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ABSTRACT

Integrating piezoelectrics with the standard complementary metal-oxide-semiconductor
(CMOS) process presents new opportunities for monolithic microelectromechanical systems
(MEMS) with scaled size, weight, and power (SWaP). Unlike traditional electrostatic transduction
in CMOS platform, piezoelectric actuation allows higher sensitivity and electromechanical
coupling, and as such, has been recently adopted by foundries like TSMC and Globalfoundries in
their standard CMOS lines for commercial MEMS applications. In this research, a tunable
ferroelectric capacitor (FeCAP)-based unreleased RF MEMS resonator is presented, integrated
seamlessly in Texas Instruments’ 130nm ferroelectric random-access memory (RAM) process. To
achieve high-quality factor (Q) of the resonator, acoustic waveguiding for vertical confinement
within the CMOS stack is studied and optimized. The FeCAP resonator is demonstrated with
fundamental resonance at 703 MHz and Q of 1012. This gives a frequency-quality factor product
f+Q =7.11 x 10! which is 1.6x higher than the most state-of-the-art Pb(Zr, Ti)Os (PZT)
resonators. Moreover, ferroelectric poling parameters are investigated to demonstrate bias-
dependent pole/zero transitions accompanied by 180° phase shift in multiple mechanical modes of
the device. The resonator’s Butterworth-Van Dyke (BVD) model is modified to capture this unique
switching and frequency-hopping mechanism. The designs are monolithically integrated into
solid-state CMOS technology, with no post-processing or release etch step which is typical of other
MEMS devices. These novel switchable resonators may have promising applications in on-chip
timing, ad-hoc radio front ends, and chip-scale sensors.

In order to best leverage these new CMOS-MEMS resonators for RF signal processing,
synchronized clock arrays, and on-chip sensors requiring a network of such resonators working
together, we require the ability to route and manipulate mechanical signals within the CMOS stack.
At high frequencies of operation, it is particularly important to minimize propagation losses and
control the dispersion of elastic waves. Therefore, this research also proposes the design of new
acoustic metamaterials in order to localize, guide, and split elastic waves with low dispersion.
These designs will be prototyped in an AIN piezoelectric platform for the proof of concept but can

translate with small modifications to direct CMOS implementation.
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1. INTRODUCTION

1.1 Motivation

Signals can be superimposed upon various types of analog waves, the two most promising
and widely used waves are electromagnetic waves and mechanical waves. With high wave velocity
and high attenuation in air, it raised challenges for deploying electromagnetic waves in most recent
short-distance applications including 5G cellular, infrastructure, or multiple machine-to-machine
communication [1], [2]. Compared to their electromagnetic counterparts, mechanical waves have
low velocity and low propagation loss in high-quality materials. Mechanical signals can therefore
be transmitted, confined, or processed on-chip with short distances. Some examples of the various
functions provided by MEMS for mechanical signal processing include: resonators [3]-[7], filters
[8]-[11], circulators [12], [13], correlators [14], oscillators [15]-[18], delay lines [19]-[23] etc.

However, one challenge of mechanical signal processing lies in the efficiency of conversion
between the electrical and mechanical domains. Complex systems that require multiple processing
elements typically use each electromechanical component independently- input and output signals
are provided in the electrical domain. Signals are typically transmitted or received via metal wires
between components. However, each time when the signal is transferred from one domain to the
other, there is unavoidably some inefficiency and therefore energy loss. Instead, to increase the
energy efficiency of the overall system, it is desired to reduce the number of conversions — keeping
the signal in the mechanical domain for more signal processing steps. Therefore, in this chapter,
we will start with assessing some conventional approaches of superimposing analog signals upon

mechanical waves.

1.2 Conventional Approach

Mechanical waves have been extensively explored and studied over the past few decades.
Generally, depending on the location of the mechanical wave motion, on-chip mechanical waves
can be categorized as either bulk acoustic wave (BAW) where the wave is propagating through the
entire bulk of the structure, or surface generated acoustic wave (SGAW) [24] where the wave

motion is only at the surface.
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Acoustic wave mode

BAW SGAW
I | | | |
S-BAW L-BAW FBAR Lamb waves PSAW SAW
I l LSAW
TSM APW FPW
(QCm)
TEM | | Tsm || e R-SAW | | sezawa | | sH-saw || Love wave |

Figure 1.1 Classification of different on-chip acoustic wave modes [24].

As shown in Fig. 1.1, BAW can be further divided into shear BAW (S-BAW), longitudinal
BAW (L-BAW), thin-film bulk acoustic wave (FBAR), and lamb waves. Depending on the
coupling of the motion along thickness direction with other directions, FBAR can then be further
split into thickness extensional mode (TEM), thickness-shear mode (TSM), and lateral field
excitation (LFE) mode [24]. As such, SGAW can also be categorized into multiple groups. Except
for SAW, other key types include pseudo-surface acoustic waves (PSAW) or leaky SAWSs
(LSAW). Again, depending on the wave motion on the surface, SAW can be further categorized
into Rayleigh SAW (R-SAW), Sezawa mode, Shear-horizontal SAWs (SH-SAWSs), and Love
wave[24].

Upon the invention of interdigitated transducers (IDT), on-chip acoustic waves can then be
actuated and sensed effectively [25]. Depending on the specific wave motion, on-chip mechanical
signals can be superimposed and processed through either SAW or BAW. Therefore, in the

following subsections, we will review few applications of SAW and BAW in signal processing.

1.2.1 SAW Devices

Surface acoustic waves can be generated on any free surface of the elastic solid, but it was
not until 1965 before the first demonstration of SAW transduction using IDTs [25]. One of the
major benefits of the SAW-based devices would be the capability of controlling elastic waves

using planar structures. In addition, with no releasing or post-processing requirements, it also has
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a relatively simple and high-yield fabrication process [26]. Therefore, in the past few decades,
SAW transduction has been successfully implemented in 3G and 4G RF front end, especially as
RF resonators [27], filters [28], [29], oscillators [30], [31], delay lines [32], waveguides [33], etc.

REF oT DT

(b)

:

:
i L=5mm
- >

Directional coupler
In | Outl
| | | | || | |\\i— 4000 pm
IDT (input) + IDT (output)

1 | I | Out2
! 1 Propagation length L
AIN films ZnO nanorods and ZnO seed layer

(c) (d)

Figure 1.2 Examples of SAW implemented in piezoelectric materials for (a) resonators [27], (b)
filters [28], (c) delay lines [32] and (d) waveguides [33].

Shown in Fig. 1.2 are few successful implementations of SAW in major piezoelectric
materials (AIN, ZnO, PZT etc) as resonators (Fig.1.2 (a)), filters (Fig. 1.2(b)), delay lines (Fig.
1.2(c)) and waveguides (Fig. 1.2(c)). Despite its different functionalities, the surface elastic waves
are all actuated and sensed by IDTs. However, with the recent development of wireless
communication, it is desired to deploy the mechanical devices to obtain higher processing speed
(5G or Wifi 6 for example), namely, to superimpose the mechanical waves at a higher frequency.
However, the surface acoustic wave velocity is typically larger than the bulk acoustic wave

velocity. Also, the pitch size of the IDT is inversely proportional to the resonant frequency (d «

%). The dimension of the actuation or sensing IDTs needs to be very small to operate at ultra-high-

frequency (UHF) range. On the contrary, while the mechanical wave propagates at the surface of

the structure, part of the energy also leaks into the bulk with amplitude exponentially decaying. As
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the attenuation decreases with the increasing wavelength, the devices need to be fabricated in large
size to compensate for this wave propagation loss [34]. Therefore, these contradictory

requirements determine the current limitation on the operating frequencies for SAW devices [29].

Performance

Conventional SAW
BAW
T passive LC, LTCC, |@

1 GHz 2GHz 25GHz 35GHz Frequency o

Figure 1.3 Commercial applications mapped to SAW and BAW [35].

1.2.2 BAW Devices

To overcome the drawbacks for SAW-based devices, instead of wave propagates only at
the surface, manipulating the wave motion within the entire bulk of the solid is actively
investigated these days [15], [35], [36]. As mentioned in the previous subsection, the bulk wave
velocity is typically lower than the surface wave velocity, thus it provides the potential of GHz
frequency operation. Few successful examples of BAW resonator design using piezoelectric
materials have already been illuminated in the literature. Here we specifically demonstrate two
system-level examples of BAW devices successfully implemented as RF filters and oscillators [3],
[18].

As shown in Fig. 1.4(a), leveraging GlobalFoundries 200 mm RF silicon-on-insulator
(RFSOI) technology and integrate piezoelectric AIScN at the BEOL, a switchable ladder-type filter

composed by lamb mode resonators is demonstrated, operating at 2.4 GHz Bluetooth band as well
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as 3.5 GHz B42 band [3]. The standalone BAW resonator achieved a corresponding Q and Ker
of around 1500- 3000 and 6.7%, which translates to full coverage of Wifi and B42 bands. The

corresponding overall insertion loss is less than 1.5 dB[3].

Figure 1.4 Examples of BAW devices implemented as RF (a) filters [3] and (b) oscillators [18].

Besides, leveraging the in-house GaN technology, a Pierce and Colpitts type switchable
GaN oscillator is shown in Fig. 1.4(b). The standalone Lamb mode resonator is operated at 1 GHz
with corresponding Q and kes? of 4250 and 0.24% respectively [18]. The oscillator is operated at
1GHz with a maximum FOM of -205.9 dBc/Hz in an area of 0.057 mm? Both devices are
switchable but under different mechanisms. The GlobalFoundries’ filter utilized the front-end
transistors as “real” RF switches while the GaN oscillators directly operate the 2D electron gas
(DEG) at the AlGaN/GaN interface. Both devices can be seamlessly integrated with the standard
CMOS process, which will greatly save the footprint and budget in large arrays, increase the yield,
reduce the parasitic and power consumption.

The R&D efforts on BAW devices had been very active over the past decade and will remain
active as new technologies including 5G, Wifi 6, internet of things (1oT), wearable radars [37],
mm-wave imaging [38], and high-resolution actuators, sensors [39], [40], etc. come into being,
focusing on the high-frequency operation while maintaining reasonable temperature stability,
electromechanical coupling coefficient kei? and resonant Q [36]. The demanding performance of

these systems alongside requirements for miniaturization, lower power consumption, and lower
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cost have pushed the limits on what conventional technology can currently achieve [41]. With a
high-Q and small footprint, integrate traditional MEMS resonators in the standard CMOS process,
namely a CMOS-MEMS resonator, can provide ideal RF building blocks for large bandwidth, low

insertion loss filters, low phase noise clocks, sensitive and accurate sensors, and beyond.

1.3 CMOS-MEMS Resonators

Even though MEMS has developed over six decades, challenges still remain as to how to
properly integrate MEMS with standard 1C. Mainly, there are two approaches to integrate MEMS
with standard CMOS - either fabricate MEMS and CMOS on separate dies with independent
fabrication processes or monolithically integrate MEMS within standard IC processes. The
separated fabrication approach would unavoidably require additional wire-bonding processes to
properly connect the CMOS die with MEMS die, thus introducing extra stress and impedance
mismatch into the system, which would be the dominant barrier, especially for high-frequency RF
applications.

On the other hand, the monolithic integration approach has become one of the mainstreams in
CMOS technology to reduce power and cost. Mainly, the MEMS steps can start either before the
CMOS process (MEMS-first) or after the CMOS process (MEMS-last). Apart from the newly
established MEMS-CMOS filter design by Globalfoundaries (as shown in Fig. 1.4), TSMC has
also released a process that successfully integrates metal-insulator-metal (MIM) capacitor after
standard CMOS process[42]. Besides, S.S. Li’s and G.K. Fedder’s groups have also devoted a lot
of efforts, demonstrating a couple of resonators[43]-[45]. Typically, no matter whether it is
MEMS-first or MEMS-last process would require additional lithography masks and fabrication
steps. This would then increase the overall complexity of the process, increase the risk of yield
reduction, and would dramatically increase the cost.

Therefore, in recent years, more and more researches, including this dissertation, has focused
on directly integrating the MEMS design with standard CMOS process with few if not breaking
any of the design rules. The first pioneering work of the unreleased MEMS resonators integrated
into commercialized standard CMOS technology was demonstrated by Radhika et al. in 2012. This
work is directly integrated within IBM’s 32nm SOI technology without any releasing, assembly,
or postprocessing [4]. This demonstrated resonator incorporates a longitudinal-mode bar driven

electrostatically and sensed using standard FET. The gate voltages are applied on two gates of
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the independent-gate FInFET forcing the active region into inversion and accumulation. The RF
signal is applied on top of the accumulation gate, forming an electrostatic force. The other channel
is biased in inversion, forming a flowing drain current. At mechanical resonance, leveraging the
piezoresistive effect, the drain current modulated by the elastic waves can be picked up.

Followed by this internal dielectric transduction, a new class of CMOS-MEMS resonators

working at frequencies ranging from 3 GHz [46] to 32 GHz [47] have been put forward.
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Figure 1.5 SEM of the unreleased resonant body transistor (RBT) in Globalfoundaries’ 32nm
SOl technology. The figure is adapted from [46].

Indicated by Fig. 1.5 is an unreleased RBT integrated within Globalfoundaris’ 32nm SOI
technology where the unreleased resonators were leveraging the MOS capacitors inherent to the
process for electrostatic actuation to drive acoustic resonance in a solid-state acoustic ‘cavity’
defined using the CMOS layers.

