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A PIEZOELECTRIC RESONATOR

Cross-Reference To Related Application

[0001) This application claims the benefit of priority of Singapore patent application
No. 201008262-6, filed 8 November 2010, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a piezoelectric resonator.

Background

[0003] The present technology for piezoelectric resonators requires excitation of resonant
vibration mode that usually involves some form of acoustic wave coupling. Almost all
the piezoelectric resonators can be categorized as Surface Acoustic Wave (SAW) and
Bulk Acoustic Wave (BAW) resonators. Two important parameters for MEMS resonators
are quality factor electrical-to-mechanical coupling coefficient for RF filters. It is
desirable to have high quality factor for oscillator applications and high coupling
coefficient for filters.

[0004]) The existing piezoelectric resonators with periodic interdigitated fingers — such as
contour-mode, extensional-mode, and piezo-on-substrate resonators — excite longitudinal
plate acoustic waves along one dimension. Plate-wave resonators with periodic electrodes
are prone to excite other spurious modes and careful design is required in order to
suppress these undesirable modes. One of the short-comings of plate-wave contour-mode
resonators is insufficient piezoelectric coupling coefficient in order to build band-pass

filters with large ehough bandwidth for today’s RF communications.
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Summary

[0005] According to an embodiment, a piezoelectric resonator is provided. The
piezoelectric resonator may include a piezoelectric substrate, a first electrode comprising
a first plurality of electrode fingers, a second electrode comprising a second plurality of
electrode fingers, wherein the first plurality of electrode fingers and the second plurality
of electrode fingers are interdigitated, and wherein electrode patches are arranged along
the first plurality of electrode fingers and the second plurality of electrode fingers

according to a 2-dimensional lattice.

Brief Description of the Drawings

[0006] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

[0007] FIG. 1 shows the asymmetric and symmetric Lamb waves.

[0008] FIGS. 2A to 2D show respectively a schematic block diagram of a piezoelectric
resonator, according to various embodiments.

[0009] FIGS. 3A to 3C show schematic cross-sectional views of different electrode
arrangements, according to various embodiments.

[0010] FIG. 3D shows a schematic cross-sectional view of a resonator with a
semiconductor layer, according to various embodiments.

[0011] FIG. 4A shows a schematic perspective view of a checker-mode resonator,
according to various embodiments.

[0012] FIGS. 4B and 4C show schematic perspective views of different electrode
configurations, according to various embodiments.

[0013] FIGS. 5A and 5B show finite element method (FEM) simulations of asymmetric
and symmetric resonant vibrations respectively of checker-mode resonators, according to

various embodiments.
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[0014] FIGS. 6A to 6D show a process of fabricating‘ a checker-mode resonator,
according to various embodiments.

[0015] FIG. 7 shows an asymmetric checker-mode resonator and its corresponding
simulated impedance response.

[0016] FIG. 8 shows simulated impedance response and resonant vibrations of a
symmetric checker-mode resonator.

[0017] FIG. 9A shows a scanning electron microscopy (SEM) image of a top view of a
symmetric checker-mode resonator, according to various embodiments. The scale bar
represents 10 pm.

[0018] FIG. 9B shows a schematic cross-sectional view of the embodiment of FIG. 9A.
[0019] FIG. 9C shows the measured S21 response of the embodiment of FIG. 9A.

[0020] FIG. 10 shows a scanning electron microscopy (SEM) image of a top view of a
symmetric checker-mode resonator and its corresponding measured S21 response,

according to various embodiments. The scale bar in the SEM image represents 10 pm.

Detailed Description

[0021] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0022] Embodiments described in the context of one of the methods or devices are
analogously valid for the other method or device. Similarly, embodiments described in
the context of a method are analogously valid for a device, and vice versa.

[0023] In the context of various embodiments, the phrase “at least substantially” may
include “exactly” and a variance of +/- 5% thereof. As an example and not limitations, “A

is at least substantially same as B” may encompass embodiments where A is exactly the
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same as B, or where A may be within a variance of +/- 5%, for example of a value, of B,
or vice versa.

[0024] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a variance of +/- 5% of the
value.

[0025] Various embodiments relate to the field of Micro-Electro-Mechanical Systems
(MEMS) technology, and in particular the development of piezoelectric resonators with
acoustic wave propagation within a structural material. Various embodiments may
provide piezoelectric micromechanical resonators, e.g. thin-film piezoelectric
micromechanical resonators, for applications such as sensors, actuators, RF-MEMS
oscillators and filters. The resonators may have a large operation frequency range from
MHz to GHz. Various embodiments may enable two-dimensional excitation of plate
acoustic waves, highly selective resonance mode of two-dimensional acoustic wave
excitation, as well as specific excitation to suppress spurious modes.

[0026] The types of acoustic waves that may be excited within a thin plate are Lamb
waves and shear waves that have their own characteristic acoustic velocity excited at a
certain wavelength (4). The length and width of the plate are larger than the wavelength.
The thickness (k) of the plate may be a few wavelengths or may be as small as a fraction
of the wavelength.

[0027] Lamb waves are a type of plate acoustic waves that propagate parallel to the
device surface within the structural material. The two fundamental modes of Lamb waves
are the asymmetric and symmetric modes, i.e. asymmetric Lamb waves and symmetric
Lamb waves.

[0028] FIG. 1 shows the asymmetric Lamb waves 100 and the symmetric Lamb
waves 120. The asymmetric Lamb waves 100 or modes are observed to have an average
displacement in the transverse direction and these modes are also termed as flexural
modes. In asymmetric mode, the body of the plate bends as the two surfaces move in the
same direction. The Lamb waves 120 of symmetric mode move in a symmetrical manner
about the median plane of the plate where the waves stretch and compress the plate in
extensional shape. The symmetric waves 120 are also called longitudinal waves because

the average displacement over the thickness of the plate is in the longitudinal direction.
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[0029] Plate acoustic waves such as Lamb waves within é piezoelectric layer may be
excited and sensed using interdigitated (IDT) electrode fingers, for example placed over
or on top of the piezoelectric layer or on both the top and bottom of the piezoelectric
layer. |

[0030] There may be extensional-mode and contour-mode acoustic wave excitations
within the piezoelectric material of piezoelectric resonators, €.g. aluminium nitride (AIN)
piezoelectric resonators. Higher-order extensional mode or contour mode resonator may
be present, which are parallel cascading effect of small individual extensional-mode
sections. The displacement for extensional/contour mode resonators is caused by the
applied electric field perpendicular to the surface. The electric field induces
extension/contraction due to the resulting piezoelectric strain (ds;; coefficient). At
resonance, the minimum displacement happens at the electrode centre and maximum
displacement occurs in between the electrodes with opposite polarity due to the nature of
vibration for extensional/contour-mode resonators that are based on longitudinal
(extensional) acoustic wave vibrations.

