
ABSTRACT

PITTS, WALLACE SHEPHERD. High Quality CMOS Integrable Varactors. (Under the
direction of Paul Franzon.)

Traditional varactors have until now come in two different varieties, (1) low on-chip Q and

(2) high off-chip Q. This dissertation presents two new varactor topologies that can integrate a

high Q on-chip varactor with a low temperature, sub 160oC, CMOS friendly process as a front-

end, mid-line, or back-end process. Locating the high Q varactor on-chip designers can not

only free up PCB area and pin count, but also build frequency-agile systems by removing any

required off-chip matching networks for the varactor. These varactors have Cutoff Frequency

out to the the THz band and have very high capacitance densities depending on the device

materials used.

These two new varactors, called the Metal-Insulator-Semiconductor-Metal (MISM) varactor

and Floating Body Varactor (FBV), are discussed here starting with the theory, modeling,

simulation and measured results. These varactors demonstrate exceptional promise with the

first Generation MISM devices, and culminate with multiple orders of magnitude improvement

by the final second Generation FBV devices. The key performance improvement of the MISM

devices was due to the reduction in Rs. The Rs in these devices was improved significantly by

the use of an Indium Tin Oxide (ITO) inter-facial layer in the first Generation devices, followed

by an even larger improvement by using a Titanium Dioxide (TiO2) 1 <nm tunneling oxide to

eliminate fermi-level pining in the second which reduced the Rc. The maximum Figure of Merit

(FOM) achieved by the MISM in this work was 469 for a capacitance of 12.3pF.

The FBV takes the MISM varactor to the next step of performance by eliminating the Rc

term in the Rs by introducing a vertically integrated topology. In the simplest form, a series

capacitance is placed in place of the body electrode by creating a Metal-Insulator-Semicon-

ductor-Insulator-Metal (MISIM) varactor stack. This reduces the overall gain of the device,

which can be recovered by reducing the doping concentration of the device. It is shown through

measurement and simulation that the FBV topology can compete with commercially available

devices with a maximum FOM of 840 for a capacitance of 4.8pF. A Verilog-A model has also

been developed as part of this work to help designers utilize these new varactors in future de-

signs. This will enable the exploration of numerous device topologies with these new varactors,

which is foreseen as part of the future work.
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BIOGRAPHY

Many big events happened in the year of 1980. To name a few: Ronald Reagan was elected pres-

ident, John Lennon was shot and killed, Mount St. Helens erupted in Washington State, and

NASA Satellite Voyager 1 sent back the first high resolution images of Saturn back to Earth.

Consequentially, while all of these grand events shaped the course of history the normal, incon-

sequential and mundane things that define normal everyday life continued to thrive unaffected

as they always seem to find a way to do. One of these every day life events was the birth of the

author who was born to Wallace and Cathy Pitts and brought up in an area that was formally

in “the sticks” of Raleigh, North Carolina. He also has an older sister Jennifer Pitts who taught

him such joys as: how to ride inside the dryer, to be kicked out of the crib, and ongoing sibling

rivalries. The author has an extreme love for traveling to new places and new foods. He has

traveled to over 21 countries but always looked forward to coming home to Raleigh. The most

pleasurable things about traveling are trying new foods, playing food roulette by pointing to

items on a menu where you do not speak the language and there aren’t any pictures what so

ever, meeting new people, and the life that happens in between.

There were a few life shaping events that the author went through in life. The first was

the day his second family, the Jonson family, moved in a few streets over when the author

was 11 years old. Nina Jonson often refer to the author as her “wayward son” to which people

reply “oh, I didn’t realize you had a son” or to the fact that they didn’t realize he “came with

the house.” You see, the neighborhood at that point in time had relatively few families with

children the same age and had that “small town” feeling where everybody knows everybody.

In fact, I doubt there isn’t a house in the neighborhood that the author hasn’t been inside of

at least once in his life. Craig Jonson had fun cars that he always tinkered with which played

an integral role in teaching the author the finer points of do it yourself car repairs (specifically

the importance of the right size socket/wrench), as well as how to prepare for retirement at an

early age through saving money. Good wholesome values were instilled by both of the families

upon the author. The Jonson family eventually had a baby girl Kiera who became a second

sister to the author.

The next event that shaped the authors life was receiving rejection letters to all of the col-

leges for which he applied – at first. You see, while growing up the author attended Ravenscroft

School which prepared him quite well for the riggers of college; however, this was not reflected

in his grades at the time. He was side tracked and a day dreamer, as most youths are, by

sports (being an avid tennis player who loved playing with his father), cars, and life outside

of scholastic endeavors. Eventually, he had to start thinking about the future and get serious

and apply to college, UNC-Charlotte (UNCC) and North Carolina State University (NCSU), to
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which he was promptly rejected due to his less than stellar grades. Eventually, he was accepted

to UNCC where he played Rugby and became quite academically successful because the initial

rejection letters were quite the wake-up call to the author. Success at UNCC wasn’t enough as

it was his dream to go to his first choice, the NCSU a.k.a. the Wolfpack!

After his freshman year at UNCC, the author attended summer classes at NCSU and ap-

proached Dr. Jerome Lavelle to find out what he needed to do in order transfer into NCSU.

Dr. Lavelle looked at his transcript and stated “let’s see how you do in your calculus class this

summer.” That conversation was all the motivation he required. The author for all practical

purposes lived in the library to ensure that the University would have no reason to turn him

away again. Several weeks later, with a smile on his face, the author approached Dr. Lavelle

again and refreshed his memory of the conversation they had a few weeks back, this time adding

that he got a perfect 100 percent in his calculus class. Much to the authors delight, Dr. Lavelle

replied “welcome to State!”. It was all down hill for the author after that and he carried for-

ward the momentum of being on the “other Deans List,” as his father so eloquently put it in

jest since he was now on the good and academic Deans list as well as being accepted into the

departmental honors program. The author graduated Summa Cum Laude with a B.S. degree

Computer Engineering and a B.S. degree Electrical Engineering in Spring 2004.

Another event that shaped the author’s life was his first graduate level course, Digital ASIC

Design, in the spring of 2002 which he took as an undergraduate with Dr. Paul Franzon’s as

part of the honors program. This is where he first met his eventual Masters and Ph.D. adviser

when he stated doing undergraduate research in the spring of 2003 after taking Dr. Franzon’s

Digital Electronics course. Eventually, the author would stay at NCSU for his masters degree

designing Phase Lock Loops as part of a NASA JPL research project. After working closely with

Dr. Franzon, the author realized that he did not want to attend graduate school anywhere else.

The research group dynamics created an environment where creativity and diversity of ideas

were highly valued no matter how unbaked or out there they were. So the author continued

the journey into a Ph.D. after graduating with a Electrical Engineering Masters with Thesis in

2006.

Finally, the last event that would shape the author’s life would be his passion for cars and

robotics. His adviser and his passion led him to join NCSU’s DARPA Urban Challenge team.

This was a fantastic hands on project that stimulated the mind, challenged the intellect, and

pushed boundaries. In fact, it was such a fascinating project that the author’s eventual wife, his

dear Rani, would eventually take enough interest in him to join him for a cup of coffee. Well,

point of fact a cup of “tea” as she did not apparently drink coffee (or so she used as an excuse

the first of many times she said no). That love affair is a dissertation in and of itself complete

with a long appendices, errata, and (thankful to say) plenty of future work! Which, is why it is

the event that has been the single most significant event which has shaped the author’s life.
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ACRONYMS
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Chapter 1

Introduction

1.1 Brief History of Varactors and their Importance

Few people realize the impact that Variable Capacitors (varactors) have had on societies’ life.

Starting in the 1890s and early 1900s names like Marconi, Pupin, Lodge, Stone, Hertz, and

Bell changed the world through Radio Frequency (RF) technology. In order to “tune in” the

Frequency (f), they invented electrical and mechanical circuits that did just that. These tuned

circuits were first introduced into products in Telegraphy beginning with mechanically variable

inductors, fixed spark gaps, and Leyden jars. Later, circuits could be tuned with the introduction

of a mechanical Variable Capacitor (varactor), known as a condenser at that point in time, by

Marconi in 1900, [4] [16]. In fact, the transoceanic telegraph would not have come to pass

without the advent of the varactor, [4]. Since the varactor’s development, it has been used in

some form in every modern communication scheme (telephony, radio, television, cellphones,

WiFi, etc). It is truly an invention that changed the course of history more than most people

come to realize; we simply could not live in our modern era without it.

Subsequent years lead to an ever advancing field of communications which paralleled the

advancements in technologies and materials. It was a golden age for communications technolo-

gies. Ultimately, the space race of the 1960s pushed the boundaries of miniaturization and

commercialization of a fledgling technology called the Integrated Circuit (IC) that once again

revolutionized technology in order to fit a once room sized computer into a small control panel,

[10]. This trend of miniaturization continues into our modern day and most communication

schemes rely on varactors to enable technologies which require variable frequency capabilities

that must be electrically variable. Cellphones, cordless phones, WiFi, etc all would not be able

to tune and create a communications link without a varactor. The modern digital era would

come to a crashing halt if varactors were to vanish in an instant from our world.
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1.2 Motivation of this Research

The purpose of this research was to advance the state of the art of electrically tuned varactor

technology through development of a solid-state, instead of mechanically, based high Quality

Factor (Q) solution. Integral high Q process would advance varactors as Engineers are currently

faced with two major design tradeoffs. First, when these varactors are built off-chip, it is at

the expense of matching networks and the introduction of parasitics (capacitance, inductance,

resistances, etc). Thus, varactors can often only be built for a relatively narrow band application.

Second, the Printed Circuit Board (PCB) area required for integrating these matching networks

to negate the parasitics come at both a monetary, for the components, and an board area cost

(which may pose either a monetary and/or opportunity cost). Another constraint of this work is

that the process is restricted to one that would be compatible with a traditional Complementary

Metal Oxide Semiconductor (CMOS) process. CMOS enables integration of the varactor on-chip

through either a front-end, in-line or back-end process which eliminates the need for off-chip

matching networks and the associated problems with such off-chip interconnects. The main

challenge of this constraint is remaining under the maximum thermal budget for the CMOS

technology node set by the foundry. For example, one thermal limit dictated by a CMOS

process stems from the fact that it typically contains an Aluminum (Al) interconnect. Low

melting point, plus a high mobility of the Al ion can prove to be problematic. A second, is that

higher temperatures cause implanted dopants to begin to migrate / reduce the resistivity of

the materials which increases the on-chip resistances, something that could be detrimental to

CMOS circuit performance.

This work proposes a novel way of integrating high Q varactors whichutilizes a low tempera-

ture CMOS friendly process that can indeed be integrated into the front-end, in-line or back-end

of a traditional process flow. This work tells a story from the inception of the initial research

topic, some of the follies along the way, and finally concludes with demonstrating two new var-

actor technologies called the Metal-Insulator-Semiconductor-Metal (MISM) and Floating Body

Varactor (FBV). These technologies are a key to enabling frequency agile tunable circuits. This

work is shown to be applicable from low kiloHertz (kHz) and projected out into the TeraHertz

(THz) range. But first, it is important to explain some device performance metrics and physics

governing these kinds of devices.

