) show an

illustration and SEM of a rotating parallel plate device.

Figure 2.15: Illustration and operation for translating parallel plate MEMS analog tunable capacitor, [54]

(a) (b)

Figure 2.16: Rotating parallel plate MEMS analog tunable capacitor: (a) illustration, (b) SEM, [21]
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2.4.8 “Zipping” Cantilevers: Electro-Static Actuation

This device topology is a cantilevered beam that behaves as a membrane after it

meets the underlying dielectric [49]. As the actuation voltage is increased, the cantilever

tip dips down and eventually contacts the dielectric. Then, as the voltage is increased, the

cantilever starts to flex and increase its contact area with the dielectric. This motion

produces a “zipping” type of actuation. Detailed top, side cross-sectional, and front cross-

sectional views of this device are shown in Figure 2.17(a,b,c). Operation is illustrated in

Figure 2.18(a,b,c). The cantilevers were fabricated using the MUMPs process and made

using only polysilicon. They measure 90µm wide and 400µm long. Measurements for

eight cantilevers in parallel show a linear tuning range from 20V to 35V with a

corresponding capacitance change from 0.8pF to 1pF, yielding a 1.25:1 capacitance ratio.

When the minimum and maximum capacitance values are compared across the full

actuation range from 0V to 50V, the capacitance changes from 0.55pF to 1.1pF, a 2:1

ratio.

(a) (b)

(c)

Figure 2.17: Cantilever “zipping” actuator: (a) top view, (b) side cross-section, (c) front cross-section, [49]
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(a) (b) (c)

Figure 2.18: Cantilever “zipping” actuator: (a) before pull-in, (b) tip contact, (c) “Zipping” regime, [49]

2.4.9 Discrete Analog or Quasi-Analog: Electro-Static Actuation

This device is made from numerous discrete MEMS capacitors that when

examined individually are actually shunt capacitive switches. However, by grouping

many of these devices together (all with the same capacitance value), but with different

pull-in voltages, a device with quasi-analog tuning can be realized [60]. This design used

30 individual plates and exhibited a quasi-analog tuning ratio of just under 4:1, with a

control voltage from 0V to 30V, and had a measured Q of 140 at 750MHz. [60]. The

device was designed by a group from the University of Colorado at Boulder and was

fabricated using the Cronos (formally MCNC) MUMPS technology. This device was post

processed to remove the silicon substrate after it had been flip-chip bonded to a ceramic

substrate. This helps to reduce the losses at high frequencies while still allowing the

designer to use a standard foundry service. Figure 2.19(a) is a side cross-sectional

illustration of the device and Figure 2.19(b) is a graph of the capacitance ratio verses

actuation voltage. The actual capacitance values for the devices were not reported.

(a) (b)

Figure 2.19: (a) side view cross-sectional illustration, (b) capacitance ratio vs actuation voltage, [60]
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2.5 MEMS Binary Tunable Capacitors: Capacitive Switches

The current state-of-the-art of MEMS binary tunable capacitors will be

summarized in this section. In the literature, these devices are usually referred to as

capacitive switches or AC switches. Separate sections, categorized by differences in their

topology, will help to group devices in an effort to provide a succinct presentation.

Relevant measured data will be presented so that performance comparisons can be made

to different technologies (e.g. p-i-n diodes) and between other capacitive switches. Any

circuit or system that the device has been used in, or might be appropriate for use in, will

be mentioned. However, for a detailed discussion of the circuits and systems where these

devices have been used, the portion of this chapter on circuits and systems should be

referred too. Some of the devices have been fabricated and tested, while others are simply

ideas that have not yet matured.

2.5.1 Multi-Spring Pistons: Electro-Statically Actuated

The basic mechanical design of this device is a piston suspended by springs above

the surface of a chip. Unlike MEMS analog tunable capacitors, these devices are operated

using voltage greater than or equal to the “pull-in” voltage. This allows for binary

operation between the minimum, or “OFF”, capacitance and maximum, or “ON”,

capacitance. Multi-spring piston type devices that were quantified as MEMS capacitive

switches in the literature all used two springs for suspension [37,65-67,71]. There is no

reason why more springs could not be used for suspension. Fewer springs will reduce the

voltage required to fully actuate the device, but increase the switching time. Since these

devices are designed to operate between their “OFF” and “ON” capacitance, with no

regard to tuning and switching speed it usually important, it is beneficial to use the

minimum number of springs needed to build a mechanically stable piston design. The

number of springs needed to accomplish this is two. Since all of the devices presented

were fabricated on low loss substrates, (e.g. quartz) they could be used as capacitive
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switches in the cellular communication bands (1GHz & 2GHz) or at much higher

frequencies for radar or communications applications (20Ghz to 60GHz). In work done

by one group a device was made from gold and had etch holes in the piston to help in the

release process [37,65]. In another publication, the reported device was a simple

capacitive switch [65]. A different device was a capacitive switch with a series

inductance with a value that could be set during design [37]. These devices were used in

tunable filter circuits and the performance of the circuits is covered in the circuits and

systems section of this chapter. Table 2.4 summarizes the reported measurements for this

device. No data for the inductance will be reported here. Shown in Figure 2.18(a) is the

equivalent circuit for the capacitive switch with the design adjustable inductance. Figure

2.20(b) is a SEM photo of one of these devices [37].

Table 2.4: Measured results for capacitive switch, [37,65]

Performance Metric [37] [65]
“ON” or Maximum Capacitance 2.9pF 2.25pF
“OFF” or Minimum Capacitance 37fF 47fF

Capacitance Ratio 78:1 48:1
“Pull-in” or Actuation Voltage 20V 9V

Loss Specifications,
or other comments

None given, but design adjustable
inductance value may be included

0.16dB at 40GHz relative to
FGCPW line without device
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(a)

(b)

Figure 2.20: Capacitive switch with designable inductance: (a) equivalent circuit, (b) SEM photo, [35]

In other work, a capacitive switch with similar mechanical designed was

fabricated and tested [66,67]. Like the previous device, this device had a piston

suspended using two springs, however, it had one distinguishing characteristic that no

other reported MEMS capacitive switch has used. The chosen dielectric for this

capacitive switch was Strontium Titanate Oxide (SrTiO3). The dielectric constant of STO

is dependent on the temperature during deposition. Table 2.5 compares silicon nitride to

STO deposited at various temperatures. GaAs and quartz substrates were chosen for their

low loss characteristics at high frequencies and the switch was fabricated using a

chromium/platinum/gold/platinum stack. Table 2.6 shows the performance of their device

[66]. Shown in Figure 2.21(a) is an illustration of the basic device. Figure 2.21(b) is a

SEM photo of a low actuation voltage device with long springs.
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Table 2.5: Dielectric constant for silicon nitride and various STO films, [66]

Silicon Nitride STO 200° C deposition STO 250° C deposition STO 300° C deposition
εr 6 ~ 8 30 ~ 40 60 ~ 70 110 ~ 120

Table 2.6: Measured performance of STO dielectric MEMS capacitive switch, [66]

Performance Metric STO Switch Performance

“ON” or Maximum Capacitance 50pF

“OFF” or Minimum Capacitance 83fF

Capacitance Ratio 600:1
“Pull-in” or Actuation Voltage 8V

Loss Specifications,
or other comments

Insertion loss of 0.08dB at 10GHz
Isolation of 42dB at 5GHz

(a) (b)

Figure 2.21: STO dielectric device: (a) basic device, (b) SEM photo of low actuation voltage device, [66]

This device exhibits an extremely high capacitance ratio and ultra low-loss at high

frequencies, which makes it useful for any RF or microwave applications that require a

switching function. It could be used to make tunable distributed filters, phase shifters, and

reconfigurable antennas.
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2.5.2 Membrane-Bridges Spanning Conductors: Electro-Statically

Actuated

The distinction between these devices and the spanning bridge type devices used

for analog tuning is that the moving plate of the device is designed to fully actuate

[35,62-64,69,75,76,79-83,86]. These devices are often referred to as membrane switches,

because the upper electrode flexes as it meets the underlying dielectric. Numerous

research efforts have reported measurements for these devices. Most membrane switches

require moderate to high voltages to actuate, exhibit high capacitance ratios, high

capacitance per unit area, and low-loss at high frequencies. Most are also similar in

mechanical design. The best-known device in this family was produced by research

efforts at Raytheon. It is also one of the highest performance capacitive switches made to

date. The basic concept for operation is illustrated in Figure 2.22(a) and 2.22(b). Figure

23 is a 3-D illustration of this device. Shown in Figure 24 is an optical photo giving the

top view of a membrane capacitive switch produced by Raytheon [79].

(a) (b)

Figure 2.22: Raytheon’s capacitive membrane switch: (a) switch up, (b) switch down, [79]

Figure 2.23: 3-D illustration of Raytheon’s capacitive membrane switch, [79]
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Figure 2.24: Optical photo of Raytheon’s capacitive membrane switch, [79]

Work at the University of Michigan has produced a capacitive switch useful from

75GHz to 110GHz (covering the W-band) [86]. The device was fabricated in a custom

process that used a high-resistivity silicon substrate (2kΩ-cm to 3kΩ-cm), allowing for

the use of inexpensive wafers while maintaining low-loss at high frequencies. The switch

bridge, or membrane, was constructed from a 2µm thick layer of gold that clamps a

0.15µm silicon nitride dielectric (εR=7.5) between 0.5µm of gold that rests on the

substrate [86]. This switch required 30V to pull-in and has an “OFF” capacitance of 2fF

to 3fF, an “ON” capacitance of 270fF to 300fF, with a capacitance ratio near 100:1 [86].

Capacitive membrane switches have been used to make RF and microwave

switches, switched line phase shifters, and tunable filters. Given their high performance,

capacitive membrane switches could be used to make reconfigurable antennas and other

RF or microwave circuit functions that require a large change in impedance. The reported

performance for capacitive membrane switches is summarized below in Table 2.7.

Table 2.7: Measured performance of various MEMS capacitive membrane switches

Reference [#] [75] [76] [82] [62] [63] [69] [79] [86]
“ON” Capacitance 75fF 100fF 334fF 2.7pF 3.2pF 3.06pF 3pF 300fF
“OFF” Capacitance 10fF 5fF 190fF 70fF 50fF 80fF 33fF 3fF
Capacitance Ratio 7.5:1 20:1 1.76:1 38.6:1 64:1 38:1 90:1 100:1
“Pull-in” Voltage 75V 60V 40V 25V 20V 30V 45V 30V
Series Resistance NG NG 0.1Ω 0.1Ω 0.2Ω 0.5Ω 0.2Ω 0.5Ω
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2.6 Circuits and Systems

MEMS tunable capacitors have been used in tunable filters, voltage controlled

oscillators, phase shifters, reconfigurable antennas, switch arrays, and many other

electronic circuits and systems. A brief overview of circuits and systems fabricated and

tested using MEMS tunable capacitors will be presented. The intent of this section is not

to explain the details of the MEMS tunable capacitors specifically used in these circuits

and systems, but to illustrate how they have been used with benefit.

2.6.1 Tunable Filters

Filters using MEMS tunable capacitors have many advantages over tunable filters

built using current technology. MEMS tunable capacitors offer the potential of building a

new generation of ultra low power low-loss high-linearity RF and Microwave circuits for

a variety of communications applications [35-37]. For example, harmonic distortion is

produced by the presence of large signals in circuits that employ semiconductor varactors

to realize tunable filters. A benefit of using filters utilizing MEMS tunable capacitors is

that they can lower the linearity requirements of the remaining signal path because of

their inherent linearity due to their passive nature. The same semiconductor varactors that

induce harmonic distortion also exhibit power consumption that is orders of magnitude

more than the equivalent MEMS tunable capacitor. Power consumption is one of the

greatest challenges in the design of portable communications devices, and MEMS tunable

capacitors offer extended operating time and range for these devices. The use of low

resistivity metals is a requirement for tunable filters; otherwise, they will not have very

low insertion loss. Additionally, the use of MEMS tunable capacitors in filter banks can

drastically reduce the size and weight of a switched filter bank. Analysis of one case

indicated that RF MEMS tunable filters enable a 60x reduction in size and a 150x

reduction in weight [35].
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MEMS tunable filters have been designed, fabricated, and/or tested to work in

various frequency bands. Work done at Raytheon used a MEMS tunable capacitor

(binary tunable capacitor) to build many filter topologies and they demonstrated their

performance at frequencies of just a few hundred megahertz, and in the low gigahertz

range [35]. They used their devices as lumped elements that implemented ladder

networks to realize high order filters. By ganging numerous MEMS tunable capacitors

together, they were able to build four, five, and six bit variable capacitors. Shown in

Figure 2.25(a) is the equivalent ladder network for a 6-pole filter built using these

devices. Figure 2.25(b) is a chip photograph of the 6-pole filter, however, it does not

show the off-chip inductors they used.

(a)

(b)

Figure 2.25: (a) equivalent ladder network for 6-pole filter, (b) chip photograph of 6-pole filter, [35]

This particular tunable filter used 4-bit variable capacitors to yield a bandpass

response with a center frequency that was tunable from 110Mhz to 160MHz in 4MHz

steps. The filter had a bandwidth of 50MHz, an insertion loss of 3dB to 5dB, and a return

loss greater than 15dB. Shown in Figure 2.26 is the measured response for this filter

across all of its tuning states.
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Figure 2.26: Insertion loss and return loss for 6-pole filter using 4-bit tunable capacitors, [35]

MEMS based tunable filters have also been designed to work at higher

frequencies. In one case, a MEMS tunable capacitor with the ability to have a built-in

inductance was fabricated and tested [37]. The combination of a design adjustable

inductance, that can have values from 3pH to 50pH (not variable, determined by

design/layout), with a MEMS tunable capacitor, provided a MEMS tunable filter suitable

for use from 13GHz to 54GHz. The ability to choose the built-in inductance and then

vary the capacitance gives the designer additional flexibility since the resonant frequency

and the filter bandwidth can be adjusted simultaneously. The device is actually a tunable

resonant circuit that can be connected in a network with similar devices and additional

passive components to build a multi-pole high-order tunable filter. The authors also

suggested that their devices could be used in applications with a need for high isolation

switching. Shown in Figures 2.27(a) and 2.27(b) are the equivalent circuits for the

resonant device and an example of how it could be used to build a tunable filter bank

[37]. The blocks labeled A and B in Figure 2.27(b) represent resonant devices with

different C and L values, as illustrated in Figure 2.27(a).
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(a) (b)

Figure 2.27: (a) resonant device, (b) example use in tunable filter bank, [37]

In one case, two circuit topologies were used to construct millimeter wave tunable

bandpass filters using MEMS varactors [36]. These filters were designed to operate at

Ka-band (26GHz to 32GHz). The first bandpass filter was built using lumped elements

and had two poles that could be tuned using variable capacitors. The second filter, which

was constructed using resonant structures, also had two poles that could be tuned with

variable capacitors. This “distributed filter” had MEMS tunable capacitors connected at

each end of half wavelength resonators, shifting λ/2 in resonance frequency. The filter

built using lumped elements achieved a tuning range of 1.1GHz (4.2%), and the second

filter built using resonant structures had a tuning range of 0.8GHz (2.5%). Their

measured results correlate well with simulation and demonstrate that low cost, highly

integrated transmitter and receivers for millimeter wave multi-band communications

systems can be built using MEMS devices. Figures 2.28(a) and 2.28(b) show the

equivalent circuits for the lumped element filter and resonant filters. Shown in Figures

2.29(a) and 2.29(b) are the simulated and measured tuning range verses frequency (S21)

for the lumped element filter. Figures 2.30(a) and 2.30(b) illustrate the same for the

resonant filter.
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(a) (b)

Figure 2.28: (a) lumped filter, (b) resonant filter structure, [36]

(a) (b)

Figure 2.29: (a) simulated response for lumped filter, (b) measured response for lumped filter, [36]

(a) (b)

Figure 2.30: (a) simulated response for resonant filter, (b) measured response for resonant filter, [36]

Work using MEMS tunable capacitors to realize tunable filters from sections of

transmission line has also been done [74]. The basic concept in this work was to connect

numerous transmission line segments and then vary the distributed capacitance in each
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segment, and thus the electrical length of the distributed MEMS transmission line

(DMTL). A 3-pole capacitively coupled tunable filter with a tuning range of 3.8% at

20GHz and only 3.6dB insertion loss was built to demonstrate this technique for

constructing tunable filters [74]. The equivalent network and chip layout in coplanar

waveguide form for the 3-pole DMTL tunable filter is illustrated in Figure 2.31(a) and

2.31(b). Shown in Figure 2.32(a) and 2.32(b) are the simulated and measured tuning

range verses frequency (S21) for the DMTL tunable filter.

(a) (b)

Figure 2.31: 3-pole DMTL tunable filter, (a) equivalent network, (b) chip layout in CPW form, [74]

(a) (b)

Figure 2.32: DMTL tunable filter – response and tuning range: (a) simulated, (b) measured, [74]

These examples of using MEMS tunable capacitors to build tunable filters

demonstrate that MEMS technology is a viable solution for many high frequency

applications. These tunable filters are suitable for use in military and commercial

communication applications, radar systems, and other high frequency applications [35].
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The advantages that come from weight, size, and power reduction have been a major

driving force in the electronics industry since its inception.

2.6.2 Voltage Controlled Oscillators

Pushed by the recent demand for personal wireless communication devices, new

solutions are been investigated. One area is the development of monolithic voltage-

controlled oscillators that use MEMS tunable capacitors to vary their operating

frequency. Monolithic solutions are desired since they reduce cost, and large commercial

markets such as the cellular phone market require low cost. Significant work has been

done by two groups on voltage-controlled oscillators using MEMS tunable capacitors

[38-41]. The focus of their research has been on voltage-controlled oscillators for cellular

phones or other communications devices using the same operating bands.

State of the art VCO designs in the early 1990s used off-chip LC tank circuits that

had a Q of at least 10 [38]. These circuits typically used a 2pF capacitor and a 6nH

inductor. They were tuned by modulating the depletion width of a varactor diode.

Eventually the inductors were moved on-chip; however, there are still challenges that

exist in trying to build monolithic voltage-controlled oscillators. A major limitation is

that high-quality varactor diodes require special materials that are not available in

standard IC processes. Silicon diodes also suffer from excessive series loss and hence low

quality factor. They also have a limited tuning range, which makes it difficult to

compensate for process and temperature variations by tuning the varactor [38]. In

addition, semiconductor varactors cannot operate with large voltage swings because of

the problem of become forward biased and they consume considerable amounts of DC

power [38, 40].

The various cellular phone standards place difficult operating specifications on

VCOs. They must operate in the low gigahertz range and have a tuning range of 50 to

100MHz and the channel spacing specification of only 30 KHz forces the use of an

extremely low phase noise oscillator [38]. An example is the phase noise specification for



54

GSM that requires the phase noise be below -135dBc/Hz at 3MHz offset from the carrier

[39]. Monolithic solutions using ring oscillators fail to meet this requirement.

Additionally, ring oscillator phase noise is a function of power dissipation instead of

circuit speed and little improvement is expected from technology scaling in the future

[38].

One design used bond wire inductors and a MEMS tunable capacitor to construct

a VCO [41]. This VCO operated at 1.9GHz, with a tuning range of 9%, and its phase

noise was measured to be -126dBc/Hz at 600 KHz offset from the carrier. For offset

frequencies less that 400 KHz, the phase noise of this VCO was dominated by the

mechanical noise generated in the MEMS tunable capacitors. Phase noise for offset

frequencies above 400 KHz was dominated by electrical noise. This VCO satisfied the

phase noise requirements of the DCS-1800 specification, which requires a phase noise of

-139dBc/Hz at 3MHz offset from the carrier [41]. They estimated the phase noise of this

VCO to be -140dBc/Hz at 3MHz offset from the carrier. In another paper, they presented

a VCO using MEMS tunable capacitors that operated at 2.4GHz. This VCO also used

bond wire inductors and had a tuning range of 3.4% with a phase noise of -122dBc/Hz at

1MHz offset from the carrier [40]. Figure 2.33 is a photograph of the 1.9GHz VCO chip

using bond wire inductors and MEMS tunable capacitors. The MEMS tunable capacitors

are on the left side of the photograph, where they connect to the active circuitry through

bond wires. To illustrate how MEMS varactors have been used in VCOs a schematic of

the oscillator used in the 1.9GHz VCO is shown in Figure 2.34(a) [41].

Figure 2.33: 1.9GHz VCO using MEMS tunable capacitors and bond wire inductors, [41]
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A lower frequency design used a three-dimensional on-chip inductor and a

MEMS tunable capacitor to build the VCO [39]. Their design exhibited a phase noise of

-136dBc/Hz at 3MHz from the carrier and was tunable from 855MHz to 863MHz, using

3V. A simple Colpitt’s oscillator was fabricated in HP’s 0.8µm CMOS process for this

design. A circuit schematic of the oscillator illustrating the placement of the MEMS

varactor is shown in Figure 2.34(b) [39].

(a) (b)

Figure 2.34: Oscillators using MEMS varactors: (a) 1.9GHz VCO, [41], (b) 860MHz VCO, [39]

A brief summary of operating frequency, phase noise, and bias current is given

below in Table 2.8 [41]. Table 2.8 compares VCOs built with MEMS tunable capacitors

and VCOs built with varactor diodes. For the same operating frequency the phase noise

performance of MEMS based VCOs verses varactor based VCOs is quite similar.

However, when the power supply current requirement is compared the advantage of a

MEMS based VCOs becomes evident, especially for the 2GHz case.

Table 2.8: Comparison of VCOs - MEMS tunable capacitors vs varactor diodes

VCO Topology Frequency Phase Noise Supply Current
MEMS based [41] 1.9GHz -126dBc/Hz at 600KHz from carrier 5.7 mA

Fully Integrated LC [41] 2GHz -126dBc/Hz at 600KHz from carrier 19 mA
MEMS based [39] 860MHz -123dBc/Hz at 600KHz from carrier 3.8 mA

Partially Integrated LC [41] 1GHz -126dBc/Hz at 600KHz from carrier 4.55 mA
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2.6.3 Phase Shifters

The demand for low-loss low-cost phase shifters has pushed many to investigate

the use of MEMS tunable capacitors to build phase shifters [5,74-84]. Variable phase

shifters are an essential component used in phased array antennas [83]. Most

electronically controlled phase shifters are either controlled using ferrites, semiconductor

diodes, or GaAs FETs. They each have their problems and limitations, suffering from

high insertion losses, high power consumption or high production costs. Research efforts

are mainly driven by military applications such as missile electronics. However, recent

commercial interest in small antennas with high directivity for use in communications

applications and automotive collision warning systems has expanded research efforts

[83]. DARPA has a strong interest in developing low cost phased array antennas for high-

performance defense applications. At this time, they are currently funding three

contractors to build phase shifters for phased array antennas [5]. They have estimated that

a MEMS-based array might reduce the cost of an antenna by over an order of magnitude

[5]. A good example of why it is important to reduce production costs is the requirement

that a phased array antenna have thousands of independently controllable phase shifters

[75]. Low-loss and the lack of intermodulation distortion gives MEMS based phase

shifters an advantage over those implemented using FETs or varactor diodes [77].

Research on numerous phase shifter topologies intended for use across various

frequency bands has been done [75-83]. Most work has focused on the construction of

transmission lines (CPW form) with distributed loading using MEMS variable capacitors.

Some approaches have used MEMS variable capacitors in a tunable analog manner [77],

and others have used them as switches, having only two states [75]. While yet another

approach used MEMS capacitors to switch in and out varying lengths of transmission line

[79].

The approach of using MEMS tunable capacitors in an analog manner yields a

phase shifter with continuous true-time delay across a range defined by design [77,78].

The basic idea is to design a transmission line with an impedance that is higher than
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system impedance. The periodically placed MEMS tunable capacitors are then varied and

thus the phase velocity of the transmission line. The change in the phase velocity of the

transmission line correlates to a change in time delay. Another effect that occurs by

varying the distributed capacitance is that the impedance of the transmission also

changes. These changes in phase velocity and line impedance are defined by equations

2.2 and 2.3, respectively. The maximum tuning range of the MEMS capacitors and the

maximum reflection coefficient allowed in the intended system, limit this approach. The

transmission line impedance is varied about the system impedance, generally 50Ω, and

the system impedance is designed to be the geometric mean of the minimum and

maximum line impedance, set by the maximum allowable reflection coefficient. Shown

in Figure 2.35 is the lumped equivalent circuit for a phase shifter using distributed

MEMS tunable capacitors.

Eq. 2.2

Eq. 2.3

Figure 2.35: Lumped equivalent circuit for phase shifter using MEMS tunable capacitors, [39]
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This topology was used to construct a phase shifter with performance expressed

as phase shift per dB loss of 70°/dB at 40GHz and 90°/dB at 60GHz [78]. This

performance is considered state-of-the-art for millimeter-wave phase shifters and the

authors stated that with a larger tuning range in the MEMS capacitors they could achieve

higher performance. An example of the structure is illustrated by the layout shown in

Figure 2.36 [78]. Notice that the MEMS tunable capacitors are periodically spaced along

the transmission line and span from ground plane to ground plane across and above the

center conductor of the CPW structure [78]. Figure 2.37 is a plot of the modeled and

measured phase shift verses frequency for one of their phase shifters across various

capacitance values set by a control voltage [77].

Figure 2.36: Layout of phase shifter using distributed MEMS tunable capacitors, [78]

Figure 2.37: Phase shift vs frequency for various control voltage settings, [78]
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A disadvantage in this topology comes from the analog control/positioning of the

MEMS capacitors. Low frequency noise (at or below mechanical resonance) in the power

supply of the control signal will translate to phase noise at the output [82]. Other

topologies avoid this problem by using the MEMS tunable capacitors as switches.

In a slightly different approach, the distributed MEMS capacitors are switched

between two states [75,76,82,83]. This topology does not suffer from the problem of

noise in the control signal translating to phase noise at the output; however, in its basic

form it does not allow for continuous adjustment of the phase shift. This technique has

been implemented by one group to build K-band phase shifters [75,76], and by another to

build X-band phase shifters [82,83]. Though the basic topology seems quite limited, since

there are only two phase shift values available at the output, this technique can be

improved by cascading transmission lines with different lengths to achieve numerous

discrete values of phase shift. Shown in Figure 2.38(a) and 2.38(b) are example layouts

of a phase shifter using this topology [76]. Figure 2.38(a) illustrates a single section of

transmission line and the MEMS capacitor (use in a binary manner). Figure 2.38(b)

illustrates how different lengths of line can be cascaded to build a 3-bit phase shifter for

use at K-band [76]. Notice that the cascaded sections of transmission line (from left to

right) provide 180°, 90°, and 45° of phase shift.

(a) (b)

Figure 2.38: Binary phase shifter using MEMS tunable capacitors: (a) single section, (b) cascaded
segments yielding 3-bit phase shifter, [76]
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This 3-bit phase shifter provided phase shift from 0° to 315° in 45° phase steps at

26GHz with measured phase error less that 8.5° at all states [76]. The average insertion

loss for all states was only 1.7dB at 26GHz with a return loss better than -7dB. Figure

2.39 is a plot of its phase shift for all programmable states [76].

Figure 2.39: Phase response of 3-bit phase shifter using MEMS tunable capacitors, [76]

In similar work to construct X-band phase shifters, MEMS capacitors were

switched in and out to build essentially the same structure [82,83]. A single section of

this phase shifter achieved true-time delay operation from 1GHz to 10GHz with a

reflection coefficient less than -15dB, and 180°/dB of insertion loss at 8GHz to 10GHz.

The authors commented that with this design it would be possible to cascade multiple

DMTL sections to build 2- and 3-bit phase shifters with excellent wideband performance

at X-band [83].

In another topology, MEMS capacitors were used to switch in and out varying

lengths of transmission line [79]. This work, done by a research group at Raytheon, was

focused on designing a phase shifter for use in the Ka-band. The same devices that they

used to build tunable filters were used. They built a 4-bit Ka-band switched transmission

line phase shifter that had an average insertion loss of 2.25dB with better than -15dB

return loss. In addition, they built a 3-bit phase shifter with an average insertion loss of
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1.7dB and better than -13dB return loss. They also built a 4-bit Ka-band phase shifter

using the best pHEMT devices that exhibited an average loss of 6.5dB [79].

2.6.4 Antennas

Research on MEMS based reconfigurable antennas is being done by many groups

[20,21,89-97]. MEMS-switch based reconfigurable antennas can be dynamically

reconfigured to be used for different applications at drastically different frequency bands,

such as L-band communications (1GHz to 2GHz) and synthetic aperture radar (SAR) at

X-band frequencies (8GHz to 12GHz) [94]. Some of these groups have proposed using

MEMS tunable capacitors as switches to reconfigure antennas [89-97]. While others are

pursuing different MEMS based topologies to construct these antennas [20,21,93]. The

relevant work is that which uses MEMS capacitors to implement reconfigurable antennas.

The proliferation of advanced radar and communications systems has caused a

tremendous increase in the number of antennas on ships, aircraft, and other vehicles for

both military and commercial applications [89]. To increase performance and flexibility it

is desirable to design new antenna architectures that allow a number of antennas or

arrays, which cover different frequency bands, to share the same physical aperture [89].

Work has been proposed to build reconfigurable multi-band, multi-functionality planar

patch antennas using MEMS switches (capacitive or ohmic) [89,90]. Another group has

proposed to build reconfigurable slot antennas using MEMS switches (capacitive or

ohmic) [91,92].

One group has proposed a novel miniature antenna structure, called the four-

element qdime antenna, which uses MEMS switches for reconfiguration and tuning [95].

This planar antenna topology has the ability to change its working frequency,

polarization, or radiation pattern to obtain single-broadband or dual-broadband behavior

for a single wide-beam or multi-beam diversity configuration [95]. Shown in Figure

2.40(a) is the four-element qdime antenna. A comparison of mutual coupling as a

function of the orientation angle between two qdime antennas is plotted in Figure 2.40(b).
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(a) (b)

Figure 2.40: (a) four element qdime antenna, (b) coupling vs angle between two qdime elements, [95]

2.7 Remarks: Circuits and Systems

Various circuits and systems have been conceived, designed, fabricated, and/or

tested, demonstrate that MEMS tunable capacitors are quickly becoming a viable

alternative to the solutions provided by current semiconductor technology. MEMS

devices do not simply provide a different way of implementing traditional functions, they

promise to increase performance, increase operating frequency, reduce power

consumption, and drastically reduce cost. In addition, MEMS devices will open the door

to new structures and functions that are not possible with semiconductor technology.

