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Abstract

As a wide band-gap semiconductor, with large breakdown fields and saturation veloci-
ties, Gallium Nitride (GaN) has been increasingly used in high-power, high-frequency
electronics and monolithic microwave integrated circuits (MMICs). At the same time,
GaN also has excellent electromechanical properties, such as high acoustic velocities
and low elastic losses. Together with a strong piezoelectric coupling, these qualities
make GaN ideal for RF MEMS resonators. Hence, GaN technology offers a platform
for the seamless integration of low-loss, piezoelectric RF MEMS resonators with high
power, high frequency electronics. Monolithic integration of MEMS resonators with
ICs would lead to reduced parasitics and matching constraints, enabling high-purity
clocks and frequency-selective filters for signal processing and high-frequency wireless
communications.

This thesis highlights the physics and resonator design considerations that must
be taken into account in a monolithically integrated solution. We then show devices
that achieve the highest frequency-quality factor product in GaN resonators to date
(1.56 x 10'3). We also highlight several unique transduction mechanisms enabled by
this technology, such as the ability to use the 2D electron gas (2DEG) channel of
High Electron Mobility Transistors (HEMTs) as an electrode for transduction. This
enables a unique out-of-line switching capability which allowed us to demonstrate
the first DC switchable solid-state piezoelectric resonator. Finally, we discuss the
benefits of using active HEMT sensing of the mechanical signal when scaling to GHz
frequencies, which enabled the highest frequency lithographically defined resonance
reported to date in GaN (3.5 GHz). These demonstrated features show high potential
for low-loss, reconfigurable systems for wireless communications.

Thesis Supervisor: Dana Weinstein
Title: Associate Professor

Thesis Supervisor: Pablo Jarillo-Herrero
Title: Associate Professor
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Chapter 1

Introduction

1.1 Motivation

Ever since Guglielmo Marconi transmitted the first radio frequency (RF) signal over
the Atlantic in 1901 (Figure 1-1), the demand for radio communications has been
rapidly increasing. The past decades have seen a high usage of wireless capabilities,
both for consumer and military applications. On the consumer side, the development
of smart phones and wireless internet has been the primary driver for the development
of radio hardware. At the same time, military and national security concerns have
generated new paradigms in radio communications, including the notion of reconfig-
urable, frequency-hopping radios.

On the other hand, this rapid development of radio technology has enabled a
plethora of applications such as inertial sensors for personal navigation, high defini-
tion video streaming and high speed image processing. This has led to the concept
of Internet of Things, a network of ubiquitous, smart devices that are interconnected
through a cloud. Devices to be incorporated in this Smart Grid range from im-
plantable sensors and biochips, to inertial sensors for navigation, smart homes and
cities, and field operation devices for rescue forces. In order to minimize the impact of
these elements on the environment, ultra-compact, frequency-agile and power-efficient
radios are needed. With exceptionally high quality factors (1000s at GHz frequen-

cies) and small foot-prints (10 — 100 um?), acoustic Microelectromechanical systems
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Figure 1-1: Guglielmo Marconi operating apparatus similar to that used by him to
transmit the first wireless signal across the Atlantic Ocean, 1901.

(MEMS) resonators provide an attractive solution for realizing frequency sources and
filters for compact, fully-integrated RF systems, as well as a wide spectrum of resonant
sensors [15]. Additionally, MEMS resonators also have the capacity for monolithic
integration with standard integrated circuits, which has the benefit of reduced size,
weight, and power, improved parasitics, and reduced impedance matching constraints,
particularly at high frequencies. A lot of effort has gone into the integration of sil-
icon MEMS with CMOS [16], |17], leading to many low-power applications such as
implantable transmitter-receivers (tranceivers) for prosthetics and wearable sensors
|18]. However, for RF front-end operation, MEMS-based filters would require a more
efficient transduction mechanism than the electrostatic one, such as the piezoelectric
effect.

Additionally, this increase in the demand for wireless communications has turned
the radio spectrum into a sparse resource. The main problem is the way in which
radio spectrum is currently allocated. For example, in the United States, frequency
bands are reserved for specific applications by the U.S. Federal Communications Com-
mission (FCC). As a result, in some regions, the frequencies used by cellphones can
be extremely congested, while large bands of the broadcast-television spectrum stand
idle. One solution to that problem is the concept of “cognitive radio”, in which wire-
less devices would scan their environments for vacant frequencies and “hop” to these

available bands for transmissions. This concept was first introduced by Mitola and
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Maguire in 1999 [19]. Ever since, there have been various proposals for realizing cog-
nitive radios, placing different emphases on hardware and software. In the hardware
case, the essential component is a bank of filters that can isolate any frequency in
a wide band. To achieve a cognitive, reconfigurable wireless system, we need new

physics and devices to enable switchable devices and filters.

This thesis focuses on exploring new physics and transduction mechanisms in
Gallium Nitride (GaN) MEMS resonators that would address the issues described
above. We choose this platform due to several attractive features. First, as a wide
band-gap semiconductor with large breakdown fields and saturation velocities, GaN
has been increasingly used in high-power, high-frequency electronics and monolithic
microwave integrated circuits (MMICs). At the same time, GaN also has excellent
electromechanical properties, including high acoustic velocities and low elastic losses
and a strong piezoelectric effect. These qualities make GaN ideal for RF MEMS
resonators, and offers a platform for seamless integration of high performance RF
MEMS resonators with high power, high frequency electronics. The novelty and high
potential of this technology come from the presence of an inherent 2D electron gas
(2DEG) present in this structure, which can lead to new acousto-electric capabilities
for MEMS resonators. These include features such as the ability to use the 2DEG as
an electrode for transduction in the first switchable piezoelectric resonator, as well as
an active sensor of the mechanical vibrations, as the channel of a HEMT embedded
in an acoustic cavity. These capabilities can lead to truly reconfigurable systems, for

wide bandwidth wireless communications.

1.2 Electromechanical Devices in Wireless Commu-

nications

Many developments have happened on the front of radio hardware over the past
decades leading to innovative solutions both at the component and system level, but

the main principle of operation behind most modern radios nowadays still remains
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Figure 1-2: (a) Prototype superheterodyne receiver built at Armstrong’s Signal Corps
laboratory in Paris during World War I (source:wikipedia.com). (b) Example of front-
end architecture of modern superheterodyne receiver. Electromechanical resonators
such as SAW, BAW or MEMS Resonators can be used as both frequency sources and
filters due to their sharp inherent frequency response.
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the superheterodyne architecture (Figure 1-2 (a)). This was invented by US engineer
Edwin Armstrong in 1918 during World War I and is based on the use of frequency
mixing to convert a received signal to a fixed intermediate frequency (IF) which can
be more conveniently processed than the original radio carrier frequency [20]. This
leads to the trade-off between higher bandwidth selectivity and sensitivity and the
cost, size and power associated with an additional frequency conversion stage. Figure
1-2 (b) shows a schematic of a possible front-end superheterodyne architecture of a
radio. There are multiple frequency sources and filters that go into this system which
are nowadays based on off-chip components, such as ceramic LC tanks or quartz

resonators, which are bulky and power-hungry.

In this thesis we propose replacing some of the clocking and filtering components
with integrated MEMS resonators. Due to their inherent sharp frequency response
these devices can serve as both filters and frequency sources. High mechanical quality
factors translate to low phase-noise for high-purity oscillators and excellent frequency
selectivity for filter applications [21]. Additionally, we will show in this work that
the platform developed here brings in new physics and transduction mechanisms that
would eventually enable a novel class of reconfigurable radio systems. We start by
looking at various examples of electromechanical devices that have been used for
wireless communications, listing some of the advantages and disadvantages of each

technology.

1.2.1 Quartz Resonators

Ever since the demonstration of the first quartz resonator in 1921 by Walter Cady
[22], this has been the most commonly used technology for frequency sources and
signal processing, due to its piezoelectric behavior, high quality factors, and excellent
temperature stability. The frequency of operation of the quartz oscillator will depend
on the crystal cut and orientation. In fact, there are very limited methods for micro-

machining quartz, which limits these devices to off-chip, millimeter size components

[23].
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Figure 1-3: Original illustration of SAW Device demonstrated by White in 1965 [1].

1.2.2 Surface Acoustic Wave Devices

Surface acoustic wave (SAW) devices are based on Lord Rayleigh’s proof in 1885 that
waves can propagate at the surface of an semi-infinite medium. It took until 1965 for
White [1] to demonstrate the transduction of SAW using an interdigital transducer
on a piezoelectric medium, as shown in Figure 1-3. Nowadays, SAW devices are
heavily used in Ultra-High-Frequency (UHF) filtering for wireless communications,
for frequencies up to 2.5 GHz [24]. Since they don’t require any post-processing and
their fabrication is relatively simple, SAW can be integrated with IC’s, especially
with piezoelectric MMICs. However, due to high losses through the substrate, SAW
devices need to be large to attain the low insertion losses required for operation, which

places them on the order of millimeters.

1.2.3 Bulk Acoustic and Film Bar Acoustic Resonators

One way to address the need for miniaturization is by moving to Bulk Acoustic Wave
(BAW) resonators, in which the waves propagate throughout the entire volume of the
material and not just at the surface [2|. This type of wave is also stiffer, allowing
higher frequencies of operation. While BAW devices can still approach millimeter
sizes, they are typically smaller than their SAW counterparts. These devices are

also IC-compatible and, additionally, BAW devices show better power handling and
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Figure 1-4: Two commonly encountered Bulk Acoustic Wave (BAW) devices as in-
troduced in [2].
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temperature stability than the SAW devices. One commonly encountered type of
BAW device is the Film Bulk Acoustic Resonator (FBAR), which consists of a thin
suspended membrane, usually made of a piezoelectric material (Figure 1-4 (a)). In this
case, the resonant dimension is the thickness of the film. The most popular material
for FBAR is wurtzite Aluminum Nitride (AIN). Another BAW type of device is the
Solidly Mounted Resonator (SMR), where the acoustic cavity is defined by a series
of alternating layers that form Bragg mirrors, as shown in Figure 1-4 (b). In this
case, the resonance frequency is also set by the thicknesses of the constituent layers.
These technologies are heavily used for filtering in the cellular market. However, as
the trends progress more towards smart, reconfigurable systems, we need ways of
integrating multiple resonant frequencies on the same chip. BAW devices have their
resonant frequency set by the thickness of the film, which limits the frequency range

of operation for filters fabricated on the same substrate.

1.2.4 Contour Mode MEMS Resonators

To address the need for multiple frequencies on the same chip, researchers have started
looking into alternate vibration modes. While we still want to take advantage of stiffer
and higher quality bulk modes, we can now realize standing waves in the lateral or
in-plane dimension of a suspended bar or cavity. These are known as contour mode
resonators. The main benefit of these devices is that for a given film thickness, we
can realize multiple frequencies on the same chip, via a single photolithographic step
that patterns the lateral dimension of the cavity. Additionally, these resonators have
small footprints (=~ 10 — 100 um?). Various research groups have explored contour
mode resonators, both in silicon, using electrostatic transductjon, and in piezoelectric
materials such as AIN. Modes that satisfy the contour mode requirement range from
simple longitudinal waves in a bar, to plate modes and extension of rings or disks, as
shown in Figure 1-5. For example, in polysilicon, 6.2 GHz contour modes were mea-
sured in a longitudinal bar using solid-state electrostatic transduction [25]. In AIN,

contour mode resonators were used realize closed-loop oscillators with frequencies as

high as 3.5 GHz [3].
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Figure 1-6: (a) Wurtzite crystal structure of GaN. (b) AlGaN/GaN heterostructure
can be grown on a variety of substrates, including Si-111, SiC, diamond, and sapphire.

1.3 Gallium Nitride MEMS Resonators

1.3.1 GaN technology

Over the past two decades, Gallium Nitride technology has matured considerably,
rendering it as the second most popular semiconductor after silicon due to a series of
extraordinary properties.

As a wide bandgap semiconductor (3.4 eV), GaN is intensively used for solid-state
lightning [26]. This high performance culminated in the 2014 Nobel Prize in Physics
which was awarded jointly to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura for
the invention of GaN-based blue-diodes.

Additionally, the Al@aN/GaN heterostructure provides an inherent high charge
density (1x 103 em™2), 2D electron gas (2DEG) as shown in Figure 1-6 (b). Contrary
to other semiconductor-based 2DEG systems, such as gallium arsenide heterostruc-
tures, the sheet of charge in GaN is generated without the need for intentional doping,
which leads to unprecedented electron velocities and mobilities, making it ideal for
high frequency (>300 GHz) integrated circuits. As a result, GaN heterostructures

have been increasingly used for Monolithic Microwave IC’s (MMICs). Another im-
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Table 1.1: Material properties of commonly encountered electromechanical materials.

Elastic  Acoustic Piezoelectric fxQ k2t s
Material | coefficient velocity  coefficient (s71) (%) ref
(GPa) (m/s) (Cm™?)
Si 165 8415 N/A 25x 108 N/A  |27]
SiC 605 13100 0.2 35x 104 0.08 [27], [28]
GaAs 118 2470 -0.16 not measured 0.04 [29]
LiNbO; 60 3900 +3.65 7.7 x 101 16 [30]
AIN 390 11000 +1.55 1x 108 56  [27]
GaN 398 8084 - 0.65 25x 108 2 [28], [27]

portant property of GaN is its high breakdown field, which makes it ideal for high
power (>10W/mm) applications.

In addition to the extraordinary optoelectronic and RF performance, GaN also
exhibits excellent electromechanical properties, such as high piezoelectric coefficients
(electromechanical coupling k2 up to 2% in FBARs), high acoustic velocities and low
acoustic losses. Table 1.1 shows a comparison between some of the most relevant
material properties for electromechanical applications of GaN with other commonly
encountered materials. It can be seen that GaN has an acoustic velocity comparable to
silicon as well as similar acoustic losses. GaN also has piezoelectric coefficients higher
than GaAs and SiC. All of these qualities make it ideal for MEMS applications.
Moreover, there have been many developments in the growth of GaN on various
substrates, such as silicon carbide, sapphire and diamond [31|. Recently, researchers
were able to grow high quality GaN on Si-(111), which has the potential of not only
lowering the cost of GaN wafers, but also of opening the market for new applications,
such as the heterogenous integration of GaN MMICs with silicon CMOS circuits [32].
For MEMS devices, the use of silicon substrates as sacrificial layers enables suspended
GaN cantilevers and membranes [33], leading to a wide spectrum of applications, such
as filters, clocks and sensors.

The most important element that distinguishes GaN from other piezoelectric ma-
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terials is the ability to fabricate MEMS resonators integrated with the high gain
electronics offered by this technology. This provides a direct way of extracting the
electromechanical current and interfacing with the external world. Besides, the pres-
ence of the inherent 2DEG gives rise to new physics and transduction mechanisms
that open many possibilities for reconfigurable systems and novel sensors. This is the

major strength of this technology, and the main object of study of this thesis.

1.4 Thesis Contribution

Despite the increased use of GaN for high-frequency, high-power applications, the
potential for harnessing its electromechanical properties for wireless communications
has received very little attention so far. This thesis describes experimental proce-
dures developed for realizing high-performance piezoelectric GaN MEMS resonators,
integrated in a GaN MMIC process with only two modifications to the standard flow.
Withing this platform, we are able to study the transduction capabilities of the
epitaxial structure, and we demonstrate ground-breaking performance in terms of
mechanical quality factor of the resonance, as we achieve the highest f - Q products
measured in GaN to date, as enabled by fabrication in a Au-free process.
Additionally, we demonstrate the first solid-state, switchable piezoelectric res-
onator, using the conductive 2D electron has as an electrode for transduction.
Finally, we show devices with record-breaking Signal-to-Noise ratio, by using ac-

tive transistor sensing of the mechanical vibrations.

1.5 Thesis Outline

This dissertation spans 7 chapters. Chapter 1 portrays the need for MEMS resonators
for timing and filter applications in wireless communications, highlighting the benefits
of a GaN-MEMS platform.

In Chapter 2, the physics and modeling of MEMS resonators is presented, with

and emphasis on piezoelectric transduction mechanisms.
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Next, fabrication techniques used for realizing GaN MEMS in a HEM T-compatible
process are presented in Chapter 3.

In Chapter 4 we highlight the unique transduction mechanisms enabled by the
presence of the 2DEG, including the first switchable piezoelectric resonator, and a
completely metal-free GaN resonator, useful for directly interrogating the material
properties of the stack in the absence of electrode mass loading and damping.

Chapter 5 focuses on the optimization of contour mode resonators in a MMIC
technology, with as little modification to the standard process as possible.

Chapter 6 discusses the benefits of using active HEMT sensing for detecting the
mechanical vibrations.

In Chapter 7 we conclude and discuss future directions enabled by the platform
developed here.

This thesis also contains two appendices. Appendix A contains information about
the material properties of the GaN epitaxial structure, as well as other materials de-

posited during fabrication. Finally, Appendix B lists detailed fabrication procedures.
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Chapter 2

Theory and Modelling of
Piezoelectric MEMS Resonators

2.1 Resonance and the Harmonic Oscillator

The first step when talking about any type of resonator, MEMS resonators included,
is an understanding of harmonic motion and resonance. This relatively elementary
physics problem lies at the foundation of many studies and applications, ranging from
filters and frequency sources in wireless communications [34, 35| to gravitational-
wave detectors [36], ultra-precise clocking standards |37| and verification of quantum

equivalence principles.

Equilibrium

~— position

L
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Figure 2-1: A model of the simple harmonic oscillator.

®
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2.1.1 Simple Harmonic Oscillator

We start by considering a particle executing a periodic motion, in the absence of any
forces. A simple representation of this case is a mass attached to a rigid wall by a
spring, as shown in Figure 2-1. Following the derivation of Goldstein [38], we assume
a conservative system, where the potential does not depend on any time derivatives
of the position coordinate:

V =V(X). (2.1)

This assumption is valid in most of the systems considered here. Then we can Taylor

expand the potential about the equilibrium position, X = X,:

v 1/9°V 0
V———Vb"f‘(ﬁ)xe(X~Xe)+§<5‘ﬁ>Xe(X—Xe) +... (2.2)

At equilibrium, the sum of forces acting on the system must vanish, leaving the
first derivative equal to zero. By setting the arbitrary potential level V, to zero
and we ignore the higher order terms, as we are interested in situations with small

displacements from equilibrium. The potential then becomes:

1 (6%V 1
V=_ (————) r? = —k2®. (2.3)
2\9x?), " "2

The kinetic energy of the system can also be expanded in an equivalent Taylor series,
and it can be shown [38], that for conservative systems, the kinetic energy is given
by:

1
T = §mi‘2. (2.4)

As a result, we can now write the Lagrangian:

Lzrl’—V=lm.7'c2 L

S’ = §k‘x2, (2.5)

and, by using Lagrange’s equations:

£3)-(3)-
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we obtain the equation of motion:

mZ + kx = 0, (2.7)

which is the familiar equation describing the motion of a mass on a spring.

As expected, one solution to this differential equation is:

z(t) = xo sin(wot + ¢o) (2.8)
Wy = _]_6'_7 (29)
m

where xg, wp, and ¢q are the amplitude, angular frequency and phase of the system.

2.1.2 Damped Harmonic Oscillator

In reality, all practical systems exhibit some degree of loss. To model this, we can
consider an additional viscous force acting on the mass in Figure 2-1 [39]. For sim-
plicity, we assume a linear drag force that is proportional to the velocity. Then the

equation of motion becomes:
mi + c& + kz = 0. (2.10)
The damping factor or dissipation rate v is defined as [40]:
= — 2.11
=5 (2.11)

One solution to this differential equation is given by:
z(t) = 21"Vt 4 g e OFOE (2.12)

where
q=1/7? — Wi (2.13)
Depending on the relative size of the dissipation rate compared to the natural fre-
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Figure 2-2: Normalized amplitude of the damped harmonic oscillator for different
values of the dissipation rate.

quency of the system, there are three regimes:

1. g real > 0: Overdamping

In this case, both exponents in Equation 2.12 are real, leading to an exponential

decay of the displacement. Then a mass that is given an initial displacement and

released return to its initial position without oscillating as a result of damping.

2. g real = 0: Critical damping

The solution reduces to a single exponential factor, as the two amplitude coeffi-

cients are not independent anymore. Similar to the first case, a mass displaced in

these conditions will return to equilibrium without having the chance to oscillate.

3. g imaginary: Underdamping

In this situation, the factor ¢ becomes imaginary, so the resulting motion is periodic

with decaying amplitude. The displaced mass will oscillate for a few periods and

then come to a stop. It can be shown that the solution to this case becomes:

z(t) = e " (Acos(wat + o)), (2.14)
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where the damped angular frequency is given by
wa = /7% — w3 (2.15)

Figure 2-2 shows a plot of these different cases. The undamped simple harmonic
oscillator case corresponds to the v = 0 case. In practice, the resonators considered

in this thesis satisfy the underdamped condition described above.