1.3 Basics of Varactor Performance Metrics

The performance of varactors can be measured by several equations and Figure of Merits

(FOMs), Eq. 1.1. These equations are used to compare and contrast one device to another. For

example, Eq. 1.2 measures the Gain (K) of the varactor; this essentially dictates how far the
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varactor’s capacity can tune (i.e. the maximum to minimum capacitance or Cmax and Cmin of

the varactor is determined by the ability to electrically or mechanically vary the “separation”

of two parallel electrodes). Next, the Q, Eq. 1.3, measures how efficient the varactor performs.

This translates to the fact that the lower the Cmax or Series Resistance (Rs) the higher the Q of

the device; thus, the higher the Q, the better the performance with respect to energy efficiency

while increasing frequency.

FOM =
f

1GHz
KQ (1.1)

Gain (K) =
Cmax

Cmin
(1.2)

Q =
Xs

Rs
=

Rp

Xp
=

tox
2Width

πfǫoǫr-oxAreaρs
(1.3)

Xs =
1

ωCmax
(1.4)

Xp =
1

Q
Rp (1.5)

Rp = (Q2 + 1)Rs (1.6)

Rs =
Rp

(Q2 + 1)
(1.7)

Cutoff Frequency (Fco) =
1

2πRsCmax
(1.8)

Another commonly used equation that measures the performance of a varactor is that of the

Cutoff Frequency (Fco), Eq. 1.8. A varactor device structure is basically that of an RC filter; in

other words, the Fco is the maximum frequency at which a varactor can operate before it reaches

the 3dB cut-off point and the capacitance begins to degrade and “roll off.” Finally, it is often

desired to know this information when designing a system or to compare different varactors

to one another from other published works. Eq. 1.1 satisfies this goal by making a unified

FOM that takes into account K, Q, and Frequency. These equations are used to maximize the

performance in a desired system as optimizing for one variable comes at a the price of lower

performance of another. These equations are common knowledge to anybody skilled in the art

as they are common place in academic books such as Steer [22]. A basic understanding on

varactor optimization follows with the discussion of a few types of varactors.
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1.3.1 Diode Varactors

One of the simplest forms of varactors is a diode. The diode acts as a varactor due to the fact

that the Depletion Thickness (tdep) varies with respect to the bias voltage. This is shown by

Figure 1.1, where the K of the device is determined by tdep-max/tdep-min and the Q of the device

is measured by the Eq. 1.9, [26]. To increase the Q, the diode varactors are often created as

discretely packaged components where the semiconductor regions are thinned and/or made out

of exotic materials such as GaAs to decrease the Rs. The K of the device is tuned through

junction modification techniques such as abrupt, n = 0, and hyperabrupt, n > 0, junctions [26].

Rsemi

C

Rs

(a) Component

Loss Model

Semiconductor

Metal

Metal

t d

(b) Cross-section View

Figure 1.1: Si / GaAs / CMOS / Hyper-abrupt / Abrupt Junction Diode, [26]

Qdiode =
Xs

Rs
=

Rp

Xp
=

1

ωǫoǫrρ(tdep-min)
Kn+1

−1
n+1

(1.9)

1.3.2 Semiconductor-Switched Capacitors Varactors

Semiconductor-Switched Capacitors (SSC) varactors are made by putting a fixed high Q,

Eq. 1.10, capacitor, Cmax in series with a transistor, Figure 1.2. The FET or MEMs relays

are “switched” to form the Cmax or Cmin state through a digitally applied voltage giving a

K of Cswitch-on/Cswitched-off , [26]. Cmin is determined by the junction capacitances when the

SSC is switched to the off state. These are analogous to that of a DRAM device construction in

which there is a single transistor and single capacitor that can be built in banks and addressably

switched in order to provide a digitally tuned capacitance. In an effort to minimize Ron, devices

such as pseudomorphic High-electron mobility transistor (pHEMT) which use a 2-d electron
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gas to maximize Q are often used.

QSSC =
Xs

Rs
=

Rp

Xp
=

1

ωRonCswitch-off (K − 1)
(1.10)

Vg

Cmax

Ron

Rs

Cmin

(a) Component Loss Model

Vg

Cmax

(b) Component

Figure 1.2: Semiconductor-Switched Capacitors, [26]

1.3.3 MicroElectroMechanical-systems Varactors

MicroElectroMechanical-systems (MEMs) varactors consist of electrically variable mechanical

parts and can be configured as miniaturized relays, for use in the aforementioned switched

capacitor arrays, or as a continuously variable capacitor, Figure 1.3. In a switched capacitor

approach, the MEMs switch acts just as the subsection 1.3.2 except in a mechanical form

instead of a solid state form. A MEMs continuously variable capacitor is often built where there

is an electrical isolation layer that separates the two relay contacts. The separation distance,

td-MEMs is varied by an electrical control and dictates the Cmax and Cmin of the device.

There are many additional configurations of the MEMs continuously variable capacitor such as

rotating plates where the capacitance is dictated by the area of plate overlap, Areaoverlap. These

MEMs varactor’s Q is determined by Eq. 1.11 and the gain is measured by the Cmax/Cmin ratio

where the capacitance is usually governed by Eq. 1.12, [26].

5



C

Rs

(a) Component

Loss Model

Metal

Metal
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Insulator

(b) Cross-section View

Figure 1.3: MicroElectroMechanical-systems, [26]

QMEMs =
Xs

Rs
=

Rp

Xp
=

1

ωRsCmems-max
(1.11)

C =
ǫoǫr

td-MEMs
Area =

ǫoǫr
tfixed

Areaoverlap (1.12)

1.3.4 Tunable Dielectric Material Varactors

Tunable Dielectric Material (TDM) varactors vary the permittivity of the dielectric, such as

BST. Using a bias voltage, the electric field effectively “separates” the parallel plates of a Metal

Insulator Metal (MIM) capacitor by changing its permittivity, ǫ, Figure 1.4. This is an attractive

technology as they offer some of the highest Qs and the smallest dimensions. The tuning ratio

of these devices is governed by ǫmax/ǫmin and the Q is given by Eq. 1.13, [26].

Rs

CRox

(a) Component Loss

Model

Metal

Metal

ǫr(V )
Tunable Dielectric

(b) Cross-section View

Figure 1.4: Tunable Dielectric Material, [26]
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QTDM =
Xs

Rs
=

Rp

Xp
=

1

ωτd(K − 1)
(1.13)

τd = AI(Eo) (1.14)

1.3.5 Metal Oxide Semiconductor style Varactors

In the simplest form, a Metal Oxide Semiconductor (MOS) varactors are easily fabricated by

depositing a metal gate electrode on top of an insulator layer on a semiconductor wafer. In

practice, the MOS varactor is a bit more complicated when integrated on-chip using a CMOS

process. The source and drain of a Metal Oxide Semiconductor Field Effect Transistor (MOS-

FET) can be electrically tied together creating a MOS-cap structure. When MOS varactors are

built this way, the Rs of the device is dominated by the square of the channel length (Lchan),

Eq. 1.21, in the MOSFET process node, Figure 1.5. To minimize this Rs, a multi-fingered gate

approach is adopted by effectively putting multiple varactors together in parallel using the

minimum gate length of the technology node. In general, there are two main ways to increase

the K of the device. The first is to decrease the doping concentration of the semiconductor as

the Maximum Depletion Thickness (tdep-max), Eq. 1.17, is defined by the doping concentration.

However, this decrease in doping concentration has an adverse affect by increasing the Channel

Resistance (Rchan) due to the relationship with ρs, Eq. 1.20. A second method would be to

decrease the Oxide Thickness (tox), or equivalent tox, which would increase the Cmax to Cmin.

However, both methods change either the Channel Reactance (Xchan) or Channel Resistance

(Rchan) of the device which degrade the Q of the device.

Rwell

Rc Rc

RwellRchanRchan

Cox

CD

Gate DrainSource

Well Well

Semiconductor

Insulator

Channel

Figure 1.5: CMOS MOS-cap varactor cross section and model

Cdep =
ǫoǫr-sc
tdep-max

Area (1.15)
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Cox =
ǫoǫr-ox
tox

Area (1.16)

tdep-max =

√

2ǫr-sc
qNx

√

2φf (1.17)

Cmax =

(

1

Cox
+

1

✟✟✟✯
∞

Cdep

)

−1

= Cox (1.18)

Cmin =

(

1

Cox
+

1

Cdep

)

−1

(1.19)

ρs =
1

µBnq
(1.20)

Rchan =
Lchanρs

Wchantsemi
(1.21)

Area = LchanWchan (1.22)

Xchan =
1

ωCmax
(1.23)

Qmos =
Xchan

Rchan +✚✚❃
0

Rc +✘✘✘✘✿ 0
Rwell

=
toxtsemi

ωǫr-oxǫoLchan
2ρs

(1.24)

1.4 Surface Varactor Varactor Description - Simplified

It is important to understand the basic device principles governing this work and the generic

equations that are found in many books and thus are considered common knowledge (to name

a couple: Tsividis [27] and Streetman and Banerjee [23]). In its simplest form, the physics and

concept of a Surface Varactor (SV) are that of a MOS capacitor with a thinned semiconductor

region, Figure 1.6. However, instead of using the undepleted bulk of a MOS device as an

electrode, the active device area is thinned and the electrode is placed at the maximum depletion

depth of this area to eliminate Rs. This MOS principle is used in everyday electronics to control

the semiconductor space charge region of the MOSFETs. The concept is simple – a Direct

Current (DC) or Alternating Current (AC) bias voltage is applied and electrostatics cause

the semiconductor’s space charge region to attract or repel the majority carriers (electrons

or holes that have been introduced through an impurity such as Boron/Phosphorus to create

an extrinsic semiconductor) based on the magnitude and polarity of the applied voltage. This

causes attraction and repulsion of majority carriers. As a consequence, this causes the MOS

device to enter an accumulation (attraction), depletion (repulsion), or inversion (repulsion +

attraction) regime. When the device is in accumulation, the capacitance of the semiconductor

region,Cdep (Eq. 1.15), approaches infinity. The reason for this is that the entire semiconductor
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material acts as a conductor/metal and the gate to bulk capacitance is that of just the gate

oxide, Cox Eq. 1.16. Therefore, Cmax is just that of Cox in the accumulation region.

However, as the device leaves the accumulation regime it enters into the depletion region.