Research on MEMS tunable capacitors and their applications has recently exploded (most

publications are less than five years old, as of 2003) and as the publication count

increases, no doubt will the funding and research efforts.
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Chapter 3 Detailed Description of Device Topologies

Numerous device topologies were examined in this research. The gear can be spoked,

solid, or solid with a dimpled overlapping polysilicon plate. However, given the three

variables for device topology, the three polysilicon layers and two oxide layers available

for making gears, there were too many combinations for all types of devices to be

designed, fabricated, and measured. Table 3.1 summarizes the device topologies that

were examined, designed, and fabricated in the SUMMiT V� process. The device

variations have been grouped by gear stack-up and the polysilicon layer that overlaps the

gear. Then the device variations of spoked or solid with and without the use of the dimple

cut are identified. Additional data on the thickness of the gear stack-up and air gap

thickness are included in the table.

Table 3.1: Summary of devices examined, designed, and fabricated in the SUMMiT V� process.

Poly & Oxide Stack-Up of
Gear

(thickness of gear stack-up)

Polysilicon
over gear

Solid or
Spoked

Dimple
Cut

Capacitor
Air Gap*

P1+P2 (2.5µm) P3 Solid No 2.05µm
P1+P2 (2.5µm) P3 Spoked No 2.05µm
P1+P2 (2.5µm) P3 Solid Yes 0.7µm

P1+O2+P2 (2.8µm) P3 Solid No 1.75µm
P1+O2+P2 (2.8µm) P3 Solid Yes 0.7µm
P1+P2+P3 (4.75µm) P4 Solid No 3.8µm
P1+P2+P3 (4.75µm) P4 Spoked No 3.8µm
P1+P2+P3 (4.75µm) P4 Solid Yes 0.5µm

P1+O2+P2+P3 (5.05µm) P4 Solid No 3.5µm
P1+O2+P2+P3 (5.05µm) P4 Solid Yes 0.5µm

P1+P2+O3+P3 (6.25-6.75µm) P4 Solid No 2.05µm
P1+P2+O3+P3 (6.25-6.75µm) P4 Spoked No 2.05µm
P1+P2+O3+P3 (6.25-6.75µm) P4 Solid Yes 0.5µm

P1+O2+P2+O3+P3 (6.55-7.05µm) P4 Solid No 1.75µm
P1+O2+P2+O3+P3 (6.55-7.05µm) P4 Solid Yes 0.5µm

* Capacitor Air Gap value assumes that the gear moves towards the substrate 0.3µm after release (the thickness of
Oxide-2, in SUMMiT V). This amount could be less than 0.3µm, making the air gap estimate larger by that error. For
example: If the gear only moves 0.2µm, then all air gap values will be 0.1µm less than the amount stated in the table.

These fifteen device topologies were examined across three different gear

diameters (65µm, 130µm, & 290µm). However, due to area constraints, devices were
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designed and fabricated at only two of these diameters (65µm & 130µm). The largest

device size (290µm) has very high area requirements and would have been limited to a

few experiments, after significantly reducing the number of experiments available for

smaller devices. The stated gear diameter excludes the teeth on the gear, which are 10µm

tall and add 20µm to the overall diameter of any gear, regardless of diameter.

3.1 Device Layout

Almost all of the device design and layout was done using the Cadence Design Systems

layout tool, Virtuoso�. However, the SUMMiT V� Design Tool Kit from Sandia

National Labs only works in AutoCAD� and it was needed to generate the basic gear

and hub design. One limitation in Virtuoso� is its inability to properly deal with circles.

It converts the circles into high-resolution polygons that are acceptable as a guide during

layout, but they will produce design rule checking (DRC) errors when processed at

Sandia before mask generation. This problem was overcome by using AutoCAD�, in the

final step, to automatically place the underlying gear and hub design into the proper

position using its built-in programming language.

Various examples of device designs will be presented using layout images from

Virtuoso�. For simplicity only 130µm diameter devices will be discussed and illustrated.

Every gear design uses Poly-1 and Poly-2 as a foundation. Some will trap Oxide-2

between these layers, while others will add poly and/or oxide layers to this basic

footprint. A couple of the illustrated designs will remove sections of the gear to make

spoked devices, and one example will show the effects of applying the dimple cut layer to

the overlapping polysilicon plates. All of the illustrated designs have the basic

requirements of etch holes for a clean release, and the use of Dimple-1 cuts to make

vertical standoffs that limit off-axis movement of the gear. For clarity, the layer Poly-0

has been omitted from most of the Virtuoso� illustrations. This polysilicon layer exists

beneath the gear and linear rack. In addition, the illustrations include the actuation

mechanism. This simple linear rack and has been included because the scanning electron
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microscope (SEM) images of actual devices show this mechanism. Cross sectional views

will be included to illustrate topographical differences in devices.

3.1.1 Solid Gear: Poly-1 & Poly-2 Stack

The first layout presented is the foundation for all other designs. Illustrated in

Figure 3.1 is a solid gear made from an anchored Poly-1 and Poly-2 stack. The gear has

etch holes to insure a clean release and uses Dimple-1 cuts to make vertical standoffs that

limit the horizontal play of the gear. Figure 3.2 adds the overlapping polysilicon plates

and hub umbrella, both made using Poly-3. The final product includes a layer of metal

that was deposited using electron beam deposition, and is shown in the SEM image of

Figure 3.3. The details of metal deposition will be discussed in Chapter 4. The linear rack

in both the example layout and SEM is different from the device illustrations that follow

in that it does not use Poly-3 to construct the guide for the rack. Since the SEM image for

this device topology shows the rack and guide, the Virtuoso� illustrations were chosen to

match. (This device is also compatible with the SUMMiT IV� process that only has four

mechanical polysilicon layers. To be compatible in the SUMMiT IV process, a device

must use Poly-3 to construct the overlapping polysilicon plate. The limits the gear to

Poly-1, Oxide-2, and Poly-2 as possible construction layers.)
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Figure 3.1: Solid Poly-1 & Poly-2 gear

Figure 3.2: Solid Poly-1 & Poly-2 gear with overlapping Poly-3 plates
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Figure 3.3: SEM image of metallized 130µm solid Poly-1 & Poly-2 gear including actuation rack

Illustrated in Figure 3.4 is the cross sectional view for this type of device. The

cross sectional view in Figure 3.4 is not an exact cross section of the device above. All

the information related to layer stack is correct, but the locations of the etch holes and

dimples are not as indicated by the cut line of Figure 3.2. Dimples, produced by the

Dimple-1 cut, help to limit off-axis movement in the gear. For clarity, the device was also

scaled in the horizontal direction so that the topography could be easily observed. Also

illustrated in the cross sectional view are oxides trapped by polysilicon. When oxides are

trapped by polysilicon they are protected from the hydrofluoric acid etch solution. Some

of the oxides are trapped deliberately, while others result from topography in the process

or other process related reasons. Also illustrated in the cross sectional view is some

surface topography resulting from the use of an oxide cut to anchor Poly-3 and Poly-2 to

trap Oxide-3.
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Figure 3.4: Cross section of Poly-1 & Poly-2 gear with overlapping Poly-3 plate and hub (note: not to scale
& location of dimple and etch hole do not correlate with cut line in previous figure)

Shown in Figure 3.5 is a cross sectional SEM image produced after focused-ion-

beam milling through a section of a device. The gap between the Dimple-1 cut and Poly-

0 appears to be approximately 0.2µm thick. (Poly-0 is advertised as 0.3µm thick) As can

be seen in the SEM cross section, the use of the Dimple-1 cut significantly reduces the

amount of potential wobble in the gear mechanism. The gear in this SEM image was built

using a stack of Poly-1, Poly-2, and Poly-3. An example of this device topology is given

in the next section.

Figure 3.5: Cross sectional SEM image of gap resulting from Dimple-1 cut in Poly-1, Poly-2, & Poly-3
gear (cross section cut made using focused-ion-beam milling)

Poly-3
Oxide-3

Poly-2
Poly-1
Oxide-1
Poly-0

Hub

Overlapping
polysilicon
plate

Dimple

Gear

Trapped oxides Surface topography

Gear is made
from Poly-1,
Poly-2, &
Poly-3 stack

Poly-3

Poly-1/Poly-2

Dimple

~ 0.2µµµµm gap

Poly-0
(0.3µm)

Dimple

~ 0.2µµµµm gap



69

3.1.2 Solid Gear: Poly-1, Poly-2 & Poly-3

The next device adds Poly-3 to the Poly-1/Poly-2 stack of the previous gear

design. Illustrated in Figure 3.6 is the layout for this device and Figure 3.7 adds the

overlapping polysilicon plates made from Poly-4, to the layout. Figure 3.8 is a SEM

image of this device. This device is constructed by drawing Poly-3 where desired and

then drawing the Oxide-3 cut layer to anchor Poly-3 to Poly-2. The drawing layer

“Oxide-3 Cut” removes Oxide-3, wherever it is drawn. There is a design rule that

requires any region of Oxide-3 Cut to be surrounded by a 1µm boundary of Poly-3. This

is different from Poly-2 and Poly-1 which may be anchored and have a cut through them

without this stipulation. This boundary of Poly-3 around the Oxide-3 Cut leaves a small

region of oxide between Poly-2 and Poly-3 that causes the Poly-3 to erupt above the

anticipated surface of the gear. Shown in Figure 3.10 is a cross sectional SEM image

produced after focused-ion-beam milling through a section of a device. The image shows

the ‘volcano’ that occurs when build a Poly-3 etch hole that does not have Oxide-3

trapped between Poly-2 and Poly-3. The etch hole in the Poly-1/Poly-2 stack does not

produced this problem.
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Figure 3.6: Solid Poly-1, Poly-2, & Poly-3 gear

Figure 3.7: Solid Poly-1, Poly-2, & Poly-3 gear with overlapping Poly-4 plates
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Figure 3.8: SEM image of metallized 130µm solid Poly-1, Poly-2 & Poly-3 gear including actuation rack

In Figure 3.9, the cross sectional view shows the resulting topography in the Poly-

3 area around the etch hole. The SEM image in Figure 3.8 shows many of these eruptions

on the surface of the gear. They appear to look like tiny volcanoes. These raised regions

prematurely limit the amount of metal that can be deposited on the device. After

significant metal deposition, these ‘volcanoes’ would come in contact with the underside

of the overlapping polysilicon plate, but the majority of the device would still have a

large air gap. This problem severely limits the maximum capacitance that can be

achieved for this type of device and it should not be consider a useful topology.
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(note: not to scale & location of dimple and etch hole do not correlate with cut line in previous figure)

Figure 3.10: Cross sectional SEM image of etch hole in Poly-1, Poly-2, & Poly-3 gear, produces a
‘volcano’ on surface of gear (cross section cut made using focused-ion-beam milling)

In Figure 3.10, it appears that the etch holes goes through Poly-0. This is not the

situation. The FIB milling over cut because there was less material in the layers above

where the etch holes were located in Poly-1, Poly-2, and Poly-3.
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3.1.3 Solid Gear: Poly-1, Poly-2 & Poly-3 with Dimple Cut in

Overlapping Polysilicon Plates

In this device topology, the dimple cut layer was applied to the overlapping

polysilicon plates to reduce the device’s air gap. This reduced air gap decreases the

amount of deposited metal needed to obtain maximum capacitance. As in the previous

device topology, the problem with surface topography prevents this device from being

useful. However, in this case, the problem is even worse. The top surface of these

“volcanoes” is actually as high as the lower surface of the overlapping polysilicon plates,

making this topology completely useless. Illustrated in Figure 3.11 is the layout for this

device with the overlapping polysilicon plates and the region lowered by the dimple cut

included. Refer to Figure 3.6 for an illustration of this device without the added plates

and dimpled regions.

Figure 3.11: Solid Poly-1, Poly-2, & Poly-3 gear with overlapping and dimpled Poly-4 plates
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A cross sectional view of this device is shown in Figure 3.12. The region where

the overlapping and dimpled plate and Poly-3 “volcanoes” on the gear interfere is

indicated. Figure 3.13 has three SEM images of a real device. These images illustrate the

problems associated with this topology. They clearly show why it does not yield a useful

device. Figure 3.13(a) is a zoomed out view of the entire device. This SEM image is

different from the previous view in that devices still has the masking layers used for

patterning the metal deposition is still attached to the chip. The masking layers appear to

lighter in color that the surround features. This will be discussed in detail in Chapter 4.

Figure 3.13(b) and 3.13(c) are zoomed in views that show the “volcanoes” on the surface

of the gear intersecting with the underside of the dimpled overlapping polysilicon plate.

In Figure 3.13(c), it is clear that the extreme topography produced around the etch holes

caused the dimpled portion of the overlapping plate to be effected during its deposition.

Figure 3.12: Cross section of Poly-1, Poly-2 & Poly-3 gear with overlapping & dimpled Poly-3 plate and
hub (note: not to scale & location of dimple and etch hole do not correlate with cut line in previous figure)

This device can be rotated using the designed actuation mechanism. However,

there is a high probability that any traditional actuation mechanism used for rotating

gears would not be able to overcome the friction resulting from the contacting of these

surfaces. While rotating the device, it was easy to observe the overlapping plate lifting as

the “volcanoes” were slid beneath.

Poly-4
Oxide-4

Poly-3
Oxide-3

Poly-2
Poly-1
Oxide-1
Poly-0

Hub

Overlapping
& dimpled
polysilicon
plate

Dimple Etch hole

Gear

Trapped oxides Surface topography

Intersecting regions



75

(a) (b) (c)

Figure 3.13: SEM images of “volcanoes” on gear surface intersecting with the dimpled polysilicon plate

3.1.4 Solid Gear: Poly-1, Poly-2, Trapped Oxide-3 & Poly-3

This device topology is the first example of trapping an oxide layer between two

polysilicon layers. Anchored polysilicon layers protect the trapped oxide from the

hydrofluoric acid etch, therefore, it remains intact after release. The trapping of an oxide

layer between polysilicon layers has been shown to greatly reduce the out-of-plane

bending (warpage) of polysilicon plates due coefficient of thermal expansion (CTE)

mismatches, resulting from subsequent metal deposition [46,57]. This device is

constructed by drawing Poly-3 where desired and by using the Oxide-3 cut layer to “seal”

both the inner and outer periphery of the Poly-3 layer and the small areas where etch

holes are located in the gear. This gear has a thickness of approximately 6.5µm and

should be well suited for constructing large diameter gears. Illustrated in Figure 3.14 is

the layout for this device. Figure 3.15 adds the overlapping polysilicon plates.
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Figure 3.14: Solid Poly-1, Poly-2, Oxide-3, & Poly-3 gear

Figure 3.15: Solid Poly-1, Poly-2, Oxide-3, & Poly-3 gear with overlapping Poly-4 plates
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Shown in Figure 3.16 is a SEM image of this device. This image is also a good

example of particulate contamination. Visible particles range from sub-micron up to

approximately 4µm in diameter. Figure 3.17 shows the cross sectional view of this

device. Significant differences to notice in this topology are the Oxide-3 trapped in the

gear and the increased thickness of the gear (~ 6.5µm).

Figure 3.16: SEM image of metallized 130µm solid Poly-1, Poly-2, Oxide-3 & Poly-3 gear including
actuation rack

Figure 3.17: Cross section of Poly-1, Poly-2, Oxide-3, & Poly-3 gear with overlapping Poly-3 plate and
hub (note: not to scale & location of dimple and etch hole do not correlate with cut line in previous figure)
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3.1.5 Solid Gear: Poly-1, Poly-2, Oxide-3 & Poly-3 with Dimple Cut in

Overlapping Polysilicon Plates

In this device topology, the dimple cut layer was applied to the overlapping

polysilicon plates to reduce the resulting air gap. This reduced air gap decreases the

amount of deposited metal needed to obtain maximum capacitance. The dimple cuts that

are available for Poly-3 and Poly-4 are produced by etching the specific area back to the

underlying polysilicon and then ‘backfilling’ with oxide a designated amount. This

technique for making dimple cuts is very precise and well controlled. This device

topology also has the advantage of decreased sensitivity to warpage from post release

metal deposition. Illustrated in Figure 3.18 is the layout for this device with the

overlapping polysilicon plates and the region lowered by the dimple cut included. Refer

to Figure 3.14 for an illustration of this device without the added plates and dimpled

regions.

Figure 3.18: Solid Poly-1, Poly-2, Oxide-3, & Poly-3 gear with overlapping and dimpled Poly-4 plates
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Shown in Figure 3.19 are two SEM images of this device. The image on the left is

the typical off axis view that has been presented for devices, and the image on the right is

a top down view that correlates well with the layout illustration of Figure 3.18. Also

noticeable in these images is where a focused ion beam (FIB) was used to deposit

platinum, to repair a problem. This will be discussed in detail in Chapter 5.

Figure 3.19: SEM images of metallized 130µm solid Poly-1, Poly-2, Oxide-3 & Poly-3 gear with dimpled
overlapping polysilicon plates and actuation rack

The cross sectional view of this device topology is shown in Figure 3.20.

Significant differences to notice in this topology are the Oxide-3 trapped in the gear, the

increased thickness of the gear (~ 6.5µm), and the reduced air gap resulting from the use

of the dimple cut on the overlapping polysilicon plates. This device has two important

advantages. First, maximum capacitance can be obtained with minimal metal deposition.

Second, the trapped oxide layer in its thick gear makes the device very resistant to

warpage caused by metal deposition, making this topology an excellent candidate for

constructing large diameter devices. As previously stated, the trapping of an oxide layer

between polysilicon layers has been shown to greatly reduce the out-of-plane bending

(warpage) of polysilicon plates due coefficient of thermal expansion (CTE) mismatches,

resulting from subsequent metal deposition [46,57].
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Figure 3.20: Cross section of Poly-1, Poly-2, Oxide-3, & Poly-3 gear with overlapping Poly-3 plate and
hub (note: not to scale & location of dimple and etch hole do not correlate with cut line in previous figure)

3.1.6 Spoked Gear: Poly-1, Poly-2, & Poly-3

This device topology is similar to the solid gear version of this device, except that

sections of the gear have been removed. The resulting spoked gear has a lower minimum

capacitance and, therefore, a broader tuning range than the equivalent solid device. This

device topology suffers from the same surface topography problems that occurred with

the solid version of this device. The raised regions on the surface of the gear prematurely

limit the amount of metal that can be deposited on the device. After significant metal

deposition, these “volcanoes” would come in contact with the underside of the

overlapping polysilicon plate, but the majority of the device would still have a large air

gap. This problem severely limits the maximum capacitance that can be achieved for this

type of device and it should not be consider a useful topology. Figure 3.21 is the layout

for this device and Figure 3.22 adds the overlapping polysilicon plates made from Poly-4.

No cross sectional views will be given for this device topology since it is the same

as the cross section for the solid version of this device when the gear is rotated beneath

the overlapping polysilicon plates. Refer to Figure 3.9 for a cross sectional view of this

device when it is rotated beneath the overlapping plates. When the device is not rotated

beneath the overlapping plates, as it is in Figure 3.22. The cross sectional view is

basically void of any gear material except for the portion surrounding the hub and the

outer periphery where the gear teeth are attached.
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Figure 3.21: Spoked Poly-1, Poly-2, & Poly-3 gear

Figure 3.22: Spoked Poly-1, Poly-2, & Poly-3 gear with overlapping Poly-4 plates
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Figure 3.23 is a top view SEM image of spoked device made from Poly-1, Poly-2

and Poly-3. This image clearly shows the spoked sections of the gear and the “volcanoes”

on the surface of the gear. Also, visible is where metal was patterned on the surface of the

chip as it passed through the etch holes in the gear. The metallized regions appear lighter

in color than the unmetallized regions. This is mentioned for clarity and will be discussed

in Chapter 4. This view correlates well with the layout shown in Figure 3.22. The device

in the SEM has been rotated about 50°.

Figure 3.23: SEM image of metallized 130µm spoked Poly-1, Poly-2, & Poly-3 gear with overlapping
polysilicon plates and actuation rack
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3.1.7 Spoked Gear: Poly-1, Poly-2, Oxide-3, & Poly-3

Again, this topology is created by removing sections from the equivalent solid

device. It combines the advantages of the trapped oxide to make a warpage insensitive

gear, and the decreased minimum capacitance value of the spoked design. Illustrated in

Figure 3.24 is the layout for this device and Figure 3.25 adds the overlapping polysilicon

plates to the layout. As with the equivalent solid version of this device, the trapping of an

oxide layer makes this topology a good candidate for large diameter devices.

No cross sectional views will be given for this device topology since it is the same

as the cross section for the solid version of this device when the gear is rotated beneath

the overlapping polysilicon plates. Refer to Figure 3.17 for a cross sectional view of this

device when it is rotated beneath the overlapping plates. When the device is not rotated

beneath the overlapping plates, as it is in Figure 3.23. The cross sectional view is

basically void of any gear material except for the portion surrounding the hub and the

outer periphery where the gear teeth are attached.

This device had some unexpected topography similar to the Poly-1, Poly-2, &

Poly-3 devices. The layout in Figure 3.24 shows a region of Oxide-3 Cut surrounding the

hub of the gear. This was necessary due to the close proximity of the etch holes and the

hub. The Oxide-3 Cut produced significant topography in this area that could have been

avoided by moving the etch holes further away from the hub. This would have allowed

Oxide-3 to be trapped in this area and mitigated the surface topography. Since this

topography did not occur beneath the gear, this device was still functional and not

considered a failure. The SEM image in Figure 3.26 shows this device and the

topography that resulted around the hub area.
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Figure 3.24: Spoked Poly-1, Poly-2, Oxide-3, & Poly-3 gear

Figure 3.25: Spoked Poly-1, Poly-2, Oxide-3, & Poly-3 gear with overlapping Poly-4 plates
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Figure 3.26: SEM image of metallized 130µm spoked Poly-1, Poly-2, Oxide-3, & Poly-3 gear with
overlapping polysilicon plates and actuation rack
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3.2 Device Actuation Mechanisms

To change the capacitance of the device, it is necessary to rotate the device so that the

area between the overlapping plates and the gear changes. Numerous techniques have

been devised to rotate gears designed in the SUMMiT process. Some techniques are more

suited for continuous operation, while others are better for incremental operation. The

area and drive voltage requirements must also be considered.

3.2.1 Sandia’s Electro-Static Micro Engine

Included in Sandia’s Design Tool Kit are micro engines that use two comb motors

and quadrature signals (90° out of phase) to drive a gear or series of gears. This is an

indirect electro-static actuation technique because the comb motor uses electro-static

actuation to produce linear motion that is converted into rotational motion to drive the

gear. This technique can drive a gear continuously at high speeds and the direction of

rotation can be reversed in fractions of milliseconds, due to the low inertia of the micro

engine [105]. The micro engine and gear assembly has been tested at speeds in excess of

200,000 RPM for over 20 million revolutions before increased frictional loading started

to occur in the system [105,106]. This performance is very impressive, but it has

drawbacks. The drive voltage for the comb motors was 90V and is not compatible with

traditional CMOS technology [106]. The micro engines are quite large when compared to

the gear designs used in this research. Also, due to process design rules, micro geared

systems have a backlash of almost 20% [105]. The process rules that affect this are the

minimum spacing rules for polysilicon (1µm). This problem can be reduced by using

larger diameter gears. Since the design rule is fixed, the backlash or “angular play”

between meshing gears decreases linearly with increasing gear radius. Given that this

actuation mechanism is intended for continuous operation, it was deemed ineffective for

this application. In addition, the micro engines large area penalty would have severely

limited the total number of experiments available on the fabricated chip, which has
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limited area. Illustrated in Figure 3.27 are the layout and SEM image for Sandia’s micro

engine that uses electro-statically driven combo motors. The micro engine is Figure

3.25(b) is over 2mm on a side. Other good examples of this mechanism are illustrated in

Chapter 1 in the images of Figure 1.2.

(a) (b)

Figure 3.27: Sandia’s micro engine using electro-statically driven comb motors, (a) layout, (b) SEM image
Image (b) is "Courtesy of the Intelligent Micromachine Initiative, Sandia National Laboratories,
http://www.sandia.gov/Micromachine"

3.2.2 Sandia’s Torsional Ratcheting Actuator

A potential alternative to the micro-engine is Sandia’s Torsional Ratcheting

Actuator (TRA). The current TRA design from Sandia requires all layers except Poly-4.

This would force the TRA to be connected through additional gears to provide actuation

for a rotating tunable capacitor, since a solid disc of polysilicon could not be placed on

top and still have a layer for the overlapping polysilicon plates. However, if the TRA

design could be modified to use only layers below Poly-3, then a Poly-3 disc could be

anchored to the rotating portion of the TRA and overlapping Poly-4 plates would

complete the capacitor. If this were possible, the actuation mechanism would require no

additional area beyond the size of the device since they would occupy the same area.
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The current TRA design is 800µm in diameter and takes about 1/6 the area of the

mirco-engine [107]. There are three different ways to drive the TRA, but the method of

choice is to use a sine wave with peak-to-peak amplitude of 33V and a 16.5V DC offset.

The TRA requires the drive signal be below the mechanical resonance frequency yet fast

enough for proper alignment of the ring gear and ratchet pawl [107]. Drives frequencies

reported in the literature were 333Hz, 1kHz, and 3kHz. It was found that failures due to

wear occurred after 10 million rotations for a drive frequency of 333Hz, and at roughly 1

million rotations for drive frequencies of 1kHz and 3kHz. For comparison, micro-engine

failures have been observed at 100,000 when operated above 500Hz, and after 10 billion

rotations for drive frequencies below 500Hz [107].

The TRA has numerous interdigitated electro-static comb motors distributed in

two rings around its radius. This structure is shown in layout of Figure 3.28(a) and the

SEM image in Figure 3.28(b) [107]. Some important mechanical design details are shown

in the SEM images of Figure 3.29 [107]. As can be seen from these mechanisms the TRA

is uni-directional. The TRA has 160 teeth and for a drive frequency of 3kHz will rotate

almost 20 times in one second. If the TRA was used to actuate a rotating tunable

capacitor, the capacitance could be changed from minimum to maximum (90° of rotation)

in 12.5 milliseconds. In addition, the TRA can be actuated a single tooth at a time.

(a) (b)

Figure 3.28: Sandia’s Torsional Ratcheting Actuator, (a) layout view, (b) SEM image [107]
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(a) (b)

Figure 3.29: Important mechanisms in Sandia’s TRA, (a) ratchet pawl, (b) anti-reverse pawl [107]

3.2.3 Electro-Thermal Actuation

A technique more suited to this application is electro-thermal actuation. This

actuation mechanism is intended for use in systems that do not require continuous

operation, and is best for systems that need incremental positioning [108]. For continuous

operation, a micro engine would be a better choice. Illustrated in Figure 3.30(a) is a

typical ‘U’ shaped electro-thermal actuator [108]. They operate using a simple principle.

As current is forced through the actuator, the narrow or ‘hot’ arm expands relative to the

wide or ‘cold’ arm. When the drive signal is removed, the current flow goes to zero, the

narrow or ‘hot’ arm quickly cools, and the actuator returns to its initial position. In

addition, the actuator can be deflected backwards by over-driving the ‘hot’ arm for a

short period, causing plastic deformation, thereby, decreasing its overall length. After the

signal is removed, it bends backwards past its initially fabricated position [108]. Loaded

actuators have been tested with a drive, or step, frequency of 2kHz for 980 million cycles

without failure [108]. These actuators operate using 0 - 14V with 0 - 5mA [108]. Their

area requirements are much less that the micro engine and their aspect ratio makes them

ideal for placement between the signal lines that feed a capacitor. Figure 3.30(b) is a

SEM image of four independent actuators. These actuators are 150µm long and each has

a deflection scale and two test beams for measuring force in both forward and backward

deflection [108].
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(a) (b)

Figure 3.30: Electro-thermal actuators, (a) layout, (b) SEM image of four independent actuators, [108]

Electro-thermal actuators have operating characteristics that can provide fairly

rapid movement. Though not suited for the switching speeds of MEMS switches, they are

fast enough for most tuning applications. Actuators with a length of 200µm and 250µm

have been operated with full deflection (8µm & 12µm) using 1,480 Hz and 800 Hz drive

signals, respectively [108]. This step frequency capable of incrementing a single gear

tooth in approximately 1 millisecond. This equates to rotating a 130µm device from

minimum to maximum capacitance (90° of rotation) in less than 10 milliseconds.
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3.2.4 Manual Actuation: A Micro-Manipulated Probe and a

Linear Rack

Due to the area, signaling, and design time requirements the standard actuation

techniques were deemed to expensive. The micro engine technique was clearly too large

for consideration. Its area requirements, over 2mm on a side, would have reduced the

total number of available experiments by an order of magnitude or more, and it would

also require two signals properly phased (quadrature) signals. The electro-thermal

technique was the best fit for this application. It would have slightly increase the area

requirements and only required very simple signaling for actuation. However, it would

have required considerable time to properly design and layout the structures.

Given the prototype nature of the first and only fabrication run for testing the

various rotating MEMS tunable capacitors, a simple solution for device actuation was

devised. This technique did not require additional chip area nor did it require complex

signals for actuation. The time needed to design and layout this mechanism was

significantly less than the other techniques would have required. A simple linear rack of

teeth was placed between the signal and ground line of the coplanar wave-guide (CPW)

structure. The teeth on the linear rack engage the gear on one side. On each end of the

linear rack is a 15µm by 25µm loop. These small loops allow the device to be rotated into

the desired position using a micro-manipulated probe. The probe tip is landed in one of

these loops and then used to either push or pull the linear rack. The translation of the

linear rack is converted into the rotation of the gear. An example of a basic device, the

connecting CPW lines for testing, and the linear rack for actuation is shown in Figure

3.31. The linear rack was designed to allow for full actuation of the device (90°of

rotation) when moved from the post release resting position (see Figure 3.31) to the end

of the rack guide, in either direction. When the rack is moved from one end of the guide

to the other, the gear will rotate 180°.
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Figure 3.31: Basic device, connecting CPW lines, & linear rack for actuation

The details of the actuation mechanism can be seen more clearly in the exploded

illustration shown in Figure 3.32. In Figure 3.32 is a boxed region that designates where

the zoomed in views of Figure 3.33 were taken. The illustration in Figure 3.33(a) is a

zoomed in view of a portion of the linear rack by itself. This zoomed in view of the rack

shows the dimple cuts, etch holes, gear teeth, probe catch, and actuation loop area. The

linear rack is then placed in the rack guide, which guarantees proper engagement of the

linear rack and gear. This combination of linear rack and rack guide are illustrated in

Figure 3.33(b).

Figure 3.32: Exploded view of device, connecting CPW signal lines, & linear rack for actuation
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Poly-0 has been included in Figure 3.33(b) to show what surface the rack slides on during

actuation. Also indicated are etch paths that allow the hydrofluoric acid to flow through

the rack and guide during release.