In all the cases above, the total energy stored in the system at a time ¢ is given by
the sum of the kinetic and potential energy. Then, for the case of the underdamped
oscillator, this becomes:

1
E(t) = —z—mA2wge‘t/T. (2.16)

Here, 7 is the relaxation time defined by

As expected, the energy stored in the oscillator decays exponentially with the
time constant 7. Given the loss mechanism in this system, the rate of change of total

energy in the system is given by:

% = mit + kxt = —ci?. (2.18)

We can now introduce define the quality factor of the damped oscillator, as the energy

stored in the system divided by the energy dissipated per cycle:

Estored
= or e 2.19
Q Edissipated ( )

By substituting Equation 2.14 into Equation 2.18 and integrating the energy dissipa-
tion rate over one period 7', we can show that the energy dissipated during one cycle
is

1 T
AE = (—Q-mA%ge—t/’) = (2.20)
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We finally obtain an expression for the quality factor of the underdamped har-

monic oscillator:
Wd

Q=wir=5" (2.21)

2.1.3 Driven, Damped Harmonic Oscillator: Resonance

The last element of theory needed to describe a resonator is including a periodic
driving force and analyzing the response of the system as a function of the drive

frequency. In this situation, the equation of motion becomes:
m& + ¢t + kx = Fy cos(wt). (2.22)

The resulting motion is a superposition of a transient solution at the natural frequency
that decays with a time constant 7 as described in 2.1.2, and a forced oscillation at

the driving frequency, w. This latter case is the steady-state solution and is given by:
z(t) = Aelt=9), (2.23)

The amplitude, A, and phase ¢ are defined as

. Fo/m
AW) = (o T (2.24)
and
2yw

respectively. When the forcing frequency approaches the natural frequency of the
system, the amplitude of oscillations reaches a maximum, which is known as the
resonance condition. In a damped, driven system, the resonance frequency is not
exactly equal to the natural frequency. Instead, it can be found by differentiating the

amplitude with respect to angular frequency and setting the result to zero:

w? =wi —~% (2.26)
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Figure 2-3: Amplitude (a) and phase (b) of the driven, damped harmonic oscillator
for different values of the dissipation rate.
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Only in the case when the damping factor v approaches zero, the natural fre-
quency, damped frequency and resonance frequency are all equal. Figure 2-3 shows
calculated amplitude and phase for a driven harmonic oscillator, for different values
of the dissipation rate . When the dissipation is small, the response is a sharp peak,
and it’s accompanied by a phase shift of 180°. The physical cause of this phase shift
can be understood by considering two limiting cases when referring to the simple rep-
resentation of a mass on a spring that is now forced at w. In the low frequency limit,
when w < wy, we expect the inertia of the mass to be quite small, and mainly be
dominated by the stiffness of the spring which is moving slowly and in in phase with
the driving motion. For the w > wy case, the spring looks less stiff, with the mass
now moving faster and out of phase with the driving force. In this case the inertia of
the mass dominates. A similar behavior can be seen in electrical LC oscillators, and

the equivalence between the spring-mass and LC systems is further discussed in 2.4.

As the damping is increased, the peak broadens and the phase shift becomes
less pronounced. When v > wy/+/2, no amplitude resonance occurs. The quality
factor introduced in the previous section is measure of the sharpness of the resonant
response. For weak damping only, 2v is approximately equal to the Full Width at

Half Maximum of the resonance, Aw, and Q becomes:

Wo wo

Q=2 =2 (2.27)

2.2 Constitutive Relations for Waves Propagating in

Elastic Media

We now want to look at a more specific case of harmonic oscillators, acoustic res-
onators, so we need to define the main quantities of interest in elastic theory, and the
constitutive relations that connect them. The purpose of this section is a brief intro-
duction of the main laws and notations. For more in depth proofs and derivations

one could refer to the the suggested in the text.
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2.2.1 Deformation and Strain

We start by defining the strain in the case of small displacements as [41]:

1 [(Ou;(r,t) Ou,(r,t)
Sii(r,t) = = A Ak 2.28
2 (r7 ) 2 ( 87“‘7 + 8Ti ) ( )
where r is the position vector given by:
r =Xz +yy+ 2zz. (2.29)

To simplify the solutions to problems in acoustics, we introduce a reduced defini-
tion of the strain, based on the fact that most of the cases of interest are symmetric.
This symmetry implies that each component of the strain can be specified by one

subscript instead of two. So we define the following mapping:

Sa:m Sa:y Sz:z Sl %86 %SS
S = Syx Syy Syz - %Sﬁ 32 %Sél . (230)
Szz Szy Szz %SS %54 SS

The cyclical order of indexes used here follows the Voigt notation, which is standard
for problems in acoustics, especially when considering additional phenomena, such as
piezoelectricity [42]. In this case we obtain a simplified six-element column matrix
strain which will be used in the rest of this thesis:

S
S2
S
s=|"°. (2.31)
Sy
Ss

Sg

L =

The first three components of the strain are called normal strains, while the last three

are called shear strains.
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2.2.2 Stress and the Equation of Motion

Stress is defined as a force acting between particles inside an acoustic medium. When
the stress is symmetric, the same abbreviated notation as in Subsection 2.2.1 can be
used to simplify the stress matrix. However, for reasons that become obvious in later

derivations, the factor of % gets dropped from the definition of stress:

Txm T:cy Tmz Tl T6 TE)
T = Tyz Tyy Tyz =Ty Ty Ty - (232)
Tzz sz Tzz TS T4 T3

For the rest of this thesis, the stress matrix will be given by:

- -

T
T

T
T=|"°. (2.33)

In the presence of an applied traction force at the boundary of the medium New-

ton’s Law states that

. o%u
58 5V sy Ot

In the limit of §V — 0, this can be simplified using the Divergence Theorem to:

5%u
V-T=pay. (2.35)

It is important to mention that in the case of symmetry, the divergence operator can
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also be simplified using the abbreviated form

2 0 2 8
Be 3, b,
— o a 3
Vi=lo 2 0o £ 0 £ (2.36)
i) <) 0
00 £ 2 £ 0

2.2.3 Constitutive Relations: Hooke’s Law

Next, we want to relate the elastic forces acting on particles inside an elastic medium
to the induced displacements. In the case of small displacements and strains, we ex-
pect this to satisfy Hooke’s law, which is an experimentally verified linear relationship
between the elastic restoring force acting on a spring, and the resulting displacement.
In the case of acoustics, the equivalent "spring constant” will have a matrix form.

This is known as the stiffness matrix and is defined by:

T = Cijr1Ski, (2.37)
7;7.7.7 kal =T,Y,%.

Alternatively, this relationship can be expressed as:

Sij = SijaL,
T (2.38)
Z',j, k:l =X,Y, 2,

where s;;1; is known as the compliance matrix.

Going back to the assumption of symmetry, it can be shown that

Cijki = Cjikl = Cijlk = Cjilk, (2.39)

which allows us to reduce the stiffness matrix to a 6 by 6 matrix. We can then write
the constitutive relations as:

T=c:S (2.40)
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and

S=s:T. (2.41)

Here, the Stress and Strain tensors are in the one-column matrix introduced above.
In reality, each crystal symmetry will impose further conditions, leading to even
more simplifications of the elastic matrix. For example two of the most commonly
encountered crystal symmetries are the cubic and hexagonal groups. The cubic one
includes zinc-blende solids, such as silicon or Gallium Arsenide, while the hexagonal
one is found in wurtzite crystals such as Gallium Nitride and Aluminum Nitride. The

elastic matrix corresponding to these classes of symmetry are given by [41]

ci1 a2 c2 0 0 O
ci2 ¢1 ¢c2 0 0 O
ci2 ¢2 ¢z 0 0 0
Ceubic = ) (242)
0 0 0 cy 0 O
0 0 0 0 Ca4 0
0 0 0 0 0 Cq4
and _
1 ¢ c3 0 0 0 1
ci2 1 a3 0 0 0
Ci3 C13 Cs3 0 0 0
Chexagonal = s (2.43)
0 0 0 C44 0 0

00000440
0 0 0 0 0 ce

respectively. In the case of the hexagonal structure, the last elastic constant is not

an independent parameter, but rather given by (c1; — c12)/2.

2.2.4 'Wave equation

For problems involving wave propagation in solids, it is useful to manipulate the field

equations in symbolic form and obtain a wave equation that can be then solved. This
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approach is equivalent to the treatment of electromagnetic waves.

In the case of acoustics, the field equations are given by:

ov
V.- T=p— —F 2.44
P (2.44)
Vv =s: %—f—, (2.45)
where F is an applied external force, and
y -
5 0 0
)
0 B 0
o o0 2
Vs= : (2.46)
0 I} 2]
8 8y
8 8
% U &
8 @
5 o O]

We can now differentiate Equation 2.45 with respect to time and operate with ¢V- on

Equation 2.45. By eliminating the stress tensor, we now arrive to the Wave Equation:

0*v  IF

V'(C: VSV) =p5t—2"‘“ 5{

(2.47)

We next consider the case of a uniform plane wave propagating in a source-free

region, with I’ = 0. The direction of propagation is given by the vector
1= %I, + yl, + 2L,. (2.48)

The solution to the wave equation will then be proportional to ei@t=klT) and the wave
equation reduces to

[T — pu? 5] [vis] = 0, (2.49)
where I'ij is the Christoffel matrix, given by

Tij = lixexlr;. (2.50)
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The matrices l; and [r; are given by

k=101, 0 I, 0 I, (2.51)

and

, (2.52)

respectively.

To find the dispersion relation we can then set the characteristic determinant equal

to zero:

Qw, ky, ky, k) = |E*Ti5(le, 1y, 1) = pw?8i5] = 0. (2.53)

2.2.5 Lamb Mode Resonators

One family of acoustic waves that we focus on significantly in this thesis is the sym-
metric branch of Lamb modes, since their frequency depends mainly on the in-plane
dimension of the cavity. Additionally, the phase velocities of these modes in standard
semiconductor films such as Si, GaAs, GaN, AIN are high with moderate coupling
coefficients (up to 2.5 %), which leads to low motional impedance resonators. This
implies that low insertion loss resonators, spanning multiple frequencies can be real-
ized on the same chip simultaneously, which has high value for both studying various
physical phenomena and for realizing reconfigurable, cognitive RF systems. In this
thesis we demonstrate multiple Lamb-mode resonators, with frequencies ranging from

500 MHz to 2 GHz, achieving quality factors higher than 8000 at 2 GHz.
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The theory behind these modes was first developed by Horace Lamb in 1917, to
describe the propagation of guided waves in thin plates [43]. Figure 2-4 (a) shows
the original setup of the problem, where a plate of thickness 2d is considered infinite
in both in-plane directions. The system of coordinates is then chosen with the origin
on the median plane of the plate. Assuming a wave propagating in the x direction,
we are interested in solutions with no displacement in the y direction. Then we can

assume periodic solutions to the wave equation (Equation 2.49) of the form:

u = U fp(2)e!WtHha®) (2.54)
w = wo f,(2)e Wt k=) (2.55)

In the case of guided waves through a plate with free top and bottom surfaces all

stresses the appropriate boundary conditions become:

T,. =0, (2.56)
Ty = 0. (2.57)

These boundary conditions will give rise to two characteristic equations:

tan(Bd)  4apk?
tan(ad) (k2 — 2)2’ (2.58)
tan(Bd)  4afk?
tan(ad) k2 — 52)2 (2:59)
Here o and § are given by
W2
of = = — K2, (2.60)
Yy
2
B = e k2, (2.61)

8

where v; and v, are the longitudinal and shear velocities, respectively.

The first set of solutions corresponds to waves whose displacements symmetric

with respect to the z = 0 plane, while the second one will generate antisymmetric
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Figure 2-4: (a) Guided waves are propagating in an infinite plate of thickness 2d in the
x-direction. The system of coordinates is placed with the center on the median plane
of the plate. (b) Cross-section of infinite plane shows the zeroth order symmetric
Lamb mode (Sp) propagating in the x-direction, for a normalized wavelength \/2d =
4.3. In (c), the mode shape of the zeroth order antisymmetric mode ( Ap) is shown for
a normalized wavelength A/2d = 6. In both cases, the superimposed arrows represent
the displacement fields, while the color maps the strain fields.

displacement fields. The first symmetric solution, Sp is illustrated in Figure 2-4 (b).
The color maps the strain fields, while the arrows represent the displacement field.

Similarly, the first antisymmetric mode, Ag is shown in Figure 2-4 (c).

2.3 Transduction Mechanisms

Having discussed some of the most important equations describing acoustics in solids,
the next step is to look at ways in which energy can be transferred between the elec-
trical and mechanical domains, which is known as transduction in the field of MEMS.
Some of the most typical transduction mechanisms used in MEMS are illustrated in
Figure 2-5, with an emphasis on techniques that are compatible with major semi-
conductor baseline processes, such as CMOS or III-V MMICs. Note that the field of
MEMS can include other domains besides electrical and mechanical, such as thermal,

fluidic, etc.
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Figure 2-5: Common types of transduction mechanisms that are compatible with
major semiconductor technologies.
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Figure 2-6: Electrostatic transduction of a longitudinal resonant bar (top-view) using
two air-gap capacitors.

2.3.1 Capacitive Transduction

Capacitive transduction is one of the most commonly used mechanisms for resonant
and non-resonant MEMS. This mechanism uses an electrostatic force to convert an
electrical signal into mechanical vibrations. Conversely, mechanical strain will be
sensed as a change in capacitance due to the physical change in the distance between
the two plates, which is what gives it its name. As shown in Figure 2-5, this capacitor
can be defined either between two plates separated by an air-gap, or in a solid-state
case, where air is not replaced by a dielectric. There are multiple applications of this

method, especially in the realm of sensors [44].

Consider the simple bar resonator illustrated in Figure 2-6. We use two air-gap
capacitors to drive and sense vibrations in this structure. We apply a DC bias to the
body of the resonator, and a driving AC voltage to the left transducer. Then we can

calculate the resulting drive force by

11 -

Feap = dx

(2.62)

where U, is the energy stored in the capacitor and is equal to %CVZ. Then the

driving force becomes

F..,= lv@g
#g" o’
. 5 (eodu (2.63)
== (Voo +vne™) o= | —= ).
2 drxr\g+z
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Here, A.qp is the area of the capacitor plate, g is the initial width of the gap, and
x is the change in distance between the two plates. For small displacements we can

expand the above expression about the equilibrium gap value, obtaining:

A : ,
Foap % 3% (VB + 2Vpcvine™ + vhe™) (2.64)

We immediately note that the first term does not contribute to a frequency dependent
term, and the last term becomes negligible compared to the second one, when v, <

vpc. As a result, the relevant component of the drive force at frequency w becomes:

2Vpcvin€oAcap

7 (2.65)

F capw —
One can already notice that this transduction mechanism is intrinsically nonlinear,

which could lead to limiting situations such as gap closing of the transducers [45].

2.3.2 Piezoelectric Transduction

An alternative to the electrostatic transduction is to use the piezoelectric effect to
transfer energy from the electrical to the mechanical domain. As we will see later,
this is a more efficient transduction mechanisms than the capacitive one. Moreover,
piezoelectricity is a linear effect, as opposed to the capacitive case. Discovered in 1880
by the Curie brothers, the piezoelectric effect has enabled many applications, ranging
from quartz clocks [22], surface acoustic wave filters for radio communications [24],

to sensors and actuators [46] as well as energy harvesters [47].

The direct piezoelectric effect consists in the appearance of bound electrical charges
at the surfaces of a strained medium. This induced charge depends linearly on the
applied strain, so it will change sign if this is reversed. Additionally, an applied elec-
tric field across a piezoelectric material will lead to deformation, which is known as

the converse piezoelectric effect.
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Piezoelectric Constitutive Relations

To account for this linear relationship between strain and charge, the constitutive
relations introduced in Subsection 2.2.3 must be modified to include an additional
term. Moreover, in the case of a piezoelectric material, the electrical displacement field
must also contain a stress-dependent term. The piezoelectric constitutive relations

can then be written as:

D=¢ -E+d: T (2.66)
S=d-E+sF: T, (2.67)

where d is the piezoelectric strain matrix, a third rank tensor that will depend on
the crystal symmetry of the material. The superscripts 7" and E have been added
to the dielectric and compliance matrices, respectively, to denote the fact that those
constants represent properties under fixed stress and electric fields, respectively. This
is of significant importance for piezoelectric material, where stress and strain are

related linearly.

If we again make the assumption that the strain is symmetric, we can simplify d

using that d,;; = d;;;, leading to the abbreviated constitutive relations:

Di = 62; . Ej + d,'Ji TJ (2.68)
S[ = dlj . EJ + SIEJ: TJ. (2.69)

The simplified piezoelectric tensors are now given by

dwl dm2 de da:4 dz:5 d:z:ﬁ
[di-f] = dyl dy2 dyS dy4 dys dyﬁ ) (270)
da dio diz day dis dis
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and
dlw dly dlz

ds, dsy ds,
d.[j =" o ) (2.71)
dyg dyy dy,
d5a: dSy d5z

dﬁa: de dﬁz

respectively.

Alternatively, the piezoelectric constitutive relations can be expressed in the stress-

charge form:

D=¢-E+e: S (2.72)
T=-eE+cE:S. (2.73)

In the case of the wurtzite crystal structure, the piezoelectric matrix is given by

0 0 0 0 €51 0
fl=10 0 0 e; 0 0f. (2.74)

€31 €31 €33 0 0 0
2.3.3 Commonly Used Piezoelectric Transducers

There are various ways in which we can transfer energy between the electrical and
mechanical domain in a piezoelectric solid. One of the most common one is typically
encountered in Surface Acoustic Wave devices (SAW), and it involves using an inter-
digital transducer (IDT) to launch the waves [1]. These transducers are formed by
interlocking two arrays of comb-shaped electrodes as shown in Figure 2-7 (a). One
electrode set is grounded, while the other one is set to an AC voltage, which will lead
to a periodically distributed electrical field. Depending on the crystal symmetry of
the substrate, these fields will couple piezoelectrically to periodic strain fields, and

launch acoustic waves. On the sense side, when the half wavelength of the traveling
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Figure 2-7: Common types of transducers used in piezoelectric acoustic devices. (a)
Interdigital transducer. (b) Interdigital transducer with a grounded or floating elec-
trode. (¢) Fully electroded transducer. (d) 2 Port transducer with bottom electrode.
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Piezoelectric film
1 metal

Figure 2-8: Piezoelectric transduction of a longitudinal resonant bar (side-view) using
a fully electroded piezoelectric film.

wave equals the period of the transducer, the piezoelectric charge generated will lead
to an overall output current.

This type of transducer is also used in the case of MEMS devices, where the
piezoelectric film is released from the substrate. For example, IDTs are the most
common way of driving and sensing Lamb-wave resonators. In the case of MEMS
resonators, we can also deposit a bottom electrode, which can be grounded or floating.
This will impede the fields from exiting at the bottom of the resonator, leading to a
more efficient coupling.

Another type of transducer that is commonly used is a fully electroded one, where
the piezoelectric film is sandwiched between two blanket electrodes (Figure 2-7 (c)).
This is an efficient way of driving thickness extensional modes, in devices such as
Film Bulk Acoustic Resonators (FBAR). Alternatively, we can use a 2-Port version

of this transducer (Figure 2-7 (d)).

2.3.4 Comparison Between Capacitive and Piezoelectric Trans-

duction

To compare piezoelectric and capacitive transduction, we revisit the example of a
longitudinally vibrating bar, but now we use piezoelectric transduction, as illustrated
in Figure 2-8. This shows the side view of a piezoelectric film, sandwiched between
two metal electrodes. We assume that the piezoelectric film is a hexagonal crystal
(GaN, AIN). A small AC electric field is applied across the film, between the two

metal electrodes.
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Figure 2-9: Comparison between piezoelectric and electrostatic drive force for different
(a) DC bias conditions and (b) different film thicknesses in the case of a longitudinal
bar.
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We can then use Equation 2.73 to write the constitutive relations for this problem,

assuming wurtzite crystal symmetry:

D3 = 633E3 + 631S1 (275)
Ty = —es1 B3 +¢115:. (2.76)

For simplicity we can assume that the bar is clamped at both ends, which allows us

to set the strain to zero. Then we obtain that the resulting drive force is

F;mlezo = €31VUinW, (277)

where w is the width of the bar.

We can now compare the normalized drive force per device width per volt for the
two cases, capacitive and piezoelectric. We use the piezoelectric coefficient of wurtzite
Gallium Nitride. Figure 2-9 shows the comparison between the drive force per volt
per device width for capacitive and piezoelectric. In the case of the piezoelectric
drive, the induced force is proportional to the coefficient e3; without any additional
geometric dependence. On the other hand, the electrostatic force depends on both
the gap size and thickness of the resonator, as well as the applied DC bias. Figure
2-9 (a) shows the induced capacitive drive force for as a function of gap size, for three
different values of applied DC bias. The thickness of the device is held constant, at
1pm. It can be seen that even for a DV bias of 50 Volts, the piezoelectric transduction
is more efficient than the electrostatic one. In (b), increasing the device width brings
the required gap size down, but we still require gap sizes of the order of a couple
of nanometers. In practice, scaling the film thickness will also limit the achievable

frequency range (Section 2.2.5).

Additionally, the quadratic dependence on the gap size can lead to significant
nonlinearities, and low yield due to fabrication variability. Piezoelectric devices would

require no air-gap, leading to a linear, more efficient and robust transduction.
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2.3.5 Electromechanical Coupling Efficiency

The previous section compared the efficiency of the piezoelectric drive force to the

electrostatic one. However, in practice, we care about the overall transduction effi-

ciency, from electrical to mechanical and back to the electrical domain. This section

introduces the concept of electromechanical coupling efficiency.

Intrinsic Electromechanical Coupling Coefficient

One figure of merit used to quantify the inherent piezoelectric strength of an acoustic

wave propagating through a given substrate is the electromechanical coupling effi-

ciency, k?. Consider a wave propagating through a piezoelectric medium. Then from

Section 2.3.2, we know that the constitutive relations can be written as:

Di:E;I;'Ej+diJ:TJ

S[ZQU'EJ“FS?JZ TJ.

(2.78)
(2.79)

We can now write the total energy contained in the acoustic and electric fields, re-

spectively [48]:

1 l— & I 5o
3 > ST, = 3 D sETT,+ 5 > SETLT,
P pq rq

= U; + Uy,
1 1 1
5 > E.D; = 5 > di BT, + 3 > ey EiE;
i iq if
=Up 4+ Us.

(2.80)

(2.81)

Here, U, is the elastic energy density, Us is the electrical one, while Ui, corresponds

to the piezoelectric energy density. Then the electromechanical coupling factor is

defined as:

U3
k= UUy’
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while the transduction efficiency is defines as

k2 — U122
U].UQ.