This depletion region can reach a maximum depth based on how heavily doped the semicon-

ductor region is. The lower the doping concentration, the deeper and faster the semiconductor

is depleted. And the lower the doping concentration, the lower the Q due to the relationship

resistivity has with doping and resistance, Eq. 1.25. As the semiconductor is depleted, it changes

properties from that of a conductor/metal to an insulator. Thus, as the space charge region

depletes the thickness of the insulator, Depletion Thickness (tdep), area grows beyond that of

an infinitesimally thin sheet. The capacitance of the device is then the combination of two

capacitors, Cox and Cdep, in series, Eq. 1.19. The mode of response of the semiconductor region

to the applied magnitude and polarity of the bias depends on the type of dopant (P-Type or

N-Type). Finally, in the inversion mode of operation, the depletion of the semiconductor nears

the maximum depth, repulsion, and the minority carriers begin to accumulate near the surface

of the oxide semiconductor interface and this stops the depletion of the device and defines Cmin.

In order for the SV device to perform at increasingly higher frequencies, the device needs to

be thinned to near the maximum depletion depth possible, defined by Eq. 1.17, of the space

charge region to minimize the Rs and maximize the Q of the device.

Rsemi

CD

Cox

Rs

Rox

(a) Component Loss

Model

Semiconductor

Metal

Metal

t d

Insulator

Thin

wide wide

(b) Cross-section View

Figure 1.6: Surface Varactor from Lindner [13].
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Resistance =
ρsLength

Areacross-section
=

Length

q(µnn+ µpp)Areacross-section
(1.25)

Xs =
1

ωCmax
(1.26)

Qsv =
Xs

Rs
=

Rp

Xp
=

1

ωCsRs
(1.27)

1.5 Novel Contributions of this Research

There are several novel contributions of this research:

1. A new form of CMOS integrable varactor, MISM, is proposed, designed, fabricated and

tested out to 20GHz. Several different semiconductor materials and deposition techniques

were used to deposit the active region at various processing temperatures of the device

with varying degrees of success. Working devices were fabricated at room temperature up

to 155oC. This device differs from that of other varactors in that the topology consists

of two parallel metal plates that are of the same relative size to conserve space and thus

Rs becomes the dominating factor in determining the Q of the varactor. Specific focus is

given to reducing the Rs of the device for this topology.

2. A new device topology, called a FBV – due to the body “floating” between the two

oxides and electrodes– is introduced. This eliminates one of the major problems in var-

actors, Contact Resistance, by building a Metal-Insulator-Semiconductor-Insulator-Metal

(MISIM). The FBV is realized by combining two of the aforementioned varactors and

mating them bulk to bulk vertically. This creates a sandwiched semiconductor active

region and eliminates the required bulk contact of a different material. A bulk contact

introduces a series Rc that is dominated by the work function of the metal contacts as

well as the fermi-level of the semiconductor region. Additionally, the FBV is built in a

vertically integrated varactor stack up. Meaning, that multiple varactors can be stacked in

between the top and bottom gate electrodes. This may increase the operating voltages of

the varactor. Finally, the high Rc can be used as an advantage by directly contacting the

semiconductor region through a small high resistance contact area. This high Rc could be

used as a tuning port to the FBV. Another possibility is to further leverage the “floating

body” of the varactor by tunneling electrons onto the “floating” body of the varactor to

be used as a tuning node as there is no consumed DC current.

3. Both of these novel contributions can be used in a third new and novel contribution. High
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quality varactors can be created on any substrate. This means, for the first time high

quality varactor devices can be realized on thin-film transistor (TFT) which is a required

building block for an inbuilt RF functionality.

4. A Verilog-A device model has been introduced that can easily allow engineers to work

with these new varactors.

1.6 Organization

This is an article style dissertation and is comprised of three papers contained in the follow-

ing chapters: chapter 2 discusses a more detailed view of the Varactor Physics, Modeling and

Simulation methodologies. chapter 2 results were used to justify the fabrication of devices in

chapter 3. Next, chapter 4 discusses how a low temperature CMOS friendly varactor was de-

veloped and fabricated. This enabled, for the first time, a high quality varactor that can be

directly fabricated on top of any existing fabrication process as part of a back-end process.

Finally, chapter 4 concludes with a comparison to commercially available varactors. The dis-

sertation then concludes with some discussions on future work, closing remarks, and broader

conclusions.
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Chapter 2

Varactor Physics, Modeling and

Simulation

2.1 Introduction

Technologies such as radios, televisions and cellular phones would never have come into existence

without the advent of the varactor. The earliest varactors were mechanical in nature and allowed

users to change stations in radios, telegraphy and telephony, and other similar devices. These

early varactors devices had slow tuning speed and were large in size. In the modern era this

area of technology has become increasingly mature with different varactor technologies; such

as: MEMs, AJD, and TDM varactors which are used due to their improved tuning speed and

higher densities. However, there is still room for significant improvement, especially at enabling

tuning circuits in the 100s of GHz and even THz frequency regimes. Thus, it is proposed to

model, build, and measure a MISM varactor that will improve this design space by minimizing

device parasitics. In this work, a MISM device has been physically modeled and simulated

using Silvacos ATLAS software. Simulations show that the proposed structure can provide high

capacitance tuning ranges and low losses over a wide frequency range, and therefore has the

potential to outperform existing varactor technologies (AJD, MEMs, CMOS, SSC, and TDM)

found in published literature to date.

The goal of the research in this chapter is to propose and model a structure that can be

built using material that is compatible with a CMOS process. Designing a structure based on

silicon friendly materials and processes will allow the potential integration of the device into

any process. This integration of the device onto a chip is key to improving the overall quality

of the device, as the normal packaging parasitics will be removed from the system. While this

integration is a key in further increasing the quality of the device, this work will focus on the

fabrication of discrete circuits to simplify the testing. It will be shown that this varactor topology
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promises a significant advancement in state of the art and further improves the performance of

frequency dependent devices such as phase-locked loops, voltage controlled oscillators, radars,

etc. For example, a simple multi-band cell phone in most cases requires multiple transceivers

in order to switch between bands; whereas the inclusion of this varactor has the potential to

reduce this number to a single transceiver. Finally, a spice compatible model is realized that

enables engineers to build and optimize designs that use these components.

2.2 Literature Review

The varactor state of the art design space is dominated by AJD, MEMs, CMOS, SSC, and

TDM varactors. Gallium Arsenide (GaAs) AJD varactors are widely used when a gain of less

than 8 is required, due to their impressive FOM . However, a drawback of these varactors

is that gains less than 3 cannot be realized due to the occurrence of tunneling for doping

concentrations above 3E-17 [26]. The reason this is a drawback is that as K decreases, the

Q of the device increases due to resistivity doping concentration dependence. The GaAs SSC

yields a maximum FOM of 18400 due to the unavoidable Series Resistance relationship with

respect to resistivity. The silicon AJD varactor shares the same issues; however the FOM for

this structure is approximately three fold less than GaAs [26]. The MEMs based varactors offer

quite an attractive Q and K with a FOM = 10 × 6.2 × 200 = 12400, [17]. However, MEMs

structures are quite large due to the mechanical nature of the device and typically require a large

operational voltage [32]. In addition, fabrication methods are specialized and not compatible

with standard CMOS processes except through flip chip wafer bonding. One major advantage

of a MEMs system is that it has a higher FOM when the gain is greater than about 8 [26].

In BST TDM varactors, a typical K would be in the low single digits (2:1, 3:1, etc) with a

Q typically less than 100 at 10 GHz [29]. This gives a FOM = 10 × 1.7 × 100 = 1700, [29].

A drawback of a TDM is that it is not compatible with a CMOS process due to the BST

processing requirements. A benefit of TDMs are that they offer a high capacitance density and

low tuning voltage [26]. Traditional CMOS and SSC structures are limited by the Rs of the bulk

(substrate or silicon on insulator) material, which is largely determined by the channel length

of the device. Some techniques can be used to improve the performance of the device, such

as making it multi-fingered or using pHEMT transistors. A high FOM CMOS device yields a

FOM = 10× 7× 10 = 700, [6]. However, an attractive aspect of the CMOS device is the ease

of integration into a standard CMOS process.

This work improves upon a solid state varactor that was discovered in 1962 by R. Lindner

[13]. Lindner disclosed a structure he called a Surface Varactor, Figure 1.6, which is quite

similar to a MOS varactor. Such a structure was created in Silvacos ATLAS software (which

is an accepted physical device modeler), using modern processes and materials. Physics based
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simulations show a superior K, Eq. 1.2, and Q, Eq. 1.27, that outperforms current published

state of the art AJD, MEMs, CMOS, SSC, and TDM varactors – summarized by Figure 2.3,

Figure 2.4 and Table 1 in section 2.3. A device that can operate over a wide frequency range, with

good Q and high K, is desired to ensure both tunability and low loss. In order to determine the

K and Q of the device, the doping concentration of the semiconductor region is changed during

fabrication. This doping concentration will set the maximum K and the minimum Q of the

device. Unfortunately, if it is designed to improve K, the overall Q of the device is lowered due

to the added series resistance (discussed in more detail in section 2.3). The improvement of this

work over Lindner is through the reduction of the bottom plate in the MISM. Lindner proposed

that the bottom plate would need to be “sufficiently large” so that Rc would be negligible to

the device. However, in this work the bottom plate will minimized through using various other

techniques other than simply increasing the plate to the “sufficiently large” criteria.

2.3 Method

In this work, it was postulated that use of a self limiting silicide layer, such as Zirconium Silicide

(ZrxSix) due to the low temperature formation of the silicide, the Rc could be significantly

reduced which will allow for significant improvements to the over all Q of a MISM varactor. This

step would allow the integration of the device on-chip as it would not require the aforementioned

“sufficiently large” gate that was in contact with the semiconductor layer. This is an important

and key part of the scalability of this varactor device, Figure 2.1.
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Rox

(a) Component Loss
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Semiconductor

Conductor
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t d
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Thin

Narrow Narrow

(b) Cross-section view

Figure 2.1: MISM Varactor
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In Figure 2.2, a voltage bias is applied to the control gate of the device causing the semi-

conductor to become depleted and in turn increasing the effective distance – and thus the K

– between the top and bottom gate. To give an idea of what levels of performance can be

achieved, several different devices were designed and modeled using Atlas. Figure 2.3 shows a

cross-section of a modeled device. The device is nominally 10 µm by 10 µm in area (specified

inside the Atlas deck file as a multiplier).

Conductor

Conductor

Insulator

Ohmic

Semiconductor

(a) Accumulated Cmax

Conductor

Conductor

Insulator

Semiconductor

Ohmic

(b) Mid-bias Cmid

Semiconductor

Conductor

Conductor

Insulator

Semiconductor

Ohmic

(c) Depleted Cmin

Figure 2.2: Metal-Insulator-Semiconductor-Metal Varactor under bias conditions using a sili-
cide layer to help reduce the Rc.

Figure 2.3: Screen capture from Silvacos ATLAS software showing Cross-section of Physically
Modeled Device (doping in m-3).

2.4 Physics based Simulation Results

Figure 2.4 shows how the capacitance changes with the applied DC bias over a range of +/- 2

V. Cmax is determined by the thickness of the oxide while Cmin is determined by the doping
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level and the ability of the device to fully deplete the active semiconductor region.