[0031] By using IDTs, Lamb wave resonators with multiple frequencies from tens of
MHz to 10GHz may be designed on a single wafer. Unlike the Surface Acoustic Waves
(SAW) that travel along the surface of a material, Lamb waves deform the entire plate
and travel within the substrate or structural layer. In addition, SAW wave amplitudes
typically decay exponentially with the depth into the substrate. Moreover, the acoustic
phase velocity of both symmetric and asymmetric Lamb waves depend on the ratio of the
thickness of the plate to the wavelength (h/1). At resonance, the amplitude of
displacement for Lamb wave resonators is the largest at the electrode centre
(e.g. electrode width of A/4) of both positive and negative polarities. Although Lamb
waves may be electrically excited on any type of piézoelectric material, the use of AIN
offers ease of fabrication and its compatibility with CMOS. Lamb wave resonators may
be used in such diverse applications as oscillators, filters, sensors and actuators.

[0032] Various embodiments provide piezoelectric resonators with checker-patterned
electrodes or checker-pattemed electrode architecture for electrical excitation of the
piezoelectric material. Such an architecture may improve the performancé of resonators.

The checker-patterned electrodes may simultaneously excite two intersecting acoustic



10

15

20

25

30

WO 2012/064283 PCT/SG2011/000388

waves (e.g. asymmetric or symmetric Lamb waves), for eXample one wave travelling
along an X direction and the other wave travelling along a Y direction within a horizontal
plane. In addition, the checker-patterned electrodes may enable two-dimensional
excitation of acoustic resonant modes such as extensional mode or contour mode, as well
as extensional bulk waves in silicon-on-insulator (SOI).

[0033] In various embodiments, the two intersecting waves may be in a symmetric mode
(i.e. symmetric waves) or in an asymmetric mode (i.e. asymmetric waves), depending on
the excitation source and the thickness of the resonator/device layers and resonator/device
design. Excitation of asymmetric mode or symmetric mode may be achieved by changing
the AC source to the resonant frequency of the desired mode. The symmetric mode is at a
higher frequency compared to the asymmetric mode as the acoustic velocity of the
symmetric mode is higher.

[0034] In various embodiments, the checker-patterned electrodes are positioned or
formed on a thin piezoelectric film or substrate and the checker-patterned electrodes may
excite plate acoustic waves such as Lamb waves that propagate in symmetric or
asymmetric displacements within the piezoelectric substrate.

[0035] Various embodiments may provide a piezoelectric resonator with a metal
electrode formed over or on top of a piezoelectric layer or substrate. The top metal
electrode or electrode layer may be patterned to form a pair of interdigitated electrode
fingers. Each electrode finger includes electrode patches arranged along the finger.
Therefore, various embodiments may provide respective pairs of interdigitated checker-
patterned electrode fingers.

[0036] Various embodiments may provide a piezoelectric resonator with two metal
electrodes formed over opposite sides of a piezoelectric layer or substrate, i.e. the
piezoelectric layer is between two metal electrodes (e.g. between a top metal electrode
and a bottom metal electrode). The top metal electrode may be patterned to form a pair of
interdigitated electrode fingers or each of the top and bottom metal electrodes may be
patterned to form a respective pair of interdigitated electrode fingers. Each electrode
finger includes electrode patches arranged along the finger, thereby forming pairs of

interdigitated checker-patterned electrode fingers.



10

15

20

25

30

WO 2012/064283 PCT/SG2011/000388

[0037) In various embodiments, the resonant frequencies of the resonators may be
changed by changing the geometry of the electrode layer, for example by varying or
adjusting the size of the electrode patches and/or the distance or pitch between the
electrode patches, e.g. between adjacent electrode patches, thereby changing the
wavelength of acoustic excitation. Therefore, resonators with multiple frequencies may
be fabricated on a single wafer, for example for oscillators and filters. In addition,
multiple resonant frequencies may be generated or provided along two directions (e.g. X
and Y directions) within a horizontal plane.

[0038] Where an electric field is applied across adjacent electrode fingers or electrode
patches of an electrode layer (e.g. the top metal electrode) to excite the resonator, the
resonator is under lateral field excitation (LFE).

[0039] Where an electric field is applied across the top and bottom electrodes (e.g. across
the electrode patches of the top and bottom electrodes) to excite the resonator, the
resonator is under thickness field excitation (TFE). In various embodiments, either of
TFE or LFE or both types of excitation may be employed to excite the checker-mode.
[0040] In the context of various embodiments, the term “checker-mode” means the mode
of resonance excited by the checker electrodes or checker-patterned electrodes, of various
embodiments, where two intersecting acoustic waves within piezoelectric material are
simultaneously excited, for example one wave travelling along an X direction and the
other wave travelling along a Y direction within a horizontal plane. In other words, the
two simultaneously excited waves travel in directions perpendicular to each other.

[0041] In the context of various embodiments, resonators or piezoelectric resonators
incorporating the checker electrodes or checker-patterned electrodes are known as
“checker-mode resonators”.

[0042] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of examples and not limitations,
and with reference to the figures.