(2.83)

This parameter, k, is also known as the intrinsic coupling coefficient, and it will
depend on different values of the elastic, dielectric and piezoelectric matrices, for
different modes of interest. For example, if we are assuming a case where we use an
electric field in the z direction to launch longitudinal waves in the x direction, similar
to the case shown Figure 2-8, we get

K=k = ~d§#. (2.84)
B chshh

Since the piezoelectric coupling modifies the potential energy contained in the
fields, this will lead to a change in the effective stiffness of the medium, as seen by the
wave. The constitutive equations (see Section 2.3.2) can be rewritten as an equivalent
Hooke’s law [49]:

T = CeS, (2.85)

where

62
Ceg = C (1 + 'CE) . (2.86)

Then we recover the electromechanical transduction efficiency k%

2_ &
K= (2.87)

The actual components of the piezoelectric, dielectric and stiffness matrices used here

will depend on the excited mode.

A change in effective stiffness is equivalent to a change in the phase velocity of
the wave. As a result, the intrinsic electromechanical coupling coefficient can be
approximated by computing the difference between the phase velocity of the wave
propagation under two distinct surface electrical boundary conditions: free (open-

circuit) and metallized (short-circuit). This method was originally developed for
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(] Piezoelectric Substrate | |Massless Electrode

Figure 2-10: (a) Surface acoustic waves are propagating in the z;-direction through an
infinite piezoelectric substrate. The system of coordinates is placed with the center
on the median plane of the plate. (b) Setup for extracting the electromechanical
coupling efficiency, k%, by computing the difference between the phase velocity when
the top surface is set to zero charge (vp) with the velocity under top surface shorting
conditions (v;).

characterizing the efficiency of SAW propagating in piezoelectric media [50, 51| and
is illustrated in Figure 2-10. However, we can use very similar approach to characterize

transduction efficiency in MEMS resonators.

It can be shown that the intrinsic coupling efficiency for a piezoelectric substrate

is given by [51]
Vg — Vs

B =214 2R -2

=k 2.88
)= =7 (2.88)

where v is the phase velocity under open-circuit (free) boundary conditions, and v,

is the phase velocity in the shorted case.

In the case of most piezoelectric materials of interest for this work, Equation 2.88

can be reduced to:

2o U (2.89)
Yo
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2.4 Lumped Modeling of MEMS Resonators

This section derives a model for representing the behavior of MEMS resonators in
the electrical domain only, using equivalent circuit elements that correctly describe
the phenomenology of the device. This approach has two main goals. First, by re-
ducing the set of complex continuum mechanics equations to a lumped model which
only communicates with the outside world via terminals, we can easily use these de-
vices as components of systems. Second, extracting a standardized set of parameters
across multiple devices allows us to easily compare the performance of different res-
onators, even if the physics governing these systems at the microscopic level might
be different. An excellent example for this second benefit is the comparison between
a longitudinal bar resonator that is driven capacitively, and one that is transduced
via the piezoelectric effect. There are two parts to this method. The first step is
to take the distributed constitutive relations describing the device of interest, and
derive equivalent lumped parameters in the mechanical domain, as shown in Figure
2-11. We have encountered a first example of a lumped mechanical system in Section
2.1, where a simple harmonic oscillator was modeled as mass connected to a spring.
We use energy arguments to transform the solutions to the distributed differential
equations into lumped equivalent components. The next step is to find electrical ana-
logues that would lead to the same differential equations, and resonance condition.
We choose to represent this as a high-Q LC Network. This is mainly motivated by
the primary applications of MEMS resonators, creating narrow bandwidth frequency

responses, for both frequency sources and filters.

2.4.1 Lumped Mechanical Components

We first discuss the equivalent mechanical lumped parameters of a distributed system,
such as a MEMS resonator. For simplicity, we illustrate this method using a 1D

example, the longitudinal clamped-bar that was introduced in Section 2.3.2. We
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Figure 2-11: Methodology for transforming a distributed MEMS resonator model to
a lumped equivalent circuit in the electrical domain.
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Figure 2-12: Methodology for transforming a distributed MEMS resonator model to
a lumped equivalent circuit in the elctrical domain.

assume displacement fields in the x direction only, given by

u(z) = ugpsin (%) et (2.90)

For a self-consistent model, we want the kinetic energy of the lumped system to be

equal to the total kinetic energy of the distributed mode:

) 1 r&
%meqXE = §f pwti(z)dz, (2.91)
0

where m,, is the equivalent mass of the lumped system, and p, w and ¢ are the
density, width and thickness of the bar. Here, X? is taken to be the velocity of the
lumped system, which we define as the maximum velocity of the distributed bar.
For the mode shape introduced above, this will happen when = = L. We can then

integrate Equation 2.4.1 and solve for the equivalent mass:

pLwt m
Meg = T = E (292)

So we conclude that the longitudinal vibrations in the bar contain the same kinetic
energy as an equivalent particle of half the mass of the bar, moving at the maximum

speed achieved in the bar.

Next, we want to derive an equivalent stiffness so we equate the potential energy
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stored in the acoustic fields with the potential energy stored in a spring. To compute
the elastic energy stored in the acoustic fields, we write the work done by the restoring
force:

Fu(z) = Tywtu(z). (2.93)
We can now use Hooke’s law (Equation 2.40) to write

Fu(z) = cllwtdzgf)u(x). (2.94)

We then equate the total elastic energy stored in the bar with the potential energy
of the lumped system:

L 2
lIceqX2 = 1/ cnwt@—dw, (2.95)
0

which gives

mlepwt W
— - — K. 2.

S I Sk (2.96)

heg =

Here, k is the stiffness of the bar in the presence of an axial load.

The last element that needs to be accounted for is the damping experienced by
these waves. As we will see later in Section 2.5, there are multiple sources of loss in
a resonator, ranging from intrinsic dissipation mechanisms, to design-dependent loss,
such as radiation of energy through the anchoring beams. We combine all of these
sources of loss into a viscous damping term, b. From Section 2.1.2, we can write this
damping coefficient as:

b _ Vim

b= =g (2.97)

where @ is the quality factor of the resonance. Then, using Equations 2.96 and 2.92,

we obtain the equivalent lumped damping coefficient:
beg = %b. (2.98)
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Table 2.1: Direct (current) analogy between the mechanical and electrical domain for
a lumped MEMS resonator.

Mechanical Quantity Electrical Analogue
Force F Voltage V
Velocity U Current 1
Mass Meg Inductance L,
Compliance 1/keq Capacitance Cn
Damping beq Resistance R,

2.4.2 Lumped Electrical Components

We have seen in the previous section that we can represent a specific mode shape by a
lumped spring-mass-damper system. Now we want to take this a step further, and find
an equivalence between this mechanical lumped model and an electrical counterpart.
As discussed above, it is useful to think of a MEMS resonator in terms of RLC
network. This analogy is illustrated in Figure 2-13. The correspondence between the
two domains can be drawn by looking at the differential equations governing each

case:

mi(t) + bir(t) + kz(t) = Fet (2.99)
dZ(t) . i K W P 10% -
L i +Rz+0/zdt—'¥e : (2.100)

There are two main conventions for mapping the mechanical to electrical domain [45].
One convention is knows as the e — V and it implies assigning effort, or pressure to
voltage. The other convention is known as f — V and it is based on the equivalence
of flow (velocity) to voltage. We choose to map the domains according to the first
representation, based on the equivalence between the force in the mechanical domain
and the voltage in the electrical one. These are known as "across" variables, while
displacement and current are designated as "through" variables. This way of mapping
is also known as the direct (current) analogy and is shown in Table 2.1.

We can now derive expressions for the equivalent lumped elements in the electrical
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Figure 2-13: Electromechanical analogue between spring-mass-damper in the mechan-

ical domain and RLC network in the electrical one.

domain by equating the kinetic and potential energies stored in the two domains.

First, from the equality of the kinetic energy we get

1 . 1
5mequf; = §Lm12, (2.101)

and from the potential energy expression we obtain
1 g 1 2
§keqXL = ECmV . (2102)
Next, we introduce the transduction factor
F
'=—=—. 2.1
% : (2.103)

Then the lumped equivalent inductance and capacitance are given by:

__ Meg

L, = T2 (2.104)
and
F2
Cpn=—, (2.105)
key



respectively. The equivalent motional resistance, R, is given by:

Rp= Y é/c = bfg (2.106)

While the expressions for R,,, C,, and L,, derived above are general, in the end
they will depend to the transduction factor I', which is different for each type of
transduction. For example, revisiting the comparison between the piezoelectric and
capacitive transduction of a longitudinal bar shown in Section 2.3.4, we can now write

the transduction factors as

t
Fcap = EL'U_;?)EC_'W_ (2107)
Fpiezo = ez w. (2108)

2.4.3 Modified Butterworth van Dyke Model

We have already derived a model for representing the mechanical resonance in the
electrical domain. In reality, a resonator will also have additional components, such
as the physical capacitance of the drive electrodes. Moreover, to account for losses
associated with the electrode fingers, or the leakage through the GaN film we use
a version of the Modified Butterworth Model (MBVD) [52], shown in Figure 2-14.
The characteristics of the mechanical resonance are lumped into a series RLC branch
(shown in blue). The capacitance Cy is a physical capacitance associated with the
electric fields formed between the two pairs of interdigitated fingers. An additional
resistance, Ry, is placed in parallel with the mechanical branch to model conduc-
tive and dielectric losses through the GaN film. Finally, the series resistance and

inductance of the electrodes are R, and L, respectively.

The frequency response generated by this circuit is shown in Figure 2-15, where

the parallel and anti-parallel resonance frequencies, f, and f,, respectively, are given
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Figure 2-14: Equivalent circuit for modeling MEMS resonator.
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Figure 2-15: Frequency response of MBVD model.
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by (52

1 1
fs = %‘/mLmCm’ (2.109)

o

respectively.

Effective Electromechanical Coupling Coefficient

For the circuit shown above, we can quantify the ratio of elastic energy to electric
energy stored inside the resonator by considering the ratio C,,/Cy. Then the effective

transduction efficiency is defined as [52], [42]:

f2
kepp=1—%. (2.111)
fp
Then the relevant figure of merit is given by
k2
FOM = -fi&, (2.112)
1—k?
eff

where @ is the electrically loaded quality factor of the resonator, calculated by

RQm

QL:an+RS-

(2.113)

2.5 Dissipation Mechanisms in Acoustic Resonators

As we saw in Section 2.4, the lumped spring-mass-damper system is characterized
by an equivalent viscous damping coeflicient, b, which sums the contributions of all
the loss mechanisms present in the resonator. While this approach is extremely use-
ful for benchmarking and modeling, we want to gain understanding of what are the
physical mechanisms that lead to energy dissipation and how we can minimize them.
This section provides a summary of some of the most prominent loss mechanisms in

MEMS resonators. We start by first discussing the design-dependent factors, such as
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air damping, spurious mode coupling, anchor loss and surface effects. Then we move
to discussing losses associated with intrinsic material properties, such as thermoelas-
tic damping, phonon-electron interactions and phonon-phonon scattering. It can be

shown that the overall quality factor of a resonance is given by:

$=ZZ§~ (2.114)

where @); are the Q values corresponding to the different loss mechanisms present.

2.5.1 Air Damping

Air Damping refers to losses due to the friction between the resonator and the sur-
rounding gas. More specifically, as the resonator moves, it will create sound waves in
the surrounding air, leading to power dissipation. In many cases, MEMS resonators
will be packaged in a low-pressure encapsulated environment, which means that the
surrounding air is rarefied, corresponding to situations where the mean free path
of the gas molecules is less than the wavelength of sound in air. We then need to
treat the air molecules as non-interacting particles. The energy lost by the resonator
can now be seen as momentum transfer to the surrounding molecules and it will be

proportional to the number density and mean velocity of air molecules:

_ P [8kgT P
Edissipated Xn-vx kel m X kgl (2.115)

where P is the ambient pressure, kg is Boltzmann’s constant and T the temperature.

While Equation 2.115 is true for most cases, the constant of proportionality will
depend on the kind of waves that are excited, and the frequency of operation. Stiffer
modes, with smaller displacements will generally lead to less energy transfer, making

air damping less significant for high-frequency bulk modes.
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2.5.2 Surface Losses

Surface losses arise as a result of abrupt differences between the properties of the bulk
of a mechanical cavity and the ones encountered at edges. These can be caused by
crystal defects in the semiconductor, such as micro-cracks and roughness due to pro-
cessing, or layers of adsorbed molecules of gases, water and left-over polymers from
processing. Metal electrode loading can also be considered as part of surface dissipa-
tion, as the acoustic mismatch between the semiconductor and the metal can lead to
severe wave scattering. As there has been a huge push towards the miniaturization of
MEMS resonators, the ratio of surface to volume of the cavities has increased, making

these surface effects become more relevant.

The loss-mechanism associated with these defects can be thought of an imper-
fect boundary condition, which leads to inhomogeneous heating, generating a flow of
phonons to re-equilibrate the system. When the wavelength of the propagating wave

is larger than the defect domains, this homogenization happens in a time

a2

Dr’

*

TE = (2.116)

where Dr is the thermal diffusion coefficient and a is the size of the defect domain.
While there have been many attempts to model surface losses [53], there is still no

unified theory that can correctly fit all the data.

2.5.3 Losses due to Mode Coupling

Due to the connection between strains in different crystal directions, given by the
non-zero coefficients of the elasticity matrix, c;;, different vibration modes will be
coupled. This means that if we input energy into a particular mode, using an opti-
mized transducer, some energy can leak to another mode that would not be efficiently
transduced otherwise. This becomes of significant importance when the modes are

really close in frequency.
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2.5.4 Loss due to Dissipation through Anchoring Beams

Energy radiated to the surrounding substrate is the dominant dissipation mechanisms
in MEMS resonators, and has been subject to many studies. Over the past years,
researchers have developed various solutions to reduce these losses. The main ap-
proach is to design suspension beams that are placed at nodal points and also have
an equivalent length corresponding to a quarter wavelength of the mode of interest,
therefore insuring minimal displacement at the point of contact with the substrate.
For high frequency modes bulk, where the thickness of the beam becomes compara-
ble with its lateral dimensions, this becomes extremely challenging, as there will be
many modes coupling. Additional solutions involve the use of etched trenches on the
substrate side for increased reflection [54], and the use of a Phononic crystal with a

bandgap centered around the frequency of interest [55].

2.5.5 Thermoelastic Damping

Thermoelastic damping takes place due to inhomogeneous volume compression re-
gions due to the propagation of the wave, which will lead to temperature gradients
and therefore a heat flow. As a result, some of the elastic energy gets converted
into thermal energy. For most of the frequencies of interest, the attenuation due to

thermoelastic damping can be written as [40]:

TED __ ”fTﬂzl—) 2
Y TR

(2.117)

Table 2.2 provides a description of the parameters and corresponding values for

wurtzite GaN that can be used to calculate oTEP.

2.5.6 Phonon-Phonon Scattering

This fundamental scattering mechanism is caused by the anharmonicity of the crystal
lattice. As a sound wave travels through a crystal, the elastic phonons will interact

with the thermal phonons. There are two regimes of interest. First, when the wave-
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length is larger than the mean free path of the thermal phonons, we can think of the
wave as a local perturbation of the phonon population. This is known as the Akhiezer
regime, and it was first formulated in 1938 |56]. The attenuation in this case is given

by

C,Ty? 2
oPP = ;szT (1 +Ww2T2> . wr <1 (2.118)

The second regime deals with cases when the wavelength is smaller than the mean
free-path of the thermal lattice phonons. This is known as the Landau-Rumer regime
[67] and it leads to an attenuation given by

PP __ W572k4BT4

= WUJ, wr > 1. (2.119)

Table 2.2 lists the parameters of interest and their corresponding values for wurtzite
GaN. To compute the phonon lifetime we assume a 1D model for the thermal con-
ductivity in a solid [58]:

= %Cvsl, (2.120)

where k is the thermal conductivity, Cy is the heat capacity and s and [ are the mean
velocity and mean free-path, respectively. Defining the phonon relaxation time as

T=1/s we get
;o 3K
N Cvsz‘

(2.121)

2.5.7 Phonon-Electron Scattering

The last intrinsic dissipation discussed here is based on interactions between the trav-
eling elastic wave and the free electrons present in the solid. This mechanism is more
pronounced in metals, but it can have a great impact on highly doped semiconduc-
tors or solids with strong electromechanical interactions, such as piezoelectrics [59].
There are two types of losses associated with phonon-electron interactions [60]. First,
losses associated with the deformation potential of an electron are encountered in all

types of semiconductors. This is due to the fact that the energy of a free electron will

81



depend on the applied strain:
U=ES, (2.122)

where U is the potential energy of the electron, = is the deformation potential con-
stant, and S is the strain. In the case of an position-dependent strain field, this leads

to an electric field
daUu

—

E= (2.123)

As a result, some of the energy stored in the elastic fields gets transfered to the free
electrons. It can then be shown that the attenuation coefficient due to the deformation

potential is:

a = 9stkpTp 1 + wrd

(2.124)

Here, 7g is the intervalley relaxation time.

Generally, losses associated with deformation potential are negligible in semicon-

ductors with low doping levels like in the case of RF GaN substrates.

Instead, we take a look at the second loss mechanism related to phonon-electron
interactions. This is related to the piezoelectric nature of the material. Consider a
sinusoidal wave propagating through a piezoelectric substrate. The resulting strain
fields will give rise to alternating regions of positive and negative electric fields that
will travel at the speed of sound. Free electrons will bunch in the regions of minimum
potential energy. As the wave progresses, electrons tend to lag behind, so they need
to be accelerated to follow the wave motion. This energy comes from the acoustic
field and can be computed by considering by the average power transferred from the
wave to the electrons:

P = (N(z) E(z) -s). (2.125)
Then the attenuation coefficient is given by

PE__’C_2 We
T 2s ! 2
1+ (% 4+ 2)

(2.126)

where k is the electromechanical coupling coefficient, s is the sound velocity and w,
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and wp are the and the Debye frequencies, respectively, given by:

g

c = s 2.127

We = ( )
sq

= °. 2.128

“p pkel’ ( )

Here, o is the conductivity of the sample that depends on the level of doping and
mobility of free carriers assumed.

One really important aspect of this interaction between the acoustic fields and the
free carriers in a piezoelectric medium is that the damping effect can be reversed by
applying a DC electric field. This will accelerate the free electrons to a drift velocity
proportional to the strength of the applied field. If the drift velocity is larger than
the velocity with the wave progresses, the free carriers will give away some of their
kinetic energy to the acoustic wave. This is called acousto-electric amplification, and

it has been observed for the first time in piezoelectric Cadmium Selenide [61].

2.5.8 Intrinsic Loss in Gallium Nitride

This section looks at what are the relative values of the attenuation due to all the
intrinsic mechanisms described above for the special case of wurtzite Gallium Nitride.
All the parameters used in this study are listed in Table 2.2. Figure 2-16 shows the
calculated attenuation coefficients corresponding to the three intrinsic damping mech-
anisms: thermoelastic damping (TED), phonon-phonon scattering (phonon-phonon)
and phonon-electron interactions (phonon-electron). The phonon-electron curve was
calculated with a free electron density of 5 x 10'%¢m™3. In practice, the density of
free carriers in an unintentionally doped GaN sample can vary from 1 x 103em™ to
1 x 10%c¢m™3. We note that for the frequencies of interest, the attenuation set by
thermoelastic damping is lower than the other two contributions. We also note that
the phonon-electron damping can be reduced by using samples with a low number of
free carriers. What this implies is that the ultimate damping limit would be set by

the phonon-phonon scattering limit.

83



Table 2.2: Material properties used to calculate intrinsic loss attenuation coefficient
for bulk, wurtzite GaN.

Quantity Symbol Value Units Reference
Mass density p 6150 kg/m? [28]
Specific heat C 490 J/kg— K (28]
Electron mobility iy 200 em?/V — s [28]
Free electron density N 5 x 10% em™3 -
Piezoelectric coupling efficiency k? 0.02 — [28]
Dielectric constant €r 8.9 - [28]
Phonon relaxation time T 2.02 x 10712 s -
Thermal conductivity K 130 W/m - K [28]
Coefficient of linear expansion B 5.6 x 1076 K1 [28]
Acoustic velocity s 7960 m/s [28]
Gruneisen parameter Y 1.18 - [62]

Figure 2-17 (a) shows the calculated phonon-phonon attenuation coefficient for
the 5 main wave types supported by the GaN crystal structure. In (b), the f-Q
product is shown, which is a convenient way of benchmarking the performance of
the resonators. Note that while we have expressions for the two limiting cases, the
Akhieser and Landau-Rumer regimes, the behavior due to scattering is unknown in
the intermidiate regime, which is represented by dashed lines. Additionally, the corner
frequency and the magnitude of the attenuation coefficient could vary from sample to
sample, as the number of crystal dislocations will affect the phonon lifetimes of the

specimen.
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Figure 2-16: Calculated attenuation coefficients corresponding to the three intrin-
sic damping mechanisms: thermoelastic damping (TED), phonon-phonon scattering
(phonon-phonon) and phonon-electron interactions (phonon-electron). The parame-
ters used in this calculation are listed in Table 2.2.
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Figure 2-17: Calculated (a) attenuation coefficients and (b) f-@ product correspond-
ing to phonon-phonon scattering in GaN, for the 5 main wave types supported by this
crystal symmetry. The parameters used in this calculation are listed in Table 2.2.
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Chapter 3

Fabrication and Characterization

3.1 GaN Growth and Characterization

Over the past few year, there have been many developments in the growth of GaN
on various substrates, such as silicon carbide, sapphire and diamond [31]. The main
driver for this technology has been the optoelectronic market, with GaN being heavily
used for diodes, culminating with the awarding of the 2014 Nobel Prize in Physics for
the discovery of the blue laser. The next market in order of relevance for this material
is the high power, high-frequency electronics, with GaN becoming a strong candidate
for Monolithic Microwave Integrated Circuit (MMICs), due to its high breakdown
fields and high saturation velocities.

There are multiple growth techniques used to produce high quality GaN for the
above applications but two of the most used ones are Molecular Beam Epitaxy (MBE)
and Metallorganic Chemical Vapor Deposition (MOCVD) [63].