Figure 2.4: Normalized capacitance vs. DC bias for different device designs. Normalized C-V
of the devices are shown at (a) 1GHz, (c) 10GHz, and (c) 20GHz.

Figure 2.5 shows the capacitance tuning range (K) for each device, plotted against frequency

of operation. Published results from varactors built using BST structures are included for

reference [14, 8, 29]. It can be seen that the proposed device is predicted to outperform devices

based on this exotic material. It can also be seen that device performance is expected to be

sustainable at many tens of GHz. The K of the device starts to “roll off” near the cutoff

frequency of the device. The reason for this is that Q represents the ability of the device to

store charge, so as Q decreases – due to the product of the series resistance and capacitance –

the ability of the device to store charge also decreases (or Cmax decreases.)
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TDM
TDM

TDM

Figure 2.5: Capacitance tuning range or Gain (K) vs. Frequency. High Gain (K) can be main-
tained to many tens of GHz [14, 8, 29].

Figure 2.6 shows Q vs. frequency for these devices. As expected, Q drops at higher fre-

quencies due to the skin effect. Additionally, the Q of the device decreases at higher operating

frequencies due to the systems reactive power to real power ratio. The high gain device has a

lower Q because the decreased doping levels result in an increase in the resistance within the

semiconductor. Finally, the Q of the device is reduced (Figure 2.8) depending on the geometry

(length, width, height, etc) and metal chosen for the interconnect. The reason is that a series

resistance is introduced by the added interconnection and this has to be taken into account.

Figure 2.6: Quality Factor (Q) vs. frequency. (a) Minimum Quality Factor (Qmin) (occurs
when operating at Cmax). (b) Maximum Quality Factor (Qmax) (occurs when operating at
Cmin). Structure Doping in m-3. To summarize the results, a more useful FOM is proposed by
Dr. Michael Steer, which includes the Frequency (f) in GHz of the measured devices K and Q,
Eq. 1.1.
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Preliminary results of this structure show that a FOM up to 249,000 at 10 GHz and Cutoff

Frequency in the THz range can be achieved if the device was optimized for higher K or

higher Q. Figure 2.7 compares the FOM for several different simulated structures in addition

to published results for other varactors.

TDM
CMOS

MEMs

Figure 2.7: Modeled results for different varactor structures, summarized using a combined
FOM and compared with published TDM (BST), MEMs, and CMOS results [14, 8, 29]. Struc-
ture Doping is in m-3.

Comparing the proposed MISM varactor to current state of the art (Figure 2.8 and Fig-

ure 2.9), only the MEMs and GaAs structures are comparable. MEMs structures have the

potential to exceed the proposed varactor at Gain above 10, due to the added Rs from the

additional thickness of the semiconductor. Below a Gain of 10, the nearest FOM is a GaAs

varactor. While GaAs approaches the same FOM for low gain structures, GaAs structures

cannot have a Gain less than 3 as discussed earlier. In the Gain region below 3 the proposed

structure has a maximum FOM of 92,000. The FOM in this region is five times better than

AJD and an order of magnitude better than other structures found in literature with aGain < 3.

This improvement can be contributed to the reduction in the Series Resistance.
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Figure 2.8: Comparison of Quality Factor to State of the Art varactors from Tiggelman
et al. [26]. The data is extracted from trend-lines for each device at 2GHz and exclude pack-
age/parasitic elements that would otherwise degrade the device. There were no published results
for GaAs and Silicon Si / GaAs / CMOS / Hyper-abrupt / Abrupt Junction Diode varactors.
So, these varactors were modeled (ideally) for inclusion by Tiggelman et al. Data was extracted
for a Gain ranging from 1.4 to 10.

100

1000

10000

100000

2 3 4 5 6 7 8 9 10

F
ig
u
re

o
f
M
e
ri
t
(F
O
M
)

Gain (K)

Comparison to State of the Art

Simulated Silicon (Arsenic) NCSU

Simulated Silicon (Boron) NCSU

GaAs

RF MEMs

Si AJD

BST TDM

GaAs pHEMT

CMOS

Figure 2.9: Comparison of FOM to State of the Art Varactor from Tiggelman et al. [26].

2.5 Verilog-A Model for circuit designers

In order to facilitate designers in using this varactor, a Verilog-A behavioral model was con-

structed. This model is a hybrid of both device physics and accepted simplified mathematical
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approximations. The device physics portion included calculating the flat-band and surface po-

tentials based on the materials and device properties such as: doping concentration, dopant

type, Cmax, Cmin, and then applying those terms to a commonly accepted charge-based mathe-

matical model found in [12]. It is important to use a charge-based model, Equation 2.1, versus a

voltage based model, Equation 2.2, in Verilog-A as this will introduce errors in cases where the

capacitance is a strong function of the voltage. These errors arise from the way that Verilog-A

calculates the time-based derivative. This simulator breaks time into discrete steps in order to

solve the circuit equations. This can cause small errors to accumulate and lead to charge not

being conserved. The inability to conserve charge can be seen by a DC current flowing through

the varactor in Figure 2.10, [12]. Coincidentally enough, the MISM has the same behavioral

characteristics shown in Figure 2.11, Equation 2.3, as the varactor example in Kundert; thus,

it yields the same equations for charge versus voltage, Equation 2.4.

(a) DC Magnitude of a time-based Capacitance Voltage

varactor model.

(b) Magnitude of a Charge Voltage model

Figure 2.10: ADS Simulation of Verilog-A model based on: (a) problematic time derivative and
(b) a charge-based derivative model
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Figure 2.11: Behavioral model of MISM varactor

The following equations are the simplified mathematical behavioral model shown in Fig-

ure 2.11:

i(t) =
d(q(V (t)))

dt
(2.1)

i(t) = C(V (t))
d(V (t))

dt
(2.2)

C(V ) = C0 + C1tanh(
V − V0

V1

) (2.3)

q(V ) =

∫ V

0

(C0 + C1tanh(
V − V0

V1

))dV = C0V + C1V1ln(cosh(
V − V0

V1

)) (2.4)

The Verilog-A behavioral model also included parts that involved the properties of the

semiconductor, oxides, and metal materials. The MISM is broken into two operating regions:

(a) the accumulation region where the capacitance of the device is simplified to a MIM capacitor

as the semiconductor region is treated as a metal, and (b) a operating region happens when

the semiconductor region begins to deplete. The depletion of the semiconductor causes the

capacitances to change over to the MIM capacitor in series with a Depletion capacitance. The

depletion width varies and so does the capacitance of the MISM structure. The MIM capacitance

is calculated using the gate oxide, Equation 1.16. The depletion capacitance can be calculated

from the maximum depletion depth of the semiconductor region, Equation 1.17. This maximum

depletion depth is then used in Equation 1.15 to solve for the depletion capacitance and then

added in series with Equation 1.16 to yield the minimum capacitance of the device. Substituting

the previous equations into Equation 2.3 and Equation 2.4, solves for V0 (Equation 2.7) and

V1 (Equation 2.8) using the physical device parameters and equations from Equation 2.9 to

Equation 2.12. These equations are commonly found in books such as Tsividis [27]. The model

is finally fit by calculating C0, Equation 2.5, and C1, Equation 2.6.
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C0 =
Cmax + Cmin

2
(2.5)

C1 = Cmax − C0 (2.6)

V0 =
VLO

2
+ Vfb + 0.1 (2.7)

V1 =
Vfb − VLO

2
(2.8)

Vfb = φms = Φgate − Φsemi (2.9)

VLO = Vfb + φb + gamma
√

2φb (2.10)

γ =

√
2qǫr-scNx

Cox
Areacap

(2.11)

φb =
kTemp

q
ln

(

Nx

Ni

)

(2.12)

The Verilog-A model was then incorporated into an ADS parametrized symbol, Figure 2.12.

The varactor model was first tested for proper operation while changing the design parameters

within ADS, Figure 2.13. Next the ADS models, P-Type and N-Type, were then exercised

and compared to both a Maple and an Atlas physical design simulator using the physical

device parameters. These models show very good correlation between the behavior of the Atlas

physically modeled device as well as the mathematical models for both high doping and low

bulk doping regions, Figure 2.14.

Figure 2.12: Parametrized ADS Model of MISM varactor in a minimum test bench
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Figure 2.13: Verilog-A model test in ADS environment.
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Figure 2.14: Comparison of mathmatical models (Verilog-A and Maple) to Atlas physical model

2.6 Physical Test Structure

A physical test structure was also investigated. The structure was modeled in Ansofts HFSS

and Q3D Extractor software, Figure 2.15. An ideal MIM capacitor was used to ensure that the

test structure can be extracted using a method from Koolen et al. [11]. This process requires

three structures: (1) open, (2) short, and (3) Device Under Test (DUT). Inspection of the de-

embedded simulation results suggest that the device should de-embed to at least 10GHz. This

extraction is required as the varactor that is being investigated has the potential to be realized

as an on-chip component. Thus, it needs to be dissociated from the test structure interconnect.

However, a fabricated on-chip varactor would reduce the parasitics associated with traditional

interconnect lines and packaging. Traditional on-chip MOSFET varactors use this advantage.

MOSFET varactors have a large series resistance due to the gate, drain, and channel of the

device. The varactor in this work has significantly higher Q factors due to a significant reduction

of these resistances through a vertical stacking topology.
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Figure 2.15: HFSS Model of interconnect to be de-embedded in future devices.

2.7 Conclusion

Just as the other varactors, excluding MEMs, Q of the Surface Varactor is also dominated by the

Series Resistance of the semiconductor regions. However, the resistance of the semiconductor

material is significantly reduced in the proposed varactor due to the thinning of this region to a

near optimal depth. The Rs is further reduced in the proposed varactor due to the contact made

directly to the bottom of the active region (unlike CMOS and SSC but similar to vertical BST

and AJD). This reduces the Rs by minimizing the electrical path between the semiconductor and

the metal electrode. Unlike TDM, MEMs, AJD, and pHEMT SSC, the process used to create

this varactor can potentially integrate the device into a traditional CMOS process flow. On-

chip integration is key to improving the performance of the device by eliminating package and

large off-chip interconnect parasitics. In summary, Table 2.1 additionally compares anticipated

results versus available state of the art at 10 GHz. It is shown that this work promises superior

values when compared to the current state of the art at 10 GHz as well as 2 GHz (Figure 2.8

and Figure 2.9).
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Table 2.1: Summary comparing proposed work with available published state of the art. There
were no published results for GaAs and Silicon Si / GaAs / CMOS / Hyper-abrupt / Abrupt
Junction Diode varactors. So, these varactors were modeled (ideally) for inclusion by Tiggelman
et al.. Simulated ideal model results indicated by *

Device Type K Cmax Q Rs f Q FOM CMOS
(pF) Cmax (Ω) (GHz) 10GHz 10GHz Compat?