(a)

(b)

Figure 3.33: Zoomed in, partial views of actuation mechanism, (a) linear rack, (b) linear rack in rack guide

In Figure 3.33(b) there is a cut line used to indicate the location of the cross

sectional view shown in Figure 3.34. Unlike previous cross sectional views, this cross

sectional view is to scale. The linear rack has dimples located in the teeth and its main

structure. These dimples help to minimize horizontal play in the rack and insure proper

alignment of the gear teeth and rack teeth. There are also dimples in the Poly-3 portion of

the rack guide that help to minimize the horizontal play in the linear rack. Shown in

Figure 3.35 are SEM images of the loop area of an actuation rack. In the image on the

right in Figure 3.35, dimples in the rack are visible in the loop area.

Figure 3.36 shows the actuation of a 130µm spoked device from minimum to

maximum capacitance, with four values inside that range. In these illustrations, the

sample has not been metallized.
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Figure 3.34: Cross sectional view of linear rack and rack guide used for device actuation (note: to scale)

Figure 3.35: SEM images of actuation rack loop (dimples visible in image on right - look in loop area)

(a) (b) (c)

(d) (e) (f)

Figure 3.36: Actuation of 130µm spoked device using micro-manipulated probe on linear rack mechanism,
(a) minimum capacitance - 0°, (b) 25°, (c) 45°, (d) 55°, (e) 75°, (f) maximum capacitance - 90°
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3.3 Coplanar Waveguide Construction

To enable test and measurement at high frequencies it was necessary to design

controlled impedance test fixtures. These test fixtures are coplanar waveguide (CPW)

lines that allow for ground-signal-ground (GSG) probes to be landed on each side of the

device-under-test (DUT). To build durable probe pads and test lines in a MEMS process

it is important that these structures be able to withstand the forces applied by the test

probes. The probe pads and signal lines are constructed using a stack of anchored

polysilicon layers that have oxides trapped inside. This design insures that the

overlapping signal line is the appropriate height for interfacing the rotating tunable

capacitor. The solid stack up also builds a durable structure for landing probes.

Illustrated in Figure 3.37 is the basic text structure and DUT with cut lines to

indicating valid locations for the probe landing locations, and the following cross

sectional views. Illustrated in Figure 3.38 is the cross sectional view of a CPW line with

Poly-3 as the top layer. This line would be used to overlap a device made with layers

going no higher than Poly-2. Figure 3.39 shows a cross sectional view of a CPW line

with Poly-4 as the top layer. This line would be used to overlap a device with layers

going no higher than Poly-3. Both of these cross sectional views are not to scale. They

have been compressed on the horizontal axis to clearly show the polysilicon and oxide

stack up. These CPW lines have some surface topography that results from the use of the

oxide cut that was used to anchor polysilicon layers together and trap oxide layers.
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Figure 3.37: Test structure and DUT with valid cut line locations for cross section & probe land locations

Figure 3.38: Cross sectional view of CPW line with Poly-3 as the top layer (note: not to scale)

Figure 3.39: Cross sectional view of CPW line with Poly-4 as the top layer (note: not to scale)
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3.4 Design Economics: Experiment Density and Chip Floor Planning

Very important in the design and research process is the efficient use for chip area

for prototyping. Given the high cost, fixed chip size, and long turn around time for a

fabrication run in the SUMMiT process, there is high pressure to gather as much data as

possible from a given run. As of 2002, the cost of fabricating a single design in the

SUMMIT V process was approximately $10,000 USD, with approximately 100 chips

delivered. The chip size was fixed at 6.34mm by 2.82mm. Designs could be submitted

monthly, unless or as long as the reticle was full, and the turn around time was

approximately 4 months. For reference, to use the SUMMiT IV process in 1998 the

fabrication cost was $6,000 USD, the chip size 4.8mm by 4.8mm, and the turn around

time was 6 months.

Given the need to use a CPW structure for test and measurement and the large

variation in device topology, across two device diameters, it was important to not waste

chip area. The CPW lines used on the test chip were actually finite ground coplanar

waveguides (FGCPW), since the width ground plane needs to be minimized to conserve

chip area. While minimizing ground plane width, it is important that the characteristic

impedance of the CPW structure not be sensitive to material surrounding its boundary. To

insure this, the CPW characteristic impedance should not be a strong function of changes

in ground plane width. Labeled in Figure 3.40 are the design parameters of the CPW test

structure that determine its characteristic impedance. The length of the CPW test

structure was determined by the total number of experiments to be included on the chip

and the length required for the linear rack. For testing the overall length must allow a

GSG probe to be landed on each side and a single point probe to be landed in the

actuation loop of the linear rack. This limitation set the lower bound on overall length.
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Figure 3.40: Design parameters of CPW test structure

By analyzing the dependence of CPW characteristic impedance on the width of

the ground planes, it was determined that a ground plane width of 125µm, a signal

conductor width of 100µm, and a spacing of 50µm, would provide acceptable results. In

simulation, these dimensions produced a characteristic impedance of 50Ω and allowed

enough room for placing all of the experiments on a single test chip. Plotted in Figure

3.41 is the CPW line characteristic impedance (Zo) as ground plane width is varied from

50µm to 200µm, for a signal conductor width of 100µm with a 50µm spacing between

signal and ground. The sensitivity of characteristic impedance on ground plane width is

plotted in Figure 3.42. The equations to determine the characteristic impedance for a

finite width CPW line came from a text titled ‘Microstrip Lines and Slotlines’ [109].

Signal width = 100µmSpacing = 50µm

Ground width = 125µm
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Figure 3.41: CPW line characteristic imdepance (Zo) as a function of ground plane width
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Figure 3.42: Sensitivity of characteristic impedance (Zo) on ground plane width (W)

The ground plane width of 125µm is wide enough to insure that the characteristic

impedance will not change significantly if there is an experiment on each side of a test

structure. This allows for the experiments to overlap and share ground planes. If the same

probe-pad to probe-pad pitch is maintained then the total number of experiments

increases by 50%. An example of non-overlapping and overlapping ground planes is

illustrated in Figure 3.43, where smaller experiment spacing was used. Even with smaller

spacing, this efficient use of area increases the total number of experiments on the chip

by at least 35%. The example of Figure 3.43 is for 130µm device test structures.
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(a)

(b)

Figure 3.43: Increasing experiment density, (a) non-overlapping experiments, (b) overlapping experiments
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By placing the experiments using this overlapping pattern, a total of 48

experiments were fit on the test chip. Experiments were designed for 65µm and 130µm

diameter devices, each with 24 test structures. Of these 24 test structures there were 20

device experiments. It was necessary to include four stuctures for test measurement

purposes at both device sizes. These structures were open circuited and short circuited

versions of the CPW line and are required for the deembedding of the device from the

CPW line, so that the device capacitance can accurately be determined. This will be

covered in detail in Chapter 5.

Illustrated in Figure 3.44 is a layout view of the entire SUMMiT V test chip that

was submitted for fabrication to Sandia National Labs in the April of 2002. All the

experiments are grouped in an attempt to make the metal depostion and mask removal

process easier. The areas between experiment groups that are blank are actually covered

by the masking layers, which have been omitted for this illustration for clarity. The

masking layers and will be discussed in Chapter 4. On the right hand side of Figure 3.44

are the layout of the individual gears and cantilevered beams. The cantilevered beams

were experiments for the research of other students. The outlined area indicates the chip

area of 6.34mm by 2.82mm.

Figure 3.44: Layout for entire SUMMiT V test chip (does not include masking layers, see Chapter 4)
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Chapter 4 Integrated Removable Self-Masking Technique

for Metallization

This chapter discusses a novel masking technique that enables the complex

patterning of metal on any layer of a released MEMS chip. This masking and

metallization technique enables the construction of circuit elements previously

unavailable in MEMS processes that do not have a metal layer included at fabrication.

Processes like SUMMiT V, from Sandia National Labs, are currently polysilicon only

processes. One of the advantages of the SUMMiT process is the ultra-planar low-stress

polysilicon. However, the high temperatures required for annealing polysilicon prevents

the inclusion of a metal into the process. The temperatures required to anneal polysilicon

would cause metal to begin to melt and creep into the surrounding oxide. Work is

underway at Sandia to give designers a single metal layer on top of the last polysilicon

layer, Poly-4. This metal would be deposited after the polysilicon has been annealed.

Even with the inclusion of a single metal layer in the process, there are still significant

limitations imposed by only having metal available on one level. The technique

introduced here enables the deposition of metal on the surface of any layer. The amount

of metal deposited on any given layer is also adjustable, which has advantages for both

RF and Optical applications.

When building devices for use at RF and Microwave frequencies it is important

that low-loss conductors be available; otherwise, ohmic losses will be too high. It is also

important to design structures that can be easily measured and their performance

quantified. Therefore, metal should only be deposited where it is required to construct

ground planes, signal lines, and the device. Since the SUMMiT V process does not

provide the metal layers needed to design passive components for use at RF and

Microwave frequencies, a technique to solve this problem was conceived.
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4.1 The Technique

By using the mechanical layers of polysilicon to regulate where metal is

deposited, the ability to construct low resistance controlled impedance structures in a

polysilicon only MEMS process is enabled. The mechanical polysilicon is used as a self-

masking/removable stencil layer to block where metal is deposited on to the chip. The

metal is not actually block from deposition on to the chip, but rather it is deposited on to

sections of polysilicon that will be removed later. This on chip shadow masking approach

enables the complex patterning of metal at process feature sizes. The minimum pattern

size is determined by the minimum spacing or cut allowable in a given polysilicon layer.

Also, since the masking layer is only a few microns above the surface where the metal is

deposited, high directivity is maintained. This ability gives the designer the flexibility

needed to build structures such as landing pads for ground-signal-ground high-frequency

probes and coplanar waveguides. Metal can be deposited on any exposed surface of the

chip, including the nitride layer or any polysilicon layer. In addition, by building multiple

removable masking layers the designer has the ability to deposit metal on any exposed

surface during the first deposition and then remove the first masking layer and deposit

metal on to a previously shielded surface. In theory, this can be repeated for each

mechanical polysilicon layer in the process. In this research e-beam evaporation was

used, however, a technique such as sputtering could also be implemented. In previous

work, the mechanical polysilicon layers were used as a metallization shield [110].

However, the shield or masking layer was not removable.

The ability to deposit metal layers of different thickness has advantages when it is

important to keep induced stress at a minimum. In this application, it is required to

minimize the warpage of critical structures due to the added stress from the metal films.

Any deviation in planarity in capacitive devices will result in degraded performance. In

previous work, the deposition of metals on to released polysilicon plates has been shown

to cause out-of-plane bending (warpage) due coefficient of thermal expansion (CTE)

mismatches [46,57].
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This identifies two contradictory problems that need to be solved. First, to build

low-loss signal conduction paths a thick metal layer is required. Second, to combat the

problem of induced stress a thin layer of metal must be deposited on any released

polysilicon surfaces to maintain planarity. The progressive self-masking technique

introduced here gives the designer these two important abilities. Very thick amounts of

metal can be deposited directly onto the substrate surface or onto rigid polysilicon

structures designed using trapped oxides to strengthen the film stack. The ‘thick’ metal is

used primarily for the construction of low-loss signal conduction paths, such as coplanar

waveguides. After the first mask is removed, a ‘thin’ layer of metal can be deposited.

This ‘thin’ layer of metal helps maintain the planarity in released polysilicon surfaces,

such as the plates of tunable capacitors. In this research, the polysilicon plate in question

is the rotating gear. Although the gear portion of the capacitor also requires a low

resistance, a trade-off exists between a thick metal low-resistance gear, and thin metal

more resistive gear with potentially less warpage.

4.1.1 Detailed Design, Layout, and Results: Single Masking Layer

As explained in the beginning of the chapter, a mechanical polysilicon layer is

used as a masking layer to regulate the metallization of a released chip. This masking

layer is an integral part of the design process and requires significant design time to

enable a controlled and precise metal deposition, while insuring a clean release. The

masking layer is constructed by using the mechanical polysilicon layers and oxide layers

available in the process (Poly-1, Oxide-2, Poly-2, Oxide-3, Poly-3, Oxide-4, & Poly-4).

The first requirement is to enable metallization of the gear and overlapping signal

conductors. The mask must also block metal from be deposited between the CPW lines

so that a low-loss transmission line with a controlled impedance can be built. The

masking layer also protects the actuation mechanism (linear rack and gear teeth) from

being contaminated by the metal deposition. While blocking metal from being deposited

on certain portions of the chip is the primary function of the masking layer, it must still
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allow the hydrofluoric acid to flow during the release bath. This insures that the

mechanical polysilicon layers are not fused to the chip. Therefore, the masking layers are

designed to block the deposition of metal from a source located above the surface of the

chip, but have paths for the hydrofluoric acid to flow during release. In addition, the

masking layers have to be designed so that they can be removed after metallization. The

details of how the masking layer was designed to block metal, but allow for a clean

release are discussed in a later section of this chapter. Shown in Figure 4.1(a,b,c) are the

actual layout images of a test frame with device, removable masking layer, and the

complete design ready for metallization, for a single 130µm device. The test frame

includes the device, actuation mechanism, and CPW lines with probe pads. (The boxed

areas in Figure 4.1 indicate zoomed-in views used in Figure 4.16.)

(a) (b) (c)

Figure 4.1: Layout for integrated removable masking layer technique - test frame (single masking layer):
(a) basic test frame, (b) removable masking layer, (c) test frame with addition of masking layer - ready for
metallization (boxed areas for zoomed-in views for Figure 4.16)
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After the masking layer is included in the design, as shown in Figure 4.1(c), the

individual test frame is complete. This test frame is included with other tests in a manner

that maximizes chip area (discussed in Chapter 3), and has additional mechanical devices

to hold the masking layers in place during release. The mechanisms that hold the masking

layers in place must also allow the masking layer to be easily removed from the chip after

metallization. They are not shown in these illustrations, but will be presented in a later

section of the chapter. The optical images in Figure 4.2 are for the test frame in Figure

4.1. These images outline the post-processing steps for the single masking layer

technique as applied to an individual test frame. The images in Figure 4.2(a,b,c) are: the

unmetallized sample, metallized sample with masking layers still attached, and metallized

sample after the masking layer has been removed, respectively. (The boxed areas in

Figure 4.1(a,b,c) are for the zoomed-in views of Figure 4.16, that show how the masking

layer is used to hold the linear rack and gear in place during release and metallization.)

(a) (b) (c)

Figure 4.2: Optical images of single masking layer - test frame, (a) unmetallized, (b) metallized, (c)
metallized and masking layer removed

To illustrate details of the masking layer around the device, zoomed-in layout

views of the gear and engaging actuation mechanism are shown in Figure 4.3(a,b). The

layout in Figure 4.3(a) is of the gear without the masking layer. Figure 4.3(b) includes the
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masking layer and clearly shows how the masking layer shields the gear teeth, actuation

rack, and teeth of the actuation rack from the metallization step. To illustrate the ‘post

processing’ flow in this area, SEM images for this device are shown in Figure 4.4. The

SEM image in Figure 4.4(a) is of a metallized device before mask removal and the image

in Figure 4.4(b) is of a metallized device after mask removal, rotated approximately 45°.

(a) (b)

Figure 4.3: Zoomed-in layout illustrations of single masking layer technique: (a) device, (b) device & mask

(a) (b)

Figure 4.4: Zoomed-in SEM images of single masking layer technique: (a) metallized device with mask, (b)
metallized device after mask removal, (rotated to approximately 45°)

The individual test frames were assembled into groups of three. This grouping

was designed to save chip are by overlapping the CPW ground lines to condense the

layout. It was deemed too risky to go beyond three designs per group since the stress

induced to the released masking layer by the metal deposition might cause them to spring



108

loose from the chip before or during removal. Alternatively, the stress might cause

enough bending to break the mechanical tabs holding the mask in place. For the metal

depositions used in this research, up to 450nm, there was never an occurrence of the

masking layer breaking free from the chip during or after metallization. However, with

heavy metallization, they did appear to be under some minor stress. Shown in Figure 4.5

are layout views for a test cell comprised of test frames for three devices. Figure 4.5(a) is

the layout for the test cell without the removable masking layer. The masking layer by

itself is shown in Figure 4.5(b), and Figure 4.5(c) adds the mechanical release tabs that

hold the masking layer to the chip. The complete test cell with masking layer and release

tabs is shown in Figure 4.5(d). The details of the mechanical release tabs will be

discussed in a later section. (The boxed areas in Figure 4.5(b) indicate zoomed-in views

used in Figure 4.31, and boxed in area of Figure 4.5(c) is for Figure 4.33.)

(a) (b)

(c) (d)

Figure 4.5: Layout for integrated removable masking layer technique - test cell (single masking layer): (a)
basic test cell, (b) removable masking layer, (c) removable masking layer with mechanical release tabs (d)
test cell & masking layer with mechanical release tabs - ready for metallization (boxed in areas of 4.5(b) is
for Figure 4.31, and boxed in area of 4.5(c) is for Figure 4.33)
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This complete test cell shows how individual device tests are assembled with a

single removable masking layer. To complete the single masking layer process flow,

optical images that illustrate each post processing step are shown in Figure 4.6. After

fabrication and release, the sample has to be metallized and the masking layers removed.

The optical images in Figure 4.6 are for the test frame in Figure 4.5. These images outline

the post-processing steps for the single masking layer technique for a test cell. The

images in Figure 4.6(a,b,c) are: the unmetallized sample, metallized sample with masking

layers still attached, and metallized sample after the masking layers have been removed,

respectively. Figure 4.6(d) is an image of the metallized test cell with the masking layers

removed and the devices rotated.

(a) (b)

(c) (d)

Figure 4.6: Optical images of single masking layer - test cell, (a) unmetallized, (b) metallized, (c)
metallized and masking layer removed, (d) metallized and masking layer removed - devices rotated
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Additional examples of metallized solid and spoked devices with the masking

layers removed are shown in Figures 4.7, 4.8, & 4.9. The zoomed-in optical images in

Figure 4.7 are good examples of metallized devices, clearly showing the accuracy of the

metallization process. Figure 4.8 shows all devices, 65µm and 130µm, after metallization

and mask removal. This test cell was designed so that every gear design could be

metallized and easily examined without the overlapping CPW signal lines interfering.

The SEM images in Figure 4.9 also show the regulation of the metal deposition.

Figure 4.7: Zoomed-in optical images of solid and spoked devices after single masking layer technique

Figure 4.8: Optical images of all devices after single masking layer technique (no overlapping CPW lines)
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Figure 4.9: SEM images of solid and spoked devices after single masking layer technique

4.1.2 Detailed Design, Layout, and Results: Dual Masking Layers

The use of dual masking layers has the same requirements as the single masking

layer technique. The basic requirements are: building a low-loss controlled impedance

CPW line, a metallized gear and overlapping signal conductor, and protect the gear teeth

and actuation mechanism from metallization. While regulating the metal deposition, the

masking layers must also insure a clean release. The dual masking layer technique adds

the ability to deposit a thick and a thin metal layer. As discussed in the beginning of this

chapter, this has the advantage of being able to build low-loss conductors using the thick

metal, while maintaining the ability to deposit a thin metal on the gear that will not
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induce significant stress to the gear. This helps to maintain the planarity of the gear,

which helps to insure that large devices can be built with small air gaps. Large devices

with small air gaps will have high capacitance, but if the deposited metal induces stress,

their mechanical reliability may be compromised. A large diameter device that uses the

dimple cut in the overlapping polysilicon conductor would only have to bend slightly to

come in contact with the underside of overlapping conductor. Though devices built in this

research did not show signs of bending, future designs may be much larger and therefore

more susceptible to the effects of CTE (coefficient of thermal expansion) mismatches that

occur from metal deposition.

Shown in Figure 4.10 are the actual layout images of a test frame, both lower and

upper removable masking layers, and the complete design ready for metallization, for a

single 130µm device. The test frame includes the device, actuation mechanism, and CPW

lines with probe pads. The test frame is shown in Figure 4.10(a). Shown in Figure 4.10(b)

is the lower masking layer that blocks the second metal (thin metal) from being deposited

in the area between the CPW lines and on the actuation mechanism. Figure 4.10(c) is the

combination of the test frame and the lower masking layer. The upper masking layer,

which protects the gear from the first metallization (thick metal) from being deposited on

the gear, is shown in Figure 4.10(d). Figure 4.10(e) is the combination of the test frame

with both lower and upper masking layers, and illustrates the complete dual masking

design ready for metallization, for a single 130µm device. (The boxed areas in Figure

4.10 indicate zoomed-in views used in Figure 4.15.)
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(a) (b) (c)

(d) (e)

Figure 4.10: Layout for integrated removable masking layer technique - test frame (dual masking layer):
(a) test frame, (b) lower removable masking layer, (c) test frame & lower masking layer, (d) upper
removable masking layer, (e) test frame & both masking layers - ready for metallization (boxed areas for
zoomed-in views for Figure 4.18)
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With both masking layers included in the design, as shown in Figure 4.10(e), the

individual test frame for the dual masking technique is complete. This test frame is

included with other tests in a manner that maximizes chip area (discussed in chapter 3),

and has additional mechanical devices to hold each masking layer in place during release.

The mechanisms that hold the masking layers in place must also allow the masking layer

to be easily removed from the chip after metallization. Both the lower and upper masking

layers have separate mechanical tabs that hold them in place. The mechanical release tabs

are designed so that the upper masking layer can be removed, after the first metallization,

without disturbing the lower masking layer. The lower masking layer has its own set of

mechanical release tabs that allow it to be removed after the final metallization. Neither

set of mechanical release tabs are shown in these illustrations, but will be presented in a

later section of the chapter. The optical images in Figure 4.11 are for the test frame in

Figure 4.10. These images outline the post-processing steps for the dual masking layer

technique as applied to an individual test frame. The images in Figure 4.11(a,b,c,d,e) are:

the unmetallized sample with both masking layers, sample after first metallization with

both masking layers, sample with first metallization after the upper masking layer has

been removed, sample after second metallization with lower masking layer still attached,

and sample after second metallization and removal of lower masking layer, respectively.

Figure 4.11(f) is an example of a test frame after dual metal deposition with the device

rotated. Close examination of this optical image shows that there was some shift in the

position of the upper mask before the first metallization. The overlapping signal line

below the device in the image has a relief pattern, on the right side, which shows the

effects of mask alignment errors. This is not a serious problem and can be overcome in

future designs that could implement small sections of polysilicon to hold the mask in

place. These small sections of polysilicon would have to be broken to remove the

masking layer. It would be important that these sections be designed so that they not

contaminate the chip with debris, after they were broken. These fixed polysilicon ‘holds’

would be designed using minimum feature size sections, and would still require the
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mechanical release tabs to insure the masking layers not break free during release or

metallization.

(a) (b) (c)

(d) (e) (f)

Figure 4.11: Optical images of dual masking layer - test frame, (a) unmetallized, (b) first metallization, (c)
first metallization after removal of upper masking layer, (d) second metallization with lower masking layer
still attached, (e) second metallization after removal of lower masking layer, (d) same as ‘e’ but rotated

To illustrate design flow details of the masking layer, zoomed-in layout views of

the gear and engaging actuation mechanism are shown in Figure 4.12. The layout in
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Figure 4.12(a) is of the gear without the masking layers. Figure 4.12(b) includes the

lower masking layer and clearly shows how the masking layer shields the gear teeth,

actuation rack, and teeth of the actuation rack from the second metallization step, but

allows this metal to be deposited on the gear. Figure 4.12(c) includes the upper and lower

making layers, and illustrates how the first metallization is blocked from the surface of

the gear. To illustrate the ‘post processing’ flow in the gear area, SEM images for this

device are shown in Figure 4.13. The SEM image in Figure 4.13(a) is of a metallized

device before removal of the upper masking layer, and the image in Figure 4.13(b) is of a

metallized device after the upper masking layer is mask removed. Clearly seen in Figure

4.13(b), on the right side, are small square regions areas where the upper making layer

had etch holes that allowed the first metallization to be patterned on the lower masking

layer. Figure 4.13(c) shows a device after the second metallization and removal of the

lower masking layer, rotated approximately 45°.

(a) (b) (c)

Figure 4.12: Zoomed-in layout illustrations of dual masking layer technique: (a) device, (b) device with
lower masking layer, (c) device with upper and lower masking layers

(a) (b) (c)

Figure 4.13: Zoomed-in SEM images of single masking layer technique: (a) metallized device with mask,
(b) metallized device after mask removal, (rotated to approximately 45°)
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Again, the individual test frames were assembled into groups of three in an effort

to save chip are by overlapping the CPW ground lines to condense the layout. The layout

views in Figure 4.14(a,b,c,d,e,f,g,h) are: the test cell, lower masking layer, lower masking

layer with release tabs, test cell and lower masking layer with release tabs, upper masking

layer, upper masking layer with release tabs, test cell and both masking layers, test cell

and both masking layers and release tabs, respectively. (ready for metallization). (The

boxed areas in Figure 4.14 indicate zoomed-in views used in Figure 4.32.)

To complete the dual masking layer process flow, optical images that illustrate

each post processing step are shown in Figure 4.15. The images in Figure 4.15(a,b,c,d,e)

are: unmetallized, first metallization with both masking layers, first metallization after

removal of lower masking layer, second metallization with upper masking layer, and both

metallizations with both masking layers removed, respectively. Figure 4.15(f) is an image

of the metallized test cell with the masking layers removed and the devices rotated.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.14: Layout for integrated removable masking layer technique - test cell (dual masking layer):
(a) test cell, (b) lower masking layer, (c) lower masking layer & release tabs (d) test cell, lower masking
layer, & release tabs, (e) upper masking layer, (f) upper masking layer & release tabs, (g) basic test cell &
both masking layer, (h) basic test cell, both masking layers, & release tabs - ready for metallization
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(a) (b)

(c) (d)

(e) (f)

Figure 4.15: Optical images of dual masking layer process flow for a test cell, (a) unmetallized, (b) first
metallization, (c) first metallization & lower masking layer removed, (d) test cell, lower masking layer, &
release tabs, (e) upper masking layer, (f) upper masking layer & release tabs, (g) basic test cell & both
masking layer, (h) basic test cell, both masking layers, & release tabs - ready for metallization

4.2 Securing the Post Release Rack & Gear during Metallization

In addition to regulating the metal deposition, the masking layer must not allow

the gear to rotate after release or during metal deposition. This is done by designing
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horizontal ‘rack stops’ that keep the actuation rack from moving. These horizontal ‘rack

stops’ are attached to the masking layer and constructed from the same material as the

actuation rack. This locates the ‘rack stops’ at the same height as the actuation rack,

therefore, limiting the horizontal play of the rack in the guide. Figure 4.16 gives views of

the rack, rack guide, mask layer in the same area, and the combination of the masking

layer with the rack and rack guide. These views were taken from zoomed-in areas of

Figure 4.1 and are indicated by boxed in regions in those illustrations.

(a) (b) (c)

Figure 4.16: Layout showing how ‘rack stops’ in masking layer limit rack and gear movement prior to
mask removal: (a) rack and guide, (b) masking layer with ‘rack stops’, (c) masking layer with ‘rack stops’
placed in and over rack and guide - ready for metallization

Shown in Figure 4.17(a,b) are cross sectional views made at the cut lines in

Figures 4.16(a,c), respectively. These cross sectional views are not entirely accurate since

some additional dimples have been placed in the rack. The dimples that have been

included do not occur at the cut line location, but are in the background (to the right of

the cut line). The have been included to illustrate stability in the rack, and not all of the

dimples in the rack have been included. The cross sectional views show how the ‘rack

stops’ limit the horizontal movement of the rack relative to the masking layer. The

maximum relative horizontal displacement between the rack and masking layer is 1µm.

Rack

Actuation
loop area

Probe
catch

Rack guide

Removable
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This is the minimum cut, or separation, between two pieces of polysilicon in the same

layer (e.g. Poly-2).

(a)

(b)

Figure 4.17: Cross sectional views for Figure 4.16(a,c): (a) rack, (b) rack & mask with ‘rack stops’

4.3 Insuring a Clean Release While Regulating the Metallization

The primary function of the masking layer is to regulate the metal deposition.

This allows metal to be patterned so that a low-loss metallized device and a controlled

impedance CPW line can be made. Many different types of structures were built to allow

for a clean release while simultaneously blocking the metal deposition from portions of

the chip. Figure 4.15 is an example of how this was accomplished where the masking

layer was used to block the metal deposition to pattern the CPW lines. The layout

illustrations in Figure 4.18(a,b) are zoomed-in views of the layouts in Figure 4.10(c,e),

respectively. The layout in Figure 4.18(a) is valid for both the single and dual masking

technique. The layout in Figure 4.18(b) is valid only for the dual masking technique. In

these layouts are small ‘pedestals’ located above etch holes in the masking layer. These

‘pedestals’ block the metal deposition from being patterned through the mask, but allow

the HF acid to flow beneath the masking layer. Figure 4.18(a,b) have cut lines in them to

indicate the location of the cross sectional views in Figure 4.19(a,b). The upper masking

layer also has etch holes that allow the HF acid to flow between the two masking layers.

A second set of cut lines was included to show the cross section of the masking layers in

this location. These cross sections are show in Figure 4.19(c,d).

Actuation
loop area

Etch holes in rack Actuation rack Probe catch
(part of actuation rack)

Masking
layer Horizontal
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(a) (b)

Figure 4.18: Metal blocking & etch compliant structure for CPW (in mask), (a) lower mask, (b) both masks

(a)

(b)

(c)

(d)

Figure 4.19: Cross sections of metal blocking & etch compliant structures for CPW (in mask), (a) first cut
in lower mask, (b) first cut in both masks, (c) second cut in lower mask, (d) second cut in both masks
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The results from this structure were as anticipated. The masking layers correctly

controlled the metal deposition and they were always properly released. Shown in Figure

4.20 are SEM images of the structures in Figure 4.18 & 4.19, that were used to block the

metal deposition and insure a clean release. In these SEM images, the sample has been

metallized and the upper mask has been removed. The patterning of the metal through the

upper mask is evident in these SEM images. The metal is patterned in a long line that

runs on the lower mask and in square shapes, between the ‘pedestals’, on the surface of

the lower mask. Figure 4.20(a) shows three of the ‘pedestals’ on the lower mask used to

perform this function. The first cut line in Figure 4.18(a,b) passes through a ‘pedestal’

and etch hole in the lower mask. The second cut line passes through an etch hole in the

upper mask. This etch hole in the upper mask was located directly above the square metal

patterns on the surface of the lower mask. This combination of offset etch holes between

the masking layers insures a clean release and shields the surface of the chip from the

metal deposition.