Recently, researchers were able to grow high quality GaN on Si-(111), which has
the potential of not only lowering the cost of GaN wafers, but also of opening the
market for new applications, such as the heterogenous integration of GaN MMICs
with silicon CMOS circuits [32]|. For MEMS devices, the use of silicon substrates as
sacrificial layers enables suspended GaN cantilevers and membranes [33], leading to
a wide spectrum of applications as discussed in Chapter 1.

In this study, we focus on MBE-grown GaN on a Silicon substrate, for an easy
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Figure 3-1: Structure of MBE-grown GaN on Silicon used in this work.

release of the MEMS. MBE was chosen over MOCVD growth due to reduced process
temperatures, leading to lower residual stresses [63]. The growth is performed by
Raytheon |64]. Figure 3-1. shows the epitaxy of the structure used in this thesis, a
24% AlGaN (25nm)/GaN (1.7um), including a thin AIN nucleation layer. The role
of this seed layer is to both avoid chemical reactions between the Gallium atoms and

to provide a transition from the crystal lattice constant of the silicon substrate to the

GaN film.

3.1.1 XRD

The crystal quality of GaN grown on silicon can be characterized via X-ray Diffraction
(XRD) [65]. Figure 3-2 shows a characteristic coupled scan measurement of one the
GaN on silicon samples used in this work. The narrow Full Width at Half Maximum

of the peak corresponding to GaN implies good crystal quality over a long range.

3.1.2 Nanoindentation

Since we are interested in harnessing the mechanical properties of the MMIC stack
to make high performance MEMS resonators, we performed nanoindentation exper-
iments at MIT with a Hysitron Triboindenter using a Berkovich diamond tip, using
the method described in [66]. A characteristic load-displacement scan of the epitaxial
structure used in this thesis can be seen in Figure 3-3. Then the Young’s modulus and
Poisson ratio were extracted to be 264.95 GPa and 0.18, respectively. These values

are comparable to other previously reported values for GaN on silicon substrates [67],

l68].
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Figure 3-2: XRD spectroscopy of MBE GaN on silicon sample representative of the
materials used in this thesis.
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Figure 3-3: XRD spectroscopy of MBE GaN on silicon sample representative of the
materials used in this thesis.
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3.2 GaN Resonators in MMIC Technology

There are two main fabrication processes developed for the devices demonstrated
in this thesis. These processes were both developed with the goal of realizing high-
performance resonators integrated with HEMTs, with as little modification as possible
to the MMIC technology. As a result, they are both variations of HEMT processes,
with two additional steps for realizing the integrated MEMS. The first version uses
a metalization scheme that includes Au, which was originally used for realizing low
contact resistance Ohmic contacts to the 2DEG, as well as for lowering the series
resistance of the gates. The second process is a variation of an Au-free HEMT process.
Moreover, this first version was developed for transducers that use the 2DEG as an
bottom electrode (Chapter 4), while the second version target devices where the
2DEG is removed from the acoustic cavity, to allow the electric fields to penetrate

throughout the entire GaN volume (Chapter 5).

3.2.1 Au-based fabrication

The fabrication of the resonators is based on a HEMT process, with only two modi-
fications to the standard MMIC flow, as shown in Figure 3-4. More details regarding
the specific photolithography and etch recipes can be found in Appendix B.

The starting structure is 17 by 17 mm piece from a 4 inch GaN on silicon wafer
(Figure 3-4 (a)). SEM images of the device during the main fabrication steps can be
seen in Figures 3-5 to 3-8. The fabrication process starts with a shallow mesa etch of
the AlGaN which is used to remove the 2DEG from everywhere except for the active
device area, where HEMTs or piezoelectric transducers will be formed (Figure 3-4
(b)). This is done in a Plasmaquest ECR etcher, using a BCl3/Cly chemistry. In
reality, to make sure that the 2DEG is completely removed between different device
islands, we overetch into the GaN. The overall step height is approximately 70-80 nm,
and is typically characterized with Atomic Force Microscopy (AFM).

The next step in this process is the first modification to the standard HEMT
process, a deep etch through the entire GaN film, stopping on Silicon (Figure 3-
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Figure 3-4: Fabrication process of GaN MEMS resonatos in standard HEMT process
with only two additional steps.
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Figure 3-5: SEM image of resonator after the mesa etch step is finalized.

4 (c¢), used to define the acoustic cavities. The quality factor of the resonators is
highly dependent on the smoothness of the side walls of the cavity (Section 2.5).
As a result, we use an Inductively Coupled Plasma (ICP) etcher, with a Cly based
recipe. The optimization of this etch is further discussed in Appendix ?? To achieve a
good sidewall profile, we use a hard nickel mask that is deposited with electron beam
deposition and patterned via liftoff in acetone. After the etch, we remove the hard
nickel mask in a wet nickel etchant solution, which does not affect the GaN.

Once the acoustic cavities are patterned, we deposit the ohmic metals which con-
sist of Ti (20nm)/Al(100nm)/Ni(25nm)/Au(50nm) (Figure 3-4 (d)). This stack is
deposited using ebeam deposition and then patterned via liftoff in acetone. To drive
the metal through and form the ohmic contact we anneal the sample using a Rapid
Thermal Anneal (RTA) tool, for 30 seconds at 870°. This step is used not only for
accessing the channel of the HEMTs, but also for making contact to the 2DEG regions
that will serve as bottom electrodes in piezoelectric transducers.

One requirement for MMIC technology is a high ON/OFF ratio for the HEMT

current, which implies low gate leakage currents. A possible way to address this is by
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Figure 3-6: SEM image of resonator after the deep GaN etch is used to pattern the
acoustic cavities.
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Figure 3-7: SEM image of resonator after the ohmic metal deposition (a) before and
(b) after anneal at 870°C for 30 sec.

Figure 3-8: Released resonator.



including a thin gate dielectric (cite). We use a 17 nm Al,O; that was deposited via
Atomic Layer Deposition (ALD) shown in (Figure 3-4 (e)). This insures both a highly
conformal layer, as well as really high quality and low density of pinholes, necessary
for low leakage. The gate metal is then deposited via electron beam deposition and
patterned through lift-off in acetone. At this point in the process, both the HEMTs
and piezoelectric transducers are completed, as the gate metal of the HEMT serves
as a top electrode in the transducer (Figure 3-4 (f)).

Next, we need to access the ohmic contacts that are covered by the gate dielectric,
so we etch vias through the AloO3;. We use a photoresist mask and then dip the sample
in Buffered Hydrofloric Acid (BOE) (Figure 3-4 (g)). Next, we deposit a thick metal
typically 300 nm of Au, that will serve as interconnects and pads for landing the
probes. This is done with an ebeam deposition tool, and then patterned though
liftoff in acetone.

The final step is the second modification to the HEMT process, an isotropic sil-
icon etch that releases the acoustic cavities. We use a photoresist mask to protect
the surface of the devices, and only expose the trenches formed on the sides of the
resonators. We then use XeF,, which will only etch the silicon and not attack the

GaN layer (Figure 3-4 (i)).

3.2.2 Au-free HEMT Technology

Over the past few years, there have been numerous efforts to bring GaN MMIC tech-
nology into CMOS foundries, with the prospect of heterogeneous integration showing
high potential for new systems and applications. As a result, eliminating Au from
the HEMT process for CMOS compatibility [69] became a priority. For MEMS,
Au-free electrodes also have the benefit of higher quality factors, as Au is a dense
metal that will mass load the acoustic cavities and it also exhibits high losses through
phonon-electron scattering (Section 2.5). This is the first implementation of GaN
MEMS resonators in an Au-free HEMT process flow, leading to resonators with f-Q
products as high as 1.5 x 10'3, which is not only the highest value demonstrated in

GaN resonators to date, but also approaching the fundamental theoretical limit set
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Figure 3-9: Fabrication of GaN MEMS resonators in Au-free HEMT process with
only two additional steps.
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by phonon-phonon scattering (Chapter 5).

The process flow is similar to the Au-based one described in Subsection 3.2.1. We
start with a shallow shallow mesa etch of the AlGaN which is used to remove the
2DEG from everywhere except for the active device area, where HEM'Ts or piezoelec-

tric transducers will be formed (Figure 3-9 (b)).

One difference between this approach and the process described above is that we
proceed with the metalization first and passivate the surface of the active devices,
and then pattern the acoustic cavity. This ensures that the surface of the devices
is protected earlier in the process, exposing the 2DEG to less damage during the
subsequent process steps. The ohmic contact (5 nm Ta/100 nm/20 nm Ta) gets
deposited in an ebeam deposition tool and then patterned via lift-off in acetone. We
then anneal the sample in a Rapid Thermal Anneal tool for 10 min at 600°. The first
thing to note here is that the anneal temperature is much lower than in the Au-based
ohmic contact. In fact the two types of contacts are characterized by different physics,
as the high temperature anneal leads to direct contact between the 2DEG and the
metal at the edge of the contact, while the lower temperature approach is based on a
low tunneling barrier underneath the entire contact [70]. Appendix B shows results
from the different anneal times and temperatures used during the optimization of the
Ta-based ohmic. This lower anneal time leads to better contact surface morphology,
edge acuity and definition, which are all requirements for scaling of the HEMT channel
[71]. In the case of the MEMS, smoother contacts will eventually lead to less surface
scattering and more uniform mass loading, which means higher quality factors. Figure
3-10 shows the difference between the Au-based metalization and the Ta-based one.

Next step is the gate metal deposition and patterning, which is done via ebeam
deposition and then liftoff in acetone (Figure 3-9 (d)). The metal of choice here is
Nickel (100 nm), motivated by the high work function of this material [72].

Another difference between this process and the previous version is that we are
now replacing the gate dielectric deposition with a passivation layer, 200 nm of Siz/Ny
(Figure 3-9 (e)). The purpose of this step is to terminate the dangling bonds at the

top surface of the AlGaN layer, which are responsible for traps that lead to the slow
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Figure 3-10: SEM images of HEMTs fabricated in a standard Au-based process (a)
and in a Au-free process (b).

current degradation |73|.

Another purpose of this passivation layer is to protect the metal layers during
the GaN deep etch for patterning the acoustic cavities (Figure 3-9 (f).) We can now
deposit and pattern a Nickel hard mask as in the previous version of the process, and
etch through GaN. After the etch, the nickel mask is removed in a wet etchant. The
nitride passivation layer protects the metal gate and ohmic contacts underneath.

The next steps are identical to the first version of the process. We open vias
through the passivation layer to make contact to the ohmic and gate metals, using
a CFy plasma (Figure 3-9 (g)). We then deposit a thick metal pad that is used
for landing the probes (Figure 3-9 (h)). While in practice this could be any low-
resistance metal, we use 50nm Ti/300 nm Au. Since this metal layer does not get
deposited inside the actual cavities, it does not affect the mechanical performance of
the resonators. For an eventual integration with CMOS, this layer would have to be

replaced with a different one, such as Aluminum or Copper [69].

3.3 Characterization

3.3.1 RF Measurements

Devices are measured in a Cascade probe station, equipped with sensors for recording

ambient pressure and temperature values. We use an Agilent Parametric Analyzer to
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Figure 3-11: S-Parameter Approach for characterizing the response of a 2-Port device.
The complex electrical circuit is treated as a "black box" with the terminals acting
as the only connection to the external world.

extract the Scattering Parameters (S-Parameters). S-Parameters were first introduced
by Vitold Belevitch in 1945 [74]. The electrical parasitics of the cables and probe
tips are deembeded using a standard Through-Reflect-Line self-calibration technique.
This method treats a complex electric circuit as a "black box", which only interacts
with the external world through terminals named "ports". The response of this system
is then given by the Scattering matrix, which is defined in terms of the incident and

reflected power at the nth port, a, and b, respectively:
b = Sa. (3.1)

Then the S-matrix contains n by n elements, where n is the number of ports. For
example, in the case of a 2 Port device as shown in Figure 3-11, the S-matrix is given
by:

b S S| |a

= . (3.2)
by So1 S| |a2

3.3.2 De-embeding

To isolate the characteristics of the device from the capacitive loading associated
with the large probe pads, we use a de-embeding algorithm, as described in [75]. We
fabricate "Open" devices side by side with the device under test. These are structures
where the active device has been removed, and only the pads are present. We measure
the S-parameters of the open device and then convert them to Impedance parameters

(Z-Parameters). We can then subtract the Z-Parameters of the open structure from
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the ones corresponding to the device under test, which is equivalent to eliminating
the parasitic capacitance associated with the probe pads used for landing. All data

sets shown in this thesis follow this procedure.

3.3.3 Operation in Ambient Conditions

Robust devices require a complete characterization as a function of ambient condi-
tions, such as external temperature and pressure. Both the resonant frequency and
the quality factor will be affected by these conditions. Section 2.5 discusses the var-
ious damping mechanisms that affect the performance of the resonators, and their

dependence on external parameters.

Temperature

Temperature is one of the most crucial parameters to consider when designing res-
onators for filter and timing applications. Radio applications require the devices to
be robust in harsh environments, over a wide range of temperatures. In the case of
frequency sources, the specification for the frequency shifts over a temperature range
of —25°C to 80°C is less than 50 parts per million (ppm). The response of a resonator
to temperature is dependent on both design and choice of resonant modes, as well as
on the intrinsic material properties. It is useful to define the Temperature Coefficient

of Frequency (TCF) as

16f  16L 118c 110p
TOF =357 = "Tar T 2coT 3,01 (3:3)

where L is the length of the resonant dimension of the cavity, c is the relevant elastic
constant, and p is the density.

Gallium Nitride has a similar temperature coefficient to silcon and Aluminum
Nitride. The normalized temperature coefficient of longitudinal and shear velocities

were measured to be —12.6 ppm/deg and —6.0 ppm/deg, respectively [76].
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3.3.4 Power Handling

A critical requirement for use in broadband radio communications is power handling.
One figure of merit for characterizing this is the Third Order Intercept Point, or IP;.
For a frequency filter with a bandwidth centered at wg, we are concerned with sit-
uations when nonlinearities allow two strong out-of-band interfering signals, spaced
from wp by Aw and 2Aw in-band component back at wyp, loading the power spectrum
at wp [35], as shown in Figure 3-12 (a). These nonlinearities, can be of mechanical
nature, i.e. higher order stiffness elements, or piezoelectric nature, as the static piezo-
electric coefficients will depend on the strain present in the material. Additionally,
under operation, there will be heat generated in the resonator that leads to thermal
expansion and modification of the elastic constants. Nonlinear behavior has been
studied in other piezoelectric bulk mode resonators, such as AIN [77], [78].

This virtual Third Intercept Point by plotting the output versus input power for
the linear case, as well as for the nonlinear product as shown in Figure 3-12 (b). In
practice we extract the linear power by exciting at listening at the same frequency,
the mechanical resonance frequency. Then, to measure the nonlinear signal, we pick
two frequency tones, at wy — 2Aw and wy — Aw, respectively, and then look at the

combined output at w [79).
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Figure 3-12: Nonlinearity measurement approach. Two strong interfering signals
spaced by 2Aw and Aw will lead to a combined output at the resonant frequency
(a). In (b) the Third Order Intercept is defined as the intersection point between the
fundamental and nonlinear power outputs.
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Chapter 4

2D Electron Gas-Based Transduction

This chapter highlights the unique transduction properties of the GaN HEMT stack,
enabled by the presence of a two-dimensional electron gas (2DEG). This high density,
high mobility sheet of charge can be used as an electrode for transduction, or to
shield electric fields and turn off the acoustic resonance. These properties allowed us
to demonstrate the first switchable solid-state piezoelectric resonator [7], as well as
the first metal-free GaN resonator [10]. Additionally, the 2DEG in the channel of a
HEMT can serve as an active sensor of mechanical vibrations, which will be discussed
in Chapter 6. These capabilities can enable truly reconfigurable wireless systems for

high frequency communications.

4.1 Motivation

The past decades have seen an increased demand for wireless capabilities, both for
consumer and military applications. As a result, the radio spectrum has become
increasingly overcrowded, leading to a new paradigm for wireless communications,
the concept of reconfigurable or cognitive radio. This would enable a user to scan the
radio spectrum and switch to a less crowded frequency channel. Piezoelectric MEMS
resonators show a high potential for realizing integrated ultra-compact, frequency-
agile and power-efficient radios for these "frequency-hopping" radios.

The most commonly used architecture for the front-end of a channel select radio
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Figure 4-1: Example of possible architecture of the front-end of a radio component
using MEMS resonators as filters.

using MEMS resonators is shown in Figure 4-1. An antenna receives the RF signal
that is then passed on to a filter bank made of MEMS resonators. For broadband
operation, we would like this filter bank to encompass as many channels as possi-
ble. In order to reconfigure the system, we need to be able to selectively switch the
channels on and off. This is typically done with in-line switches, either solid-state or
electromechanical. However, each switch introduces losses, which can be as high as 1
dB in some cases. This will deteriorate the overall noise figure of the wireless system
and ultimately limit the total number of channels that can be incorporated.

Piezoelectric resonators realized in GaN MMIC technology benefit from unique
acousto-electric properties which allow us to demonstrate switchable resonators with
a simple DC bias out-of-line of the RF signal, without the need for in-line switches.
There are two approaches to realizing switchable transducers with the help of a con-
ductive electron gas. First, we can use this charge to screen the driving electric fields
in the OFF state, and deplete it for actuation in the ON state. Second, we can use
the 2DEG as an electrode for transduction in the ON state, and deplete it when we
want to turn OFF transduction. These two approaches are discussed in Sections 4.3
and 4.4, respectively.

Finally, we want to interrogate the electromechanical properties of existing epi-
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Figure 4-2: AlGaN/GaN heterostructure, grown epitaxially on a silicon substrate,
using a thin AIN nucleation layer.

taxial structures to determine what are some of the growth parameters that could be
optimized to obtain better resonator performance. We can directly investigate these
properties by realizing metal-free resonators, with the help of 2DEG IDTs. This al-
lows us to decouple the electromechanical performance of the semiconductor stack
from the additional loss caused by the metal electrodes typically used in piezoelectric

resonators. This will be discussed in Section 4.5.

4.2 2D Electron Gases in AlGaN/GaN

We first take a closer look at the properties and source of 2DEG in GaN. The standard
GaN-on-silicon cross-section used in this work is shown in Figure 4-2. A thin layer of
Aluminum Gallium Nitride is used as a barrier. Contrary to other HEMT technologies
such as Gallium Arsenide, where the 2DEG is formed via intentional doping, here the
electrons are generated by donor-like surface states, mainly from the top surface of
AlGaN [80].

The concentration of 2DEG in the channel can be controlled with an applied volt-
age using a Schottky contact and it follows the linear charge control approximation.
Figure 4-3 illustrates this approach. In the absence of an applied external field, all the
charge contributions must be balanced out. These are shown in Figure 4-3 (b). Here
op and o are polarization charges due to the strong piezoelectric fields in the struc-
ture, so they will cancel out by definition. Then what is left is the ionized charge due

to donor-like surface states, o ., and the confined 2DEG. Since the charge is confined
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Figure 4-3: (a) Cross-section of AIGaN/GaN heterostructure. (b) Different charge
distributions that contribute to the formation of the 2DEG. (c¢) Energy band diagram,
showing confinement of the 2DEG in a potential well at the interface of GaN with
AlGaN.
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Table 4.1: 2DEG properties for a typical MBE AlGaN/GaN on silicon sample used
in this work.

Al content 25 %
AlGaN thickness 24 nm
Mobility 1.58 x 102 c¢m?/Vs
Sheet resistivity 440 /0

at the interface of GaN and AlGaN, we assume a 1D model:
qns = C(Vas — Vin), (4.1)

where q is the elementary charge, ng is the 2DEG charge density and C is the gate
capacitance per unit area and V;, is the potential necessary to deplete the 2DEG . If

the 2DEG is confined at Ad below the surface, the capacitance is given by

€

C = o
daicen + Ad

(4.2)

Here € is the effective dielectric constant between the 2DEG and the top Schottky
metal, so it will be mostly given by the dielectric constant of AlGaN.

The band structure of the AlGaN/GaN heterojunction is shown in Figure 4-3 (c).
Then the threshold voltage is given by

0y dAlGa AE,
Vin = ¢p — £ ?IGN~ qc (4.3)

and the resulting 2DEG charge density will be given by

€ Op * dAiGeN AEc)
g = ——— | Vag — E . 4.4
n daicany + Ad ( Gs = o8+ € * q (4.4)

Since the 2DEG is formed without the need for intentional doping, there are no
additional Coulomb scattering mechanisms, so the mobility of this sheet of charge
can achieve really high values. Table 4.1 lists the charge density and mobility for a

typical sample used in this work.

107



GND RF In GND

N2

Device OFF
(b)

GND RFIn+Vpe GND

" DeviceON

Figure 4-4: Switching of piezoelectric resonators through screening of the electric
fields. In (a), the 2DEG under the IDT prevents the electric fields from penetrating
the volume of the GaN. By applying a DC bias between the two finger sets in the IDT
the 2DEG bunches and gets depleted from under one of the electrode pairs, allowing
the fields to penetrate and launch acoustic waves.

4.3 Switchable Piezoelectric Transduction through

Screening of the Acoustic Fields

4.3.1 Principle of Operation

As we have seen in the above section, the 2DEG at the interface of AlGaN with GaN
is conductive enough to shield electric fields and keep them from penetrating into the
substrate. The ability to control the density of this 2DEG with an applied DC bias
opens up the possibility of realizing reconfigurable resonators.

Figure 4-4 illustrates the switching of the resonators through screening of the
electric fields. We form an interdigital transducer (IDT) by using the gate metal in

a HEMT process, which is discussed in more detail in Section 3.2.2. This transducer
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Figure 4-5: Different combination of transducers that can be switched off through
the screening of the fields. (a) Schottky-Schottky IDT. (b) Schottky-Ohmic IDT. (c)
Schottky IDT with Ohmic control gates. (d) Ohmic IDT with Schottky control gates.
(e) Schottky IDT with Schottky control gates.

is formed over the AlGaN layer, which means that the 2DEG will be present under
the transducer, shielding the electric fields in the OFF state. It can be seen in Figure
4-4 (a) that the electric fields are only formed through the air, above the transducer.
To turn the device ON, we can apply a DC bias between the two finger sets, which
will lead to bunching of the free charge, and the fields will then penetrate through
the piezoelectric GaN film, leading to transduction.