[0043] FIG. 2A shows a schematic block diagram of a piezoelectric resonator 200,
according to various embodiments. The piezoelectric resonator 200 includes a
piezoelectric substrate 202, a first electrode 204 comprising a first plurality of electrode

fingers 206, a second electrode 208 comprising a second plurality of electrode
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fingers 210, wherein the first plurality of electrode fingers 206 and the second plurality of
electrode fingers 210 are interdigitated, and wherein electrode patches 212 are arranged
along the first plurality of electrode fingers 206 and the second plurality of electrode
fingers 210 according to a 2-dimensional lattice. The line represented as 214 is illustrated
to show the relationship between the different elements, which may include electrical
coupling and/or mechanical coupling.

[0044] The electrode patches 212 may be arranged according to a line grid which
comprises a first plurality of lines and a second plurality of lines, the first plurality of
lines and the second plurality of lines extending along a first dimension. The electrode
patches 212 arranged along the first plurality of electrode fingers may be arranged along
the first plurality of lines, and the electrode patches arranged along the second plurality of
electrode fingers may be arranged along the second plurality of lines.

[0045] In various embodiments, the first plurality of electrode fingers 206 and the second
plurality of electrode fingers 210 may extend along a second dimension that is
perpendicular to the first dimension.

[0046] The first plurality of lines and the second plurality of lines may be arranged in an
alternating manner along the second dimension. The lines of the first plurality of lines
and the second plurality of lines may be at least substantially equally spaced along the
second dimension.

[0047] In various embodiments, the first electrode 204 and the second electrode 208 may
be disposed over a first surface of the piezoelectric substrate 202.

[0048] Therefore, according to one embodiment, two electrodes are provided, where each
electrode has a plurality of electrode fingers. The electrodes -are arranged in an
interdigitated manner such that the electrode fingers of the two electrodes are arranged
alternately. In other words, an electrode finger of an electrode is arranged in between two
electrode fingers of the other electrode.

[0049] In addition, electrode patches are arranged along the electrode fingers of the two
electrodes, where the electrode patches arranged along an electrode finger are arranged
spaced apart. The electrode patches arranged along the electrode fingers of one electrode
are arranged diagonally relative to the electrode patches arranged along the electrode

fingers of the other electrode.
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[0050] FIG. 2B shows a schematic block diagram of a piezoelectric resonator 220,
according to various embodiments. The piezoelectric resonator 220 includes a
piezoelectric substrate 202, a first electrode 204, a second electrode 208 and electrode
patches 212, which may be similar to the embodiment as described in the context of
FIG. 2A. The piezoelectric resonator 220 may further include a semiconductor layer 222
disposed over a second surface of the piezoelectric substrate 202. The line represented
as 224 is illustrated to show the relationship between the different elements, which may
include electrical coupling and/or mechanical coupling.

[0051] FIG. 2C shows a schematic block diagram of a piezoelectric resonator 230,
according to various embodiments. The piezoelectric resonator 230 includes a
piezoelectric substrate 202, a first electrode 204, a second electrode 208 and electrode
patches 212, which may be similar to the embodiment as described in the context of
FIG. 2A.

[0052] The piezoelectric resonator 230 may further include a third electrode 232 disposed
over a second surface of the piezoelectric substrate 202. The third electrode 232 may be a
contiguous electrode layer covering the second surface of the piezoelectric substrate 202.
[0053] The piezoelectric resonator 230 may further include a semiconductor layer 234
such that the third electrode 232 is interposed between the semiconductor layer 234 and
the piezoelectric substrate 202.

[0054] In FIG. 2C, the line represented as 236 is illustrated to show the relationship
between the different elements, which may include electrical coupling and/or mechanical
coupling.

[0055] FIG. 2D shows a schematic block diagram of a piezoelectric resonator 240,
according to various embodiments. The piezoelectric resonator 240 includes a
piezoelectric substrate 202, a first electrode 204, a second electrode 208 and electrode
patches 212, which may be similar to the embodiment as described in the context of
FIG. 2A.

[0056] The piezoelectric resonator 240 may further include a third electrode 242
comprising a third plurality of electrode fingers 244, a fourth electrode 246 comprising a
fourth plurality of electrode fingers 248, wherein the third plurality of electrode
fingers 244 and the fourth plurality of electrode fingers 248 are interdigitated, wherein
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electrode patches 250 are arranged along the third plurality‘of electrode fingers 244 and
the fourth plurality of electrode fingers 248 according to the 2-dimensional lattice, and
wherein the third electrode 242 and the fourth electrode 246 are disposed over a second
surface of the piezoelectric substrate 202. '

[0057] The electrode patches 250 of the third plurality of electrode fingers 244 may be
opposite to the electrode patches 212 of the first plurality of electrode fingers 206 with
respect to the piezoelectric substrate 202, and the electrode patches 250 of the fourth
plurality of the electrode fingers 248 may be opposite to the electrode patches 212 of the
second plurality of electrode fingers 210 with respect to the piezoelectric substrate 202.
[0058] The piezoelectric resonator 240 may further include a semiconductor layer 252
such that the third electrode 242 and the fourth electrode 246 are interposed between the
semiconductor layer 252 and the piezoelectric substrate 202.

[0059] In the context of various embodiments, the piezoelectric substrate 202 may be
made of any piezoelectric material that includes but is not limited to aluminum
nitride (AIN), zinc oxide (ZnO), or lithium niobate (LiNbOsj). The thickness of the
piezoelectric substrate may range from several hundreds of nanometers to several
micrometers, for example about 100 nm to about 5 pm, e.g. about 500 nm to about 3 pm
or about 1 pm to about 2 pum.

[0060] In the context of various embodiments, the semiconductor layer (e.g. 222, 234,
252) may be a silicon layer. Any other semiconductor layer with low acoustic loss may
also be used. In various embodiments, the thickness of the semiconductor layer may be
from several micrometers to tens of micrometers, for example about 1 yum to about
50 pm, e.g. about 5 um to about 30 um or about 10 um to about 20 pm.

[0061] In the context of various embodiments, each of the electrode patches (e.g. 212,
250) may be of at least substantially square shape. However, it should be appreciated that
other various polygonal shapes, for example triangle, pentagon and hexagon, may be
provided as long as the shape does not obstruct the acoustic wave propagations. The
electrode patches are arranged in a repeating pattern along the plurality of electrode
fingers.