A waveguided mode was found at 3.2GHz with an estimated Q of around 13,500, which marks
1000x higher Q than an LC resonator in a 10,000x smaller footprint. As this is fully integrated
within the standard CMOS process, no post-processing of any kind is needed [48]. However, the
electromechanical transconductance g,, in this case is on the order of 100nS. This high insertion
loss (IL) would make oscillator or filter design very challenging. Thus, instead of traditional planar

sensing transistors, the Globalfoundaries’ 14LPP FinFET technology is leveraged to reduce the IL
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and boost the g,,(the SEM is shown in Fig. 1.8). More recently, continuous sheets of copper in all
BEOL layers were used to form an acoustic reflector. A waveguided mode at 33.7 GHz is found

below the sound cone, which prohibits the elastic wave from propagating into the bulk, allowing

only evanescent modes.
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Figure 1.6 SEM of the resonant fin transistor (RFT) based on Globalfoundaries 14LPP
technology [47].
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Figure 1.7 Measurement of the 32.5 GHz resonance with an estimated Q of about 1,200.
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The characterized g,,, is shown in Figure 1.9 where a 32.5 GHz resonance was found with an
estimated Q of about 1,200. Compared with resonators on 32 nm SOI technology, g,, is increased
to a few uS. While this has proved the effectiveness of FINFET to maximize output signal despite
electrostatic drive [47], the IL is still at a high level especially for integrating these resonators in
filters or oscillators operating at high frequencies. Therefore, to fundamentally increase the return
loss and bandwidth of electrostatic transduction, thus increasing the driving force density,

piezoelectric transduction is selected as a replacement.

1.4 Piezoelectric Transduction

The piezoelectric effect is first demonstrated by Jacques and Pierre Curie in 1880 [49].
Piezoelectricity refers to the effect where electric charges are accumulated at a certain area of a
solid material under mechanical deformation and vice versa. The coupling between electrical and
mechanical domain can be characterized by the following equation:

S=sg-T+d'"E

D=d-T+erE
where, S, T, E, D represent the strain, stress, electric field, and electric displacement respectively
[5], [36]. The high energy density, low power configuration, ease of frequency scaling makes
piezoelectric transduction mechanism a widely used solution for the past few decades in various
situations, including actuators, sensors, resonators, etc. [36].

Due to the large transduction efficiency between electrical and mechanical domain,
piezoelectric materials have been widely used in MEMS resonator design as well, widely used
piezoelectric materials include aluminum nitride (AIN) [50]-[52], gallium nitride (GaN) [53], [54],
zinc oxide (ZnO)[55], [56], lithium niobate (LiNbO3)[57], etc.

While all these are good candidates for the RF front end (RFFE) applications, to utilize the
RF bands more efficiently, the unused components are expected to turn off when unused. Hence,
there would unavoidably be additional RF switches placed side-by-side with those piezoelectric
components, which would lead to additional cost, footprint, and losses. Therefore, a tunable RF

MEMS resonator is greatly desired and invaluable for RFFE application.
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1.5 Ferroelectric Transduction

One of the promising candidates for realizing a tunable RFFE component is through the
ferroelectric transduction mechanism.

As suggested by Fig. 1.7, all ferroelectric materials are essentially piezoelectric materials
with an additional feature of polarization been built within the structure due to the lack of crystal
central symmetry. This generated polarization can then be adjusted either heated or cooled [58].
In particular, ferroelectric material refers to a class of certain materials of which the spontaneous

electric polarization can be reversed by applying an external electric field [59].

32 Crystalline Classes
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20 piezoelectric
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Non pyroelectric 10 pyroelectric
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Non ferroelectric ferroelectric
! !
ZnO, AIN, PZT, Si:HfO,,
GaN, GaAs BaTiO;, HZO

Figure 1.8 Crystalline material classification [60].

A typical hysteretic variation of polarization with respect to the changing electric field is
plotted by Fig. 1.8.
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Figure 1.9 Typical hysteretic variation between the polarization and external electric field for
ferroelectric materials [61].

When the electric field is applied on the ferroelectric material from zero to maximum, the
polarization is first increased following the black curve from minimum towards the
maximum/saturation polarization. Then, when the electric field is changing from the max positive
to the max negative and vice versa, the polarization is varied in a non-linear manner and formed a
hysteresis closed loop. Several important terms should be defined here and will be used in the later
sections:

B.: Remanent polarization. This is the term defined as the residue of the polarization when the
electric field is removed from a poled ferroelectric material.

Ec: Coercive electric field or coercive field. Thisis the electric field where the ferroelectric material
is no longer polarized.

Ps: Saturation polarization. This is the maximum polarization that the ferroelectric material can
reach.

Therefore, if a ferroelectric material is formed as a metal-ferroelectric-metal (MFM)
capacitor, upon operation, the ferroelectric material can be poled at the saturation polarization,
inducing the electric field within the stack. Once a small signal vg is applied at the resonant
frequency, a corresponding mechanical resonance can be obtained. Moreover, once the

ferroelectric material is biased at E¢, the material is no longer poled and thus no internal electric
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field is built. Hence, the MFM resonator could have the potential to demonstrate some switching
capabilities.

Inthe rest of this section, we would like to introduce few widely used ferroelectric materials.

1.5.1 Scandium Doped Aluminum Nitride (Al1-xScxN)

Doping the wurtzite crystalized AIN has become a hot topic in the past years. Without
breaking the crystal structure, the fundamental motivation of doping the AIN is to increase the
electromechanical coupling coefficient (k?) herein while maintaining the full compatibility with
standard IC. The maximum k2 reported so far is around 19% and it is achieved when the Sc/Al
concentration is approximately 43% near the phase boundary between wurtzite and cubic crystal
[62]. Yet, incorporating Sc within AIN usually leads to non-uniformly distribution of Sc, possibly
as a consequence of preferential phase separation of the ScN rocksalt and AIN wurtzite crystals
[24]. The heavier the doping of Sc within AIN, the larger the non-uniformity within the crystal.
This would possibly lead to higher internal material losses and lower Q on the AIScN based

devices.

10,08V 14 4enm 6500 SE(M)

Figure 1.10 SEM for the AIScN resonator [63].

More recently, a ferroelectric behavior is found with Al1.xScxN when x>27% [64]. The
AIScN grown at VTT technical research center in Finland has been used to form a metal-
ferroelectric-metal (MFM) resonator. The demonstrated k¢ isabout 18.1% with a Qm of 328.5 [63].
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1.5.2 Hafnium Zirconium Oxide (HZO)

The discovery of ferroelectricity in HfO2-based thin films can be traced back to 2011[65].
Due to similar chemical and physical properties between Hf and Zr, doping the HfO2 with Zr
(~50%) can illustrate very stable and robust maximum ferroelectric polarization with a very thin
film (< 50 nm). In the meantime, HZO can be annealed at around 400°C to 600°C, making it fully

compatible within BEOL of standard CMOS flow [66], [67].

Due to its strong ferroelectric properties, thin-film HZO has been widely used in ferroelectric
memory devices like FeFET or FeERAM [67]. Leveraging the large piezoelectric coefficient, fully
conformal deposition, and full integration within standard CMOS, ALD deposited thin-film HZO

has also been applied to piezoelectric transducers[68], [69].
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Figure 1.11 SEM of a doubly-clamped HZO based resonator [69].

Figure 1.10 demonstrated a most recent clamp-clamp beam HZO based resonator where
the central material stack is formed by 10nm TiN/10nm HZO/10nm TiN[68]-[70]. A Q of 1930

was observed at 195 kHz flexural mode resonance [69].
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1.5.3 Lead Zirconate Titanate (PZT)

Compared with more recently discovered AIScN or HZO, PZT is a more conventional
material that has been widely used in various fields. The first lead zirconate titanate ceramic was
discovered by researchers at the Tokyo Institute of Technology around 1952 [71]. Due to its high
piezoelectric coupling efficiency as well as wide operating temperature range, PZT has become a
popular piezoelectric material since then. The maximum electromechanical coupling coefficient
for bulk PZT can reach up to 70%. Inspired by the discovery of bulk PZT, in the
microelectromechanical community, thin-film PZT can be grown by sol-gel, RF sputtering,
MOCVD, or jet vapor deposition processes and is widely utilized as actuators, sensors, energy

harvesters, and piezoelectric micromachined ultrasound transducers (pMUT) [72].

Figure 1.12 Schematic of PZT based pMUT and cantilever actuators [72], [73].

Few PZT based piezoelectric transducers are shown in Fig. 1.11, the actuator or transducer
is typically formed by sandwiching the PZT by the top and bottom metal electrode. Upon
operation, the electrical signal at the pre-designed resonant frequency is applied to the actuator.
Dueto the large piezoelectric coefficient, strong actuation pulses or displacement can be generated.

At the same time, PZT also has ferroelectric properties that enable tunable structures or
devices. Leveraging the ferroelectric characteristics, PZT based FBARs have been demonstrated
as switchable and tunable resonators [11], [74]. Specifically, Zinck et al. demonstrated a PZT
based FBAR operating at 1.4 GHz with Q of 85 and k¢ of 7.3% [74]. Larson et al. compare PZT

properties at ultrahigh frequencies from different deposition methods [75]. It is observed that the
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elastic attenuation is directly related to the density and surface smoothness of the thin film. From
the resonator’s point of view, these drawbacks will greatly affect the Q. Therefore, a standardized
fabrication process is needed to reduce these elastic attenuations and obtain proper Q.
Unfortunately, lead is regarded as one of the major contamination resources for standardized
CMOS process, one of the drawbacks for the PZT related devices was that it could not be integrated
with standard IC until the commercially available FRAM came along.

Thanks to the development of ferroelectric random-access memory (FRAM), recently, PZT
based nonvolatile FRAM is commercially available from several vendors including Ramtron,
Texas Instruments, and Fujitsu. Instead of the front-end process, the PZT thin film can be built by
adding additional photomasks at the Back-End-Of-Line (BEOL) process [76]. Hence, FRAM
demonstrates successful integration of high-performance PZT ferroelectric thin films within
standard complementary metal-oxide-semiconductor (CMQOS) technology [76]. Thanks to the
Texas instrument’s ferroelectric RAM (FeERAM) technology which has successfully integrated
ferroelectric PZT in the back-end-of-line (BEOL) process of the 130nm CMOS technology.
Leveraging this special IC platform, it is possible to build a CMOS-MEMS resonator with a higher
electromechanical coupling coefficient, smaller footprint, and lower cost.

In this thesis, the design, characterization, and discussion of the first tunable ferroelectric
capacitor (FeCAP) based unreleased RF MEMS resonator will be demonstrated. The designs are
monolithically integrated seamlessly in Texas Instruments’ 130nm Ferroelectric RAM (FeERAM)
solid-state CMOS technology, with no post-processing or release step typical of other MEMS
devices [77].

A wave-guided mechanical resonance is targeted, implemented, tested, and discussed. A
comprehensive model for the resonator is developed and analyzed. In the meantime, thanks to the
ferroelectric characteristics of the PZT, except for the on/off state, the designed mechanical

resonance can switch between resonant pole/off/zero states [78].

1.6 Thesis Outline

This thesis starts with a general introduction of signal processing superimposed upon
mechanical devices. Leveraging its slow wave velocity and low loss in high-quality materials,
either mechanical SAW or BAW devices have been deployed in cellular or base station radio

communication systems. Even though SAW or BAW devices have been massively manufactured
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and commercialized in the past few years, new structures or devices aiming at low cost, footprint,
loss, complexity, and power consumption but targeting for the high frequency and high yield are
still actively explored. One of the promising approaches would be integrating traditional
piezoelectric MEMS resonators within standard CMOS processes. Hence, this thesis demonstrates
the first of its kind of piezoelectric PZT MEMS devices successfully integrated within Texas
Instruments’ ferroelectric RAM standard process. Implementing piezoelectric PZT within standard
process not only greatly reduced footprint, parasitic as a standalone single device but also reduced
the budget as well as power consumption dramatically in a large array.

The thesis includes 6 chapters including this introductory chapter. Chapter 2 described the
FeCAP based resonator’s design process in detail. The FeCAP array is split into multiple periodic
sections with each section designed as a waveguide in which the mechanical motion is mostly
confined at the piezoelectric thin layer. Multiple approaches of boosting Q are applied including
uniform vias and uniform terminations at the sides.

Chapter 3 demonstrates an interesting phenomenon obtained from those FeCAP based
resonators. If the FeCAP is biased in a standard two-port manner, the mechanical resonance in
transmission Sy; can be tuned between zero, pole, and zero states. An equivalent circuit has been
developed to model the mechanical resonator and to understand the switching mechanism. This
chapter explores the potential of the FECAP resonator being implemented as a promising
switchable RF front-end component.

While the first 3 chapters demonstrate a new piezoelectric resonator as a BAW device that
can be used to manipulate mechanical waves traditionally. Starting from Chapter 4, an acoustic
metamaterial-based mechanical signal processing approach is introduced and explored. As an
artificial periodic material, acoustic metamaterial has demonstrated few unexpected physical
phenomena, namely, the mechanical bandgap and negative refraction.

Chapter 5 presents the mechanical resonance induced by asymmetric AIN-based acoustic
metamaterial. The obtained mechanical resonance is very localized so that the corresponding band
within the dispersion relationship is flat with group velocity close to zero.

Chapter 6 illustrates a new guided negative refraction effect induced by the asymmetric
acoustic metamaterials. The elastic wave is guided along the diagonal of the unit lattice and split

into three branches at the acoustic metamaterial and bulk AIN interface. Leveraging this unique
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structure design, this chapter explores the ability to guide, trap, and split elastic waves with low

dispersion.
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2. FERROELECTRIC CAPACITOR BASED UNRELEASED
RESONATORS

A version of the chapter has been reprinted with permission from Nature Microsystems &
Nanotechnology.