Figure 4.20: SEM images of ‘pedestals’ used to block metal deposition while allowing etchant to flow

Similar structures were built on the overlapping CPW lines above the surface of

the gear. Previous optical, layout, and SEM images show these structures in Figures 4.11,

4.12, & 4.13. Figure 4.21 has been included to show the results of a metal deposition on

this type of structure. The highly directional deposition that occurs from e-beam

metallization is evident is these images. The roof of the ‘pedestal’ is made from Poly-4



124

(2.25µm thick) and the metallization is a 100nm thick layer of titanium and gold. The

titanium is used as an adhesion layer between the polysilicon and gold.

Figure 4.21: SEM images of ‘pedestal’ on overlapping CPW line after metallization

A different structure was designed to block the first or ‘thick’ metal deposition

from the surface of the gear. Because of the large area of the upper masking layer over

the gear, it was necessary to have etch holes in the mask. If etch holes were placed in the

upper mask the first metal deposition would pattern through these holes onto the surface

of the gear. Since the upper mask was made from Poly-4 it was not possible to build the

‘pedestal’ type structures used in other areas of the design. Therefore, a different

structure was needed to guarantee that only the second or ‘thin’ metal would be deposited

on gear. If any of the ‘thick’ metal was deposited on the gear, problems with reliability

might result. In the case of a device using the dimple cut on the overlapping CPW line,

the small air gap (< 1µm) cannot accommodate a ‘thick’ metal deposition. This structure

was built by anchoring a section of Poly-3 to the underside of the Poly-4 in the upper

masking layer. The structure is basically an ‘upside-down’ version of the ‘pedestal’ used

in other areas of the design and is referred to as an etch ‘sieve’. Shown in Figure

4.22(a,b) are examples of a device using a etch ‘sieve’ in the mask to shield the gear from

the first metallization. Figure 4.22(b) shows a zoomed-in area around an etch ‘sieve’. In

Figure 4.23(a) the etch ‘sieve’ and the upper mask are shown without the underlying
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gear. Figure 4.23(b) adds the underlying gear and shows the locations of the cut lines for

the cross sectional views of Figure 4.24(a,b). The cross sectional view in Figure 4.24(a) is

for the first cut line in Figure 4.23(a). Details that this cut line passes through are: the

etch hole in the Poly-4 mask, the Poly-3 ‘sieve’, and the Poly-4 anchors that attach the

‘sieve’ to the mask. There is also a dimple cut in the middle of the Poly-3 ‘sieve’. The

dimple cut was added as a resting point, if needed, on the gear for the upper masking

layer. Shown in Figure 4.24(b) is the cross sectional view for the second cut line in

Figure 4.23(b). This cut line does not pass through as much detail as the first cut line,

however, important details from the first cut line are shown in lightly shaded regions that

indicate their presence in the background. Etch flow paths are show in each illustration.

(a) (b)

Figure 4.22: Device with etch ‘sieve‘ in upper mask, (a) device with mask, (b) etch ‘sieve’ over gear

(a) (b)

Figure 4.23: Etch ‘sieve‘ in upper mask, (a) upper mask with ‘sieve’, (b) etch ‘sieve’ over gear & cut lines

First
cut line

Second
cut line
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(a) (b)

Figure 4.24: Cross sections of etch ‘sieve‘ in upper mask over gear, (a) first cut line, (b) second cut line
(potential etch flow path shown - dashed line indicates flow behind an object in foreground of illustration)

Shown in Figure 4.25 are various SEM images of fabricated etch ‘sieves’. The

image in Figure 4.25(a) shows the upper masking layer with etch ‘sieves’. Figure

4.25(b,c) show the etch ‘sieve’ from the side and top, respectively. Noticeable in the top

view, of Figure 4.25(c), is the metal pattern that occurred as the metallization was

shadowed by the Poly-4 upper mask and landed on the Poly-3 portion of the etch ‘sieve’.

(a) (b) (c)

Figure 4.25: SEM images of etch ‘sieve’, (a) upper mask with etch ‘sieves’, (b) side view, (c) top view

4.4 Hub modifications for Metallization - The Hub ‘Umbrella’

This structure was designed to block metal from being deposited into the hub of

the gear. If metal was deposited in the hub of the gear, it could fuse the gear to the hub.

This would keep the gear from rotating and render the device useless. At the very

minimum, contamination in the hub from metal would reduce the reliability of the
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rotating gear. The structure is essentially an ‘umbrella’ that shields the hub from the

metal deposition. To shield the hub mechanism from the metallization, the hub ‘umbrella’

only needs to overlap the gap between the hub and gear by a few microns. These designs

overlapped the gap by 2µm and given the highly directional deposition of e-beam

evaporation, this provided good results. If sputtering was used to deposit metal, the

overlap might have to be increased. Shown in Figure 4.26(a,b) are the layout of devices

built using both the Poly-3 and Poly-4 hub ‘umbrella’, respectively.

(a) (b)

Figure 4.26: Locations of cross sections cuts in hub, (a) Poly-3 hub umbrella, (b) Poly-4 hub umbrella

The SEM images in Figure 4.27 show the results of the metal deposition being

shielded by the hub ‘umbrella’. In Figure 4.27(a) the gear hub was protected by a Poly-4

‘umbrella’ and the gear has been rotated to show the patterning of the metal around the

hub ‘umbrella’ and on the surface of the gear. Figure 4.27(b) is a zoomed-in view

showing the gap between the hub and gear. It also shows where the metal deposition was

shadow-masked by the Poly-4 ‘umbrella’. Figure 4.27(a) provides a good example of

particulate contamination.
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(a) (b)

Figure 4.27: SEM images of hub ‘umbrella’, (a) hub ‘umbrella’ and metal pattern, (b) zoomed-in view

In Figure 4.26(a,b) are cut lines that indicate the location for the cross sectional

views of Figure 4.28. The cross section in Figure 4.28(a) is of a hub ‘umbrella’ built

using Poly-3. This version is used when the gear is made from layers up to Poly-2. When

building a gear that uses Poly-3 the hub ‘umbrella’ is made from Poly-4. This version is

shown in Figure 4.28(b).

(a)

(b)

Figure 4.28: Cross sections of hub and hub ‘umbrella’, (a) Poly-3 hub ‘umbrella’, (b) Poly-4 hub ‘umbrella’
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Cross sectional SEM images of a gear, overlapping signal line, hub and Poly-4

hub ‘umbrella’, are shown in Figure 4.29. These images were provided using focused-

ion-beam milling. Figure 4.29 shows most of the hub ‘umbrella’, overlapping signal line,

and at least half of the gear. This is a solid 65µm diameter device and the gear is made

from a stack-up of Poly-1, Oxide-2, Poly-2, Oxide-3, and Poly-3. The overlapping Poly-4

signal line has the dimple cut applied to reduce the air gap. Figure 4.30 is a zoomed-in

view that more clearly shows the detail of this structure. (Measurements made under

SEM showed that the initial air gap produced by the dimple cut, was approximately

0.12µm. This is significantly less than the advertised 0.2µm for the dimple-4 cut and does

not seem to include any room for movement in the gear. The expected gap, including

vertical movement, was approximately 0.5µm or slightly less.)

Figure 4.29: Cross sectional SEM images of hub ‘umbrella’ structure - zoomed-out view
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Figure 4.30: Cross sectional SEM images of hub ‘umbrella’ structure - zoomed-in view

4.5 Removable Masking Layer Construction

The removable masking layers were constructed from a stack-up of polysilicon

layers with oxides trapped between each of these layers. The trapping of oxides layers

was intended to increase the rigidity of the masking layer, so that the stress induced by

CTE mismatches after the metal deposition would not cause bending. The masking layers

are the largest released structures on the chip. In addition, they have a long and narrow

shape, which makes them even more susceptible to the effect of stress. The longest

sections of the masking layer are 1500µm long, 50µm wide, and vary in thickness

depending on whether they were designed for a single metal deposition or a dual metal

deposition. Removable masks designed for a single metal deposition are from 10.3µm to

11.3µm thick, depending on the variation in the thickness of the oxide deposition. Shown

in Figure 4.31 are the layout and cross section views for a small piece of the masking

layer designed for a single metal deposition. This small piece was taken from the boxed-

in area shown in Figure 4.5(b). Figure 4.31(a) is the top view of the layout and Figure

4.31(b) is the cross sectional view made at the cut line in Figure 4.31(a).
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(a)

(b)

Figure 4.31: Masking layer for single metal deposition, (a) top view, (b) cross section view

In the case of removable masks designed for dual metal depositions, the upper

masking layer was designed to be thicker than the lower masking layer. The upper

masking layer regulates the deposition of the first or ‘thick’ metal deposition; therefore, it

was designed to be thicker than the lower masking layer. The upper masking layer will be

from 6µm to 6.5µm thick, and the lower masking layer will be approximately 1.8µm

thick. Again, the variation in the mask thickness depends on the amount of material

deposited. The deposition of Oxide-3 and Oxide-4 is ranged from 1.5µm to 2.0µm. The

thickness of polysilicon layers is not specified over a range, but polysilicon deposition

will also vary. All of the removable masking layers have dimples placed throughout their

underside. These dimples act as stand-offs that hold the mask above the chip surface,

providing unobstructed flow for the HF etch. In addition, the masking layers designed for

dual metal deposition have inter-mask dimples that hold the upper mask above the lower

mask, so that the HF can flow between the masking layers. The dual masking layer

design has offset etch holes, to insure that the first and second metal deposition do not

pattern through the same hole. This would only present a problem if the sum of the two

depositions were enough to fuse the lower mask to the surface of the chip. This would

require the sum of the two metal depositions to exceed 1.2µm. (This is an approximation,

since layer thickness varies.) Shown in Figure 4.32 are the layout and cross section views
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for a small piece of the masking layer designed for a dual metal deposition. These small

pieces were taken from the boxed-in areas shown in Figure 4.14(b,e). Figure 4.32(a) is

the top view of the layout for the lower mask and Figure 4.32(b) is the top view of the

layout for the combination of the lower and upper mask. Figure 4.32(c) is the cross

sectional view made at the cut lines in Figure 4.32(a,b).

(a)

(b)

(c)

Figure 4.32: Masking layer for dual metal deposition, (a) lower mask - top view, (b) both masks - top view,
(c) both masks - cross section view
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4.6 Mechanical Release Tabs

To make the mask removal process easy for the research prototype, a simple

mechanical device was designed. This device, referred to as a release tab, is designed to

hold the masking layer(s) in place during the HF etch bath and the metallization process.

After metallization, the release tab is physically actuated using a micro-manipulated

probe. The release tab uses a compound spring to hold itself in place, thereby, keeping

the masking layer attached to the chip and in within 1µm of its fabricated position. At one

end of the release tab is a 25µm by 25µm loop that is used to actuate the release tab. By

landing a micro-manipulated probe inside the loop and then sliding the loop forward, the

tab will slide off the mask. This allows the masking layer to be removed from the chip.

The front of the release tab has teeth on it that enable two springs to lock it in a forward

position, as the tab is slid forward. This ratcheting lock keeps the release tab from being

pulled back into the initial position, or ‘mask hold’ position, that secures the masking

layer to the chip. The ratcheting lock was design to release the masking layer if the tab

was slid forward past the third set of teeth. In practice, the tab was fully actuated past the

fourth set of teeth, and then was pulled back by the compound spring to rest on the fourth

set of teeth. Shown in Figure 4.33(a,b) are zoomed-in and cross section views of a portion

of the layout in Figure 4.5(c). These views show a corner of the masking layer and the

release tab. The illustrations in Figure 4.33 are for the release tab in the ‘mask hold’

position. The Poly-3 portion of the release tab is above the Poly-2/Poly-1 portion of the

masking layer. This keeps the masking layer from being removed from the chip. The

compound spring in the release tab is covered by the Poly-3 in the release tab and by a

layer of Poly-4. The Poly-4 protects the release tab from being contaminated during

metallization. Both the Poly-3 and Poly-4 that cover the compound spring have etch holes

(offset) to insure a clean etch for the spring.



134

(a)

(b)

Figure 4.33: Mechanical release tab in ‘mask hold’ position, (a) top view of layout, (b) cross section

Shown in Figure 4.34(a,b) are the same views of a corner of the masking layer

and the release tab as shown in Figure 4.33, except that the release tab has been actuated.

The illustrations in Figure 4.34 are for the release tab in the ‘mask release’ position. The

Poly-3 portion of the release tab has been slid so that it is not above the Poly-2/Poly-1

portion of the masking layer. This allows for the masking layer from being removed from

the chip. The actuation loop is made using all the mechanical layers to make it durable

and easy to grab with a probe.
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(a)

(b)

Figure 4.34: Mechanical release tab in ‘mask release’ position, (a) top view of layout, (b) cross section

The SEM images shown in Figure 4.35 illustrate the release tab in both the ‘mask

hold position’ and the ‘mask release’ position. The release tab in the bottom of Figure

4.35(a) shows a release tab in the ‘mask release’ position that was used to hold a single

masking layer in place. The two release tabs above the lower tab are in the ‘mask hold’

position. These release tabs are used to hold the two masking layers used in the dual

masking technique. The release tab in the middle of Figure 4.35(a) holds the upper

masking layer in place, and in the region around the release tab has a layer stack-up that

is identical to the masking layer used in the single masking technique. Therefore, the

views of the side of the release tab in the Figure 4.34 are identical to the layout and cross

sections views of Figure 4.33 and 4.34. Figure 4.35(b,c) show the back and front of the

release tab, in both the ‘mask hold’ and ‘mask release’ position.
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(a)

(b) (c)

Figure 4.35: Release tabs in ‘mask hold’ and ‘mask release’ position, (a) release tabs, (b) back, (c) front

Shown in Figure 4.36(a,b,c) are the layout views for the release tab, in the ‘mask

hold’ position, with all layers present, Poly-4 removed, and Poly-3 & Poly-4 removed,

respectively. Figure 4.37(a,b,c) show the layout views for the release tab, in the ‘mask

release’ position, with all layers present, Poly-4 removed, and Poly-3 & Poly-4 removed,

respectively.
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(a)

(b)

(c)

Figure 4.36: Release tab in ‘mask hold’ position, (a) all layers, (b) no Poly-4, (c) no Poly-3 & no Poly-4

(a)

(b)

(c)

Figure 4.37: Release tab in ‘mask release’ position, (a) all layers, (b) no Poly-4, (c) no Poly-3 & no Poly-4
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The SEM images shown in Figure 4.38(a,b) are of release tab viewed from the

front after mask removal. The release tab is fully actuated and locked by the fourth set of

teeth. Clearly visible in the zoomed-in SEM image of Figure 4.38(b) are the teeth and

springs that lock the tab in place. The SEM images in Figure 4.39(a,b) are of a released

tab viewed from the back after mask removal. The zoomed-in SEM image in Figure

4.39(b) shows the portion of the tab that holds the mask tucked under the Poly-4 that

shields the compound spring in the release tab mechanism.

(a) (b)

Figure 4.38: Front view SEM images of release tab, (a) release tab, (b) locking ratchet - spring & teeth

(a) (b)

Figure 4.39: Back view SEM images of release tab, (a) release tab, (b) portion of tab that holds mask
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4.7 Mask Removal - The Final Step

The final step in the integrated removable self-masking technique is the removal

of the masking layer(s). Mask removal is accomplished via sample inversion and

vibration/agitation. After the chip has been metallized and the release tabs have been

actuated, the chip is inverted. The chip is attached to a glass slide using double-sided

tape. This holds the chip in place so that it will not fall during inversion. While inverted

the masking layers fall from the chip surface. However, it is usually necessary to vibrate

or tap the back of the glass slide, for the masking layers to ‘release’ from the chip. Shown

in Figure 4.40, is a photograph that documents the first attempt to remove a masking

layer using this technique. This first attempt, on August 18, 2002, was successful, only

requiring a single tap on the back of the slide to free the masking layer. David Winick

witnessed the event and took the photograph. When the masking layers fall from the

surface, they reflect light, flickering, as they tumble down through the air.

Figure 4.40: First attempt to remove masking layer on August 18, 2002 (successful !)

The masking layer removal in Figure 4.40 was for an unmetallized sample. After

metallization, the procedure is identical. However, during one metallization run the

crucible ran low on gold and started to sputter small gold balls onto the chips inside the e-
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beam chamber. These gold balls varied in size from tens of nanometers to a few microns

in diameter. The surface of the chip was covered with these particles and when the

particles landed between a masking layer and an anchored structure, they fused the mask

to the chip. These masking layers had to be nudged with the probe, to break them free,

before they could be removed. This was not considered a problem, since it was caused by

a failure in the metallization step.

Shown below in Figure 4.41(a,b) are layout views for the entire chip, with and

without masking layers, respectively. As can be seen in this illustration, the masking

layers occupy significant area on the chip.

(a)

(b)

Figure 4.41: Layout views for entire chip, (a) with masking layers, (b) without masking layers
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4.8 Entire Chip View and the Rotation of a Metallized Device

The image in Figure 4.42 is of entire chip received from Sandia, before

metallization. The boxed region encloses the design that was submitted for fabrication.

Outside the boxed region, are process characterization structures that Sandia includes.

Some of the features are for making profilemeter measurements to determine layer

thickness and others are cantilever beams of varying length for measuring stress. The

images in Figure 4.43 show a metallzied device being rotated. This sequence was

previously show for a chip that had not been metallized and was included to show that a

device can be metallized using the removable masking technique, and then rotated.

Figure 4.42: Optical image of entire chip before metallization (not released)

Figure 4.43: Image sequence of metallized device being rotated from 0° to 90°
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Chapter 5 Simulation, Modeling, Measurements, and Discussion

This chapter discusses the simulation, modeling and measurement of the rotating MEMS

tunable capacitor. First, the part of the device that forms the tunable capacitor is

presented. Then a simplified parallel-plate capacitance equation is presented that gives an

estimate for the maximum capacitance (90° position). Device design curves produced

from the simplified equation are given as a way for quickly evaluating expected device

capacitance. Full-wave field analysis of the device-under-test (DUT) and CPW lines that

enable testing was performed using Ansoft’s High-Frequency Structure Simulator (HFSS

Version 7). The results of these simulations are presented so that trade-offs between

different device topologies may be examined. A model is built based on the simulations.

Finally, measurements on two devices are presented and a model is extracted and

compared to the measured data. In addition, any problems that were encountered, their

implications and solutions are presented.

5.1 Basic Device Structure & Simplified Equivalent Circuit Model

A simplified version of the device is shown in of Figure 5.1. Both the top and

cross sectional views are given to illustrate how two capacitors are formed between the

rotating gear and the overlapping signal plates. The rotating gear forms a parallel-plate

capacitor between the overlapping signal plates on each side of the device. The overlap

area is a function of the angular position of the gear, therefore, the capacitance changes

linearly with the angular position of the gear. These two capacitors vary by the same

amount and appear in series with the signal lines on each side of the device. Figure 5.1

shows where the device is metallized and where the variable capacitors are formed.

Shown in Figure 5.2 is an equivalent circuit that illustrates the two variable capacitors in

series between the signal lines that define Port 1 and Port 2 of the DUT.
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Figure 5.1: Top & cross sectional views to show how two capacitors are formed between the rotating gear and the
overlapping signal plates

Figure 5.2: Equivalent circuit for the two variable capacitors in series between Port 1 and Port 2 of the
device
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5.2 Simplified Capacitance Estimation

To establish a reasonable approximation for the maximum capacitance that can be

obtained given particular device size, Equation 1 was derived based on the simplified

structure shown in Figures 5.1 and 5.3. The important variables in Equation 5.1 are gear

diameter and the thickness of the air gap. Since Poly-3 and Poly-4 are both 2.25µm thick,

and are the only layers that may be used to construct the overlapping signal plate, this

dielectric thickness value is fixed. The center width is determined by the designer and is

assumed a constant. Therefore, given a particular gear diameter the only variable of

importance is the thickness of the air gap. The air gap thickness is determined by the

initial device air gap and the subsequent amount of metal deposited on the device. The

initial device air gap is determined by the sandwich of layers used to construct the gear

and whether or not the dimple-cut was applied to the overlapping polysilicon plates.

Table 3.1 in Chapter 3 summarizes the many possible variations in the initial air gap for a

device. The values range from 0.5µm to 3.8µm. Equation 5.1 was derived based on a

simple parallel-plate capacitor with two dielectric layers. The area was determined by

subtracting the ‘center width area’ from the total gear area. Since the overlapping plate

only cover 25% of the gear on each side of the device, the remaining area was multiplied

by 25%. The final form of the equation also considers that the two capacitors formed by

the overlapping areas appear in series between Port 1 and Port 2 of the DUT. This

reduces the total capacitance seen between Port 1 and Port 2 by 50%. The top and cross

sectional views in Figure 5.3 define the variables used in the derivation of Equation 5.1.
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Figure 5.3: Top & cross sectional views to show how two capacitors are formed between the rotating gear and the
overlapping signal plates – includes dimensional variables for Equation 5.1

Equation 5.1 can be used to quickly estimate the maximum capacitance that a

device of a particular diameter and/or topology can provide. This equation may also be

used to estimate the amount of metal that needs to be deposited for a given device

diameter and topology to yield a required capacitance. Shown in Figure 5.4(a,b) are plots

of maximum device capacitance for 65µm and 130µm diameter devices, respectively.

Both plots display the capacitance as a function of air gap after metallization. Device air

gap values range from 4nm to 4µm. This wide range was plotted to show how the

permittivity of the polysilicon dielectric (εR=11.9) dominates the device capacitance

when the air gap is small, and conversely how with large air gaps, the capacitance is

determined by the permittivity of the air in the gap (εR=1). These device diameters were

included on the chip that was fabricated.
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Figure 5.4: Maximum device capacitance as a function of post metallization air gap, (a) 65µm diameter
device, (b) 130µm diameter device

Shown in Figure 5.5(a,b) are plots of maximum capacitance as a function of post

metallization air gap for 290µm and 600µm diameter devices, respectively. Note that a

600µm diameter device has 1pF of capacitance with a 100nm post metallization air gap.



147

0

50

100

150

200

250

300

350

0.01 0.1 1 4
Device air gap after metallization [µm]

Capacitance
[fF]

(a)

0

500

1000

1500

0.01 0.1 1 4
Device air gap after metallization [µm]

Capacitance
[fF]

(b)

Figure 5.5: Maximum device capacitance as a function of post metallization air gap, (a) 290µm diameter device, (b)
600µm diameter device
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5.3 Full-Wave Simulation & Analysis of the Device

An important part of the design process involves rigorous simulation of any

device being considered. By using a full-wave field solver, an accurate estimate of device

performance is possible and design trade-offs can be better understood. All simulations

presented in this dissertation were conducted using Ansoft’s HFSS Version 7 [111].

Since it was necessary to run numerous simulations across device topology, device size,

and tunable capacitance values (i.e. angular position of the gear), structures were

generated using the HFSS macro language and simulations were executed by running

HFSS in batch mode.

Field solvers can be used to find solutions to problems that otherwise could not be

easily solved. By breaking the problem space into discrete volumes, a three-dimensional

field solver can accurately predict the electrical, mechanical, or thermal behavior for a

particular object. A common problem that occurs with the ‘discretization’ of the problem

space is that large differences in aspect ratio and/or very small features can produce a

very dense ‘tetrahedral mesh’. In the case of HFSS, the numeric engine finds the solution

by solving Maxwell’s Equations at all of the boundaries between these discrete volumes.

As the number of discrete volumes increases so does the solution time. Since a volume

defined by a tetrahedron has four sides, the number of boundaries that must be solved to

find the total solution for the problem, increases at a significantly faster rate. In addition,

the amount of memory space required to solve the problem grows at this faster rate. If

memory requirements exceed system memory (i.e. RAM) then solutions times will

become unreasonable since disk transfer rates and access times are orders of magnitude

slower than electronic memory. Given these limitations, mainly set by the processing

speed and amount of system memory in the computer solving the problem, it is important

to simplify the geometric representation of the problem so that reasonable simulation

times can be achieved. To reduce the complexity of the simulated structure, the following

features were omitted: the teeth on the gear, the linear rack, the rack guide, the teeth on

the rack, and all etch holes. Zoomed in wire frame and solid views from the HFSS
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modeler of a spoked device, set to 45°, are shown in Figure 5.6(a,b). The wire frame view

in Figure 5.6(a) shows how the periphery of the gear was approximated using a twenty-

four sided polygon. The hub umbrella was also included since it was metallized. The

solid view in Figure 5.6(b) shows were metal was included in the simulation.

(a)

(b)

Figure 5.6: Zoomed in views of a simulated structure from HFSS Modeler, (a) wire frame, (b) solid view
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Since numerous device topologies were designed by varying gear stack-up, gear

diameter, initial air gap thickness, and thickness of metal deposited, it was important to

implement an automatic method for generating the physical geometry for each problem.

Instead of simulating each distinct device topology exactly, assumptions were made that

allowed devices to be grouped by initial air gap and if the gear was spoked or solid. There

were six variations in initial air gap, produced by differences in the layers used in the

gear stack-up and/or the application of the dimple cut to the overlapping signal plates.

Then two additional devices used spoked gears. Summarized in Table 3.1 of Chapter 3

are the unique device variations that were simulated in HFSS. (Table 3.1 lists fifteen

device topologies, but there are only six variations in initial air gap and two additional

versions of spoked devices.) These eight types of devices were simulated at three different

gear diameters (65µm, 130µm, & 290µm). Each combination of device topology and size

was simulated at seven different capacitance values by rotating the gear from the 0°

position to the 90° position in 15° increments. To predict how device characteristics are

affected by the amount of metal deposited, each of these problems was solved for metal

depositions of 100nm, 250nm, and 400nm. Increased metal deposition will decrease the

resistance of the device and signal path. It will also reduce the air gap, thereby, increasing

device capacitance. All of the variations produced 504 different problems that needed to

be solved. The Scattering Parameters were solved by performing discrete solutions at

twenty-one frequencies from 1GHz to 40GHz, in each of the 504 simulations. By

performing discrete solutions, (i.e. avoiding the use of the fast sweep option in HFSS) a

more accurate estimate of device behavior was achieved. Initially, a comparison of each

solution method was performed and the differences between the fast and discrete sweep

solutions indicated that the fast sweep method, though mush faster, did produce

significant error relative to the discrete method. Using the discrete frequency stepping

method increases simulation time because a new problem is solved for each frequency.

The discrete solutions at twenty-one different frequencies for 504 devices variations

pushed the total number of simulations to 10,584. Conductivity and permittivity for the
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materials in the simulations were defined using data from Sandia. The loss tangent for the

silicon substrate was set to 0.005.

Since it is practically impossible to solve this many problems manually, it was

important to engineer a method for automating this process. The generation of such a

large number of experiments requires the use of a scripting language to define the

physical structure. In addition, for each problem the material properties have to be

specified, ports must be defined, simulation parameters set, and the results deembedded.

This was accomplished by using the macro language in HFSS. After the scripts had

defined the physical structures to be simulated, batch files were used to execute the HFSS

simulations using the macro language. The total time required for setting up this run of

simulations was approximately two weeks, and the 10,584 simulations took six days on a

PC clone with dual 1GHz Pentium-III processors and 2GB of PC-133 RAM. (The version

of HFSS used for these simulations was not compiled to take advantage of the second

processor.) Previously, a similar set of simulations had been run, so there was a

considerable amount a preexisting code that was used to generate the structure and

execute the simulations.

Making accurate measurements of the device is important; therefore, the

simulated structure needs to be representative of the measured structure. All actual device

measurements were conducted using a HP 8510C Network Analyzer connected to the

DUT through high-frequency ground-signal-ground (GSG) probes. Previous illustrations

show the coplanar waveguide test fixture that was used in simulation and measurement.

Lab measurements were performed using a two-port definition of the system, just as the

simulations were conducted. Before results were written to file for later analysis, the

simulated Scattering Parameters were deembedded so that effects of the coplanar

waveguide could be removed. Shown in Figure 5.7(a), is an example of the simulated

structure with port definitions. Figure 5.7(b) illustrates how each simulation was

deembedded in HFSS. HFSS allows the solution to be deembedded a specified amount

‘into’ the ports of the structure. The deembedded Scattering Parameters (S-Parameters)

were used to build an equivalent circuit model for the rotating tunable capacitor.
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(a) (b)

Figure 5.7: Structure simulated in HFSS, (a) device & CPW lines, (b) illustration of deembedding in HFSS

5.3.1 Device Modeling & Extraction based on HFSS Simulations

The deembedded S-Parameters from HFSS were evaluated using Matlab for each

device. The goal was to build an accurate equivalent circuit model for the device so that

expected performance could be evaluated and potential applications considered.

Given the structure of the device and prior experience in modeling MEMS

capacitors from both the SUMMiT and MUMPs processes, a simple π-model was chosen

as an electrical equivalent. Devices examined before were vertically displacing pistons

and have been extensively modeled and measured. Though the rotating devices are very

different in mechanical operation, they are very similar electrically and modeling of the

previous designs has shown that the π-model captures the electrical behavior quite well.

To build a π-model for the device, the deembedded Scattering Parameters are first

converted into ABCD parameters [112,113]. ABCD Parameters are sometimes referred to

as Cascade Parameters, Chain Parameters, or T-Parameters. The π-model is shown in

Figure 5.8 has admittance elements that are easily calculated from the ABCD Parameters

(see Appendix A). The series element in the model, YD, represents the admittance of the

MEMS tunable capacitor. The shunting elements at each port, YS, represent the parasitic

Port 1 Port 2 Port 1 Port 2
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admittance at the input and output of the device. Due to symmetry, these shunting

elements will have the same value.

Figure 5.8: Equivalent π-model for MEMS tunable capacitor

The π-model is simple enough to allow for the solution of each admittance value,

or impedance value, to be determined algebraically using the two-port S Parameters

[112,113]. (The mathematics required to determine each admittance value is presented in

Appendix B.) This has the advantage of not requiring model fitting, by iteration, using a

circuit modeling tool. Software such as Agilent’s ADS will find the best fit for a

particular model when given a set of S Parameters. ADS can use iterative, genetic, least

squares, or many other algorithms to find the optimal fit.