[0062] For a square electrode patch, its side length may range from several micrometers

to tens of micrometers, for example about 1 pm to about 80 pm, e.g. about 10 pm to
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about 50 um or about 20 um to about 40 pum and its thickness may be in hundreds of
nanometers, for example about 100 nm to about 800 nm, e.g. about 200 nm to about
600 nm or about 400 nm to about 500 nm.

[0063] In the context of various embodiments, the piezoelectric resonator (e.g. 200, 220,
230, 240) may be of at least substantially square shape. However, it should be appreciated
that the piezoelectric resonator (e.g. 200, 220, 230, 240) may have other shapes, for
example polygonal shapes such as triangle, pentagon and hexagon. The shape of the
piezoelectric resonator (e.g. 200, 220, 230, 240) defines the edge boundary area that
confines the standing acoustic waves generated within the piezoelectric resonator
(e.g. 200, 220, 230, 240). In various embodiments, the shape of the piezoelectric
resonator (e.g. 200, 220, 230, 240) may depend on the shape of the electrode patches
(e.g. 212, 250).

[0064] In the context of various embodiments, the side length of a square resonator that
contains a plurality of the electrode patches may range from tens of micrometers to
hundreds of micrometers, for example about 50 um to about 500 pm, e.g. about 100 um
to about 300 pm or about 150 pm to about 200 pm. The side length of the square
resonator may be for example 100 um, 150 um or 200 um.

[0065] In the context of various embodiments, each of the first electrode 204, the second
electrode 208, the third electrode 232, 242, the fourth electrode 246 and the electrode
patches 212, 250, may be made of a metal including but not limited to gold (Au),
aluminum (Al), molybdenum (Mo), tungsten (W), platinum (Pt) or titanium (Ti).

[0066] In the context of various embodiments, the term ‘“2-dimensional lattice” may
mean a lattice extending in two dimensions, e.g. extending in a plane.

[0067] In the context of various embodiments, the term “line grid” may mean a pattern of
squares formed from a series of horizontal and vertical lines.

[0068] In the context of various embodiments, the resonator (e.g. 200, 220, 230, 240)
may have a released structure with boundaries. Therefore, while the resonator is coupled
to other parts of a wafer, the resonator includes boundaries separated by a gap from the
other parts of the wafer. In various embodiments, the resonator (e.g. 200, 220, 230, 240)
may be floating, and not in contact with the semiconductor layer (e.g. 222, 234, 252).

11
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[0069] In the context of various embodiments, an electrode centre may be defined as a
position at least substantially at the middle or central point of each electrode patch.

[0070] FIGS. 3A to 3C show schematic cross-sectional views of different electrode
arrangements, according to various embodiments.

[0071) FIG. 3A shows a resonator 300 having a piezoelectric substrate (e.g. AIN) 302
and checker-patterned electrodes 304 over or on a surface (e.g. top surface) of the
piezoelectric substrate 302. Therefore, the checker-patterned electrodes 304 are top
electrodes. While not clearly shown, the checker-patterned electrodes 304 includes a pair
of interdigitated (IDT) electrodes.

[0072] For the embodiment illustrated in FIG. 3A, an electric field may be applied across
adjacent electrodes of the checker-patterned electrodes 304 to excite the resonator 300 for
lateral field excitation (LFE). Therefore, adjacent electrodes of the checker-patterned
electrodes 304 have opposite polarity. The dotted arrows, as represented by 306, illustrate
the overall path of the electric field due to LFE.

[0073] FIG. 3B shows a resonator 320 having a piezoelectric substrate (e.g. AIN) 302,
checker-patterned electrodes 304 over or on a surface (e.g. top surface) of the
piezoelectric substrate 302 and another electrode 322 over an opposing surface
(e.g. bottom surface) of the piezoelectric substrate 302. Therefore, the checker-patterned
electrodes 304 are top electrodes while the electrode 322 is a bottom electrode, with the
piezoelectric substrate 302 in between. While not clearly shown, the checker-patterned
electrodes 304 includes a pair of interdigitated (IDT) electrodes.

[0074] The bottom electrode 322 may be a substantially contiguous electrode layer
covering at least substantially the bottom surface of the piezoelectric substrate 302. The
bottom electrode 322 may be floating or grounded, depending on the design. With this
electrode arrangement, the path of the electric fields, as represented by the dotted
arrows 324, between the top IDT electrodes (i.e. checker-patterned electrodes 304) pass
through the bottom electrode 322 as a conducting medium.

[0075] FIG. 3C shows a resonator 340 having a piezoelectric substrate (e.g. AIN) 302,
checker-patterned electrodes 304 over or on a surface (e.g. top surface) of the
piezoelectric substrate 302 and checker-patterned electrodes 342 over an opposing

surface (e.g. bottom surface) of the piezoelectric substrate 302. Therefore, the checker-
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patterned electrodes 304 are top electrodes while the checkef-pattemed electrodes 342 are
bottom electrodes, with the piezoelectric substrate 302 in between. While not clearly
shown, the checker-patterned electrodes 304 and the checker-patterned electrodes 342
include a respective pair of interdigitated (IDT) electrodes. Both the checker-patterned
electrodes 304 and the checker-patterned electrodes 342 may have at least substantially
similar electrode arrangement or configuration.

[0076] For the embodiment illustrated in FIG. 3C, an electric field may be applied across
the checker-patterned electrodes 304 and the checker-patterned electrodes 342 to excite
the resonator 340 for thickness field excitation (TFE). The dotted arrows, as represented
by 344, illustrate the overall path of the electric field due to TFE.

[0077] In various embodiments, it may also be possible to excite both LFE and TFE by
carefully designing the positive/negative polarity of the plurality of fingers of the top IDT
electrodes (i.e. checker-patterned electrodes 304) and that of the plurality of fingers of the
bottom IDT electrodes (i.e. checker-patterned electrodes 342) , such that lateral and
vertical electric fields may be generated at the same time. The opposite polarity of
adjacent electrodes of the top IDT electrodes or the bottom IDT electrodes, due to lateral
electric fields, may generate LFE, whereas, the opposite polarity between the top IDT
electrodes and the bottom IDT electrodes, that are at least substantially directly below the
top IDT electrodes, due to vertical electric fields,may generate TFE.

