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PLATE WAVE DEVICES WITH WAVE CONFINEMENT STRUCTURES
AND FABRICATION METHODS

STATEMENT OF RELATED APPLICATIONS

[0001] This application claims priority fo U.S. Provisional Patent Application No.
62/093,184 filed on December 17, 2014, and to U.S. Provisional Patent Application
No. 82/083,753 filed on December 18, 2014, The entire contents of the foregoing

applications are hereby incorporated by reference as if set forth fully herein.

TECHNICAL FIELD

{00027 The present disclosure relates 1o electromechanical components ulilizing
acoustic wave propagation in piezoelectric layers, and in particular to improved plate
wave structures and methods for making such structures. Such structures may be
used, for example, in radio frequency transmission circuits, sensor systems, signal

processing systems, and the like.

BACKGROUND

[0003] Micro-electrical-mechanical system (MEMS) devices come in a variely of
fypes and are utilized across a broad range of applications. One type of MEMS
device that may be used in applications such as radio frequency (RF) circuitry s a
MEMS vibrating device {also known as a resonator). A MEMS resonator generally
includes a vibrating body in which a piezoeleciric layer is in conlact with one or more
conductive layers.,  Plezoelectric materials acquire a charge when compressed,
twisted, or distorted. This property provides a transducer effect between electrical
and mechanical oscillations or vibrations. In a MEMS resonator, an acoustic wave
may bg excited in a plezoelechic layer in the presence of an allernating eleciric
signal, or propagation of an elastic wave in a piezoelectric material may lead {o
generation of an electrical signal. Changes in the electrical characteristics of the
piezoeleciric layer may be utiized by circuitry connected o a MEMS resonator
device {o perform one or mors functions.

[0084] Guided wave resonators include MEMS resonator devices in which an

acoustic wave is confined in part of a structure, such as in the piezoelectric layer.
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Confinement may be provided by reflection at a solid/air interface, or by way of an
acoustic mirror (e.g., a stack of layers referred to as a Bragg mirror) capable of
reflecting acoustic waves. Such confinement may significantly reduce or avoid
dissipation of acoustic radiation in a substrate or other carrier structure.

{00687 Various types of MEMS resonator devices are known, including devices
incorporating interdigital  transducer (IDT) electrodes and periodically poled
transducers (PPTs) for lateral excitation. Examples of such devices are disclosed in
U.S. Patent No. 7,586,239, US. Patent No. 7,898,158, and U.S. Patent No.
8,035,280 assigned to RF Micro Devices (Greensboro, NC, USA), wherein the
cortents of the foregeing patents are hereby incorporated by reference herein.
Devices of these types are structurally similar to film bulk acoustic resonator (FBAR)
devices, in that they each embody a suspended piezoeleciric membrane. Such
devices (including IDT-type devices in particular) are subject to limitations of finger
resistivity and power handling due {0 poor thermal conduction in the structures.
Additionally, IDT-type and PFPPT-type membrane devices may require stringent
encapsulation, such as hermetic packaging with a near-vacuum environment.

{0006} Plate wave (also known as lamb wave) resonator devices are also known,
such as described in U.S. Patent Application Publication No. 2010-0327985 A1 io
Reinhardt et al. ("Reinhardt”). Compared to surface acoustic wave (SAW) devices,
plate wave resonators may be fabricated atop silicon or other substrates and may be
more easily integrated into radio frequency circuits.  Reinhardt discloses a multi-
frequency plate wave type resonator device including a silicon substrate, 3 stack of
deposited layers {e.g., SIOC, SiN, SiQ,, and Mo) constituting a Bragg mirror, a
deposited AIN piezoelectric layer, and a SIN passivation layer. According fo
Reinhardt, at least one resonator includes a differentiation layer arranged to modify
the coupling coefiicient of the resonator so as o have a determined useful
bandwidth. One limitation of Reinhardl's teaching is that deposition of AIN
piezoeleciric material {e.q., via epitaxy) over an underlying material having a very
different latlice struciure generally precludes formation of single crystal material;
instead, lower gquality maleral with some deviation from perfect orientation is
typically produced. A further limitation is that Reinhardt's approach does not appear
to be capable of producing resonaiors of widely different {(e.q., octave difference)

frequencies on a single substrate. Additionally, in at least certain contexis, it may be
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cumbersome to produce Bragg mirrors with consistently high reproducibility of layer
thicknesses.

{00077  Accordingly, there is a need for guided wave devices that can be efficiently
manufactured. Desirable devices would address thermal conduction and stringent
packaging concermns associated with membrane-type devices. There is a further
need {0 provide devices that may incorporate high quality piezoslectric materials.
There is a still further need for devices that may enable production of widely different
frequencies on a singie substrate.

SUMMARY

[0008] The present disclosure provides a micro-glectrical-mechanical system
(MEMS) guided wave device that ulilizes a single crystal piezoelectric layer and at
least one guided wave confinement structure configured o confine a laterally excited
wave in the single crystal piezoelectric layer. One or multiple guided wave
confinement structures may be provided. One guided wave confinement structure
may include a fast wave propagation material.  Alternatively, one guided wave
confinement structure may include a Bragg mirror separated from a single crystal
piezoelectric layer by a slow wave propagation layer or g temperature compensation
laver. In either instance, another guided wave confinement structure may include a
fast wave propagation material or a Bragg mirror.  Single crystal piezoeleciric
materials (e.g., lithium niobate, lithium tantalate, and the like) may be incorporated in
such devices, such as by pre-fabrication followed by bonding to at least one
underlying layer of a guided wave device to form a bonded interface. Multiple
elecirodes arranged in or on the single crystal piezoelectric layer are configured for
transduction of a lateral acoustic wave.

[6608] Embodiments incorporating fast wave propagation materials {o provide
quided wave confinement may benefit from ease of fabrication as compared {0
production of Bragg mirrors in certain contexts. At least one Bragg mirror may be
used in certain embodiments, such as may be useful {0 tailor wave refiection
parameters, and as also may be useful in the context of confining very high velocity
acoustic waves. Certain embodiments incorporate a fast wave propagation material
on or adiacent to one (e.g., a firsth surface of a piezoelectric material, and
incorporate a Bragg mirror adjacent to another (e.g., a second) surface of the

piezoelectric material.
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{00107 Guided wave devices incorporaling various electrode configurations
disclosed herein include, but are not limiled to, single layer coplanar interdigital
transducers ({DTs) alone, multiple layer coplanar 1DTs alone, 1DTs in combination
with continuous layer electrodes {e.g., useable as floaling electrodes or shorting
glectrodes {0 enable launch of asymmetric waves), 1DTs at least partially embedded
in piezoelectric layers, non-coplanar 1DTs, 1DTs registered with single crystal
piezoeleciric layer segments, and periodically poled transducers (PPTs). In certain
embodiments, electrodes may be partially embedded in, and/or gaps between
various electrodes may be filled in whole or in part with, (i) piezoelectric material, or
(it} slow wave propagation material and/or temperature compensation material. The
wavelength A of an acoustic wave transduced by an 10T equals two times the pitch
or separation distance between adjacent electrodes (fingers) of opposite polarity,
and the wavelength A alsoc equals the separation distance between closest
elecirodes (fingers) of the same polarity.

{00411 In certain embodiments, MEMS guided wave devices employ single-sided
confinement, in which at least one confinement structure is provided adjacent to a
first surface of a single crystal piszoelectric layer, and in which a solid/air interface is
provided adjacent to a second opposing surface of the single crystal piezoeleciric
layer. in other embodiments, MEMS guided wave devices employ double-sided
confinement, in which first and second confinement structures are provided
proximate fo first and second opposing surfaces, respectively, of a single crystal
piezoelectric layer.

[0012] In one aspect, a MEMS guided wave device includes multiple electrodes
arranged in or on a single crystal piezoelectric layer and configured for transduction
of a lateral acoustic wave in the single crystal piezoelectric layer. At least one
guided wave confinement structure arranged proximate 1o the single orystal
piezoelectric layer confines a laterally excited wave having a wavelength A in the
single crystal piezoelectric layer. Al leasi one guided wave confinement structure
includes a fast wave propagation laver, and each guided wave confinement structure
comprises a thickness of less than 5 A In certain embodiments, a bonded interface
is provided between the single crystal piezoelectric layer and at least one underlving
layer of the device (such as a guided wave confinement siruciure, an optionally

provided slow wave propagation layer, or a substrate).
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{0013} In certain embodimenis, a single crystal piezoelectric layer includes a first
surface and a second surface opposing the first surface, the at least one guided
wave confinement structure includes a first guided wave confinement structure
proximate {o the first surface and includes a second guided wave confinement
structure proximate to the second surface. In certain embodiments, a first guided
wave confinement structure includes a first fast wave propagation layer, and a
second guided wave confinement structure includes either 3 Bragg mirror or a
second fast wave propagation layer. In certain embodiments, at least one slow wave
propagation fayer may be provided between at least one guided wave confinement
structure and the single crysial piezoslectric layer. In certain embodiments, first and
second slow wave propagation lavers may be provided, with a first slow wave
propagation laver arranged between a first surface of the piezoelectric layer and a
first guided wave confinement structure, and with a second slow wave propagation
layer arranged beilween a second surface of the piezoelectric layer and a second
guided wave confinement siructure. In cerfain embodiments, at least one {or each)
slow wave propagation layer includes a thickness that differs from a thickness of
each layer of the at least one guided wave confinement structure.  In certain
embodiments, multiple electrodes are arranged in at least one slow wave
propagation fayer and in contact with the single crystal piezoelectric layer. In certain
embodiments, a first IDT includes a first group of slecirodes of a first polarity and a
second group of electrodes of a second polarity opposing the first polarity. In cerfain
embodiments, the second group of electrodes may be arranged in a plurality of
recessed regions in the piszoeleciric layer and are arranged non-coplanar with the
first group of electrodes. In certain embodiments, at least one functional layer may
be arranged to at least partially cover at least some electrodes. In certain
embodiments, a first interdigital ransducer (D7) is arranged on or in {(e.¢., &t least
partially embedded in) a first surface of a piezoelectric layer, optionally in
combination with a second IDT arranged on or in a second surface of the
piezoelectric layer. In certain embodiments, multiple electrodes and a piezoelectric
laver in combination embody a periodically poled transducer (FFPT), with at least one
slow wave propagation layer provided between the PPT and at least one guided
wave confinement structure.

{00141 In another aspect a MEMS guided wave device includes mulliple

electrodes arranged in or on a single crystal piezoelectric layer and configured for
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transduction of g lateral acoustic wave in the single crystal piezoelectric layer. Al
least one guided wave confinement structure includes a Bragg mirror proximate to
the piezoelectric laver, wherein the Bragg mirror is configured o confine a laterally
excited wave in the single crysial piezoelectric layer, and the Bragg mirror is
separated from the single crystal piezoeleciric layer by a slow wave propagation
layer. In certain embodiments, the Bragg mirror includes at least one group of at
least one low impedance laver and at least one high impedance layer, and the at
least one low impedance layer is sequentially arranged with the at least one high
impedance layer in the at least one group. In certain embodiments, the laterally
excited wave in the single crystal piezoelectric layer has a wavelength A, and sach
quided wave confinement structure of the at least one guided wave confinement
structure comprises a thickness of less than 5 A, In certain embodiments, a bonded
interface is provided between the single crystal piezoslectric layer and at least one
underlying layer of the device (such as a guided wave confinement structure, or a
slow wave propagation layer, or a subsirate).

[0015] In certain embodiments, a single crystal piezoslectric layer includes a first
surface and a second surface opposing the first surface, the at least one guided
wave confinement structure includes a first quided wave confinement structure
proximate to the first surface and includes a second guided wave confinement
structure proximate to the second surface. In certain embodiments, a first guided
wave confinement structure includes a first Bragg mirror, and 3 second guided wave
confinement structure includes either a fast wave propagation material or a second
Bragg mirror. In cerlain embodiments, first and second slow wave propagation layers
may be provided, with a first slow wave propagation layer arranged between a first
surface of the piezoelectric layer and a first guided wave confinement structure, and
with a second slow wave propagation layer arranged betlween a second surface of
the piezoelectric laver and a second guided wave confinement structure. In certain
embodiments, at least one (or each) slow wave propagation layer includes a
thickness that differs from a thickness of each layer of the at least one guided wave
confinement structure.  In certain embodiments, multiple electrodes are arranged in
at least one slow wave propagation layer and in contact with the single crystal
piezoelectric layer.  In certain embodiments, a first DT includes a first group of
glectrodes of a first polarity and a second group of electrodes of a second polarity

opposing the first polarity. In certain embodiments, the second group of electrodes
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may be arranged in a plurality of recessed regions in the plezoslectric layer and are
arranged non-coplanar with the first group of electrodes. In certain embodiments, at
least one functional layer may be arranged to at least partially cover at least some
electrodes. In certain embodiments, a first interdigital transducer (IDT) is arranged
on or in {e.g., at least partially embedded in) a first surface of a piezoelectric layer,
optionaily in combination with a second DT arranged on or in a second surface of
the piezoeleciric layer. In certain embodiments, mulliple electrodes and a
piezoelectric laver in combination embody a periodically poled transducer (PPT),
with at least one siow wave propagation layer provided between the PFT and at
least one guided wave confinement structure.

[0816] In ancther aspect, a MEMS guided wave device includes mulliple
electrodes arranged in or on a single crystal piezoelectric layer and configured for
transduction of a lateral acoustic wave in the single crystal piszoelectric layer. At
least one guided wave confinement structure arranged proximate o the single
crystal piezoelechric layer confines a laterally excited wave having a wavelength A in
the single crystal piezoelectric layer, wherein each guided wave confinement
structure comprises a thickness of less than 5 A, The guided wave device includes
at least one of the following features (i) and (ii}: (i) the atl least one guided wave
confinement structure includes a fast wave propagation layer, or {ii) the at least one
guided wave confinement structure includes a Bragg mirror, whersin the Bragg
mirror is separated from the single crystal piezoelectric layer by a slow wave
propagation laver. In cerfain embodiments, the guided wave device is devoid of
contact between the electrodes and at least one {or each) guided wave confinement
structure.  In certain embodiments, spacing between a guided wave confinement
structure and a single crystal piezoelectric layer may be provided with at ieast one
stow wave propagation layer and/or a temperature compensation layer (wherein both
ytilities may optionally be provided by a single material in appropriate instances),
wherein the layer providing such spacing may embody a thickness that differs from a
thickness of each layver of the at least one guided wave confinement struciure. A
bonded interface is preferably arranged between the single crystal piezoeleciric layer
and at least one underlying layer (such as, but not limited fo, (i) a guided wave
corfinement structure of the at [east one guided wave confinement structure or (i) an

optionally provided siow wave propagation layer arranged between the single crystal
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piezoelectric laver and a guided wave confinement siructure of the at least one
guided wave confinement structure).