Each of these admittance elements includes a resistor and capacitor in series. To

calculate the model values, the admittance values are converted into impedance values

and then the Real and Imaginary parts are evaluated to determine the value of each

resistor and capacitor, respectively. It was found that resistance values extracted at the

higher frequencies in the simulation were less noisy and provided a better fit for the

model. This is due to the fact the capacitive reactance dominates the total impedance for

the individual RC networks at low frequencies and, therefore, causes the phase angle of

each individual RC network approach -90°. The extraction of capacitance values

followed a similar trend, though not nearly as sensitive, but the best fit for the model was

found by using the capacitance values obtained from the lower frequencies in the

simulation. (If the simulated frequency range had gone higher, the same difficulty in

YS YS

YD

Port 1 Port 2Device

Shunting parasitics
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extraction would have occurred at higher frequencies for capacitive values, as the phase

angle for a given RC network would begin to approach 0°.) Figure 5.9(a,b) show the

complete equivalent circuit model for the rotating MEMS tunable capacitor. Figure 5.9(a)

leaves the two capacitors separate and in their respective positions. Figure 5.9(b) reduces

the two capacitors into a single capacitor. It was found that the resistance of the device

was a function of the angular position of the gear. This is not surprising when

consideration is given to how the conduction path across the gear changes with angular

position. The shunting parasitics were extracted using the same approach; expect that

their value was determined by averaging it across the different gear positions. The

shunting parasitics were essentially constant with gear position.

(a)

(b)

Figure 5.9: Equivalent Circuit Model for Rotating Tunable MEMS Capacitor, (a) both device capacitors
shown, (b) device capacitors combined and model elements labeled

The equivalent circuit model of Figure 5.9(b) includes labels for each individual

element in the circuit. The device capacitance and its series resistance are represented by

Port 1 Port 2Device

Shunting parasitics

Port 1 Port 2Device

Shunting parasitics

CS

RS

CS

RS

CD RD
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CD and RD, respectively. The resistance RD models the conductive losses of the metal

layers, and any other loss mechanisms (e.g. losses due to the conductivity of the

polysilicon dielectric). The shunting parasitic capacitance and its equivalent series

resistance are represented by CS and RS, respectively. The resistance, RS, models the

dielectric losses of parasitic capacitance. Due to symmetry, the shunting elements are

identical on each side.

After comparison of the modeled and simulated device S Parameters, the

equivalent π-model was found to be the simplest model (i.e. minimum number of circuit

elements) to accurately predict the high frequency, two-port, electrical behavior of the

rotating tunable MEMS capacitor. The removal of any single element produced

significant error in the correlation between the model and simulation.

5.3.2 Comparison of Extracted Model and HFSS Simulations

The correlation between the extracted model and the HFSS simulation will be

presented for one device. The simulated device being examined has a solid gear with a

diameter of 130µm, the dimple cut applied to the overlapping plates, and 100nm of gold

deposited on the gear and CPW lines. This device has an initial air gap of 0.5µm;

therefore, the air gap will be reduced to 0.4µm after metal deposition. Table 5.1 shows

the extracted values for each element in the model as a function of gear position.

Table 5.1: Equivalent circuit model values extracted from HFSS simulations for solid 130µm diameter gear
with the dimple cut applied to the overlapping plates, and 100nm of gold deposited on gear and CPW lines

Angular Position of Solid 130µm Gear (with Dimple Cut in CPW plate)Model
Element 0° 15° 30° 45° 60° 75° 90°

CD 8.0 fF 9.5 fF 11.5 fF 14.8 fF 17.5 fF 20.4 fF 23.0 fF
RD 3.3 Ω 2.7 Ω 2.4 Ω 1.8 Ω 1.4 Ω 1.3 Ω 1.2 Ω
CS 6.5 fF
RS 11.0 Ω
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To evaluate the accuracy of the extracted model relative to the HFSS simulations,

the Scattering Parameter, S21, for the equivalent circuit model of Figure 5.9(b) and the

HFSS simulation are compared in Figure 5.10 and Figure 5.11. The magnitude of S21 is

plotted in Figure 5.10 and phase response is plotted in Figure 5.11. The solid lines in

Figure 5.10 and Figure 5.11 are the response curves for the HFSS simulations at the

simulated gear positions, while the dashed lines represent the response of the equivalent

circuit using the extracted model values at the same gear positions. The response curves

for the equivalent model plotted in Figure 5.10 and Figure 5.11 use the extracted model

values of Table 5.1. The angular position for the gear is compared from 0° to 90° in 15°

increments. The angular position of the gear is indicated for the outer response curves.

Between the 0° and 90° curves are curves for the 30°, 45°, 60°, and 75° gear positions.
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Figure 5.10: Magnitude of S21 compared between HFSS simulation and extracted model - gear positons from 0° to 90°
in 15° increments
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Figure 5.11: Phase of S21 compared between HFSS simulation and extracted model - gear positons from 0° to 90° in
15° increments

The correlation between the extracted model and the HFSS simulations show that

this method of element extraction provides a simple and accurate technique for building

an equivalent circuit for the rotating MEMS tunable capacitor. The error at any frequency

for the magnitude response of the model is less than 0.5dB, and typically less than 0.2dB.

The error at any frequency for the phase response of the model is less than 3°, and

typically less than 1°. This is an exceptional model considering that it is a simple lumped

equivalent using only six linear passive components. In addition, this lumped model

correlates well over a broad frequency range at very high frequencies.

The device capacitance extracted from the HFSS simulations, for the rotating

MEMS tunable capacitor, is plotted verses the angular position of the gear in Figure 5.12.

The capacitance of the gear behaves as anticipated. It changes in a linear manner

throughout the entire tuning range. There is some error in the line between the minimum

and maximum values. However, small changes in the frequency chosen for model
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extraction will cause the values to ‘jitter’ slightly around the straight-line value between

minimum and maximum tuning capacitance.
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Figure 5.12: Device capacitance extracted from HFSS simulations - gear positions from 0° to 90° in 15°
increments

Also of interest is how the extracted resistance changes with the angular position

of the gear. As the gear capacitance increases, its equivalent series resistance decreases.

The device resistance at the 90° is close to the value that would be estimated based on a

100nm thick deposition of gold on the device and CPW lines.
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Figure 5.13: Device resistance extracted from HFSS simulations - gear positions from 0° to 90° in 15° increments
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A comparison of estimates to extracted values gives similar results. For the device

presented in Table 5.1, basic calculations predict that the equivalent series resistance and

capacitance for the 90° position are, RD ~ 1Ω and CD = 22fF. The resistance was

estimated by dividing the gear into five separate sheets and calculating the equivalent

resistance of each sheet. The capacitance estimate was done by calculating the overlap

area and considering both the polysilicon and air as dielectric material (see Equation 5.1).

The extracted values from HFSS were, RD = 1.2Ω and CD = 23fF. The difference between

the two estimates was 20% for the resistance and 4% for the capacitance. The error in the

resistance calculation is to be expected given the difficulty in of estimate, since the

conduction path varies over a large area. Some charge flows through a longer path than

other. The difference in the capacitance estimate is the result of fringing.

5.3.3 Summary of Extracted Equivalent Model Element Values

Equivalent models were extracted for all of the HFSS simulations. The extracted

device capacitance values for a solid 130µm diameter gear with the dimple cut applied to

the overlapping CPW signal plate are presented in Table 5.2. These values are for devices

made by overlapping either dimpled Poly-4 or dimpled Poly-3 signal plates that result in

an initial air gap of 0.5µm or 0.7µm, respectively. Simulations were performed for metal

depositions of 100nm, 250nm, and 400nm. Extracted capacitance values are summarized

for gear positions from 0° to 90° in 15° increments, and the overall tuning ratio is stated.

Table 5.2: Device capacitance (CD) and tuning ratio extracted from HFSS simulations for solid 130µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments
(This data is for the solid gear with the dimple cut applied to the overlapping CPW signal plate.)

Angular Position of Solid 130µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 8.0 fF 9.5 fF 11.5 fF 14.8 fF 17.5 fF 20.4 fF 23.0 fF 2.9:1
250nm 9.2 fF 10.5 fF 15.9 fF 18.0 fF 22.2 fF 27.3 fF 29.6 fF 3.2:10.5µm
400nm 9.8 fF 14.4 fF 19.8 fF 25.1 fF 35.7 fF 40.0 fF 45.1 fF 4.6:1
100nm 6.6 fF 7.0 fF 8.7 fF 10.9 fF 14.0 fF 15.4 fF 17.4 fF 2.7:1
250nm 6.9 fF 7.9 fF 11.7 fF 12.9 fF 15.5 fF 18.5 fF 20.4 fF 3.0:10.7µm
400nm 7.4 fF 9.0 fF 12.1 fF 15.8 fF 19.7 fF 22.7 fF 25.9 fF 3.5:1
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Also of interest is the equivalent series resistance that was extracted for the

device. Table 5.3 presents the extracted device resistance for the same devices

summarized in Table 5.2. As would be expected the device resistance decreases as the

amount of metal deposited increases.

Table 5.3: Device resistance (RD) extracted from HFSS simulations for solid 130µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments (this data is for the
solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 130µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 3.3 Ω 2.7 Ω 2.4 Ω 1.8 Ω 1.4 Ω 1.3 Ω 1.2 Ω
250nm 3.0 Ω 2.0 Ω 1.9 Ω 1.6 Ω 1.3 Ω 1.2 Ω 1.0 Ω0.5µm
400nm 3.1 Ω 2.1 Ω 1.8 Ω 1.4 Ω 1.1 Ω 1.0 Ω 0.85 Ω
100nm 3.8 Ω 3.7 Ω 3.0 Ω 2.6 Ω 2.0 Ω 1.6 Ω 1.4 Ω
250nm 4.0 Ω 3.5 Ω 2.1 Ω 2.1 Ω 1.8 Ω 1.5 Ω 1.4 Ω0.7µm
400nm 3.7 Ω 3.3 Ω 2.3 Ω 1.9 Ω 1.5 Ω 1.4 Ω 1.2 Ω

To complete the equivalent model the shunting parasitic capacitance must be

extracted. This capacitance includes an equivalent series resistance and both values are

summarized in Table 5.4. These values do not change with the angular position of the

gear, and only vary slightly with metal deposition.

Table 5.4: Shunting parasitics (RS & CS) extracted from HFSS simulations for solid 130µm diameter gear
with various metal depositions, valid for all angular positions of gear (this data is for the solid gear with the
dimple cut applied to the overlapping CPW signal plate)

Initial
Air gap

Metal
Thickness

Shunting parasitic element values for 130µm diameter solid
gear with dimple cut applied to overlapping CPW signal plate

100nm RS = 11 Ω CS = 6.5 fF
250nm RS = 9.9 Ω CS = 6.8 fF0.5µm
400nm RS = 9.7 Ω CS = 6.8 fF
100nm RS = 12 Ω CS = 6.4 fF
250nm RS = 10 Ω CS = 7.0 fF0.7µm
400nm RS = 8.5 Ω CS = 7.3 fF

The results for all devices are summarized in a similar manner in the Tables of

Appendix C. These tables present the extracted equivalent circuit model element values

for the exhaustive suite of HFSS simulations. The data in the Tables of Appendix C are



161

organized by device topology and the initial air gap of the device. For clarity, Table 3.1

in Chapter 3 should be used as a cross-reference to determine the exact device being

modeled.

Also, worth consideration is extended the model to include inductive effects. The

width of the conduction path changes with the angular position of the gear, therefore,

producing an inductance that is a function of the angular position of the gear. A brief

summary of extracted values, for one device, are shown in Appendix F.

5.4 Basic Measurement Results, Fixes, and Modifications to Test
Structures

All high frequency measurements were made with a Hewlett Packard 8510C

Network Analyzer using GSG Model 40A PicoProbes, with a 150µm pitch, made by

GGB Industries. The GSG model 40A probes are capable of injecting or detecting signals

from DC to 40GHz. However, the HP 8510C Network Analyzer is only capable of

characterizing a network from 45MHz to 26.5GHz. Measured data presented in this

dissertation covers the frequency range of 2.6GHz to 26.5Ghz. All 2-port measurements

were conducted with the network analyzer set to ‘step’ mode during the frequency sweep.

This forces the network analyzer to discretely step to each measurement frequency. By

default, the network analyzer uses ‘ramp’ mode for the frequency sweep. When using

ramp mode, the total measurement time is less; however, since the source is not phase

locked at each measurement there is the potential for error in the phase of the

measurement. The magnitude is not affected by using ramp mode. Since the phase

information is very important when extracting small resistance and capacitance values

accurately, it was important that ‘step’ mode be used instead of ‘ramp” mode for the

frequency sweep.

The following sections present and discuss the benefits of the integrated

removable self-masking technique for patterning metal, any fixes or alterations to test

structures that were necessary, the measured results, and the extracted model element

values. Then a brief discussion of competing devices and technologies will follow.
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5.4.1 Benefits of Regulated Multi-Layer Metallization in a Polysilicon
only Surface Micro-Machined Process

Metallization has many benefits in a polysilicon only process. First, the addition

of a metal layer allows low-loss signal conductors to be constructed. Sandia is currently

working to include a single metal layer that is added on the top surface of the last

mechanical polysilicon layer, Poly-4. The metallization technique presented in this

dissertation has the ability to do this and is not limited to the last layer, Poly-4. Metal

may be deposited on the upper surface of any layer, both polysilicon layers and the

nitride layer on the surface of the substrate. The ability to deposit metal(s) on more than

one layer enables a device like the rotating tunable capacitor to be constructed.

The advantages of a regulated metal deposition and the ability to deposit metal on

multiple layers were exploited in this research. Figure 5.14 illustrates the benefits of the

integrated removable self-masking technique for metallization. Shown in Figure 5.14 are

the scattering parameters for a device and the CPW lines that the feed the GSG probes

connected to the network analyzer. The curve in the lower portion of Figure 5.14 is the

|S21| measurement for a unmetallized 130µm solid gear with the dimple cut applied to the

overlapping CPW signal plate. This single measurement is valid for all gear positions

since the gear is solid and unmetallized. (This was verified by moving the device during

the measurement.) A spoked device shows a slight change in |S21| without metallization.

This is mainly due to the fact that the gear has large sections removed and the polysilicon

is heavily doped in the SUMMiT process. The response curve for the unmetallized device

ranges from -40dB to -16dB across the measured frequency range and has an easily

noticeable noise content. The response curves for the metallized device show |S21| for

various gear positions. The metallized response curves are in the upper portion of Figure

5.14 and, depending on the position of the gear, range from -22dB/-26dB to -6dB/-10dB

across the measurement spectrum. Figure 5.14 clearly shows the advantage having low-

loss signal conductors and the benefits of metallization on multiple layers.
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Figure 5.14: Benefits of Multi-Layer Metallization, shown are |S21| unmetallized (1), and metallized (5)

5.4.2 Focused-Ion-Beam ‘Fixes’ Required due to Surface Topography

An issue that was considered, but not adequately anticipated was the severity of

surface topography due to conformal deposition of each polysilicon layer. When

designing the CPW lines that feed each device an early design decision was made to

make the oxide cut, anchoring polysilicon layers together, 5µm wide. This choice was

made based on an older value for the thickness of Poly-3 and Poly-4 and set to be as wide

as possible without causing surface topography. This design decision was checked using

the cross-sectional tool in Cadence that was developed at NCSU. It is now known that the

cross-sectional tool in Cadence does not correctly predict the conformality of polysilicon

layers and the resulting surface topography in the SUMMiT process. Based on

observations of smaller oxide cuts used to make anchors, it should be noted that the

minimum width for oxide cuts should be used if minimal surface topography is important
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in a particular design. If there are concerns with anchor strength, then multiple anchoring

‘strips’ should be placed side-by-side with adequate spacing. The minimum spacing may

be sufficient, but additional displacement will only have positive results on minimizing

surface topography. However, increasing the spacing quickly produces diminishing

returns. Another issue was that Sandia changed the thickness of Poly-3 and Poly-4 to

2.25µm, and this design decision was not revised based on the new information.

However, even adjusting for this small change would still have produced unacceptable

surface topography in the designs. All CPW lines on the test chip were affected by this

problem. Figure 5.15 shows a device and the CPW lines with the anchoring strips

indicated. Locations for the cross sectional views of Figure 5.16 and 5.17 are also

included in Figure 5.15.

Figure 5.15: Test structure and DUT with anchoring strips indicated & cut line locations for cross section

In the cross sectional views of Figure 5.16 and Figure 5.17, there is a smaller

amount of surface topography illustrated. This crude estimate produced by the cross-

sectional tool in Cadence is not a good estimate of the resulting topography, as will be

shown in the SEM images that were taken. The ‘trench’ or ‘moat’ produced by the

anchoring of polysilicon in the CPW line is even visible in optical images.

Valid cut locations for cross sectional view

Anchoring strips



165

Figure 5.16: Cross sectional view of CPW line with Poly-3 as the top layer (note: not to scale)

Figure 5.17: Cross sectional view of CPW line with Poly-4 as the top layer (note: not to scale)

The impact of this design decision was almost detrimental to the progress of this

research. The problem arises when depositing metal on the chip. It is important that the

signal path from the probe pads to the device be low-loss. This is to be expected with any

significant metal deposition, given that the CPW lines were intended to provide a flat and

unobstructed surface from probe to device. However, the trenches produce a ‘break’ in

the signal line, just before the device. This ‘break’ is not filled by the metallization and

introduces a high-resistance on each side of the device. Thus making it very difficult,

practically impossible, to measure the performance of any devices. The surface

topography that resulted from the trench in Poly-3 caused the trench in Poly-4 to be even

deeper. In addition, the trench in Poly-4 has lateral aretes that caused the trench to be

undercut. This undercut feature further complicates the metal deposition process, by

shadowing the metal. Figure 5.18 shows some examples of the trench produce by

anchoring in the CPW line.
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(a) (b)

Figure 5.18: Examples of the ‘trench’ produce by anchoring in CPW line, (a) SEM image, (b) optical image

One solution considered to alleviate this problem was the use of a focused-ion-

beam (FIB) to deposit platinum in the trench. Also, under question was the shape of

trench. Cross section cuts were made using the FIB so that it could be fully examined.

Figure 5.19(a,b) show cross sections of the trench in both a Poly-3 CPW line and a Poly-

4 CPW line, respectively.

(a) (b)

Figure 5.19: SEM cross sections of ‘trench’ in CPW line, (a) Poly-3 CPW, (b) Poly-4 CPW line
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Shown in Figure 5.20 is a cross sectional SEM image of a ‘trench’ in a Poly-4

CPW line after it has been filled with platinum using a focused-ion-beam. Also visible

are the small lateral aretes that produced an undercut area. Fortunately, the platinum fill

was able to fix the conductivity ‘break’ on each side of the device.

Figure 5.20: SEM cross section of ‘trench’ in Poly-4 CPW line after platinum fill from focused-ion-beam

Previously shown in Figure 5.14 were the |S21| measurements for a device, before

and after metallization. In the post metallization case (five curves), the trench had been

filled with platinum. Before the platinum fill the change in device capacitance was

virtually undetectable. The large resistance introduced by the ‘break’ on each side of the

device dominated the measurement. It was thought that only the series resistance of the

polysilicon would be seen across each gap. Given the high doping of the polysilicon this

resistance should have only been a few ohms. However, when making DC resistance

measurements, it was determined that the native oxide that formed on the surface of the

polysilicon kept the deposited metal from making any electrical connection with the

underlying polysilicon. To measure the DC resistance of unmetallized signal lines, it was

Platinum fill
from FIB

Lateral arete
in Poly-4
that caused
undercut
area
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necessary to apply significant force with each probe so that the probe would penetrate the

native oxide on the surface of the polysilicon. Figure 5.21 shows the impact of the trench

on each side of the device after metallization. Included are the response curves of a

device before metallization and response curves after metallization and platinum fill. The

response curves after metallization, but before the platinum fill, show an improvement of

only 1dB to 3dB over the unmetallized case, at most frequencies. This is due to the

decreased losses, after metallization, in the CPW signal line up to the point where the

‘trench’ occurs on each side of the device. (There are points at the lowest frequencies

where the improvement is higher.) There are two response curves shown for the case of

metallized without platinum fill. These response curves are for the gear rotated to the 45°

and 90° position. As mentioned before, this is caused by the high-resistance that occurs

from the break in conductivity caused by the trench on each side of the device. This

resistance dominates the measurement, making the change in capacitance virtually

undetectable.
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Figure 5.21: Impact of ‘trenches’ before platinum (PT) fill, shown are |S21| unmetallized (1), metallized no
PT fill (2), metallized + PT fill (5)
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5.5 Structures for Deembedding the Test Fixture

To accurately characterize any device under test, it is important to remove the

effects of the system making the measurement. This includes the cables used to connect

the test equipment to probes and the ‘signal plumbing’ that is used to interface the probes

to the DUT. Typically, the test fixture is measured without the device in place. This

allows the parasitic loading of the test fixture to be removed from the measurement of the

device. Two measurements are needed when using this technique, one measurement of

the ‘open-line’ test fixture, and another measurement of the test fixture with the device in

place. However, if the measurement frequencies are sufficiently high, or the length of the

‘signal plumbing’ that is used to interface the probes to the DUT is long relative to the

shortest wavelength being inject during testing, then a more advanced technique should

be used to remove the effects of the test fixture. A technique that works well at high

frequencies is referred to as the ‘improved deembedding technique’ [114]. In this

technique, two test fixtures are required, an ‘open-line’ test fixture and a ‘thru-line’ test

fixture. In the ‘thru-line’ test fixture the device is removed and replaced by a short circuit

between each test port. The ‘thru-line’ test fixture allows for the ‘phase rotation’ that

occurs at high frequencies to be removed from measurement of the DUT. This ‘phase

rotation’ can be thought of as the time delay due to the length of the interconnect, or the

distributed inductance of the ‘signal plumbing’. This technique requires three sets of S

Parameters measurements, the ‘open-line’ test fixture, a ‘thru-line test fixture, and a test

fixture with DUT. Shown in Figure 5.22(a,b,c) are the layouts for the ‘open-line’ test

fixture, a ‘thru-line’ test fixture, and a test fixture with DUT, respectively. The

mathematics used in deembedding the device characteristics only requires a simple

algebraic solution using the S Parameters from the three measurements. Before

deembedding the S Parameters are converted into Y parameters (see Appendix A). The

equations used to solve for the deembedded S Parameters of the DUT using these

measurements are presented in Appendix D.
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(a)

(b)

(c)

Figure 5.22: Deembedding test fixtures, (a) ‘open-line’, (b) ‘thru-line’, & (c) device under test (DUT)
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5.5.1 Modifications to the ‘Open-Line’ Deembedding Structure

During the measurement and deembedding process, the deembedded values for

the shunting parasitics produced invalid values. The deembedded shunting capacitance

values were far too small and often negative. The deembedded equivalent series

resistance, for the shunting capacitor, had values that ranged from negative to positive

across thousands of ohms. Clearly, these values were erroneous.

After examining the differences between how the deembedding process works in

HFSS and comparing that to how measured data is deembedded, a possible source for the

error was determined. In HFSS, the DUT is deembedded by moving the reference planes

into the experiment. This is not the case for the measured data. As explained in the

previous section, the measured data is deembedded by using measurements of ‘open-line’

and ‘thru-line’ test fixtures. If S parameters had been collected for ‘open-line’ and ‘thru-

line’ structures in the HFSS simulations, and then deembedded in the same manner as the

measured data, instead of moving the reference planes, then a more accurate comparison

could have been made. However, given that this would remove the shunting capacitance

contributed by the overlapping metallized CPW signal plates from the device, a different

approach was implemented.

Shown previously in Figure 5.7(b) is an illustration of how the deembedding

process in HFSS works by moving the reference planes closer to the device. As can be

seen in Figure 5.7(b) the overlapping metallized CPW signal plates, that form the ‘fixed’

upper plate of rotating capacitor, are still included in the structure that is deembedded.

What was needed was the ability to make a nearly identical ‘open-line’ test fixture for

deembedding the measured data. However, another chip run was completely out of the

question. The idea that solved this dilemma was quite simple. Since the overlapping

CPW signal plate was only anchored to the chip surface on one side, it was possible to

break this piece and make an ‘open-line’ deembedding structure almost identical to the

method of moving reference planes. This modification to the ‘open-line’ deembedding

test fixture was made by using a micro-manipulated probe to ‘break-off’ the overlapping
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CPW signal plates and remove them. The same anchoring process that caused the

trenches in the signal lines formed a perfect ‘break-line’, almost as if the sample had been

scored. Shown in Figure 5.23(a,b,c) are the normal ‘open-line’ test fixture, the removal of

the overlapping plate using a micro-manipulated probe, and the modified ‘open-line’ test

fixture, respectively. The modified ‘open-line’ test fixture allows the shunting parasites

of the model to be deembedded using nearly identical physical structures. Figure 5.24

shows the modified ‘open-line’ test fixture being measured with 150µm pitch GSG

probes landed on each port.

(a) (b) (c)

Figure 5.23: Modifications to ‘open-line’ deembedding test fixture, (a) normal ‘open-line’ test fixture,
(b) removal of the overlapping plate using micro-manipulated probe, (c) modified ‘open-line’ test fixture

Figure 5.24: Modified ‘open-line’ test fixture being measured with GSG probes landed on each port



173

5.6 Detailed Measurement Results and Equivalent Circuit Modeling

Given the high cost of the FIB work needed to fill the trenches with platinum,

only a small set of experiments were fixed. The measured results of two devices are

presented in this section. One device was solid with the dimple cut applied to the

overlapping CPW signal plate, and the other was spoked. Both devices reported were

130µm in diameter and had 250nm of metal deposited on them. The metal deposition was

a titanium (Ti) and Gold (Au) combination. First, a 10nm layer of titanium was

deposited. Titanium acts as an adhesion layer between the polysilicon and gold. Then

240nm of gold was deposited on top of the titanium. All metal depositions were

preformed using electron-beam deposition.

Model extraction was done by deembedding the S Parameters of the device using

the ‘improved deembedding technique’ discussed earlier and presented in Appendix D

[114]. Then the deembedded S Parameters were used to extract an equivalent circuit

model using the same techniques that were applied in the modeling of the simulated

structure discussed earlier and presented in Appendix B. The equivalent circuit model

used for the measured data has the same lumped elements as the model of Figure 5.9(b),

and is shown below in Figure 5.25. As in the case of building a model for the simulated

structure, the model for the measured data uses only linear passive elements.

Figure 5.25: Equivalent Circuit Model for Rotating Tunable MEMS Capacitor

Port 1 Port 2Device

Shunting parasitics

CS

RS

CS

RS

CD RD
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5.6.1 Equivalent Circuit Modeling for a Solid 130µµµµm Diameter Gear -

Initial Values

The first device to be modeled had a solid 130µm diameter gear made from a

stack of Poly-1, Oxide-2, Poly-2, Oxide-3, and Poly-3. This device also had the dimple

cut applied to the overlapping Poly-4 signal plate. The extraction of capacitance values

from the measured data produced values in the antipated range. The capacitance values

correlate better as the gear’s angular position approachs 90°, but deviate as the gear’s

angular position approachs 0°. This yielded a reduced the tuning ratio for the meaured

device. It is likely that the difference in capacitance is due to simplifications and/or

assumptions about the structure that was simulated in HFSS. Simulating the entire

structure would have been impossible, given its complexity. Including the details of the

entire strucutre would increase the capacitance of the device in a manner that would

reduce the tuning ratio. By added a parasitic capacitance with a value that is constant

(independent of the gear’s angular position) this behavior could be explained. Also of

concern is the behavior of the highly doped polysilicon.

In building the equivalent circuit model, ADS was used to optimize the model

element values to obtain a best fit when compared to the measurment. An interesting

observation was how the values of the extracted capacitance varied slightly depending on

the frequency choosen for extraction. Using the extracted values at any single frequency

might fit for a paritcular gear position, but then the fit would not be good for other gear

positions. By choosing a slightly different frequency for model element extraction

(maybe only a 130Mhz different), a better fit could be obtained at a gear position that

previously did not match the measurement. However, there would then be a difference

between the measurment and the model, that previously might have been acceptable for a

particular gear position. This behavior is to be expected given that this is a measurement

of real data and there is noise. Another factor that introduces noise occurs in the

deembedded S Parameters. Since these S Parameters are the mathematical result of three

idependent measurements, the noise in these measurements can constructively or
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deconstructively interfere differently at each frequency. In addition, because of the small

capacitance value in series between each port of the network analyzer, the received signal

at either port is highly attenuated. The attenuation is espically large for the ‘open-line’

deembedding test fixture. It was found that the extacted values for capacitance changed

inside a small range, depending on the extraction frequency, for each gear position. The

variation was about +/- 5% around the average for the extracted capacitance at each gear

position. Given the understanding of how noise in the measurments and the deembedding

process can produce this behavior, the value inside each range that gave the best fit

between the measurement and model were choosen using ADS. The shunting parasitic

capacitance also exhibits this oscilatory behavior. However, the extracted value changes

ranged from 11fF to 28fF (typcially 16fF to 23fF) around the average value, for all gear

positions. Though this seems like a signifigant change it must be realized that this is the

‘delta’ is across many different frequencies and gear positions. Because the shunting

parasitic is modeled as a constant, it must be considered across both frequency and gear

angular position. (The device capacitance, CD, was considered separately for each gear

position.) All of the capacitors in the equivalent circuit model that were extracted from

the measured data are summazied in Table 5.5.

Table 5.5: Range of extracted capacitance’s for equivalent circuit model shown in Figure 5.25

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW Plate)
Model Element

10° 20° 40° 60° 90°
Extracted Range - CD 29 - 32 fF 34 - 37 fF 39 - 43 fF 46 - 50 fF 52 - 58 fF
Extracted Range - CS 11 - 28 fF (typically 16 - 23 fF)

(Note: Device values (i.e CD) are ranged over frequency for each gear positon. Shunting parasitic values (i.e CS) are
ranged over both frequency and gear position.)

The extraction of resistance values, from the measured data using this technique,

produced results that were significantly different from hand calcultations and the

predictions of the field solved, HFSS. The values for resistance of the shunting parasitic

varied from and the shunting resistances varied from as low as 300Ω to as high as 800Ω,

across all gear positions. The extracted device resistance ranged by +/- 10% around an
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average value at each gear position. Table 5.6 summarizes the ranged values for all the

extracted resistances in the equivalents circuit model.

Table 5.6: Range of extracted resistance’s for equivalent circuit model shown in Figure 5.25

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW Plate)
Model Element

10° 20° 40° 60° 90°
Extracted Range - RD 62 - 70 Ω 53 - 62 Ω 45 - 53 Ω 37 - 47 Ω 30 - 40 Ω
Extracted Range - RS 300 - 800 Ω

(Note: Device values (i.e RD) are ranged over frequency for each gear positon. Shunting parasitic values (i.e RS) are
ranged over both frequency and gear position.)

