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Abstract

We present a Gallium Nitride (GaN) Lamb Wave resonator using a Phononic Crystal
(PnC) to selectively confine elastic vibrations with wide-band spurious mode suppres-
sion. A unique feature of the design demonstrated here is a folded PnC structure to
relax energy confinement in the non-resonant dimension and to enable routing access
of piezoelectric transducers inside the resonant cavity. This provides a clean spectrum
over a wide frequency range and improves series resistance relative to transmission
line or tethered resonators by allowing a low-impedance path for drive and sense elec-
trodes. GaN resonators are demonstrated with wide-band suppression of spurious
modes, f - Q product up to 3.06 x 1012, and resonator coupling coefficient k2Jf up
to 0.23%. (filter BW up to 0.46%). Furthermore, these PnC GaN resonators exhibit
record-breaking power handling, with IIP3 of +27.2dBm demonstrated at 993MHz.

Thesis Supervisor: Dana Weinstein
Title: Associate Professor
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Chapter 1

Introduction

1.1 Motivation

High Q, small footprint MEMS resonators are very promising for building blocks

in RF wireless communication, timing, inertial navigation, and sensing applications.

Their potential for monolithic integration with circuits provides critical benefits such

as the elimination of parasitic capacitance and inductance from bond pads and off-

chip routing, size, weight, and power scaling, and simplification of fabrication and

packaging. This thesis aims to leverage the unique properties of Gallium Nitride and

Phononic Crystal in improving the state of art MEMS resonator technology.

1.2 MEMS Resonator

Using mechanical resonators for RF signal processing has had a long history. They

have been widely used in cellular communication, television and etc. I list the main

categories as follows.

1.2.1 BAW and FBAR Resonators

Commercially available (Film Bulk Acoustic Resonator) FBARs are fabricated by

depositing piezoelectric AlN thin-films sandwiched between metal (often Mo) trans-
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duction electrodes on a sacrificial material such as silicon-dioxide. The AIN layer

is patterned to define the boundaries and anchoring tethers of the resonator, and

the sacrificial material is etched from underneath the acoustically active area to

create a free-standing device. In Surface Mount Resonator (SMR) topologies, the

metal/piezoelectric material/metal sandwich is deposited on an acoustic Bragg reflec-

tor stack. The reflector consists of alternating layers of nominally quarter wavelength

thick high and low acoustic impedance materials. The number of such layers depends

on the impedance ratio of the reflector materials and the desired reflection coefficient

of the reflector. FBAR resonators have low motional impedance and high power han-

dling. They are prevalent in filter systems in cellular communication system, but can

not be defined lithographically to serve multiple frequencies on the same chip.

1.2.2 Surface Acoustic Wave (SAW) resonator

Surface acoustic wave (SAW) devices are ubiquitous as signal processing elements in

communication system architectures and other electronic applications. The operation

of these devices is based on traveling or standing Rayleigh waves along the surface

of bulk piezoelectric substrates. The wavelength (and consequently frequency) of the

surface wave is determined to first order by the period of the interdigitated transducer

(IDT) electrodes. The acoustic path in SAW devices is often hundreds of acoustic

wavelengths long, which can result in ungainly form factors, particularly for IF de-

vices. Traditionally, the reliance of SAW devices on exotic bulk crystalline substrates

has precluded monolithic integration with conventional circuitry.

1.2.3 Electrostatic MEMS Resonator

Bulk mode electrostatic MEMS resonators fabricated using Polysilicon or single-

crystal silicon (SCS) device layer of silicon-on-insulator (SOI) wafers have been stud-

ied extensively The operation of these devices is based on driving either standing bulk

longitudinal waves across some lateral dimension or shear waves across the thickness

of an acoustically isolated structural plate. These structures are compatible with

10



system integration with circuits, but proves to be an inefficient driving mechanism,

leading to low transduction coefficient and high motional impedance.

1.2.4 Contour Mode Piezoelectric resonator

Recently researchers have started investigating the potential of contour mode MEMS

resonators in piezoelectric material platforms that can be more easily integrated with

circuits, such that multiple frequencies can be defined on the same chip, since the res-

onator frequency is not limited by film thickness and can be defined lithographically.