[00817] In another aspect, a single crystal piezoelectric layer of a MEMS guided
wave device includes differing first and second thickness regions, a first group of
electrodes arranged on or adjacent to the first thickness region and configured for
transduction of a first lateral acoustic wave having a wavelength Aq in the first
thickness region, and a second group of elecirodes arranged on or adjacent o the
second thickness region and configured for transduction of a second lateral acoustic
wave having a wavelength Ay in the second thickness region, wherein A4 differs from
Az, The device further includes at least one guided wave confinement structure
configured to confine the first lateral acoustic wave in the first thickness region, and
configured to confine the second lateral acoustic wave in the second thickness
region. In certain embodiments, the at least one guided wave confinement structure
includes a fast wave propagation material. In ceriain embodiments, the at least one
guided wave confinement structure includes a Bragg mirror with at least one group of
at least one low impedance layer and at least one high impedance layer, wherein the
at least one low impedance layer is sequentially arranged with the at least one high
impedance layer in the at least one group. In certain embodiments, the Bragg mirror
is separated from the single corystal piezoelectric layer by a temperature
compensation layer.

[0018] In certain embodiments, the first and second groups of electrodes include
first and second 1DTs, andfor the first and second groups of electrodes are non-
coplanar relative {o one another. In cerlain embodiments, at least one temperature
compensation layer is provided between the at least one guided wave confinement
structure and at least a portion of the piezoelectric layer. Optionally, a temperature
compensation layer may include a first temperature compensation fayer thickness
proximate to the first thickness region of the piezoelectric layer, and may include a
second iemperature compensation layer thickness proximate to the second
thickness region of the piezoelectric layer. In certain embodiments, a temperature
compensation layer may also embody a slow wave propagation material.

[0019] In certain embodiments, a MEMS guided wave device disclosed herein
further includes a carrier substrate having a thickness of greater than 5 {imes the
wavelength A of a laterally excited wave confined in a single crystal piezoelectric

layer, with at least one guided wave confinement structure arranged betwesn the
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carrier substrate and the piezoelectric layer. In certain embodiments, a MEMS
guided wave device is solidly mounted to a carrier substrate, or portions of a MEMS
guided wave device may be suspended over a carrier substrate and separated by an
intervening cavity. In other embodiments, a MEMS guided wave device as disclosed
herein is devoid of a carrier subsirate.

{00201 In ancther aspect, a MEMS guided wave device includes a segmented
single crystal piezoelectric layer with multiple electrodes arranged therein or thereon
and configured for transduction of a lateral acoustic wave having a wavelength A in
the piezoelectric layer, with the mulliple electrodes including a segmented laver of
first electrodes. At least one guided wave confinement structure {preferably having a
thickness of less than 5 A) is arranged proximate to the segmented piezoelectric
layer and configured to confing the lateral acoustic wave in the segmented
piezoelectric layer.  Additionally, segments of the segmented single crysial
piezoeleciric layer are substantially registered {(e.q., overlapping) with segments of
the segmented layer of first electrodes. In certain embodiments, a second elecirode
{e.qg., including a substantially continuous layer, or a discontinuous or segmented
layer) is additionally provided, such as along a second surface of the piezoelectric
layer thai opposes a first surface of the piezoelectric layer in contact with the
segmented layer of first slectrodes. in certain embodiments, first and second guided
wave confinement structures are provided, and gaps belween segmenis of the
segmented layer of first electrodes, as well as gaps belween segmenis of the
segmented single crystal piezoelectric layer, are filled with a slow wave propagation
material and/or a temperature compensation material.  In certain embodiments, a
layer of slow wave propagation material and/or a temperature compensation material
may be provided between (i) the segmented layer of first electrodes and (i) at least
one of the first guided wave confinement structure or the second guided wave
confinement structure.

{0021} in another aspect, a method of fabricating a micro-electrical-mechanical
system (MEMS) guided wave device including a single crystal piezoelectric material
with different thickness regions is provided. A single crystal piezoelectric iayer is
locally thinned to define first and second thickness regions that differ in thickness.
The locally thinned piezoelectric layer is bonded on or over an underlying layer {(e.¢.,
at least one of (i) a fast wave propagation layer;, (i) a Bragg mirror, or (i) &

substrate) to provide an intemnally bonded interface. Such bonding may be
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performed using wafer bonding techniques known in the art. First and second groups
of electrodes are defined on or adjacent to the first thickness region and the second
thickness region, respectively, for transduction of a first lateral acoustic wave having
a first wavelength Ay in the first thickness region, and for transduction of a3 second
lateral acoustic wave having a second wavelength A in the second thickness region.
in certain embodiments, one or more surfaces of the piezoelectric layer are
planarized prior fo bonding {(e.q., as a bonding preparation step), and/or planarized
after bonding (e.g., to adjust thickness of the piezoelectric laver). In certain
embodiments, a temperature compensation layer may be provided below the
piezoelectric layer, with the temperature compensation layer optionally including a
first temperature compensation layer thickness region and a second temperature
compensation layer thickness region that differ from one another. In certain
embodiments, a temperaiure compensation material is deposited on or over a
surface of af least one of the first thickness region or the second thickness region.
{00227 In another aspect, any of the foregoing aspects, and/or various separate
aspects and features as described herein, may be combined for additional
advantage. Any of the varicus fealures and elements as disclosed herein may be
combined with one or more other disclosed features and elements uniess indicated
to the contrary herein.

[00231 Those skilled in the art will appreciate the scope of the present invention
and realize additional aspecis thereof after reading the following detailed description

in association with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

{00241 The accompanying drawings incomorated in and forming a part of this
specification illustrate several aspects of the invention, and together with the
description serve {o explain the principles of the invention.

[002587 FIG. 1 is a perspective view of a MEMS guided wave device including an
DT and two reflector gratings arranged over a piezoelectric layer, an optional slow
wave propagation layer, and a guided wave confinement struciure according 1o one
embodiment of the present disclosure.

[0026] FIG. 2 is a perspective view of a MEMS guided wave device including an

IDT arranged over portions of a piezoslectric layer and a guided wave confinement

10
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structure suspended between anchors according to one embodiment of the present
disciosure.

[0027] FIG. 3 is a perspective view of a MEMS guided wave device including an
IDT arranged over portions of a piezoelectric layer and a guided wave confinement
structure suspended by narrow mechanical supports between anchors according {o
one embodiment of the present disclosure.

[0028] FlIG. 4 is a side cross-seciional view of a MEMS guided wave device
including top side electrodes in the form of an 1DT arranged over a piezoelectric
laver, a slow wave propagation laver, a fast wave propagation layer serving as a
one-sided guided wave confinement structure, and a carrier substrate according to
one embodiment of the present disclosure.

00297 FIG. 5 is a side cross-sectional view of a MEMS guided wave device
including top side electrodes in the form of an IDT arranged over a piezoelectric
layer, a slow wave propagation layer, a Bragg mirmror serving as a one-sided gquided
wave confinement structure, and a carrier substrate according {0 one embodiment of
the present disclosure.

[0030] FIG. 6 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an DT arranged on only one face of a
piezoelectric layer, with slow wave propagation layers sandwiching the electrodes
and the piezoelectric layer, and two-sided guided wave confinement provided by first
and second fast wave propagation layers according fo one embodiment of the
present disclosure.

[00631] FIG. 7 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an IDT arranged on one face of a piezoelectric
layer, with slow wave propagaiion layers sandwiching the electrodes and the
piezoelectric iaver, and two-sided guided wave confinement provided by first and
second Bragg mirrors according to ong embodiment of the present disclosure.

[0032] FlIG. 8 is a side cross-seclional view of a MEMS guided wave device
including electrodes in the form of first and second [DTs arranged on first and
second faces of a piezoelectric layer, respectively, with slow wave propagation
layers sandwiching the electrodes and the piezoslectric layer, and two-sided guided
wave confinement provided by first and second fast wave propagation layers

according 1o one embodiment of the present disclosure.
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[0033] FIG. 9 is a side cross-sectional view of a MEMS guided wave device
including slectrodes in the form of first and second IDTs arranged on first and
second faces of a piezoslectric layer, respectively, with slow wave propagation
layers sandwiching the electrodes and the piezoelectric laver, and fwo-sided guided
wave confinement provided by first and second Bragg mirrors according to one
embodiment of the present disclosure.

[0034] FiG. 10 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an IDT arranged on only one face of a
piezoelectiic layer within a siow wave propagation layer, and with one-sided guided
wave confinement provided by a fast wave propagation laver according o one
embodiment of the present disclosure.

[00358] FIG. 11 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an DT arranged on only one face of a
piezoeleciric layer within a siow wave propagation layer, and with one-sided gquided
wave confinement provided by a Bragg mirror according to one embodiment of the
present disclosure.

[0036] FIG. 12 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an 1DT embedded in and extending through the
entire thickness of a piezoelectric layer, with slow wave propagation iayers
sandwiching the elecirodes and the piezoelectric layer, and two-sided guided wave
confinement provided by first and second fast wave propagation layers according fo
one embodiment of the present disclosure.

{0037} FIG. 13 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an 1DT embedded in and extending through the
entire thickness of a piezoelectric layer, with slow wave propagation layers
sandwiching the slectrodes and the piezoelectric laver, and two-sided guided wave
confinement provided by first and second Bragg wmirrors according o one
embodiment of the present disclosure.

[0038] FIG. 14 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an IDT embedded in a single face of a
piezoelectric layer, with a slow wave propagation layer contacting the electrodeas and
the piezoelectric iayer, and one-sided guided wave confinement provided by a fast

wave propagation layer according to one embodiment of the present disclosure.
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[00391 FIG. 15 is a side cross-sectional view of 2 MEMS guided wave device
including electrodes in the form of an IDT embedded in a single face of a
piezoelectric layer, with a slow wave propagation layer contacting the electrodes and
the piezoelectric layer, and one-sided guided wave confinement provided by a Bragg
mirror according to one embodiment of the present disclosure.

{00407 FIG. 18 is a side cross-sectional view of a MEMS guided wave device
including a periodically poled transducer (PPT) having electrode layers sandwiching
a piezoelectric layer with alternating polarity regions, and further including a slow
wave propagation layer, a fast wave propagation layer serving as a one-sided guided
wave confinement structure, and a carrier substrate according to one embodiment of
the present disclosure.

f0041] FIG. 17 is a side cross-sectional view of a MEMS guided wave device
including & PPT having slectrode layers sandwiching a piszoelectiic layer with
alternating polarity regions, and further including a slow wave propagation layer, a
Bragg mirror serving as a one-sided guided wave confinement structure, and a
carrier substrate according to one embodiment of the present disclosure.

[0042] FIG. 18 is a side cross-sectional view of a MEMS guided wave device
including a PPT having electrode layers sandwiching a piezoelectric layer with
alternating polarity regions, and further including siow wave propagation iayers
sandwiching the PPT, first and second fast wave propagation layers serving as a
two-sided quided wave confinement struciure, and a carrier substrate according to
one embodiment of the present disclosure.

[0043] FIG. 19 is a side cross-sectional view of a MEMS guided wave device
including a PPT having electrode layers sandwiching a piezoslectric layer with
alternating polarity regions, and further including slow wave propagation layers
sandwiching the PPT, first and second Bragg mirrors serving as a two-sided guided
wave confinement structure, and a carrier substrate according to one embodiment of
the preseni disclosure.

[0044] FIG. 20 is a side cross-sectional view of 2 MEMS guided wave device
including a segmented piezoelectric layer arranged between a continuous electrode
and a segmented elecirode registered with the piezoelectric layer, with the device
including a slow wave propagation layer, a fast wave propagation layer serving as a
one-sided wave confinement structure, and a carrier substrate according 1o one

embodiment of the present disclosurs.
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[00457 FIG. 21 is a side cross-sectional view of a MEMS guided wave device
including a segmented piezoelectric layer arranged belween a continuous electrode
and a segmented elecirode registered with the piezoelectric layer, with the device
including a siow wave propagation iayer, including a Bragg mirror serving as a one-
sided wave confinement structure, and including a carrier substrate according to one
embodiment of the present disclosure.

[0046] FlIG. 22 is a side cross-sectional view of a MEMS guided wave device
including a segmented piezoelectric layer arranged between a continuous electrode
and a segmented eslectrode registered with the piezoeelectric layer, with the device
including slow wave propagation material (i) between the segmented piezoelectric
layer and the segmented elecirode, and (i) sandwiching the electrodes, including
fast wave propagation layers serving as a two-sided wave confinement structure,
and including a carrier substrate according 1o one embodiment of the present
disciosura.

[00477 FIG. 23 is a side cross-sectional view of a MEMS guided wave device
including a segmented piezoelectric layer arranged between a continuous electrode
and a segmented electrode registered with the piezoelectric layer, with the device
including slow wave propagation material (i) between the segmented piezoeleciric
layer and the segmented electrode, and (i) sandwiching the electrodes, induding
Bragg mirrors serving as a two-sided wave confinement structure, and including a
carrier subsirate according to one embodiment of the present disclosure.