To illustrate how a one set of extracted element values for the model correlates

with the measurement, the element values extracted at a particular frequency were

selected for the first equivalent model to be presented. The device element values were

choosen at the same frequency for each gear position. Since the shunting parasitic

capacitance, CS, and its equivalent series resistance, RS, are set to constant values in the

model of Figure 5.25, it is important that the best value be selected. The choosen value

for the shunting elements must yield good agreement between the measurement and

model at all gear positions, simultaneously.

In an effort, to justify the choice for the shunting element the extracted value from

HFSS was considered. The value extracted from the HFSS simulations was only 6.8fF for

CS. However, the modified ‘open-line’ deembedding test fixture was not exactly identical

to the method used for deembedding in HFSS. In HFSS, the reference plane for

deembedding were moved into the experiment until they were 70µm from the center of

the gear, for the 130µm diameter devices. The image in Figure 5.7(b) illustrates this

procedure. However, the modified ‘open-line’ deembedding test fixture was 91µm from

the center of the gear. Given this difference, the HFSS simulation was revisited. The

simulation results was deembedded a second time, by moving the reference planes into

the experiment until they were 91µm from the center of the gear. This had no affect on

the deembedded values for the device, but it did increase the value of the deembedded

shunting parasitic capacitance, CS, to 11fF. This value was on the edge of the extracted

range and was deemed acceptable. Shown in Table 5.7 are the values for the first
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equivalent circuit model. The resistance, RD, had to be set to the largest value in the range

to obtain the best fit for the model to the measurement.

Table 5.7: One set of selected element values for equivalent circuit model shown in Figure 5.25

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW Plate)
Model Element

10° 20° 40° 60° 90°
Extracted Value - CD 32 fF 36.7 fF 42.6 fF 49.9 fF 57.2 fF
Extracted Value - RD 63 Ω 55 Ω 46 Ω 38 Ω 31 Ω
Selected Value - CS 11 fF
Selected Value - RS 800 Ω

(Note: Device values (i.e CD & RD ) were selected at the same frequency for each gear positon. Shunting parasitic
values (i.e CS & RS) were ranged over both frequency and gear position and were then selected from that range.)

To evaluate the correlation between the measured results and the extracted model,

the response of the measurement and equivalent circuit model, based on the values in

Table 5.7, are compared in Figure 5.26 and Figure 5.27. Shown in Figure 5.26 is the

magnitude of S21 for gear positions of 10°, 20°, 40°, 60°, and 90° for the measurements

and the extracted model values.
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Figure 5.26: Magnitude of S21 compared between measurements and extracted model - gear positons of
10°, 20°, 40°, 60°, and 90°
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The correlation between measurements and model is good at lower frequencies, but starts

to deviate with increasing frequency. The magnitude response for the model seems to be

asymptotically approaching a lower value than the magnitude response of the measured

data. (This will be addressed after the discussion of this model.)

Shown in Figure 5.27 in the phase response for the same gear positions for both

the measurements and the model. The phase response does not correlate quite as well.

There is an offset across the entire measurement band for all gear positions, and the slope

for the modeled phase response is changing at a faster rate as frequency increases. This

deviation is related to the deviation in the magnitude response of the model.
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Figure 5.27: Phase of S21 compared between measurements and extracted model - gear positons of 10°, 20°,
40°, 60°, and 90°

The extracted device capacitance, CD, is plotted in Figure 5.28 for the positions of

10°, 20°, 40°, 60, and 90°. A dashed line connect the points to illustrate the linearity of

the tunable capacitor. The tuning range from 10° to 90° is 1.8:1, based on the extracted

values in Table 5.7. Figure 5.29 plots the extracted device resistance, RD, for the same

gear positions. As predicted by the HFSS simulations the device resistance decreases
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linearly with the angular position of the gear. However, the extracted values do not

correlate well with the values that were extracted from the HFSS simulations.
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Figure 5.28: Device capacitance extracted from measurements - gear positions of 10°, 20°, 40°, 60°, & 90°
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Figure 5.29: Device resistance extracted from measurements - gear positions of 10°, 20°, 40°, 60°, & 90°

Also, of concern was the large extracted value for the resistance, RS, of the

shunting parasitic capacitance, CS. The value for RS that was extracted from the
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measurement ranged from 300Ω to 800Ω, depending on the angular position of the gear.

However, the value for the resistance, RS, that was extracted from the HFSS simuatlion

was 11Ω when the deembedding plane was 70µm from the center of the gear, and 6.5Ω

when the deembedding plane was 91µm from the center of the gear. A difference

approaching two orders of magnitude between the value extracted from the measurement

and the value extracted from the HFSS simulation.

5.6.2 Equivalent Circuit Modeling for a Solid 130µµµµm Diameter Gear -

Alternate Values

Given the lack of correlation between the measured response and modeled

response, there was a need for explaining the possible sources of error in the model. At

high frequencies, the magnitude response curves for the model seemed to be

asymptotically approaching a lower value than the magnitude response curves of the

measurement. The modeled phase response had a offset error across the entire

measurement band and its slope was changing at a faster rate with increasing frequency.

These discrepancies between the extracted model values presented in Table 5.7 and the

measurment, can be resolved by addressing the extracted values that disagree the most

with the results obtained from the HFSS simulations. In particular, all of the extracted

resistance values are significantly larger than those predicted by HFSS.

The resistances values extracted from the HFSS simulations and those extracted

from the measurements are shown in Table 5.8. The extracted values from the HFSS

simulations have been interpolated to fit the angular position of the measurements. The

extracted values for the device resistance, RD, are from twenty to thirty times larger than

the values predicted by HFSS. In the case of the the extracted resistance, RS, the

difference is from fifty to over one-hundred times that of the value predicted by HFSS.
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Table 5.8: Comparison of model resistance values extracted from measurement and HFSS simulation

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW)Extracted Model Element
Value or Range 10° 20° 40° 60° 90°

Measurement - RD 62 - 70 Ω 53 - 62 Ω 45 - 53 Ω 37 - 47 Ω 30 - 40 Ω
HFSS Simulation - RD 2.9 Ω 2.6 Ω 2.0 Ω 1.5 Ω 1.0 Ω

Measurement – RS 300 - 800 Ω
HFSS Simulation - RS 6.5 Ω

(Note: The ‘HFSS’ values for RD have been interpolated based on the values extracted from the HFSS simulations. The
‘HFSS’ value of 6.5Ω for RS is based on the deembedding reference plane at 91µm for center of gear. With the
deembedding plane set to 70µm from the center of the gear, the value for RS was 11Ω..)

These large resistance values have no physical meaning based on the structure of

the device or the material in the device. Therefore, it was concluded that the ability to

extract small resistances accurately when they are in series with large reactive

impedances (e.g. small capacitors), was prone to error when applied to measured data.

For example, a 30fF capacitor has -j⋅2040.4479Ω of reactance at 2.6GHz. If the

resistance in series was only 3Ω, as predicted by the HFSS simulations, then the resutling

overall impedance would be 2040.4502Ω with a phase angle of -89.916°. Small errors in

the phase reponse, like noise or a constant offset, could easily cause the ratio of real to

reactive impedance to be altered for a given series RC network, without changing the

total impedance of the network. If the magnitude of this impedance was correctly

measured at 2.6GHz, but the phase angle had an error of just 1.7° (i.e. -88.216° instead of

-89.916°), this could explain the error. If the phase angle was -88.216° at 2.6GHz for the

same total impedance, the resistance would be extracted as 63.5Ω, and the capacitance

would be extracted as 30.015fF. The extracted resistance is incorrect by a factor of over

twenty times (2000%), but the extracted capacitance is only wrong by only 0.05%. Given

the same RC network, at 10GHz, the phase error must be off by 6.5° to produce

approximately the same error.

The network anaylzer measures voltage amplitudes and their relative phasing, not

real and reactive impedances. The deembedded ABCD Parameters for the device were

the computational result of three separate measurements made with the network analyzer.

Then the extracted model elements were calculated using routines that are completely
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dependent on the accuracy of the phase angle information of the impedance for that

element.

An interesting observation was made when measuring a different 130µm device

that had a capacitance range from about 5fF to 9fF. This device produced extracted

resistance values that ranged from about 300Ω to 600Ω. There appears to be a correlation

between the extracted resistance value and the extracted capacitance value. The same

extracted device resistance values from HFSS ranged from about 4Ω to 8Ω. The

extracted resistance values always tended to be larger when dealing with smaller

capacitances. This supports the previous argument of having small phase errors, that

produce large errors in the final deembedded and calculated value. This is due to the fact

that smaller capacitors have larger reactive impedances. In other words, for the same

phase error in a measurement, a smaller capacitor will produce a larger error in the

extracted resistance. If the assumption that phase errors were producing these large

resistance was wrong and the extracted values from the measured data were correct, then

the device resistance for 130µm devices should be very similar when metallized the same

amount. However, for the two devices measured, the difference was about one order of

magnitude.

It is also possible that the phase error could cause the extracted resistance to be

negative. At low frequencies it was very common to extract a negative resistance before

the deembedding test fixture was modified. Even after modification, negative resistance

values were still extracted at low frequencies. In the case with the modified deembedding

test fixture, this effect was less pronounced and only occurred at the lowest frequencies.

Given the discrepancies between the measurement and the extracted model, an

alternative approach to selecting the equivalent model element values was devised. First,

the extracted capacitance range values were considered valid. The HFSS simulation, hand

calcuations, and extracted values agreed well at the 90° position. The differences at the

lower tuning positions were most likely the result of details that were not included in the

HFSS structural model. The shunting parasitic capacitance had been considered across

frequency and gear position and spanned a large range, but the goal was to see if it was
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possible to use a constant value for the shunting parasitic in the model, instead of having

it change with gear position. Second, the resistance values extracted from the HFSS

simulations produced a model that agreed well with the simulation. These resistance

values were reasonable given the physical structure and amount of metal deposited.

Before proceeding further, a first-order high-pass filter will be considered. This

simple circuit has an almost identical response, with the appropriate values, as the

measured response and simulated response of the rotating tunable capacitor. Figure 5.30

shows a first-order high-pass filter that has the main elements present in the equivalent

circuit model for the device. There is a resistor terminating each port and a series RC

network between the two ports. The shunting parasitic elements have been removed from

the model so that some general observations can be made. The transfer function for

V2(s)/V1(s) is defined in Equation 5.2. The zero and pole frequencies for this filter are

defined in Equations 5.3 and 5.4, respectively. The pass band gain, or attentuation in this

case, is defined in Equation 5.5. The pass-band gain for a high-pass filter is determined

by allowing the complex frequency variable, S, to go to infinity. For this filter, there is a

term in the numerator and a term in the denominator that are multiplied by S. These terms

dominate the filter’s response at high frequencies.

Figure 5.30: First-order high-pass filter with resistors terminating each port
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Assume this circuit is being used to model a response curve. If all the elements in

the simple high-pass filter shown in Figure 5.30 are variables, the circuit can be designed

to have any -3dB corner frequency and any pass-band gain, simultaneously. These two

circuit performance metrics can be adjusted indepedently. If this approach were used for

modeling, then any arbitrary values could be choosen to fit a particular response curve. If

that were the modeling technique, the values would not need to have physical meaning. It

would only be necessary to obtain an accurate fit. However, if the terminating resistors,

RT, were fixed and the capacitance, CD, was also fixed, then the problem would become

more difficult. In this case, the only variable is the resistance, RD. Since the resistance,

RD, is the only variable in the circuit, no longer can any -3dB corner frequency and any

pass-band gain be achieved, simultaneously, with this circuit. The ability to

independently adjust these performance metrics has been removed. The pole frequency,

defined in Equation 5.4, has an upper limit set as RD approaches zero, and a lower limit

of 0 [rad/s] as RD becomes infintely large. The pass-band gain, defined in Equation 5.5,

can be adjusted from 0dB (no attentuation), or it can approach -�dB as RD becomes

infintely large.

Since the extracted capacitance values were meaningful and did correlate with

HFSS, the option of changing the resistance, RD, in the equivalent circuit model is

defendable. The only meaningful values that can be used for the device resistance, RD,

are those obtatined from the HFSS simulations. The response achieved by using the

model values extracted from the HFSS simulation agreed well with the response of the

simualted structure. The measured capacitance values are in the appropriate range when
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compared to the HFSS capacitance values. However, the measured resistance values are

incorrect by over an order of magnitude when compared to the HFSS resistance values.

To justify the changes to the method for obtaining the model element values,

some observations about the response of |S21| for the model, in Figure 5.26, must be

made. For every gear position in the response of |S21| for the model is asymptotically

approaching a lower value than the magnitude response of the measured data. The affect

is espically noticable when the gear is in the lower angular positions (e.g. 10°, 20°, &

40°). The deviation between measurment and model can be explained by examining the

response of the simple high-pass filter in 5.30. The extracted model values for the device

resistance, RD, in the model of Figure 5.25 were from twenty to thirty times larger than

predicted by the HFSS simulations. If the impact of these larger than anticipated

resistance values is observed in a simple circuit, like that of Figure 5.30, then some

interesting relationships between the modeled response plotted in Figure 5.26 and the

pass-band gain equation, defined in Equation 5.5, can be made. Recall that the modeled

response curves in Figure 5.26 are asymptotically approaching a lower value than the

magnitude response of the measured data. Now consider the high-pass filter of Figure

5.30 and the pass-band gain equation, defined in Equation 5.5. As the resistance RD

increases, the pass-band gain for the circuit starts to decrease. This produces the same

behavior occuring in the modeled response of Figure 5.26. Given this observation, it was

deemed justifiable in using the resistance values extracted from the HFSS simulations

when building the model based on measured data. The model based on the measured data

will use the best extracted capacitances value that are inside the ranges stated in Table

5.5. For the value of device resistance, RD, the values from HFSS will be used directly.

(After being interpolated when the angular position is different between measurement

and simualtion.) A slightly different approach will be used for the shunting parasitics.

Since the shunting parasitic capacitance value from the measurement was ranged across a

frequency band and multiple measurements, it varies considerably. In an effort to

maintain the same electrical performance for the shunting parasitic capacitance, the value

used in the model for the measured data will be forced to have a Quality Factor (‘Q’) that
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is identical to the ’Q’ of the shunting capacitor extracted from the HFSS simulations.

This means that the values CS and RS can not be independtly adjusted. An alternative way

of thinking about this is that the series RC network must have the same pole frequency,

or the same time constant. As the shunting parasitic capacitor, CS, increases its equivalent

series resistance, RS, decreases, so that a constant ‘Q’ is maintained. The ‘Q’ for the

shunting capacitor extracted from the HFSS simulation can be determined by using the

data presented in Table C.19 of Appendix C.

Table 5.9: Alternate element values for equivalent circuit model shown in Figure 5.25

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW Plate)
Model Element

10° 20° 40° 60° 90°
Extracted Value - CD 30.5 fF 34.5 fF 39.5 fF 46 fF 53 fF
Extracted Value - RD 2.9 Ω 2.6 Ω 2.0 Ω 1.5 Ω 1.0 Ω
Selected Value - CS 20 fF
Selected Value - RS 3.4 Ω

To evaluate the accuracy of the altrenate element choices for the model, its magnitude

and phase response are plotted in Figure 5.31 and Figure 5.32, respectively. The

correlation for magnitude and phase response are both excellent across the various

angular positions of the gear. The error between the magntude reponse curves is typically

less than 0.2dB for any of the gear positions. There are points in the measured response

where the curve has dips or spikes, but these anomolies often occur in high-frequency

measurements. The ‘dip’ in the measured magnitude reponse curves that occurs above

20GHz actually occurred in the measurement of the ‘open-line’ deembedding test fixture.

Because the deembedding process uses this same measurement to deembed each angular

gear position, it affects the each of these curves by the same amount. The error between

the phase reponse curves is typically less than 1° for any of the gear positions.
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Figure 5.31: Magnitude of S21 compared between measurements and alternate model element values - gear
positions of 10°, 20°, 40°, 60°, and 90°
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Figure 5.32: Phase of S21 compared between measurements and alternate model element values - gear
positions of 10°, 20°, 40°, 60°, and 90°
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The capacitance values used in the model with the new values are plotted in

Figure 5.32. These values yield an approximately linear tuning ratio of 1.73:1. The tuning

range for the rotating tunable capacitor is a function of geometry and should be linear.

The slight deviation seen in Figure 5.33 is most likely due to the combination of two

sources of ‘human error’. First, it is difficult to extimate the exact angular position of the

gear. Second, these values were choosen inside a range to achieve the best possible

correlation between a equivalent circuit model and the measurements. The resistance

values used in the revised model are plotted in Figure 5.33. Since the HFSS simulations

did not cover the identical gear positions, these values were interpolated based on the

data presented in Table C.11 of Appendix C. The Quality Factor, or ‘Q’, for the device is

summarized in Table 5.10 for the various measured gear positions. These ‘Q’ values were

calculated for 5GHz and 10GHz, and they are based on the revised model.
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Figure 5.33: Values for device capacitance in model using alternate element values - gear positions of 10°,
20°, 40°, 60°, & 90°
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Figure 5.34: Values for device resistance in revised model using alternate element values - gear positions of
10°, 20°, 40°, 60°, & 90°

Table 5.10: Device Quality Factor, or ‘Q’, based on alternate element values for equivalent circuit model
shown in Figure 5.25

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW Plate)Device ‘Q’ at
Frequency 10° 20° 40° 60° 90°

5 GHz 360 360 400 460 600
10 GHz 180 180 200 230 300

5.6.3 Accuracy of the Test Equipment

After considering how easily an error in the phase measurement could produce the

large resistance values extracted from the mesaured data, the accuracy of the test

equipment was investigated. The HP 8510C network analyzer uses a HP 8515A Two Port

S Parameter Test Set and a 8340 Synthesizer. The HP 8515A Two Port S parameter Test

Set has accuracy limitations in measuring phase response that yield very interesting

results. The accuracy of this system is specified over certain frequency bands and

amplitude ranges for those bands. Over the frequency band from 2GHz to 8GHz, when

the signal being meaured is from 0dB to -40dB, this system has a maximum accuracy of

2° for phase measurements. For the same signal amplitude range, but from 8GHz to
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18GHz, the maximum accuracy drops to 5° for phase measurements. Agilent

Technologies stated that these specifications assume that 3.5mm coaxial fixtures are

being used. The engineer at Agilent also stated that when using GSG type probes for

measurments, to expect an additional 2° to 3° of degradtion in the accuracy of the phase

measurement. Of interest was how the extracted values were deembedded using three

measurements made with the network analyzer, since this could further increase the error.

The metrology divison at Agilent stated that to quantify the accumulated error of an

extracted value based on deembedding when using three measurements, that the ‘root

sum of the squares error’ for the number of measurements was used to calculate the

maximum accuracy. This equation is defined in Equation 5.6. The term EM represents the

error for each measurement, and ERSS the total error given ’M’ measurements, or the ‘root

sum of the squares error’.

E ERSS M� �
2

Equation 5.6

To investigate the limitations of the test equipment given this new information,

the capacitance extracted from the measurements and the resistance extracted from the

HFSS simulations were assumed to be accurate. By considering the maximum accuracy

of the test equipment and the fact that three measurements were used to determine model

values, the information of Table 5.11 and Table 5.12 was calculated. Since all the signal

levels were above -40dB, though some very close, the accuracy values previously stated

were used. The minimum possible extraction error for the resistance was calculated

across each frequency band. This is the closest value to the ‘Actual Value’, inside a

particular frequency band. For any given frequency range, the minimum error for the

extraction of resistance is calculated by extracting the resistance at the highest possible

frequency in that band. This occurs at higher frequencies, because at lower frequenices

the phase angle of a series RC network is closer to -90° since the reactive impdeance of

the capacitor dominates. The data in Table 5.11 are for the model values of Table 5.9 at
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10° and 90° over the 2GHz to 8GHz range, and were calculated at 8GHz. The data in

Table 5.12 are for the model values of Table 5.9 at 10° and 90° over the 8GHz to 18GHz

range, and were calculated at 18GHz.

Table 5.11: Best Possible Device Model Values Extracted over 2GHz to 8GHz range for Solid Device

Actual Device Model Values Best Device Model Values Extracted over 2 - 8GHz Spec. (8GHz)
(Total error is root sum of the squares across three measurements)

Best Fit Model Values:
HFSS Resistance,

Measured Capacitance
(10° & 90° position)

HP 8510C/8515A with Maximum
Phase Accuracy (2°)

(ERSS for three → 3.5°)

HP 8510C/8515A with Maximum
Phase Accuracy (2°) + Inaccuracy

from Probes (2° to 3°)
(ERSS for three → 6.9° to 8.7°)

Resistance Capacitance Resistance Capacitance Resistance Capacitance
1.0 Ω 53.0 fF 23.7 Ω 53.1 fF 46.3 - 57.5 Ω 53.4 - 53.6 fF
2.9 Ω 30.5 fF 42.3 Ω 30.6 fF 81.6 - 101 Ω 30.7 - 30.9 fF

(HP 8510/8515A maximum phase accuracy is based on 3.5mm test fixtures. The use of probes decreases the accuracy
and additional 2° to 3°. The data in this table uses the maximum phase accuracy specification over the 2GHz to 8GHz
band, for signal amplitudes from 0dB to -40dB. Below -40dB the accuracy degrades further. The resistance and
capacitance values are extracted at 8GHz, where the extraction error for resistance is at its minimum.)

Table 5.12: Best Possible Device Model Values Extracted over 8GHz to 18GHz range for Solid Device

Actual Device Model Values Best Device Characteristics Extracted over 8 - 18GHz Spec. (18GHz)
(Total error is root sum of the squares across three measurements)

Best Fit Model Values:
HFSS Resistance,

Measured Capacitance
(10° & 90° position)

HP 8510C/8515A with Maximum
Phase Accuracy (5°)

(ERSS for three → 8.7°)

HP 8510C/8515A with Maximum
Phase Accuracy (5°) + Inaccuracy

from Probes (2° to 3°)
(ERSS for three → 12.1° to 13.9°)

Resistance Capacitance Resistance Capacitance Resistance Capacitance
1.0 Ω 53.0 fF 26.1 Ω 53.7 fF 36.0 - 40.9 Ω 54.3 - 54.7 fF
2.9 Ω 30.5 fF 46.5 Ω 30.9 fF 63.7 - 72.2 Ω 31.3 - 31.6 fF

(HP 8510/8515A maximum phase accuracy is based on 3.5mm test fixtures. The use of probes decreases the accuracy
and additional 2° to 3°. The data in this table uses the maximum phase accuracy specification over the 8GHz to 18GHz
band, for signal amplitudes from 0dB to -40dB. Below -40dB the accuracy degrades further. The resistance and
capacitance values are extracted at 18GHz, where the extraction error for resistance is at its minimum.)

The range of values extracted from the measured data for capacitance and resistance

should be compared. Table 5.5 summarizes the range for the extracted capacitance values

and Table 5.6 summarizes the extracted resistance values. The theory that the test

equipment is limiting the accuracy of the resistance extraction is supported by this data.



192

The resistance values extracted from the measurements fall in the ranges outlined

by Tables 5.11 and 5.12. These ranges start with the upper limit on accuracy set by the

limit of the HP8510C/8515A combination, and end with the lower limit set by this

combination when being used with probes instead of 3.5mm fixturing. As can be seen

from this information, the extracted resistance values are very sensitive to the accuracy of

the phase measurement, but the capacitance values are not as sensitive since they

dominate the impedance of the network. For the other device presented later in this

chapter the same applies. However, the other device has less capacitance, making its

extracted resistance values even more difficult to measure. A sensitivity analysis shows

that as the phase angle on the impedance approachs +/-90° the ability to extract resistance

degrades rapidly. Appendix E includes the derivation and a plot of the sesnitivity.

5.6.4 Correlation between HFSS Simuatlion and Measurements

It is important to investigate the ability to predict device performance using a field

solver like HFSS. As previously stated, their was good correlation with the extracted

capacitance at 90°, but there were differences at lower angular positions. Simplifications

and/or assumptions about the structural model used in HFSS are most likely the cause for

these differences. A complete device model would be too complicated to simulate.

Another issue is the behavior of the highly doped polysilicon. In addition, there is a larger

difference in the device capacitance (~ 53fF) extracted from the measurement and the

value predicted by HFSS (~ 30fF). When building the structural model in HFSS it was

necessary to make some assumptions about the amount the gear would ‘fall’ after release.

The was discussed in early in Chapter 3 and presented in Table 3.1. If the actual amount

is different that what was assumed in the model used in the HFSS simulations, then error

will be introduced. The sensitivity of the device capacitance is very high when dealing

with devices that use the dimple cut in the overlapping CPW signal plate. As the air gap

becomes small any changes in the air gap will result in large offsets in the capacitance
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predicted by HFSS. Another source of error can result from dimple cut backfill not being

the amount specified. The combination of these two process variables is most likely the

source of the discrepancies.

To evalute the ability of HFSS to predict device behavior, a comparison will be

made for the gear in the 90° position. However, before this comparison is made, there

will be an estimation of the actual device air gap. By referring to Equation 5.1 and/or

Figure 5.4(b), it can be determined that a device capacitance of approximately 53fF

requires the air gap to be about 60nm. (At 60nm, Equation 5.1 predicts 51.9fF.) To

illustrate the ability of HFSS to predict device performance, simulations were conducted

with the device air gap set to 40nm, 60nm, and 80nm. The magnitude and phase response

of the various air gap values were plotted together with the measured response. Figure

5.35 and 5.36 plot the magnitude and phase of S21 for these various positions in the HFSS

simulation and the measured response, respectively. The response curves from HFSS are

the actual output from the simulator, not the response of the model extracted from the

simulation. The response curves obtained from HFSS that are plotted in Figure 5.36 and

5.36 have been deembedded just like the response curve of the measured device.
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Figure 5.35: Phase of S21 compared between measurement and HFSS simulation with air gap set to 40nm,
60nm & 80nm - gear position was 90° for all response curves
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Figure 5.36: Phase of S21 compared between measurement and HFSS simulation with air gap set to 40nm,
60nm & 80nm - gear position was 90° for all response curves

When the device capacitance extracted from the measurement is used in Equation

5.1 and/or Figure 5.4(b) to make a simple estimate of the device air gap, and this value is

then used in the structural model built in HFSS, the correlation is exceptional. There is

good agreement with simple estimate, full-wave field solutions, and measured results for

this device. The structural model built in HFSS leaves out many details that would impact

the device in a manner that should increase the agreement between simulation and

measurement at the lower angular gear positions. Additional structural complexity in the

simulation of the device would increase the capacitance of the device at all angular

positions. It is likely that this would produce some deviation in the agreement at the

higher angular positions. However, overall the HFSS prediction would provide a better

estimate.
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5.6.5 Device Capacitance at 0°°°°

The solid device that used the dimple cut in the overalpping CPW signal plate,

produced odd behavior when set to the 0° position. The measured response of S21 for this

device at 0° was almost identical to the response at 90°. The magnitude response of S21

for the gear in the 0° position was slightly lower than the response when in the 90°

position. However, the differences are so small that it is almost impossible to notice the

difference unless a zoomed-in view is used. The only explanantion that can account for

this behavior is that highly doped polysilicon can behave as a dielectric and as a

conductor. (In this case, a conductor.) For example, given two stacked plates of highly

doped polysilicon that are covered on the top side with a highly conductive material, such

as gold, the behavior is that of a dielectric. However, as has been shown in previous work

in the MUMPs process, a single metal layer can be used to create a metal-insulator-

‘polysilicon conductor’ capacitor. In these situations, the upper plate was a layer of

polysilicon with gold deposited on top, and the lower plate was made from polysilicon.

The lower plate of the capacitor did not act like a dielectric, it acted like a conductor.

This behavior can explain the results obatined when the gear was rotated to the 0°

position. However, another assumption must be made about the air gap of the device.

If this was the case, then adjusting the resistance, RD, in the equivalent circuit

model to have the value of a highly doped polysilcion gear, should produce results

similar to the measurement. The sheet restivity for Poly-4 is 9Ω/ and a disc is

approximately 1 . The would yield a resistance less than 10Ω. If the other polysilicon

layers are considered then the resistance would be closer to 5Ω, but the other layers are

only connect around the periphey and at the etch holes in the gear. The idea was to see

what the affect of additional resistance was in the model, and if it could predict the small

differences in the measurment.

For this theory to be valid, the air gap when the device is rotated to the 0° position

must be very similar to the air gap in the 90° position. The extracted capacitance values

were within 1fF of each other, forcing this conclusion. If this were the case, then this
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device was being rotated by force. This means that the upper surface of the metallized

gear was probably coming in contact with the lower surface of the overlapping

polysilicon CPW signal plate. The initial air gap for this device was measured using a

SEM and found to be approximately 0.12µm thick. A cross sectional SEM image

showing the air gap for a P1+O2+P2+O3+P3 solid gear with a dimpled overlapping Poly-

4 CPW signal plate is shown in Figure 5.37. (Possible gear warpage too.)

Figure 5.37: Air Gap for a solid P1+O2+P2+O3+P3 gear with a dimpled overlapping Poly-4 CPW plate

The SEM image of Figure 5.37 shows that the air gap resulting from the Dimple-4

Cut is too small to build practical devices. To check for shorting across the gear, DC

resistance measurements were made. All DC resistance measurements indicated 2MΩ

(the output impedance of the multi-meter being used) and clearly show that there is no

shorting across the device. However, the native oxides that grow on polysilicon surfaces

after release, could easily explain this ‘open circuit’ behavior even if the surfaces were in

contact. (When conducting DC resistance measurments of unmetallized lines,

considerable force was needed for the probes to penetrate the native oxides that had

grown on the polysilicon surfaces.) If this is the case, then the device was rotated by force
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using the micro-manipulated probe. Given this problem, an alternative would be to build

devices using the Dimple-3 Cut. These devices should have an additional 0.2µm in their

air gap. This would make them useful devices when depositing metal up to 200nm thick.

To estimate what affect a doped highly polysilicon gear might have, the

equivalent circuit model for the device was revisited. By assuming that when the gear is

in the 0° position and the air gap is very small, that the polysilicon surface of the gear

conducts charge, the model only needs to be adjusted to consider the sheet resistivity of

polysilicon. A rough approximation for the conductivity of a this gear would be about

10Ω. Plotted in Figure 5.38 is the modeled |S21| response for the device in the 90°

position (RD = 1Ω) and the modeled |S21| response when 10Ω of resistance is used for the

device resistance, RD. This produces a behavior that is similair to the measured |S21| for

the device in the 0° position. The deviation at higher frequencies shows the difference in

the pass-band gain due to the increased resistance of the device, and is expected.
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Figure 5.38: Modeled |S21| response for the device in the 90° position (RD = 1Ω) and modeled |S21| response
when 10Ω of resistance is used for the device resistance, RD
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Figure 5.39: Zoomed-in view of modeled |S21| response for the device in the 90° position (RD = 1Ω) and
modeled |S21| response when 10Ω of resistance is used for the device resistance, RD

The increased value for the resistance, RD, does show behavior that is very similar

to the measurment of the gear in the 0° position. However, this prediction is based on a

equivalent circuit model, and is only accurate if the same behavior can be supported by

the solution of a field solver.