Y. He, B. Bahr, M. Si, P. Ye, and D. Weinstein, “A tunable ferroelectric based unreleased RF
resonator,” Microsystems Nanoeng., vol. 6, no. 1, pp. 1-7, Dec. 2020

As illustrated by section 1.4, the nonlinear hysteretic behavior of the ferroelectric electric
polarization has driven fundamental investigation and commercial development for IC memory
and has sparked a class of devices termed ferroelectric RAM (FERAM or FRAM). Texas
Instruments (T1) E035 FeERAM technology has integrated ferroelectric PZT in the back-end-of-
line (BEOL) process of their 130nm CMOS technology. Leveraging this IC platform, we can
realize ferroelectric-based CMOS-MEMS resonators with higher electromechanical coupling
coefficient (k?) than their electrostatic counterparts. The boost in performance facilitates larger
bandwidth filters, lower power oscillators, and higher frequency tolerance to fabrication variations.

In this chapter, the piezoelectric resonators designed in Texas Instruments’ Ferroelectric RAM
(FeRAM) process will be demonstrated [79]. The technology contains ferroelectric PZT capacitors
integrated within the metal layers of the CMOS stack, utilizing the hysteresis characteristics for

memory devices (shown in Figure 2.1 [80]).
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Figure 2.1 Schematic of the cross-section of Texas Instruments FeERAM device [79].
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2.1 Simulation and Design

2.1.1 Dispersion relations

In order to define the resonance mode with the highest Q and transduction efficiency,
acoustic waves must be well confined vertically in the CMOS stack with stress maximized in the
PZT layer within the ferroelectric capacitors. Analogous to optical waveguide design, this is
achieved using acoustic waveguiding within the CMOS stack. Assuming an infinitely long
translationally invariant structure, we first determine the dispersion relations of the CMOS stack
to define modes restricted to propagation in the plane of the wafer.

The device is first divided into multiple periodic unit cells with lattice constant a (with the
schematic shown in Fig. 2.2(a)). To impose lateral (x-direction) translational symmetry, the left,

and right boundaries are defined as Floquet periodic boundary conditions

-

Up(7) = U, (7) - e 7 (2-1)
where 1, and i are the displacement field at the left and the right boundaries of the single unit
cell. k is the wave-vector which, due to the periodicity of the lattice, can be determined from the
reciprocal lattice with a periodicity of m/a. This corresponds to the lateral width of the first

irreducible Brillouin zone in the reciprocal lattice (shown in Fig. 2.2(a)). The corresponding

schematic of the unit cell is shown in Fig. 2.2(b).
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Figure 2.2 (a) Schematic of the first irreducible Brillouin zone in 1D case. (b) Schematic of the
corresponding unit cell.

Two-dimensional finite element analysis is then performed in COMSOL Multiphysics® to
map these waveguided modes. By applying Perfectly Matched Layers (PML) at the top and bottom
of the device, no reflections from these boundaries are considered, approximating an infinitely
thick Si substrate as well as a thick, acoustically lossy dielectric layer in the BEOL. By searching

the eigenmodes along the first irreducible Brillouin zone, the dispersion relations can be mapped.
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Figure 2.3 (a) Dispersion relation showing the vertically confined mode. Modes in the sound
cone are free to propagate into the bulk Si substrate and cannot be well confined. (b) The
corresponding displacement field of the localized mode shape of the unit cell FeCAP.

The resulting dispersion relation for the acoustic modes in the CMOS stack is shown in Fig.
2.3(a). Each point in the dispersion relation corresponds to an eigenmode of the periodic FeCAP
structure. This dispersion relation can be divided into three regions separated by sound-lines (red
and blue) represented by w = ¢ - k where c is the corresponding longitudinal (blue) or shear (red)
acoustic velocity in the Si substrate. Above the longitudinal sound-line is a region where all modes
are free to propagate, referred to as the “sound cone”. Additionally, below the shear sound line
exist several discrete modes with sufficiently low acoustic velocity, indicating that the elastic
waves are prohibited from propagating in the bulk and the elastic energy is therefore confined in
the BEOL region of the CMOS chip. The resulting solid-state acoustic waveguide assumes
translational symmetry with a period of a. Any perturbation along the wave propagation direction
will generate scattering, which will then result in the coupling of different waveguided modes and
decrease the Q [46]. It was previously shown that driving along k, = m/a is beneficial for
reducing scattering to the sound cone, enabling higher Q [46]. In the meantime, the farther away
the activated mode from the sound line, the better confinement the resonator will achieve. It is
found that a device with trapezoidal FeCAP spanning 1.4 um and two 0.6um wide metal layers
above it exhibits the best vertical acoustic confinement. Hence, Fig. 2.3(b) shows a vertically
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confined mode at 700 MHz where the strain is well contained in the FeCAP, W via, and Cu

metal[78].
2.1.2 FeCAP Design

Several designs are put forward and optimized. The details of the optimization process are

summarized in Supplementary Information.
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Figure 2.4 (a) Schematics of the resonator with only the main resonant cavity (b) containing both
main cavity and two terminations at the sides, and (c) with the main cavity, terminations, and
traditional square vias replaced by rectangular vias.

To optimize lateral confinement of the acoustic mode, termination of the acoustic waveguide
in the plane of the wafer must be carefully considered. In Design A (Fig. 2.4(a)), the resonator is
abruptly terminated at either end of the transducer region, leading to larger impedance mismatch,
and subsequent scattering loss. In Design B (Fig. 2.4(b)), dummy FeCAP unit cells are added to

either end of the transducers. These elements are spaced with the same period as the FeCAP
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transducer region. In this way, the boundaries of the transducers are extended towards the ends
and the scattering losses inside the transducer region can be minimized.

The waveguided modes are optimized based on 2D analysis, assuming infinite uniform
geometry in the transverse direction 0Z. To make the fabricated device match most closely with
this approximation, one would maintain the structure in oZ direction as continuous as possible
ensuring high Q and minimization of spurious modes. However, as is traditionally found in IC
technology, discrete-block vias are used to electrically route the FeCAPs to the first metal layer.
Instead, in certain permutations of the FeCAP resonator, discrete (“square”) vias are replaced with
continuous, rectangular, “wall-like” vias. to avoid scattering losses along 0Z direction, as shown

in Fig. 2.4(c).

Figure 2.5 Cross-sectional scanning electron micrograph (SEM) of the CMOS-MEMS FeCAP
based resonator [78].
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The corresponding scanning electron micrograph (SEM) of a side view schematic of the proposed
resonator is plotted in Figure 2.5, showing an array of trapezoidal FeCAPs each spanning 1.4 um
in length, connected to Cu strips by W vias. The resonator consists of 20 transducers alternating
with 2 um periodicity to form the resonant cavity. The resonator has an overall footprint of 108

pMm by 7 pm.

2.2 Experimental Results and Discussion

2.2.1 Ferroelectric Polarization-Electric Field (P-E) Characterization

The ferroelectric properties of the FeCAP were first characterized to investigate PZT film
behavior. Polarization-Electric field (P-E) measurement was carried out on a Radiant Technologies
RT66C ferroelectric tester, shown in Fig. 2.6. The operational voltages for the FeCAPs are limited
between -1.5 V and 1.5 V by dielectric leakage. A coercive voltage of 0.3 V is obtained with
remnant polarization of 16.86 xC/cm?. Whenever the applied voltage is beyond the coercive field,

the internal electric field direction would be flipped. The saturation polarization, in this case, is 38

uClem?,
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Figure 2.6 Measured hysteresis of ferroelectric PZT FeCAP polarization. For efficient
piezoelectric transduction, a polarization voltage Ve between -1.5V and 1.5V is applied across
the device.
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It should be noted that, as demonstrated by the PE hysteretic loop in Fig. 2.6, there is a
discontinuity at V = 0. This is believed to be a consequence of the dielectric leakage from the
ferroelectric PZT capacitors.

In the P-E measurement, a triangular voltage wave is applied to the ferroelectric capacitor,
and then the current is measured simultaneously. The polarization charge can be calculated by the
integration of current over time,

P=[Idt (2-2)
Ideally, the current is due to ferroelectric polarization switching (/xg). However, the non-ideal
effect exists like leakage current (I;z4x) Or charge trapping current (I.). So, the total current
becomes

I'=1Ipg + I pak + Ic (2-3)
The real measurement includes all currents:

P = [ Ipg + I gag + Ic dt = Ppg + Pgag + Pc (2-4)

P signifies the intrinsic ferroelectric properties while P g4, and P are non-ideal effects. The

non-ideal effects can lead to the deviation from the standard loop and the discontinuity observed.

2.2.2 Radio Frequency (RF) Measurement and Discussion

As previously noted, the entire device consists of an array of 20 FeCAPs transducers
(shown inFig. 2.5). This gives a total FeCAP area of 196 um? on the transducers. The experimental

setup is shown in Figure 2.7.
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Figure 2.7 Experimental setup to characterize the FeCAP resonator, including a schematic of the
port connected to the transducers. Electrically isolated FeCAPs on either side of these
transducers (black) are used to terminate the resonance cavity and provide in-plane elastic
confinement. Inset shows an optical micrograph of the device.

To enforce the excitation of the desired mode at the Brillouin zone edge (k = m/a), a differential
signal was applied between alternating transducers. Differential 1-port RF measurement was
performed in ambient pressure and temperature using a Keysight N5225A PNA. The poling
voltage was provided by two Keithley 2400 source measurement units (SMUSs), connected to ports
1(+) and 1(—) through bias tees. All transducers are biased at the same poling voltage (V). The
RF power is -10 dBm which corresponds to a peak-to-peak voltage of 200 mV. The IF bandwidth
(IFBW) is 500 Hz. The differential S-parameters can be obtained by the following equation

Saa11 = (S11 + S22 — S12 — S21)/2 (2-5)
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Figure 2.8 RF characterization of the FeCAP resonators. (a) Comparison of Sy1 for all the designs
A-C (b) Measured frequency response of design C. (c) Due to the ferroelectric hysteresis, the Sz
magnitude demonstrates ‘butterfly’-shaped variations with changing poling voltage. (d) At
coercive voltages of £0.3V, the FeCAP transducer can be completely switched off.

Figure 2.8 summarizes the measured RF response of the FeCAP resonators. We first
consider resonator Design A, a waveguided resonance is observed at 720 MHz with Q of 210
(black line in Fig. 2.8(a)). For Design B, the same resonance mode is found at 722 MHz but Q
increased to 657 (brown line in Fig. 2.8(a)). Then, due to mass-loading from the added W volume,
the resonance frequency for Design C shifts down to 703 MHz, and Q increases to 1012. With an
f-Q product of 7.11x10* (blue line in Fig. 2.8(a)), the performance is 1.6x higher than the most
state-of-the-art PZT resonators. In addition, the resonator is monolithically integrable with the

CMOS platform[41].
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The dependence of S;41, 0N poling voltage is shown in Fig. 2.8(b) varying V, from -1.5V
to 0.2V on both port 1(+) and port 1(—). The resulting ‘butterfly’-shaped S;4,1 Magnitude
variation at resonance with poling voltage is shown in Fig. 2.8(c). The magnitude of S;;,, reaches
a minimum when all the transducers are biased at £1.5V. Additionally, piezoelectric transduction

is suppressed when the device is biased at the FeCAP coercive voltage of £0.3V (Fig. 2.8(d)).
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Figure 2.9 (a) Equivalent circuit of FeCAP resonator based on modified Butterworth-Van-Dyke
model (b) Sqa11 of MBVD model and the measurement for the resonator with extensions and
rectangular vias. (c) Measured Co variation with respect to the changing poling voltage.

A small-signal equivalent circuit of the FeCAP resonator based on a modified Butterworth-
Van-Dyke (mBVD) [81]is presented in Fig. 2.9(a), consisting of a mechanical resonance branch
that includes a motional resistance (R, ), motional inductance (L,,,), and motional capacitance (C,,),
in parallel with C,. Here, C, is defined as the geometric capacitance of the structure which is valid
for a fixed poling voltage. In the meantime, R, and R, model any resistive losses from leakage in

the FeCAP and routing, respectively. The equivalent circuit parameters fitted to the measured data
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for design C under a poling voltage of -1.5V are shown in Figure 2.9(b). The corresponding circuit
parameters are summarized in Table 2-1.

Table 2-1 Performance of resonator Design C

Parameters Value Unit
R, 1345 Q
L, 30.8 uH
Com 1.7 fF
Co 45 pF
R, 1959.8 Q
R, 3.8 Q
Q 1012 ;
k? 0.047 -

The electromechanical coupling coefficient can be extracted as:
k2 = —‘2—’" = 0.047% (3-6)
0

Under the full bias sweep, Co varies between 4.6 pF and 6.5 pF as demonstrated in Fig. 2.9(c).

2.2.3 Thermal Stability Measurement

Thermal stability of resonance frequency was characterized for the FeCAP resonators over
a temperature range from 23 to 90°C.
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Figure 2.10 (a) Resonant frequency shift under different temperatures (b) Corresponding
temperature coefficient of Young’s modulus for the main component within the device.

The resonant frequency shift with respect to the temperature variation is shown in Fig.
2.10(a) and the Temperature Coefficient of Frequency was extracted as:

L] - 58.1+4.6 ppm/°C 4

TCF = ot

This measured temperature sensitivity matches well to the predicted values based on the
Temperature Coefficient of Young’s Modulus (TCE = AE /AT ) of the constituent materials in the
CMOS BEOL.