[0048] FIG. 24 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an 1DT embedded in and extending through the
entire thickness of a piezoelectric layer, with slow wave propagation lavers
sandwiching the electrodes and the piezoeleclric layer, with two-sided guided wave
confinement provided by a fast wave propagation layer arranged below the
piezoelectric laver and a Bragg mirror arranged above the piezoelectric layer, and
with a carrier subsirate according to one embodiment of the present disclosure.
00491 FIG. 25 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an 1DT embedded in and extending through the
entire thickness of a piezoelectric layer, with slow wave propagation lavers
sandwiching the electrodes and the piezoeleciric layer, with two-sided guided wave

confinement provided by a Bragg mirror arranged below the piezoelectric layer and a
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fast wave propagation layer arranged above the piezoelectric layer, and with a
carrier substrate according to one embodiment of the present disclosure.

[0050] FIG. 26 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an IDT with certain electrodes deposited in
recesses defined in a piezoelectric layer and other electrodes deposiied atop the
piezosiectric layer, with the device further including a slow wave propagation layer,
one-sided guided wave confinement provided by a fast wave propagation layer, and
a carrier substrate according to one embodiment of the present disclosure.

[00581] FIG. 27 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an DT with cerlain electrodes deposited in
recesses defined in a piezoeleciric layer and other electrodes deposited atop the
piezoelectric layer, with the device further including a slow wave propagation layer,
one-sided gquided wave confinement provided by a Bragg mirror, and a carrier
substrate according o one embodiment of the present disclosure.

[005821 FIG. 28 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an DT with certain electrodes deposited in
recesses defined in a piezoslectric layer and other electrodes deposited atop the
piezoelectric layer, with slow wave propagation layers sandwiching the electrodes
and the piezoselectric layer, with two-sided guided wave confinement provided by fast
wave propagation layers arranged above and below the slow wave propagation
layers, and with a carrier substrate according io one embodiment of the present
disciosure.

[0083] FIG. 29 is a side cross-sectional view of a MEMS guided wave device
including electrodes in the form of an DT with cerfain electrodes deposited in
recesses defined in a piezoeleciric layer and other electrodes deposited atop the
piezoelectric layer, with slow wave propagation layers sandwiching the electrodes
and the piezoslectric layer, with two-sided guided wave confinement provided by
Bragg mirrors arranged above and below the slow wave propagation layers, and with
a carrier substrate according to one embodiment of the present disclosure.

[00584] FIG. 30 is a side cross-sectional view of subassemblies of a MEMS guided
wave device during fabrication, following local thinning of a piszoelectiic laver to
define first and second thickness regions with a thinner region filled with a
temperature compensation malerial, and prior to wafer bonding of the piezoelectric

laver to a subassembly including a temperature compenssation layer arranged over a
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fast wave propagation layer and a carrier substrate according 1o one embodiment of
the present disclosure.

[0055] Fic. 31 is a side cross-sectional view of a MEMS guided wave device
produced with the subassemblies illustrated in FIG. 30, following wafer bonding,
planarization / thinning of an culer surface of the piezoelectric layer, and deposition
of substantially coplanar first and second groups of electrodes over first and second
thickness regions, respectively, of the piezoelectric layer, according o one
embodiment of the present disclosure.

[0086] FIG. 32 is a side cross-sectional view of subassemblies of a MEMS guided
wave device during fabrication, following local thinning of a plezoelectric layer to
define first and second thickness regions with a thinner region filled with a
temperature compensation material, and prior to wafer bonding of the piezoeleciric
laver to a subassembly including a temperature compenssation layer arranged over a
Bragg mirror and a carrier substrate according to one embodiment of the present
disciosure.

[0087] FIG. 33 is a side cross-sectional view of a MEMS guided wave device
produced with the subassemblies illustrated in FIG. 32, following wafer bonding,
planarization / thinning of an outer surface of the piezoelectric layer, and deposition
of substantially coplanar first and second groups of eleclrodes over first and second
thickness regions, respectively, of the piezoelectric layer, according (o one
embodiment of the present disclosure

[00588] FIG. 34 is a side cross-sectional view of a MEMS guided wave device
including substantially coplanar first and second groups of electrodes arranged over
first and second thickness regions, respectively, of a piezoslectric layer, which is
arranged over a temperature compensation laver having first and second
temperature compensation layer thicknesses underlying the first and second
thickness regions of the piezoslectric layer, respectively, which is arranged over a
fast wave propagation layer having first and second fast wave propagation layer
thicknesses underlying the first and second temperature compensation layer
thickness regions and providing guided wave confinement utility, and which is
arranged over a carrier substrate according fo ong embodiment of the present
disciosure.

{00581 FIG. 35 is a side cross-sectional view of a MEMS guided wave device

including non-coplanar first and second groups of electrodes arranged over non-
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coplanar upper surfaces bounding first and second thickness regions, respectively,
of a piezoelectic fayer, which is arranged over a lemperature compensation layer, a
fast wave propagation layer providing one-sided guided wave confinement utility,
and a carrier subsirate according to one embodiment of the present disclosure.

{00607 FIG. 38 is a side cross-sectional view of a MEMS guided wave device
including non-coplanar first and second groups of electrodes arranged over non-
coplanar upper surfaces bounding first and second thickness regions, respectively,
of a piezoelectric layer, which is arranged over a temperature compensation layer, a
Bragg mirror providing one-sided guided wave confinement utility, and a carrier

substrate according 1o one embodiment of the present disclosure.

DETAILED DESCRIPTION

{00617 Embodiments set forth below represent the necessary information fo
enable those skilied in the art to practice the invention and illustrate the best mode of
practicing the invention. Upon reading the following description in light of the
accompanying drawing figures, those skilled in the art will understand the concepts
of the invention and will recognize applications of these concepts not particularly
addressed herein. It should be understood that these concepts and applications fall
within the scope of the disclosure and the accompanying claims.

[O0627 I will be understood that, although the terms first, second, eto. may be
used herein to describe various elements, these elements should not be limited by
these terms. These ferms are only used to distinguish one slement from anocther.
For example, a first slement could be termed a second element, and, similarly, a
second element could be termed a first element, without departing from the scope of
the present disclosure. As used herein, the term "and/or” includes any and all
combinations of ong or more of the associated listed items.

[00637 Relative terms such as "below” or "above” or “upper” or Tlower” or
“horizontal” or "vertical” may be used herein to describe a relationship of one
slement, layer, or region {o ancther element, layer, or region as Hlustrated in the
Figures. [t will be understood that these terms and those discussed above are
intended o sncompass different orientalions of the device in addition o the
orientation depicted in the Figures.
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{00847 The terminclogy used hersin is for the purpose of describing particular
embodiments only and is not intended 10 be limiling of the disclosure. As used

n N

herein, the singular forms "a," "an,” and "the" are intended 10 includs the plural forms

as weall, unless the context clearly indicates otherwise. It will be further understood

nong

that the terms "comprises,” "comprising,” "includes,” andfor "incduding” when used
herain specify the presence of stated features, integers, sleps, operations, elements,
and/or components, but do not preclude the presence or addilion of ong or more
other features, integers, steps, operations, elements, components, and/or groups
thereof. As used herein, the terms “proximate” and “adjacent” as applied o 3
specified layer or slement refers {0 a state of being close or near 1o an other laver or
slement, and encompass the possible presence of one or more intervening layvers or
slements without necessarily requiring the specified layer or element {0 be direclly
on or directly in contact with the other layer or element unless specified {0 the
contrary herein.

f0885] Unless otherwise defined, all terms {(including technical and scientific
terms) used hersin have the same meaning as commonly understood by ong of
ordinary skill in the art to which this disclosure belongs. It will be further understood
that terms used herein should be interpreied as having a meaning that is consistent
with thelr meaning in the contexd of this specification and the relevant art and will not
be inferpreted in an idealized or overly formal sense unless expressly so defined
herein.

[0066] The present disclosure relates in one aspect to a micro-electrical-
mechanical system (MEMS) guided wave device that utilizes a single crystal
piezoelectric layer and at least one guided wave confinement structure (e.q., a fast
wave propagation laver or a Bragg mirror) configured to confine a laterally excited
wave in the single crystal piezoelectric layer. Such confinement may significantly
reduce or avoid dissipation of acoustic radiation in a substrate or other carrier
structure. The MEMS guided wave device may have dominant iateral vibrations.
The single crystal piezoelectric layer may include lithium tantalate or lithium nicbate,
and may provide vibrating structures with precise sizes and shapes, which may
provide high accuracy, and {in at least certain embodiments) may enable fabrication
of multiple resonators having different resonant frequencies on a single substrate.
{00677 Vibrating structures of preferred MEMS guided wave devices described

herein are formed of single crystal piezoelectric material and use mechanically
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efficient MEMS construction.  Such vibrating structures may be high-Q, low loss,
stable, at a low temperature coefficient of frequency, have a high slectromechanical
coupling efficient, have high repeatability, and have a low motional impedance. In
certain embodiments, a nonstandard {e.q., offcut) crysialiine orientation of the single
crystal piezoelectric material may be used to provide specific vibrational
characteristics, such as a low lemperature coefficient of frequency, a high
eleciromechanical coupling coefficient, or both. Since il is extremely difficult to grow
single crystal piezoelectric material (e.g., via epitaxy) over non-lattice-matched
materials, in preferred embodiments, single crystal piezoelectric materials are pre-
fabricated {(e.q., by growth of a boule followed by formation of thin wafers), surface
finished (e.g., via chemical mechanical planarization (CMP)} and polishing to provide
near-atomic flatness), and bonded o one or more underlying layers — such as may
include a guided wave confinement structure that is optionally overlaid with a layer
providing slow wave propagation and/or temperature compensation utility, and that is
optionally supported by a carrier subsirate. Any suitable wafer bonding technigue
known in the art may be used, such as may rely on van der Waals bonds, hydrogen
bonds, covalent bond, andfor mechanical interocking.  In certain embodiments,
direct bonding may be used. In certain embodiments, bonding may include one or
more surface aclivation steps (e.¢., plasma treatment, chemical treatment, and/or
other treatment methods) followed by application of heat and/or pressure, optionally
followed by one or more annealing steps. Such bonding results in formation of a
bonded interface between the piezoslectric layer and at least one underlying layer.
in certain embodiments, the bonded interface may include at least one intervening
layer arranged on at least a portion of {or the entirety of} a surface of the
piezoelectric layer. Suitable electrodes may be defined in or on the piezoelectric
layer for transduction of at least one lateral acoustic wave therein. One or more
additional layers {(e.g., one or more layers providing additional {two-sided) guided
wave confinement ulility, and one or more layers providing slow wave propagation
utility) may be further provided over the piezoelectric layer.

{00887 In certain embodiments, a composite including a single crysta
piezoelectric layer, at least one guided wave confinement structure, and electrodes
{optionally in combination with one or more additional lavers providing slow wave
propagation and/or temperature compensation ulility as disclosed herein) is solidly

mounted to a carrier substrate. In other embodiments, at least a portion of such a
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composite may be suspended above a carrier substrate with a2 gap arranged
therebetween. According to preferred embodiments, no portion of a piezoelectric
layer is suspended on its own in the absence of at least one additional layer as
described herein. In this regard, the present disclosure relates to plate-type or
gquasi-plate-type quided wave devices suilable for lateral wave propagation, as
opposad o membrane-type devices. In certain embodiments, devices described
herein may be used for propagalion of quasi-shear horizontal waves, guasi-
longitudinal waves, and/or thickness-extensional (FBAR-type) waves.

{00881 The terms “fast wave propagation material” or “fast wave propagsation
layer” refers to a material or layer in which an acoustic wave of interest travels more
quickly than in a proximale piezoelectric layer in which the acoustic wave is
fransduced. Similarly, the terms “slow wave propagation material” or “slow wave
propagation layer” refers to a material or layer in which an acoustic wave of interest
travels more siowly than in a proximate piezoelectric layer in which the acoustic
wave is transduced. Examples of fast wave propagation materials that may be used
according to certain embodiments include (but are not limited to) diamond, sapphire,
aluminum nitride, silicon carbide, boron nitride, and silicon. An example of a slow
wave propagation material that may be used according to certain embodimenis
includes (but is not limited 1o} silicon dioxide.

{00707 Certain embodiments disclosed herein utilize acoustic Bragg mirrors {(also
known as Bragg reflectors). A Bragg mirror includes at least one group of at [east
one low impedance layer {e.g., silicon dioxide) and at least one high impedance
laver (e.g., tungsten or hafnium dioxide), wherein the at least one low impedance
layer is sequentially arranged with the at least one high impedance layer in the at
least one group. The number of groups of aiternating impedance layers used in a
Bragg mirror depends on the total reflection coefficient required.

[0071] Single crystal piezoslectric layers as disclosed herein preferably include a
thickness of no greater than 2 times the wavelength A {more preferably no greater
than 1 times the wavelength, or no greater than 0.5 limes the wavelength) of a laterai
acoustic wave transduced in the piezoelectric layer. As disciosed herein, a guided
wave confinement structure arranged proximate o a single crystal piezoelectric layer
preferably includes a thickness of less than 5 A (e.g., within a range of 1 A to 5 A).
(Within a Bragg mirror, each layer may include a thickness on the order of roughly

0.25 Ao 0.5 A W provided, any optional slow wave propagation layers may have
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individual thicknesses in a range of up to about 1 A, and may preferably be less than
about 0.5 A or less than about 0.25 A In cerfain embodiments, sach slow wave
propagation layer may have a thickness of less than a thickness of an adjacent
single crystal piezoeleciric layer. This preferred guided wave confinement structure
thickness is to be contrasted with a carrier subsirate that may be provided according
to certain embodiments, wherein such a carrier substrate preferably inciudes a
thickness of greater than 5 A {or five times the greatest wavelength in embodiments
in which multiple resonators of different frequencies are provided in a single guided
wave device). In alternative embodiments applicable to any structures described
herein, however, a fast layer may have a thickness of greater than 5 A, and may
embody a subsiraie of any necessary or desired thickness. When provided, at [east
one functional layer (e.q., providing slow wave propagation and/or thermal
compensation utility) may desirably have a thickness of no greater than 2 A, andlor a
thickness that differs from a thickness of each layer of the at least one guided wave
confinement structure.

{0072}  Although lithium niobate and lithium tantalate are particularly preferred
piezoelectric materials, in certain embodiments any suitable piezoelectric materials
may be used, such as quartz, a piezoceramic, or a deposited piezoeleciric material
{such as aluminum nitride or zinc oxide).