[0078] FIG. 3D shows a schematic cross-sectional view of a resonator 360 with a
semiconductor layer (e.g. single crystal silicon layer/substrate or a silicon-on-insulator
(SOI)) 362, according to various embodiments. As shown in FIG. 3D, the electrode
arrangement of the resonator 360 is similar to that of the resonator 320 (FIG. 3B).
However, it should be appreciated that the semiconductor layer 362 may also be provided
to the resonator 300 (FIG. 3A) adjacent the bottom surface of the piezoelectric
substrate 302, opposite to the checker-patterned electrodes 304, or to the resonator 340
(FIG. 3C) adjacent the the checker-patterned electrodes 342.

[0079] It should be appreciated that the resonators 300, 320, 340, 360, may be configured

as asymmetric checker-mode resonators or symmetric checker-mode resonators.
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[0080] It should be appreciated that the checker-pattefned electrodes 304 of the
resonators 300, 320, 340, 360, may be at least substantially similar to that as described in
the context of FIG. 4A.

[0081] In the context of various embodiments, the silicon substrate 362 is used as a
support material beneath the piezoelectric substrate 302. For example, where the silicon
substrate 362 is single crystal silicon, the substrate 362 may enhance the quality factor of

the checker-mode resonator 360, as the acoustic damping of AIN piezoelectric material is

higher than that of the single crystal silicon.

[0082] In various embodiments, the additional thickness of the silicon substrate 362 may
increase the resonant frequency of asymmetric checker-mode resonators. However, for
symmetric checker-mode resonators, the silicon substrate 362 may not change the
resonant frequency significantly, and the resonant vibrations are similar to that of the
extensional mode or contour mode type.

[0083] FIG. 4A shows a schematic perspective view of a checker-mode resonator 400,
according to various embodiments. The checker-mode resonator 400 has a square shape.
The shape of the resonator 400 defines the edge boundary area that confines the standing
acoustic waves generated within the resonator 400.

[0084] The checker-mode resonator 400 includes an aluminum nitride (AIN) layer or
substrate 402 in between top checker-patterned electrodes and a bottom electrode 404.
While not clearly shown, the bottom electrode 404 is a contiguous electrode layer
covering the bottom surface of the AIN substrate 402, and may be floating or grounded,
depending on the design.

[0085] The top checker-patterned electrodes on the top surface of the AIN substrate 402
include a pair of interdigitated electrodes, e.g. a first electrode 410 having a first plurality
of electrode fingers 412 and a second electrode 420 having a second plurality of electrode
fingers 422, where the first plurality of electrode fingers 412 and the second plurality of
electrode fingers 422 are interdigitated. The first plurality of electrode fingers 412 and the
second plurality of electrode fingers 422 may be at least substantially equally spaced
from each other. The first plurality of electrode fingers 412 and the second plurality of

electrode fingers 422 extend along a dimension 440.
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[0086] The first electrode 410 may be a drive electrode biased by an AC voltage source
while the second electrode 420 may be a sense electrode for sensing, not biased to a
voltage source.

[0087] The checker-mode resonator 400 also includes electrode patches 414 arranged
along the first plurality of electrode fingers 412 and electrode patches 424 arranged along
the second plurality of electrode fingers 422, according to a 2-dimensional lattice. Each
of the electrode patches 414, 424, is of at least substantially square shape.

[0088] The distance or pitch, a, between adjacent electrode patches 414, 424, of a
particular electrode finger determines the resonant frequency of the resonator 400, and is
equal to the wavelength, A, related to the resonant frequency.

[0089] The electrode patches 414, 424, are arranged according to a line grid having a first
plurality of lines 430 and a second plurality of lines 432 extending along a
dimension 442, that is perpendicular to the dimension 440. The first plurality of lines 430
and the second plurality of lines 432 are arranged in an alternating manner along the
dimension 440. In addition, the lines of the first plurality of lines 430 and the second
plurality of lines 432 are at least substantially equally spaced along the dimension 440.
[0090] As shown in FIG. 4A, the electrode patches 414 arranged along the first plurality
of electrode fingers 412 are arranged along the first plurality of lines 430, and the
electrode patches 424 arranged along the second plurality of electrode fingers 422 are
arranged along the second plurality of lines 432.

[0091] Anchors or anchor beams, as represented by 436 for one anchor, for the
resonator 400 may be placed at four corners of the AIN substrate 402 (FIG. 4A) or at any
location along the side length (e.g. at the middle of the side length), depending on the
thickness of the AIN substrate 402.

[0092] As shown in FIG. 4A, the checker-mode resonator 400 has a released structure,
with boundaries, and coupled by the anchors 436 to other parts 438 of the wafer.

[0093] It should be appreciated that while FIG. 4A shows that the checker-mode
resonator 400 has a square shape, it should be appreciated that the checker-mode
resonator 400 may have other polygonal shapes, for example triangle, pentagon or

hexagon, depending on the polygonal shapes of the individual electrode patches 414, 424.
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[0094] It should be appreciated that while FIG. 4A shows the resonator 400 having four
anchors 436, any number of the anchors 436 may be provided, for example, two, three or
five anchors.

[0095] It should be appreciated that while FIG. 4A shows the resonator 400 having three
electrode fingers 412 and two electrode fingers 422, any number of the electrode
fingers 412, 422, may be provided.

[0096] It should be appreciated that while FIG. 4A shows that two electrode patches 414
are arranged along each electrode finger 412 and three electrode patches 424 are arranged
along each electrode finger 422, for a total number of 12 electrode patches 414, 424,, any
number of the electrode patches 414, 424, may be provided. Similarly, it follows that the
first plurality of lines 430 and the second plurality of lines 432 may have any number of
lines.

[0097} The checker-mode resonator 400 with the top checker-patterned electrodes may
simultaneously excite two intersecting acoustic waves (e.g. asymmetric or symmetric
Lamb waves), for example one wave travelling or propagating in a direction along the
dimension 440 and the other wave travelling or propagating in a direction along the
dimension 442. The two intersecting waves propagate in perpendicular directions due to
the square shape of the resonator 400 and the electrode patches 414, 424.