2.3 Conclusions

This work demonstrates a new class of ferroelectric-transduced RF MEMS resonators
embedded seamlessly in CMOS, leveraging TI’s 130 nm FeERAM technology. The magnitude of
the electromechanical response can be tuned by varying poling voltages on the transducers. Due
to the hysteretic effect of the ferroelectric material, the magnitude of S;414 exhibits a hysteresis

response with respect to changing poling voltages on the ports. The maximum Q of 1012 is
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obtained with optimization of vertical and lateral confinement of the acoustic mode in the CMOS
stack. This corresponds to an fQ of 7.11x10!!,

Figure 2.11 has summarized the f-Q for the previous work on both pure-PZT resonators
(red dots) as well as the PZT-on-Si resonator (blue dots). This performance is 1.6x higher than the
state-of-the-art PZT resonators[82]—[85] with the additional benefit of CMOS integration.

The PZT material itself is typically acoustically lossy in radio frequencies. However, in
this manuscript, the thickness of the PZT thin film is only about 70nm while the entire capacitor
is about 500nm, and the mode extends as an evanescent tail beyond the FeCAP. From the mode
shape diagram in Fig. 2.3(b), the resonant volumetric ratio of PZT to non-PZT material (with 95%
strain energy concentration) is about 1%. This will boost Q relative to pure-PZT devices due to
the lower viscoelastic losses of surrounding materials. However, the higher Q also trades off the

performance with k?, which is reduced substantially (0.047%) relative to pure PZT resonators.
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Figure 2.11 Comparison of f-Q with previous work

Suppression of electromechanical transduction is demonstrated when FeCAPs are biased at
their coercive voltage of £0.3V. The extracted TCF is -58.1+4.6 ppm/°C. Therefore, these devices
provide a platform for applications that include but are not limited to RF components, timing,

sensing, imaging, with CMOS integration.
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3. SWITCHABLE MECHANICAL RESONANCE INDUCED BY
HYSTERETIC PIEZOELECTRICITY IN FERROELECTRIC
CAPACITORS

A version of the chapter has been reprinted with permission from IEEE Transducers 2019

Y. He, B. Bahr, M. Si, P. Ye, and D. Weinstein, “Switchable Mechanical Resonance Induced
by Hysteretic Piezoelectricity in Ferroelectric Capacitors,” 2019 20™ Int. Conf. Solid-State Sensors,
Actuators Microsystems Eurosensors XXXIII (TRANSDUCERS EUROSENSORS XXXIII), no.
June, pp. 717-720, 2019

To address the demands of wireless communication in an increasingly overcrowded and at
times hostile spectrum, researchers in the field of RF MEMS have focused on a variety of novel
building blocks for opportunistic radio front ends. Next-generation of portable communication
devices such as mobile phones and smart watches will require programmable multi-band operation
with reduced weight, size, and cost [86]. Low-loss switchable filters composed of high-O MEMS
resonators offer a unique solution under these constraints. Traditionally, switchable filter banks
incorporate non-switchable resonators and external solid-state or MEMS switches. However, that
will unavoidably add insertion loss, size, form factor, and cost. To overcome some of these
challenges, recent works report switchable/tunable resonators based on Gallium Nitride (GaN)
[87], Zinc Oxide [88], Strontium Titanate (STO) [89], Barium Strontium Titanate (BST) [90].

As demonstrated by the introduction of ferroelectric transduction in chapter 1. Ferroelectric
materials exhibit electrical polarization which can be reversed under an applied external electric
field [58]. Due to this unique hysteretic behavior, these materials have been explored extensively
for non-volatile memory devices [91] and are offered in production-level CMOS FeRAM
processes [80]. In the meantime, this hysteretic behavior would enable the tunability of the device.
The corresponding hysteresis of the piezoelectric effect in such devices has previously been
investigated in various ferroelectric stacks [92]. However, detailed studies and models of the effect
of this hysteresis on transmission S>1 in 2-port resonators are sparse.

Leveraging Texas Instruments’ FeERAM technology (E035), a waveguided mechanical
resonance operating at around 700 MHz was demonstrated in the previous chapter [93]. The
maximum Q of 1012 is obtained with optimization of vertical and lateral confinement of the

acoustic mode in the CMOS stack.
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In this chapter, we continue to investigate the effect of poling conditions on the FeCAP
resonator RF transmission, demonstrating a bias dependent transformation of resonance peaks to

zeroes, alongside an inversion of the resonance phase transition

3.1 Device Design

The cross-sectional SEM of the FeCAP resonators is shown in Figure 2.3, the structural
design for which is thoroughly discussed in Chapter 3. The entire resonator is composed of an
array of 20 FeCAPs with a 2 um pitch. Each FeCAP consists of a 70 nm thick PZT layer,
sandwiched between the top and bottom Ir electrodes. Two Cu strips are designed in the BEOL
metallization to assist in the confinement of the elastic energy to the FeCAP areas, ensuring lower
acoustic radiative loss (higher Q) and increasing the overlap of the transducer area with the desired
mode. Dummy FeCAPs are added to either end of the resonator to reduce elastic wave scattering

losses from the ends. The footprint of the device measures 7x108 um?,

3.2 Experimental Results

3.2.1 Experimental setup

Figure 3.1 givesa top-view schematic of the device along with the setup for the measurement.
The drive (Port 1) and sense (Port 2) transducers are interdigitated along the wave propagation
direction, namely, the top electrode of every other FeCAP in the array is electrically connected to
one of the two ports, while the bottom electrodes of all FeCAPs are grounded together using the
technology’s polysilicon (poly-Si) gate layer [78]. The experimental setup shown in Fig. 3.1 differs
from the one reported in the previous chapter in that each of the ports (either drive or sense) is
connected to an independent DC source so that the driving and the sensing FeCAPs can be

manipulated independently.
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Figure 3.1 Top view schematic of the resonator in single-ended two-port RF measurement
configuration [78]

Two-port single-ended S parameters are characterized by Keysight Parametric Network
Analyzer (PNA) N5225A. Alternating FeCAPs are poled by Keysight Source Measurement Unit
(SMUs). Therefore, the resonator may be configured with any combination of poling voltages V1
and V> on alternating FeCAPs.

3.2.2 Resonant Pole/Zero Transition

Based on this P-E measurement (shown in Figure 2.4), two cases are first considered in
Figure 3.2 as the two extremes of poling conditions within the resonator. Each square represents
one FeCAP unit cell with each arrow indicating the polarization direction of the ferroelectric PZTs.
Therefore, every other FeCAP can either be poled uniformly with V; = V; or alternately with Vi =
-V2. It should be noted that alternating poling is not equivalent to periodic poling since adjacent

capacitors are not electrically connected.
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Figure 3.2 Schematic of FeCAP array under uniform poled and alternating poled bias conditions

Under the given uniform and alternating poling conditions, the transmission Sy; is
measured in the range of 650 MHz to 3 GHz (Fig. 3.3). Regions, where the peak amplitude is
above the capacitive floor, are referred to as ‘poles’ and below as ‘zeroes’. Pole/zero and zero/pole
transitions and the corresponding phase shift inversion are observed for all mechanical modes
relative to the capacitive floor. A finite element analysis in COMSOL Multiphysics is carried out
to investigate the first pole resonance mode given by each biasing condition. As shown in Fig. 3.4,
the frequency response simulation reveals waveguided FeCAP modes at 722 MHz and 1.8 GHz.
The corresponding stress distribution perpendicular to the FeCAP plane is also shown to help

visualize the elastic energy localization.
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Figure 3.4 Simulated resonance modes corresponding to first measured peaks under (a)
alternately poled and (b) uniformly poled resonator biasing

A closer look at the Sz1 resonance at 722 MHz with respect to the changing poling voltages

is shown in Figure 3.5. In this case, port 2 is fixed at 1.5 V whereas port 1 is swept from 1.5 V
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down to -1.5 V. It is observed from Fig. 3.5 that when V; is above the coercive voltage of -0.3 V,
the resonance amplitude is above the capacitive floor. On the other hand, when V1 is below -0.3 V,
the resonance amplitude is below the capacitive floor. To quantitatively capture the changing Sz
amplitude relative to the capacitive floor under different poling voltages, the latter is subtracted
from the Sz1 peak amplitude, summarized in Fig. 3.6(a). When port 2 is biased at either 1.5 V or -
1.5V, Sz1 amplitude exhibits a symmetric non-linear “butterfly-shaped” variation with respect to
changing V1. In the meantime, as shown in Fig. 3.6(b), when Vz is fixed at 1.5V, the S11 amplitude

also demonstrates a non-linear butterfly-shaped variation while Sy, gives non-zero hysteresis

variation with respect to the changing applied voltages on V1.
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Figure 3.5 Detailed Sp; variation with respect to the changing poling voltages where V- is fixed
at 1.5V.
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Figure 3.6 Measured pole-zero transition of 722 MHz resonance. (a) S21 hysteresis varying Vi
with V- fixed at £1.5V. PeakS21-FloorS;; indicates the amplitude of resonance above the

capacitive floor. The transition across 0 signifies the switch from the resonance pole to zero. (b)
Reflection Si1, S22 hysteresis varying Vi1 with V- fixed at 1.5V.

3.2.3 Equivalent Circuit Model

To better understand this behavior, an equivalent two-port equivalent circuit model is
developed and fitted to the experimental results using Keysight Advanced Design System (ADS).
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This model is originated from the standard two-port BVD model with modifications to
accommodate the voltage-dependent and hysteresis behavior of the transition. The equivalent

circuit model is shown in Figure 3.7.

Figure 3.7 Equivalent circuit model of the FeCAP resonator

In this model, R; and R, model the electrical losses from the routing to the device. C1 and
C. represent the bias-dependent PZT thin film capacitance. Rm, Lm, and Cr are the resistance,
inductance, and capacitance for the motional dynamics of the resonator, respectively. Rg captures
the resistance from the poly-Si gate which is then used to ground all FeCAPs together. Two
transformers with coupling coefficients T: and T, are included in the model to capture the
difference in electromechanical coupling under changing biasing conditions for the PZTs. Under
the circuit model shown in Fig. 3.7, the extreme condition of Vi = -V was first fitted as the base
model. As V> is kept at a fixed voltage during the measurement, the coupling coefficient from port

2 remains constant across all applied voltages Vi. For simplicity, we normalize the coupling

coefficients such that T; (Vi=+1.5V)==+1 for the i"" port (i=1 or 2). Under this assumption, the

equivalent motional resistance, inductance, and conductance can be expressed as Rn(?, Cm (% and
LwC? where
(=TT,
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We assume that R, Rz, and Rgare independent of the biasing conditions. The motional RLC branch
is modulated by varying £. It should be noted that the sign of { depends on the superposition of the
mode shape with the material polarization. In the case of the anti-symmetric 722MHz mode,
alternating poling of the FeCAPs resultsin {< 0. Conversely, the symmetric 1.8GHz mode exhibits
>0 under the same periodic poling conditions. The corresponding values for each circuit
component under three different biasing cases are summarized in Table 3-1.

Table 3-1 Key Components for the mBVD model under three poling cases

Biasing Conditions VLoV, VLoV V=LY,
Vi=—1.5V V1=1.5V V1=0.5V
Rm (Q) 374
Cn (fF) 0.85
Lo (UH) 57.4
C1 (pF) 4.47 4.42 551
C2 (pF) 451
R (Q) 443
R: (Q) 5.48
Rg (2) 3.90
7 1 0.873 0.796
k? (%) 0.047 0.036 0.027

Based on the parameters in Table 3-1, a fitted Sy1 to the measurement results under two
extreme biasing conditions is shown in Figure 3.8. The Sy1 from the equivalent circuit agrees well

with measurement.
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Figure 3.8 Fitted Sz1 parameters under two extreme biasing conditions

3.2.4 Principle of Resonant Pole/Zero Transition

With respect to changing the bias on port 1, the corresponding ferroelectric capacitance
exhibits a non-linear variation shown in Figure 3.9(a). When the applied voltage is varied between
-1.5t01.5V, the ferroelectric capacitance changes between 4.4 to 6.4 pF. Figure 3.9(b) summarizes

the variation of {'under different biasing conditions at port 1.
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Figure 3.9 (a) Variation of ferroelectric capacitance and (b) variation of { under different applied
voltages.

Depending on the polarization direction of the ferroelectric PZTs, { changes sign at the
coercive voltage of 0.3V, inducing the cancellation of motional and feed-through currents which
leads to the pole/zero or zero/pole transition [94]. The combination of changing C; and T1 defines
either motional or the feedthrough currents dominant. If the motional current is larger than the

feedthrough current, the transmission Sz amplitude exhibits a pole. If on the other hand, the
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feedthrough current is greater than the motional current, the transmission Sz; tends to be flat. When
the currents in both branches are out of phase with one another with the same amplitude, they will
cancel and generate a zero in the transmission. With V; fixed at 1.5V, two additional transition
points at 0.5V and 0.8V are obtained. The same explanation can be applied when V; is biased at -
1.5V, for which transitions at -0.3V and -0.8V are obtained [78].

3.3 Conclusions

We have demonstrated a two-port ferroelectric capacitor-based resonator with a resonance
frequency of 722 MHz, Q of 656, and k? of 0.047%. The bias-dependent pole/zero transition of the
resonance has been studied across the full hysteretic loop of the device. In two extreme cases where
Vi = V2 and Vi = -V,, pole/zero and zero/pole transitions along with the phase shift inversion are
observed. When port 2 is biased at a fixed voltage of 1.5 V, the transmission Sy; amplitude
demonstrates a symmetrical non-linear “butterfly-shaped” variation with respect to the changing
Vi. A modified BVD model is presented to explain the phenomenon. Due to the changing
polarization of the PZT, ¢’ changes sign at £0.3 V, inducing cancellation of current in motional and
feedthrough branches which then leads to the observed pole/zero and zero/pole transition. The
combination of the changing ferroelectric capacitance and ¢ determines the maximum cancellation
of current between two branches, corresponding to the minimum Sy or largest zero. This class of
ferroelectric resonators offers a dynamically tunable RF building block for various configurable

front-end topologies.
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4. ACOUSTIC METAMATERIALS FOR ON-CHIP MECHANICAL
SIGNAL PROCESSING

4.1 Acoustic Metamaterial (AM)

Chapter 1 has introduced the application of SAW and BAW in mechanical signal processing,
especially in cellular or base station RF front-end communications. In the follow-up chapters, we
have also demonstrated the first of its kind of piezoelectric mechanical resonator which is
seamlessly integrated within standard CMOS processes.