SAW resonators can be defined lithographically, but they usually require mm 2 scale

footprint, much larger than a contour mode MEMS resonator (10-100 pLm 2 ). Com-

pared to electrostatic transduction, piezoelectric transduction is much more efficient,

hence lower motional impedance and better integration with RF system, which has

50 Q for input-output impedance.

1.3 GaN Technology

GaN has become the second most popular semiconductor after Silicon due to its

excellent electrical property. With GaN's wide band gap (3.4 eV) and AlGaN/GaN

heterostructure, GaN exhibits high 2DEG mobility, electron velocity and break down

voltage, making it an ideal candidate for high power (>10 W/mm) and high frequency

applications.

In addition, GaN also has great electromechanical properties, such as high piezo-

electric coupling coefficient (electromechanical coupling k2 up to 2% in FBAR-like

structures) and low acoustic loss (resonator Q higher demonstrated above 5000).

Recent advances in GaN Monolithic Microwave IC (MMIC) technology have made

it an attractive platform for the realization of high performance MEMS resonators.

Compared to other piezoelectric material, GaN has the unique advantage of being able

to be integrated with High Electron Mobility Transistors (HEMTs). This presents

many opportunities for high power, high frequency applications.
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1.4 Phononic Crystal

This work focuses on the development of MEMS resonators for channel-select fil-

tering in RF receiver front ends. For a MEMS band pass filter, the presence of

spurious modes in the constituent resonators strongly impacts filter performance.

Resonators with a clean frequency spectrum help reduce ripples in the pass-band

and prevent interference from unwanted signals outside the pass-band. Conventional

MEMS resonator designs with free mechanical boundaries are inherently prone to

spurious modes, since free boundaries act as acoustic reflectors over all frequencies.

To resolve this issue, the resonator boundary needs to be frequency selective.

One way to define the MEMS resonator cavity with frequency selective confine-

ment is by using Phononic Crystals (PnCs), which involve periodic scatters to achieve

highly reflective boundary conditions only for frequencies in a specific range. This

acoustic band gap can be engineered based on the unit cell size and material con-

figuration. Research in micro-scale PnCs has progressed rapidly in the past decade

with band gap optimization at GHz frequencies in Si and SiC [101 [5] and high-Q

resonators in Si, AlN and ZnO [7] [6] [2]. High-Q resonant cavities using PnCs have

been previously defined either as defect modes in a uniform 2D PnC (Fig. 1(a)) or

as a suspended slab with free boundaries in the non-resonant dimension (Fig. 1(b)).

While the acoustic band gap of these PnCs helps reduce resonance outside the band

gap, these structures provide no spurious mode suppression inside the band gap.

Furthermore, transducers must be routed through the PnC in these configurations,

leading to resistive loading of Q.
In this work, we demonstrate a new resonant structure leveraging both PnC acous-

tic confinement and the electromechanical benefits of GaN. The proposed GaN folded

PnC structure (1-1(c)) provides several important benefits:

1. wide-band spurious mode suppression, both outside and inside the PnC band

gap, through relaxed confinement in the non-resonant dimension,

2. low-loss electrical routing to the resonant cavity to incorporate drive and sense

transducers inside the resonator,

12
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Figure 1-1: 3 types of PnC resonator configurations

3. improved heat dissipation relative to other PnC or tethered resonators, and

4. robust design that is immune to residual stress and handling. Using the folded

PnC design, these improvements can be achieved while maintaining quality

factor and transducer coupling comparable to traditional tethered resonators.

13

free boundary



14



Chapter 2

Background

The background chapter aims to help readers understand the how MEMS resonator

works and its various specifications. I will focus on the less obvious aspects, which I

find not obvious. For a more thorough introduction of MEMS resonators, please refer

to Dr. Phil Stephanou's PhD thesis [9] and Ville Kaajakari's Practical MEMS book

[4]

2.1 MEMS Resonator Modeling

Motion equation:

n-j2 + b j+kx F (2.1)

RLC circuit equation:

L t2 q+ R -+ q V (2.2)

Mapping between the electrical domain and mechanical domain:

L = I (2.3)

C = (2.4)
k
b

R = - (2.5)
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where is transduction coefficient i is defined as

1-
W1 (2.6)

VIL C m

Quality factor Q can be written in the following form

b O - 1wC (2.7)
b Rw,,C

Q mk (2.8)
R b

For a given transducer configuration, namely Cm/C is determined by geometry

and frequency, the relative peak height is directly related to quality factor Q, as can

be proved easily, using Y11 for example

V1v L
Relative Peak Height = R 1 ___c (2.9)