[0073] Guided wave devices as disclosed herein may incorporate various
combinations of electrode configurations and guided wave confinement struciure
configurations as illustrated in the drawings and described herein.  In certain
embodiments, slectrodes are arranged symmetrically relative 1o a center thickness of
a piezoelectric layer {e.q., arranged both above and below the piezoslectric layer, or
embedded along a plane ecguidistant beilween upper and lower surfaces of the
piezoslectric layer) for symmetric guided wave excitation. In other embodiments,
electrodes are asymmetrically arranged relative o a center thickness of a
piezoeleciric layer for asymmetric guided wave excitation. In cerfain embodiments,
MEMS guided wave devices as disclosed herein may employ single-sided
confinement, in which at least one confinement structure is provided adjacent to a
first surface of a single crystal piszoelectiic layer, and in which a solid/air interface is
provided adjacent to a second opposing surface of the single crystal piezoelectric
layer. Single sided confinement may be employed in combination with symmetric or

asymmetric excitation. In other embediments, MEMS guided wave devices as
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disclosed herein may employ double- or two-sided confinement, in which first and
second confinement structures are provided proximate o first and second opposing
surfaces, respectively, of a single crystal piezoelectric layer. In  certain
embodiments, a first guided wave confinement structure is proximaie to a first
surface of a piezoelectiic layer, and a second guided wave confinement structure is
proximate to a second surface of the piezoelectric layer. Two-sided confinement
may be emploved in combination with symmetric or asymmetric excitation.
Electrode configurations that may be employed according to certain embodiments
include, but are not limited 10, single layer coplanar interdigital transducers (IDT7s)
alone, mulliple layer coplanar 1DTs alone, 1DTs in combination with electrodes along
a second surface of a piezoelectric laver (e.q., continuous layer glectrodes useable
as floating or shorting electrodes, or segmented or discontinuous electrodes), 1DTs
at least pariially embedded in piezoelectric layers, non-coplanar 1DTs, IDTs
registered with single crystal piezoelectric layer segments, and periodically poled
transducers (PPTs). In certain embodiments, electrodes may be partially embedded
in, and/or gaps between various electrodes may be filled in whole or in part with, (O
piezoelectric material, or {ii) slow wave propagation material and/or temperature
compensation material.

{00747 For each embodiment involving two-sided confinement disclosed herein,
alternative embediments omitting the second (fop) side confinement struciure are
spedcifically contemplated.

[00757 Material that has the potential to become piezoelectric may have a
crystalline structure with randomby oriented dipoles. The material becomes
piezoelectric by substantially aligning the dipoles to form domains having a
substantially uniform dipole orientation, which may be created by poling. Foling may
include applying a strong poling electric field t© a region of the material o
substantially force the dipoles into alignment. When the electric field is removed,
much of the alignment remains, thereby providing the piezoelectric properties of the
poled material, which is called piezoelectric material. In certain instances, a first set
of domains have a nominal domain orientation, and a second set of domains may
have an inverted domain (e.g., translated about 180 degrees from the nominal
domain). Nominal and inverted domains may be allernately arranged within a
periodically poled piezoelectric layer. When such a layer is arranged between first

and second eleclrode layers, the result is a periodically poled transducer.
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[0076] An interdigital transducer includes electrodes with a first conducting
section and a second conducting section that are inter-digitally dispersed in oron a
surface orlayer. IDTs are well known in the art.

[00771 In ceriain embodiments, at least one functional layer is aranged io at least
partially cover at least some electrodes of a plurality of electrodes. In certain
embodiments, at least one functional layer covers one group of electrodes, but does
not cover ancther group of electrodes. A functional layer may modify velocity of a
transduced acoustic wave and/or alter temperature compensation properties of a
MEMS guided wave device. In certain embodiments, at least one functional layer
includes a temperature compensation material or a slow wave propagation material.
[00787 Although various embodiments disclosed herein include single resonators,
it is t0 be apprecigted that any suitable combinations of single or multiple resonators
and/or reflector gratings in series and/or in parallel (such as may be embodied in one
or more filters) may be provided in a single MEMS quided wave device. in certain
embodiments, muitiple resonators and/or filters arranged for transduction of acoustic
waves of different wavelengths may be provided in a single MEMS guided wave
device.

[0079] FIG. 1 illusitrales a MEMS guided wave device 10 according to one
embodiment of the present disclosure. The device 10 includes a single crystal
piezoelectric layer 12 {such as lithium niobate or lithium tantalate)} on which an DT
18 and two reflector gratings 20 are provided. The single crystal piezoelectric layer
12 is arranged over a guided wave confinement structure 16, with an optional siow
wave propagation layer 14 arranged therebetween. Although not illustrated, an
optional carrier substrate may be provided below the guided wave confinement
structure 16 in certain embodiments. Both the IDT 18 and the reflector gratings 20
include a number of fingers 24 that are connected to respective bus bars 22. Forthe
reflector gratings 20, all fingers 24 connect {o each bus bar 22, For the 1DT 18,
alternating fingers 24 connect to different bus bars 22, as depicted. Notably, actual
reflector gratings 20 and IDTs 18 generally include much larger numbers of fingers
24 than illustrated. The number of fingers 24 has been reduced in FIG. 1 and
varicus accompanying drawings to promote drawing clarity and for ease of
expiaining the disclosure.

{00807 The fingers 24 are parallel to one ancther and aligned in an acoustic

region that encompasses the area in which the reflector gratings 20 and the IDT 18
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reside. The wave or waves generated when the IDT 18 is excited with electrical
signals essentially reside in this acoustic region. Acoustic waves essentiaily travel
perpendicular o the length of the fingers 24. The guided wave confinement
structure 18, which may include a fast wave propagation layer or a Bragg mirror,
serves to confine the wave or waves in the single crystal piezoelectric layer 12.
{00811 The operating frequency of the MEMS guided wave device 10 is a function
of the pitch (P) representing the spacing between fingers 24 of the 1DT 18, wherein
the wavelength A equals two times the pitch P, Lateral mode devices also have
preferred thickness ranges for the piezoelectric layer 12 for efficient excitation of
lateral waves.

00827 To manufacture the MEMS guided wave device 10, a single crystal
piezoelectric wafer may be prefabricated, and separately the slow wave propagation
laver 14 may be deposited on the guided wave confinement structure 16 (which may
optionally be supported by a camer substrate).  Adjacent surfaces of ihe
piezoelectric wafer and the slow wave propagation layer 14 are planarized and
polished, and then attached to one ancther via a conventional direct bonding {e.¢.,
wafer bonding) process or other process. One or more bonding promoting layers
may optionailly be arranged between the respeciive iayers {0 be bonded. Following
bonding, the exposed upper surface of the piezoelectric layer 12 is ground
{opticnally also planarized) (o a desired thickness, and the reflector gratings 20 and
the 1DT 18 are deposited thereon.

{00831 In cerfain embodiments, the slow wave propagation layer 14 may provide
thermal compensation uiiity.  The materials used to form the single crystal
piezoelectric wafer typically have different thermal coefficients of expansion (TCE)
relative to the TCE of materials of the guided wave confinement structure 16. Once
the guided wave confinement structure 16 is created, the piezoelectric layer 12 and
the slow wave propagation layer 14 tend o expand and contract in a similar manner
as temperature changes. As such, the expansion and contraction forces applied to
the quided wave confinement structure 16 by the piezoelectric layer 12 due to
temperature changes are substantially countered by opposing forces applied by the
intermediately arranged slow wave propagation layer 14. As a result, the composite
structure including the intermediately arranged siow wave propagation layer 14

resists bending or warping as temperature changes, thereby reducing expansion and
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contraction of the piezoelectric layer 12, and reducing the effective TCE of the
piezoelectiic layer 12,

[0084] Since providing the slow wave propagation layer 14 between the
piezoelectric layer 12 and the guided wave confinement struciure 16 reduces the
gffective TCE of the piezoelectric material, the amount of expansion and contraction
along the surface of the piezoelectric layer 12 as temperature changes is reduced.
Therefore, the change in spacing, or pilch, between fingers 24 of the {DT 18 and the
reflector gratings 20 as temperature changes is reduced, thereby reducing the
effective thermal coefficient of frequency (TCF) of the piezoelectric layer 12 fo
improve overall frequency response of the DT 18 and the reflector gratings 20 with
changes in femperature.

foo85] A MEMS guided wave structure 10 as illustrated in FIG. 1 may be solidly
mounted {o a carrier substrate, or alternatively at least a portion of such a structure
may be suspended above a carrier subsirate with a gap arranged therebetween.
{0086 FIG. 2 Hlustrates a MEMS guided wave device 30 including an 1DT 18
arranged over portions of a single crystal piezoelectric layer 12 and a guided wave
confinement structure 16 in combination that are elevaled above a substrate 28 and
suspended between anchors 32, 34 according to one embodiment of the present
disclosure. A conductive layer 38 is arrangad on the piezoelectric layer 12 1o form
the 1DT 18 including electrodes, providing a first conductive section 38 and a second
conductive section 40. The single crystal piezoelectric jayer 12 is arranged over the
guided wave confinement structure 16, supported along peripheral portions thereof
from below by an insulating layer 26 located over the substrale 28. A central portion
of the insulating layer 26 may be removed by etching (e.g., using vias or other
openings (not shown)} defined through the subsiraie 28 or the piezoelectric layer 12
and guided wave confinement structure 16), leaving anchors 32, 34 laterally
bounding a central cavity. The central portions of the guided wave confinement
struciure 16 and the overlying piezoelectric layer 12 {(both in substantially continuous
form), together with the IDT 18, are suspended between the anchors 32, 34
Although not shown, in certain embodiments the MEMS guided wave device 30 may
further include a siow wave propagation laver between the single crystal
piezoelectric layer 12 and the guided wave confinement structure 16, which may

provide temperature compensation utility.
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{00877 FIG. 3 Hlustrates a MEMS guided wave device 42 including an IDT 18
arranged over portions of a single crystal plezoslectric fayer 12 and a guided wave
confinement structure 16 in combination that are elevated above a substrate 28 and
suspended by narrowed mechanical supports 44, 46 between anchors 32, 34
according to one embodiment of the present disclosure. A conductive layer 36 is
arranged on the piezoslectric layer 12 o form the DT 18, including slectrodes
providing a first conductive section 38 and a second conductive section 40. The
single crystal piezoelectric layer 12 is arranged over the guided wave confinement
structure 16, supported along peripheral portions thereof from below by an insuiating
layer 26 located over the substrate 28, Portions of the insulating layer 26 may be
removed by etching, leaving anchors 32, 34 laterally bounding a central cavity.
Additionally, portions of the single crystal piezoelectric layer 12 and the quided wave
confinement structure 16 are removed o leave only the narrowed mechanical
supporis 44, 46 {0 support ceniral portions of the piezoelectric layer 12 and the
guided wave confinement structure 16 (as well as the DT 18) between the anchors
32, 34, Although not shown, in certain embodiments the MEMS guided wave device
42 may further include a slow wave propagation layer between the single crystal
piezoelectric layer 12 and the guided wave confinement structure 18, which may
provide temperature compensation utility.

{0088] Additional MEMS guided wave devices including further electrode
configurations and guided wave confinement siruciure configurations are illusirated
in the following figures. Although the following figures illustrate single crystal
piezoelectiic layers and guided wave confinement structures appearing 1o be solidly
mounted to carrier substrales, it is to be appreciated that in each instance the
ifustrated single crystal piezoelectric layers and guided wave confinement structures
(together with accompanying electrodes) may be devoid of a subsirate or suspended
above a carrier substrate (such as shown in FIGS. 2-3).

[008%] FIG. 4 illusirates a MEMS guided wave device including alternaiing top
side electrodes 38, 40 in the form of an DT arranged over a single crystal
piezoelectric layer 12, an optional slow wave propagation layer 14, a fast wave
propagation layer serving as a one-sided guided wave confinement structure 18, and
an optional carrier substrate 28 according to one embodiment of the present
disclosure. The electrodes 38, 40 are disposed solely on a top surface of the

piezoelectric layer 12 and are therefore asymmetrically arranged relative to a center
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of the piezoelectric layer 12. The guided wave confinement structure 186 and
optional slow wave propagation laver 14 may be deposited over the subsirate 28.
The MEMS guided wave device may be formed by bonding a prefabricated single
crystal piezoelectric wafer over the guided wave confinement structure 16 (e.q., with
the slow wave propagation layer 14 therebetween), processing an exposed surface
of the piezoelectric wafer {0 a desired thickness 1o yield the piezoelectric layer 12,
and deposiling the electrodes 38, 40 thereon.

{0080 FIG. 5 illustrates a MEMS guided wave device including altemating top
side electrodes 38, 40 in the form of an IDT arranged over a single crystal
piezoelectric layer 12, an optional slow wave propagation layer 14, a Bragg mirror
serving as a one-sided guided wave confinement structure 16, and an optional
carrier substrate 28 according to one embodiment of the present disclosure. The
device of FIG. 5 may be fabricated in @ manner similar {o the device of FIG. 4.

{00911 FiG. 6 illustrates a MEMS quided wave device including alternating
electrodes 38, 40 in the form of an IDT arranged over one surface of a single crystal
piezoelectric layer 12 according 10 one embodiment of the present disclosure.
Optional slow wave propagation layers 14A, 14B sandwich the electrodes 38, 40 and
the piezoelectric layer 12, A portion of the upper slow wave propagation laver 14B is
arranged to at least partially (and preferably completely) fill gaps 48 between the
electrodes 38, 40. Two-sided guided wave confinement is provided by first and
second fast wave propagation layers serving as first and second guided wave
confinement structures 16A, 16B that sandwich the slow wave propagation layers
14A, 14B. An optional subsirate 28 is disposed under the first guided wave
corfinement structure 16A. The slectrodes 38, 40 are disposed solely on one
surface of the piezoelectric laver 12 and are therefore asymmetrically arranged
relative 1o a center of the piezoelectric layer 12. A lower portion of the device of FIG.
& may be fabricated in 2 manner similar to the MEMS guided wave device of FIG. 4.
After formation of the electrodes 38, 40, the optional second slow wave propagation
laver 14B is deposited over the piezoelectric layer 12 and the electrodes 38, 40, and
the second guided wave confinement structure 16B is deposited over the second
slow wave propagation layer 148,

[0082] FIG. 7 illustrates a MEMS guided wave device substantially similar to the
device of FIG. 8, except that first and second Bragg mirrors are used instead of first

and second fast wave propagation layers 16A, 16B. Fabrication of the davice of
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FIG. 7 is substantially similar to fabrication of the device of FIG. 8. Although FIGS. 6
and 7 depict MEMS guided wave devices with two-sided confinement, in alternative
embodiments the second (fop) side confinement structure may be omitled.