[0098] The acoustic waves vibrate in a standing wave, propagating back and forth along
the perpendicular directions, due to the “edge” boundary conditions for the released
square resonator structure 400.

[0099] It should be appreciated that the bottom electrode 404 may not be present or may
be patterned similarly to the top checker-patterned electrodes. Where the bottom
electrode 404 is patterned similar to the top checker-patterned electrodes, thereby having
a pair of interdigitated electrodes, the bottom pair of interdigitated electrodes may be
biased to. ground.

[0100] Alternatively, one electrode (e.g. 410) of the top pair of interdigitated electrodes
may be biased with a positive AC voltage and one electrode of the bottom pair of
interdigitated electrodes may be biased with a negative AC voltage, while the remaining
electrodes of the respective top and bottom pairs of interdigitated electrodes are

configured as sense electrodes with positive or negative polarity. Such an electrical
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configuration provides a “differential” drive/sense, as the'positive AC source is 180
degrees out of phase with the negative AC source while the voltage amplitude is the
same.

[0101] FIGS. 4B and 4C show schematic perspective views of different electrode
configurations, according to various embodiments. FIG. 4B shows an electrode
configuration 450 of 12 electrode patches 414, 424, while FIG. 4C shows an electrode
configuration 460 of 24 electrode patches 414, 424. The signs “+” and “-” shown in
FIGS. 4B and 4C illustrate the polarities of the electric field applied to the electrode
patches 414, 424, However, it should be appreciated that the polarities may be reversed.
The signs “+” and “-” may also illustrate the relative polarity among the electrode
patches 414, 424, and not necessarily the absolute polarities.

[0102] In addition, it should be appreciated that other electrode configurations and
number of electrode patches 414, 424, may be possible to form the checker pattern, for
example 4, 7, 8, 10, 17, 40 electrode patches. The impedance level of the resonator 400 is
dependent on the number of the electrode patches 414, 424, and therefore, this number
may be changed to vary the impedance.

[0103] The resonant frequency of the checker-mode resonator 400 is dependent on the
size of the electrode patches 414, 424, and/or the distance, a, between the electrode
patches 414, 424, and at least one of these parameters may be varied to vary the resonant
frequency. Therefore, resonators with multiple frequencies may be fabricated on a single
wafer.

[0104] FIGS. 5A and 5B show finite element method (FEM) simulations of asymmetric
and symmetric resonant vibrations respectively of checker-mode resonators, according to
various embodiments, illustrating displacement of the resonant vibrations. The
asymmetric checker-mode has out-of-plane flexural vibrations at resonance while the
symmetric checker-mode vibrates in-plane at resonance. The terms “UX”, “UY”, “UZ”,
and “USUM?” in FIGS. 5A and 5B refer to the displacement along the X direction, the
displacement along the Y direction, the displacement along the Z direction, and the
overall displacement sum, respectively.

[0105] The thickness of the resonator has more effect on the resonant frequency of the

asymmetric mode compared to that of the symmetric mode. The acoustic phase velocity
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of the symmetric mode is higher, about slightly more than tWice, compared to that of the
asymmetric mode. 7

[0106] FIGS. 6A to 6D show an example process flow 600 of fabricating a checker-mode
resonator, according to various embodiments. Fabrication may be carried out in a 4-mask
process, or in a 5-mask process if an oxide layer below the bottom electrode is included
in the process flow. The fabrication process is a top-down approach where the bottom

electrode is deposited fully on an entire wafer without etching, before the subsequent

‘deposition of AIN, in order to ensure a good (002) crystal orientation of AIN thin film.

[0107] An an example and not limitation, the fabrication process is described for a
resonator on an SOI substrate, where the resonator includes an AIN piezoelectric
substrate sandwiched between a checker-patterned top Al electrode and a contiguous
bottom Al electrode layer.

[0108] FIG. 6A shows the structure 602 formed, after an AIN etch based on an oxide
hardmask.

[0109] FIG. 6B shows the structure 604 formed, after etching of the bottom Al electrode
using a second mask. For clarity and easier understanding, the AIN substrate or layer over
the bottom Al electrode is not shown. ,

[0110] FIG. 6C shows the structure 606 formed, after patterning and etching of the SiO,
layer using a third mask, for isolation of the resonator formed in the subsequent process.
[0111] FIG. 6D shows the structure 608 formed, after patterning and etching of the
checker-patterned top Al electrode to form the resonator 620. As shown in FIG. 6D, the
resonator 620 includes a pair of interdigitated electrodes 622, 624, each electrode having
a plurality of electrode fingers, and electrode patches arranged along each electrode
finger.

[0112] The resonator 620 has a square shape, with two anchors or anchor beams placed
on opposite sides and in the middle of the side length.

[0113] Various embodiments of the checker-mode resonators have been described with
aluminum nitride (AIN) as the piezoelectric material of the piezoelectric substrate due to
its compatibility with CMOS circuits and relative ease of deposition and etching.

However, it should be appreciated that other piezoelectric materials or crystalline
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piezoelectric materials such as zinc oxide (ZnO) or lithium niobate (LiNbOs3) may also be
employed. }

[0114] FIG. 7 shows an asymmetric checker-mode resonator 700 and its corresponding
simulated impedance response 702. The impedance response 702 was simulated with
ANSYS.

[0115] The resonator 700 has a aquare shape with a side length, L, of about 100 pm. As

shown in FIG. 7, the resonator 700 includes an AIN substrate (thickness of about 1.5 pm)

‘on a silicon substrate (thickness of about 2 um). The resonator 700 includes checker-

patterned top electrodes of titanium (Ti) with 12 electrode patches (thickness of each
electrode patch of about 0.2 pm).

[0116] As shown in the plot 704, the phase velocity or acoustic phase velocity of
asymmetric checker mode depends on the ratio of the plate thickness to wavelength (h/4),
i.e. the phase velocity changes with the normalized plate thickness (h/4) and is a property
of the asymmetric checker mode, similar to that of the lowest asymmetric Lamb mode.
Therefore, changes in the total thickness of the resonator 700 leads to a shift in the
resonant frequency, which is characteristic of asymmetric Lamb waves.