- RwoCo R
1/(jwoCo)

Simply making the structure larger by a factor a, assuming

* electrode or transducer configuration remains the same

o anchor loss is neglected

quality factor Q should not be affected, thus the relative peak height should remain

the same. This is because:

Vam- ak Vr mk
Q ar m (2.10)

ab b

2.2 Resonator Coupling factor k 2
cf f

The resonator coupling factor k 2 is defined as the ratio difference between the series

resonance and parallel resonance in the measured frequency response.
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2

eff = )2 (2.11)
P

Resonator coupling factor is an important device specification, since it is closely

related to filter insertion loss and achievable bandwidth. It measures the efficiency

that electric energy is converted to acoustic energy in the resonator. Quality factor

Q, on the other hand, measures how well the resonator can retain its vibrational

energy. Thus coupling factor kif and Q can be thought as two orthogonal measures

for the resonator performance, and the Figure of Merit (FOM) for acoustic/MEMS

resonators can be defined as:

1 -k2
FOM - -2 effQ (2.12)

keff

when k'ff is small compared to 1,

FOM ~ keffQ (2.13)

When using BVD model to represent an acoustic resonator, coupling factor is

largely and fundamentally determined by the ratio between the motional capacitor

and the feed through capacitor (Cm/Co), but it is still subject to the influence of Q,

when kiffQ is not >> 1.

An BVD model is used to investigate in what regime and how does keH, depend

on Q. As shown in the circuit diagram, C., Co, Lmn and Rm, are chosen to give a series

resonance at 1GHz, a capacitor ratio (crn/co) of 0.05%. The motional impedance is

varied to give variable quality factor in the range of 1000 to 10, 000.

As can be seen from Fig. (2-1), as quality factor Q increases, series (maximum of

Y11)and parallel resonances (minimum of Y11) become gradually closer, leading to a

decrease in keff. As Q increases and kffQ gets larger than 4, ki1 fstarts converging

to its fundamental limit, cm/co = 0.05%. Despite of the trade off between Q and

k 2 when Q is small, FOM is a monotonic function of Q, and keeps increasing as Q

gets larger. cm/Co determines the fundamental limit of k 2 1 , which is subject to the
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influence of Q when kff Q is small.

-60 0.25

0.2
-70 01

0.15

0-80 - 0.1 .
E

-998 1 1.002 0 5000 10000
Frequency (GHz) Q

6 0.25

5 0.2
0 4

3 ef20. 15

0 5000 10000 0.10 0.1 0.2
Q Cm/Co (%)

Figure 2-1: kff and FOM's dependence on cm/co and resonator quality factor Q

2.3 Phononic Crystal

Phononic Crystal (PnC) refers to a structure with periodic variations in their me-

chanical properties, analogous to its photonic counterparts (PC), which has periodic

variations in their electromagnetic properties. These structures have gained a lot

of attention in recent years due to their unique frequency characteristics which are

not seen in conventional bulk materials with uniform properties. As in any periodic

structure, plane wave becomes a block wave and takes the following form in ID :

Uk ~ U(X)ej(kx-wt) (2.14)

where u(x) is a envelope function that has the same periodicity as the PnC. There

are several very important implications. The first of them being that the dispersion

relationship (w vs k plot) becomes periodic in k space. The second important im-

plication is the presence of a band gap, namely, there exists a frequency range, at

which no wave can propagate through. Intuitively speaking, every location that the

material property changes, the wave is scattered due to impedance mismatch. For

frequencies in the band gap, the scatterings are in phase with each other and conse-

quently all the energy is reflected, meaning no transmission or propagation. This is a

18



direct consequence of the periodic dispersion relationship, since if the Wvsk plot can

extend to infinite k, there would not be any frequency gap.

To simulate the band structure and, more importantly, to get the band gap of the

PnC, an eigenfrequency simulation is performed on the unit cell with floquet boundary

conditions. A full list of eigenfrequencies of the unit cell is calculated at each k. After

a parametric sweep through all the k inside the Brillouin zone, a complete band

structure for the PnC structure can be derived. For more details related to periodic

structures, block waves, photonic crystals, please refer to following reference [3].
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Chapter 3

Design and Simulation

This chapter explains the different considerations and various trade-offs in designing

a folded PnC MEMS resonator. The sources of spurious modes, choice the PnC

structure and specific choice of folding angle (0) and cavity length (L) are discussed.