[0083] FIG. 8 illusirates a MEMS guided wave device including allernating
glectrodes 38A, 40A in the form of a first 1DT arranged on the lower surface of a
singie crystal piezoelectric layver 12 and allemnating fop side elecirodes 38B, 408 in
the form of a second DT arranged on the upper surface of the piezoelectric layer 12,
according to one embodiment of the present disclosure. Optional slow wave
propagation fayers 14A, 14B sandwich the slectrodes 38A, 40A, 388, 408 and the
piezoelectric layer 12, with portions of the slow wave propagation layers 14A, 14B
being arranged to af least partially (and preferably completely) fill gaps 48A, 488
between the electrodes 384, 40A, 388, 40B. The electrodes 38A, 40A, 388, 40B
are symmetrically arranged relative o a center of the piezoelectric layer 12. Two-
sided gquided wave confinement is provided by first and second fast wave
propagation layers serving as first and second guided wave confinement structures
16A, 168 that sandwich the slow wave propagation layers 14A, 14B.  An optional
substrate 28 is disposed under the first guided wave confinement structure 16A. To
fabricate the MEMS guided wave device of FIG. 8, a lower subassembly including
the substrate 28, the first guided wave confinement structure 18A, and the first slow
wave propagation layer 14A is produced. Recesses may be defined (e.g., via
etching) in an upper surface of the first slow wave propagation layer 144, and metal
may be deposited in the recesses o form the lower electrodes 38A, 40A. Foliowing
planarization and polishing of the first slow wave propagation layer 14A and lower
glectrodes 38A, 404, a prefabricated single crystal piezoelectric wafer may be
directly bonded to the lower subassembly and processed (e.g., via grinding and
polishing) 1o a desired thickness o form the piezoeleclric layer 12. Thereafler, the
upper electrodes 388, 408 may be deposited on the piezoelectric layer 12, followed
by deposition of the second siow wave propagation layer 148 and the second guided
wave confinement structure 16B.

[0084] FIG. 9 illustrates a MEMS guided wave device substantially similar to the
device of FIG. 8, except that first and second Bragg mirrors are used instead of first
and second fast wave propagation layers as the first and second guided wave
confinement structures 16A, 168. Fabrication of the device of FIG. 9 is substantially
similar to fabrication of the device of FIG. 8. Although FIGS. 8 and 9 depict MEMS
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guided wave devices with two-sided confinement, in allernative embodiments the
second (lop) side confinement structure 16B may be omilled, optionally in
combination with omission of the second slow wave propagation layer 148.

[00858] Although FIGS. 8 and 9 illusirate two IDTs in phase {wherein elecirodes of
corresponding types {e.g., 38A, 38B or 40A, 40B} are aligned with one another on
opposite faces of the piezoslectric layer 12, such that positive overlies positive and
negative overlies negative), in alternate embodiments, 1DTs may be arranged out of
phase, with elecirodes of opposing types {(e.¢., 38A, 408 or 40A, 38B) being aligned
with one anocther on opposite faces of the piezoelectric layer 12, such that positive
overlies negative, and vice-versa. This modification may be applied to any
embodiments disclosed herein in which multiple 1D7Ts are arranged on or adjacent to
opposing faces of a piezoelectric layer.

[0096] FIG. 10 illustrates a MEMS guided wave device including alternating
elecirodes 38, 40 in the form of an 1DT arranged on the lower surface of 3 single
crystal piezoelectric layer 12 according to one embodiment of the present disclosure.
An optional slow wave propagation layer 14, a fast wave propagation layer serving
as a one-sided guided wave confinement structure 16, and an optional carrier
substrate 28 are arranged under the electrodes 38, 40 and the piezoelectric layer 12.
The elecirodes 38, 40 are disposed solely on a botiom surface of the piezoelectric
layer 12 and are therefore asymmetrically arranged relative to a center of the
piezoeleciric layer 12. The guided wave confinement struciure 16 and optional slow
wave propagation layer 14 may be deposited over the substrate 28. A portion of the
slow wave propagation layer 14 is arrangsed o at least partially {and preferably
completely) fill gaps 48 between the electrodes 38, 40. To fabricate the MEMS
guided wave device of FIG. 10, a lower subassembly including the substirate 28, the
guided wave confinement structure 186, and the slow wave propagation layer 14 is
produced. Recesses may be defined {g.g., via etching) in an upper surface of the
slow wave propagation layer 14, and metal may be deposited in the recesses to form
the electrodes 38, 40. Following planarization and polishing of the slow wave
propagation layer 14 and the electrodes 38, 40, a prefabricated single crysial
piezoelectric wafer may be directly bonded o the lower subassembly and processed
{e.g., via grinding and polishing) to a desired thickness to form the piezoelectric layer
12. Alternatively, the eleclrodes 38, 40 may be patlemed on the single crystal

piezoelectric wafer, the slow wave propagation layer 14 may be deposited over the
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electrodes, and afier planarizing the slow wave propagation layer 14 is may be
bonded {o the substrate 28.

[0087] FIG. 11 lllustrates 2 MEMS guided wave device substantially similar to the
device of FIG. 10, except that a Bragg mirror is used instead of a fast wave
propagation layer as a guided wave confinement structure 18, Fabrication of the
device of FIG. 11 is substantially similar to fabrication of the device of FIG. 10.

[0098] FIG. 12 ilustrates a MEMS guided wave device including electrodes 38,
40 in the form of an DT embedded in and exiending through the entire thickness of
a piezoelectric layer 12, with slow wave propagation layers 14A, 14B sandwiching
the slectrodes 38, 40 and the piezoelectric layer 12. Two sided guided wave
confinement is provided by first and second fast wave propagation layers serving as
first and second quided wave confinement structures 164, 168 that sandwich the
slow wave propagation layers 144, 148, An optional substrate 28 is disposed under
the first guided wave confinement siructure 18A. The electrodes 38, 40 are
symmetrically arranged relative to a center thickness of the piezoelectric layer 12,
To fabricate the MEMS guided wave device of FIG. 12, a lower subassembly
including the substrate 28, the first guided wave confinement structure 18A, and the
first slow wave propagation layer 14A is produced. Following planarization and
polishing of the first slow wave propagation layer 14A, a prefabricated single crystal
piezoelectric wafer may be directly bonded fo the lower subassembly. Thereafier,
aperiures or recesses may be defined in the piezoelectric wafer by any suitable
technigue, such as ion milling, and metal may be deposited {e.q., via evaporative
deposition) in the apertures or recesses 1o form electrodes 38, 40. The piezosiectric
wafer and deposited elecirodes may then be processed {(e.qg., via grinding and
polishing) to a desired thickness that exposes the electrodes 38, 40 to form a
piezosiectric layer 12 with slectrodes 38, 40 extending through the entire thickness
thereof. Thereafter, the second slow wave propagation layer 148 and the second
guided wave confinement structure 16B may be seguentially deposited over the
piezoelectric layer 12.

[0089] FIG. 13 jllustrates a MEMS guided wave device substantially similar to the
device of FIG. 12, except that first and second Bragg mirrors are used instead of first
and second fast wave propagation layers as the first and second guided wave
confinement structures 18A, 1688,  Fabrication of the device of FIG. 13 is
substantially similar to fabrication of the device of FIG. 12, Although FIGS. 12 and
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13 depict MEMS guided wave devices with two-sided confinement, in alternative
embodiments the second (top) side confinement structure 188 may be omilted,
optionally in combination with omission of the second slow wave propagation layer
14B8.

[00100] FIG. 14 ilHustrates a MEMS guided wave device including electrodes 38,
4G in the form of an 1DT embedded in a lower face of a single crystal piezoeleciric
layer 12, with an optional slow wave propagation layer 14 contacting the electrodes
38, 40 and the piezoelectric layer 12, and ong sided guided wave confinement
provided by a fast wave propagation layer serving as a guided wave confinement
structure 16 according to one embodiment of the present disclosure. The slectrodes
38, 40 are asymmeirically arranged relative 10 a center of the piezoelectric laver 12,
and gaps 52 between the electrodes 38, 40 are filled with piezoelectric material. To
fabricate the MEMS quided wave device of FIG. 14, the guided wave confinement
structure 18 and optional slow wave propagation layer 14 may be deposited over g
substrate 28 to form a lower subassembly. Separately, recesses may be defined in
a surface of a single crystal piezoslectric wafer by any suitable technigue, such as
photolithographic etching, and metal may be deposited in the recesses to form
electrodes 38, 40. The piezoelectric wafer surface containing the deposited
electrode material may be planarized and polished and directly bonded {0 a
planarized and polished surface of the slow wave propagation layer 14, Thereafter,
the exposed upper surface of the piezoelectric wafer may be processed (e.g., via
grinding) to a desired thickness to vield the piezoelectric layer 12 with elecirodes 38,
40 recessead in a lower portion thereof.

[00101] FIG. 15 lllustrates a MEMS guided wave device substantially similar to the
device of FIG. 14, except that a Bragg mirror is used instead of a fast wave
propagation layer as a guided wave confinement structure 16. Fabrication of the
device of FIG. 15 is substantially similar to fabrication of the device of FIG. 14.
[00102] FIG. 16 illustrates a MEMS guided wave device including a PPT 58 having
electrode layers 54, 56 sandwiching a piezoelectric layer with alternating polarity
piezoelectric regions 124, 12B, and further inciuding an optional siow wave
propagation layer 14, a fast wave propagation layer serving as a one-sided guided
wave confinement structure 18, and an optional carrier substrate 28 according to one
embodiment of the present disclosure. The electrode layers 54, 56 are

symmetrically arranged relative 1o a center of the piezoelactric layer consisting of the
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alternating polarity piezoeleciric regions 12A, 12B. To fabricate the MEMS guided
wave device of FIG. 18, the guided wave confinement structure 18, the optional slow
wave propagation layer 14, and the first glectrode layer 54 may be deposited over
the subsirate 28 {o form a lower subassembly. A piezoeleciric wafer may be direcily
bonded 1o the lower subassembly, preceded and optionally followed with appropriate
planarization and/or polishing steps. In certain embodiments, alternating polarity
piezoeleciric regions 124, 12B may be defined (e.g., via liquid cell poling or e-beam
writing) prior to bonding; in other embodiments, the alternating polarity piezoelectric
regions 124, 12B may be defined after bonding is complete. Thereafter, the second
glectrode layer 58 may be deposited over the altemnating polarity piezoelectric
regions 124, 12B to form the PPT 58. Examples of PPT struciures and PPT
fabrication techniques are disclosed in U.S. Patent No. 7,898,158, which is hereby
incorporated by reference herain.

[00103] FIG. 17 Hlustrates a MEMS guided wave device substantially similar to the
device of FiGG. 16, except that a Bragg mirror is used instead of a fast wave
propagation layer as a guided wave confinement structure 186, Fabrication of the
device of FI(3. 17 is substantially similar to fabrication of the device of FIG. 16.
[00104] FIG. 18 Hllustrates a MEMS guided wave device with a PPT similar to the
device of FIG. 18, but with addition of double sided confinement. The device of FIG.
18 includes a PPT 58 having electrode layers 54, 58 sandwiching a piezoelectric
layer with aliernating polarity piezoelectric regions 124, 12B, and further including
optional slow wave propagation layers 14A, 14B sandwiching the PPT 58
Additionally, first and second fast wave propagation layers serving as first and
second guided wave confinement structures 16A, 16B provide two-sided
confinement. An optional subsirate 28 is disposed under the first guided wave
confinement structure 16A. The electrode layers 54, 56 are symmetrically arranged
relative to a center thickness of the piezoelectric layer. Fabrication of a lower portion
of the MEMS guided wave device of FIG. 18 proceeds according to the siteps
employed in fabricating the device of FIG. 16, with the additional steps of depositing
the second slow wave propagation layer 14B and the second guided wave
confinement structure 168 over the PPT 58.

[001058] FIG. 19 lllustrates a MEMS guided wave device substantially similar to the
device of FiG. 18, except that Bragg mirrors are used instead of fast wave

propagation layers as the first and second guided wave confinement structures 184,
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168. Fabrication of the device of FIG. 19 is substantially similar to fabrication of the
device of FIG. 18.

[00106] FIG. 20 ilustrates a MEMS guided wave device including a segmented
single crystal piezoelectric layer 72 arranged between a continuocus electrode layer
64 and a segmented slectrode layer 66 including electrode segments subsiantially
registered with segments of the piezoelectric layer 72. The device includes an
optional slow wave propagation layer 14, including a fast wave propagation layer
serving as a one-sided wave confinement structure 16, and including an optional
carrier substrate 28 according to one embodiment of the present disclosure.
Segmentation of the segmented piezoelectric layer 72 and segmentation of the
segmented electrode 66 vyields gaps 68 between the segmented structures, and
such segmentation is preferably performed after the MEMS guided wave device is
formed to facilitale registration of the respective features. The electrode layers 64,
66 are asymmetrically arranged relative 10 a center of the segmented piezoelectric
layer 72. To fabricate the MEMS guided wave device of FIG. 20, the guided wave
confinement structure 18, the optional slow wave propagation iayer 14, and the
cortinuous electrode layer 64 may be deposited over the substrate 28 to form a
lower subassembly. Thereafier, an appropriately planarized and polished
piezoslectric wafer is bonded to the lower subassembly. An upper surface of the
piezoelectric layer may be thinned and polished, followed by deposition of an upper
elecirode laver. Thereafter, aperiures may be formed in the upper electrode layer
and the piezoelecliric layer {(e.qg., via one or more photolithographic efching steps) to
form segments of the segmented electrode layer 66 that are substantially registered
with segments of the segmented piszoelectric layer 72. The guided wave device of
FIG. 20 may be used to generate a mixed wave that includes a vertical component
as well as a transverse component.