GaAs AJD [26] * 4 2300 2 460 18400 N

Si AJD[26] * 3 1800 2 360 10800 N
BST /Pt/Au TDM [30] 1.24 2.1 100 0.08 10 100 1235 N
GaAs pHEMT SSC [26] 2 200 2 40 800 N

RF MEMs [26] 2 1200 2 240 4800 N
MOS varactor 1.6 0.035 105 1.79 24 252 4032 Y
TK AMOS [34]
MOS varactor 1.8 0.04 39 4.29 24 93.6 1685 Y
TN AMOS [34]

CMOS - SOI AMOS [7] 6.00 90.0 1 9.0 540 Y
CMOS Differential 1.45 0.825 150 1.29 1 15 217 Y

Diode Comb (D3) [19]
CMOS IMOS 1.57 0.69 45 5.13 1 4.5 71 Y

GL=0.5um (Mi2) [19]

This Work a-Si Arsenic MISM * 1.40 1.72 22750 1E-3 10 22750 318500 Y
* 37 1.72 3.2 2.89 10 3.2 1184 Y

This work a-Si Boron MISM * 1.40 1.72 17785 1E-3 10 17785 248990 Y
* 37 1.72 1.1 8.57 10 1.1 400 Y
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Chapter 3

Discrete Metal-Insulator-Semicon-

ductor-Metal Fabrication and

Measured Results

3.1 Introduction

These MISM varactors have been fabricated using a variety of methods in the North Carolina

State University (NCSU) Nano Fabrication Facility (NNF). A commonality of each of the

devices in this work was that all the devices had a metal bottom gate that was deposited onto

an insulated substrate. The type of metals that were deposited varied based on the needs of the

material stack, such as forming a silicide layer. The first method that was never investigated

was using a Ultra High Vacuum Rapid Thermal Chemical Vapor Deposition (UHV-RTCVD)

system to deposit Silicon Germanium (SixGex). However, this system was under installation

and was not ready for use at the time the experiments started. Additionally, it would have

taken significant research efforts to push the UHV-RTCVD SixGex process below 400oC and

yield a quality in situ doped semiconductor. Instead, a Radio Frequency Sputter Deposition

(RFSD) system was used to deposit a Doped Si onto an Aluminum (Al) layer with a very thin

Zirconium (Zr) layer which were both deposited by Direct Current Sputter Deposition (DC

Sputtered). The goal was to form a Zirconium Silicide (ZrxSix) layer into doped semiconductor

region to eliminate Rc. However, the RFSD in the NCSU NNF had a significant amount of

water vapor in the vacuum chamber due to the large load lock. This lead to a deposition of

Silicon Dioxide (SiO2) instead of a semiconductor layer as confirmed by a four point probe

measurement and X-ray Photoelectron Spectroscopy. This effort was abandoned in favor of

using a DC Sputtered to deposit the semiconductor layer on the Al and Zr metals which would

act as the bottom gate of the device. The DC Sputtered yielded much more favorable results.
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However, as the Si material was deposited as an amorphous film, it needed to be annealed at a

higher temperature than 400oC (the upper limit for a CMOS compatible process) to achieve a

low resistivity crystalline structure. The deposition of the Si through DC Sputtered yielded a

thin film of continuous and conductive material as confirmed by a four point probe measurement.

The sample was then covered with an Atomic Layer Deposition (ALD) of Hafnium Oxide

(HfO2) followed by an additional layer of Al that would act as the top gate of the varactor. A

combination of Wet and Dry etching was used in conjunction with traditional photo-lithography

masks which yielded a first pass working device.

3.2 CAD Mask Design

Three masks were created for a four-layer custom process to be fabricated in the NNF. These

layers are:

1. Uniform bottom electrode

2. Gate Oxide contact cut – Mask 1

3. Active Device Region – Mask 2

4. Top metal electrode – Mask 3

The masks are used in an additive and subtractive process which leverages a photolithogra-

phy process. The photolithography process has certain physical limitations of accuracy depend-

ing on the equipment being used. Thus, each of these device masks have to conform to certain

“Design Rules” or the devices could be shorted together during processing.

3.2.1 Design Rules

In order to facilitate layout of a multitude of structures, a custom design kit was created for

use in Cadence. These consisted of several Parameterized Cells (PCELLs) that the designer can

define device properties and the cells automatically adjust to those specifications. The MA6 in

the NNF has the ability to yield lithographically features down to at least 1µm and the mask to

mask alignment of 0.2µm. As there are a variety of conditions that can cause photolithography

degradation (such as: over/under exposure, over/under development, photoresist thickness, etc)

a conservative number was chosen as the minimum critical dimension of 5µm. This means a

miss alignment of +/- 2.5µm in either direction can be tollerated (more than reasonable for

the MA6). Certain Process Test Structures are used in order to align the mask layers to one

another, determine the proper exposure and development times, measure the layer to layer

offset in both the X and Y direction, measure the actual features resolution on the wafer, and

measure device material properties.
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3.2.2 Process Test Structures

Various standard structures have been used on this device in order to gain process feedback,

Figure 3.1.

1. Pipe Structures – determine the quality of the photolithography feature sizes in the hills

and valleys.

2. L-Bar Structures – determine the quality of the photolithography in corners.

3. Verniers – determine X/Y offset between layers.

4. Cross bridge structures to measure material resistivity and actual device length after

etching.

5. Transfer Length Method structures – measure the contact resistance.

6. Kelvin Resistors – measure contact resistance and resistivity.

Figure 3.1: Shown are several test structures fabricated on the Generation 1 device wafer.

3.2.3 Materials and Tradeoffs

There are a significant amount of material and processing combinations that can be used to

realize the device. Virtually any type of conductive material can be used for electrodes, any
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type of insulator can be used as a gate oxide, and any semiconductor material can be used for

the active device region. However, the goals of this work were to develop a CMOS compatible

process. The fabricated device performance measurements are discussed in subsection 3.2.2,

there will be a short discussion on some of the material properties and tradeoffs in this section.

The DC Sputtered system was used which deposited an amorphous film, Amorphous Sili-

con (a-Si), from a degenerately doped 2” Si target. However, the material properties directly

after this deposition were very similar to that of an intrinsic semiconductor. A Rapid Thermal

Anneal (RTA) was performed at 400oC to try and activate the dopants to decrease the ρs.

Unfortunately, the post RTA film showed signs that the deposited semiconductor material still

had characteristics closer to that of an intrinsic semiconductor so elevated temperatures beyond

400oC would be required in order to activate the dopants. This lead us to investigate other low

temperature semiconductor materials. Indium Gallium Zinc Oxide (IGZO) and Aluminum Zinc

Oxide (AZO) are promising candidates as they are heavily used in low temperature TFT de-

vices. Pulsed Laser Deposition (PLD) is one such method for depositing IGZO and was used

in this work to investigate a higher Q device. However, the PLD at NCSU has a wafer chuck

capable of accepting only a maximum 50mm sample. As the IGZO did, in fact, have a higher

doping concentration, which would make it a better candidate for use in this work, and the

process was available at NCSU, it was decided that a custom adapter plate could be made to

fit a maximum 75mm wafer into the PLD system, Figure 3.2.

Figure 3.2: CAD drawing of fabricated PLD adapter.

In addition to the active region material, several other materials and methods were in-

vestigated for use as a gate oxide. Since it was desired to have very accurate oxide thickness

resolutions that would define the maximum capacitance of this device, an ALD method was
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chosen as it has mono-layer control at a low thermal envelope. Several different oxides could

have been chosen ( such as HfO2, Al2O3, TiO2, ZrO2, Si3N4, etc). For this initial work, HfO2

was chosen as it was resistant to the chemical etching of the metal gates and was part of a ma-

ture process in the NCSU NNF clean room. Al2O3 and SiO2 would have also been acceptable

choices as they are both high quality dielectrics; however, TiO2 has a very high leakage current

for the same equivalent oxide thickness and would not be a good candidate for an oxide unless

it was used in conjunction with other dielectrics to limit the leakage current, [2].

3.3 Fabrication

The devices were fabricated on both a 75mm and 100mm Si wafer that has 1µm of SiO2 to

isolate the devices from the conductive substrate, Figure 3.3. The Si wafer is used solely as a

carrier substrate for these devices. The first layer was a blanket metal layer deposition that

would form the bottom gate contact. It was deposited using the DC Sputtered method in the

NNF on a silicon wafer that has a 1µm SiO2 layer. Next an electrical insulation layer, the gate

oxide, was then deposited using an ALD system. The ALD system allows for a mono-layer of

material to grow for each reaction in the chamber. The reaction is induced by flowing a limited

amount of a precursor into the chamber which creates a very thin and conformal chemical

coating on the wafer. Next, a second chemical precursor is flown into the system where it

reacts forming the mono-layer. The ALD then performs multiple cycles to achieve the desired

thickness of the layer. The result is a high quality and uniform film. Then a photolithography

process occurred to create a contact cut through the insulator which enabled the connection

of the bottom gate of the device to a Ground Signal Ground (GSG) probe for high frequency

measurements. Additionally, this step created the gate to bottom short that was needed for de-

embedding at high frequencies. Without a contact cut, a capacitor would have been formed and

the measured device would have been open circuit. The photolithography process consisted of

spinning on a Ultra Violet (UV) sensitive photoresist resin, such as Shiply 1813. The Headway

spin coater was used to spin coat the wafer with the photoresist at a high speed forming an

1.5µm thick layer. Next a Karl Suss MA6 Top Side Mask Aligner (MA6) is used to transfer

the “photo pattern” from the mask onto the UV sensitive resin using a high intensity UV lamp

and wafer alignment stage. The exposed photoresist is then removed, or “developed,” by using

a developer solution. The developer leaves regions of the surface of the wafer covered by the

photoresist, much like a black and white areas of a photograph, depending on if that region was

exposed to the UV light or not. Thus, the exposed portions of the wafer can be subjected to

chemical processing such as etching or a lift-off process. In this case, a dry etch (which uses a

chemical plasma to remove material) was used to remove the oxide material from the exposed

areas. Then, the remaining photoresist was removed, using a chemical solvent to leave behind
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a clean surface that is ready for the next material in the process.

This next area is the active device area. For this generation of devices a lift-off technique

was used. This means that the photolithography process with an alignment to the previous

mask must be done first, followed by depositing the desired material on top of the photoresist

and exposed areas. This has to be a low temperature and non-conformal materials deposition

as the photoresist is temperature sensitive and the solvent solution that strips the photoresist

off has to be able to come in contact with the photoresist. A conformal process would trap the

photoresist underneath a material layer protecting it from the chemical. The liftoff technique

is completed leaving behind the material deposited only in the desired exposed areas. Finally,

the top gate material is deposited onto the wafer, a photolithography is once again completed

and the excess material is removed using a wet etch process.

(a) Fabricated Varactor device wafer ready to be tested.

(b) Fabricated array of varactors to

be tested.

(c) Close up view of several varactors ready

for test.