This principle has been implemented in Surface Acoustic Wave devices (SAW),
where they have been able to demonstrate more than 30 dB suppression of the reso-
nant peak when going from the ON to the OFF states [81].

There are multiple possible configurations of such switchable transducers, as shown
in Figure 4-5. These can be classified into two categories: IDTs where the DC bias

used for switching is applied to the same electrodes as the RF signal [82], and IDTs
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where the DC biasing is applied to separate control gates that are not used to carry
any RF signal [83]. The first kind includes devices such as the Schottky metal IDT
(Figure 4-5 (a)) discussed above, and an Ohmic-Schottky IDT (Figure 4-5 (b)). In
this case the Ohmic contacts are grounded and the gate metal carries the RF in
signal, plus a negative DC bias. When the applied DC bias is below the threshold
voltage, the 2DEG will be depleted allowing the electric fields to penetrate through
the GaN volume. Alternatively, one can use control gates to deplete the surrounding
charge and allow the electric fields to penetrate into the GaN volume. This can
be realized by using the Schottky metal as an IDT and the Ohmic as a control
gate (Figure 4-5 (c)), in which case the DC bias on the control gate needs to be
positive. The other configuration uses the Ohmic metal as an IDT and the control
gates patterned in Schottky metal (Figure 4-5(d)), with the DC bias needing to be
negative. Another possible configuration is when both the IDTs and control gates are
made of Schottky metal. Then the applied biases can be either negative or positive,

and the free electrons will be bunching, allowing the electric fields to penetrate.

4.3.2 Results

Figure 4-6 (a) shows the SEM image of a fabricated switchable piezoelectric resonator
that uses a gate metal IDT. This was fabricated in a Au-free HEMT process, with
only two modifications to the standard flow, as discussed in Section 3.2.2. This is
a 2-Port device, where we use one IDT embedded in the left side of the cavity to
drive acoustic vibrations, and an identical one to sense the waves at resonance. Then
the measurement of interest in Sy;, which is shown in Figure 4-6 (b), for various DC
biases applied to the electrode fingers that carry the RF signal. These measurements
were taken in vacuum, with an input power of —10 dBm. The measurements are
taken with identical DC biasing conditions on both drive and sense transducers.
As expected, when the DC bias is 0, the electric fields will be shielded and the
transduction will be minimal. As we increase the DC bias, more electrons will bunch
away and get depleted from the ground fingers, allowing for stronger transduction.

We note that a large jump in the stopband rejection can be seen when going from
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4V to 6 V. This is because the threshold potential for this structure is approximately
Vi = —4.5 V, so the 6 V potential difference between the two finger sets will lead to a
large depletion region. As expected, the change in stop band rejection will saturate as
we go to higher voltages. The Vpe = 6 V measurement shows a filter response, with a,
central frequency of 0.9935 GHz and a fractional bandwidth of approximately 0.9%.
The mode shapes of the two resonances that generate this passband response are
shown in Figure 4-7. These are symmetric Lamb waves (Sp) that were introduced in
Chapter 2. The lower frequency peak corresponds to a mode that is excited uniformly
throughout the entire width of the cavity (Figure 4-7 (a)), while the higher frequency
mode involves standing waves is the width dimension as well (Figure 4-7 (b)). It
can be noted that as we sweep the DC bias conditions we not only change the stop-
band rejection, but also the central frequency of the filter and the bandwidth. One
explanation behind this phenomenon is the dependence of the elastic constants on
strains through the material. As we apply large electric fields through the substrate,
these will couple piezoelectrically to strain fields and affect the elastic coefficients.
We also explored the other approach, where the RF signal and the DC biases
are applied to different electrodes. Figure 4-8 (a) shows the SEM image of a gate
IDT, where serpentine control gates made out of Schottky metal are used to vary the

concentration of the 2DEG.

4.3.3 Discussion

We can understand the behavior of both types of devices measured above by looking
at a simplified equivalent circuit for a 2 port resonator, shown in Figure 4-9. This
model is based on the discussion from Section 2.4.3, where the mechanical resonance
was lumped into a series RLC branch. Here, Cy represents the input capacitance of
each of the two transducers, while Cy; and Ry, are the feet-through capacitance and
resistance between the two ports.

For both simple IDT devices and control gate ones, the overall signal floor de-
creases with the depletion of the 2DEG, which is mainly due to a modification of the

feed-through parasitics as the 2DEG concentration changes. This makes this imple-
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Figure 4-6: (a) SEM image of a switchable piezoelectric resonator with gate IDT. (b)
Measured frequency response for different DC biasing conditions applied to the RF
signal electrode.

(a)
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Figure 4-7: Driven Finite element analysis of the 2-Port resonator shown in Figure
4-6. (a) Sp Lamb mode is excited uniformly through the entire width of the resonant
cavity. (b) Standing waves get formed in the width dimension as well, giving rise to
harmonics of the Sy Lamb mode.
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Figure 4-8: (a) SEM image of a switchable piezoelectric resonator with gate IDT and
Schottky control gates. (b) Measured frequency response for different DC biasing
conditions applied to the control gate.
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Figure 4-9: Equivalent electrical model for a 2-Port resonator, showing the lumped
mechanical branch (blue) and the electrical parasitics (red).

mentation unfeasible for real operation, especially for filter applications. In reality,
we would like to have a constant floor, and peak that increases when the 2DEG is
depleted. One way to implement this is to better electrically isolate the drive and
sense transducers. For example, in SAW devices [82], the input and output transduc-
ers are separated by milimeter-long paths, which prevents this bias-dependent floor
from happening. One approach that we could take is to embed the drive and sense
transducers in separate but mechanically coupled cavities. This approach has been
shown to reduce direct electrical feedthrough in the case of active HEMT sensing and

it will be further discussed in Chapter 6.

Another important point to make is that the depletion of the 2DEG will also
increase the capacitance in the OFF state. In other words, this configuration has
large input capacitance in the OFF state and reduced capacitance in the ON state.
In practice, for broad-band reconfigurable systems such as the one introduced in
Figure 4-1, we would like to be able to reduce the capacitance of one channel when

it is not in use. This is what would allow us to have as many channels as possible.
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Figure 4-10: Principle of operation of switchable piezoelectric transducer through the
depletion of the 2DEG electrode.

4.4 Switchable Piezoelectric Transduction through
Depletion of the 2DEG Electrodes

4.4.1 Motivation

The other approach to using the 2DEG for switchable piezoelectric resonators in-
volves patterning it into an actual electrode for transduction. The main motivation
for choosing this approach over the one described above is the ability to realize de-
vices with small capacitance in the OFF state, which would allow us to embed more

channels in the filter bank for reconfigurable wireless systems.

4.4.2 Principle of Operation

The switchable piezoelectric transducer presented in this work implements a 2DEG
electrode as one of two electrodes needed to drive acoustic waves in a resonant Al-
GaN/GaN stack [84]. 2DEG electrodes have previously been demonstrated as inter-
digitated transducers in a SAW AlGaN/GaN filter [85| as well as for piezoelectric
actuation of AlGaN/GaN heterostructures [86].

To drive acoustic waves in the structure, an AC electric field is applied across
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Figure 4-11: SEM of switchable resonator, a 7.3 x 70 um bar with symmetric electrode
configuration for drive and sense.

the AlGaN, between the 2DEG electrode and a Schottky metal contact (Figure 4-10
(a)). By applying a negative bias voltage to the metal electrode above the AlGaN,
the 2DEG can be depleted away (Figure 4-10 (b)). This is the same principle used
to switch the conduction channel in AIGaN/GaN High Electron Mobility Transistors
(HEMTs). When implemented in an acoustic resonator, the removal of this bottom
electrode suppresses electromechanical transduction and serves to reduce the capaci-

tance of the drive transducer by > 10x |87].

4.4.3 Results

We fabricate switchable resonators in a HEMT process with only two modifications to
the standard process, following the methodology presented in more detail in Section
3.2.1. One such device is shown in Figure 4-11 with symmetric drive and sense trans-
ducers. The ohmic contact to the 2DEG electrodes is made outside of the resonant
cavity, and then the conductive 2DEG path is routed through the suspension beams.

The measured frequency response of the 2-port piezoelectric resonator shown in
Figure 4-11 is presented in Figure 4-12. This device was measured in air in an RF
probe station, and de-embedded using an open structure fabricated on the same chip
as described in Section 3.3. Two bending modes are detected at 243 MHz and 246
MHz, with Q of 608 and 910, respectively. The insets in Fig. 4 show COMSOL sim-

ulations of the displacement fields of these resonant modes. These are antisymmetric
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Figure 4-12: Measured frequency response of passive resonator in air, showing 19 dB
suppression of the signal when transducer is switched off (Vpe = =7 V).
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Figure 4-13: Equivalent electrical model for a 2-Port switchable resonator using 2DEG
bottom electrodes.

Ao Lamb modes (see Chapter 2). Applying Voo = —7 V to the drive transducer
depletes the 2DEG and suppresses the resonance signal by more than 19 dB. This
also serves to reduce the drive capacitance Cy by 13, in close agreement with exper-
imental measurements on AlGaN/GaN Schottky diodes [87]. For this measurement,
the sense transducer remains on to demonstrate the effect of drive suppression alone,

but can also be switched off for better isolation.

The small signal equivalent circuit of this resonator is shown in Figure 4-13. The
mechanical domain can be modeled by two RLC branches in parallel, corresponding to
the symmetric and antisymmetric mechanical modes. The extracted drive capacitance
Co and the lumped resistance of the 2DEG electrode Roppg are 390 fF and 3.8 k€2,
respectively. Fitting measured data to the full small signal model in Figure 4-13,
R, of 117.5 k§2 and mechanical @ of 650 are extracted for the symmetric mode,
and R, of 71.3 kQ and @ of 940 for the asymmetric mode. There are two main
contributions to the feed-through signal, including a capacitive contribution of the
fringing electrical fields through the substrate, C;, and a transconductance, gs. This
second contribution can be understood as a modulation of the 2DEG at one port due
to a signal applied at the other port. When resonators are scaled for multi-GHz
operation, the out-of-band rejection of the transmitted signal is compromised by the

increased feed-through floor.

118



4.4.4 Discussion

This switchable transducer reduces capacitive loading by an order of magnitude when
the resonator is not in use, showing high potential for building block for configurable
RF filtering in existing MMIC technology. For additional isolation, the sense trans-
ducer of these 2-port devices can also be switched.

However, we note that the insertion loss achieved in this devices is too high for
operation in an actual system. The first thing to note is that contrary to the approach
shown in Section 4.3, these resonators use only the thin AlGaN layer to transduce
waves through the entire volume of the GaN stack, which is very inefficient.

Additionally, the MMIC stack has not been optimized for electromechanical opera-
tion, so the overall performance of the epitaxial structure might not be what expected
from the bulk behavior, both in terms of piezoelectric coefficients and crystalline de-
fects that could lead to lower ()s. The next section discusses ways in which we can
directly interrogate the material properties of the epitaxial structure, in the absence
of mass loading from the metal electrodes.

Finally, the HEMT process used to fabricate the resonators (Section 3.2.1) uses
Au-based electrodes, which will lead to loading and damping of the modes. In Chapter
5 we take a closer look at the performance of GaN resonators in a Au-free process,
obtaining mechanical quality factors as high as 8000 at 2 GHz, leading to the highest

f - @ products measured in GaN resonators to date.

4.5 Metal-Free Piezoelectric Resonators

4.5.1 Motivation

The GaN MMIC stack has been optimized for the RF and optoelectronic market,
with very limited attention to the great potential of harnessing the electromechanical
benefits of GaN. Although there are various methods for growing crystalline GaN, the
two most popular techniques are molecular beam epitaxy (MBE) and metalorganic

chemical vapor deposition (MOCVD) [63]. Silicon is the obvious choice for growth
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(a) AlGaN
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AlGaN
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(b) AlGaN

GaN R 2DEG eloctrodes

Figure 4-14: 2DEG IDT resonators are realized starting from the AlGaN/GaN het-
erostructure (a) by patterning 2DEG electrodes are patterned via a shallow AlGaN
etch (b).

Figure 4-15: (a) SEM of GaN resonator with 2DEG IDT. The 2DEG electrodes are
patterned with a 70 nm deep AlGaN etch. Ohmic contacts are used to access the
2DEG outside of the resonant structure. (b) Strain fields of the bulk contour mode
excited using the 2DEG IDT.
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substrate, enabling a simple release of membranes and cantilevers. However, when
cooling down from high growth temperatures (800 — 1100°C), GaN and the (111) Si
substrate compress at different rates due to different thermal expansion coefficients,
leading to residual stress in the GaN film. In the case of released structures, this
can affect the mechanical properties of the resonators and even lead to cracking and
breaking. Additionally, the large dislocation density region at the bottom of the
GaN film can lead to scattering and, as a result, low quality factors as well as lower

piezoelectric transduction efficiency.

In order to isolate the intrinsic mechanical properties of GaN, it is necessary to
minimize other loss mechanisms that limit the Q of a MEMS resonator, as discussed in
Section 2.5. A study of this fundamental limit is required to interrogate the acoustic
performance of various GaN growth processes. However, most piezoelectric trans-
ducers are realized using metal electrodes. Metal electrodes result in added acoustic
losses, and contribute to mode distortion through mass loading. In AIN, efforts to
minimize losses associated with metal in piezoelectric resonators have included phys-
ically separating the electrodes from the piezoelectric film [88] and segmentation of
IDT metal electrodes [89]. In GaN, the standard MMIC platform provides a metal
free conductive sheet inherent to the heterostructure, which can be used to define

electrodes, eliminating the metal completely from the resonant structure.

4.5.2 Principle of Operation

The piezoelectric resonator presented here uses 2DEG IDTs to drive acoustic waves
in an AlGaN/GaN heterostructure. 2DEG electrodes have previously been demon-
strated as IDTs in a SAW AlGaN/GaN filter [85]. However this is the first use of
2DEG IDTs in MEMS resonators.

Figure 4-14 (a) shows the cross-section of the typical starting epitaxial structure
for a 2DEG IDT resonator. The 2DEG can then be patterned with a shallow AlGaN
etch as shown in Figure 4-14 (b). To drive acoustic waves in the structure, an AC

electric field is applied through the GaN, between the interdigitated 2DEG electrodes.
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Figure 4-16: Equivalent circuit model of 2DEG IDT. Elements in blue represent the
mechanical resonance while elements in grey are electrical parasitics of the structure
and are deembedded from the measurement.

4.5.3 Results

Devices were fabricated using the procedure detailed in Section 3.2.1. A GaN Lamb-
wave piezoelectric resonator using a 2DEG IDT is shown in Figure 4-15 (a), with the
simulated resonant mode shape shown in Figure 4-15 (b). This structure corresponds
to “Design A”, with dimensions 50 x 65 pum and using quarter wavelength suspension
beams to minimize anchor losses. For comparison, an identical resonator using Ohmic
metal IDTs is also fabricated.

Devices were tested under vacuum to reduce air damping. The parasitics of the
RF pads were deembedded using an open structure. Since the goal of this work is
to isolate the mechanical performance of the AlIGaN/GaN resonators, further deem-
bedding needs to be performed to eliminate electrical parasitics, especially the loss
associated with feed-through capacitance and the series resistance of the 2DEG. The
equivalent circuit describing this device is captured by Figure 4-16. The electrical
parasitics to be deemebeded are represented in grey. After parameter fitting was
performed to extract Cy, Ry, and Rapgg, these contributions were deembedded from
the admittance of the device, leaving only the mechanical response shown in Fig-
ure 4-17 (a). The measured deembedded frequency response of the resonator with
Ohmic metal IDT is shown in Figure 4-17 (b). The mechanical quality factor of the
device with metal electrodes is 3x lower than that of the 2DEG IDT, which can be
attributed to the additional mass-loading and damping mechanisms associated with

metal electrodes.
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Figure 4-17: (a) Frequency response of “Design A” resonator using 2DEG IDT after
deembedding the electrical parasistics. (b) The deembedded measured response of a
metal IDT resonator with equivalent design.
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Table 4.2: Comparison of Metal and 2DEG IDT Resonators.

f @ fom R
| (MHz) - (s) (%)
Design | 2DEG  523.7 1587 8.3 x 1011 0.091
A Metal 553.4 476 2.6 x 101 0.095
Design | 2DEG  525.3 1193 6.3 X 1011 0.08
B Metal 516.4 460 2.3 x 10 0.05

Table 4.2 summarizes the extracted mechanical Q and f - @ products for two
resonator designs, each measured using 2DEG IDTs and metal IDTs. As mentioned
above, “Design A” resonators use quarter wavelength suspension beams. In the case
of “Design B”, a phononic crystal is used to mechanically isolate the resonant mode.
In both cases, the @ of the 2DEG IDT device is significantly higher than that of the
metal IDT.

4.5.4 Discussion

This section has introduced and demonstrated a GaN piezoelectric resonator that
uses 2DEG electrodes to drive and sense acoustic waves. This resonator is metal-
free, enabling the intimate interrogation of GaN material properties, in the absence
of losses and distortions associated with metal electrodes. However, it is important
to mention that these devices are not suitable for operation, as the series resistance
associated with the 2DEG electrode fingers will severely reduce the quality factor
of the frequency response. Nevertheless, since this work was realized in a standard
MMIC heterostructure, with only two modifications to the HEMT process flow it
shows high potential of 2DEG electrodes for benchmarking the electro-mechanical

properties of GaN for material optimization.
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Chapter 5

Lamb-Mode Resonators in GalN
MMIC Technology

5.1 Motivation

Chapter 4 discussed the unique transduction capabilities of the AlGaN/GaN platform
as enabled by the presence of an inherent 2DEG, which could eventually enable recon-
figurable systems and the study of new physical phenomena. Since most of the GaN
technology development has been driven by RF electronics applications, and due to
the benefits of having integrated MEMS resonators with high power, high-frequency
electronics, this chapter presents a detailed study of the design of MEMS resonators
within the constraints of the GaN Monolithic Microwave Integrated Circuit (MMIC)
platform [90].

There are two main goals to this study. First, we want to maximize the per-
formance of the resonators with as little modification to the GaN High Electron
Mobility Transistor (HEMT) process as possible. Second, we want to interrogate
the electromechanical performance of the HEMT stack (both GaN film and avail-
able metalization) and determine the feasibility of this technology for realizing high
performance resonators, seamlessly integrated with GaN electronics.

In a monolithically integrated solution, various constraints of the technology must

be considered when optimizing the design of the MEMS resonators. There are three
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key considerations by which we optimize our design.

GalN Film Thickness

As discussed in Chapter 1, the growth of GaN has been primarily driven by the opto-
electronic market, as well as the potential for high-power, high-frequency electronics.
As a result, the thickness and composition of the films have been optimized for the
best performance within these areas. In the case of the MMIC stack, the growth pa-
rameters are set to maximize charge density and mobility at the interface of GaN with
a top AlGaN layer, where the channel of a HEMT is formed. In the case of MEMS
resonators, the thickness of the GaN film constrains the design space, in terms of
the acoustic modes and frequency ranges that can be excited in these cavities. Even
in the case of contour modes, i.e. modes with frequencies mainly depending on the
lateral dimensions of the cavity, there will be a weak dependence of the frequency on
the thickness of the cavity, and the transduction efficiency will depend on the ratio

between the wavelength and thickness.

Residual Stress and Crystal Imperfections

As discussed in Section 4.5, when cooling down from high growth temperatures (800—
1100°C), GaN and the (111) Si substrate compress at different rates due to different
thermal expansion coefficients, leading to residual stress in the GaN film. In the
case of released structures, this can affect the mechanical properties of the resonators
and even lead to cracking and breaking. Careful design of the resonant cavities and

anchors can alleviate these issues.

Available Metalization Layers

Due to the epitaxial growth process and RF requirements of the substrate, MMIC
technology prohibits the use of bottom electrodes, more commonly found in sputtered
piezoelectric materials, (e.g. AIN). While bottom electrode configurations can be
realized through postprocessing [8], these additional steps would lead to extra cost,

reduced yield, and lower resonator quality factors.
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5.2 GaN Lamb-mode resonators

Given the design considerations mentioned above and the goal of being able to achieve
multiple frequencies on the same chip with one single photo-lithographic step, we
investigate the potential of realizing piezoelectric Lamb wave resonators. As discussed
in Chapter 2, Lamb-wave resonators are an attractive alternative to SAW and FBAR
for high-frequency filters and oscillators, due to their large phase-velocities and small

frequency sensitivity to process variations such as film thickness.

The zeroth order symmetric and anti-symmetric modes, Sy, and Ay, respectively
are shown in Figure 5-1. The most common method of launching and detecting
this family of modes is using an interdigital transducer, as discussed in Chapter 2.
Figure 5-2 shows two of the most common IDT configurations used in Lamb-mode
resonators. While the first configuration, that uses a top-metal electrode only, is
easier to fabricate in an integrated solution, the addition of a bottom electrode in (b)

has the advantage of a more efficient electromechanical transduction [91].

In order to design high performance resonators, we first study the theoretical
transduction capabilities present in our material stack. First, we desire to decouple
the influence of metal loading of the resonators from the ideal performance of the
piezoelectric GaN film, which would be the ultimate achievable limit in this technol-
ogy. So we choose to simulate the piezoelectric film in the absence of metal electrodes.
To still be able to compare the transduction characteristics of the two types of trans-
ducers shown in Figure 5-2, we use a massless electrode approach [92, 93] that was

discussed in Subsection 2.3.5.