5.6.6 Revised Device Capacitance Equation and Revisting HFSS

At this point, further investigation was required to validite this theory, so a simple

revision to Equation 5.1 was made, and the HFSS simulations were revisited. If the upper

surface of the gear was in contact with the lower surface of the overlapping CPW plate,

and the polysilicon was acting like a conductor, a revised equation to predict device

performance must be considered. Equation 5.7 accurately predicts the device capacitance

when the angular position of the gear is at any value between 0° and 90°. It should also

be noted that Equation 5.7 ONLY applies to solid devices, and considers both air gaps
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(60nm & 310nm). For the case of the solid and dimpled device in question, the metal

layer on the gear has ‘lifted’ the overlapping CPW line. This causes Equation 5.7 to be

invalid at the 0° position. For this device, the capacitance of the 0° position should be

evaluated using either Equation 5.1 or set to be the same as the the 90° value from

Equation 5.7. (Again, this is becasuse the metal layer on the gear is lifting the

overalpping CPW plate.) Table 5.13 defines the variables and constants of Equation 5.7.
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Table 5.13: Variables and constant used in Equation 5.6

Variable or Constant Definition of in Equation 5.7
CD Capacitance of Device
εo Permittivity of Free Space (8.854e-12 [F/m])

DG Diameter of Gear
CW Width of Center Piece in Gear (see Fig. 5.3, 40µm for 130µm gear)
TIAG Thickness of Initial Air Gap for Device
TMD Thickness of Metal Deposition
TP Thickness of Polysilicon making overlapping CPW plate (2.25µm)

εRP Relative Permittivity of Polysilicon (11.9)

εRA Relative Permittivity of Air (1)

∠ Angular Position of Gear

When the HFSS simulations were originally performed it was assumed that the

polysilicon was a perfect dielectric. After calculating the conductivity for the doped

polysilicon in the SUMMiT process (σ = 50,000 siemens/meter), the HFSS simulations

were revisited. (Gold is approximately 1,000 times more conductive that this doped

polysilicon.) For the solid and dimpled 130µm device that was not performing as

antipicated, the simulation would need to be adjusted so that the conductivity of the gear

was properly modeled. The simulation was also adjusted so that the air gap was 60nm for

all positions. To be clear, this means that when the gear was rotated beneath the
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overalpping CPW signal plate, there was a 60nm air gap between the underside of the

Poly-4 and the top surface of the 250nm of gold that had been deposited on the gear.

(Equation 5.7 considers this behavior.) Therefore, the air gap was 310nm between the

underside of the overalpping Poly-4 CPW and the top surface of the Poly-3 in the gear.

However, when the gear was rotated to the 0°, the air gap was set to 60nm. This was done

to model the affect of the Poly-4 CPW signal plate ‘snapping’ back down after the metal

that had lifted it was no longer beneath it. Another possibility is that the device is warped

from the metallization. This would be an excellent topic for future work.

The results of the new simulations in HFSS do predict the behavior of Equation

5.7. These simulations results also compare well with the measured data. Summarized in

Table 5.14 are the device capacitance values predicted by Equation 5.7, the field

solutions of HFSS, and the measured ranges for device capactiance. The 90°/10° tuning

ratio is included for comparison. The tuning ratio for the measured data is the average for

the minimum range and maximum range values, which were 1.79:1 and 1.81:1,

respectively.

Table 5.14: Comparison of device capacitance predicted by Equation 5.7, extracted from HFSS
simulations, the extracted range from measurements, and the best fit for the measured - The Tuning Ratio
from 90°/10° is also included

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW)
Technique

0° 10° 20° 40° 60° 90°
90°/10°
Ratio

Equation 5.7 51.9 fF 28.8 fF 31.7 fF 37.4 fF 43.2 fF 51.9 fF 1.8:1
HFSS 52.9 fF 30.3 fF 33.1 fF 37.3 fF 44.6 fF 52.2 fF 1.73:1

Measured 51 - 57 fF 29 - 32 fF 34 - 37 fF 39 - 43 fF 46 - 50 fF 52 - 58 fF 1.8:1
Best Fit 52 fF 30.5 fF 34.5 fF 39.5 fF 46 fF 53 fF 1.74:1

Based on the correlation between the two predictive methods and the

measurements, the conductivity of the polysilicon in the gear a factor that cannot be

ignored. Also of interest was that the device resistance, RD, extracted from the HFSS

simulations of the gear in the 0° position was only 1.6Ω. If the crude hand calculations

assume that all the polysilicon layers in the gear are carrying charge and the gear is 1 ,

then the estimated resistance would be 4.7Ω. The assumption of 1 was just to obtain a
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rough idea. Clearly the conduction path is closer to 0.5 , but this only reduces the

estimation to 2.35Ω. This difference is not of great concern.

The data of Table 5.14 is plotted for graphical comparison in Figure 5.40. The

slopes for each curve correlate well and the offset between the values extracted from the

measured data is likely the result of structural simplifications that were not modeled in

HFSS. The added capacitance of the additional structures is not considered in Equation

5.7, since this is a problem too difficult to easily quantify with simple calculations. A

simple offset of 5% for all gear positions will account for the additional capacitance.
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Figure 5.40: Comparison of device capacitance predicted by Equation 5.7, predicted by HFSS, the
measured range of values, and the best fit model using the measured data

5.6.7 Equivalent Circuit Modeling for a Spoked 130µµµµm Diameter Gear

The results for a spoked 130µm diameter gear built using a stack-up of Poly-1,

Poly-2, Oxide-3, and Poly-3 will be presented, though not in the detail of the previous

device. This device has a modeled initial air gap of 2.05µm, making its capacitance

significantly lower than the previously presented device that used the dimple cut. The



202

dimple cut on the overalpping CPW cannot be easily combined with the spoked device

topology. For metallization, the solid area of the spoked device must be beneath the

CPW. Since design rules require all dimple cuts to be placed over the first polysilicon

layer directly below the dimpled layer, this combination is not possible. (However, it

might be possible to design the device with the solid area beneath the dimpled layer, and

then rotate the device after release, but before metallization.)

Presented for this device are the extracted capacitance range, the values selected

inside that range, and the results of the HFSS simualtions based on treating the

polysilicon gear as conductive. An equation to predict the capacitance of a spoked device

would be similar to the first term in Equation 5.7, except that it would produce a zero

capacitance value for the gear in the angular position of 0°. To correclty estimate the

device capacitance, an offset for capacitance added by the outer ring of the gear, the gear

teeth, and any additional fringing would have to be included. Clearly, this is a problem

for a field solver. Shown in Table 5.15 are the extracted device capacitance values from

HFSS, the extracted range of device capacitance values from the measured data, and the

values from the measured data that provided the best fit. The tuning ratio is from 0° to

90°, and for the measured range, it has an average value at the minimum of the range and

at the maximum of the range of 1.6:1 and 1.46:1, respectively.

Table 5.15: Comparison of device capacitance extracted from HFSS simulations, the extracted range from
measurements, and the best fit for the measured - The Tuning Ratio from 90°/0° is also included

Angular Position of Spoked P1+P2+O3+P3 130µm Gear
Technique

0° 15° 45° 65° 90°
Tuning
Ratio

HFSS 6.17 fF 6.20 fF 6.73 fF 7.30 fF 8.87 fF 1.44:1
Measured 5.0 - 6.5 fF 5.5 - 7.0 fF 6.5 - 8.0 fF 7.0 - 8.5 fF 8.0 - 9.5 fF 1.53:1
Best Fit 5.4 fF 6.0 fF 6.9 fF 7.6 fF 8.6 fF 1.59:1

The data of Table 5.15 is plotted for graphical comparison in Figure 5.41. The

slopes for the measured data are linear. However, the values predicted by HFSS produce

a curve. This occurs because there is capacitance from the periphery of the gear that is

included in the model. Since the area is now conductive it contributes to the capacitance.
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The HFSS prediction is inside the range for the measured data. The range for the

measured data of this device varies by a large amount. This is probably due to the fact

that the measred data was of very low amplitude and therefore quite close to the noise

floor of the network analyzer. It is likely that the extraction of single digit capacitance

values is approaching the limitations of the equipment.
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Figure 5.41: Comparison of device capacitance predicted by HFSS, the measured range of values, and the
best fit model using the measured data

When the equivalent circuit model values were being determined, the same

method of using the best value from inside the inside the measured capacitance range was

used for the device capacitance. The shunting parasitic capacitance was also fit using the

same method and its ‘Q’ set based on the HFSS simulations. The device resistance values

ranged from 300Ω to 600Ω, which are completely meaningless values. Again, the device

resistance values were selected based on the results of the HFSS simulations. These

values came from the revised set of HFSS simulations used to generate the capacitance

values of Table 5.15. The device resistance values extracted from the HFSS simulations

are provided for convienence in Table 5.16, and compared to the values extracted from
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the measured data. Tables 5.17 and 5.18 summarize the effects of the accuracy in the test

equipment on the measured data. The data in Tables 5.17 and 5.18 should be compared to

the extracted range of values in Tables 5.15 and 5.16.

Table 5.16: Comparison of model resistance values extracted from measurement and HFSS simulation

Angular Position of Solid P1+O2+P2+O3+P3 130µm Gear (Dimpled CPW)Extracted Model Element
Value or Range 0° 15° 45° 65° 90°

Measurement - RD 300 - 320 Ω 330 - 350 Ω 390 - 420 Ω 480 - 520 Ω 590 - 640 Ω
HFSS Simulation - RD 6.2 Ω 6.0 Ω 4.4 Ω 3.3 Ω 2.4 Ω

(Note: These values are for the a set of simulations at the gear angles stated and modified deembedding depth.)

Table 5.17: Best Possible Device Model Values Extracted over 2GHz to 8GHz range for Spoked Device

Actual Device Model Values Best Device Model Values Extracted over 2 - 8GHz Spec. (8GHz)
(Total error is root sumof the squares across three measurements)

Best Fit Model Values:
HFSS Resistance,

Measured Capacitance

HP 8510C/8515A with Maximum
Phase Accuracy (2°)

(ERSS for three → 3.5°)

HP 8510C/8515A with Maximum
Phase Accuracy (2°) + Inaccuracy

from Probes (2° to 3°)
(ERSS for three → 6.9° to 8.7°)

Resistance Capacitance Resistance Capacitance Resistance Capacitance
6.2 Ω 5.4 fF 229 Ω 5.41 fF 450 - 561 Ω 5.44 - 5.46 fF
2.4 Ω 8.6 fF 142 Ω 8.62 fF 281 - 351 Ω 8.66 - 8.70 fF

(HP 8510/8515A maximum phase accuracy is based on 3.5mm test fixtures. The use of probes decreases the accuracy
and additional 2° to 3°. The data in this table uses the maximum phase accuracy specification over the 2GHz to 8GHz
band, for signal amplitudes from 0dB to -40dB. Below -40dB the accuracy degrades further. The resistance and
capacitance values are extracted at 8GHz, where the extraction error is at its minimum.)

Table 5.18: Best Possible Device Model Values Extracted over 8GHz to 18GHz range for Spoked Device

Actual Device Model Values Best Device Model Values Extracted over 8 - 18GHz Spec. (18GHz)
(Total error is root sumof the squares across three measurements)

Best Fit Model Values:
HFSS Resistance,

Measured Capacitance

HP 8510C/8515A with Maximum
Phase Accuracy (5°)

(ERSS for three → 8.7°)

HP 8510C/8515A with Maximum
Phase Accuracy (5°) + Inaccuracy

from Probes (2° to 3°)
(ERSS for three → 12.1° to 13.9°)

Resistance Capacitance Resistance Capacitance Resistance Capacitance
6.2 Ω 5.4 fF 253 Ω 5.47 fF 350 - 398 Ω 5.53 - 5.57 fF
2.4 Ω 8.6 fF 157 Ω 8.70 fF 218 - 246 Ω 8.80 - 8.86 fF

(HP 8510/8515A maximum phase accuracy is based on 3.5mm test fixtures. The use of probes decreases the accuracy
and additional 2° to 3°. The data in this table uses the maximum phase accuracy specification over the 8GHz to 18GHz
band, for signal amplitudes from 0dB to -40dB. Below -40dB the accuracy degrades further. The resistance and
capacitance values are extracted at 18GHz, where the extraction error is at its minimum.)
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The best fit model based on extracted values from the measured data is shown in

Figure 5.42 and 5.43. Figure 5.42 plots |S21| for the measured device and best fit model at

the gear positions of 0°, 15°, 45°, 65°, and 90°. For the magnitude response, the error in

the fit of the model to the measured data is typically less than 0.5dB for all gear positions.

Figure 5.43 plots the phase of S21 for the spoked device at the same gear positions. The

noise is the phase response is due to the low signal level caused by the high impedance of

the small device capacitance between the measurement ports. For the phase response, the

error in the fit of the model to the measured data is typically less than 5° for all gear

positions. The device produced a Quality Factor of 770 at 10GHz when in the 90°

position (RD = 2.4 Ω from HFSS).
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Figure 5.42: Magnitude of S21 compared between measurements and best fit model element values - gear
positions of 0°, 15°, 45°, 65°, and 90°
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Figure 5.43: Phase of S21 compared between measurements and best fit model element values - gear
positions of 0°, 15°, 45°, 65°, and 90°

5.7 Potential Applications for Rotating MEMS Tunable Capacitor

Before identifying any potential applications for the rotating MEMS capacitor,

consideration should be given to the fact that the results obtained in the research only

prove that linear tuning can be achieved using this structure and the metal deposition can

be regulated in a polysilicon only process, with benefit. To specifically address potential

applications without knowledge of the maximum performance that can be achieved with

these devices is prematurely limiting. As with other MEMS tunable capacitors, these

devices could be used in VCOs, tunable filters, phase shifters, or reconfigurable antennas.

The main advantage of rotating tunable MEMS capacitor is its linear change in

capacitance. Truly linear tuning has not been previously reported for a MEMS tunable

capacitor.

In previously reported work, a distributed MEMS phase shifter was built using

MEMS tunable capacitors that had a tuning range from 34fF to 39.8fF, a change of less
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than 6fF [78]. These devices did not change linearly with the control voltage. The MEMS

devices reported in this research can achieve a similar or greater change in capacitance.

The rotating MEMS devices have the advantage of linear tuning. This simplifies the

system level control, since there is no need for non-linear compensation. In adddition,

rotating devices do not suffer from problems associated with ‘pull-in’ that other MEMS

tunable capacitors exhibit.

5.8 Competing MEMS Tunable Capacitors

For comparison against competing MEMS device a summary or the current state-

of-the-art for MEMS tunable capacitors is give in Table 5.19. In this table are many

different types of MEMS tunable capacitors. All of the reported devices (outside of this

work) exhibit a non-linear capacitance verses voltage characteristic. These devices

include high capacitance multi-spring piston type devices, often made in the MUMPs

process, interdigitated comb devices, membrane devices, and the rotating devices

presented in this dissertation. The highest tuning ratio reported, 8.4:1, was achived using

a electro-statically actuated interdigitated comb type device. This device had a large

capacitance, 1.4pF - 11.9pF, and only required 0 - 8V for actuation. However, this device

has significant area requirements and is not useful above 1GHz, or perhaps 500MHz

depending on the application, due to losses (‘Q’ of ~100 at 400MHz). It is also very

large, requiring an area of 1000µm x 1000µm. In addition, the comb structure is very tall.

There have been many electo-statically actuated piston types devices reported. These

devices have capacitance values in the single pF range, tuning ratios from 1:15:1 up to

1:87:1, and the required control voltage signal is less than 6V for all of these devices.

One device requires two independent control voltages to achieve its 1.87:1 tuning ratio.

These devices produce ‘Q’ values from 13.6 to 62, at 1GHz, and moderate to large area

requirements. One electro-thermally actuated piston type device was reported with a 2:1

tuning ratio (51fF - 102fF) and a high ‘Q’ (256) at 10GHz. Other devices reported were

membrane type devices, referred to as bridges spanning conductors in Chapter 2 of this
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dissertation. These devices were used in the construction of phase shifters, have small

capacitance values, and require very large control voltages (up to 60V).

Table 5.19: Comparison of competing MEMS Tunable Capacitors - Performance Metrics

Performance MetricDevice Actuation &
Type [Ref. #] Capacitance Tuning

Ratio
Linear
Tuning

Control
Voltage

Quality
Factor

Area

ES - Piston [38] 2.11pF - 2.46 pF 1.16:1 NO 0 - 5.5V 62
(1GHz)

800µm x
800µm

ES - Piston [39] 2.04pF - 2.35pF 1.15:1 NO 0 - 3V 60
(1GHz)

800µm x
800µm

ES - Piston [53] 2.05pF - 3.1pF 1.5:1 NO 0 - 4V 20
(1GHz)

210µm x
230µm

ES - Piston [53] 3.26pF - 4.89pF 1.5:1 NO 0 - 3.5V 13.6
(1GHz)

295µm x
295µm

ES - Piston [53] 4.0pF - 7.48pF 1.87:1 NO 0 - 1.8V &
0 - 4.4V (2)

15.4
(1GHz)

400µm x
400µm

ES - Interdigitated
Comb [57]

1.4pF - 11.9pF 8.4:1 NO 0 - 8V 100
(0.4GHz)

1000µm x
1000µm

ET - Piston [47] 51fF - 102fF 2:1 NO 0 - 5V 256
(10GHz)

200µm x
300µm

ES - Membrane/Bridge
[75]

12fF - 18fF 1.27:1 NO 0 - 60V Not
given

300µm x
40µm

ES - Membrane/Bridge
[77]

27fF - 31fF 1.15:1 NO 0 - 23V Not
given

100µm x
60µm

ES - Membrane/Bridge
[78]

34fF - 39.8fF 1.17:1 NO 0 - 13V Not
given

100µm x
60µm

This Research
(solid gear)

30.5fF - 53fF 1.73:1 YES 0 - 15V
(ET drive)

300
(10GHz)

150µm x
150µm

This Research
(spoked gear)

5.4fF - 8.6fF 1.59:1 YES 0 - 15V
(ET drive)

770
(10GHz)

150µm x
150µm

(Note: ES = Electro-Static, ET = Electro-Thermal)

The devices discussed in the research have similar performance metrics to

previously reported devices. The main difference is the ability to have a linear change in

capacitance for a linear change in the control or actuation signal. A competitive actuation

method would be to use the electo-thermal actuator designs from Sandia. The control

voltage would be a simple 0 - 15V signal. An example of the non-linear C-V profile for a

typical MEMS tunable capacitor is shown in Figure 5.44 [57]
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Figure 5.44: Typical non-linear C-V profile for MEMS tunable capacitors, [57]

5.9 Comparison to other Technologies

A brief comparison MEMS tunable capacitors to other technologies providing the

same function will be given. This information was taken from a paper published in 2001,

so it may not be fully up to date [115]. However, the major differences and advantages of

each technology are still the same. A new technology that has emerged in the last few

years is BST, or Barium Strontium Titanate. BST devices have a voltage dependent

capacitance charactreistic. However, this characteristic is highly non-linear, exhibiting a

dual sloped C-V profile centered around 0V. In addition, the loss tangent is a function of

the bias voltage. Figure 5.45(a,b) are illustrations of the non-linear capacitance and loss

tangent characterisitcs, respectively. The non-linearity in the loss tangent verses voltage

characteristic is not as significant as the non-linearity in the C-V profile. MEMS and BST

technologies are often considered as potential replacement technologies for Si or GaAs

varactors. A brief comparison of these technologies and the devices presented in the

research is shown in Table 5.20. (Most of the information in Table 5.20 was taken from

reference 115.)
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(a) (b)

Figure 5.45: BST non-linear behavior with tuning voltage, (a) capacitance, (b) loss tangent, [115]

Table 5.20: Comparison of GaAs, BST, and MEMS technologies

Technology
Performance Metric

GaAs BST MEMS This Research
Tuning Ratio 4:1 (Typ.) 2:1 - 3:1 1.1:1 - 8.4:1 1.44:1 & 1.6:1

Quality Factor < 60 (Typ.) < 30 (Typ.) 10 - 256 300
Control Voltage < 20V (uni) 10 - 20V (bi) 5 - 50V (uni) 15V (ET)
Tuning Speed Fast Fast Slow - Moderate Slow

Power Handling Poor Excellent Excellent Excellent
IMD Poor Poor Excellent Excellent

Packaging Hermetic ? (hermetic) Vacuum Vacuum
Cost Moderate - High Low (?) Low - Moderate Low - Moderate
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Chapter 6 Conclusion and Future Work

The main goals of this research were achieved. A rotating MEMS tunable

capacitor with a linear tuning range was created using a novel metallization technique.

The metallization technique also allows for the construction of controlled impedance

structures, such as coplanar waveguides. However, results were not at the expected level

and problems in the layout made the characterization of numerous devices both difficult

and expensive. Future work to eliminate these problems, improve device designs, and

build larger devices with higher capacitance values and a wider tuning range is important.

Automatic actuation methods should also be investigated on any future designs.

6.1 Novel Contributions

There are two main novel contributions from this research. One contribution is

that the rotating MEMS tunable capacitor is the first reported MEMS tunable capacitor

with a truly linear tuning range. In addition, the rotating device presented in this work is

the first of its type to have electrical performance measured and reported. Another

contribution is the integrated removable self-masking technique that enables the regulated

metal deposition in a polysilicon only MEMS process. This technique also allows for

metal deposition on any exposed layer(s) and the deposition of metal(s) in different

amounts. The improvements in high-frequency performance achieved by using this

metallization technique were significant.

6.2 Process Modifications for Improved Performance at
RF & Microwave Frequencies

The SUMMiT process uses a low-resistivity silicon substrate, and the mechanical

polysilicon layers are highly doped. The use of a low-resistivity substrate was intended to

show that the SUMMiT MEMS technology was compatible with CMOS technology. The

silicon substrate used in the SUMMiT process is too conductive to build a large and long
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device, such as a distributed phase shifter. The losses accrued along a large phase shifter

would be high. However, if an intrinsic silicon substrate were used instead of a low-

resistivity substrate, this problem could be eliminated. The devices measured in the

research were not so large that the loss contributions from the substrate caused problems,

and the deembedding technique removed any of the these effects from the final

characterization of the device. There is a movement to use technologies with lower loss at

high frequencies, such as gallium arsenide (GaAs) or silicon-on-insulator (SOI). Above

40GHz, quartz and sapphire substrates are often used. There is no reason way using an

intrinsic silicon substrate would cause any difficulties in processing. However, this would

require a custom fabrication run at Sandia, or an interest from Sandia that opened this as

an option. The other change would be to eliminate the high doping of the polysilicon

layers. High doping of the polysilicon is a deliberate effort in the processing sequence.

The main advantage of having conductive polysilicon is that it allows for the electro-

static actuation of devices. Since the process does not include a metal layer the

polysilicon needs to be conductive. There is no reason that would prohibit the removal of

the steps that dope the polysilicon. Conduction would be achieved through the deposition

of metal using the technique outlined in this dissertation.

6.3 Future Work

6.3.1 Cross Section of Current Structures

It would be useful to know the thickness of the air gap for each device topology.

By polishing a chip on edge, down its long side, and then performing a decorative etch to

remove some of the oxide between the polysilicon layers, the air gap could be measured

directly. There is some error in this, since the gear can move slightly on its axis, but the

information gathered for this would be useful. The work to do this has already started and

the information will be available for future designs.
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6.3.2 Investigation of Device Planarity after Metallization

Test structures on the chip will allow for the effects of post-release metallization

to be measured. Some of these structures were included in the design and others were

included by Sandia. The main effect is to measure how much stress is induced by varying

amounts of metallization. Also of interest is how the different device topologies are

effected by the metallization. Mainly, how much more rigid does the trapping of oxides

make a gear. This would also help to determine if the solid and dimpled device presented

in this dissertation was slightly warped.

6.3.3 Spoked Gear Topology with Dimpled Overlapping
CPW Signal Plate

The two variations in device topology that provide the greatest enhancement in

performance are the spoked gear design and the use of the dimple cut layer to reduce the

air gap of the overlapping polysilicon CPW signal plate. The spoked design has the

minimum capacitance in the 0° position, and the thin air gap produced by the dimpled

designs provides the highest capacitance. Both of these device variations simultaneously

enhance performance. A device implementing this combination would have high

capacitance per unit area with a high and linear tuning ratio. However, the combination of

these two device design variables is difficult. Processing steps (design rules too) force the

use of the dimple cut layer to have the underlying polysilicon layer present cut (i.e.

Dimple Cut in Poly-4 requires Poly-3 to beneath entire area of dimple cut). If the layer of

polysilicon directly beneath a dimple is not present, the oxide cut will not stop until the

next layer of polysilicon is reached. The dimple cut is produced by ‘backfilling’ the cut

region with a thin oxide layer (D3C & D4C).

It is possible to combine these device design variables. By designed the spoked

gear so that the solid area of the gear was beneath the portion of the overlapping CPW

signal plate being dimpled, no processing steps or design rules would be violated. To

metallize this device it would be necessary to rotate the device 90° after release, but
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before metallization. The basic spoked device design presented in Figure 3.30 would be

combined with the dimple cut layer that was shown in Figure 3.23. The cross-sectional

view shown in Figure 3.25 would be accurate for this device when the solid part of the

gear was beneath the overlapping CPW line. (An interesting experiment would be to

measure the performance of a spoked device where the CPW lines were metallized, but

not the surface of the gear. Given the high doping of the polysilicon, a device built in this

manner might produce acceptable results at lower frequencies.) If devices made using

this method had an air gap of 100nm after metallization the performance specifications

outlined in Table 6.1 could be approached.

Table 6.1: Potential Capacitance Range and Tuning Ratio for Spoked & Dimpled Device

Performance Metric for Spoked & Dimpled Device
Device Diameter & Air Gap Capacitance Range Tuning Ratio

65µm Diameter & 100nm Air Gap 3fF - 9fF 3:1
130µm Diameter & 100nm Air Gap 7fF - 45fF 6.5:1
290µm Diameter & 100nm Air Gap 25fF - 230fF 9:1
600µm Diameter & 100nm Air Gap 95fF - 1050fF 11:1

6.3.4 Future Hub Shield Designs

The current hub ‘umbrella’ design works well. However, for future experiments a

modification to improve the series resistance of the device can be made. In Figure 4.27(a)

the metal pattern that results between the hub ‘umbrella’ and overlapping signal lines can

be seen. This metal pattern is 8.5µm wide on each side of the hub, for a 130µm diameter

device. Basic hand calculations show this narrow path (17µm wide) to have a resistance

of less that 1Ω, for a 100nm deposition of gold. The modification changes the hub

‘umbrella’ design to be a ‘shield’ that spans inward as part of the gear. This increases the

path width to 34µm. This will reduce the device resistance too less than 0.5Ω, for a

100nm deposition of gold. Figure 6.1 is a layout of a device using the ‘shield’ that is an

inward extension of the Poly-3 in the gear stack-up. There is a cut line used to indicate
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the location of the cross sectional view of Figure 6.2. The etch hole in the Poly-3 that

covers the hub is 6µm in diameter.

Figure 6.1: Future hub shielding design, an inward extension of the Poly-3 in the gear

Shown in Figure 6.2 is the cross sectional view of the modified hub shield that is

an inward extension of the Poly-3 in the gear stack-up. The Poly-3 shield overlaps the

gap between the hub and gear by about 5µm and leaves a 6µm etch hole above the hub.

The 6µm etch hole is small enough to sufficiently shield the hub so that metal can be

deposited using sputtering and large enough to guarantee a clean release. The etch hole

could be made smaller, but without experience in building this structure a larger hole is

lower risk with regard to achieving a clean release.

Figure 6.2: Cross section of future hub shield design - an inward extension of the Poly-3 in the gear

Metallization shield
Gear

Hub

Gear

Etch hole
over hub

Cut line for
cross section
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6.3.5 Future Mask Removal Techniques

The current mask removal technique is not compatible with batch production

methods. Though it might be possible to automate the actuation of the release tabs, a

method that requires no physical contact with the chip, or wafer in the case of batch

production, is more desirable.

One possible solution would be to design the masking layer(s) so that they violate

the HF release etch hole design rule. This design rule require that etch holes be spaced to

more that 38µm apart, to insure a clean release. If the etch holes are spaced some amount

more than 38µm apart, then oxides may not be etched by the HF solution in that area. It is

likely that some margin of safety is built into this design rule, therefore, it would be

necessary to determine what amount of separation is required to leave oxide after the HF

etch. The design flow would require an additional post-processing step for this method.

To implement the technique, the masking layer(s) would be designed so that the

remaining oxide would act as an anchor to keep the masking layer attached to the chip.

Samples would then go through the normal HF etch to remove all the oxides except those

protected by the absence of etch holes in the masking layer(s). Then the samples would

be metallized. After metallization, the samples would be returned to the HF etch for a

period sufficient to remove the remaining oxides. Then samples would be inverted and

vibrated/agitated to remove the masking layer(s). This might be done best in a liquid

solution to help in freeing the masking layer from the surface of the chip. Perhaps the

final HF etch step could provide the liquid to precipitate the removal of the masking

layer(s).