Figure 3.3: Fabricated wafer and sub-parts ready for test.
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3.3.1 Process Flow

In a typical process flow, most designers have a CAD program that is loaded with the de-

velopment kit. They then draw their devices and the CAD tool makes sure that the device

is fabricable. These development kits have their processes down to an art and can guarantee

certain features and capabilities to the designer:

1. Minimum feature sizes

2. Devices will fabricate as drawn

3. Material thickness and qualities

4. Doping profiles and concentrations

5. Materials Etch Rates

6. Process flow compatibility

As this is a new and custom process, all of these rules and regulations were developed through

experiments. Even with published etch rates such as in [31], certain materials did not react

as published due to slight differences in chemical concentrations, processing temperatures, or

vendors. There were several wafers that were completely destroyed for different reasons. For

example, it is common practice prior to doing an ALD process to do a short dip in a diluted

Hf solution to remove any native oxides that have formed in the environment. However, this

reacted quickly and completely removed the underlying layers, Figure 3.4.

Figure 3.4: Failed wafer cleaning before ALD deposition

However, in spite of the fabrication follies in the lab, several successful device wafers were

fabricated and yielded working results and are discussed in Measurements and Discussion.
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3.4 Measurements and Discussion

Using a Agilent E4980A 20Hz-2MHz Precision LCR Meter (LCR Meter) and a high frequency

GSG probe, the DC sputtered a-Si varactors were tested and extracted at 100kHz, and Table 3.1.

The probe was de-embedded using an on die “short” and “open” circuit calibration devices,

Figure 3.3b. This allowed for an accurate measurement of the Device Under Test (DUT). While

Figure 3.5 shows that the new style of varactors works, the device did not work at higher

frequencies – tested using a Agilent N5230A PNA Series Network Analyzer 300kHz to 20GHz

(VNA)– due to the low Q of the device. For these lower frequencies, a much higher Q was

expected as Eq. 1.3 is frequency dependent. However, since the device has a very large K at

this low frequencym it is inferred that by increasing the conductance (such as increasing the

doping concentration) a higher quality but lower K device can be built. To improve the Q of

the varactor, the wafer was annealed at 400oC, this temperature was chosen to keep the process

CMOS friendly, for three minutes. This was done to improve ρc and ρs. This did work, and

a significant improvement was made to the Q of the device by sacrificing K. For a first-pass

fabrication it showed that the concept has promise and the device needs to be further optimized

(specifically the Rs) in order to yield a higher Q varactor.
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Figure 3.5: a-Si MISM varactor Quality Factor and Series Capacitance at 100kHz
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Table 3.1: a-Si Measured Low and High Frequency Varactor’s. Simulated ideal model results
indicated by *

Device Type K Cmax Q Rs f Q FOM CMOS

(pF) Cmax (Ω) (GHz) 10GHz 10GHz Compat?

This Work - Si DC Sputtered MISM 689 12436 0.021 7150 1E-4 0.0 0 Y

400oC Annealed 1.10 34.5 30.0 1214 1E-4 0.0 0 Y

Next, a higher Q was built and tested that used IGZO as the active semiconductor region.

As these devices utilized the same mask set as the a-Si varactor, the testing methodologies were

exactly the same. The IGZO recipe and equipment used were from [24] at 5mTorr of O2. This

had a measured sheet resistance of 5.1kΩ for a 15nm thick IGZO layer. Using the published

Mobility of 16cm2/V·sec in the Verilog-A model, the doping concentration was determined to

be 4.55E+19cm−3. This was in reasonable agreement with the published results from Suresh

et al. [24]. The Q of these devices were significantly better than the a-Si varactors, which can

be attributed to the increased ρs and decreased ρc due to the increased doping concentration.

Cmin was measured to be 30pF which is close to the ideally modeled amount. However, Cmax

was measured to be 34pF which translates to a K of 1.086 to 1.117 at 2MHz, and this value is

much lower than expected/predicted K of 1.62. This decrease in K is likely due to a breakdown

of the HfO2 oxide at 2.8Vdc before the entire change in capacitance could be extracted. This

seems to be a premature breakdown as HfO2 has a breakdown voltage of ∼0.55V/nm [3] and

the desired oxide thickness was ∼12 to 15nm – or 6.6 to 8.25Vdc. This is most likely due to

some other physical failure of probing or manufacturing of the device.

There are several potential points of failure that could lead to the decreased breakdown

voltage. The first is that the quality of the HfO2 deposition was compromised through a con-

taminated chamber, error in recipe and growth rate of ALD, etc. A second possible point of

failure is that the HfO2 layer was compromised by a chemical processing step. A third possi-

bility is that the HfO2 was deposited on top of the IGZO active layer that was deposited using

PLD. During the PLD process a laser ablates the surface of the IGZO target which causes par-

ticles to physically deposit on the sample. These particles are of various sizes and compositions

(although they are from a common prepared target) and they mix with oxygen (which changes

the doping concentration of the material) which yields a non-conformal film with some rough

surface topologies having single points of tall particles. In most cases, these larger particles are

electrically insulative as discussed with the tool owner and thus should not be a problem in and

of themselves. Additionally, the ALD deposition of the HfO2 is a conformal electrical insulator

helping to mitigate problems, if any. However, as the probes land on they put physical pressure

and scrape across the pads of the devices as a normal course of test; this physical interaction
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may cause shorts of the device. Finally, it could be a problem due to the geometry and testing

of the device. It was concluded that a combination of the following possibilities caused the test

failure. Specifically:

1. The IGZO material etches at a higher rate of speed amongst most of the chemicals used

in the clean room. The edges of the film would have been exposed to chemical etchants

and might have “wicked” the chemical underneath the HfO2

2. The device geometry in these devices have the probe pads landing directly on top of the

varactor, limiting the contact landing force before shorting the device

A second set of IGZO varactors were fabricated using the same process as above except for an

added Indium Tin Oxide (ITO) inter-facial layer to the IGZO layer to act a degenerately doped

interface for the varactor electrodes, Figure 3.2. ITO is commonly used as a contact electrode to

IGZO devices and the process could be implemented in the same step without breaking vacuum.

The result was an improvement of several orders of magnitude of the devices Q. If the Q values

in Figure 3.2 are converted from 10GHz (Q of 2.5 to 7.2) to a Q at 2MHz from 12550 to 35750

which is more than a two order of magnitude improvement. This is due to a reduced ρc and

even possibly due to an increased familiarity with the recipe for varactor fabrication. However,

these devices also suffered from the physical probing related failures during test problem.
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Table 3.2: Measured Low and High Frequency Varactors. Simulated ideal model results indi-
cated by *

Device Type K Cmax Q Rs f Q FOM CMOS

(pF) Cmax (Ω) (GHz) 10GHz 10GHz Compat?

This Work IGZO - MISM 1.09 34.43 29.3 1579 1E-4 0.0 0 Y

1.16 3.8 95.1 194 2E-3 0.0 0 Y

This Work IGZO + ITO MISM 1.07 3.33 2.5 1.91 10 2.5 27 Y

1.06 5.63 7.2 0.4 10 7.2 76 Y

3.5 Conclusion

It is observed, through the several orders of magnitude of improvement of the Q, over two

device iterations that the MISM varactor has the potential to compete with the other varactor

technologies. Future work will focus on building higher Q and larger K varactors that will

not be susceptible to catastrophic probing failures which complicated the testing of the first

Generation devices. Alternative methodologies for depositing quality materials layers at low

temperatures will also be sought after, as this will be an important step to controlling the Q of

the device and enable the integration of the technology on-chip.
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Chapter 4

Low Temperature Varactor

Fabrication and Measurements

4.1 Introduction

The first Generation devices, while working with a tuning range of over 650:1 , from chapter 3,

needed improvements because of a low quality factor (Q<1 at 100kHz). These initial improve-

ments in Q came from substituting an IGZO deposited by Pulsed Laser Deposition (PLD) for

the DC Sputtered Si layer. The IGZO layer showed to have controllable doping concentrations

that could yield higher Q results (Q>28 at 100kHz 1.15:1 tuning range). While working devices

were fabricated using the first generation masks, the deposited IGZO film had large and visible

particles. These particles are a known byproduct of PLD depositions and are also known to be

insulative in nature. Another known limitation to PLD deposition is that the film uniformity

across the wafer is hard to control even though the tool here at NCSU has maximum capacity

of a small single 75mm wafer. In both the DC Sputtered and PLD devices at NCSU, there were

considerable repeatability of test issues in the first generation devices. The main issue being

that the probe contacts to the device would physically short the device upon anything other

than an extremely soft landing. However, landing the probes very softly did not come without

consequence as it can lead to an increased Rc between the probes and the test structure. While

this, in theory, can be calibrated out if the user lands the probe with the same force each

time; perfect repeated landings for both test and calibration are unlikely. Therefore, a second

Generation of masks were developed utilizing a Co-planer Wave Guide (CPW) probe structure,

[35][22]. This proved to be a much more robust probing structure.

The second Generation of devices were fabricated using ALD of AZO as the semiconductor

and ALD of Al2O3 as the oxide layer. These materials were deposited at the same time without

breaking vacuum. Additionally, these layers were deposited directly on a Titanium Gold (TiAu),

38



where Au was in direct contact with the Al2O3 and Ti was used as an adhesion layer stack which

minimized any intra-layer oxides in the device. The measured results yielded Qs in the 1000s for

low frequencies and Q up to 80 for 10GHz. While a notable improvement was observed over the

preceding designs; however, the K of the device was only 1.32:1 in the best case measurement.

4.2 Understanding the core problems in Varactors

The first core problem with varactor technologies is that there is a design tradeoff between Q

and K. Let’s first look at what impacts the K of the device. To increase the K of the device,

one needs to either change the Cfixed and/or Cvariable, Equation 4.3. In Equation 4.3, Cfixed

is manipulated through either changing doping concentrations, such as in diode varactors, or

oxide thickness, such as in MOS varactors. If the designer wishes to increase K by increasing

the fixed capacitance, done through tfixed, it will adversely affect the Q of the device, due to

the decrease in the Reactance term in Equation 4.5. If the designer wishes to increase the Q

of the varactor through decreasing the variable capacitance then the materials properties that

are changed will increase the Rs. For example, an AJD will decrease the doping concentration

in the semiconductor region which decreases the ρs and thus increases the Rs. The higher the

Q of the device the more efficient the device is and the higher the K of the device the more

frequency-agile it is. This is one of the key limiting components of making a wide frequency

amplifier for wireless devices.