We employ a 2D Finite Element Analysis simulation in Comsol to extract two of
the performance metrics of interest, the phase velocity and the theoretical electrome-
chanical coupling coefficient, k%, which was first introduced in Section 2.3. The theory
behind this simulation follows the matrix method, described in detail by Adler [94].
The main goal is to quantify the change in phase velocity as the wave propagates
through the piezoelectric film, under different electrical boundary conditions. To do

this, we use Eigenmode analysis in the Comsol Piezoelectric Module to extract the
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Figure 5-1: Cross-section of an infinite plate of finite thickness, hg,n shows the
first two Lamb modes propagating in the x-direction. The zeroth order symmetric
Mode, Sp, is shown for a normalized wavelength \/2d = 4.3. The mode shape of the
zeroth order antisymmetric mode, Ay is shown for a normalized wavelength A\/2d = 6.
Arrows represent the displacement fields, while the color maps the strain fields.
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Figure 5-2: Typical interdigital transducer configurations (IDT) used to drive and
sense Lamb waves. (a) uses a single metal layer at the top of the piezoelectric film
to induce a periodic electric film through the substrate. (b) includes an additional

bottom electrode that can be grounded to confine the electric fields in the piezoelectric
field.
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Figure 5-3: (a) Guided Lamb-modes propagate in the x-direction in an infinite plate
of thickness hg,y. (b) Unit cell used in FEM analysis to extract eigenmodes. (c)
Electrical boundary conditions used to extract vy and vy for the two IDT configura-
tions.
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eigenfrequencies, f, of the modes of interest for a particular wavelength A and we

then compute the phase velocity as:

v=Af. (5.1)

We start by considering a traveling Lamb wave propagating in the x direction in an
infinite plate of thickness hgon, as shown in Figure 5-3 (a). The boundary conditions
discussed in Chapter 2 for this family of modes allows us to reduce the problem to a
2D building unit cell (Figure 5-3 (b)). Here, we assume no displacements or variations
of any physical quantities in the y direction, so we can limit the problem to the sagittal
plane zx by using the Plane Strain 2D approximation method in Comsol. Given that
the materials that we are considering in this thesis have a relatively low dielectric
constant, it is important to include an air-box around the piezoelectric material to
model the electric fields and potential correctly. However, this air region can be
treated solely as an electrical domain, since its low mechanical stiffness will not affect
the acoustic fields. To reduce the computation power requirements we define a unit
cell by considering cavities of length equal to an integer number of wavelengths, i.e.

by defining periodic boundary conditions at the left and right edges of the geometry:

ui(I‘z) = U,;(Pr), 1= Z,z (52)
V(Fl) = V(Fr)7 (53)

where u; are the displacements fields and V is the electric potential. The top and
bottom edges of the piezoelectric domain are then set as traction-free boundaries,

consistent with the Lamb-mode propagation discussed in Chapter 2.

Next, we want to differentiate between the two IDT configurations discussed
above. In the case of the top-metal-only IDT, the bottom surface is set to a zero-
charge/symmetry condition (D,(T';) = 0), while for the bottom-electrode configura-
tion we set V(I'y) = 0 to simulate the presence of a massless, infinitesimally thin

metal. To extract the phase velocity in the free case (vy) we define a zero charge
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Figure 5-4: Phase velocity dispersion curve for the first Lamb modes, Ay and Sy
assuming massless electrodes of infinitesimal thickness. The phase velocity corre-
sponding to Rayleigh waves in GaN is overlayed for comparison [6]. Insets show
mode shape, with the color map corresponding to the displacement field.

boundary condition on the top surface, while in the case of the electrically shorted
surface we set the electrical potential of the top surface to zero, which will allow us
to compute v,.

The first performance metric is the phase velocity that can be achieved in these
structures or, more specifically, the dispersion relation. Figure 5-4 shows the simu-
lated phase velocity for the two IDT configurations, as a function on the normalized
GaN thickness, hgan/A. The GaN material properties used in this simulation are
listed in Table A.1. For comparison, we overlayed the simulated Rayleigh wave dis-
persion curve for GaN |6]. We notice a very similar behavior as in the case of AIN
Lamb-mode resonators |91, as expected given that both materials belong to the
wurtzite crystal symmetry class. It can be observed at once that the phase velocity
of the symmetric mode is larger than the SAW velocity and that, for large normalized
wavelengths (hgan/A < 0.4), the symmetric mode shows a relatively dispersion-free
behavior. Both symmetric and antisymmetric dispersion curves converge towards the
Rayleigh velocity as the wavelength becomes comparable to the film thickness.

To compare the intrinsic electromechanical coupling efficiency of these different
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Figure 5-5: Simulated intrinsic electromechanical coupling effciency, k% of Sy, and Ay,
respectively. The efficiency of a Rayleigh SAW propagating in GaN is also included
for comparison [6].

modes, we calculate k? which was shown in Section 2.3.5 to be:

g2 =" (5.4)
Yo

using the phase velocities extracted from the FEA simulation in Figure 5-3. A plot
of k? for both Ag and Sy, for the two IDT configurations introduced earlier is shown

in Figure 5-5.

Based on the findings in Figures 5-4 and 5-5, we focus on the symmetric mode
due to its higher phase velocities and flatter dispersion curve, relative to the antisym-
metric mode. Although the bottom-electrode IDT configuration would offer a higher
electromechanical coupling coefficient, we chose to design zeroth order (.Sp) Lamb-
wave resonators driven piezoelectrically with a top metal interdigital transducer and
no bottom electrode. This choice is mainly driven by the desire to achieve high per-
formance in a fully integrated solution, without major modifications to the HEMT
process. Additionally, this design has the advantage of higher @ relative to bottom-

electrode devices, since an additional metal electrode would lead to mass loading,
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B GaN B AlGaN Ohmic (Ta/AllTa) B Gate (Ni)

Figure 5-6: Different IDT configurations that can be realized in a GaN-HEMT process
using: (a) the gate metal, (b) the ohmic metal, (¢) ohmic metal over patterned 2DEG
electrodes and (d) 2DEG electrodes only.

distortion of the mode and increased acoustic loss through interfacial scattering as
discussed in Chapter 2.5. In AIN Lamb-mode resonators operating in a similar fre-
quency range, the quality factor of the device using a bottom electrode was almost

4x lower than of an equivalent device with top-IDT drive [91].

5.3 Implemetation in GalN MMIC Technology

As mentioned previously, one of the goals of this study is to realize high performance
GaN resonators integrated with HEMTs, with as little modification as possible to the
MMIC process. While this puts some constrains on the final MEMS structure (i.e. no
bottom electrodes), it also offers various metal layers for piezoelectric transduction of
the acoustic waves, as pictured in Figure 5-6. These include the Schottky metal used
to form the gate of the transistor and the ohmic metals used for accessing the source
and drain regions of the transistor. Additionally, we can explored IDTs formed out of
ohmic metal in contact with patterned 2DEG, and also the 2DEG itself. The use of
the 2DEG for metal-free resonators is discussed in more detail in Section 4.5. While
this type of IDT provides and excellent way for directly interrogating the material
properties of the MMIC epi in the absence of metal loading, the series resistance of
the 2DEG fingers reduces the performance at high-frequency significantly, making it
not suitable for operation.

In this chapter we focus on the metal based IDTs, with the goal of characterizing
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the transduction capabilities of these different layers through both simulation and
direct experimental verification. Details about the metal stacks used in this study

can be found in Chapter 3 and in Appendix A.

To gain some understanding as to what is the expected effect of mass-loading
in each of these transducers, we choose to simulate the frequency response, using
the approach illustrated in Figure 5-7 (a). It is important to note that the actual
epi structure used here includes a thin layer of AIN at the bottom, used for lattice
matching between GaN and Silicon during growth. This nucleation layer is included
in the simulation. The nitride passivation layer is also included in the simulation. We
assume an isotropic loss factor of 1/Qgm, where we take Qgm = 3000 to be in the
middle of range of electrically loaded quality factor values found experimentally (see
Section 5.4). Similar to the eigenvalue simulation introduced in Section 5.2, we define
periodic boundary conditions at the edges of the unit cell, I'; and T',, and we include
an airbox to account for the fringing of the electric fields outside of the resonator.
The simulated electric fields and potential can be seen in Figure 5-7 (b). We don’t
solve the electrostatics problem inside the gate domain, which is defined as a metal.
To account for mass loading, we now include the transducer electrodes, as well as the
nitride passivation layer. The layer defined as Electrode in the simulation will have
different material properties and thickness, depending on whether we are simulating
the gate transducer or the ohmic one. In the case of the ohmic with patterned 2DEG,
this domain will include the thin AlGaN layer, a thin (= 50 nm) GaN layer which is
patterned as a result of an overetch into the substrate, and then the ohmic metal. The
material properties of the ohmic alloy used in this run are calculated in Appendix A.
To extract the admittance of this structure, we then ground one of the fingers, and
define a terminal to the other one. This simulated admittance is shown in Figure 5-7
(¢) for a normalized GaN thickness hgey = 0.3. The corresponding mode shape at
the mechanical resonance can be seen in (d). From this simulation we fit the data to
an RLC mechanical branch is parallel with the capacitance Cy, as shown in the inset
of Figure 5-7 (d), neglecting other electrical parasitics that are not included in this

model. The resulting phase velocity and effective transduction efficiency are shown
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in Figure 5-8.

5.4 Experimental Results

We fabricate these resonators at MIT using Raytheon’s standard MMIC GaN het-
erostructure, comprised of Molecular Beam Epitaxy (MBE) AlGaN(25 nm)/GaN(1.7
pm) on (111)-Si as discussed in more detail in Chapter 3. The fabrication process
involved a subset of a GaN HEMT flow with only two additional steps, illustrated in
Figure 5-9. More details about the process flow are included in Chapter 3. Processing
starts with a shallow AlGaN etch which removes the 2DEG to allow for transduction
through the volume of the entire GaN film. For the 2DEG-based devices (Figure 5-6
(c)), this etch is used to pattern the 2DEG under the electrodes. The ohmic and gate
metals of the transistor are then used to define piezoelectric IDTs. Since these devices
are processed side by side with GaN HEMTs, a PECVD SizNy layer (= 200nm) is
deposited to passivate the surface and protect the 2DEG channel. Metal pads are
then connected to the ohmic and gate electrodes through vias in the passivation layer.
The two modifications to the HEMT process involve: a deep GaN etch to define the
acoustic cavities (Figure 2-10 (c)), and a final isotropic silicon etch to release the
resonators (Figure 5-9 (d)). This is the first time when MEMS resonators were fab-
ricated in a Au-free HEMT process flow. While typical HEMT MMIC processes use
Au electrodes to make contact to the 2DEG channel and for low-resistance transistor
gates, many efforts have been made to realize Au-free metallization schemes in order
to allow for the integration of GaN MMICs in CMOS foundries |32]. Eliminating Au-
electrodes from the resonators also allows for higher resonator quality factors, since
Au is known to lead to additional dissipation through mass-loading, phonon-electron
scattering and interfacial losses. The choice of metallization for this process is dis-
cussed more in Chapter 3. Additionally, a list of mechanical material properties of
these various metal layers is tabulated in Appendix A.

Figure 5-10 (a) shows the SEM image of a fabricated Sy Lamb mode resonator.

This particular device is a 5th harmonic 1 GHz S; mode using the gate metal from
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shape.
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Figure 5-9: Fabrication process of GaN Lamb-Mode resonators integrated with
HEMTs in a Au-free MMIC process. (a) Starting HEMT epitaxial heterostructure.
(b) Standard HEMT front-end process. (c) First modification to HEMT process:
deep GaN etch. (d) Second modification to HEMT process: isotropic silicon etch for
MEMS release.

(a)
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Figure 5-10: (a) SEM image of a 5" harmonic 1 GHz Lamb Mode resonator. The 3D
FEM simulation in (b) illustrates the strain fields induced at resonance.
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Figure 5-11: (a) SEM image of a 15" harmonic 1GHz Lamb-mode resonator. (b)
Measured S Parameters under vacuum.

the HEMT process as IDT. A 3D Comsol FEA simulation shows the strain fields

induced at resonance (Figure 5-10 (b)).

To prevent the formation of fractures at points of maximum stress, 45°-oriented
trenches have been etched through the GaN film, in order to discontinue the released
membrane around the resonator. Stress can be further relieved by using multiple
suspension beams to the resonator. Using multiple anchor beams with a length equal
to a quarter wavelength has also been shown to lead to higher @, suppressed spurious

modes, and increased power handling |13].
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Figure 5-12: (a) Equivalent Circuit Model of the Lamb-mode resonators. (b) Fre-
quency response of the device shown in Figure 5-11 is fitted over a wide frequency
range, taking into account only the electrical parasitics. (¢) Resonance peak is fitted
to both mechanical branch and electrical parasitics.

5.4.1 Parameter Extraction

Resonators were measured in vacuum on a Cascade RF probe station, using a standard
2-port measurement on an Agilent Parametric Network Analyzer, and deembedded
using an on-chip Open structure, as described in Section 3.3.The measured frequency
response of a 15" harmonic resonator is shown in Figure 5-11.

To analyze this data we use the equivalent circuit model that was first introduced
in Section 2.4 and is shown in Figure 5-12 (a). Here, the characteristics of the me-
chanical resonance are lumped into a series RLC branch (shown in blue) and the

circuit elements shown in red are parasitics associated with the electrode fingers and
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the losses through the GaN film.

Fitting a single dataset to a 7-parameter model can turn out to be quite challeng-
ing, especially as the competing contributions of the R, and R,, resistances can lead
to an erroneous extraction of the mechanical quality factor, @,,. This can be simpli-
fied by making the observation that, for frequencies far from resonance, the response
of the device will be mainly dominated by the parasitics. So we first perform a fitting
of the data over a wide frequency range to a model that only includes the electrical
parasitics associated with the transducer, but without including the mechanical RLC
branch. Figure 5-12 (b) shows the fitted admittance, Y2; from 10 MHz to 35 GHz for
the device introduced in Figure 5-11. From this model we pin down the values of R,
L, Cy and Ry. We then move on to fitting the narrow frequency range data. We now
include both the mechanical RLC branch and the electrical parasitics in the model,
but we constrain these latter parameters to vary by only 5% from the values found
in the wide sweep fit. The result can be seen in Figure 5-12 (c). Both the wide and
narrow range fits are performed with a least-squares optimizer method in MATLAB,
starting with initial parameter values based on either the material and geometrical

properties of the resonators, or on estimates from the slope of the measured data.

From this analysis we can now extract the parameters of interest, i.e. the lumped
equivalent circuit components, the mechanical quality factor, @,,, and the electrome-
chanical transduction efficiency, kff - The relevant parameters from the fit performed
above are listed in Table 5.1. One important figure of merit for a resonator is the
product of frequency and quality factor, f-@,,, which was first introduced when dis-
cussing loss mechanisms in Section 2.5. Next, as derived in Section 2.3.5, the effective
transduction efficiency of a resonator can be computed from the difference between

the resonance frequency, f;, and anti-resonance frequency, fy:

f2

k2, =1-28
ff '
e fg

(5.5)
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Table 5.1: Fitting parameters to the frequency response shown in Figure 5-12

Parameter Value Units
Co 71.27 fF
Ry 0.25 MOhm
R, 26.30 Ohm
Ly 0.30 nH
R 260.72  Ohm
Cn 0.13 fF
L, 0.18 mH
Qm 4528 -
Q1 4113 -
fs 1.018 GH:z
fo 1.019 GHz

k2 0.185 %
fQ 46x 1012 571
FOM 7.64 -

Then the relevant figure of merit for a resonator is given by

szfQL

FOM = ,

(5.6)

Here, Q) is the electrically loaded quality factor of the resonator, calculated by:

0, = RnQm

=5 e (5.7)

Based on the data shown above, we can already see that these devices are very
promising, both in terms of quality factor and transduction efficiency. First, we note
that the f - @ value is higher than any results published previously in GaN. This
is due to both the Au-free metalization used for the first time to fabricate MEMS
integrated with HEMT, as well as to a good control of the sidewall profile of the GaN

acoustic cavity. A more detailed study of the dependence of the mechanical quality
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factor on frequency and transducer material is presented in Subsection 5.4.2. Second,
the 1 GHz resonator shown above exhibits a k‘gff of 0.185%, for a normalized GaN
thickness, hgon/A = 0.21, which is not far from the expected theoretical value of k2
expected from Figure 5-5. This means that the electromechanical properties of the
GaN heterostructures used for MMICs are close to the performance expected from
bulk crystal. However, for a better comparison between theory and experiment, we
need to simulate the devices to include mass loading from both the metal electrodes
and the passivation layer and study the frequency dependence of the coupling co-
efficient for the various types of IDTs introduced earlier. The results are shown in

Subsection 5.4.3.

5.4.2 Quality Factor

Figure 5-13 shows a survey of extracted mechanical quality factors, Q,,, and their
corresponding f - @ product, from devices operating at 4 different nominal frequency
points, using the three types of IDTs introduced in Figure 5-2. Due to fabrication
failure, the ohmic with patterned 2DEG devices shows no mechanical resonance at
the highest frequency point, 1.9 GHz so there is no corresponding data point in Figure
5-13. There are three designs for each transducer, at each of the 4 frequency points
considered in this study. The only difference between the three resonators designs
for one type of transducer, for the same frequency is the length of the anchoring
beams. One design uses an anchor length equal to a quarter wavelength, while use
+50 nm variations of this length. As expected, different transducer types will mass
load the resonator differently, leading to small variations in the resonant frequency.
Additionally, it can be seen that the quality factor varies significantly among these
devices, which means that the losses associated with leakage through the anchors
are limiting the overall performance, not allowing us to draw a definite conclusion as
to which is the better transducer material in terms of lower intrinsic material losses.
Moreover, looking back at the frequency response obtained for the 1.9 GHz resonator,
we note that we don’t have a clean resonance, but rather multiple peaks of similar

height, which means that the design of the cavity itself is not fully optimized, leading
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to distortion and coupling of multiple modes (Figure 5-14). We notice similar response
across all the 5** harmonic designs at 1.9 GHz. However, since the quality factors are
within the same order of magnitude, and all devices exhibit quality factor comparable
of larger than any GaN resonators to date, we can conclude that all of these transducer
choices are appropriate for operation. Besides the goal of characterizing the intrinsic
mechanical properties of these transducers, we also care about potential performance
of these resonators in actual operation within a circuit or system, so it important
to also consider the effect of the series resistance associated with the electrodes, R,,
which will lower the overall quality factor of the resonance. That is why we also
compare the loaded quality factor, @ for these devices (Figure 5-15). The inset in
this figure plots an average extracted series resistance of the three resonators designed
for each frequency point, for the three types of transducers. Values for the resistivity

and thickness of these transducers can be found in Chapter 3 and in Appendix A.

As discussed in Section 2.4, the overall insertion loss of a resonator scales with
the area of transduction. To increase this area, we can realize resonant cavities
with higher number of harmonics. Choosing the maximum number of harmonics for
these devices was mainly motivated by structural issues related to fabrication. As
discussed in Chapter 3, the resonators are released through the GaN etch trenches on
the side, using an isotropic silicon etch. This implies that the release time is directly
proportional to the dimension of the cavity. Moreover, since the silicon undercut is
isotropic, we etch an equal distance under the GaN surrounding the resonator, which
could lead to structural issues, such as cracking due to residual stress or coupling
to low frequency membrane modes. Since the resonant cavities scale down in size
as the frequency increases, we are able to implement 25 harmonic resonators for the
highest design frequency, while for the lower frequency designs we limit ourselves to

15 harmonics.

Figure 5-16 shows a study of the dependence of Q,, on the number of harmonics
for three different design frequencies. While the data in (a) doesn’t show a conclusive
trend when scaling with number of harmonics, in (b) and (c) we note a clear enhance-

ment in @, as we increase the size of the acoustic cavity. The most significant trend
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Figure 5-13: Measured mechanical quality factors (a) and f- @ (b) for devices using
three different IDT configurations: gate IDT, ohmic IDT, and ohmic with patterned
2DEG IDT.
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Figure 5-14: Measured frequency response of a 1.9 GHz gate IDT resonator.
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is in the case of the highest frequency data, which is also the data set where we vary

the number of harmonics by the largest increment.

This trend can be understood by going back to the physical interpretation of the
quality factor, of stored energy divided by energy dissipated per cycle, which was
first introduced in Chapter 2. As discussed in Section 2.5 and demonstrated above,
one of the limiting loss mechanisms is the energy dissipation through radiation to the
surrounding substrate through the anchoring beams. We have already discussed the

dependence of this loss factor on the area:

1 ——
Qrad

A. (5.8)

At the same time, the energy stored will be directly proportional to the volume of
the acoustic cavity. As a result, we expect that an increase in volume will lead to
more energy stored. However, in the case of the data shown above, the volume and
the number of anchors are proportional to the number of harmonics, which should
not lead to a higher Q. Another cause of the trend observed above could be related to
losses due to scattering at the edge of the cavity. As the volume increases, the stored
energy is higher, but the edges of the cavity stay constant, which leads to a lower
ratio of scattering to stored energy and, as a result, more uniform, high-Q modes.
This problem has a correspondent in the realm of electromagnetic cavities, and has

been formulated by Edward Purcell [95].

This scaling of the acoustic cavity allowed us to achieve unprecedented quality
factor values in GaN, reaching the limit of what is believed to be the phonon-phonon
scattering limit in this material (see Section 2.5). For example, the device in Figure
5-17, with a mechanical Q,, of 8327 at 1.87 GHz, exhibits an f - Q of 1.56 x 1013,
making it the highest measured in GaN resonators to date. The fitted data and the
extracted parameters are shown in Figure 5-18 and Table 5.2, respectively. To extract
the parameters on interest for this device we used a similar approach as described
in Subsection 5.4.1. However, since the measurement exhibits strong spurious mode

responses close to the resonance of interest, we had to fit the data to a model including
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multiple mechanical RLC branches added in parallel, as illustrated in Figure 5-18 (a).
The spurious modes are a result of the the fact that the cavity is finite in the other
in-plane dimension, which leads to spurious modes. As the overall energy dissipation
through scattering is reduced, the quality factors of the spurs are increased as well,
leading to more prominent responses. However, as shown in the inset of Figure 5-
17, the strains induced at the spurious resonance cancel out over the length of the
electrodes, leading to a poor transduction efficiency, of only 0.02%. On the other
hand, the mode of interest exhibits a high transduction efficiency, of 0.376% , leading
to a FOM of 17.9, higher than any previously demonstrated GaN MEMS resonators.
These results show high potential for using this technology for radio communications

and timing applications.