To use the dual masking technique it would be necessary to design the lower

masking layer so that it could stay attached during the previous two HF etch steps. This

might not be possible unless very large (wide) structures are built. Without sufficient

experimental information about the HF etch process at Sandia it is difficult to speculate

about the viability of the dual masking technique using this alternative mask release

method. The end!
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Appendix A: Equations for Two-Port Parameter Conversions

Some useful conversions between Two-Port Parameters [112,113]
( Z0 = 50Ω & Y0 = 1/Z0 )
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Appendix B: Equivalent Circuit Model and Element Extraction

Device Model

Figure B.1: π - Equivalent Circuit Model [113]

Relationship between Admittance Elements of π-Model and ABCD Parameters [113]

Impedance of Elements in π-Model defined in terms of ABCD Parameters [113]
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Appendix C: Extracted Model Values from HFSS Simulations

Model Element Values extracted from HFSS Simulations [111] based on Equivalent
Circuit Model in Appendix B

Table C.1: Device capacitance values and tuning ratio extracted from HFSS simulations for solid 65µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments
(this data is for the solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 65µm Gear (with Dimple Cut on CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 3.2 fF 3.6 fF 4.2 fF 5.0 fF 5.3 fF 5.9 fF 6.3 fF 2.0:1
250nm 3.4 fF 3.9 fF 4.7 fF 5.6 fF 6.5 fF 7.3 fF 8.1 fF 2.4:10.5µm
400nm 4.0 fF 4.6 fF 5.8 fF 7.5 fF 9.2 fF 10.7 fF 11.7 fF 2.9:1
100nm 2.9 fF 3.1 fF 3.3 fF 3.9 fF 4.2 fF 4.8 fF 5.0 fF 1.7:1
250nm 2.8 fF 3.4 fF 3.5 fF 4.3 fF 4.8 fF 5.3 fF 5.8 fF 2.1:10.7µm
400nm 3.1 fF 3.6 fF 4.2 fF 4.9 fF 5.9 fF 6.6 fF 7.0 fF 2.3:1

Table C.2: Device capacitance (CD) and tuning ratio extracted from HFSS simulations for solid 130µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments
(this data is for the solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 130µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 8.0 fF 9.5 fF 11.5 fF 14.8 fF 17.5 fF 20.4 fF 23.0 fF 2.9:1
250nm 9.2 fF 10.5 fF 15.9 fF 18.0 fF 22.2 fF 27.3 fF 29.6 fF 3.2:10.5µm
400nm 9.8 fF 14.4 fF 19.8 fF 25.1 fF 35.7 fF 40.0 fF 45.1 fF 4.6:1
100nm 6.6 fF 7.0 fF 8.7 fF 10.9 fF 14.0 fF 15.4 fF 17.4 fF 2.7:1
250nm 6.9 fF 7.9 fF 11.7 fF 12.9 fF 15.5 fF 18.5 fF 20.4 fF 3.0:10.7µm
400nm 7.4 fF 9.0 fF 12.1 fF 15.8 fF 19.7 fF 22.7 fF 25.9 fF 3.5:1

Table C.3: Device capacitance values and tuning ratio extracted from HFSS simulations for solid 290µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments
(this data is for the solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 290µm Gear (with Dimple Cut on CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 26.2 fF 28.4 fF 44.0 fF 53.6 fF 74.4 fF 91.3 fF 88.8 fF 3.4:1
250nm 29.0 fF 39.7 fF 59.3 fF 78.4 fF 96.1 fF 121 fF 135 fF 4.6:10.5µm
400nm 30.3 fF 54.4 fF 82.9 fF 113 fF 148 fF 178 fF 195 fF 6.5:1
100nm 24.1 fF 27.0 fF 26.6 fF 48.5 fF 57.5 fF 69.7 fF 77.5 fF 3.2:1
250nm 27.4 fF 29.9 fF 43.0 fF 55.8 fF 69.9 fF 82.8 fF 93.8 fF 3.4:10.7µm
400nm 29.3 fF 36.2 fF 54.1 fF 68.0 fF 88.4 fF 105 fF 123 fF 4.2:1
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Table C.4: Device capacitance values and tuning ratio extracted from HFSS simulations for spoked 65µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 65µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 1.62 fF 1.67 fF 2.09 fF 2.14 fF 2.35 fF 2.75 fF 2.71 fF 1.7:1
250nm 1.95 fF 1.87 fF 2.19 fF 2.17 fF 2.47 fF 2.63 fF 2.66 fF 1.4:12.05µm
400nm 1.71 fF 1.91 fF 1.97 fF 2.25 fF 2.52 fF 2.65 fF 2.80 fF 1.6:1
100nm 1.49 fF 1.49 fF 1.63 fF 1.73 fF 1.81 fF 2.02 fF 2.03 fF 1.4:1
250nm 1.46 fF 1.48 fF 1.51 fF 1.61 fF 1.85 fF 1.95 fF 2.06 fF 1.4:13.8µm
400nm 1.46 fF 1.48 fF 1.72 fF 1.87 fF 1.95 fF 2.00 fF 2.08 fF 1.3:1

Table C.5: Device capacitance values and tuning ratio extracted from HFSS simulations for spoked 130µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 130µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 3.6 fF 3.4 fF 4.4 fF 5.1 fF 6.2 fF 7.2 fF 7.8 fF 2.2:1
250nm 3.6 fF 4.1 fF 4.4 fF 5.4 fF 6.4 fF 7.8 fF 8.9 fF 2.5:12.05µm
400nm 3.5 fF 3.8 fF 5.3 fF 5.6 fF 6.6 fF 7.9 fF 8.6 fF 2.5:1
100nm 2.9 fF 2.9 fF 3.4 fF 4.0 fF 4.6 fF 5.0 fF 5.6 fF 1.9:1
250nm 3.6 fF 2.9 fF 3.3 fF 3.9 fF 4.5 fF 5.3 fF 6.0 fF 1.7:13.8µm
400nm 3.0 fF 3.2 fF 3.5 fF 4.0 fF 4.6 fF 5.3 fF 5.2 fF 1.7:1

Table C.6: Device capacitance values and tuning ratio extracted from HFSS simulations for spoked 290µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 290µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 10.6 fF 12.9 fF 15.9 fF 19.6 fF 24.4 fF 30.6 fF 33.8 fF 3.2:1
250nm 10.7 fF 12.2 fF 17.3 fF 21.2 fF 25.7 fF 31.4 fF 34.7 fF 3.2:12.05µm
400nm 11.3 fF 13.2 fF 16.8 fF 22.2 fF 27.2 fF 32.9 fF 37.1 fF 3.3:1
100nm 8.2 fF 9.3 fF 10.9 fF 14.0 fF 16.8 fF 20.2 fF 21.4 fF 2.6:1
250nm 8.3 fF 8.9 fF 10.9 fF 14.9 fF 16.8 fF 19.2 fF 22.3 fF 2.7:13.8µm
400nm 8.9 fF 9.4 fF 11.3 fF 14.5 fF 17.3 fF 19.8 fF 22.0 fF 2.5:1
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Table C.7: Device capacitance values and tuning ratio extracted from HFSS simulations for solid 65µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 65µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 2.17 fF 2.34 fF 2.45 fF 2.48 fF 2.62 fF 3.03 fF 3.21 fF 1.5:1
250nm 2.26 fF 2.21 fF 2.40 fF 2.56 fF 2.82 fF 3.01 fF 2.96 fF 1.3:11.75µm
400nm 2.26 fF 2.22 fF 2.34 fF 2.70 fF 2.98 fF 2.98 fF 3.21 fF 1.4:1
100nm 2.05 fF 2.17 fF 2.17 fF 2.36 fF 2.42 fF 2.58 fF 2.98 fF 1.5:1
250nm 2.06 fF 1.99 fF 2.18 fF 2.41 fF 2.55 fF 2.70 fF 2.72 fF 1.3:12.05µm
400nm 2.03 fF 2.33 fF 2.20 fF 2.42 fF 2.57 fF 2.76 fF 2.92 fF 1.4:1
100nm 1.82 fF 1.77 fF 1.80 fF 1.95 fF 1.97 fF 2.12 fF 2.16 fF 1.2:1
250nm 1.64 fF 1.73 fF 1.85 fF 1.85 fF 2.06 fF 2.04 fF 2.19 fF 1.3:13.5µm
400nm 1.74 fF 1.75 fF 1.91 fF 2.01 fF 2.11 fF 2.16 fF 2.19 fF 1.3:1
100nm 1.68 fF 1.65 fF 1.67 fF 1.90 fF 1.95 fF 2.03 fF 2.16 fF 1.3:1
250nm 1.66 fF 1.80 fF 1.72 fF 1.84 fF 1.95 fF 1.97 fF 2.12 fF 1.3:13.8µm
400nm 1.72 fF 1.76 fF 1.81 fF 1.96 fF 1.89 fF 2.08 fF 2.13 fF 1.2:1

Table C.8: Device capacitance values and tuning ratio extracted from HFSS simulations for solid 130µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 130µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 5.1 fF 5.1 fF 5.2 fF 6.3 fF 7.4 fF 8.6 fF 8.8 fF 1.7:1
250nm 5.2 fF 4.8 fF 6.2 fF 6.5 fF 7.9 fF 8.7 fF 10.0 fF 1.9:11.75µm
400nm 4.8 fF 4.9 fF 5.6 fF 6.7 fF 8.2 fF 9.2 fF 9.8 fF 2.0:1
100nm 4.9 fF 4.2 fF 5.0 fF 6.4 fF 6.9 fF 7.6 fF 7.9 fF 1.6:1
250nm 4.2 fF 4.1 fF 5.7 fF 5.7 fF 6.9 fF 8.6 fF 8.2 fF 2.0:12.05µm
400nm 4.6 fF 4.7 fF 5.4 fF 6.1 fF 7.3 fF 7.9 fF 9.1 fF 2.0:1
100nm 3.4 fF 3.3 fF 4.4 fF 4.3 fF 4.9 fF 5.7 fF 6.2 fF 1.8:1
250nm 3.8 fF 3.4 fF 3.9 fF 4.1 fF 4.9 fF 5.4 fF 5.8 fF 1.5:13.5µm
400nm 3.4 fF 3.5 fF 3.9 fF 4.2 fF 4.7 fF 5.4 fF 5.8 fF 1.7:1
100nm 3.9 fF 3.9 fF 4.2 fF 4.6 fF 4.9 fF 5.6 fF 5.7 fF 1.5:1
250nm 3.7 fF 3.3 fF 3.8 fF 4.0 fF 4.5 fF 5.1 fF 5.2 fF 1.4:13.8µm
400nm 3.4 fF 3.2 fF 3.7 fF 4.2 fF 4.6 fF 5.1 fF 5.5 fF 1.6:1
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Table C.9: Device capacitance values and tuning ratio extracted from HFSS simulations for solid 290µm
diameter gear with various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 290µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

Tuning
Ratio

100nm 14.0 fF 14.8 fF 19.1 fF 23.9 fF 29.0 fF 33.4 fF 35.2 fF 2.7:1
250nm 14.2 fF 14.4 fF 20.0 fF 24.8 fF 30.4 fF 36.0 fF 40.1 fF 2.8:11.75µm
400nm 15.3 fF 16.1 fF 21.9 fF 26.6 fF 33.2 fF 38.6 fF 43.6 fF 2.9:1
100nm 13.1 fF 14.1 fF 17.2 fF 21.3 fF 25.9 fF 29.6 fF 35.2 fF 2.7:1
250nm 13.8 fF 15.6 fF 17.9 fF 22.5 fF 26.4fF 32.3 fF 34.2 fF 2.5:12.05µm
400nm 14.5 fF 16.0 fF 18.9 fF 23.1 fF 27.5 fF 32.6 fF 39.1 fF 2.7:1
100nm 10.5 fF 10.6 fF 12.6 fF 15.1 fF 17.9 fF 20.9 fF 22.7 fF 2.2:1
250nm 10.0 fF 11.0 fF 13.1 fF 16.0 fF 18.3 fF 21.7 fF 23.1 fF 2.3:13.5µm
400nm 10.5 fF 11.8 fF 13.1 fF 15.9 fF 18.8 fF 21.7 fF 24.7 fF 2.4:1
100nm 10.0 fF 10.4 fF 12.0 fF 15.2 fF 18.2 fF 19.8 fF 21.0 fF 2.1:1
250nm 9.8 fF 11.6 fF 13.0 fF 15.0 fF 17.9 fF 20.1 fF 23.2 fF 2.4:13.8µm
400nm 9.5 fF 11.4 fF 12.2 fF 15.5 fF 18.0 fF 20.9 fF 22.8 fF 2.4:1
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Table C.10: Device resistance (RD) extracted from HFSS simulations for solid 65µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments (this data is for the
solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 65µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 12.5 Ω 9.6 Ω 8.9 Ω 6.9 Ω 7.1 Ω 6.1 Ω 5.2 Ω
250nm 11.7 Ω 9.6 Ω 7.7 Ω 6.5 Ω 5.9 Ω 4.9 Ω 4.3 Ω0.5µm
400nm 10.2 Ω 8.9 Ω 7.3 Ω 5.2 Ω 4.3 Ω 4.1 Ω 3.5 Ω
100nm 13.2 Ω 11.7 Ω 10.2 Ω 9.6 Ω 9.1 Ω 6.8 Ω 6.9 Ω
250nm 13.2 Ω 10.9 Ω 10.4 Ω 8.3 Ω 8.4 Ω 6.4 Ω 5.7 Ω0.7µm
400nm 12.3 Ω 9.8 Ω 8.7 Ω 7.4 Ω 5.9 Ω 5.3 Ω 5.2 Ω

Table C.11: Device resistance (RD) extracted from HFSS simulations for solid 130µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments (this data is for the
solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 130µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 3.3 Ω 2.7 Ω 2.4 Ω 1.8 Ω 1.4 Ω 1.3 Ω 1.2 Ω
250nm 3.1 Ω 2.8 Ω 2.3 Ω 1.7 Ω 1.4 Ω 1.2 Ω 1.0 Ω0.5µm
400nm 3.1 Ω 2.1 Ω 1.9 Ω 1.5 Ω 1.2 Ω 1.0 Ω 0.85 Ω
100nm 3.8 Ω 3.7 Ω 3.0 Ω 2.6 Ω 2.0 Ω 1.6 Ω 1.4 Ω
250nm 4.0 Ω 3.5 Ω 2.1 Ω 2.1 Ω 1.8 Ω 1.5 Ω 1.4 Ω0.7µm
400nm 3.7 Ω 3.3 Ω 2.3 Ω 1.9 Ω 1.5 Ω 1.4 Ω 1.2 Ω

Table C.12: Device resistance (RD) extracted from HFSS simulations for solid 290µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments (this data is for the
solid gear with the dimple cut applied to the overlapping CPW signal plate)

Angular Position of Solid 290µm Gear (with Dimple Cut in CPW plate)Initial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 1.1 Ω 1.0 Ω 1.0 Ω 0.5 Ω 0.8 Ω 0.4 Ω 0.5 Ω
250nm 0.9 Ω 0.9 Ω 0.7 Ω 0.6 Ω 0.5 Ω 0.5 Ω 0.4 Ω0.5µm
400nm 0.9 Ω 0.8 Ω 0.7 Ω 0.5 Ω 0.8 Ω 0.4 Ω 0.3 Ω
100nm 1.2 Ω 1.1 Ω 0.6 Ω 0.8 Ω 0.9 Ω 0.5 Ω 0.5 Ω
250nm 1.0 Ω 0.9 Ω 0.8 Ω 0.6 Ω 0.5 Ω 0.5 Ω 0.4 Ω0.7µm
400nm 0.9 Ω 0.9 Ω 0.8 Ω 0.6 Ω 0.5 Ω 0.5 Ω 0.4 Ω
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Table C.13: Device resistance (RD) extracted from HFSS simulations for spoked 65µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 65µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 20.6 Ω 21.4 Ω 16.1 Ω 14.8 Ω 13.3 Ω 10.9 Ω 11.6 Ω
250nm 17.7 Ω 18.5 Ω 17.7 Ω 15.2 Ω 12.3 Ω 12.4 Ω 11.6 Ω2.05µm
400nm 21.1 Ω 18.5 Ω 17.3 Ω 14.2 Ω 12.8 Ω 15.2 Ω 11.4 Ω
100nm 24.5 Ω 24.0 Ω 22.7 Ω 19.0 Ω 17.5 Ω 15.9 Ω 16.3 Ω
250nm 26.0 Ω 25.0 Ω 23.0 Ω 23.5 Ω 18.6 Ω 17.3 Ω 17.4 Ω3.8µm
400nm 21.4 Ω 22.8 Ω 20.3 Ω 18.4 Ω 17.6 Ω 17.3 Ω 16.4 Ω

Table C.14: Device resistance (RD) extracted from HFSS simulations for spoked 130µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 130µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 6.2 Ω 6.0 Ω 5.8 Ω 4.9 Ω 3.5 Ω 3.1 Ω 2.7 Ω
250nm 6.2 Ω 6.0 Ω 5.6 Ω 4.4 Ω 3.4 Ω 2.9 Ω 2.4 Ω2.05µm
400nm 6.8 Ω 6.1 Ω 4.5 Ω 4.0 Ω 3.4 Ω 2.7 Ω 2.9 Ω
100nm 8.4 Ω 7.7 Ω 7.3 Ω 5.4 Ω 4.7 Ω 4.2 Ω 3.8 Ω
250nm 8.4 Ω 7.5 Ω 6.4 Ω 5.4 Ω 4.5 Ω 4.0 Ω 3.8 Ω3.8µm
400nm 7.9 Ω 7.1 Ω 6.8 Ω 5.6 Ω 4.4 Ω 4.0 Ω 3.3 Ω

Table C.15: Device resistance (RD) extracted from HFSS simulations for spoked 290µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Spoked 290µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 2.0 Ω 1.6 Ω 1.5 Ω 1.1 Ω 0.9 Ω 0.7 Ω 0.8 Ω
250nm 1.5 Ω 1.6 Ω 1.3 Ω 0.8 Ω 0.7 Ω 0.7 Ω 0.7 Ω2.05µm
400nm 1.6 Ω 0.3 Ω 1.1 Ω 0.7 Ω 0.8 Ω 0.8 Ω 0.5 Ω
100nm 2.5 Ω 2.4 Ω 1.6 Ω 1.7 Ω 1.4 Ω 1.1 Ω 1.0 Ω
250nm 2.4 Ω 3.2 Ω 2.5 Ω 1.2 Ω 1.1 Ω 1.0 Ω 1.1 Ω3.8µm
400nm 2.1 Ω 2.0 Ω 1.8 Ω 1.3 Ω 1.2 Ω 0.9 Ω 0.8 Ω
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Table C.16: Device resistance (RD) extracted from HFSS simulations for solid 65µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 65µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 16.6 Ω 15.3 Ω 13.6 Ω 12.6 Ω 12.2 Ω 10.2 Ω 10.1 Ω
250nm 15.4 Ω 16.6 Ω 14.4 Ω 15.2 Ω 10.5 Ω 12.3 Ω 11.6 Ω1.75µm
400nm 15.6 Ω 16.3 Ω 15.4 Ω 12.1 Ω 10.1 Ω 11.3 Ω 9.7 Ω
100nm 17.9 Ω 17.3 Ω 16.0 Ω 14.5 Ω 13.6 Ω 14.5 Ω 10.1 Ω
250nm 17.3 Ω 18.2 Ω 16.5 Ω 13.9 Ω 11.8 Ω 12.9 Ω 12.3 Ω2.05µm
400nm 16.2 Ω 13.0 Ω 14.9 Ω 14.2 Ω 12.7 Ω 11.1 Ω 11.1 Ω
100nm 19.5Ω 20.0 Ω 20.5 Ω 18.3 Ω 18.3 Ω 14.0 Ω 15.2 Ω
250nm 23.6 Ω 20.8 Ω 17.7 Ω 20.2 Ω 17.8 Ω 17.4 Ω 16.0 Ω3.5µm
400nm 20.9 Ω 18.5 Ω 18.6 Ω 16.5 Ω 15.4 Ω 15.3 Ω 15.8 Ω
100nm 19.5 Ω 22.5 Ω 19.1 Ω 18.9 Ω 17.8 Ω 14.6 Ω 15.1 Ω
250nm 22.2 Ω 19.6 Ω 22.0 Ω 19.2 Ω 18.3 Ω 17.7 Ω 17.6 Ω3.8µm
400nm 21.4 Ω 20.5 Ω 18.6 Ω 16.0 Ω 18.1 Ω 16.0 Ω 16.1 Ω

Table C.17: Device resistance (RD) extracted from HFSS simulations for solid 130µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 130µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 4.2 Ω 4.4 Ω 4.6 Ω 3.7 Ω 3.0 Ω 2.6 Ω 2.3 Ω
250nm 4.2 Ω 5.4 Ω 3.5 Ω 3.6 Ω 3.0 Ω 2.6 Ω 2.3 Ω1.75µm
400nm 4.9 Ω 5.5 Ω 4.8 Ω 3.4 Ω 2.8 Ω 2.4 Ω 2.5 Ω
100nm 4.4 Ω 5.6 Ω 4.7 Ω 3.4 Ω 3.2 Ω 2.8 Ω 2.6 Ω
250nm 5.6 Ω 7.9 Ω 4.2 Ω 4.3 Ω 3.3 Ω 2.4 Ω 2.4 Ω2.05µm
400nm 5.1 Ω 5.0 Ω 4.3 Ω 3.6 Ω 3.1 Ω 3.4 Ω 2.6 Ω
100nm 7.3 Ω 7.5 Ω 5.2 Ω 5.2 Ω 5.2 Ω 4.4 Ω 3.7 Ω
250nm 5.9 Ω 7.4 Ω 6.1 Ω 6.5 Ω 4.5 Ω 4.1 Ω 3.6 Ω3.5µm
400nm 6.8 Ω 7.2 Ω 5.9 Ω 6.0 Ω 4.5 Ω 4.7 Ω 3.7 Ω
100nm 5.5 Ω 6.3 Ω 5.5 Ω 4.7 Ω 4.2 Ω 3.8 Ω 3.7 Ω
250nm 6.7 Ω 7.2 Ω 6.4 Ω 6.3 Ω 4.7 Ω 4.5 Ω 4.4 Ω3.8µm
400nm 6.7 Ω 9.9 Ω 6.3 Ω 5.2 Ω 4.7 Ω 5.2 Ω 4.0 Ω
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Table C.18: Device resistance (RD) extracted from HFSS simulations for solid 290µm diameter gear with
various metal depositions, for angular position of gear from 0° to 90° in 15° increments

Angular Position of Solid 290µm GearInitial
Air gap

Metal
Thickness 0° 15° 30° 45° 60° 75° 90°

100nm 3.3 Ω 2.7 Ω 2.4 Ω 1.8 Ω 1.4 Ω 1.3 Ω 1.2 Ω
250nm 3.0 Ω 2.0 Ω 1.9 Ω 1.6 Ω 1.3 Ω 1.2 Ω 1.0 Ω1.75µm
400nm 3.1 Ω 2.1 Ω 1.8 Ω 1.4 Ω 1.1 Ω 1.0 Ω 0.85 Ω
100nm 3.8 Ω 3.7 Ω 3.0 Ω 2.6 Ω 2.0 Ω 1.6 Ω 1.4 Ω
250nm 4.0 Ω 3.5 Ω 2.1 Ω 2.1 Ω 1.8 Ω 1.5 Ω 1.4 Ω2.05µm
400nm 3.7 Ω 3.3 Ω 2.3 Ω 1.9 Ω 1.5 Ω 1.4 Ω 1.2 Ω
100nm 3.3 Ω 2.7 Ω 2.4 Ω 1.8 Ω 1.4 Ω 1.3 Ω 1.2 Ω
250nm 3.0 Ω 2.0 Ω 1.9 Ω 1.6 Ω 1.3 Ω 1.2 Ω 1.0 Ω3.5µm
400nm 3.1 Ω 2.1 Ω 1.8 Ω 1.4 Ω 1.1 Ω 1.0 Ω 0.85 Ω
100nm 3.8 Ω 3.7 Ω 3.0 Ω 2.6 Ω 2.0 Ω 1.6 Ω 1.4 Ω
250nm 4.0 Ω 3.5 Ω 2.1 Ω 2.1 Ω 1.8 Ω 1.5 Ω 1.4 Ω3.8µm
400nm 3.7 Ω 3.3 Ω 2.3 Ω 1.9 Ω 1.5 Ω 1.4 Ω 1.2 Ω
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Table C.19: Shunting parasitics (RS & CS) extracted from HFSS simulations for solid 65µm, 130µm, &
290µm diameter gears with various metal depositions, valid for all angular positions of gear (this data is for
the solid gear with the dimple cut applied to the overlapping CPW signal plate)

Shunting parasitic element values for various gear diametersInitial
Air gap

Metal
Thickness 65µm diameter gear 130µm diameter gear 290µm diameter gear

100nm RS = 31 Ω , CS = 3.0 fF RS = 11 Ω , CS = 6.5 fF RS = 3.1 Ω , CS = 14 fF
250nm RS = 29 Ω , CS = 3.2 fF RS = 9.9 Ω , CS = 6.8 fF RS = 2.8 Ω , CS = 15 fF0.5µm
400nm RS = 28 Ω , CS = 3.0 fF RS = 9.7 Ω , CS = 6.8 fF RS = 2.5 Ω , CS = 15 fF
100nm RS = 36 Ω , CS = 3.0 fF RS = 12 Ω , CS = 6.4 fF RS = 3.2 Ω , CS = 18 fF
250nm RS = 37 Ω , CS = 3.0 fF RS = 10 Ω , CS = 7.0 fF RS = 2.7 Ω , CS = 16 fF0.7µm
400nm RS = 34 Ω , CS = 3.0 fF RS = 8.5 Ω , CS = 7.3 fF RS = 2.3 Ω , CS = 18 fF

Table C.20: Shunting parasitics (RS & CS) extracted from HFSS simulations for spoked 65µm, 130µm, &
290µm diameter gears with various metal depositions, valid for all angular positions of gear

Shunting parasitic element values for various gear diametersInitial
Air gap

Metal
Thickness 65µm diameter gear 130µm diameter gear 290µm diameter gear

100nm RS = 44 Ω , CS = 2.5 fF RS = 19 Ω , CS = 4.8 fF RS = 3.1 Ω , CS = 12 fF
250nm RS = 43 Ω , CS = 2.6 fF RS = 17 Ω , CS = 5.1 fF RS = 2.6 Ω , CS = 13 fF2.05µm
400nm RS = 47 Ω , CS = 2.4 fF RS = 13 Ω , CS = 5.7 fF RS = 2.5 Ω , CS = 13 fF
100nm RS = 48 Ω , CS = 2.4 fF RS = 19 Ω , CS = 4.7 fF RS = 2.7 Ω , CS = 12 fF
250nm RS = 47 Ω , CS = 2.3 fF RS = 16 Ω , CS = 5.1 fF RS = 2.5 Ω , CS = 12 fF3.8µm
400nm RS = 46 Ω , CS = 2.4 fF RS = 15 Ω , CS = 5.0 fF RS = 2.3 Ω , CS = 12 fF

Table C.21: Shunting parasitics (RS & CS) extracted from HFSS simulations for solid 65µm, 130µm, &
290µm diameter gears with various metal depositions, valid for all angular positions of gear

Shunting parasitic element values for various gear diametersInitial
Air gap

Metal
Thickness 65µm diameter gear 130µm diameter gear 290µm diameter gear

100nm RS = 39 Ω , CS = 2.6 fF RS = 13 Ω , CS = 5.5 fF RS = 3.8 Ω , CS = 13 fF
250nm RS = 37 Ω , CS = 2.7 fF RS = 11 Ω , CS = 5.9 fF RS = 3.1 Ω , CS = 12 fF1.75µm
400nm RS = 43 Ω , CS = 2.5 fF RS = 14 Ω , CS = 5.5 fF RS = 2.4 Ω , CS = 14 fF
100nm RS = 44 Ω , CS = 2.6 fF RS = 12 Ω , CS = 5.6 fF RS = 2.8 Ω , CS = 13 fF
250nm RS = 39 Ω , CS = 2.6 fF RS = 15 Ω , CS = 5.1 fF RS = 2.8 Ω , CS = 13 fF2.05µm
400nm RS = 39 Ω , CS = 2.6 fF RS = 13 Ω , CS = 5.7 fF RS = 2.3 Ω , CS = 14 fF
100nm RS = 41 Ω , CS = 2.7 fF RS = 17 Ω , CS = 4.8 fF RS = 3.1 Ω , CS = 13 fF
250nm RS = 38 Ω , CS = 2.5 fF RS = 16 Ω , CS = 5.0 fF RS = 3.0 Ω , CS = 13 fF3.5µm
400nm RS = 42 Ω , CS = 2.5 fF RS = 18 Ω , CS = 4.5 fF RS = 2.9 Ω , CS = 12 fF
100nm RS = 41 Ω , CS = 2.6 fF RS = 11 Ω , CS = 6.5 fF RS = 2.7 Ω , CS = 14 fF
250nm RS = 45 Ω , CS = 2.5 fF RS = 10 Ω , CS = 6.8 fF RS = 2.5 Ω , CS = 13 fF3.8µm
400nm RS = 39 Ω , CS = 2.5 fF RS = 10 Ω , CS = 5.8 fF RS = 2.1 Ω , CS = 15 fF
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Appendix D: The ‘Improved Deembedding Technique’

Equations for implementing the ‘improved deembedding technique’ using
Two-Port Y Parameters [114]

Term in Equation Definition
YDevice Y Parameters of the deembedded device
YDUT Y Parameters of test fixture with device
YOPEN Y Parameters of ‘open-line’ test fixture
YTHRU Y Parameters of ‘thru-line’ test fixture

Y

Y Y Y Y

Device

DUT OPEN THRU OPEN

�

�

�

�

1
1 1
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Appendix E: Sensitivity of Resistance Extraction on Phase Angle

The sensitivity of the real component on the phase angle is the equation needed [116]. In

other terms, this is the sensitivity of extracting the resistive part of a impedance as a

function of the phase angle of that impedance. This solution assumes a single frequency,

so the magnitude of the impedance is constant. The equation for determining the real part

of a complex impedance is stated first. Then the sensitivity equation is derived and

plotted for phase angles from -90° to 90°. This illustrates the difficulty in extracting small

resistances when they are in series with capacitors (or inductors) having high impedance.

To determine the Real part of a complex impedance Re cos� �Z ϕb g

Sensitivity of Real on phase for a complex impedance ζ ϕ ϕ ϕRe tan� � � b g
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Figure E.1: Sensitivity of resistance extraction to phase angle on complex impedance
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Appendix F: Device Inductance

It is possible to extract inductive values for the devices as a function of the gear’s

angular position. However, after considering the conductivity of the polysilicon for a

solid gear, it was found that the inductance did not vary much, if any, with the angular

position of the gear. This is not surprising since the conduction path varies little in this

case. For example, in simulation a solid 130µm diameter device (250nm Au) that has the

dimple cut in the overlapping CPW plate has a series inductance of around 80pH.

However, a spoked device will have an inductance that changes with gear position. For

example, in simulation a spoked 130µm diameter device (250nm Au) has a series

inductance of that varies from 45pH to 80pH.

As would be expected, these inductive effects occur at lower frequencies for

larger devices. This is due to the fact that devices with larger geometries have more

inductance and more capacitance; therefore, a lower self-resonance frequency. These

affects are only noticeable at very high frequencies (great than 25GHz for a 130µm

diameter device) and were not necessary to model in the case of the measured devices’.

Larger diameter devices (i.e. 600µm diameter) would need to have the model extended to

include device inductance for the same measurement range.