[00107] FIG. 21 llustrates a MEMS guided wave device substantially similar to the
device of FiG. 20, except that a Bragg mirror is used instead of a fast wave
propagation laver as a guided wave confinement structure 16. Fabrication of the
device of FIG. 21 is substantially similar to fabrication of the device of FIG. 20.
[00108] In alternate embediments, the MEMS guided wave devices of FIGS. 20
and 21 may be modified to at least partially fill {e.g., flush-fill in cerain instances)
gaps 68 between segments of the segmented electrode layer 86 and the segmented

piezoelectric layer 72.  Additionally, or altematively, in certain embodiments the
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MEMS guided wave devices of FIGS. 20 and 21 may be modified to replace the
continuous electrode layer 64 with a (second) segmented slectrode layer, 10 thereby
provide symmetric arrangement between the electrodes and a center thickness of
the piezoelectric layer.

[00108] FIG. 22 illustrates a MEMS guided wave device with a conlinuous
electrode layer 64 and a segmented slectrode layer 66 including electrode segments
substantially registered with segments of the piezoelectric layer 72 similar to the
device of FIG. 21, but with addition of double sided confinement. The device of FIG.
22 includes a segmented single crystal piezoeiectric layer 72 arranged between a
cortinuous electrode layer 64 and a segmented electrode layer 668 including
segments substantially registered with segments of the piezoelectric layer 72, with
the device including optional slow wave propagation layers 14A, 14B sandwiching
the elecirode layers 64, 66 and the piszoelectric layer 72, and with gaps 88 between
respective segments of the segmenied electrode layer 66 and the segmented
piezoelectric layer 72 being af least partially filled {preferably completely filled) with
slow wave propagation material of the second slow wave propagation layer 148.
Additionally, first and second fast wave propagstion layers serving as first and
second guided wave confinement siructures 16A, 168 provide two-sided
confinement. An optional substrate 28 is disposed under the first guided wave
confinement structure 18A. The slectrode layers 64, 86 are asymmetrically arranged
relative to a center thickness of the piezoelectric layer 72. Fabrication of a lower
portion of the MEMS guided wave device of FIG. 22 proceeds according to the steps
employed in fabricating the device of FIG. 20, with the additional steps of depositing
the second slow wave propagation layer 14B over and between the segmented
electrode layer 86 and the segmented pigzoelectric layer 72, followed by depositing
the second guided wave confinement structure 18B over the second slow wave
propagation layer 148,

[00110] FIG. 23 Hllustrates a MEMS guided wave device substantially similar to the
device of FIG. 22, except that Bragg mirrors are used instead of fast wave
propagation iayers as the first and second guided wave confinement structures 16A,
16B. Fabrication of the device of FIG. 23 is substantially similar to fabrication of the
device of FIG. 22. Although FIGS. 22 and 23 depict MEMS quided wave devices
with two-sided confinement, in allemative embodiments the second (fop) side

confinement structure 168 may be omitted, optionally in combination with omission
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of the second slow wave propagation layer 14B. Additionally, although FIGS. 20 to
23 illustrate a continuous electrode layer 64, in allernative embodiments, such layers
84 may be replaced with discontinuous {e.g., segmented) electrodes.

[00111] FIGS. 24 and 25 illustrate MEMS guided wave devices substantially
similar to the devices of FIGS. 12 and 13, except that double sided confinement is
provided by guided wave confinement structures 16A, 168 of mixed types. FIG. 24
iHustrates a MEMS guided wave device including electrodes 38, 40 in the form of an
IDT embedded in and exiending through the entire thickness of a single crysial
piezoelectiic layer 12, with slow wave propagation layers 14A, 148 sandwiching the
glectrodes 38, 40 and the piezoelectric layer 12. Two sided guided wave
confinement is provided by a fast wave propagation layer serving as first guided
wave confinement struciure 16A arranged below the piezoelectric layer 12, and by a
Bragg mirror serving as a second guided wave confinement struciure 168 arranged
above the piezoelectric layer 12. Slow wave propagation layers 14A, 14B are
additionally provided between the respective guided wave confinement structures
16A, 168 and the piezoelectric layer 12, An oplional substrate 28 is disposed under
the first guided wave confinement structure 16A. The slecirodes 38, 40 are
symmetrically arranged relative {0 a center thickness of the piezoelectric layer 12.
FIG. 25 is substantially similar to FIG. 24, except that two sided guided wave
confinement is provided by a Bragg mirror serving as first guided wave confinement
structure 18A arranged below the piezoelectric layer 12, and by a fast wave
propagation layer serving as a second guided wave confinement structure 16B
arranged above the piezoelectric layer 12. Fabrication of the MEMS guided wave
devices is substantially similar to the fabrication steps described in connection with
FIGS. 12 and 13, followed by deposition of a second slow wave propagation layer
148 and a second guided wave confinement structure 168 over the piszoelectric
layer 12. Although FIGS. 24 and 25 depict MEMS guided wave devices with two-
sided confinement, in altermnative embodiments the second (iop) side confinement
structure 168 may be omitled, optionally in combination with omission of the second
slow wave propagation layer 148.

[00112] Although specific embodiments with two sided confinement illustrated in
the drawings may include first and second (e.g., lower and upper) guided wave
confinement structures of the same type (e.9., both being Tast wave propagation

layers or both being Bragg mirrors), it is specifically contemplated that any
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embodiments illustrated herein may be modified to include guided wave confinement
structures 16A, 16B of mixed fypes. For example, a Bragg mirror may be provided
below a piezoelectric laver and a fast wave propagation layer may be provided
above a piezoelectric layer, or vice-versa, to provide two sided confinement.

[00113] In certain embodiments, electrodes may be arranged along different
planes on suifaces of a piezoelectric layer, with cne group of electrodes arranged
within recesses defined in the piezoelectric layer. By recessing alternate electrodes,
the periodicity can be reduced by half, thereby enabling higher operating
frequencies. Additionally, by bringing electrodes of opposing polarity very close to
one ancther, stronger acoustic wave excilation may be possible. If depth of the
recesses defined in the piezoelectric layer is conirolied, then spurious response may
be controfled. In cerfain embodiments, some or all electrodes alternately defined on
an upper surface and in recesses of a piezoelectric layer may be at least partially
covered with functional layer {(e.g., a temperature compensation maierial or a slow
wave propagation materal) having either a planar or an undulating top surface. In
certain  embodiments, such a funclional material may provide temperature
compensation ulility. MEMS guided wave confinement devices inciuding non-
coplanar electrodes incorporating recessed electrodes are described in connection
with FIGS. 26 to 29.

[00114] FIG. 26 illustrates a MEMS guided wave device including a piezoelectric
layer 12 defining mulliple recesses 74, with elecirodes 38, 40 in the form of an DT
deposited on the piezoelectric layer 12. A first group of electrodes 38 is arranged on
an uppermost surface of the piezoelectric layer 12, and a second group of electrodes
40 is arranged in the recesses 74, such that the first group of slectrodes 38 is non-
coplanar with the second group of electrodes 40, The MEMS guided wave device of
FIG. 26 further includes an optional slow wave propagation layer 14 below the
piezoelectric layer 12, and fast wave propagation layer serving as a one sided
guided wave confinement siructure 186. An opticnal substrate 28 is disposed under
the gquided wave confinement structure 16, The elecirodes 38, 40 are
asymmetrically arranged relative 10 a center thickness of the piezoelectric layer 12.
To fabricate the MEMS guided wave device of FIG. 26, a lower subassembly
including the substrate 28, the guided wave confinement structure 16, and the slow
wave propagation layer 14 may be produced by sequential deposition steps.

Following planarization and polishing of the slow wave propagation layer 14, a
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prefabricated single crystal piezoelectric wafer may be directly bonded to the lower
subassembly. The piezoelectric wafer may be processed (e.g., via grinding and
polishing) to a desired thickness. Thereafier, recesses may be defined in the
piezoelectric wafer by any suitable technique, such as ion milling, and metal may be
deposited {(e.4., via evaporative deposition) to form recessed elecirodes 40 and non-
recessed electrodes 38.

[001158] FIG. 27 Hlustrates a MEMS guided wave device substantially similar to the
device of FiGG. 26, except that a Bragg mirror is used instead of a fast wave
propagation layer as a guided wave confinement structure 186, Fabrication of the
device of FI(5. 27 is substantially similar to fabrication of the device of FIG. 26.
[00116] FIGS. 28 and 29 illustrate MEMS guided wave devices similar to the
devices of FIGS. 26 and 27, but with addition of double sided confinement.

{00117] The MEMS guided wave device of FIG. 28 includes a piezoelectric layer
12 defining multiple recesses 74, with electrodes 38, 40 in the form of an IDT
deposited on the piezoelectric layer 12. A first group of electrodes 38 is arranged on
a bulk upper surface of the piezoselectnic layer 12, and a second group of electrodes
40 is arranged in the recesses 74, such that the first group of electrodes 38 is non-
coplanar with the second group of electrodes 40. Ogptional slow wave propagation
layers 14A, 148 sandwich the piezoslectric layer 12 and the slecirodes 38, 40, with
portions of the second slow wave propagation layer 148 further filling gaps 68 above
elecirodes 40 and beilween electrodes 38, Additionally, first and second fast wave
propagation layers serving as first and second guided wave confinement structures
16A, 16B provide two-sided confinement and sandwich the siow wave propagation
layers 144, 14B. An optional subsirate 28 is disposed under the first guided wave
confinement siructure 16A. The electrodes 38, 40 are asymmetrically arranged
relative to a center thickness of the piezoelectric layer 12. Fabrication of a lower
portion of the MEMS guided wave device of FIG. 28 proceeds according to the steps
employed in fabricating the device of FIG. 26, with the additional steps of depositing
the second slow wave propagation laver 14B and the second quided wave
confinement structure 168 over the electrodes 38, 40 and the piezoelectric layer 12.
[00118] FIG. 29 lllustrates a MEMS guided wave device substantially similar to the
device of FiG. 28, except that Bragg mirrors are used instead of fast wave
propagation iayers as the first and second guided wave confinement structures 18A,

168. Fabrication of the device of FIG. 29 is substantially similar to fabrication of the
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device of FIG. 28. Although FIGS. 28 and 29 depict MEMS guided wave devices
with two-sided confinement, in altermnative embodiments the second (lop) side
corfinement structure 168 may be omitled, optionally in combination with omission
of the second slow wave propagation layer 14B.

{00118] In slternate embodiments, the MEMS guided wave devices of FIGS. 28
and 29 may be muodified o include mixed types of guided wave confinement
structures 16A, 168, such as a Bragg mirror arranged below a piezoeleciric layer
and a fast wave propagation layver arranged above a piezoelectric laver, or vice-
versa.

[00120] In certain embodiments, a MEMS guided wave device includes differing
first and second thickness regions, a first group of electrodes arranged on or
adjacent to the first thickness region and configured for transduction of a first lateral
acoustic wave having a wavelength A in the first thickness region, and a second
group of electrodes arranged on or adjacent to the second thickness region and
configured for iransduction of a second lateral acoustic wave having a wavelength A,
in the second thickness region, wherein A differs from Az Al least one guided wave
corfinement structure is configured to confine the first lateral acoustic wave in the
first thickness region, and configured to confine the second lateral acoustic wave in
the second thickness region. In this manner, multiple resonators of a singie device
may be used for transduction of mulliple widely different (e.g., octave difference}
frequencies. Examples of multi-frequency MEMS guided wave devices are
iHustrated in FIGS. 30-36.

[00121] FIG. 30 illustrates subassemblies of a MEMS guided wave device during
fabrication, following local thinning of a piezoelectric layer 82 prior o direct bonding
of the piezoelectric layer to an underlying layer. In FIG. 30, a lower subassembly
includes a substrate 28, a fast wave propagation layer serving as a guided wave
confinement structure 16 arranged over the substrate 28, and a temperaiure
compensation layer 14 arranged over the guided wave confinement structure 16. An
upper subassembly includes a piezoglectric wafer that has been locally thinned (e.q.,
via an appropriate technique such as ion milling or etching) to vield first and second
thickness regions, wherein a thinner of the two regions is filled with a temperature
compensation material 84. After formation of the lower and upper subassemblies,
mating surfaces may be processed (2.¢., via planarization and polishing) and directly

bonded. Thereafter, thickness of the piezoeleclric layer 82 may be adjusted by
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grinding and polishing the upper surface, and electrodes may be deposited over the
piezoeiectric layer.

[00122] FIG. 31 ilustrates a MEMS guided wave device produced with the
subassemblies illustrated in FIG. 30, following wafer bonding, planarization / thinning
of an outer surface of the piezoelectric layer (1o yield a first thickness region 82-1
and a second thickness region 82-2 of the piezoelectric layer) and deposition of
elecirodes 38-1, 40-1, 38-2, 40-2 over the piezoelectric layer. A first group of
electrodes 38-1, 40-1 (e.g., forming a first 1DT) is arranged over the first thickness
region 82-1, and a second group of elecirodes 38-2, 40-2 (e.g., forming a second
IDT) is arranged over the second thickness region 82-2, with all electrodes 38-1, 40-
1, 38-2, 40-2 being substantially coplanar and arranged to asymmetric guided wave
excitation. As shown in FIG. 31, a periodicity (or spacing) of electrodes within the
first group of electrodes 38-1, 40-1 preferably differs from a periodicity of electrodes
within the second group of electrodes 38-2, 40-2.  Through addition of the
temperature compensation material 84 of the upper subassembly (shown in FIG. 30)
to the temperature compensation layer 14 of the lower subassembly, the resulling
MEMS guided wave device includes a first temperature compensation layer
thickness region 14-1 and a second temperature compensation layer thickness
region 14-2, wherein gach such region 14-1, 14-2 has a different thickness. In
operation of the MEMS guided wave device of FIG. 31, laterally excited waves are
stimulated in the first and second thickness regions 82-1, 82-2 of the piezoelectric
layer using the first group of electrodes 38-1, 40-1 and the second group of
electrodes 38-2, 40-2, respeciively, and the guided wave confinement structure 16
(i.e., fast wave propagation layer) serves to confine the laterally excited waves in the
first and second thickness regions 82-1, 82-2.