Cfixed =
ǫfixedǫo
tfixed

Areafixed (4.1)

✘✘✘✘✘✿Cvariable =
ǫvariableǫo
tvariable

Areavariable (4.2)

✘✘✘✘✘✿Cvaractor =

(

1

Cfixed
+

1

✘✘✘✘✘✿Cvariable

)

−1

(4.3)

K =
Cfixed

✘✘✘✘✘✿Cvaractor

= 1 +
tvariableǫfixedAreafixed
tfixedǫvariableAreavariable

(4.4)

Q =
Xs

Rs
=

1

ωCs

Rc +Rvariable
=

tfixed

ωǫAreafixed(
ρc

Areacontact
+

tvariableρs
Areavariable

)
(4.5)

Rc =
ρc

Areavariable
(4.6)

Rs =
ρstvariable
Areavariable

(4.7)
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To integrate or not to integrate? That is the question! This second core problem comes from

the trade off between packaging high Q varactors off-chip or to integrate lower Q varactors

on-chip to eliminate matching networks and other channel degradations due to impedance,

capacitance, and resistance of the connection. Off-chip varactors increase the overall cost, narrow

the frequency response, and increase the overall area of the solution. The ideal system would

integrate a high Q and high K varactor into a traditional CMOS process. This would afford

the designer the best of both worlds and lend itself to a frequency-agile and high performance

design. However, most forms of varactors cannot be directly integrated on-chip due to the

required thermal processing. This leaves the only method for integration as flip-chip bonding

such as WiSpry or CMOS varactor technologies. Standard CMOS technologies have a maximum

temperature and time at temperature that a chip can be subjected to, before it adversely affects

the design. For example, standard CMOS interconnect is made out of Al; Al has a melting

temperature of 450oC. Most post processing steps on standard CMOS technology need to be

performed at sub 400oC and there are guidelines for the maximum amount of time elevated

temperatures ( 30-90min depending on the process), [25] [5] [9] [36].

Finally, parasitics in the varactor impacts performance dramatically. For example, Rs is a

major problem with varactors other than TDM varactors. The reason is that the other varactor

technologies often create a contact between two dissimilar materials, i.e. Metal and a semi-

conductor material. This means good quality ohmic contacts to the varactor are needed which

require the device to be degenerately doped. Degenerately doping these regions decreases the

tunability of the varactor even in cases where a gradient doping scheme is used.

The Rs is made up of numerous components: interconnects, top gate, bottom gate, oxide

leakage, bulk material, and Rc. All of these components contribute to the total Rs of the

varactor. The lower the Rs the higher the Q, Equation 4.5. While there are multiple terms

that add up to the varactor’s Rs, the dominant form of resistance of the device is typically the

Rc and the bulk material resistance. The other parasitic resistances are engineered around by

choosing a low-loss oxide, matching networks, keeping the interconnects as short as possible,

and useing thick metal layers. In some cases ρc can be made negligible by degenerately doping

the interface between the semiconductor region and metal and/or making the interface area very

large. However, in cases where the rest of the varactor’s series resistances have been significantly

minimized, such as the MISM varactor, it can still become dominating and a core problem to

overcome invaractors.

4.3 Solving core problems of Varactors in this work

This work is governed by the same core problems as other technologies. Special care has to

be devoted to minimizing Rs and maximizing the Q for a given K. However, there are some
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simplifications to Equation 4.1 through Equation 4.7 as shown below. First, the contact to the

varactor is similar to that of a TDM varactor. There is a top gate and a bottom gate that have

the active component of the varactor sandwiched between them, Figure 4.2. This means that

the Area term for Cox, Cvariable and Rc are the same terms in the simplest embodiment of the

device. This results in the Q and K equations being determined by thicknesses, ǫ, ρs, and ρc,

Equation 4.8 through Equation 4.14. It is possible to further improve the Q of the device by

increasing the bottom electrode and active region as Rc which is governed by Equation 4.10.

This will increase the quality of the device by further minimizing the contact resistance at the

cost of the area using the Scaling factor (S), Equation 4.15. For example, A 5 by 5µm device’s

Q could ideally increase by as much as 500 percent by having an area of 15x10µm, i.e. S of

5. Simply by adjusting this Scaling factor the Q will ideally increase linearly for a given K at

the cost of area, Figure 4.1. K does not scale with S due to the fact that the capacitance is

defined by the area underneath the smaller electrode (neglecting fringe capacitance). However,

increasing the area of the contact electrode can lead to additional problems for the device. For

example, parasitic capacitance can increase which would impact the varactor’s Q and K.
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Figure 4.1: Gain and Quality Factor of a MISM varactor
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Figure 4.2: Combined Cross-section view and lumped element model
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Cox =
ǫ

tox
Area (4.8)

✘✘✘✘✘✿Cvariable =
ǫ

tsemi
Area (4.9)

Rc =
ρc

SArea
(4.10)

Rbulk =
1

2

(

ρstsemi

Area
+

ρstsemi

SArea

)

(4.11)

Rs = Rc +Rsemi (4.12)

K =
Cox

✘✘✘✘✘✿Cvaractor

= 1 +
tsemiǫr-ox
toxǫr-sc

(4.13)

Q =
Xs

Rs
=

1

ωCmax

Rc +Rsemi
=

tox
ωǫoǫr-ox(ρc + tsemiρs)

(4.14)

Q =
toxS

ωǫoǫr-ox(2ρc + tsemiρs + tsemiρsS)
(4.15)

One approach to reducing Rc at the the varactor electrode contact area is to decrease the ρc

of the Rc as much as possible. This has been traditionally used in CMOS processes to decrease

the source/drain contact resistance. The AZO ρc can be as low as 2.95E-5 Ω-cm2 and as high

as 11.8E-5 Ω-cm2 for Al and Au contacts respectively, [15]. To put this in perspective, ρc in

CMOS and AJD style varactor is on the order of 1E-7 Ω-cm2 to 1E-8 Ω-cm2, [28][18]. At first

look this appears to be a major disadvantage of the current topology, especially as the doping

concentration is reduced to increase K of the devices. However, the bulk material can afford to

be very thin due to the required depletion depth which help keeps the Rs of the semiconductor

low. CMOS varactors have very low ρc. They suffer from their performance being degraded by

the Channel Resistance (Rchan) to the source/drain of the device, Figure 1.5. These lengths are

defined by the minimum gate length of the CMOS technology node being used and while the

Rc is low the device is dominated by the ρs of the channel. This combines to be a significantly

larger Rs than this work, especially when area used by the device is factored into the equation.

The improvements in this work is that this “channel length” is no longer in the lateral direction

but oriented vertically between the top and bottom gate of the electrode and as mentioned

above can be further reduced by over sizing the electrode that is in direct contact with the bulk

of the varactor. This is a trait shared by the AJD and why AJDs have very high Qs, especially

hyper-abrupt AJDs [26]. Furthermore, the MISM varactor’s ρs can actually meet or exceed

that of degenerately doped devices ρc, 9E-9 Ω-cm2 for n+Si, by utilizing a thin (<1nm) TiO2

layer, [1]. This TiO2 layer effectively lowers the Eg and unpins the Fermi level of the device. It

was deposited in this work using an ALD process while depositing the oxide and semiconductor
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layers. Another benefit is that due to the thickness of the TiO2 layer direct tunneling dominates

the current through the contact. However, unlike this work, AJD varactors cannot be integrated

onto a CMOS process node as they require temperatures in excess of 400oC in order to activate

the dopants and transition from the amorphous to crystalline region. This fact eliminates AJD

(along with MEMs,TDM, and pHEMT/HEMT SSCs) varactors from being integrated on-chip

unless a flip-chip methodology is used.

Sub 400oC processing is the key to reducing harmonics and enabling frequency-agile com-

ponents. However, flip-chip methodology cannot offer a varactor directly at the “point of use.”

This means that the circuits utilizing the varactor still have to go “off-chip” in order to electri-

cally tune a device which then has to go back on-chip to react with the circuit or system. This

work enables fabrication of these high Q devices as a back-end or front-end process to a tradi-

tional CMOS technology node as this work utilizes a sub 160oC processes. In fact, the varactor

is small enough to be integrated directly on small via, gate, source, drain or inductor/resistor

terminal of the circuit if so desired. This allows the integration to be as simple as a one or two

layer mask depending on the complexity required for the final design.

Take a step back from the problem for a second and ask the question “Is this the best

that can be done?” The answer in this case is no! This work for the first time allows a vertical

integration of the varactor stack on-chip, Figure 4.3. Traditionally, MOS and diode varactors are

built in planar configurations when integrated in a traditional CMOS process. That is, two or

more varactors are connected through planar interconnects as shown in Figure 4.3. This doubles

the Rc and increases the Rs of the varactor as there are now two regions which require contact

in addition to the series resistance added of the wire. By introducing a second oxide layer that

isolates the bulk region of the MISM varactor, there is no longer a Rc and Equation 4.14 further

simplifies to Equation 4.16. This creates another new topology MISIM varactor called the FBV

due to the “electrically floating semiconductor body,” Figure 4.4. This varactor can be viewed

as putting a fixed capacitor in series with the FBV in the simplest embodiment. This topology

dramatically increases by multiple orders of magnitude, the potential Q value to that of a near

ideal varactor. Figure 4.5 shows that for a S of 1 (i.e. the top electrode has the same area as the

bottom electrode) that the K is exactly half of Figure 4.1 using the same material properties.

However, the Q value of the FBV improves from the 1.27, Figure 4.1, in the aforementioned

mathematical example of the MISM varactor to 2.3E-6 for a S of 1, Figure 4.5. The Q can

grow to over eight orders of magnitude difference with an increasing S while K approaches

the MISM’s maximum gain, Figure 4.5. Future work for this device would be to analyze the

trade-offs of different materials, doping profiles, thicknesses, and even multiple varactors stacked

together.
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Figure 4.3: Models and cross-sections for both planar and vertically stacked FBV integration
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Q =
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1

ωCmax
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0

Rc +Rbulk

=
tox

ωǫ(tdep-maxρs)
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Cox
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=
Stoxǫr-sc + toxǫr-sc + Stdep-maxǫr-ox
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Figure 4.5: Gain and Quality Factor of a “vertically stacked” FBV Varactor

4.4 Fabrication, Measurements and Results

Second Generation devices were designed and fabricated at the NCSU NNF, Figure 4.7. These

new devices were built to further test the practical application of this technology. The basic

set of device masks were designed to build MISM and the FBV without S, which is part of the

future work. The methodologies used for fabrication in the similar methods to that in chapter 3.

However, the device masks were changed in order to take advantage of a simpler 1-port test
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methodology for CPW as shown in Figure 4.6, [35][22]. This allowed for directly probing the

varactors without mechanical failures due to physically damaging the devices upon landing

the GSG probe. This also ensured that adequate contact was being made between the test

equipment and the DUT. Since the devices were tested using a 1-port model the de-embedding

methodology of a SOLT for a 2-port model can simply be reduced to a SOL to a SOLT. The

specific de-embedding techniques used in these measurements are capable of measuring even

small capacitances out to 100+GHz, [35]. These final round of devices were fabricated using

ALD of AZO as the semiconductor and ALD of Al2O3 as the oxide layer. HfO2 and IGZO were

not available in the ALD tool at the time of this work. These materials were deposited at the

same time without breaking vacuum. Additionally, these layers were deposited directly on a

TiAu layer, where Au was in direct contact with the Al2O3 and Ti was used as an adhesion

layer, stack which minimized intra-layer oxides in the device. The measured results yielded

Qs in the 1000s for low frequencies and Q up to 80 for 10GHz as shown in Table 4.1. This

is a notable improvement over the preceding designs; however, the K of the device was only

1.32:1 in the best case measurement. Hall effect measurements were taken and the AZO doping

concentrations were found to be 3.01E+20 cm−3 which yield approximately the same gain as

what was to be expected from the Verilog-A model in chapter 2 of 3.25E+20 cm−3.