5.4.3 Transduction Efficiency

Next, we want to study the electromechanical efficiency of the transducers available in
this technology. We primarily want to answer two questions, First, we are interested in
which type of transducer mass-loads the cavities the least, giving a higher transduction
efficiency. Second, we want to compare the extracted kgf # to the fundamental limit
of transduction discussed in Section 5.2, to answer questions regarding the crystal
quality of the MMIC stack, and its suitability for use as a MEMS technology, without
additional processing or thinning down of the material.

We overlay the extracted kZ;; from the 5% harmonic devices that were already
introduced in Figure 5-13, for the three types of transducers, as a function of fre-
quency. First, we note that the measured phase velocity is lower than expected from
simulation. This could be due to various factors, ranging from residual stresses that
alter the elastic properties to other crystal non-idealities, especially in the region
dominated by dislocations. In terms of transduction effciency, we note that while
for the lower frequency designs the experimental values are close to the simulated
ones, the high-frequency design is lower than expected. However, looking back at the
frequency response obtained for this design, shown above in Figure 5-14, we note that

we don’t have a clean mode, but rather multiple peaks of similar height, which leads
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Figure 5-17: (a) SEM image of a 25! harmonic 1.9 GHz Lamb-mode resonator. (b)
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ing to resonance of interest and spurious mode.
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Table 5.2: Fitting parameters to 1.9 GHz device shown in Figure 5-17.

Parameter Value Units
Co 72.30 fF
Ry 0.78 MO~Rm
R, 27.77 Ohm
L, 0.29 nH

R 37.52 Ohm
Cm1 0.27 fF
Loy 0.03 mH
Qm1 8327 -
Qn 4786 -
fe1 1.869 GHz
fm 1.872 GHz
kgf 1 0.376 %
frm1@Qm1  1.56 x 1013 st
FOM, 17.92 -
R 564.17 Ohm
Cm2 0.018 fF
Lo 0.399 mH
Qmo 2023 -
Qm2 1928 -
fma 1.8754 GHz
fm2 1.8756 GHz
ko 0.025 %
fm2Qma 3.8 x 1012 st
FOM, 0.48 -
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Figure 5-20: Comparison between simulated and measured transduction efficiency for
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to distortion of the mode shape, and therefore low transduction efficiency.

As a result, to really get a measure of how good of a transduction we can get in
this technology, we compare the best values of extracted k‘zf 5 with the simulations.
This allows us to pick the devices with the cleanest frequency responses and not be
limited by the spurious mode coupling seen in the 5* harmonic devices. Since we
don’t have any data for the ohmic and patterned 2DEG IDT other than the results

shown in Figure 5-19, we only show the gate and ohmic comparison here.

While the simulation is based on values of the piezoelectric coefficients that cor-
respond to bulk single-crystal GaN, the thin-film material used to fabricate the res-
onators contains a high dislocation-density buffer region at the bottom of the stack
[33, 63]. These defects are due to the lattice mismatch between the silicon substrate
and GaN and can span up to a micron of the thickness of the film. Such crystal
imperfections can affect the electromechanical properties of the material, leading to
modified values of the piezoelectric coefficients and as a result, lower kgff. Addition-

ally, the simulation does not include additional losses, such as leakage and dielectric
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loss in the GaN film itself. We can conclude that, despite getting lower transduc-
tion than in the simulation, these resonators achieved high transduction efficiency
and quality factors at the same time, leading to large values of the relevant FOM.
This highlights the potential for using the HEMT stack for bulk acoustic resonators

without additional processing of the material.

5.4.4 Ambient Operation and Power Handling
Pressure

Robust filters and oscillators in wireless systems require a complete characterization
of the impact of ambient conditions, such as pressure and temperature on their per-
formance, as well as excellent power handling capabilities. The pressure dependence
of a 1GHz, gate IDT, resonato is shown in Figure 5-21. While a roll-off characteristic
due to Couette damping can be seen in the range 1-1000 mbar, a total drop in @Q,,
of only 1.5% between high vacuum and atmospheric pressure is observed. This weak
dependence on ambient pressure is another benefit of high frequency bulk modes,
as discussed in Section 2.5. This shows high potential for monolithic integration of
GaN resonators with HEMTs, without the need for expensive, ultra-high vacuum

packaging.

Temperature

As GaN is increasingly used in high-power applications and for operation in harsh
environments, it is important to characterize the effect of temperature on the perfor-
mance of these resonators. To this end, we have tested these devices over a temper-
ature range spanning 20°C' to 80°C, as shown in Figure 5-22. The relevant figure of
merit here is the first order temperature coefficient of frequency (TCF), which was
introduced in Section 3.3. From the data shown in Figure 5-22, the TCF is extracted
to be —24.2 ppm/°C. This is comparable with other previously reported bulk mode
GaN resonators |8|, as well as AIN contour modes |91]. Several groups have demon-

strated temperature-compensation in AIN Lamb-mode resonators that achieve a zero
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Figure 5-21: Ambient pressure dependence of mechanical quality factor for 1 GHz
Lamb-mode resonator.

first order TCF, by incorporating a thin layer of silicon dioxide in the resonant cav-
ity |96, 97). Typical HEMT processes use a thin layer of dielectric for passivation.
While here we use nitride as a passivation layer, which has a negative TCF, an oxide
layer can be incorporated in the passivation stack to alleviate the change in resonant
frequency due to temperature shifts. This has been shown in a thickness-mode GaN
MEMS resonator, with an overall improvement > 50% [98] but yet remains to be

demonstrated in GaN Lamb-mode resonators.

Power Handling

Another critical requirement for use in broadband radio communications is power
handling. In Subsection 3.3.4 we introduced the concept of Third Order Intercept
Point, or IP; used to quantify the power handling capabilities of a resonator for
filtering applications. To investigate this figure of merit in our resonators, we use
a similar approach to [79]. As bulk mode piezoelectric devices, the Sy Lamb-mode
resonators presented here exhibit excellent power handling capabilities. Figure 5-23
shows the power nonlinéarity measurement of a 5 harmonic, 19.4 x 90 um? 1GHz

resonator, with an extracted IIP3 of +23.3 dBm.
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5.5 Discussion and Benchmarking

In this chapter we have demonstrated multiple GaN Lamb-mode resonators with fre-
quencies ranging from 400 MHz to 2 GHz. Figure 5-24 shows the best extracted
mechanical f - Q product at each of the 4 distinct design frequencies, benchmarked
against previously demonstrated GaN resonators. This plot also contains the theo-
retical limit on the f - @, due to phonon-phonon interactions, which was derived in
Section 2.5. For simplicity, we only plot the limit corresponding to Lamb waves prop-
agating in the [100] direction, with in-plane displacements, which corresponds to the
waves of interest in this chapter, but in Section 2.5 we show that other propagation
directions exhibit a very similar behavior. It can be seen that the devices in this work
not only achieve the highest f - @ product to date, but also approach the theoretical
phonon-phonon limit. One potential explanation for this high performance is the
use of a Au-free process, which reduces significantly the loss associated with metal

electrodes.

Additionally, this is the first characterization of Lamb-mode resonators using a
top-metal transducer with no bottom electrode. We have shown in Section 5.4.3
that the measured transduction efficiency approaches the intrinsic k2, as well as the
simulated effective electromechanical coupling, kgf - Figure 5-25 shows a comparison
between best values of (a) k%; and (b) FOM = ki;¢Qm reported in this work
and values reported previously in literature. While this work uses a top-electrode
only IDT, the other work shown also use a bottom electrode, which explains the
higher values of kfgf # (see Section 5.2). However, the quality factors in this work are
the highest in GaN to date, which leads to FOM values comparable to the bottom
electrode case. Moreover, this study was realized in a standard GaN MMIC platform,
with only two additional fabrication steps. As a result, this high performance, both
in terms of transduction efficiency and quality factor means that the properties of the
material stack used here approach the theoretical values expected for bulk, in spite
of crystal non-idealities, especially at the bottom of the GaN film which exhibits a

high dislocation density.
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previously demonstrated GaN resonators from [8], [9].

160



Finally, the performance of the resonators as a function of pressure and temper-
ature has also been investigated, as well as the power handling capabilities, showing
high potential for seamless integration with high power, high frequency ICs for clock-

ing and wireless communication.
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Chapter 6

GaN Resonant Body Transistor

6.1 Motivation

As third and fourth generation (3G, 4G) wireless communications have emerged over
the past few years the demand for higher bandwidth wireless data transfer has in-
creased. Additionally, new application areas that require multi-GHz frequencies for
faster data rates have developed, such as Local Area Networks (LAN) (60 GHz), per-
sonal navigation (94 GHz), and high-speed image processing. This has placed great
importance on the performance of radio base stations and hardware, requiring low
phase-noise frequency sources that exhibit immunity to nearby interferers and excel-
lent power handling. With quality factors in the 1000’s at GHz frequencies, small
footprints, and the ability to achieve multiple frequencies on the same chip, MEMS
resonators can provide building blocks for low phase-noise oscillators operating over
a wide frequency range.

For successful implementation in low phase-noise oscillators, these resonators must
satisfy two requirements: (1) High net signal-to-noise ratio and (2) small half-power
bandwidth, i.e., high Q. For broadband operation, resonators must be scaled to multi-
GHz frequencies. At such high frequencies, passive resonators suffer from capacitive
feed-through between drive and sense transducers which overwhelms the mechanical
peak and lowers the signal-to-noise ratio (SNR). Active Field Effect Transistor (FET)

sensing has been shown to overcome this challenge through superior noise characteris-

163



HEMT sense

Figure 6-1: Schematic of GaN Resonant Body Transistor, where acoustic vibrations
are driven piezoelectrically across the AlIGaN layer, while sensing of mechanical waves
is done with a HEMT.

tics, by providing internal electromechanical amplification of the resonant signal [99].
In Silicon, FET sensing has enabled resonators over 37 GHz [100].

Recently, there have been may efforts towards realizing RF MEMS resonators
integrated with active electronics in standard foundry processes such as CMOS, III-V
MMICs. Monolithic integration of MEMS resonators with ICs would lead to reduced
matching constraints and parasitics, which ultimately translate into lower phase-
noise and reduced jitter clocks, especially at high frequency. Additionally, this would
enable a seamless use of the active FET components to directly sense the mechanical
resonances. In Silicon, solid-state electrostatic MEMS resonators have been realized at
the transistor level, without the need for additional processing [101]. In GaN MMIC
technology we can take advantage of both the piezoelectric nature of the material
and the high-gain HEMTs available. Multi-GHz HEMT-sensed devices have been
demonstrated in flexural mode [102], contour mode [7] and thickness mode resonators

[103].

6.2 Principle of operation

The concept of using a transistor to detect and amplify mechanical motion dates back

to Nathanson’s Resonant Gate Transistor in 1967 [104]. This device consisted of a
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FET where the gate was a tuning fork, leading to oscillations in the effective gate
potential, which generated an AC component of the drain current at the resonant

frequency.

We extend this principle to a bulk, piezoelectric device, which we call the Resonant
Body Transistor (RBT). Figure 6-1 shows a GaN RBT. This is a suspended cavity
that contains a drive transducer in the left half, and an embedded HEMT for sensing
the induced mechanical vibrations. The drive transducer is realized across the AlGaN
film, between the grounded 2DEG electrode and a top Schottky metal, as discussed
in Section 4.4. At resonance, the amplified strains will lead to a change in the carrier
density of the HEMT channel, leading to an AC drain current contribution at the
resonant frequency. This charge is due to a change in the polarization, as a result
of the direct piezoelectric effect. For Wurtzite crystal materials such as GaN, the

induced polarization field can be written as:

Pprp = (eslezm)i + (651€yw)@ -+ (63169: + e31€y + 63362)2?. (61)

Taking z along the Wurtzite c-axis, €., €;, and €, are the strains along the x, y
and z-axis respectively and €, and €,, are shear strains. Here, e3;, es3 and es; are
the piezoelectric coefficients found in the Wurtzite crystal structure. There are two
contributions to the bound charges associated with this polarization field. First,
an interface charge o is generated by a discontinuity in the polarization at the Al-
GaN/GaN interface, induced by the difference in piezoelectric coefficients of the two
materials:

0= (Ppr.aicen — PrEGan) - 2. (6.2)

Second, the polarization generates volume charge p throughout the heterostructure:

p= -V PPE' (6.3)

The RBT can be modeled according to the equivalent circuit shown in Figure 6-2.

In the electrical domain, this device can be decomposed into two branches. The RLC
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Vin i 0 Vout

Figure 6-2: Equivalent circuit model of the RBT. Blue elements represent the equiva-
lent mechanical RLC branch, according to a Butterworth Van Dyke model while the
right side captures the electromechanical transconductance.

Figure 6-3: SEM of piezoelectric-drive, HEMT-sensed 8.7 x 70 um resonator. The
HEMT has gate length of 1 pum.

branch corresponds to the mechanical resonance induced in the two coupled bars,
and is equivalent to a 1-port passive device. The second branch is a modified HEMT
equivalent circuit, where the normal transistor transconductance is now replaced by
an electromechanical transconductance, g,. The parasitic feed-through between the
input and output of the RBT includes a capacitance, Cy; and a substrate resistance,

Tft.
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Figure 6-4: Measured IV curves of the HEMT embedded in resonator (a) before and
(b) after release step.

6.3 Experimental Results

We have fabricated HEMT-sensed resonators in a standard HEMT process, with
only two additional steps for the patterning and release of the acoustic cavities, as
discussed in Section 3.2.1. Figure 6-3 shows such a device. The top Schottky metal
in the drive transducer has now been patterned to excite higher frequency contour

modes, as opposed to the passive case (see Section 4.4).

6.3.1 DC Behavior of RBT

Figure 6-4 shows the measured DC behavior of the HEMT embedded in the resonant
structure (a) before and (b) after the release step. Prior to the release step, the
HEMT has a threshold voltage V;;, of 6.2 V, which corresponds to a 2DEG density
of 5 x 1012 em™2. After release, the HEMT exhibits V;;, of 5.75 V, and the extracted
charge density drops to 4.6 x 10'?2 em~2. One possible reason for this current reduction
is the generation of surface defect states during the final fabrication steps, with a direct
impact on the electron density in the 2DEG. These surface effects can be alleviated
by introducing a passivation layer early in the process |73]. Another possible cause of
this degradation is the stress relaxation due to the release of the structure [105]. Using
an optical profilometer to measure the radius of curvature of the released resonators,

an initial compressive stress of 1.4 GPa was found at the GaN/Si interface.
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Figure 6-5: Measured frequency response of PE drive-HEMT sense AlGaN/GaN res-
onator, in air. The transconductance, g,, = Y21 — Y39, is suppressed when the 2DEG
under the drive electrode is depleted. The inset shows a FEA simulation of the cross-
section of the sense HEMT, where the color map represents the strain fields induced
at resonance.

In addition, a 2x reduction in the drain current in the saturation regime is ob-
served, caused by the high channel temperature. AlGaN/GaN HEMTs on Silicon
substrates have been shown to exhibit channel temperatures as high as 350°C' [106].
After the release step, the HEMT is thermally isolated, increasing the operational
temperature. This reduces the mobility of the 2DEG, which translates into an in-
crease in the channel resistance and a negative differential resistance at the output of
the HEMT, as observed in Figure 6-4 (b). Both stress and temperature effects can be
alleviated through an increased number of suspension beams of the resonator, which

has also been shown to suppress spurious modes and enhance @ [13].
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6.3.2 RF Behavior of RBT

Using HEMT sensing, resonators up to 3.5 GHz were realized and detected with
simple 2-port measurements as shown in Figure 6-5. The electromechanical transcon-
ductance is defined as:

Gem = Y21 — Y12, (6.4)

where Y are the admittance parameters measured for the 2 ports. The active device
is measured in air with 50 €2 termination. While a Line-Reflect-Match algorithm was
used to de-embed the testing setup up to the RF probes, no on-chip de-embedding
structures were used for this particular measurement. The resonance at 2.67 GHz has
Q of 650 in air with f-@ of 1.7 x 10'2, one of the highest reported in GaN resonators
to date. A COMSOL simulation of the stress distribution of this resonance is shown
as an inset in Figure 6-5, with maximum stress under the gate of the transistor. This
translates into an efficient modulation of the charge density in the channel of the
HEMT. It is also worth mentioning that this is the highest frequency contour mode
measured in GaN to date. As in the case of the passive device introduced in Section
4.4, applying a negative bias Vpe = —7 V to the drive transducer depletes the 2DEG

and suppresses the resonance signal, while reducing the drive capacitance Cy by 13x.

6.4 Mechanically Coupled RBTs

6.4.1 Principle of Operation

The RBT demonstrated above RBTs implements a single resonant cavity contain-
ing both drive transducer and sense transistor, resulting in direct electrical coupling
between the RF input and transistor terminals (Figure 6-6 (a)), which increases the
broad-band floor of the device. This parasitic feed-through is represented in the small
signal model in Figure 6-2 by the components Cp; and rp.

Another approach, is to embed the drive transducer and sense transistor in two
electrically isolated, mechanically coupled resonators (Figure 6-6 (b)). While me-

chanical coupling of two or more passive MEMS resonators has been previously used
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Figure 6-6: Schematic of GaN Resonant Body Transistor. (a) Placement of drive
transducer and sense transistor in the same acoustic cavity leads to broadband feed-
through. (b) Electrical isolation between drive transducer and sense transistor is done
by mechanically coupling two resonators.

to achieve tunable, low insertion-loss filters [107], this is the first implementation that

takes advantage of active transistor sensing [108|.

6.4.2 Experimental Results

Fig. 2 shows the SEM of a mechanically coupled GaN RBT, fabricated in an Au-free
HEMT process, as discussed in Section 3.2.2. Acoustic waves are launched piezoelec-
trically with an interdigitated transducer (IDT) in resonator 1. This first resonator
is mechanically coupled to resonator 2, via an array of beams of length equal to half
wavelength of the beam vibration at the desired resonant frequency. This guarantees
that the two bars will resonate in phase [107]. A HEMT is embedded in resonator 2
for sensing. At resonance, standing waves are induced in both drive and sense res-
onators, leading to strain fields that modulate the carrier concentration of the 2DEG
in the channel of the HEMT just as in the case of the single cavity approach.

While mechanically coupled RBTs can be implemented in various bulk or flexural
modes, in this work we focus on the zero order symmetric Lamb mode, Sy. We have
previously optimized and investigated the transduction capability of these modes in
standard MMIC technology (see Chapter 5), achieving @s as high as 8300 at 1.9
GHz and effective electromechanical coupling (kfff) of 0.39% for resonators between

1-2 GHz [90]. Figure 6-8 (a) shows a 3D simulation of 2 mechanically coupled Lamb
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Figure 6-7: SEM of mechanically coupled drive and sense resonators. Source and
drain electrodes, and two additional floating electrodes are patterned to match the
drive transducer. A 5-tether approach is implemented to allow for a larger heat sink
due to the HEMT current, as well as for improved power handling and spurious mode
reduction [13|. Trenches are patterned through GaN to provide stress relief and better
isolation between drive/sense.

(a) Resonator 1 (Drive) Resonator 2 (Sense) e

HEMT L
K
(b) Source Gate Drain’

Floating
electrode

Figure 6-8: (a) 3D mode shape of strongly coupled resonators. (b) Gate of sense
HEMT is placed at maximum strain. Source, drain and floating electrodes are pat-
terned to match drive IDT.
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Figure 6-9: Measured g.,, of mechanically coupled RBT in Figure 6-7 shows > 10x
reduction in broadband floor compared to previously reported results. Inset shows
180° phase shift corresponding to mechanical resonance.

mode resonators. The 2D cross-section of the strain under the HEMT, with maximum
modulation under the gate for optimal drain current modulation, is presented in
Figure 6-8 (b). The gate of the embedded HEMT is designed at 500 nm. Two
floating electrodes are patterned in gate metal on either side of the HEMT in order

to maintain mass loading symmetric to the drive IDT.

Low-velocity coupling

Figure 6-9 plots the measured electromechanical transconductance, gern,, of the device
shown in Figure 6-7. The 1.012 GHz resonance exhibits () of 3077, with f - product
of 3.1 x 10'2. The off-resonance floor in this device is below 0.8uS, which is > 10x
lower than previously reported GaN RBTs 7], [103] in this frequency range. This
corresponds to an SNR of 20.4. As discussed before, this broadband suppression is

critical for the realization of low phase-noise oscillators, especially when scaling to
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Figure 6-10: (a) DC behavior of embedded HEMT. (b) Dependence of g.,, on drain
voltage in the linear regime shows linear increase in acoustic transconductance, while
floor remains mainly unchanged. (c¢) Dependence of gem on gate voltage in the
saturation regime shows optimal performance when the gate is set to -2 V.
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Figure 6-11: SEM of mechanically coupled RBT, with coupling beam at maximum
velocity point. The embedded HEMT has two fingers, with gate length of 3.7 um.
Similar to the low-velocity case, trenches etched in GaN are used for stress relief and
better isolation be-tween drive/sense. An extra ground electrode is placed between
the RF input and gate for better shielding.

GHz frequencies. The effect of reduced broadband floor can be seen in the inset of

6-9, which shows a clear 180° shift at the mechanical resonance.