Fig. 3-1 illustrates the schematic of the folder PnC resonator, with folding angle

0, cavity length L, non-resonant dimension and resonant dimension labeled on the

graph.

3.1 Spurious Modes

In the context of a MEMS resonator, spurious modes are unwanted vibrational modes,

which will be excited along with the desired mode that the resonator is designed for

to provide efficient frequency selection at the required frequency. One of the most

common types of resonators made of piezoelectric materials like GaN is the lamb

wave resonator, shown here with interdigitated (IDT) transducers. The lamb mode

resonator is so popular because multiple resonance frequencies can be lithographically

defined on a single chip. While this bar resonator is great at exciting the lamb

mode (So), its overall filter performance suffers due to the disadvantage that it is

also efficient at exciting a bunch of spurious modes, as shown in a typical frequency

spectrum for such freely suspended resonator in Fig. ??.

Spurious modes exist because the resonance structure has infinite number of eigen-

21



Non-resonant
dimension

f Resonantfdimension

Figure 3-1: Simulated frequency spectrum for a typical free-boundary MEMS piezo-

electric lamb wave mode resonator.

modes and the designed resonance mode is only one of the infinite many modes. Spu-

rious modes will be detected on the sensing as long as the following conditions are

met:

1. The spurious mode shape has nonzero overlap with the driving ans sensing

transducers. In typical designs, driving ans sensing transducers have similar

configuration for effective detection of the desired resonance mode. For one

port devices, The same set of IDT transducer is used for both driving and

sensing. This condition is equivalent to requiring that the transduction factor

77 7 0.

2. Vibrational energy of the spurious mode can be confined, namely quality factor

Q 7 0.

Researchers have tried to suppress the spurious modes by tweaking the resonator

dimensions or using electrode patterning [1]. The first approach attempts to push

the unwanted modes to frequencies far from the desired resonance, but can never

completely eliminate the unwanted response and is irreproducible for a different ge-

ometry. On the other hand, electrode patterning attempts to overcome the first

condition (q 7 0) by reducing the overlap between the transducers and spurious

modes. This approach often introduces complicated transducer design and electrode

22
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Figure 3-2: Simulated frequency spectrum for a typical free-boundary MEMS piezo-
electric lamb wave contour mode bar resonator.

routing. Both approaches are limited by the specific geometry and mode shape of the

resonator, limited to a relatively small frequency range and not capable of providing

wide band spurious mode suppression. In response to the limitations for conventional

spurious mode suppression techniques, a frequency selective boundary condition is

proposed for spurious mode suppression. Namely, the resonator boundary is effec-

tive for energy confinement only around the desired mode's frequency, and serves as a

leaky confinement for all other frequencies. Such kind of frequency selective boundary

condition overcomes the second neccessary condition for spurious modes to exist. As

shown in Chapter 2, band gap is one of the unique properties of periodic structures.

Only waves at a certain frquency inside the bandgap can be reflected by the periodic

structure, making PnC the perfct frequency selective boundary condition for spurious

mode suppression.

3.2 Spurious Modes Inside the Bandgap

While the PnC resonator inherently suppresses spurious modes outside the band gap,

it can still support resonance whose frequency happens to reside inside the band gap.

Energy confinement along the non-resonant dimension must therefore be relaxed while
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Figure 3-3: Simulated frequency spectrum of PnC resonators with free boundaries
along the non-resonant dimension and PnC resonators with folder PnC structure.

maintaining high Q for the fundamental mode. These design considerations motivated

the folded-PnC structure, in which square lattice PnC segments are designed at a

folding angle 0 relative to the main PnC to provide good confinement for the desired

mode while minimizing standing waves formed in the non-resonant dimension by

providing a leaky path along the non-resonant dimension. Fig. ?? shows the frequency

spectrum of a PnC resonator with free boundaries along the non-resonant dimension

and the frequency spectrum of that exact same structure, but with free boundary

replaced by the the folded PnC structure.

For the folded PnC resonators, it was found that the majority of spurious modes

found inside the band gap are due to harmonics established in the non-resonant

dimension.