GSG

DUT

Figure 4.6: GSG CPW probe structure to test the varactors
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(a) Varactors on insulative Borosil-

icate glass wafer

(b) varactors and process test

structures.

(c) New alignment mark, verniers

built in for improved alignment

(d) Used short structure used

in deembedding.

(e) Actual tested varactor

device

(f) Used open structure used in

de-embedding.

Figure 4.7: Fabricated Gen 2 Devices

When the reset of the device parameters were entered back into the Verilog-A model, it

yielded matching results that gave very similar device characteristics and performance. The K

and the capacitance had the same general trend and were within 10 percent of the measured

values, Figure 4.8 and Figure 4.9. However, Q wasn’t nearly as good as we expected from

the fabricated results. This is likely due to several reasons, the first of which would be the

fabrication steps. There are multiple places to optimize and hone the recipe for the FBV and

MISM varactors, such as:

1. there are quite a few methods that could be used for materials deposition and removal

2. using different materials to be deposited

3. maturing of the recipe
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Figure 4.8: AZO MISM modeled and simulated vs measured varactor results vs Frequency
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The materials and recipes alone are not the only possible areas for improving the measured

Q of the device (such as the measurement technique and device used). Measurements were

performed on a VNA and de-embedded using Octave scripts which implemented Xu and Kasper

[35]’s de-embedding technique. However, it should be noted that VNAs and GSG probes can

introduce measurement errors even with the most perfect de-embedding. Agilent, makers of the

VNA, state that there is an approximate 2-3 degrees of phase error and the GSG probes used

can insert as much as 2 degrees of phase error. This gives a total phase error of around 5 degrees.

This is especially true for small capacitive loads that have very small series resistances because

as the ϕ in the magnitude and phase vector approach 90 degrees, the tan function becomes

indeterminate, [32]. The sensitivity of the real component, Eq. 4.18, based on the phase angle

yields Eq. 4.19. If the polar coordinates of the modeled varactor results in Phase Angle (ϕ) are

greater than 85 degrees, Table 4.1. This translates into a minimum accurate sensitivity of the

measurement equipment of 0.33Ω. Solving the same set of equations at 1GHz gives a minimum

sensitivity of 3.3Ω for the same device.

It is hypothesized that while the devices measured in chapter 3 are within this minimum

sensitivity range, the latest fabricated devices fall well below the minimum sensitivity. This is

noticed by an increase in Q that can be partially attributed to the increase in the VNA’s ability

to more accurately extract the Rs with the increase in frequency as well as the decrease in

measured capacitance. This was tested by fabricating an Al2O3 MIM capacitor using the same

procedures as the MISM varactor, Figure 4.10. The K was 1, the capacitance of the oxide was

9.8pF, Q of 21.6 which yielded an Rs of 0.07Ω at 10GHz. There were several varactors that had

the same order of magnitude of Rs as the Al2O3 control wafer. Thus, the final generation of

FBV and MISM that has been optimized with TiO2 as discussed in section 4.3 falls far below

this sensitivity threshold. To determine the true Q of these devices, the capacitance will have

to be significantly increased to reduce the phase angle or increase the testing frequency of the

devices.

Re = |Z|cos(θ) (4.18)

ζ
Re

ϕ
= −ϕtan(ϕ) (4.19)
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Figure 4.10: Measured results from a MIM Al2O3 Capacitor on a VNA

The final results comparing the current fabricated technology to the commercially available

products will to be discussed even with this sensitivity error in mind. Datasheets were taken

from Skyworks Solutions [21] and WiSpry [33] and the key data points such as Q,K, Cmax, Cmin

and the Frequency that the measurements were taken at were extracted. Using the developed

models, FBV and MISM devices were created that matched the K, Cmax and Cmin. It can be

seen that the measured FBV having a Q of 80, Figure 4.11, is between the two commercially

available devices FOM . Next, the minimum Q was extracted from the model to compare in

Table 4.1. It can be seen that the FBV can extend past the current state of the art in just the

key performance metrics of the device, plus the ability to remove the traditional interconnect

further increasing frequency agelessness and Q of the device with further process development.

It is important to understand that it is hypothesized that the MISM varactor can be further

improved as well. The reason for this is that values in Table 4.1 have assumed the ρc from a non-

optimized contact area. Through the inclusion of TiO2 or other methods as they already have

measured FOM of the MISM varactor at 469 and a measured Q of 35 at 10GHz, Figure 4.12.
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Table 4.1: Comparison to Commercial Varactors. Simulated ideal model results indicated by *

Device Type K Cmax Q Rs f Q FOM Fco CMOS

(pF) Cmax (Ω) (GHz) 10GHz 10GHz Compat?

WS1042 MEMs [33] 12.0 6.000 100 0.33 0.8 8.0 960 8.00E+10 N

This Work IGZO FBV* 12.0 6.0 131 0.25 0.8 10.48 1258 1.05E+11 Y

This Work IGZO MISM* 12.0 6.0 11 3.13 0.8 0.85 102 8.48E+09 Y

This Work AZO FBV* 12.0 6.0 50 0.66 0.8 3.99 479 3.99E+10 Y

This Work AZO MISM* 12.0 6.0 28 1.20 0.8 2.21 265 2.21E+10 Y

SMV1405 AJD [21] 4.1 1.33 3200 0.80 0.05 16.00 656 1.50E+11 N

This Work IGZO FBV* 4.1 2.100 106252 0.01 0.05 531.26 21782 5.31E+12 Y

This Work IGZO MISM* 4.1 2.100 378 4.01 0.05 1.89 77 1.89E+10 Y

This Work AZO FBV* 4.1 2.100 41175 0.04 0.05 205.88 8441 2.06E+12 Y

This Work AZO MISM* 4.1 2.100 1247 1.22 0.05 6.23 256 6.23E+10 Y

This Work AZO FBV 1.05 4.801 79.98 0.04 10 79.98 842 8E+11 Y

This Work AZO MISM 1.32 12.338 35.60 0.04 10 35.60 469 3.56E+11 Y

4.5 Conclusion

It was shown that the Q of the MISM varactor can be significantly improved over chapter 3

devices. This was achieved by identifying and solving some of the fundamental and core problems

with varactors. This lead to the creation of a new topology called the FBV. This topology can

compete with commercially available devices. Further improvements need to be made to the

MISM contact interface, such as a tunneling oxide, to minimize the contact resistance. Further

improvements also need to be made to the measurement techniques and methodologies in order

to properly quantify the true Q of these devices. The minimum sensitivity shows that the

devices are indeed less than 0.33Ω. While the measured results show that Rs is below the

VNA’s minimum ϕ sensitivity, it is speculated that this is due to the drift of the measurements

over time as well as that it may be a common mode error range in the de-embedding technique.

Further investigation is required as part of the future work. Finally, it is shown that the FBV

as it stands can compete with commercially available technologies with the added benefit of

being able to be integrated directly onto the CMOS chip. This is key to enabling frequency-

agile systems as the interconnect adds inductances, capacitances, and resistances that cause for

harmonic distortions of the circuit to varactor interface.
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Chapter 5

Conclusion

5.1 Closing Remarks and Future Work

There are a variety of advantages of the MISM and FBV. First, they are very compact when

compared to commercially available technologies. For example, the commercial technology by

WiSpry [33] and Skyworks Solutions [21] both come in the form of a discrete packaged com-

ponent. They are several millimeters in dimension compared to sub-micron to 100s of microns

depending on the application needed of this work. Next, these varactors lend themselves to

be integrated on-chip due to their low temperature processing requirements and density. This

allows designers to free up expensive PCB real estate and packaging pins to perform other op-

erations. The FBV allows for a new form of vertical integration of the varactor stacks on-chip.

Often, designers use tens to hundreds of kiloOhms resistors that act as virtual open circuit to

bias the varactors. The high Rc can be used as an advantage in this process by directly con-

tacting the semiconductor region through a small high resistance contact area. In addition, the

thin films can be patterned into planar resistors if required. The top gate metal can further be

used to build inductors and matching networks can be built for connecting to other off-chip pe-

ripherals. The elimination of required matching networks for varactors enables wide frequency

usage, meaning that designers now do not have to build off-chip matching networks to optimize

the varactor’s frequency response making the circuits more band and frequency tolerant.

There are many different steps that need to be undertaken to commercialize the technologies.

As discussed in this dissertation, alternative test structures or testing methodologies have to be

adopted to measure the true Q of these varactors. Optimizations of device materials, geometry

and process flows will be required as well. Additionally, the linearity should be evaluated along

with power dissipation. Next, integration of the varactor process as a back-end wafer or die

level process should happen. This would, in short, involve building the varactors on top of

passivisation cuts for probe pads from a traditional foundry. It is also important to explore the
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idea of gradient doping as well as building devices with abrupt doping. Abrupt doping would

mean that the semiconductor area is thinner than the maximum depletion depth. Mixed type

junctions might be advantageous as well.

New technologies/applications should also be explored. For example, there have been discus-

sions about developing TFT-based RF circuits. For these TFT applications, varactors will be

needed in order to build devices such as voltage controlled oscillators and amplifiers that are at

the heart of RF circuit topologies. The work of [20] is one of the first to report building varactors

using ZnO TFT processes. While the authors’ intention was to enable RF devices, the device

that was built in the paper has a Fco of 10-100kHz which is impractical for RF communication.

The reason is that the thin film nature of the device and higher ρs of the transparent conductive

oxide does not lend itself to high Q when they are in a planar topology. Conversely, this work

uses similar materials that have a Qs comparable to commercially available, reasonable Ks and

a Fco in the THz regime. As Figure 5.1 shows that these varactors can be used in applications

where transparency is a necessity.

Figure 5.1: Floating Body Varactor on a Borosilicate wafer. There area’s that are not trans-
parent in the picture are materials test structures whereas the rest of the wafer is in fact filled
with over 250,000 varactors.
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5.2 Conclusion

This dissertation investigates and presents two new solutions to developing high Quality Factor

varactors that can be integrated into a traditional CMOS process. Qs of 80, Ks of 1.05, and

FOM of 840 for the FBV and Qs of 35, Ks of 1.32, and FOM of 469 for the MISM varactors

have been measured and demonstrated in a sub 160oC process. In addition, these high Q

varactors have been created in a method that allows them to integrate in transparent TFT

applications. Integration is the key to developing frequency agile systems and solutions as

well as reducing costs especially for devices with Fco that can enable the next generation of

GigaHertz or TeraHertz devices. In order to build these devices, they first need to be imagined

and simulated by engineers. In order to explore and create these new topologies device models

are needed for the circuit simulations. This work has developed a Verilog-A model that can

be integrated into traditional circuit simulators such as Advanced Design System software and

H-Spice. New, more efficient, and exciting technologies can be built and/or enabled using this

process and these new devices.
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