[0117] As shown in the impedance response 702, the resonant frequencies, f;, is about
41.326 MHz and f, is about 41.446 MHz. The quality factors, O; at f; is about 22959 and
Op at f, is about 23026. The coupling coefficient, K/, is about 0.707% while the
impedance ratio (imp ratio) is about 92.8 dB.

[0118] The equation fh = hv,/A shown in FIG. 7 illustrates the relationship between the
phase velocity, v,, and the ratio of the thickness to wavelength (4/4).

[0119] FIG. 8 shows simulated impedance response 800 and resonant vibrations 802 of a
symmetric checker-mode resonator. The impedance response 800 was simulated with
ANSY'S while the resonant vibrations 802 were simulated via FEM.

[0120] The symmetric checker-mode resonator used for the simulations obtained in
FIG. 8 has a square shape with a side length of about 100 pm. The resonator has a thin
film device structure of a [Al-AIN-Al] stack with displacement boundary conditions at
the four corners. The resonator includes an AIN substrate (thickness of about 1.5 pm),

checker-patterned top aluminum (Al) electrodes with 24 electrode patches (thickness of
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each electrode patch of about 0.3 pum) and an unpatterned contiguous bottom electrode
layer (thickness of about 0.4 um) which is fully grounded.

[0121] As shown in the impedance response 800, the resonant frequencies, f;, is about

323.57 MHz and f, is about 327.52 MHz. The quality factors, Qs at f; is about 3082 and
0, at f, is about 3119. The coupling coefficient, K/, is about 2.94% while the impedance

ratio (imp ratio) is about 81.7 dB.

[0122] With a coupling coefficient of about 2.94%, multiple symmetric checker-mode

resonators may be cascaded to form a band-pass filter.

[0123]) Measurement results of the checker-mode resonators of various embodiments will
now be described by way of examples. Measurement of checker-mode resonators in two-
port arrangement was carried out for the S21 frequency response.

[0124] FIG. 9A shows a scanning electron microscopy (SEM) image 900 of a top view of
a symmetric checker-mode resonator 902, according to various embodiments.

[0125] The symmetric checker-mode resonator 902 has a structure of [Al-AIN-Al],
including a bottom Al electrode of a thickness of about 0.4 pm, an AIN piezoelectric
substrate 904 of a thickness of about 1.0 um and top checker-patterned Al electrodes 906
of a thickness of about 0.3 um, over a thermally oxidised silicon dioxide of a thickness of
about 0.5 pm, where all the layers are deposited on top of a bulk silicon substrate. The
bottom Al electrode is a floating electrode. The resonator 902 has a square shape with a
side length of about 150 um with two anchors 908, as shown in the SEM image 900. The
two anchors 908 are placed on opposite sides and offset from the middle of the side
length, where each anchor 908 has a width of about 17 pm. The top checker-patterned
electrodes 906 are defined by a pair of electrodes with interdigitated electrode fingers and
8 square electrode patches with a side length of about 32 um arranged along the electrode
fingers, as shown in the SEM image 900.

[0126] FIG. 9B shows a schematic cross-sectional view of the bembodiment of FIG. 9A,
along the dotted line A-A’. As shown in FIG. 9B, the resonator 902 is floating (also
termed as “released”) above the substrate 910, i.e. the resonator 902 is not in contact with
the silicon substrate 910. The released resonator enables it to vibrate freely at its resonant

frequency.
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[0127] FIG. 9C shows the measured S21 response of the émbodiment of FIG. 9A. The
S21 response includes the S21 transmission plot 920, illustrating the S21 transmission
after de-embedding, and the S21 phase plot 922. The S21 response was measured with a
2-port setup with a Network Analyzer (E8364B). ’

[0128] The measured resonant frequency is about 119.82 MHz, as irdicated as “m1” in
the S21 transmission plot 920, with a clear phase transition at resonance, as shown in the
S21 phase plot 922. The resonance is based on symmetric checker-mode. The quality
factor, measured in air, based on the 3-dB method from the S21 response is -about 1000.
The frequency-quality factor (f~-Q) product of the checker-mode resonator is
approximately 1.2 x 10'!. The coupling coefficient, K,Z, is about 4%.

[0129] FIG. 10 shows a scanning electron microscopy (SEM) image 1000 of a top view
of a symmetric checker-mode resonator and its corresponding measured S21 response,
according to various embodiments. The S21 response includes the S21 transmission
plot 1002, the S21 phase plot 1004 and the S21 large span plot 1006 from about 10 MHz
to about 1 GHz. The S21 response was measured with a 2-port setup with a Network
Analyzer (E8364B).

[0130] The symmetric checker-mode resonator has a structure of [AI-AIN-Al], including
a bottom Al electrode of a thickness of about 0.4 um, an AIN piezoelectric substrate of a
thickness of about 1.0 um and top checker-patterned Al electrodes of a thickness of about
0.3 um, over a thermally oxidised silicon dioxide of a thickness of about 0.5 pum, where
all the layers are deposited on top of a bulk silicon substrate. The bottom Al electrode is a
grounded electrode. The resonator has a square shape with a side length of about 100 um
with four anchors placed at the corners, each anchor having a width of about 8 um. The
top checker-patterned electrodes are defined by a pair of electrodes with interdigitated
electrode fingers and 12 square electrode patches with a side length of about 16 um
arranged. along the electrode fingers, as shown in the SEM image 1000.

[0131] The measured resonant frequency is about 232.2 MHz, as indicated with a
respective arrow in the S21 transmission plot 1002 and the S21 large span plot 1006, with
a clear phase transition at resonance, as shown in the S21 phase plot 1004. The resonance

is based on symmetric checker-mode. The quality factor, measured in air, based on the
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3-dB method from the S21 response is about 1185. The ffequency—quality factor (f~-Q)
product of the checker-mode resonator is approximately 2.75 x 10'!.

[0132] As shown in the S21 large span plot 1006, the checker-mode is the dominant
response over a large frequency span from about 10 MHz to about 1 GHz.