In addition to the traditional SAW or BAW approach, phononic crystal (AM) or acoustic
metamaterials (AM) has recently been proved to be an effective approach in mechanical signal
processing [36]. Acoustic metamaterial refers to certain types of artificial material or structure
which has periodic acoustic properties and present unprecedented physical phenomenon [95]-[97].
The concept of phononic crystals is proposed around 1992 by Sigalas and Economou [98] where
materials/structures can be formed in a certain periodic form so that mechanical waves of a certain
frequency range can theoretically be prohibited from propagating through. Analogous to the
bandgap in an E-k diagram in semiconductor physics, that frequency range is referred to as
mechanical/elastic bandgap. It was not until 1995 when sound attenuation was found behind a

sculpture in Madrid before the existence of a mechanical bandgap is confirmed [99].
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Figure 4.1 Sculpture by Eusebio Sempere in Madrid formed by the periodic distribution of
hollow stainless-steel cylinders [99].

Upon confirmation of the existence of mechanical bandgap, phononic crystal or acoustic
metamaterial has been actively explored both theoretically and experimentally over decades. At
the early stage, on the modeling side, different approaches have been put forward to theoretically
calculate the mechanical bandgap including transfer matrix method, plane wave expansion method,
finite-difference time-domain (FDTD) method, finite element analysis (FEA) method, etc. [100].
Generally, for sufficient small strain, the relationship between the strain and displacement can be
expressed as

Sij = %(ui, j ) (4-1)
where S represents the strain tensor and u is the displacement vector.
Moreover, the generalized stress-strain relationship can be given by Hooke’s law:
Tij = CjikiSki Vi, j, k1 €{1,3} (4-2)
Where T and S represent the stress and strain tensors respectively. Owing to the symmetry of the

stress and strain tensors, we could have

Ciikt = Cijik = Cjikl = Cjilk
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Also, under the elastic energy conversation, one will have
Cijkl = Cklij
Finally, the governing equation for the system assuming zero body force can be expressed as
Tij; = pi; (4-3)
Substituting Eqn. (4-1) into (4-2) and then into (4-3), one can obtain

i o—y3 (0 (W) 9 [ Ou Oy
pul - ]'=1{6xi (A ax]-) + axj [H 6xj + axi)]}
vi,j €{1,3} (4-4)
Where A and u are Lame constants which correlate with the longitudinal and transverse velocity
as:
A+ 2
Cl = a
p
and
= !
Ioj

The Floquet periodic boundary condition can be expressed as

g () = Wy () - e~ T (4-5)
Substitute Eqgn. (4-5) into Eqn. (4-4) and expand it along the first irreducible Brillouin zone, one
can come up with an equation with the form of

(K — w?M)U =0 (4-6)

by searching along the first irreducible Brillouin zone for the eigenfrequency (from Eqn. (4-6)).
The corresponding dispersion relationship can be obtained.
However, with more and more complicated and novel devices been proposed, it is not always
straightforward to find the analytic solution for the bandgap. Instead, multiple numerical methods
including FDTD and FEA are widely deployed [101].

4.2 Mechanical Bandgap

One of the unusual physical phenomena induced by AM is the associated adjustable

mechanical bandgap produced by either Bragg scattering or the local mechanical resonance[102].
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The observed mechanical modes which satisfy the Bloch periodic boundary condition (Eqn. (4-5))
are typically referred to as Bragg modes generated by Bragg scattering within the lattice. As a
result of the phonon-phonon scattering effect, the Bragg scattering induced bandgap generally
appear at relatively high frequencies and the bandgap typically has large width.

Besides, by coating hard scatterers with soft materials (or vise versa), Liu et. al.[103]

introduced local resonance within the acoustic metamaterial (Fig. 4.2).

Figure 4.2 Image of acoustic metamaterial with bandgap induced by local resonance [103]

Since these local resonances are induced by the unit cell component, the width and location of the
generated bandgap depend more on the unit cell geometry but less on the periodicity of the overall
structure. Also, as the corresponding wavelength of the mechanical resonance could be more than
one lattice constant, it provides possibilities of generating bandgap at super-low frequencies.
Leveraging both the Bragg scattering and local resonance, acoustic metamaterials have
been widely used in RF MEMS communities, especially to boost the energy confinement, reduce
the mechanical losses or remove the spurious mode. Therefore, the following subsections will

introduce few efforts of integrating AM within traditional RF devices.

4.2.1 AM as Q Boosters for Traditional SAW and BAW Resonators

As indicated before, within the mechanical bandgap, elastic waves of certain frequencies

are forbidden from propagating but reflected back to the resonant bulk. Therefore, one of the major
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applications of acoustic metamaterials in the MEMS field is to collect the leaked energy, thus

increase the energy confinement for MEMS resonators - to boost the Q.
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Figure 4.3 Example of integrating 1D acoustic metamaterials — Bragg mirror as reflectors at (a)
bottom side of the resonant thin film [104] and (b) both sides of the thin resonant film [105]

To start with, there have been efforts of integrating 1D acoustic metamaterial, namely the
Bragg mirror into the traditional resonant thin film. As illustrated by Fig. 4.3, the Bragg mirror is
typically formed by multiple alternating layers either at the bottom of thin-film (Fig. 4.3(a)) or on
both sides of the thin film (Fig. 4.3(b)). Each of the reflecting layers has a thickness of quarter
wavelength. Hence, the incident and reflected wave will cancel with each other and form a
mechanical bandgap. Moreover, the adjacent layers typically have a large impedance mismatch
between each other, maximizing the amount of energy been reflected from the mirror and thus
further increasing the Q. So far, the idea has been widely applied in 5G related commercial mass
production formed as solidly mounted resonator [105]-[109]. The Bragg mirror technology has
released the original fabrication challenges for BAW resonators. Compared to more traditional air
gaps, the Bragg mirror integrated resonator would no longer require any releasing steps or vacuum
condition for the follow-up packaging.

The 1D acoustic metamaterial has been proved to be effective to confine out-of-plane wave
propagation. Besides, there are also a bunch of 2D designs that are capable of confining in-plane

wave motion.
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Figure 4.4 Examples of acoustic metamaterials integrated with (a) Lamb mode ZnO resonator
[55] (b) Lamb mode GaN resonator [110] (c¢) SAW GaN resonator [111] (d) Lamb mode lithium
niobate resonator [112] as reflective boundaries.

Shown in Fig. 4.4 are few successful examples of integrating 2D acoustic metamaterials as
reflecting boundaries to confine in-plane waves in normal SAW or BAW resonators. Chao-Yi et.
al. placed periodic cylinders as acoustic metamaterial reflective grating at the side of the ZnO lamb
mode resonator. The maximum Q obtained is about 2200 at 158 kHz [55]. More recently, Siping
et. al. pattern periodic cylinders across GaN lamb mode resonators. The maximum Q obtained is
around 3079 [110]. Also, by placing periodically deep-etched holes along the surface wave
propagating direction around GaN SAW resonators, the Q can be boosted by 10x from 246 to 2600
[111]. More recently, Ruochen et. al. demonstrated a similar design by putting cross-shaped deep-
etched holes at the side of the LiNbO3z resonator forming an acoustic metamaterial reflective
boundary.

In addition to designing proper reflectors to boost the Q, there are also few works reporting
the efforts of integrating AM as tethers for resonators. As anchor loss represents the mechanical
energy leakage towards the supporting plane as well as the substrate and is regarded as one of the

major loss mechanisms in MEMS resonators. The fundamental design process is analogous to AM
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reflectors where the mechanical bandgap is designed with the center frequency at or around the
resonant frequency. By replacing the more traditional quarter wavelength beam tether with AM
strips, the corresponding Q can be boosted for around 50% - 100% [113]-[117].

4.2.2 AM Resonators

The previous section has illustrated efforts of utilizing AM as either reflectors or tethers to
boost Q for traditional devices. The resonant frequency is typically designed within the Bragg
scattering-induced bandgap. Yet, the mechanical resonance does not necessarily need to be
induced by traditional SAW or BAW devices, as mentioned at the beginning of this section,
mechanical resonance can also be introduced by AM itself. One of the effective approaches to
generate AM resonance would be breaking the original periodicity of the matrix and introducing
the “defect” mode. Shown in Fig. 4.5 are few examples of AM resonators. The mechanical
resonance in these cases is induced by the “defects”, namely, by breaking the original periodicity

of the lattice.
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Figure 4.5 Example of AM resonators. The mechanical resonance is induced by introducing a

“defect” within the AM matrix. The “defect” can be obtained by (a) removing few units inside

the periodic structures [118] (b) adding few units but with different geometry [119] (c) adding
few units but with different material [120].

Primarily, the “defect” can be introduced by removing one or few unit periods (Fig. 4.5(a))
[118]. The resonant frequency of the cavity region should be designed within the bandgap of the
surrounding matrix. Moreover, the “defect” can also be introduced by replacing one or a few
original metamaterial units with different geometry or materials (Fig. 4.5(b —¢)) [119], [120]. The
resonant frequency of the “defect” is directly related to the geometry and material of the bulk
materials. The resonant frequency typically lies in the bandgap of the original AM. Therefore, the

generated wave can be directly confined from the surrounding AM matrix.
4.3 Negative Refraction (NR)

In addition to the mechanical bandgap, another unusual physics induced by the AM would

be the negative refraction (NR) effect [95], [121]-[124]. Generally, two approaches have been
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reported to obtain the negative refraction effect, namely, by introducing local resonance or by
multiple Bragg scattering.

One of the major applications for the NR effect of AM would be the lensing effect. The
lens is widely used for either focusing or dispersing the electromagnetic or acoustic wave. When
an acoustic wave propagates from one media to the other, under traditional Snell’s law, the
tangential component of the wave vector must be conserved as the wave propagate from one
medium to another [97], [125].

As demonstrated by Fig. 4.6(a), if a wave is propagating from liquid to solid, due to
different acoustic impedance, refraction will occur at the liquid/solid interface. The wave motion

should satisfy the following equation [125]:
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Figure 4.6 (a) lustration of normal wave refraction (b) equifrequency contour in normal
material in liquid and solid [97]

Thus the corresponding group velocity
Vg = ka(ﬁ (4-8)
which characterizes the energy flow direction is always in parallel with the wave propagating

direction (characterized by l?), leading to a positive refractive index. As a result, the refractive

wave and incident wave are on different sides of the normal axis with the incident wave angle

68



equal to the refractive wave angle. To focus or disperse an acoustic wave, the lens needs to be

curved.

WATER
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Figure 4.7 Schematic of negative refraction [97]

However, if under some circumstances, the refractive index can be negative, namely, the
angle between the group velocity and wave vector is greater than 90°, as demonstrated by Fig. 4.7,
according to Snell’s law, the refractive wave could be obtained on the same side as the incident
wave about the normal axis. As a result, the acoustic waves can be focused or dispersed using a

flat lens.

4.3.1 NR Induced by Local Resonance

As already mentioned in the previous subsections, coating the hardcore with some soft
shield is likely to introduce local resonance within the unit cell, leading to mechanical resonance

induced bandgap. In addition, according to Newton’s second law, a mechanical resonance would
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induce a 180-degree phase shift between the stress and displacement vector, resulting in energy
flow and wave propagation being anti-parallel with each other.

Over the past decade, there have been several successful demonstrations of negative
refraction based on local resonance (examples shown in Fig. 4.8) [126]-[129]. Croenne et. al.
presented a two-dimensional AM with steel rods embedded in epoxy forming a triangular lattice
[127]. For the specific AM resonant mode, Fig. 4.8(a) illustrates the corresponding equivalent
frequency contour (EFC) across the Brillouin zone. Interestingly, in this case, the thick black curve
represents a higher frequency contour in k- space whereas the thin black curve indicates the low
frequency, that is, the acoustic energy band is concave around I" point ((0,0) in k- space). Also, the
EFC presents an isotropic circular shape. This indicates that, in arbitrary wave propagation
direction, the wave vector is always in anti-parallel with the energy flow direction. This has been
served as a necessary condition for the negative refraction. Fig. 4.8(b) achieved negative refraction
for longitudinal waves [127] and Fig. 4.8(c) presents the same effect but for shear-horizontal

transverse wave [128].
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Figure 4.8 Examples of negative refraction induced by local resonance where (a) the group
velocity is antiparallel with the wave-vector (thicker curve represents the higher frequency and
thinner curve shows the lower frequency) [127]. The local resonant mode is associated with (b)

longitudinal [127] (c) shear-horizontal [128] and (d) rotational mechanical motion [130].

While the local resonance can be achieved as a result of acoustic impedance mismatch
among multiple components (hardcore with soft shells or soft cores with hard shells etc.), it can
also be generated from the specifically designed single component [130]. After the etching part of
the aluminum plate, a rotational motion can be induced from a central symmetrical chiral
microstructure, leading to the negative refraction (Fig. 4.8(d)). The negative refraction obtained

by local resonances in Fig. 4.8 all have corresponding frequency contour concaved at I point and
satisfy the same condition between the wave vector (k) and energy flow (characterized by Poynting
vector S):

k-S<o0 (4-9)
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4.3.2 NR Induced by Multiple Bragg Scattering
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Figure 4.9 Examples of negative refraction induced by multiple Bragg scattering within the
lattice (a) Corresponding EFC with energy band convex around M [131] (b) with different
incident angle, the refracted wave can be switched between positive, zero, and negative index
[131]. (c) the refractive index can be tuned by rotating non-circular scatterers [132].