Fig. 3-4 shows the spurious peaks inside the band gap and their individual mode

shapes, verifying that the spurious modes are due to standing wave patterns formed

along the nonresonant dimension.
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i. Fundamental mode ii. Is Spurious mode iii. 2nd Spurious mode

-80 -
L/a =28
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Sf3=539.4MHz f 5 =543.6MHz
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-120 -
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Frequency (MHz)

Figure 3-4: Simulated resonator mode shape and frequency spectrum. Compressive
strain field along the resonant dimension is plotted.

3.3 PnC Selection

A square lattice PnC was chosen to define the resonant cavity of the folded PnC

resonator. The PnC unit cell is a square block with a finite thickness defined by the

GaN layer thickness, and a circular hole at the center as illustrated in Fig. 3-5(a).

For the irreducible Brillouin zone (IBZ) in Fig. 3-5(b), the PnC band structure of

the 537 MHz (unit cell a = 5.6 jtm) resonators in this work is given in Fig. 3-5(c).

It should be noted that the PnC does not have a complete band gap. Rather, there

are only band gaps from 0 to X and from X to M but not from 0 to M. This partial

band gap is sufficient for the designed resonator since the PnC needs to be reflective

only in the resonant dimension, namely 0 to X. Since acoustic wave can propagate in

the PnC structure when vibration frequency is outside the band gap, there will not

be any spurious responses outside the band gap.
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Figure 3-5: 3 types of PnC resonator configurations

While the PnC resonator inherently suppresses spurious modes outside the band

gap, it was found that the majority of spurious modes found inside the band gap

are due to harmonics established in the non-resonant dimension. Energy confinement

along the non-resonant dimension must therefore be relaxed while maintaining high

Q for the fundamental mode. These design considerations motivated the folded-PnC

structure, in which square lattice PnC segments are designed at a folding angle 6

relative to the main PnC to provide good confinement for the desired mode while

minimizing standing waves formed in the non-resonant dimension.

3.4 Performance dependence on folding angle 0

Using 3D finite element method (FEM) simulations in COMSOL, folded PnC res-

onators with varying folding angle 0 were investigated for their quality factor and

spurious-free frequency range (SFFR). In these devices, Q is limited by acoustic losses

to the substrate. To capture this loss in the FEM simulation, Perfectly Matched
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Figure 3-6: COMSOL simulated resonator performance, including Q, spurious-free
frequency range (SFFR), and resonator coupling coefficient k 2ffor varying PnC fold-
ing angle 9 and cavity length L, normalized to the PnC unit cell length (a = 5.6ptm
at 537 MHz).

Layers (PMLs) were implemented on the perimeter of the device beyond the PnC.

Simulations included Multiphysics piezo-electric transduction to determine the 1-port

response of the resonator. Q and SFFR were then extracted from a multi-pole fit to

the 1-port admittance of the resonator. Simulated results of the angular dependence

of Q and SFFR are shown in Fig. 3-6(a), where the angle 0 = N/A corresponds to

a PnC resonator of length L with completely open boundaries in the non-resonant

dimension (no folded PnC segments). The simulated GaN resonator with interdigi-

tated trans-ducer (IDT) has a 7th harmonic SO Lamb mode around 537 MHz, using

a PnC unit cell length of a = 5.6pm. A constant folded segment length of 5 unit cells

was chosen for this design. The PnC band gap is established between 467 and 562

MHz.

As can be seen in Fig. 3-6(a), the presence of the folded PnC improves Q by a

factor of over 2 above a critical angle between 30-45', but tends to introduce spurious

modes near the desired resonance. This can be explained by the role of the folded
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any additional anharmonic spurious response.

PnC segments in reflecting some radiated energy from the openings for all frequen-

cies within the band gap, providing high Q for the fundamental mode but enabling

standing waves orthogonal to the resonance which result in additional modes within

the band gap. At all angles of the folded PnC segments, and even in the limiting case

where no folded segments exist (0 = N/A), undesired harmonic modes along the non-

resonant dimension are established due to the finite length of the PnC and driving

electrodes which results in a break in translational symmetry. As already shown, Fig.