The DC behavior of the embedded HEMT used for electromechanical sensing is
shown in Figure 6-10 (a). The transistor drives a maximum current of 12 mA in
saturation, and has a threshold voltage of -4 V. The current degradation at drain
bias (Vpg) > 2 V can be attributed to self-heating, as the HEMT is released from
the substrate so the heat can only dissipate through the 5 anchoring tethers. In
Figure 6-10 (b), the dependence of g, on drain bias in the linear regime is shown,
exhibiting a linear increase in electromechanical transconductance at resonance. It is
important to note that the broadband floor remains constant independent of drain
voltage. This behavior yields an increase in SNR from 7.6 for Vpg = 0.9V to 13.6 for
Vps = 1.1 V. In Figure 6-10 (c), the effect of gate bias (Vzg) on the electromechanical
transconductance is shown for a fixed drain voltage. Optimal performance is obtained

when Vg is set to -2 V.
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Figure 6-12: Measured g.,, for double-gate RBT shows an acoustic transconductance
of 72 S, > 2x higher than previously reported GaN RBTs, with SNR > 50. Inset
shows DC IV characteristics of HEMT used for electromechanical transconductance.
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Figure 6-13: Measured resonant frequency shift with drain current for low-velocity
coupling device shows 0.2 % tuning capability.
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High-velocity coupling

Figure 6-11 presents an SEM of an RBT where the mechanical coupling between the
drive and sense resonators is realized at the point of maximum velocity. This design
opens up additional tethers on the sense resonator to enable routing for multi-finger
HEMTs, necessary to achieve higher electromechanical transconductance, gen. To
optimize performance, both gates of the multi-finger HEMT are placed at points of
maximum strain. The 2-gate transistor reaches a saturation current of 30 mA. The
measured g.,, for two drain bias points is shown in Figure 6-12. While there is a
small change in the broadband floor with biasing conditions, the floor at Vpg = 2V
is still smaller than previously demonstrated devices, while the g, of 72 uS is the
largest achieved in GaN RBTs to date. Possible reasons why this device provides less
isolation than the low-velocity coupling case include spatial proximity of electrode
routing outside the resonant structure, larger overlap area between the drive and
sense cavity, and a higher overall transistor transconductance. However, the SNR for

this device is higher than in the low-coupling case.

Frequency tuning

One consequence of HEMT sensing in the GaN RBT is self-heating of the suspended
structure, which is thermally grounded only through small suspension beams. This
self-heating leads to a change in the elastic constants of the resonant cavity, resulting
in a frequency shift. In Chapter 5 we found the temperature coefficient of frequency
to be —24.2 ppm/°C. Here, we investigate the frequency shift as a function of applied
drain current, as shown in Figure 6-13, with over 0.2% frequency shift at 6.6 mA bias
current. Besides heating, changing the DC bias point will lead to different static
electric fields through the structure. This could lead to nonlinearities associated
with the dependence of the elastic constants on strain, which could also explain the
frequency shifts seen here. The device provides a built-in microheater enabling tuning
capabilities for frequency drift compensation due to temperature, packaging stresses,

or other time-dependent parameters. Integrated microheaters have been previously
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used for tuning MEMS resonators, both in the case of capacitive [109] and piezoelectric

transduction [110].

6.5 Discussion and Benchmarking

Table 6.1: Summary of mechanical performance of state-of-the art GaN RBTs shows
100x improvement in SNR in this work

f Q Gu Imar gem floor SNR

GHz - mS mA uS uS —
Single cavity 267 650 25 75 6 14 0.4
Single cavity [103] 423 250 3 8 25 50 0.5

Coupled, low-velocity 1 | 1.013 3068 4.3 11 9 0.8 11.3
Coupled, low-velocity 2 | 1.013 3077 5 12 19 09 204
Coupled, high-velocity 2 | 1.015 530 10 30 72 14 514

We have demonstrated HEMT-sensed devices up to 3.67 GHz, the highest contour
mode resonance detected in GaN to date. We also developed a method for suppress-
ing off-resonance feed-through in GaN RBTs, enabling > 100x improvement in SNR.
These devices were fabricated in a Au-free process which has yielded the highest
f@Q products in GaN RBTs to date. At the same time, the RBTs presented here
achieved > 2x higher acoustic transconductance than previous GaN devices. Table
6.1 summarizes the results for 4 devices described in this work, including the single-
cavity device, 2 low-velocity coupled RBTs (one with Lgqe = 3.7 wm and the other
shown in Figure 6-7) and one high velocity coupled RBT (Figure 6-11). These res-
onators are compared with HEMT-sensed GaN resonators published in literature, and
demonstrate order-of-magnitude improvement in SNR. Realized in standard MMIC
technology, these devices can leverage strong piezoelectric coupling, large breakdown

fields, and high speed HEMTs for monolithically integrated, low phase-noise clocks.
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Chapter 7

Conclusion

7.1 Summary of Results

We were able to harness the electromechanical properties of the GaN heterostructure
by developing MMIC compatible resonator designs and fabrication methods. While
most HEMT processes use Au-based electrodes for low-resistance gates and to form
Ohmic contacts, Au has extremely high acoustic losses, which can lead to poor perfor-
mance of the MEMS. We developed an Au-free HEMT process at MIT and fabricated
for the first time GaN MEMS resonators in an Au-free HEMT process, with Qs of
more than 8000 at 2 GHz, showing the highest frequency-quality factor product in
GaN to date. With this performance, we then focused on demonstrating several
capabilities unique to GaN MMIC technology.

First, we showed the first DC switchable piezoelectric resonator. As the 2DEG
is conductive enough to serve as an electrode, we formed a piezoelectric transducer
across the AlGaN film between the 2DEG and a top Schottky metal electrode. Then
the resonator was switched between the ON and OFF states with a simple DC bias
to the top metal, which depletes the 2DEG electrode and therefore suppresses the
drive force. This depletion also results in a 13X reduction in the shunt capacitance
of the drive transducer, alleviating the issue of capacitive loading of the antenna in
large filter banks.

Next, using the 2DEG as electrodes for transduction was taken one step further
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in order to realize a completely metal free GaN resonator. This was done with a
simple shallow AlGaN etch that patterns the 2DEG into IDTs. When comparing the
performance of this device with an equivalent design that uses metal IDTs we noted
a 3x drop in the extracted mechanical @ of the device which can be associated with
the additional loss mechanisms induced by the metal itself, the interfacial scattering
and mass loading. This type of device can provide a way of directly interrogating the
material properties of the GaN crystal, in the absence of metal loading. While GaN
is heavily used in electronics and optics, people have only recently started using it
for MEMS resonators. As a result, the mechanical properties of the heterostructures
are not optimized for high acoustic performance. Having a tool that can intimately
characterize the material properties can be used for providing feedback to the material

growers and optimizing GaN heterostructures for MEMS applications.

Finally, recent years have seen a large push towards scaling of these resonators to
high frequencies (10s of GHz for personal navigation, LAN, satellite communications,
etc.) At such frequencies of operation passive resonators suffer from increased para-
sitics, especially a high capacitive floor, which eventually overwhelms the signal and
degrades signal-to-noise ratio (SNR). Active transistor sensing of the acoustic waves
can boost the SNR via an additional internal amplification of the mechanical signal
prior to external parasitics. We applied this concept to GaN technology, where we
can leverage piezoelectricity and high gain transistors. We demonstrated GaN Reso-
nant Body Transistors (RBTs) up to 3.5 GHz, the highest contour mode (defined by
in-plane cavity length) frequency in GaN resonators to date. To further enhance the
SNR of the RBTs, we then implemented the first mechanically-coupled RBT, where
the drive transducer and sense HEMT were embedded in two separate resonators
that were coupled mechanically via half-wavelength beams. This provided additional

electrical isolation, leading to 100x increase in SNR compared to previous devices.
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Figure 7-1: Circuit micrograph of 1GHz monolithic Pierce oscillator with GaN Lamb-
mode MEMS resonator [14].

7.2 Future Directions

The GaN platform developed in this thesis leverages both high performance piezo-
electric resonators and high gain active electronics showing high potential for high
sensitivity monolithic sensors as well as for investigating mesoscopic phenomena. The
availability of high gain transistors allows for a direct electronic readout of the me-
chanical signal. Already, in our research group, we were able to use the resonators
demonstrated in this thesis to build the first monolithic GaN MEMS-based oscilla-
tors, where active HEMTs along with passives and resonators are all integrated on

the same chip [14].

7.2.1 Sensors

Extending the functionality of our GaN resonators to include bulk resonant sensors
can lead to extraordinary breakthroughs in terms of sensitivity, stability and shock
reliability. We can use the strain dependent 2DEG in a variety of physical sensors,
especially inertial sensors. Typical resonant inertial sensors operate at lower frequen-
cies (10’s kHz to 10 MHz). In this range, we are not limited by the resistivity of the

2DEG, which allows us to use it instead of metal for electrodes. This can increase
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Figure 7-2: Heterostructures with band structures that contain multiple potential
wells can be realized (a). In the presence of an applied strain field (b), the bar-
rier height between the two 2DEG regions will change, leading to variations in the
tunneling probability between the two electron gases.

transduction efficiency, and lead to higher displacements, higher signal-to-noise ratio.
Additionally, active pick-off using HEMT sensing provides an increase in signal-to-
noise ratio, allowing for miniaturization and, implicitly higher shock reliability.
Another important direction is the collaboration with material growers to strain
engineer heterostructures that contain multiple 2DEGs. This can enable not only
new kinds of transduction and enhanced sensitivity in the case of sensors, but also
novel means of investigating phenomena such as quantum tunneling and mesoscopic
interactions. For example, such a multi 2DEG heterostructure can be used to enable

strain dependent tunneling from one 2DEG region to the other one.

7.2.2 Mesoscopic Physics

The ability to couple 2D electron systems and acoustic cavities enables the study of a
variety of quantum and mesoscopic phenomena. It can allow to investigate tunneling
between different 2DEG islands due to induced strain fields, as well as shot noise and
back action phenomena. A giant acoustoelectric effect resulting from the interaction
of the waves with the 2DEG has been demonstrated in GaAs systems [111]. Another
example of mesoscopic phenomena in such systems is the actuation of an acoustic
resonator through the back-action of electrons tunneling through a Quantum Point
Contact in an AlGaAs/GaAs heterostructure, as shown in [112]. While AlGaAs/GaAs
heterostructures involve modulation doping, AlGaN/GaN systems provide a higher

density 2DEG without the need for doping and are 5 times more piezoelectric which
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leads to higher magnitudes in the phenomena mentioned above. Larger SNR in these
studies can facilitate a shift from cryogenic test temperatures to more practical ranges,

enabling a new class of sensors and systems.
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Appendix A

Material Properties

A.1 Piezoelectric Wurtzite Materials

For the wurtzite crystal, the elasticity matrix is given by:

c1 ci2 c3 O 0 0
Cig C11 Ci3 0 0 0
Ci3 Ci3 Cs3 0 0 0
Chezagonal = ) (A 1 )
0 0 0 C44 0 0
0 0 0 0 Ca4 0

0 0 0 0 0 Ce6

and the piezoelectric matrix is:

0 0 0 0 €51 0
el=]10 0 0 e; 0 Of- (A.2)

e3; €31 esz 0 0 0

To compute the coefficients of AlGaN we use Vegard’s law for tertiary compound
materials to interpolate between the material properties of AIN and GaN [113]. Then
the material properties of GaN, AlGaN, and AIN are listed in Table A.1.
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Table A.1: Wurtzite GaN, AIN and AlGaN material properties used in simulations

Parameter GaN AIN AlGaN Units

Density P 6150 3255 5455  C/m?
Stiffness constants c11 390 410 395 GPa
C12 145 149 146 GPa
C13 106 99 104 GPa
C33 398 389 396 GPa
C44 105 125 110 GPa
Cos 122 130 124 GPa
Piezoelectric constants es1 -0.3 -0.58 -0.39 C/m?
eas 0.65 1.55 0.87 C/m?
e1s -0.33 -048 -0.39 C/m2
Dielectric constants €r 8.9 85 8.8 107MF/m

186



A.2 Isotropic Materials

The elastic properties of the isotropic materials used in the MMIC stack are listed

below.

The ohmic stack is composed of 25 nm of Tantalum and 100 nm of Aluminum.

We then compute equivalent material properties assuming the propagation of in-plane

waves through layered materials. For example, the density is given by the average of

the two layers’ density, weighted by their respective thickness:

POhmic =

_ paitar + pratra
tTa, +ta

and the acoustic velocity is given by

POhmic =

Yata + Yratra

partar + pratra’

(A.3)

(A.4)

where p, t, and Y represent the density, thickness and Young’s modulus of the layers.

Table A.2: Material properties of isotropic materials used in simulations.

Parameter Ni Ta Al Ohmic SisNy Units
Density p 8908 16690 2700 5498 2500 kg -m73
Young’s Modulus c1n 200 186 70 93 160 GPa
Poisson Ratio €31 031 034 035 025 0.31 C/m?
Phase Velocity v 4738 3338 5092 4117 8000 m/s
Resistivity el 69.3 131 282 488 - C/m?
Dielectric constant € - - - - 7 1071 F/m
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Appendix B

Fabrication Procedures

B.1 Au-free Fabrication Procedure

I: Alignment Marks

A. Deposit SiO2 hard mask
Use STS-cvd, recipe HFSiO. Deposition time is approximately 3:45 min to
obtain a thickness of 300 nm. In principle an oxide thickness of less than

200 nm suffices for the GaN alinment mark etch and is easier to pattern.

B. Coat with PMMA
Samples are dehydrated at 180C for 2 min. Use PMMA Spinner, PMMA
A1l1l, spread for 5s at 500 rpm, with acceleration 5000 rpm, spin for 45s
2000 rpm, acceleration 5000 rpm. Bake for 90s at 180C.
Note: when PMMA A8 was used, the film was too thin and it did not last
enough through the oxide etch.

C. Elionix Exposure
Use 40 nA current, with 20000 points resolution, 0.320 dose. Develop in
MIBK:IPA 1:2 for 90 sec.

D. Oxide Etch
Use a slow etch recipe to avoid resist burning: CH4H2 HU. Run it 3 times

(all 12 steps). Soak in acetone for 1 hour, ash in barrel asher for 10 min.
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E. GaN Etch
Clean the chamber with recipe 91. Run recipe 22, LP3. First condition

for 2 min on step 4, then etch for 7 min.

F. Remove Oxide Mask
BOE for 1 min (the HF oxide deposited in sts-cvd is porous and the etch

rate previously observed is approximately 290 nm per min.)
II: Mesa Etch

A. Coat with malN-2403
Use PMMA Spinner: spread for 5s at 500 rpm, with acceleration 5000 rpm,
spin for 45 s at 1500 rpm, acceleration 5000 rpm. Bake for 60 s at 95 C.
Note that this is true for the hotplate by the PMMA room, but it needs
to be checked for other hotplates.

B. Elionix Exposure
Used 40 nA current, with 20000 points resolution, 0.18 dose.
Note that the ideal exposure conditions for maN have been found to change
drastically with sample surface conditions, air humidity and shelf time of
the resist. As a result, it is important to run an exposure matrix before the
final exposure. Develop in MF-CD-26 for 120 sec. For etching purposes,
hardbake for 10 min in the low temp oven (95 C, called softbake) to increase

endurance of the mask.

C. AlGaN etch
Use GaNetch recipe. First condition the chamber by running full recipe
(250 sec). A 250 sec etch time will result in a 70 nm step height. Leave in

acetone for an hour; ash for 10 min in barrel asher.
ITT: Ohmic Contact

A. Coat with PMMA
Samples were dehydrated at 180C for 2 min. Use PMMA Spinner, PMMA
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A8, spread for 5s at 500 rpm, with acceleration 5000, spin for 45 s at 2000
rpm, acceleration 5000. Bake for 90s at 180 C.

B. Elionix Exposure
Used 40nA current, with 20000 points resolution, 0.320 dose. Develop in
MIBK:IPA 1:2 for 90 sec.

C. Metal Deposition and Anneal
Ashed in barrel asher at 800W for 5 min; then did H20 dip for 1 min,
H20:HC1 3:1 dip for 1 min, H20 dip for one min. Deposit metal in Ebeam-
Au: 5nm Ta, 100 nm Al, 20 nm Ta. Soak in acetone for almost 20 hours;
sonicated at power level 2 for 1 min. Ashed at 1000W in barrel asher for
10 min. Anneal in RTA 35 with recipe GaN600, in folder GaN for 10 min
at 600 C. Note that this tool was decommissioned, so a new recipe needs

to be optimized on the new RTP tool.
IV: Gate Metal

A. Coat with PMMA
Samples were dehydrated at 180C for 2 min. Use PMMA Spinner, PMMA
A8, spread for 5s at 500 rpm, with acceleration 5000, spin for 45 s at 2000
rpm, acceleration 5000. Bake for 90s at 180 C.

B. Elionix Exposure
Used 40nA current, with 20000 points resolution, 0.320 dose. Develop in
MIBK:IPA 1:2 for 90 sec.

C. Metal Deposition
Ashed in barrel asher at 800W for 5 min; no acid dip: oxidation actually
helps with gate leakage current. Deposit metal in Ebeam-FP or Ebeam-au:
100 nm Ni, leave in acetone over night. Squirted acetone and IPA. Ashed

at 1000W in barrel asher for 10 min.

V: Passivation
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A.

Nitride Deposition
Condition with 5 min of HFSIN. Use HF SiN with 1 min stabilization,
deposit for 8 min ( 62 nm); then MFSIN with 1 min stabilization, 8 min

dep (142 nm).

VI: Deep GaN Etch

A.

Coat with man-2403

Samples ware dehydrated at 180C for 2 min. Use PMMA Spinner: spread
for 5s at 500 rpm, with acceleration 5000, spin for 45s at 1500 rpm, accel-
eration 5000. Bake for 60s at 95C. Note that this is true for the hotplate
by the PMMA room, need to check for other hotplates.

. Elionix Exposure

Use 60000 points, current 2nA, exposure time 0.3. Develop in MF-CD-26
for 120 sec. Then reflow 125C for 60 sec to smooth the sidewalls of the

resist.

. Metal Mask Deposition

Deposit in Ebeam-fp: 5 nm Ti, 80 nm Ni. Leave in acetone over night and

sonicate for 2 min at power level 3.

. Etch Nitride

Etch in plasmaquest using CF4_ BL recipe for 350 sec. Condition the
chamber first by running entire process. Etched approximately 100 nm in

150 sec.

. Etch GaN

Etch in SAMCO, using Recipe 23 for 16 min.

. Remove Hard Mask

Nickel etchant for 2 min with hard agitation; Ti etchant for 10 sec.

VII: Open Via

A.

Coat with SPR 700-1
Use Coater: spread for 3s at 750 rpm, spin for 30s at 2000 rpm. Bake for
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90s at 95C. With a Q-tip soaked in acetone clean beading from the corners

of the piece.

B. MA-6 exposure
Low vacuum setting, 10 sec exposure. Postbake for 90s at 115C. Develop

in MF-CD-26 for 2 min. Hardbake for 90 seconds at 125 C.

C. Etch Nitride
Etch in plasmaquest using CF4 _BL recipe for 350 sec. Condition the
chamber first by running entire process. Etched approximately 100 nm in

150 sec. Soak in acetone for 2 hours; ash in barrel asher for 10 min.

VIII: Metal Pad

A. Coat with AZ-5214
Use Coater: spread for 3s at 750 rpm, spin for 30s at 2000 rpm. Bake
for 5 min at 80C. With a Q-tip soaked in acetone clean beading from the

corners of the piece.

B. MA-6 exposure
Low vacuum setting, 10 sec exposure. Postbake for 1 min at 110C. Flood

exposure for 100 sec. Develop in AZ 422 for 2 min and rinse with DI water.

C. Metal Deposition
Use Ebeam-au or Ebeam-fp, deposit 50 nm Ti, 250 nm Au. Soak in acetone
overnight, sonicate at power level 2 for 1 min. Ash at 1000W in barrel asher

for 10 min.

IX: Release Step

A. Coat with SPR 700-1
Use Coater: spread for 3s at 750 rpm, spin for 30s at 2000 rpm. Bake for
90s at 95C. With a Q-tip soaked in acetone clean beading from the corners

of the piece.
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B. MA-6 exposure
Low vacuum setting, 10 sec exposure. Postbake for 90s at 115C. Develop

in MF-CD-26 for 2 min. Hardbake for 90 seconds at 125 C.

C. Xe2F Etch
Etch in Xe2F using 30 sec etch cycles. Etch through 2-3 cycles at first to
get etch rate, which is highly dependent on surface area of the sample and
exposed silicon substrate. Ash in barrel asher for approximately 2 hours

to remove photoresist mask.
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Mesa Etch Ohmic Metal

Figure B-1: SEM of fabricated TLM structure used for extracting contact resistance
of Ta-based Ohmic metal to the 2DEG.

B.2 Au-free Ohmic Optimization

We use the Transmission-Line-Model (TLM) [114] to extract the contact resistance
of the Ohmic metal, as well as the sheet resistance of the 2DEG, as shown in Figure

B-1. The extracted DC IV characteristics are then fitted according to the model:

Rro = 2R + RS%, (B.l)

where R, is the total resistance measured between two different pads, Ro is the
contact resistance, Rg is the sheet resistance of the 2DEG, ¢ is the separation between
the two metal pads and W is the lateral dimension of the metal contact. Table
B.1 shows the extracted parameters for various Tantalum-based ohmic metalizations.
Dashed lines are used to represent cases when the linear Ohmic behavior has not been

established.



Table B.1: Performance of different Ohmic metallizations as a function of anneal
temperature.

Metalization (nm) Temperature (°C) Time (min) R (Q-mm) Rg(2/0)
Ta(10)/A1(100) /Ta(20) 525 5 — —
550 5 — —
550 10 — —
975 5 — —
575 10 — —
600 10 2.5 379
Ta(5)/A1(140) /Ta(20) 550 10 — —
575 5 — —
975 10 5.3 487
600 10 1.41 426
Ta(5)/Al(100) /Ta(20) 550 10 — —
575 5 — —
975 10 7.2 320
600 10 0.9 400
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