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(57) ABSTRACT

Filter devices and methods of fabrication are disclosed. A
filter device includes a piezoelectric plate attached to a
substrate, portions of the piezoelectric plate forming dia-
phragms spanning respective cavities in the substrate. A
conductor pattern formed on a surface of the piezoelectric
plate includes a plurality of interdigital transducers (IDTs) of
a respective plurality of acoustic resonators including a
shunt resonator and a series resonator, interleaved fingers of
each of the plurality of IDTs disposed on one of the
diaphragms. Radio frequency signals applied to the IDTs
excite respective primary shear acoustic modes in the
respective diaphragms. A thickness of a first dielectric layer
disposed on the front surface between the fingers of the IDT
of the shunt resonator is greater than a thickness of a second
dielectric layer disposed on the front surface between the
fingers of the IDT of the series resonator.
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BANDPASS FILTER WITH FREQUENCY
SEPARATION BETWEEN SHUNT AND
SERIES RESONATORS SET BY DIELECTRIC
LAYER THICKNESS

RELATED APPLICATION INFORMATION

[0001] This patent is a continuation of application Ser. No.
16/230,443, entitled TRANSVERSELY-EXCITED FILM
BULK ACOUSTIC RESONATOR, filed Dec. 21, 2018,
which claims priority from the following provisional patent
applications: application 62/685,825, filed Jun. 15, 2018,
entitted SHEAR-MODE FBAR (XBAR); application
62/701,363, filed Jul. 20, 2018, entitled SHEAR-MODE
FBAR (XBAR); application 62/741,702, filed Oct. 5, 2018,
entitled 5 GHZ LATERALLY-EXCITED BULK WAVE
RESONATOR (XBAR); application 62/748,883, filed Oct.
22, 2018, entitled SHEAR-MODE FILM BULK ACOUS-
TIC RESONATOR; and application 62/753,815, filed Oct.
31, 2018, entitled LITHIUM TANTALATE SHEAR-MODE
FILM BULK ACOUSTIC RESONATOR.

NOTICE OF COPYRIGHTS AND TRADE
DRESS

[0002] A portion of the disclosure of this patent document
contains material which is subject to copyright protection.
This patent document may show and/or describe matter
which is or may become trade dress of the owner. The
copyright and trade dress owner has no objection to the
facsimile reproduction by anyone of the patent disclosure as
it appears in the Patent and Trademark Office patent files or
records, but otherwise reserves all copyright and trade dress
rights whatsoever.

BACKGROUND

Field

[0003] This disclosure relates to radio frequency filters
using acoustic wave resonators, and specifically to filters for
use in communications equipment.

Description of the Related Art

[0004] A radio frequency (RF) filter is a two-port device
configured to pass some frequencies and to stop other
frequencies, where “pass” means transmit with relatively
low signal loss and “stop” means block or substantially
attenuate. The range of frequencies passed by a filter is
referred to as the “pass-band” of the filter. The range of
frequencies stopped by such a filter is referred to as the
“stop-band” of the filter. A typical RF filter has at least one
pass-band and at least one stop-band. Specific requirements
on a pass-band or stop-band depend on the specific appli-
cation. For example, a “pass-band” may be defined as a
frequency range where the insertion loss of a filter is better
than a defined value such as 1 dB, 2 dB, or 3 dB. A
“stop-band” may be defined as a frequency range where the
rejection of a filter is greater than a defined value such as 20
dB, 30 dB, 40 dB, or greater depending on application.

[0005] RF filters are used in communications systems
where information is transmitted over wireless links. For
example, RF filters may be found in the RF front-ends of
cellular base stations, mobile telephone and computing
devices, satellite transceivers and ground stations, loT (In-
ternet of Things) devices, laptop computers and tablets,
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fixed point radio links, and other communications systems.
RF filters are also used in radar and electronic and infor-
mation warfare systems.

[0006] REF filters typically require many design trade-offs
to achieve, for each specific application, the best compro-
mise between performance parameters such as insertion
loss, rejection, isolation, power handling, linearity, size and
cost. Specific design and manufacturing methods and
enhancements can benefit simultaneously one or several of
these requirements.

[0007] Performance enhancements to the RF filters in a
wireless system can have broad impact to system perfor-
mance. Improvements in RF filters can be leveraged to
provide system performance improvements such as larger
cell size, longer battery life, higher data rates, greater
network capacity, lower cost, enhanced security, higher
reliability, etc. These improvements can be realized at many
levels of the wireless system both separately and in combi-
nation, for example at the RF module, RF transceiver,
mobile or fixed sub-system, or network levels.

[0008] The desire for wider communication channel band-
widths will inevitably lead to the use of higher frequency
communications bands. The current LTE™ (Long Term
Evolution) specification defines frequency bands from 3.3
GHz to 5.9 GHz. These bands are not presently used. Future
proposals for wireless communications include millimeter
wave communication bands with frequencies up to 28 GHz.
[0009] High performance RF filters for present commu-
nication systems commonly incorporate acoustic wave reso-
nators including surface acoustic wave (SAW) resonators,
bulk acoustic wave BAW) resonators, film bulk acoustic
wave resonators (FBAR), and other types of acoustic reso-
nators. However, these existing technologies are not well-
suited for use at the higher frequencies proposed for future
communications networks.

DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 includes a schematic plan view and two
schematic cross-sectional views of a transversely-excited
film bulk acoustic resonator (XBAR).