However, Eqgn. (4-9) does not necessarily need to be held. The negative refraction can also
be achieved by multiple Bragg scattering amongst the periodic units with corresponding frequency
contour concaved at points other than I" in k space.

Fig. 4.9 illustrates few possibilities of obtaining negative refraction with circular (Fig.
4.9(b)) and non-circular (Fig. 4.9(c)) scatterers. However, in these cases, the corresponding EFCs
are all maximized at the M point. While the wave is incident at I" point with zero initial phases in

either x or y directions, the Poynting vector always points towards a high energy point (M point in
this case). With different incident angles around I, it is possible to vary the angle between k and

S from 0 to 180 degrees (as shown in Fig. 4.9(b)). As a result, corresponding to the different
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incident angle, the refracted index can be switched from positive, zero to negative values. Similarly,
as demonstrated in Fig. 4.9(c), under the same incident angle but by rotating the non-circular

scatterers, a tuned refractive index can be obtained.

4.4 Conclusion

Leveraging the low velocity and low propagation losses, signals superimposed on top of
mechanical waves can be transmitted, confined, and finally processed in short distances on-chip.
This chapter has mechanical signal processing approaches using acoustic metamaterials.

Compared with the traditional SAW or BAW approaches, acoustic metamaterial’s unique
physical properties such as mechanical bandgap and negative refractive index can offer
unconventional measures for the manipulation of acoustic waves. The artificial composite material
can break some conventional physical limits (e.g. diffraction limits) and achieve high resolution
while greatly reducing the footprint of the devices[121], [123], [124], [133]. In the following
chapters, simulation and implementation of acoustic metamaterials for acoustic wave manipulation

will be presented.
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5. LOCALIZED RESONANCE IN ALUMINUM NITRIDE BASED
ACOUSTIC METAMATERIAL

A version of the chapter has been reprinted with permission from IEEE IFCS 2020

Y. He and D. Weinstein, "Localized Modes in Asymmetric Phononic Crystals,” 2020 Joint
Conference of the IEEE International Frequency Control Symposium and International
Symposium on Applications of Ferroelectrics (IFCS-ISAF), Keystone, CO, USA, 2020, pp. 1-4,
doi: 10.1109/IFCS-ISAF41089.2020.9234866.

Research in mechanical signal processing has blossomed due to its strong potential for
simplifying and improving the efficiency of processing functions that would be otherwise
computationally taxing using standard electronic-based analog or digital algorithms. Leveraging
low wave velocity and low propagation loss in high-quality materials, mechanical signals can be
transmitted, confined, or processed on-chip with short distances relative to their electrical
counterparts. Some successful signal processing examples have been put forward in
microelectromechanical system (MEMS) — in a variety of material platforms and a wide range of
frequencies over which solutions have been developed [12], [20], [78].

One challenge of mechanical signal processing lies in the efficiency of conversion between
the electrical and mechanical domains. Complex systems that require multiple processing elements
typically use each electromechanical component independently, with input and output signals in
the electrical domain, and those signals sent by metal wires to the next component. When the signal
is transferred from one domain to the other, there is an inefficiency associate with the process,
corresponding to energy loss. Instead, it is desired to reduce the number of conversions — keeping
the signal in the mechanical domain for more signal processing steps. This necessitates a material
that will effectively manipulate or transmit on-chip mechanical waves, with minimal propagation
loss and effective control of dispersion and phase.

Chapter 4 has already described the unique property which acoustic metamaterials can induce
in non-reciprocal wave propagation, elastic wave manipulation [77], and confinement[134].
Leveraging a Dirac-like cone developed under centrosymmetric AM matrix, physical phenomena
such as negative refraction and flat-band resonance have recently been reported [135], [136].

Specifically, a flat-band mode within the dispersion relationship can provide dispersion and

phase control. A flat band across the entire Brillouin zone indicates a zero group velocity whereas
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a flat band across I' point denotes infinite phase velocity, namely zero phase change across the
structure. Unlike previous Dirac-like cone approaches where the structure must be
centrosymmetric [136], [137], in this chapter, an asymmetric unit cell is considered to generate a
flat-band mode. This is achieved by introducing an angled central beam within a square lattice
cylinder matrix. The dispersion relationship of the resulting model is engineered to form a near-
flat energy band within a bandgap. The desired mode is verified experimentally and studied first
using AIN-based resonators. Effects of cavity size and AM unit cell geometry on resonator

performance are investigated.

5.1 AM Based Resonator Design

5.1.1 Acoustic Metamaterial Design

The unit cell for the proposed asymmetric AM is shown in Fig. 5.1 (a). Dimensions of the
structure are chosen based on practical considerations for fabrication. The lattice constant is a=33
um. Each unit consists of four 90° circular sectors at the corners with a radius of 13.2 um. The
sectors are connected with three 2.64 um wide beams - two horizontal beams connecting sectors
left to right, and one diagonal bridging top left and bottom right sectors. Eigenmode analysis along
the first Brillouin zone (Fig. 5.1(b)) in COMSOL Multiphysics Finite Element Analysis (FEA)
reveals the function of the structure's constitutive components in forming the desired flat-band
mode (Fig. 5.2). A vibrational mode is identified within a bandgap, in which the diagonal beam
generates an isolated flexural resonance while the square lattice of sectors determines the width
and position of the bandgap. The flexural beam mode is identified within the bandgap. The position
of the flexural beam mode within the bandgap depends on the angle of the central diagonal beam.
The dispersion relations for g = 20°, f = 35° and 8 = 45° are shown in Fig. 5.2. In all of these
cases, a near-flat mode is observed inside the AM bandgap spanning 81 MHz and 149 MHz,

characterized by the second harmonic flexural mode of the diagonal beam (Mode 1 in Fig. 5.2).
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Figure 5.1 (a) Schematic of asymmetric AM unit cell where the yellow region represents the AIN
stack and grey are the vacuumed places. (b) Reciprocal k-space and irreducible first Brillouin
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Figure 5.2 Dispersion relation along the first Brillouin zone with the diagonal bar rotation angle
B = 20°,35° 45°inred, purple and black, respectively. A near-flat flexural beam mode (Mode
1) is isolated within the bandgap.

Besides, the previous study only captures the characteristics of the AIN under the plane
strain assumption that the third dimension is uniform and much larger than the in-plane dimension.
However, in the actual device, a 200 nm Mo and a 100 nm AIN seed layer are below the main
piezoelectric AIN film. Therefore, to accurately capture the corresponding mode shape, the unit
cell eigenmode is studied in 3D analysis with the bottom Mo and AIN seed layers included. The

top and bottom surfaces are kept as free boundaries whereas the rest of the boundaries remain
under Floquet periodic boundary conditions.
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Figure 5.3 (a) Corresponding 3D mode shape with 8 = 35° (b) Same mode shape with only in-
plane displacement (c) Same mode shape with only out-of-plane displacement

Shown in Fig. 5.3 is the corresponding eigenmode shape for Mode 1 with the bottom metal
and seed layers taken into consideration. In order to better understand the mechanical motion of
the given mode, mechanical motion for mode 1 is split into in-plane motion as well as the out-of-
plane motion. Fig. 5.3(b) illustrated the in-plane displacement field whereas Fig. 5.3(c) shows the
out-of-plane displacement field. The in-plane motion agrees well with the previous 2D analysis
(Fig. 5.2). Apart from the in-plane motion, under the Poisson’s effect, the mechanical mode also
generates the out-of-plane motion, of which the displacement field is plotted in Fig. 5.3(c). The
out-of-plane displacement field is formed as an “M” shape with maximum energy localizing at
about a quarter length from both ends of the central beam. Therefore, the corresponding mode can

be driven by the uniform electrode at the top and bottom of the AIN thin film.

5.1.2 Fabrication Process

Devices were fabricated in Birck Nanotechnology Center at Purdue University. The
microfabrication process flow is illustrated in Fig. 5.4. We start with a commercial p-doped Si
wafer with 100 nm AIN seed layer, 200 nm Molybdenum serving as a bottom electrode, and 1um
thick AIN layer (shown in Fig. 5.4(a)) from OEM Group. A 300 nm Ni layer is first deposited and
patterned with lift-off, serving both as a hard mask as well as the top electrode (Fig. 5.4(b)).
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Figure 5.4 Cross-section of the fabrication process. (a) AIN (1 um)/Mo (200 nm)/AIN (100nm)
are deposited on p-type Si substrate (b) Lift-off of Ni as the top electrode and hard mask for the
following steps (c) AIN etch to expose bottom electrode (d) AIN etch to define the AMs (e)
Optical lithography to protect the edges of Mo and (f) XeF; isotropic etching to release the
device.

Then, a BCI3/Cl2 ICP-RIE process is performed to etch through the AIN to access the Mo
bottom electrode (Fig. 5.4(c)). After that, a second ICP-RIE is carried out to define the phononic
crystal actuation/reflection matrix, where the etch extends through the bottom electrode and seed
layer down to the Si substrate (Fig. 5.4(d)). Before the final release step, the Mo bottom electrode
is protected against XeF using an additional optical lithography step coating all sidewalls with
resist (Fig. 5.4(e)) but exposing the bottom Si surface. Finally, a XeF; etch releases the AIN stack
from the Si substrate, during which the Mo bottom electrode is protected by the thin AIN seed
layer below and the photoresist on exposed edges (Fig. 5.4(f)). The protecting resist is ashed by a
March Jupiter Etcher.
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5.1.3 Experimental Results and Discussions

To experimentally validate the beam flexural mode, the AM matrix is implemented by a

finite array of periodic units with the schematic design shown in Fig. 5.5.
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Figure 5.5 Optical image for the first type of resonant device with RF signals only applied on one
of the unit cells

Fig. 5.5 demonstrates the optical image for the finite AM devices with 11 x 32 unit cells. In
this case, the beam angle for all the units is keptas g = 35°. The top electrode is deposited on one
unit of the matrix (in white) as RF input terminal. The RF signal is applied as sinusoidal waves
with a peak-to-peak magnitude of 1V. The mechanical motion is then read out by the MSA — 600
Microsystem Analyzer at Polytec. Inc. in Irvine, CA. The measurement points are uniformly

distributed across the entire unit cell.
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Figure 5.6 The out-of-plane velocity field for the corresponding mode shape measured from the
LDV

Thanks to the state-of-the-art MSA-600 microsystem analyzer which can characterize the
mechanical motion up to 2.5 GHz with up to 1 nm resolution, we can accurately capture the out-
of-plane mechanical motion for the corresponding mode. The mechanical resonance is attained at
120 MHz which coincided with the targeted band frequency (132.4 MHz) predicted by Fig. 5.3(a).

As shown in Fig. 5.7, the obtained out-of-plane velocity field agrees very well with the 3D

simulated out-of-plane motion (shown in Fig. 5.3(c)).
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Figure 5.7 Schematic of resonator structure using asymmetric AMs. (a) Mechanical vibration is
only induced at one unit cell. (b) The mechanical vibration is induced by the central actuation
region (yellow) and is confined by the reflector regions (red) on either side along the y-direction.

Based on the previous LDV measurement and COMSOL simulation results, the near-flat
characteristics of mode 1 indicate an almost-perfect confined standing wave, which can then be
leveraged for an effective resonator.

Hence, an AM-based resonator is then designed and studied. As shown in Fig. 5.7, the
designed resonator consists of an array of units in the center (actuation region) and at two sides
(referred to as reflection region). The actuated region in the center (shown in yellow) generates
mechanical vibrations while reflectors at the sides (shown in red) confine the energy in the y-
direction toward the resonator center. The isolated beam resonance is configured within the
bandgap of the reflection and actuation regions (shown in Fig. 5.2). To describe the varying
geometry, the term “layer” is used here to indicate the number of repeated unit cells in the y-
direction. The resonator’s performance is then evaluated with varied diagonal central beam angle
B, number of actuation layers Nact in the cavity in the direction of propagation (y-direction),
number of cells P transverse to propagation, and number of AM reflector layers Nret (Shown in Fig.

5.7). To simplify the analysis, the diagonal beam rotation angle S, in the reflector is kept

constant at 8. = 20° across all designs in this study.
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Figure 5.8 Scanning electron micrographs of AM resonators with varying central beam angle in
the actuation layers B,.., number of actuation layers N, number of reflector layers N,..r, and
number of cells along the transverse direction P.

Fig. 5.8 shows Scanning Electron Micrographs (SEMs) of three sample variations of the
AIN AM resonators. As previously noted, the beam angle in reflector layers is kept as g = 20°
while actuator beams vary between 25° and 45°. The gray regions show the bare AIN while the
black region indicates the etched area, with both AM matrix in the center and two rectangular
release windows at the sides terminating the reflectors. The bright white region highlights the Ni
top electrode, including one-port GSG pads. The Ground pads in the GSG extend down to contact
the Mo bottom layer.

One-port RF measurements were performed under vacuum at room temperature using a PNA
N5230A, with RF power of -10dBm and IF bandwidth of 300 Hz. Resonator parameters including
electromechanical coupling coefficient k2, motional resistance R, and quality factor (Q) are
extracted using a standard Butterworth-van-Dyke model [12] after de-embedding a pad
capacitance of 2.34 pF and routing resistance of top and bottom electrodes (1 Q and 5.6 Q,

respectively).
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Fig. 5.9 shows a characteristic frequency response of Mode 1 in the AM resonators at 156
MHz. The reflection Si1 is shown here on the left for two different actuation layer numbers (N,
of 2 and 4) with all other three parameters constant: lateral periods P of 10, actuation beam rotation
angle is 45°and N,..,= 4. The measured frequency is 24 MHz lower than the COMSOL simulated
results. This is due to the AIN sidewall slope which results in beam dimensions that are about 810

nm wider than designed. Fig. 5.9 represents the best performance for mode 1 in all designed

structures.
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Figure 5.9 AM resonator performance with varying N,... An AM resonance is found at 156
MHz and Q increases with increasing Ny;.