[00123] FIGS. 32 and 33 are substantially similar {o FIGS. 30 and 31, except that a
Bragg mirror is provided instead of a fast wave propagation layer as the guided wave
confinement structure 16. Fabrication of the MEMS guided wave confinement
structure of FIG. 33 is substantially similar to the fabrication steps described in
connection with the MEMS guided wave confinement structure of FIG. 31, except for
replacement of the fast wave propagation layer with a Bragg mirror to serve as the
quided wave confinement siructure 16.

[00124] FIG. 34 illustrates a MEMS guided wave device including first and second

thickness regions 82-1, 82-2 of a piezoslectric layer that are overlaid with a first
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group of electrodes 38-1, 40-1 and a second group of elecirodes 38-2, 40-2,
respectively.  Each group of electrodes 38-1, 40-1, 38-2, 40-2 is substantially
coplanar. The first and second thickness regions 82-1, 82-2 of the piezoeleciric
layer overlie a temperature compensation layer including a first temperature
compensation layer thickness region 14-1 and a second temperature compensation
layer thickness region 14-2. Thereunder, a guided wave confinement structure 16 in
the form of a fast wave propagation material including a first quided wave
confinement thickness region 16-1 and a second guided wave confinement thickness
region 16-2 is provided. The guided wave confinement structure 18 may optionally
be supporied by an underlying substrate 28, Ultimately, the first group of electrodes
38-1, 40-1 (e.q., forming a first IDT} is arranged over a first thickness region 82-1 of
the piezoelectric layer, a first temperature compensation layer thickness region 14-1,
and a first guided wave confinement thickness region 16-1. Similarly, the second
group of elecirodes 38-2, 40-2 (e.g., forming a second IDT) is arranged over a
second thickness region 82-2 of the piezoeleciric layer, a second temperature
compensation layer thickness region 14-2, and a second guided wave confinement
thickness region 18-2. In this manner, wave propagation characteristics,
temperature compensation characteristics, and guided wave confinement
characteristics may be selected for each of the first group of electrodes 38-1, 40-1
and the second group of electrodes 38-2, 40-2.

[00125] The MEMS guided wave device of FIG. 34 may be fabricated from multiple
subassemblies. A lower subassembly may be formed by depositing a quided wave
confinement structure {e.¢., a fast wave propagation material) on a subsirate 28,
followed by locally thinning the guided wave confinement struciure, depositing a
temperature compensation material in the locally thinned area, and depositing further
temperature compensation material over the entire surface. An upper subassembly
may be formed by locally thinning a prefabricated piezoelectric wafer, and depositing
temperature compensation material in the locally thinned area. After appropriate
planarization and polishing of mating surfaces of the respective subassemblies, the
upper and lower subassemblies may be directly bonded to one another. Thereafier,
thickness of the plezoelectric layer 82 may be adjusted by grinding and polishing,
and groups of elecirodes 38-1, 40-1, 38-2, 40-2 may be deposited on an upper

surface thereof.
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[00126] FIGS. 35 and 36 illustrate MEMS gquided wave devices in which a
piezoelectric layer includes different thickness regions with non-coplanar top
surfaces over which different groups of electrodes are arranged. Referring to FIG.
35, a MEMS guided wave device includes first and second thickness regions 82-1,
82-2 of a piezoelectric layer that are overlaid with a first group of electrodes 38-1, 40-
1 {e.q., forming a first IDT) and a second group of slectrodes 38-2, 40-2 {(e.g.,
forming a second 1DT), respectively. Top surfaces of the first and second thickness
regions 82-1, 82-2 are non-coplanar, such that the first group of electrodes 38-1, 40-
1 is non-coplanar with the second group of electrodes 38-2, 40-2. The first and
second thickness regions 82-1, 82-2 of the piezoslectric layer overlie a temperature
compensation layer 14. Thereunder, a gquided wave confinement structure 16 in the
form of a fast wave propagation material is provided. The guided wave confinement
structure 16 may optionally be supported by an underlying substrate 28. The MEMS
guided wave device of FIG. 35 may be fabricated deposiling a guided wave
confinement structure 16 (e.g., a fast wave propagation material) on a substrate 28,
and depositing a temperature compensation layer 14 over guided wave confinement
structure 16. After appropriate planarization and polishing of a mating surface of the
temperature compensation layer 14 and a mating surface of a prefabricated
piezoslectric wafer, such surfaces may be directly bonded. Thereafier, the
piezoelectric wafer may be locally thinned, such as by ion milling, to define the first
and second thickness regions 82-1, 82-2, and groups of electrodes 38-1, 40-1 and
38-2, 40-2 may be deposiied thereon.

[00127] Thus, a method of fabricating a micro-electiical-mechanical system
(MEMS) guided wave device including a single crystal piezoelectric material with
different thickness regions includes local thinning of a single crystal piezoelechric
layer to define first and second thickness regions that differ in thickness. The locally
thinned piezoelectric layer is bonded on or over an underlying layer {(e.g., at least
one of (i) a fast wave propagation laver; {(il) a Bragg mirror, or {ili) a substraie) fo
provide an internally bonded interface. Such bonding may be performed using wafer
bonding technigues known in the arl. First and second groups of electrodes are
defined on or adiacent o the first thickness region and the second thickness region,
respectively, for transduction of a first lateral acoustic wave having a first wavelength
Ay in the first thickness region, and for transduction of a second lateral acoustic wave

having a second wavelength Az in the second thickness region. One or more
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surfaces of the piezoelectric layer may be planarized prior to bonding {e.qg., as a
bonding preparation step), and/or planarized after bonding (e.g., 1o adjust thickness
of the plezoelectric layer). Preferably, a temperature compensation layer may be
provided below the piezoeleciric layer, wherein in certain embodimenis, the
temperature compensation layer may inciude a first temperature compensation iayer
thickness region and a second temperature compensation layer thickness that differ
from one another. In certain embodiments, additional temperafure compensation
material may be deposited on or over a surface of at least ong of the first thickness
region or the second thickness region.

[06128] Upon reading the following description in light of the accompanying
drawing figures, those skilied in the art will understand the concepts of the disclosure
and will recognize applications of these concepts not particularly addressed herein.
Those skilled in the art will recognize improvements and modifications to the
preferred embodiments of the present disclosure.  All such improvements and
modifications are considered within the scope of the concepts disclosed herein and
the claims that follow. Any of the varicus features and elements as disclosed herein
may be combined with one or more other disclosed features and elements unless

indicated to the contrary herein.
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[00129]
CLAIMS
What is claimed is:
1. A micro-electrical-mechanical system (MEMS) guided wave device

comprising:

a single crysial piezoelectric layer;

a plurality of slecirodes arranged in or on the single crystal piezoeleciiic layer
and configured for transduction of a lateral acoustic wave in the single crystal
piezoeleciric layer; and

at least one guided wave confinement structure arranged proximate to the
single crystal piezoelectric layer and configured to confine a laterally excited wave
having a wavelength A in the single crystai piezoelectric layer, wherein each guided
wave confinement structure of the at least one guided wave confinement structure
comprises a thickness of less than 5 A, and the at least one guided wave

confinement structure comprises a fast wave propagation layer.

2. The MEMS guided wave device of claim 1, wherein the single crystal

piezoelectiic layer comprises at least one of lithium niobate or lithium tantalate.

3. The MEMS guided wave device of claim 1, comprising a bonded interface
between the singie crystal piezoelectric layer and at ieast one underlving laver of the

device.

4. The MEMS guided wave device of claim 3, wherein the at least one
underlying layer comprises at least one of {i) a guided wave confinement structure of
the at least one guided wave confinement structure, or (i) an optionally provided
slow wave propagation laver arranged between the single crystal piezoeleciric layer
and a guided wave confinement structure of the at least one guided wave

confinement structure.

5. The MEMS guided wave device of claim 1, wherein:
the single crystal piezoelectric layer comprises a first surface and a second

surface opposing the first swrface; and
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the at least one quided wave confinement structure comprises a first guided
wave confinement structure proximate to the first surface, and comprises a second

guided wave confinement structure proximate to the second surfacs.

B. The MEMS guided wave device of claim 5, wherein the first guided wave
confinement structure comprises the fast wave propagation layer, and the second

guided wave confinement structure another fast wave propagation layer.

7. The MEMS guided wave device of claim 5, wherein one of the first guided
wave confinement structure or the second guided wave confinement structure
comprises the fast wave propagation layer, and the other of the first guided wave
confinement structure or the second guided wave confinement structure comprises a

Bragg mirror.

8. The MEMS guided wave device of claim 5, further comprising a first slow
wave propagation laver arranged between the first surface and the first guided wave
corfinement structure, and a second slow wave propagation layer arranged belween

the second surface and the second guided wave confinement siructure.

8. The MEMS guided wave device of claim 1, further comprising at least one
slow wave propagation layer arranged between the single crystal piezoelectric layer

and the at least one guided wave confinement structure.

10. The MEMS guided wave device of claim 9, wherein the at least one slow
wave propagation laver comprises a thickness that differs from a thickness of each
layer of the at least one guided wave confinement structure.

11. The MEMS guided wave device of claim 9, wherein the plurality of elecirodes
includes multiple elecirodes arranged in the at least one slow wave propagation

laver and arranged in contact with the single crystal piezoelectric layer.

12. The MEMS guided wave device of claim 11, wherein:
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the plurality of elecirodes includes an interdigital transducer (1DT) comprising
g first group of electrodes of a first polarity and a second group of electrodes of a
second polarity opposing the first polarity; and

the second group of electrodes is non-coplanar with the first group of

glectrodes.

13, The MEMS guided wave device of claim 1, wherein:

the plurality of elecirodes comprises an interdigital fransducer {(IDT} including
g first group of electrodes of a first polarity and a second group of electrodes of a
second polarity opposing the first polarity;

the single crysial piezoelectric layer includes a plurality of recessed regions;
and

the second group of electrodes is arranged in the plurality of recessed
regions, such that the second group of electrodes is non-coplanar with the first group

of electrodes.

14, The MEMS guided wave device of claim 1, further comprising at least one

functional layer at least pariially covering the plurality of electrodes.

15. The MEMS guided wave device of claim 1, wherein the single crystal
piezoeleciric layer comprises a first surface and a second surface opposing the first
surface, and wherein the plurality of electrodes comprises a first interdigital
transducer (1IDT) arranged on the first surface and a comprises a second DT

arranged on the second surface.

16. The MEMS guided wave device of claim 1, wherein the plurality of electrodes
comprises an interdigital transducer (IDT) at least partially embedded in the single

crystal piezoelectric layer.

17. The MEMS guided wave device of claim 1, wherein:

the single crystal piezoelectric layer comprises a first surface and a second
surface opposing the first surface;

the plurality of electrodes and the single crystal piezoelectric layer in

combination comprise a pericdically poled fransducer in which the single crystal
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piezoelectric layer comprises a plurality of laterally aliernating regions of different
polarity, and in which the plurality of electrodes comprises a first solid metal
electrode arranged on the first surface and comprises a second solid metal electrode
arranged on the second surface; and

at least one slow wave propagation layer is present between the periodically
poled transducer and the at least one guided wave confinement structure.

18. The MEMS guided wave device of claim 1, wherein:

the plurality of electrodes comprises a segmented layer of first elecirodes and
comprises a substantially continuous layer of a second electrode;

the single crysial piezoelectric layer comprises a segmented single crystal
piezoelectric layer; and

the segmented single crystal piezoelectric layer is arranged between the
segmented layer of first electrodes and the substantiaily continuous layer of the
second electrode, with segments of the segmented single crystal piezoeleciric layer
being substantially registerad with segments of the segmented layer of first

electrodes.

18.  The MEMS guided wave device of claim 18, comprising gaps between
segments of the segmented layer of first electrodes, wherein said gaps are at least

partially filled with a slow wave propagation material.

20. The MEMS guided wave device of claim 18, wherein:

the at least one guided wave confinement structure comprises a first guided
wave confinement structure and a second guided wave confinement structure;

gaps between segments of the segmented layer of first elecirodes, and gaps
between segments of the segmented single crystal piezoelectric laver, are filled with
a slow wave propagation material, and

the plurality of elecirodes, the segmented single crystal piezoelectric layer,
and the slow wave propagation material are arranged between the first guided wave

corfinement structure and the second guided wave confinement structure.

21, The MEMS guided wave device of claim 20, further comprising at least one

slow wave propagation material layer between the segmenied layer of first
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electrodes and at least one of the first guided wave confinement structure or the

second guided wave confinement structure.

22. The MEMS guided wave device of claim 1, wherein:

the single crystal piezoelectric layer comprises a first thickness region and a
second thickness region, wherein a thickness of the first thickness region differs from
a thickness of the second thickness region,; and

the plurality of elecirodes comprises a first piurality of electrodes arranged on
or adjacent to the first thickness region and configurad for transduction of a first
lateral acoustic wave having a wavelength Ay in the first thickness region, and
comprises a second plurality of electrodes arranged on or adjacent {o the second
thickness region and configured for transduction of a second lateral acoustic wave

having a wavelength A; in the second thickness region, wherein A differs from Ay

23, The MEMS guided wave device of claim 22, wherein the first plurality of
glectrodes comprises a first interdigital transducer and the second plurality of

electrodes comprises a second interdigital transducer.

24.  The MEMS guided wave device of claim 23, further comprising a temperature
compensation layer between the at least ocne guided wave confinement structure and

at least a portion of the single crystai piezoeleciric layer.

25 The MEMS guided wave device of claim 24, wherein the temperature
compensation layer comprises a first temperature compensation layer thickness
proximate to the first thickness region, and comprises a second temperature

compensation layer thickness proximate {0 the second thickness region.

26. The MEMS guided wave device of claim 22, wherein the first plurality of

electrodes is non-coplanar with the second plurality of electrodes.