(3-4) plots the 1-port frequency response of a simulated folded PnC resonator and the

mode shapes of its main resonance and spurious modes. A device with longer cavity

length (L/a = 28) is chosen for better illustration of harmonics in the non-resonant

dimension and the two spurious modes established within the band gap correspond

to the 3 rd and 5 th harmonics. Even harmonics are suppressed due to symmetry of the

driving and sensing electrodes. For a fundamental mode frequency fi centered in the

band gap, the frequency of the nth harmonic spurious mode can be approximated to

first order by

nv 2
fn = (3.1)

where v is the wave velocity along the non-resonant dimension and fo is the

resonance frequency of the So Lamb mode in the case when cavity length L is infinite.

As can be seen in Fig. (3-4), these harmonics are significantly attenuated relative to

the fundamental mode. This attenuation is attributed to signal cancellation in the

IDT and to the openings designed on the central axis of the folded PnC structure,
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which not only route the transducer signal to the resonant cavity, but also relax

energy confinement for waves traveling in the non-resonant dimension. At certain

folding angles, additional anharmonic spurious modes not predicted by (3.1) arise due

to scattering off the "defect" at the folding point of the PnC. The folding structure

can be treated as a interruption of the translational symmetry of the square lattice or

a "defect". It is found from FEM simulation that at 0 = 50', these spurious modes

are entirely suppressed, achieving SFFR comparable to the case of no folded segments

(0 = N/A). This is illustrated in Fig. 3-7.

Moreover, at 0 = 50 resonator Q is twice as high as that of the resonator without

folded segments. Hence, this folding angle was selected for all designs in this work.

3.5 Performance dependence on cavity length L

A similar trade-off exists between Q and SFFR as a function of cavity length L,

which also strongly affects resonator kff. Simulation results of this dependence are

presented in Fig. 3-6(b) and (c). As L increases, resonator volume and therefore total

stored energy increase. Meanwhile, energy loss is dominated by radiative losses at the

PnC openings on the resonator's central axis, which only depends on aperture size and

local energy density. Thus, for a given folding angle and folded PnC aperture at the

openings, the ratio between stored energy and energy loss increases with L leading

to a higher Q. A larger L also leads to smaller SFFR since increasing L brings

spurious modes closer to the main peak, consistent with (3.1). On the other hand,

shorter resonators will have spurious modes pushed to higher frequencies, causing

those modes to be more attenuated as they are closer to the PnC band gap edge. For

a short enough cavity, spurious modes can even be pushed outside the PnC band gap

and become significantly attenuated, potentially eliminating all spurious modes inside

the band gap. However, such design requires very small L, resulting in a reduced Q of

the fundamental mode and increased motional impedance. The decrease in k'ffwith

increasing L (Fig. 3-6(c)) is mainly a side-effect of the increase in Q. For the same IDT

transducer configuration, scaling the cavity length L does not affect Cm/ Co, where

29



Cm is the motional capacitance of the resonator and C, is the nominal capacitance of

the transducer as defined in Chapter 2, since both the mode and electrodes extend

equally with L in the non-resonant dimension. When Q CO/Cm1 , the series and parallel

resonance of the mode shift apart, making k 2 larger than Cm/Co. As Q increases,

the two resonances move closer together, decreasing k 2f, which approaches Cm/C

when Q(Cmn/Co) >> 1. For the devices in this work, Q(C m /C) 0.5 - 1, a regime

where the trade-off between Q and kff still exists. Consequently, the increase in Q

corresponding to increased cavity length L leads to a drop in k' f, as observed in

simulation.

30



Chapter 4

Experimental Results and Analysis

4.1 Fabrication

As in any other MEMS project, it is fabrication that brings a design to life. Thanks

to Laura Pope's hard work, I am able to test these PnC resonator designs. All the

fabrication and SEM images involved in this thesis were done by Laura.

Folded PnC resonators were fabricated in MIT's Microsystems Technology Lab

(MTL) using Raytheon's MMIC GaN-on-Si heterostructure, comprised of AlGaN(25

nm)/GaN(1.7 pm) grown on (111)-Si using Molecular Beam Epitaxy (MBE). A shal-

low AlGaN etch was used to remove the 2D electron gas (2DEG) between the Al-

GaN/GaN layers and allow for transduction in the GaN layer. A 100 nm layer of

Ni (used as the gate metal for GaN HEMTs) was then deposited and patterned to

define piezoelectric IDTs. The choice of Ni for the electrodes is a departure from

conventional Au electrodes found in GaN MMICs, as Au is mechanically lossy and

is known to reduce resonator Q. Since these devices are processed side by side with

GaN HEMTs, a PECVD Si 3N4 layer (150 nm) was deposited to passivate the surface

and protect the 2DEG channel. A deep C12 GaN etch then defined the PnCs and

thus the acoustic cavities. Metal pads (50 nm Ti/300 nm Au) were then connected

to the gate electrodes through vias in the passivation layer. Finally, a XeF 2 etch

released the resonators from the Si substrate. Fig. 4-1 depicts the cross section of

the final suspended resonator. An SEM of one of the fabricated PnC resonators (De-
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Si N 150 nm

AIN seed layer PnC

Figure 4-1: Cross section of MBE GaN resonator on Si.