In this case, the corresponding resonance is found to be 156.9 MHz with the central beam rotation
angle S, = 45°. 3 reflection layers and 4 actuation layers are used in this design. The S is then
fitted to the mBVD model to extract the equivalent circuit parameters. The extracted quality factor

Q isabout 360 and the electromechanical coupling coefficient is 1.05%.
Additionally, we report on Mode 2 resonance at 210 MHz at the higher band edge, shown in
Fig.5.13 for B,.+ = 45°nd varying P. Maximum Q of 1875 is obtained with Ry of 1.4 for P = 15.
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Figure 5.10 Demonstration of the highest Q mode at 210 MHz. Maximum Q of 1875 can be
obtained with Ry of 1.4 Q for P =15

Indeed, the quality factor presented by Mode 1 is limited. The main resources for the mode
1 loss could potentially come from mechanical wave scattering, electrical loading as well as
insufficiency of resonant coupling among different units. Mechanical wave scattering losses
mainly come from the non-ideality of the micro-fabrication process, including but not limited to,
rough sidewall surface and non-straight sidewall angle. This can be further improved by re-
optimization of the process flow, especially the BCl; and Cl; AIN etching process. Electrical
loading losses refer to the losses from the electrical routing. This can be improved by increasing
the number of actuation layers, reducing the overall motional impedance, and finally, increasing
the Q. More importantly, as shown in Fig. 5.2, for mode 1, most of the energy is confined at the
central flexural beam whereas, for mode 2, mechanical energy is more uniformly distributed across
the whole lattice unit. The weak coupling between different lattice units leads to a reduced Q. This

can be further proved by additional 2D finite element simulation
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Figure 5.11 Dispersion relationship for the unit cell which includes four reflection layers and (a)
one actuation layer and (b) four actuation layers.

As demonstrated by Fig. 5.11, the simulated unit consists of four reflector cells at the sides and
varied number of actuation cells in the center. Same Floquet periodic boundary condition isapplied
at the left and right boundaries. The top and bottom is kept as free condition. As shown in Fig.
5.11 (a), only one band is observed at about 130 MHz. However, in Fig. 5.11(b), four bands are
identified at about the same frequency corresponding to the four actuation layers at the center. Due
to the weak coupling between each mode, the band frequency variation is tiny within about 3 MHz
range. This supports the low-Q characteristics observed for Mode 1 from the RF measurements.
Piezoelectric coupling coefficient k? increases to 1.13%. Several spurious modes coexist with
the target mode, though this can be improved with the optimized design of the reflector layers.
This measurement demonstrates the presence of high Q modes alongside the low dispersive
localized mode available in the same asymmetric AM. In future work, when engineered to line up
in frequency, it is possible to use this platform to piece together both flat band transmission lines

and high Q resonant elements to perform more complex signal processing in the mechanical
domain.

5.2 Conclusions

In this chapter, a flat-band flexural beam mode in the bandgap of an asymmetric AM structure

is designed and demonstrated as resonators with engineered parameters for both cavity and
reflectors.
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Resonators composed of these AMs were fabricated and characterized. Leveraging the laser
doppler vibrometry technology, the shape of the flexural beam mode is captured and it coincided
well with the finite element simulation results. Leveraging the flat-band characteristics of the
flexural beam mode, resonators with varied central beam angles and dimensions are also studied.
Both mode 1 and mode 2 are identified in simulation as well as the S parameter measurements.
For mode 1, most of the elastic energy is localized within the central band whereas, for mode 2,
the elastic energy is more uniformly distributed across the unit. This lack of resonance coupling
between lattice units leads to the overall very limited Q for mode 1 compared to mode 2.

These measurements serve as an important first step toward near-zero velocity variation in a
large-scale elastic medium at RF frequencies. This unique feature may have promising applications

in acoustic cloaking, sub-wavelength imaging, and on-chip mechanical signal processing.
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6. GUIDED NEGATIVE REFRACTION INDUCED BY ASYMMETRIC
ELASTIC METAMATERIALS

Acoustic metamaterials are periodic composite materials or structures which have been
explored extensively over the past few decades [124]. The spatial periodicity of metamaterials
opens up new opportunities in the study of acoustic wave propagation, including transformation
acoustics [96], [138] and topology acoustics [139], [140], resulting in unprecedented approaches
of controlling and confining acoustic and elastic waves [141]-[145]. As already indicated in
Chapter 4, the unique design of these metamaterials induces unusual physical phenomena
including acoustic bandgaps [146] and negative [147], [148], which enable applications such as
non-reciprocal wave propagation[149] and sub-wavelength super-lensing [150]-[152]. As
demonstrated by Section 4.3, two mechanisms have been proved to generate the negative refraction
effect, that is, the local resonance within the lattice unit and the multiple Bragg scattering between
the lattice units. Pioneering work on local resonance acoustic metamaterial [103] has inspired a
promising approach to achieve the NR property, that is, by integrating both negative density (p)
and negative bulk modulus (B) to a single structure, forming a double negative index structure, or
a left-handed structure [153]-[155], the Poynting vector is anti-parallel with the wavevector,
leading to the NR effect. However, this condition does not have to hold. For the normal right-
handed structures, the NR property could also be obtained under multiple Bragg scattering effects
among different lattice units. However, previous demonstrations of these structures have not
shown the NR properties induced asa combined effect of local resonance as well as multiple Bragg
scattering. In this chapter, we designed and studied the asymmetric elastic metamaterial that is not
only able to guide the elastic wave but is also capable of generating NR property as a result of

these combined effects.

6.1.1 Unit Cell Design

The designed structure consists of a square array of unit cells (as shown in Fig. 6.1) where
a membrane of AIN (yellow) is freely suspended in vacuum (grey). Four 90° circular sectors
(radius R = 13.2 um) at the corners are connected with three 2.64 um wide beams - two lateral

beams connecting adjacent columns and one bridging top left and bottom right sectors.
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AIN Vacuum

Figure 6.1 Unit cell of the proposed asymmetric elastic metamaterial investigated for guided
negative refraction.

Same material stacks as reported in Chapter 5 are assumed here for all the numerical studies in this
chapter. It should be noted that all the geometric parameters are chosen based on typical values
seen in wafer-scale micro-fabrication using optical photolithography. However, the characteristics

of the designed metamaterial can be generalized and scaled to any dimension. The central beam

angle is denoted as £3.
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6.1.2 Dispersion Relationship and Negative Refraction
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Figure 6.2 (a) Indication of the first Brillouin zone of a square lattice in 2D reciprocal space (b)

Dispersion relationship for the designed structure with yellow rectangle indicating mode 2 (the

sixth band). (c) The EFC for the sixth band with white arrows denoting the group velocity. The

dotted red square indicates the first Brillouin zone. (d) Corresponding mode shape at 173 MHz.
The black arrow indicates the energy flow direction whereas the purple arrow represents the

phase velocity. (e) Variation of the sixth band with changing central beam rotation angle 5. For
simplicity, only band curvature with increased beam rotation angle is demonstrated here (f)

Frequency of the sixth band at I point with § changing from 0° to 71°
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For this periodic asymmetric structure, the first Brillouin zone is shown in Fig. 6.2(a). The
dispersion relationship is calculated for the corresponding structure with £ = 35° (illustrated in Fig.
6.2(b)). In this case, the sixth band is concave, symmetric, and behaves as a plateau around the
high-symmetry I point in reciprocal (k—) space. A corresponding equi-frequency contour (EFC)
is plotted in Fig. 6.2(c). Due to the geometrical asymmetry of this design, the EFC is also

anisotropic. The group velocity (fg’) can be extracted as

T = Vi (w(R) (6-1)
As demonstrated by the EFC (Fig. 6.2(c)), the Vg’ should direct towards I" point. The phase

velocity is determined by the vector k and the energy flows (characterized by the Poynting vector
5’) at the group velocity. Thus, in this case,

S-k<o0 (6-2)
which defines the sufficient condition for the NR property. The mode shape of the unit cell with

periodic boundary conditions is found at 173 MHz in Fig. 6.2(d). The black arrow represents the
energy flow direction. This mode shape is obtained adjacent to I' point (kx = 0.1 g) to

characterize the Poynting’s vector and thus the direction of the traveling waves. The corresponding
band curvature is defined by the central beam rotation angle, which can be verified by investigating
the band shape variation in the dispersion relationship with g (Fig. 6.2(e)) changing from 0°to 71°.
The maximum beam angle g is determined by the unit cell geometry wherein the central beam
should not be isolated from the surrounding sectors. The dispersion relationship around the 7" point
is derived across the range of central beam angles, showing a transition from convex to concave

back to convex shape for the 61" band’s dispersion (Fig. 6.2(€)). Fig. 6.2(f) summarizes this band’s

frequency at I". Below 25° and above 65°, the band is convex about the I" point, that S k>0,
indicating positive refraction (PF). On the other hand, between 25° and 65°, the band is concave,

implying negative refraction.
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Figure 6.3 Resonance mode shapes of the 6th band with (a) § = 25°and (b) § = 20°. The
white arrows represent the Poynting vector.

Fig. 6.3 provides the resonant mode shapes for the same structure but three different central beam
rotation cases. One in transition region when § = 25° (Fig. 6.3 (a)) and the other in positive
refraction region when g = 20° (Fig. 6.3(b)).

When g = 35°, the Poynting vector is pointing towards to upper sectors - anti-parallel
with the wavevector (shown in Fig. 6.2(d)). When g = 25°, both upward and downward Poynting
vectors coexist, resulting in the cancellation of the overall energy flow (shown in Fig. 6.3(a)).
Hence, we expect zero refraction to occur. When f = 20°, the Poynting vector is in parallel with

the wavevector, corresponding to positive refraction (shown in Fig. 6.3(b)).

6.2 Implementation of guided negative refraction

6.2.1 Full-Wave Simulation with AM Matrix

To further illustrate the aforementioned findings, a finite 18 x 12 structure is simulated
using finite element method (FEM) in COMSOL Multiphysics (Fig. 6.4). To avoid possible
reflections, for this and the following full-wave simulation examples, all boundaries are set as low-
reflecting boundary conditions (highlighted by dark blue boundary along the perimeter of the
simulation structure). A uniform wave is incident on one of the unit cells on the left interface of

the metamaterial. The elastic wave propagation within the metamaterial is governed by the

gradient at the instantaneous EFC (V; illustrated by Fig. 6.2(c)) [156], the wave is guided at 45°
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towards the lower boundary (as shown in the von Mises stress field in Fig. 6.3). The saddle point

in the EFC at the I" point indicates that two group velocity vectors co-exist. As such, both forward
and backward propagating waves should be obtained.
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Figure 6.4 Demonstration of wave propagation across the elastic metamaterial with uniform
wave incident on one of the unit cells. The wave was guided 45° inside the metamaterial towards
the bottom boundary and then split into three branches.

At the metamaterial/AIN interface, the incident wave is split into three refracted branches
with 6;, = 6; = 6, = 45° and y = 30°. The orthogonal blue-arrow waves are generated as a
result of the translational periodicity of the structure in reciprocal space [131] whereas the green-
arrow wave results from the opposing direction between energy flow and wavefront (Eqn. (6-2)).
Refraction angle y = 30° indicates the incident wave undergoes refraction at the interface and

the corresponding refractive index of the metamaterial can be calculated as n,,.;q = —1.52.
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6.2.2 Split Waves at Elastic Metamaterial/Bulk AIN Interface

It should be noted in Fig. 6.4, at the elastic metamaterial/bulk AIN interface at the bottom,
the incident wave is split into three branches. The green arrowed wave is believed to be the result
of the negative refraction. However, two additional blue waves coexist.

To study the root cause of the blue-arrowed wave, a different central beam rotation angle

is first investigated.

- | RB / \

Figure 6.5 Schematic of the full-wave field at I” point of the sixth band with central beam
rotation angle g = 25°

As demonstrated by Fig. 6.5, a uniform was incident at the same location. Yet, this time,
the green-arrowed wave disappeared. This reveals that the refracted wave is directly related to the
central beam and is generated under the specific relationship between the energy flow and wave
propagation direction (characterized by Eqn. (6-2)). The effect of the mechanical resonant mode
shape under different £ on the corresponding energy flow direction has been illustrated in Sec. 5.1.

The existence of the two radiated waves indicated by blue-arrows can be explained by the

beam splitting theory.
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Figure 6.6 EFCs for both the elastic metamaterial and solid AIN membrane. Inside the
metamaterial regime, the red arrow indicates the forward propagating energy flow as a result of
the 6th band mechanical resonance. Leveraging the translational periodicity of the structure, two
identical group velocity vectors coexists(+ 45°)within the metamaterial regime. As such, two
split waves are obtained at solid membrane AIN.

Fig. 6.6 has shown the EFCs for the elastic metamaterial as well as the solid AIN
membrane. Due to the translational periodicity of the designed elastic metamaterial, the incident
wavefront propagates both forward and backward within the metamaterial. Following analysis
similar to [131], EFCs for both the metamaterial and the solid AIN membrane are plotted in Figure
8. When the entire structure is excited at resonance, according to the wave field shown by Figure
3, the elastic wave is “forced” to propagate 45° South-East (indicated by the red arrow). According
to Snell’s law, the tangential component of the wavevector must be conserved as a wave propagates
from one medium to the other. A split wave is therefore obtained at the metamaterial/bulk AIN
interface with each 45° to k,, .