27.  The MEMS guided wave device of claim 1, further comprising a carrier
subsirate comprising a thickness of greater than 5 A, wherein a quided wave
confinement structure of the at least one guided wave confinement structure is

arranged between the camier substrate and the single crystal piezoslectric layer.
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28. The MEMS guided wave device of claim 1, being devoid of a carrier substrate
comprising a thickness of greater than 5 A, wherein the guided wave device

comprises a plaie wave device.

29. A micro-electrical-mechanical system (MEMS) guided wave device
comprising:

a single crystal piezoelectric layer;

a piurality of electrodes arranged in or on the single crystal piezoelectric layer
and configured for transduction of a lateral acoustic wave in the single crystal
piezoelectric laver;

at least one slow wave propagation laver; and

at least one guided wave confinement struciture arranged proximate to the
single crystal piezoelectric layer and configured to confine a laterally excited wave in
the single crystal piezoelectric layer; wherein the at least one guided wave
confinement structure comprises a Bragg mirror, and wherein the Bragg mirror is
separated from the single crystal piezoslectric layer by a slow wave propagation

layer of the at [east one slow wave propagation layer.

30,  The MEMS guided wave device of claim 29, wherein the Bragg mirror
includes at least one group of at least one low impedance layer and at least one high
impedance layer, and the at least one low impedance laver is sequentially arranged

with the at least one high impedance layer in the at least one group.

31, The MEMS guided wave device of claim 29, comprising a bonded interface
between the singie crystal piezoelectric layer and at ieast one underlving laver of the
device.

32. The MEMS guided wave device of claim 29, wherein the at least one
underlying layer comprises at least one of (i) the Bragg mirror, or (i) the slow wave

propagation layer.

33, The MEMS guided wave device of claim 28, wherein the single crystal

piezoelectric layer comprises at least one of lithium nicbate or lithium tantalate.
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34, The MEMS guided wave device of claim 28, wherein:

the single crysial piezoelectric layer comprises a first surface and a second
surface opposing the first surface; and

the at least one guided wave confinement structure comprises a first guided
wave confinement struciure proximaite to the first surface, and comprises a second

guided wave confinement structure proximate to the second surface.

35,  The MEMS guided wave device of claim 24, wherein the first guided wave
confinement structure comprises a first Bragg mirror, and the second guided wave
confinement structure comprises a second Bragg mirror.

36. The MEMS guided wave device of claim 34, wherein one of the first guided
wave confinement structure or the second guided wave confinement struciure
comprises the Bragg mirror, and the other of the first guided wave confinement
structure or the second guided wave confinement struciure comprises a fast wave

propagation layer.

37. The MEMS guided wave device of claim 34, wherein the at least one slow
wave propagation layer comprises a first slow wave propagation layer and a second
slow wave propagation layer, wherein the first slow wave propagation layer is
arranged between the first surface and the first guided wave confinement structure,
and the second slow wave propagation layer is arranged between the second

surface and the second guided wave confinement structure.

38. The MEMS guided wave device of claim 34, wherein:
the at least one quided wave confinement structure comprises a first guided
wave confinement struciure and a second guided wave confinement structure; and
the plurality of electrodes, the single crystal piezoelectric laver, and the at
least one slow wave propagation layer are arranged between the first guided wave

confinement structure and the second guided wave confinement structure.
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39. The MEMS guided wave device of claim 29, wherein the at least one slow
wave propagation layer comprises a thickness that differs from a thickness of each

layer of the at least one guided wave confinement structure.

40. The MEMS guided wave device of claim 29, wherein the plurality of
electrodes includes multiple electrodes arranged in the at least one slow wave

propagation layer and arranged in contact with the single crystal piezoelectric layer.

41, The MEMS guided wave device of claim 29, wherein:

the plurality of electrodes includes an interdigital transducer (1DT) comprising
a first group of electrodes of a first polarity and a second group of elecirodes of a
second polarity opposing the first polarity; and

the second group of electrodes is non-coplanar with the first group of

glectrodes.

42. The MEMS guided wave device of claim 29, wherein:

the plurality of electrodes comprises an interdigital transducer (1DT) including
a first group of electrodes of a first polarity and a second group of electrodes of 3
second polarity opposing the first polarity;

the single crystal piezoelectric layer includes a plurality of recessed regions;
and

the second group of electrodes is arranged in the plurality of recessed
regions, such that the second group of electrodes is non-coplanar with the first group

of electrodes.

43, The MEMS guided wave device of claim 29, further comprising at least one

functional layer at least partially covering the plurality of electrodes.

44 The MEMS guided wave device of claim 29, wherein the single crystal
piezoelectiic layer comprises a first surface and a second surface opposing the first
surface, and the plurality of electrodes comprises a first interdigital transducer {DT)
arranged on the first surface and comprises a second interdigital transducer (1DT)

arranged on the second surface.
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45 The MEMS guided wave device of claim 29, wherein the plurality of
glectrodes comprises an interdigital ransducer (IDT) at least partially embedded in

the single crystal piezoeleciric layer.

46.  The MEMS guided wave device of claim 29, wherein:

the single crystal piezoelectric layer comprises a first surface and a second
surface opposing the first surface;

the plurality of elecirodes and the single crystal piezoelectric layer in
combination comprise a periodically poled transducer in which the single crystal
piezoelectric layer comprises a plurality of iaterally alternating regions of different
polarity, and in which the plurality of electrodes comprises a first solid metal
electrode arranged on the first surface and comprises a second solid metal electrode
arranged on the second surface; and

the at least one slow wave propagation iayer is present between the
periodically poled transducer and the at least one guided wave confinement

structure.

47. The MEMS guided wave device of claim 29, wherein:

the plurality of electrodes comprises a segmented layer of first electrodes and
comprises a substantially continuous layer of a second electrode;

the single crystal piezoelectric layer comprises a segmented single crystal
piezoelectric layer;, and

the segmented single crystal piezoelectric layer is arranged between the
segmented layer of first electrodes and the substantially continuous layer of the
second electrode, with segmenis of the segmented single crystal piezoelectric layer
being substantially registered with segments of the segmenied layer of first
elecirodes.

48. The MEMS guided wave device of claim 47, comprising gaps between
segments of the segmented layer of first electrodes, wherein said gaps are at least

partially filled with a slow wave propagation material.

49. The MEMS guided wave device of claim 47, wherein:
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the at least one quided wave confinement structure comprises a first guided
wave confinement structure and a second guided wave confinement structure;

gaps between segments of the segmented layer of first electrodes, and gaps
between segments of the segmented single crystal piezoelectric layer, are filled with
a stow wave propagation material, and

the plurality of electrodes, the segmenied single crystal piezoelectiic layer,
and the slow wave propagation material are arranged between the first guided wave

confinement structure and the second guided wave confinement structure,

5C. The MEMS guided wave device of claim 47, further comprising at least one
slow wave propagation material layer between the segmented layer of first
electrodes and at least one of the first guided wave confinement structure or the

second guided wave confinement structure.

51. The MEMS guided wave device of claim 29, wherein:

the single crystal piezoelectric layer comprises a first surface and a second
surface opposing the first surface;

the at least one guided wave confinement structure comprises a first guided
wave confinement struciure including at least one fast wave propagation layer and
comprises a second guided wave confinement structure including at least one Bragg
mirror;

the device includes one of the following features (i) and (ii). (i) the first guided
wave confinement structure is arranged proximate to the first surface and the second
guided wave confinement structure is arranged proximate o the second surface; or
(i} the first quided wave confinement structure is arranged proximate to the second
surface and the second guided wave confinement structure is arranged proximate {o
the first surface.

52. The MEMS guided wave device of claim 29, wherein:

the single crystal piezoelectric layer comprises a first thickness region and a
second thickness region, wherein a thickness of the first thickness region differs from
a thickness of the second thickness region,; and

the plurality of electrodes comprises a first plurality of electrodes arranged on

or adjacent to the first thickness region and configured for transduction of a first
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lateral acoustic wave having a wavelength A, in the first thickness region, and
comprises a second plurality of electrodes arranged on or adjacent to the second
thickness region and configured for transduction of a second lateral acoustic wave

having a wavelength A; in the second thickness region, wherein A, differs from Ay,

53. The MEMS guided wave device of claim 52, wherein the first plurality of
elecirodes comprises a first inferdigital transducer and the second plurality of

electrodes comprises a second interdigital transducer.

54, The MEMS guided wave device of claim 52, further comprising a temperature
compensation layer between the at least one guided wave confinement struciure and

at least a portion of the single crysial piezoelectric [ayer.

55, The MEMS guided wave device of claim 54, wherein the temperature
compensation layer comprises a first temperature compensation layver thickness
proximate {o the first thickness region, and comprises a second temperature

compensation layer thickness proximate to the second thickness region.

56. The MEMS guided wave device of claim 52, wherein the first plurality of

electrodas is non-coplanar with the second plurality of electrodes.

57. The MEMS guided wave device of claim 29, further comprising a carrier
substrate comprising a thickness of greater than 5 A, wherein a guided wave
corfinement structure of the at least one guided wave confinement structure is

arranged between the carrier substrate and the single crystal piezoelectric layer.

58. The MEMS guided wave device of claim 29, being devoid of a carrier
substrate comprising a thickness of greater than 5 A, wherein the guided wave

device comprises a plate wave device.
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59. A micro-electrical-mechanical system (MEMS) guided wave device
comprising:

a segmented single crystal piszoelectric layer;

a plurality of electrodes arranged in or on the segmented single crysial
piezoelectric layer and configured for transduction of a lateral acoustic wave having
a wavelength A in the segmented single crystal piezoelectric layer, wherein the
plurality of electrodes comprises a segmented layer of first electrodes; and

at least one guided wave confinement struciure arranged proximate to the
segmented single crystal piezoelectric layer and configured to confine the lateral
acoustic wave in the segmented single crystal piezoelactric layer,;

wherein segments of the segmenied single crystal piezoelectric layer are
substantially registered with segments of the segmented layer of first electrodes.

60. The MEMS guided wave device of claim 58, wherein the plurality of

electrodes further comprises a substantially continuous layer of a second electrode.

61. The MEMS guided wave device of claim 58, comprising gaps between
segments of the segmented layer of first electrodes, wherein said gaps are at least

partially filled with a slow wave propagation material.

62. The MEMS guided wave device of claim 59, wherein:

the at least one quided wave confinement structure comprises a first guided
wave confinement structure and a second guided wave confinement structure;

gaps between segments of the segmented layer of first electrodes, and gaps
between segments of the segmented single crystal piezoelectric layer, are filled with
a stow wave propagation material, and

the plurality of slectrodes, the segmented single crystal piszoelactiic layer,
and the slow wave propagation material are arranged between the first guided wave

confinement structure and the second guided wave confinement structure,

63. The MEMS guided wave device of claim 62, further comprising at least one
slow wave propagation material layer between {i) the segmented layer of first
electrodes and (i) at isast one of the first guided wave confinement structure or the

second guided wave confinement structure.

54



10

15

20

30

WO 2016/100692 PCT/US2015/066424

64. The MEMS guided wave device of claim 59, further comprising at least one
slow wave propagation material layer between (i) the segmented layer of first

electrodes and (i) the guided wave confinement siructure

85 A micro-electrical-mechanical system (MEMS) guided wave device
comprising:

a single crystal piezoelectric layer comprising a first thickness region and a
second thickness region, wherein a thickness of the first thickness region differs from
a thickness of the second thickness region;

a first plurality of electrodes arranged on or adjacent to the first thickness
region and configured for transduction of a first lateral acoustic wave having a
wavelength A, in the first thickness region;

a second pluralily of electrodes arranged on or adjacent to the second
thickness region and configured for transduction of a second lateral acoustic wave
having a wavelength A; in the second thickness region, wherein Ay differs from Aq;
and

at least one guided wave confinement structure arranged proximate to the
single crystal piezoelectric layer, configured to confine the first lateral acoustic wave
in the first thickness region, and configured to confine the second lateral acoustic

wave in the second thickness region.

668. The MEMS guided wave device of claim 65, wherein the at least one guided
wave confinement structure is selected from the group consisting of {i) a fast wave
propagation material and (i) a Bragg mirror that is separated from the single crystal

piezoelectric layer by a temperature compensation layer.

87. The MEMS guided wave device of claim 65, wherein the at least one guided

wave confinement struciure comprises 3 thickness of less than each of Ay and A ..
68. The MEMS guided wave device of claim 65, further comprising a temperature

compensation layer arranged between the single crystal plezoelectric layer and at

least a portion of the at least one gQuided wave confinement structure.
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69. The MEMS guided wave device of claim 68, wherein the temperature
compensation layer comprises a first temperature compensation layer thickness
proximate {o the first thickness region, and comprises & second temperature

compensation layer thickness proximate o the second thickness region.

70, The MEMS guided wave device of claim 85, wherein the first plurality of

elecirodes is non-coplanar with the second plurality of electrodes.

71. A method of fabricating a micro-electrical-mechanical system (MEMS) guided
wave device, the method comprising:

focally thinning a single crystal piezoelectric material layer to define a first
thickness region and a second thickness region, wherein a thickness of the first
thickness region differs from a thickness of the second thickness region;

bonding the locally thinned single crystal piezoelectric material layeron or
over an underlying layer to provide a bonded inferface;

defining a first plurality of electrodes arranged on or adiacent to the first
thickness region and configured for transduction of a lateral acoustic wave having a
wavelength Ay in the first thickness region; and

defining a second plurality of electrodes arranged on or adjacent to the
second thickness region and configured for transduction of a lateral acoustic wave

having a wavelength A; in the second thickness region.

72. The method of claim 71, further comprising planarizing at least one surface of
the single crystal piezoeleciric material layer prior to bonding of the locally thinned

single crystal piezoelectric material layer on or over the underlying layer.
73.  The method of claim 71, further comprising depositing a temperature
compensation material on a surface of at [east one of the first thickness region or the

second thickness region.

74.  The method of claim 71, wherein the underlying layer comprises at least one

of (i) a fast wave propagation iayer; (il) a Bragg mirror, or (iii) a substrate.
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