[0133] Various embodiments may allow the fabrication of multiple resonators on a single
wafer, with each resonator having a particular resonant frequency, by varying the size or

pitch of the electrode patches along the interdigitated electrode fingers. Therefore,

resonators with multiple resonant frequencies may be fabricated on a single wafer.

[0134) In addition, the resonant frequency of the resonator may be changed by providing
the piezoelectric substrate on a support substrate and varying the thickness of the bottom
support substrate. The support substrate includes low-acoustic-loss material such as
single crystal silicon, which may improve the quality factor of the resonator. Therefore,
high-Q checker-mode resonators on SOI substrates may be provided for operation in the
frequency range of MHz to GHz, for example for low phase noise oscillators.

[0135] Also, as the excitation may be highly specific with an optimized anchor design,
other spurious modes may be minimised or suppressed. Furthermore, the sensing signal
level and/or the motional resistance may be improved by increasing the number of
checker-patterned electrodes in arrays.

[0136} Moreover, the resonators of various embodiments have an improved coupling
coefficient, K/, thereby enabling the development of RF filters, e.g. an RF front-end
band-pass filter. Multiple symmetric checker-mode resonators may be cascaded to form a
band-pass filter. A higher coupling coefficient results in a larger bandwidth, a lower
insertion loss (IL), and an improved stop-band rejection. Therefore, various embodiments
may provide CMOS-compatible piezoelectric resonators with high coupling coefficients
for filter applications.

[0137] Furthermore, the resonators of various embodiments may be employed as local
oscillators in RF systems, for example as high quality factor (high-Q) oscillators with
more specific resonant mode.

[0138] Moreover, the resonators of various embodiments may be employed as mass

sensors and biosensors.
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[0139] Various embodiments of the resonators advantageouély require low power and no
DC bias, as compared to capacitive resonators, and require no vacuum packaging.

[0140] In various embodiments, suitable resonator design and improved fabrication
process may lead to an improvement in the £Q product of the resonators of various
embodiments. For the resonators of various embodiments, having thin piezoelectric films
with a large side length (e.g. large square length) to thickness ratio, placement of the

anchors or anchor beams and the residual stress of the piezoelectric film may affect the

performance of resonator. Large residual stress may cause the resonator or device to

become warped (e.g. curved upwardly or downwardly), leading to a reduction in the
quality factor. Therefore, suitable design may be provided to reduce the residual stress
and anchor losses, thereby providing improved quality factor for various applications,
including oscillator applications.

[0141] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A piezoelectric resonator, comprising:
a piezoelectric substrate;
a first electrode comprising a first plurality of electrode fingers;
a second electrode comprising a second plurality of electrode fingers;

wherein the first plurality of electrode fingers and the second plurality of

lectrode fingers are interdigitated; and

wherein electrode patches are arranged along the first plurality of electrode

fingers and the second plurality of electrode fingers according to a 2-dimensional lattice.

2. The piezoelectric resonator according to claim 1, wherein the electrode patches
are arranged according to a line grid which comprises a first plurality of lines and a
second plurality of lines, the first plurality of lines and the second plurality of lines

extending along a first dimension.

3. The piezoelectric resonator according to claim 2, wherein the electrode patches
arranged along the first plurality of electrode fingers are arranged along the first plurality
of lines, and the electrode patches arranged along the second plurality of electrode fingers

are arranged along the second plurality of lines.

4. The piezoelectric resonator according to claim 2 or 3, wherein the first plurality
of electrode fingers and the second plurality of electrode fingers extend along a second

dimension that is perpendicular to the first dimension.
5. The piezoelectric resonator according to claim 4, wherein the first plurality of

lines and the second plurality of lines are arranged in an alternating manner along the

second dimension.
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6. The piezoelectric resonator according to claim 4 or 5, wherein the lines of the
first plurality of lines and the second plurality of lines are at least substantially equally

spaced along the second dimension.

7. The piezoelectric resonator according to any one of claims 1-6, wherein the first
electrode and the second electrode are disposed over a first surface of the piezoelectric

substrate.

8. The piezoelectric resonator according to claim 7, further comprising a

semiconductor layer disposed over a second surface of the piezoelectric substrate.

9. The piezoelectric resonator according to claim 8, wherein the semiconductor

layer is a silicon layer.

10. The piezoelectric resonator according to claim 7, further comprising a third

electrode disposed over a second surface of the piezoelectric substrate.

11. The piezoelectric resonator according to claim 10, wherein the third electrode is

a contiguous electrode layer covering the second surface of the piezoelectric substrate.

12. The piezoelectric resonator according to claim 10 or 11, further comprising a
semiconductor layer such that the third electrode is interposed between the semiconductor

layer and the piezoelectric substrate.

13. The piezoelectric resonator according to claim 7, further comprising:
a third electrode comprising a third plurality of electrode fingers;
a fourth electrode comprising a fourth plurality of electrode fingers;
wherein the third plurality of electrode fingers and the fourth plurality of electrode

fingers are interdigitated;
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wherein electrode patches are arranged along the .third plurality of electrode
fingers and the fourth plurality of electrode fingers according to the 2-dimensional lattice;
and

wherein the third electrode and the fourth electrode are dispoéed over a second

surface of the piezoelectric substrate.

14. The piezoelectric resonator according to claim 13,

wherein the electrode patches of the third plurality of electrode fingers are
opposite to the electrode patches of the first plurality of electrode fingers with respect to
the piezoelectric substrate, and the electrode patches of the fourth plurality of the
electrode fingers are opposite to the electrode patches of the second plurality of electrode

fingers with respect to the piezoelectric substrate.

15. The piezoelectric resonator according to claim 13 or 14, further comprising a
semiconductor layer such that the third electrode and the fourth electrode are interposed

between the semiconductor layer and the piezoelectric substrate.
16. The piezoelectric resonator according to any one of claims 1-15, wherein the
piezoelectric substrate is made of any piezoelectric material that includes aluminum

nitride (AIN), zinc oxide (ZnO), or lithium niobate (LiNbO3).

17. The piezoelectric resonator according to any one of claims 1-16, wherein each of

the electrode patches is of at least substantially square shape.
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