Initial experimental results are also obtained from LDV measurements. The same acoustic
metamaterial structure (optical image was shown in Fig. 5.5) was driven from a single unit cell (at
X =3,Y =1) inthe time domain at f = 131 MHz with the same peak-to-peak driving voltage. The

corresponding mechanical motion of the same structure was measured again under the LDV.
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Figure 6.7 Initial absolute displacement amplitude measurement at Mode 2. The mechanical
motion is driven at X =3 and Y = 1. (a) corresponding mechanical motion for three units (b) The
number in each unit represents the maximum absolute displacement magnitude (in pm) of each
unit

However, in this case, characterizing the entire structure becomes very challenging. In order to
measure the entire matrix with all the units at once, the structure needs to be focused on low
magnification. But unfortunately, there is +10 MPa of internal stress built within the thin film AIN.
Once the membrane is released from XeF2, the whole structure deforms and becomes wavy at the
surface with beams either bending ups or downs. Hence, in this case, they do not share any confocal
points. As a result, the actual mechanical motion will be immersed within the noise.

Instead, the LDV focuses and characterizes one unit each time. Fig. 6.7(a) shows the
corresponding mechanical motion for the given mode and Fig 6.7(b) demonstrates the energy flow
direction with each number represents the maximum absolute displacement in the picometer. Units
with color represent a high signal-to-noise ratio. In this case, mechanical energy is confined in the
45-degree NW-SE direction.

In order to fully capture the wave propagation through and after the acoustic metamaterial,
the re-optimization of the dimension and geometry of the entire matrix becomes necessary. AIN
fabrication process needs to be re-developed so that the AM can be scaled down to the nanometer
range with fewer periods of unit cells in both X and Y directions. This will ensure the LDV
captures the mechanical motion for the entire structure with minimum distortions from the thin

film deformation.
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6.2.3 Implementation of The Symmetric Wavefield

Inspired by the discoveries in Figure 6.4, we consider two implementations of this guided
NR material for the manipulation of mechanical signals. The first structure, shown in Figure 6.8,

consists of a finite 16 x 32 structure.

0.25
0.2
0.15
0.1

0.05

-0.05

(b) (©)

Figure 6.8 (a) Schematic of the full-wave field at 173 MHz with a whole structure consisting of
four groups of unit cells, specifically, unit cells with central beam connecting (b) top right and
bottom left sectors (c) top left and bottom right sectors.

This time, instead of complete translational invariance across the metamaterial, this new

finite structure contains four different groups of cells with each group 8 x 16 units. Fig. 6.8 (b)-(c)
illustrates the unit of each group at top left, bottom right (Fig.6.8(b)) and top-right, bottom-left
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(Fig.6.8(c)), respectively. As demonstrated in Fig.6.8(a), all groups are centrosymmetric about the

center (marked by a white star). A uniform wave is an incident on one of the units on the left

boundary (yellow arrows). As illustrated by the von Mises stress field in Fig.6.8(a), at the

resonance frequency, the elastic wave is guided along the central diagonal beamforming

a ’diamond’ wave propagation path within the metamaterial. Meanwhile, at the metamaterial/AIN

interfaces at the left and right, the waves are split into four branches. Per our previous analysis,

blue arrows represent the wave propagation induced by the translational periodicity of the structure

whereas the central two green arrows represent the refracted wave induced by the opposite

direction between the energy flow and the wave vector.

6.2.4

Implementation of The Fully Trapped Wavefield
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Figure 6.9 Schematic of the full-wave field at 173MHz with whole structure same as Fig.6.7(a)

but the right half duplicated along the lateral direction.

Another example is illustrated by Fig. 6.9. This is a 24 x 32 finite structure consisting of

the same groups as Fig.6.8 (b)-(c). All groups are centrosymmetric about the white star. However,

this time, the right half of the structure is duplicated along the lateral direction, extending the

metamaterial boundary towards the far-right. As a consequence of the specific mechanical
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resonance, the elastic wave is unidirectionally guided along the central diagonal beam, forming
a ’diamond’ shape inside the metamaterial. The guided mode exhibits the same four-wave split at
the left interface with the AIN membrane. Otherwise, the elastic energy is fully confined within
the metamaterial. All waves return to the original incident point with no transmission through the

right boundary.

6.3 Conclusions

In summary, this chapter reports for the first time on guided negative refraction induced by
an asymmetric elastic metamaterial. Leveraging a mechanical resonance band unique to this
material, the elastic wave is guided inside the metamaterial. Due to the translational periodicity of
the designed structure in reciprocal space, a wave incident from the metamaterial into a solid
membrane is shown to split into three refracted waves at the metmaterial/bulk AIN interface under
the combined effect of local resonance within the lattice unit and multiple Bragg scattering among
different units. The demonstration of two implementations shows the ability to guide, trap, and
split elastic waves with low dispersion.

These unique features could have the potential in applications including acoustic lenses,

acoustic tweezers, and micro-particle splitters.
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7. CONCLUSION

7.1 Summary of The Results

Leveraging the low wave speed and low loss in high-quality materials, mechanical waves
have been widely used in the recent development of communication, actuation, and sensing
systems. This thesis has reported new designs for both traditional and novel approaches to
manipulating mechanical waves.

First, we put forward a new class of RF resonators which is seamlessly integrated within
Texas Instruments’ 350nm ferroelectric RAM process. The central PZT layer is sandwiched by
the top and bottom Ir electrode, forming a metal-ferroelectric-metal (MFM) capacitor. Upon
operation, all the FeCAPs are poled at the saturation poling condition, due to the piezoelectrical
effect of the PZT, electric signals can be converted to mechanical signals and vice versa. Based on
the corresponding dispersion relationship, most of the mechanical energy is designed to be
confined within the PZT layer. Same structure but grounding FeCAPs are designed at two sides,
pushing the boundaries far from the main resonant cavity, further boosting the energy confinement.
A record-breaking f - Q of 7.11 x 10! is obtained. A corresponding TCF of -58.1 ppm/°C is
attained.

Then, due to the hysteretic effect of the ferroelectric PZTs, the designed resonator is shown
to be switched between pole, off, and zero states. A corresponding mBVD model is developed to
understand the switching effect. With one port fixed at maximum poling condition while sweeping
the other port, a “butterfly-shaped” transmission Sy1 can be obtained. This type of fully integrated
switchable MEMS-CMOS resonator can provide platforms for switchable RF filtering, timing,
actuating, and sensing applications.

Apart from new designs in traditional mechanical signal processing approaches, this thesis
also reports approaches using acoustic metamaterials. An acoustic metamaterial-induced
mechanical resonance is designed in the AIN platform. The flexural beam mode is first found in
finite element analysis simulation and is then confirmed in experiments. Most of the elastic energy
is confined within the central flexural beam, leading to an almost flat band in the dispersion
relationship. This indicates near-zero group velocity and infinite phase velocity at I" point. This

unique feature may have promising applications in acoustic cloaking, sub-wavelength imaging.
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Finally, with the same structure but for the band in the dispersion relationship at a higher
frequency, geometrically, it is concave and almost flat in the vicinity of I" point. An expanded
dispersion relationship — the equi-frequency contour (EFC) is plotted and studied. It is analytically
demonstrated that the wave is propagated under a combined effect of local resonance within the
lattice units and multiple Bragg scattering among different lattice units. The anti-parallel direction
of wave and energy propagation indicates negative refraction. Meanwhile, the maximum energy
localized in k-space points other than I" indicates the multiple Bragg scattering effect. As a result,
two additional split waves are attained at the metamaterial-bulk interface. Two possible
implementations are also demonstrated to guide or fully confined and reflect the incident
mechanical waves. These features would have potential applications in fields including but not

limited to acoustic lensing, acoustic tweezing as well as particle splitting.

7.2 Future Directions

7.2.1 Integrate FeCAP Resonators in RF Building Blocks

Except for the outstanding performance of the demonstrated resonator, the major advantage
of the fully integrated resonator would include but not limited to the greatly reduced footprint, the
significantly relaxed requirement for impedance matching with the surrounding circuitry as well
as the dramatically reduced cost for large-array manufacturing. Therefore, a major future direction
would be to integrate the designed resonant structure within a real system, including filters,
oscillators, and sensors.

With high Q at the high resonant frequency, replacing the FeCAP based resonator with LC
lumped resonator in traditional CMOS oscillating circuitry would be the most promising and
would serve as a major extension of this thesis. With strong output signal amplitude, the FeCAP
based oscillator would require less amplification gain to close the oscillation loop and are expected

to have low power consumption and low phase noise.

7.2.2 New Ferroelectric Materials

Even though the ferroelectric capacitor-based fully integrated RF resonator reported in this

thesis achieved high f - Q, the corresponding k? is limited. This is directly related to the actuation
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and sensing of PZT thin films. Specifically, the deposited PZT film is too thin and the material
itself has been optimized for the pyroelectric hysteresis effect but not fully optimized for its
piezoelectricity.

Alternatively, a heavily Sc doped AIN has also demonstrated ferroelectric effects. Not only
could AIScN be fully integrated within the standard CMOS process but it also has a much higher
kgff, which would translate to higher bandwidth RF filters. In addition, materials like Si-doped

HfO, and HZO have also been released as relatively new piezoelectric materials and have been
reported to be compatible with the standard CMOS process[66], [157]. With fully established
wave-guiding concepts and methodology, studying and implementing high Q AIScN based

waveguided mechanical resonance would be a natural extension of this thesis.
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APPENDIX A. FERROELECTRIC RESONATOR DESIGN PROCESS

Two-dimensional finite element analysis is performed by COMSOL Multiphysics® to
investigate and optimize resonance modes in the FeERAM CMOS stack. As noted in the article,
Floquet periodic boundary conditions are applied at the left and right boundaries, while perfectly
matched layers (PMLs) are applied at the top and the bottom of the device to eliminate the elastic
wave reflections from there. By searching the eigenmodes along the first Brillouin zone, we can
obtain the dispersion relations of acoustic waves in the CMOS stack.

Limited by the technology, a maximum of 5 metal layers are used in the process. While
lithographic dimensions can be changed within the constraints of the design rules, materials and
thicknesses of the layers are predetermined by the technology. Practically speaking, the first metal
layer must be reserved for electrical routing to the transducers, and must therefore be omitted from
the BEOL reflector design. Based on these design constraints, we optimize the following
parameters to maximize energy confinement in the resonance cavity:

e Number of metal layers used in the BEOL reflector

e Width of each metal layer in the x-direction

e Lattice constant a in the x-direction
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Figure A.1 (a) Schematic of FeCAP acoustic waveguide unit cell with 5 metal layers.(b)
Dispersion relation for the device. (c) The mode shapes of localized modes found along k, =

n/a.

Mode optimization begins with a range of devices using 5 metal layers at the BEOL. Apart
from the first metal layer, all the other layers are continuous across the FeCAP area (Figure S1(a)).
It is assumed that the length of the trapezoidal FECAP is 1.4 um and the length of the lattice
constant a is 5 um. The dispersion relation, obtained through eigenmode analysis in COMSOL, is
shown in Fig. S1(b). The blue and red lines present the longitudinal and shear sound lines,
respectively. Several discrete modes exist below the shear sound line, indicating modes that are
slow enough to be guided laterally in the CMOS stack. However, according to the stress
distribution of these guided modes along k, = m/a, only the modes at 400.9 MHz and 479.5MHz
are coupled efficiently to the FeCAP transducer. These mode shapes also indicate the energy
confined in the FeCAP is coupled with the metal layers above it, corresponding to acoustic loss.
Additionally, the localized modes are very close to the shear sound line, indicating an opportunity
for scattering into the bulk Si corresponding to a lower quality factor.

To push the strain energy downwards closer to the FeCAP, the number of metal layers is
reduced to two. The schematic of the device is shown in Fig. S2(a), with corresponding dispersion
relation in Fig. S2(b). Five localized modes are visible along k, = m/a below the shear sound line.
Their displacement field is plotted in Fig. S2(c). In this case, only the mode at 433.4 MHz results

in a large overlap between the strain energy and the transducer area. This is a necessary
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characteristic for high-efficient electromechanical coupling for drive and sense. However, the
energy is still coupled with part of the SiO» layers and it is not fully confined within the FeCAP
area. To simplify the optimization process taking into account technology limits, the length of the

FeCAP is fixed at 1.4 um. Sweeping the geometry of the metal layers, it is found that a metal

G

length of 600 nm provides the best confinement.
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Figure A.2 (a) Schematic of FeCAP unit cell with two metal layers. (b) Dispersion relation for

the device with two metal layers. (c) The mode shape of localized modes found along k, = m/a.

To further enhance the energy confinement, the authors investigated the effect of
decreasing the unit cell length a. This is because, the sound line is expressed as w = ¢ - k, where
c is the acoustic wave velocity of a given material and k is the wavenumber. Normalizing k with
= and we obtain

w c
=2 " 2"

Thus, the slope of the sound line is inversely proportional with a. By decreasing a, the
resonance mode frequency is increased, and when a=2 um (lithographic limit of the technology),
and the distance between the confined mode and the sound line reaches maximum. This provides
a lower probability of mode scattering into the bulk Si and indicates the highest energy

confinement.
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Figure A.3 Dependence of the acoustic mode frequency on the changing lattice constant a. As
the lattice constant reduces, the distance between the localized mode and the sound line

increases.

To conclude, the metal width of 600 nm for metals 1 and 2, with the lattice constant a = 2 um
provides a combination of large acoustic confinement with the maximum overlap of elastic energy
in the FeCAP transducer, within the lithography constraints of the Tl E035 technology. The
corresponding dispersion relation is shown in Fig. 2 of the manuscript.
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