Port I-

Figure 4-2: SEM of Device 1. IDT transducers (Ni) are routed into the resonant

cavity through the openings. It is connected through vias to the probe pads, which

are made of Au/Ti.

vice 1) is shown in Fig. 4-2, with cavity length L of 157 pm, folding angle 0 = 500

and resonance at 516 MHz. This fabrication process is compatible with GaN HEMT

technology [8].

4.2 Frequency Response and Analysis

Devices were tested under vacuum in a Cascade PMC200 RF probe system. A stan-

dard 1-port S-parameter measurement was performed using an Agilent 5225A Net-

work Analyzer with on-chip open de-embedding structure up to the routing electrodes

outside the cavity. The measured 1-port device admittance was fitted to a modified

Butterworth-Van Dyke circuit to extract resonance parameters, with a shunt capaci-

tor and resistor used to model the feed-through. We compare the performance of two

devices with resonant dimension defined based on the structure in the simulation in
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Figure 4-3: Measured frequency response of Device 1 with wide and narrow sweeps
showing spurious-free spectrum.

I a(pm) L/a fo (MHZ) RM (kQ) Q kyg
Devi 50 5.6 28 516 10 2924 0.10%
Dev2 500 5.6 14 528 30 1160 0.23

Table 4.1: Measured performance comparison of GaN folded PnC resonators

Fig. 3-4 to demonstrate the behavior and design trade-offs of the folded PnC res-

onator. Labeled "Device 1" and "Device 2", the parameters of these resonators are

provided in Table 4.1.

Fig. 4-6 shows the wide-band and zoomed in (inset) frequency response of Device

1, exhibiting a clean spectrum over >750 MHz range. Device 2 is identical apart from

its cavity length, which is half that of Device 1. The i-port frequency response of

Device 2 is shown in Fig. (4-4). Reducing the cavity length by 2 x decreases Q by

2.5 x but improves kiff by 2.3 x. This trend is in accordance with simulation (Fig. 3-

6) in which a 4 x decrease and 1.6 x increase are expected for the same length scaling

for Q and kiff, respectively.

In the interest of scaling to higher frequency, a third folded PnC resonator (Device
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Figure 4-4: (a) SEM of Device 2, with La = 14. (b) Measured 1-port frequency

response and fitted resonator parameters.
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Figure 4-5: SEM of Device 3 at 993 MHz (a = 2.3pm) (b) Measured d-port frequency
response and fitted resonator parameters.

3) was demonstrated at 993 MHz, achieving an f - Q product of 3.06 x 1012 . The PnC

used for Device 3 has a band gap of from 940 to 1040 MHz. The SEM, frequency

response, and fitted parameters for this structure are shown in Fig. 4-5. The harmonic

spurious modes described by 3.1 can be seen more clearly in Device 3, since the

frequency difference between the fundamental mode and the first spurious mode is

the same as in the case of Devices 1 and 2, but at 993 MHz the fractional difference

is smaller. Table 4.2 lists fundamental resonance frequency, spurious frequencies and

their spacings. It can be seen that Af2 3 = 2A f12 and Af35 = 2Af13 , consistent

with the prediction based on (3.1). The 2nd harmonic spurious mode in this device

appears due to slight misalignment of the IDT electrodes.
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h h h A f2
992.7 993.3 994.5 998.1 1003.1
Af1 2  Af 23  Af 13  Af3 5  Af5 7
0.6 1.2 1.8 3.6 5.0

Table 4.2: Spurious modes frequencies and spacings in Device 3.

4.3 Nonlinearity and 11P3

Finally, an IP3 measurement was performed on Device 3 to characterize the device's

power handling capability, a critical metric for filter applications. Two interfering

tones with same power, spaced at 300 kHz and 600 kHz, were combined to drive the

resonator. At the output, the signal at the resonant frequency was detected due the

3rd order nonlinearity of the device. Measurement results and calculated IIP3 are

shown in Fig. 10. Input power has been calibrated to represent the power incident

onto the device input port. The folded structure PnC resonator exhibits IIP3 of +27.2

dBm, the highest reported in a GaN resonator to date. This is attributed to improved

thermal conductance offered by the PnC boundaries relative to tethered structures.

The actual measurement setup is more involved than simply applying the two

off-resonance frequencies, since it is practically impossible to align the mixed signal

perfectly with the resonance. A stable frequency source is set at f, - 2Af to provide

one of the two interfering signal. The other one is provided through a frequency

sweep centered at f, - Af at the same power level using VNA. Before feeding both

either signals to the mixture whose output then drives the resonator, a low pass filter

with a cut off frequency between f, and 2f, is applied to both signals. The purpose

for the low pass filter is to eliminate the second and above harmonics contained

in the interfering signal. Since these harmonics in the interfering signal may also

mix with each other and index nonlinearity frequency components at the resonance,

thus affecting the accuracy of IIP3 measurement, which characterizes the 3 d order

nonlinearity of the Device Under Test (DUT) under two pure interfering signals. At

the sensing port of the resonator, a spectrum analyzer is used to detect the various

frequency components contained in the sensed signal. The alignment of the IM3 signal

peak and the resonance frequency is detected by operating the spectrum analyzer in
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Figure 4-6: Cross section of MBE GaN resonator on Si.

MAX HOLD mode. The peak value of the IM3 signal when the alignments happens

is used as for extrapolating the IM3 line in the output power vs input power plot.

There are two main sources of nonlinearity, thermal and vibration amplitude.

" Thermal effects cause resonator nonlinearity, since temperature will affect the

stiffness and piezoelectric coefficient, leading to changes in resonator frequency

and motional impedance.

" Linear piezo-electricity and stiffness are only valid for weak electric field and

small displacement. High driving power level induces large vibration amplitude

and strong electric field, leading to nonlinear resonator behavior.

4.4 Temperature Coefficient of Temperature

As mentioned, the potential for integrating GaN MEMS with GaN circuits is promis-

ing and can lead to many benefits for RF communication applications and among

them, timing is an exciting domain. A thermally stable frequency source is crucial

in using MEMS resonator for timing applications. We measured the Temperature

Coefficient of Frequency for the PnC GaN resonator to be -23ppm/K. This is con-

sistent with the intrinsic Temperature Coefficient of Elasticity (TCE) for GaN. One

possible approach that we will explore is to use Silicon Oxide, which has an intrinsic

positive TCE of +90ppm/K, to perform passive compensation for the GaN resonator.
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Selecting the correct locations for passive compensation and optimizing compensation

result under fabrication variation will be interesting topics to look at.
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Chapter 5

Conclusion

We introduce a new RF MEMS resonator using a folded PnC structure to achieve

wide band spurious mode suppression. The usage of Gallium Nitride fabrication

technology that is compatible with HEMT process and the usage of Phononic Crystal

for wide band spurious mode suppression are the two main unique innovations this

work brings to the field. Devices show clean frequency response over a wide bandwidth

(>500MHz). At 993 MHz, high f -Q product of 3.06 x 1012 was demonstrated, on par

with the best results in GaN to date. Furthermore, the device exhibited large power

handling of over +27 dBm potentially afforded by improved thermal dissipation in

the large-perimeter PnC. This design leverages GaN MMIC technology, providing a

low barrier-to-entry solution for monolithic timing and RF wireless communication

applications including GHz MEMS front end band pass filters with excellent spurious

mode suppression, linearity, and frequency selectivity.

Applying acoustic meta-materials such as Phononic Crystal on Gallium Nitride

material platform to improve MEMS resonator performance will be the focus of my

future study in the PhD. Better understanding on the Temperature Coefficient of

requency, nonlinearity of GaN MEMS resaontors, eliminating the releasing step by

making the resonator attached to the substrate will be interesting topics to look into.

Optimizing the PnC design for better quality factor and cleaner spectrum, and using

PnC's nonlinear band structure to manipulate acoustic wave can potentially introduce

brand new concepts and design into the field of MEMS resonators.
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