[0011] FIG. 2 is an expanded schematic cross-sectional
view of a portion of the XBAR of FIG. 1.

[0012] FIG. 3A is an alternative schematic cross-sectional
view of the XBAR of FIG. 1.

[0013] FIG. 3B is another alternative schematic cross-
sectional view of the XBAR of FIG. 1.

[0014] FIG. 3C is an alternative schematic plan view of an
XBAR
[0015] FIG. 4 is a graphic illustrating a shear horizontal

acoustic mode in an XBAR.

[0016] FIG. 5 is a chart of the admittance of a simulated
XBAR.
[0017] FIG. 6 is a chart comparing the admittances of

three simulated XBARs with different dielectric layers.
[0018] FIG. 7 is a chart comparing the admittances of four
simulated XBARs with different dielectric layer thicknesses.
[0019] FIG. 8 is a plot showing the effect of piezoelectric
plate thickness on resonance frequency of an XBAR.
[0020] FIG. 9 is a plot showing the effect of front dielec-
tric layer thickness on resonance frequency of an XBAR.
[0021] FIG. 10 is a plot showing the effect of IDT finger
pitch on resonance frequency of an XB AR.

[0022] FIG. 11 is a chart comparing the admittances of
XBARs on LiNbO3 and LiTaO3 plates.
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[0023] FIG. 12 is a chart of the measured admittance of an
XBAR.
[0024] FIG. 13 is another chart of the measured admit-

tance of an XBAR.

[0025] FIG. 14 is a schematic circuit diagram and layout
of a filter using XBARs.

[0026] FIG. 15 is a graph of the transfer curve (S21) of an
embodiment of the filter of FIG. 12.

[0027] FIG. 16 is a graph of the transfer curve (S21) of
another embodiment of the filter of FIG. 12.

[0028] FIG. 17 is a flow chart of a process for fabricating
an XBAR.
[0029] Throughout this description, elements appearing in

figures are assigned three-digit or four-digit reference des-
ignators, where the two least significant digits are specific to
the element and the one or two most significant digit is the
figure number where the element is first introduced. An
element that is not described in conjunction with a figure
may be presumed to have the same characteristics and
function as a previously-described element having the same
reference designator.

DETAILED DESCRIPTION

[0030]

[0031] FIG. 1 shows a simplified schematic top view and
orthogonal cross-sectional views of a transversely-excited
film bulk acoustic resonator (XBAR) 100. XBAR resonators
such as the resonator 100 may be used in a variety of RF
filters including band-reject filters, band-pass filters, duplex-
ers, and multiplexers. XBARs are particularly suited for use
in filters for communications bands with frequencies above
3 GHz.

[0032] The XBAR 100 is made up of a thin film conductor
pattern formed on a surface of a piezoelectric plate 110
having parallel front and back surfaces 112, 114, respec-
tively. The piezoelectric plate is a thin single-crystal layer of
a piezoelectric material such as lithium niobate, lithium
tantalate, lanthanum gallium silicate, gallium nitride, or
aluminum nitride. The piezoelectric plate is cut such that the
orientation of the X, Y, and Z crystalline axes with respect
to the front and back surfaces is known and consistent. In the
examples presented in this patent, the piezoelectric plates are
Z-cut, which is to say the Z axis is normal to the surfaces.
However, XBARs may be fabricated on piezoelectric plates
with other crystallographic orientations.

[0033] The back surface 114 of the piezoelectric plate 110
is attached to a substrate 120 that provides mechanical
support to the piezoelectric plate 110. The substrate 120 may
be, for example, silicon, sapphire, quartz, or some other
material. The piezoelectric plate 110 may be bonded to the
substrate 120 using a wafer bonding process, or grown on
the substrate 120, or attached to the substrate in some other
manner. The piezoelectric plate may be attached directly to
the substrate, or may be attached to the substrate via one or
more intermediate material layers.

[0034] The conductor pattern of the XBAR 100 includes
an interdigital transducer (IDT) 130. The IDT 130 includes
a first plurality of parallel fingers, such as finger 136,
extending from a first busbar 132 and a second plurality of
fingers extending from a second busbar 134. The first and
second pluralities of parallel fingers are interleaved. The
interleaved fingers overlap for a distance AP, commonly

Description of Apparatus
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referred to as the “aperture” of the IDT. The center-to-center
distance L between the outermost fingers of the IDT 130 is
the “length” of the IDT.

[0035] The first and second busbars 132, 134 serve as the
terminals of the XBAR 100. A radio frequency or micro-
wave signal applied between the two busbars 132, 134 of the
IDT 130 excites an acoustic wave within the piezoelectric
plate 110. As will be discussed in further detail, the excited
acoustic wave is a bulk shear wave that propagates in the
direction normal to the surface of the piezoelectric plate 110,
which is also normal, or transverse, to the direction of the
electric field created by the IDT fingers. Thus, the XBAR is
considered a transversely-excited film bulk wave resonator.
[0036] A cavity 125 is formed in the substrate 120 such
that the portion of the piezoelectric plate 110 containing the
IDT 130 is suspended over the cavity 125 without contacting
the substrate 120. “Cavity” has its conventional meaning of
“an empty space within a solid body.” The cavity 125 may
be a hole completely through the substrate 120 (as shown in
Section A-A and Section B-B) or a recess in the substrate
120. The cavity 125 may be formed, for example, by
selective etching of the substrate 120 before or after the
piezoelectric plate 110 and the substrate 120 are attached. As
shown in FIG. 1, the cavity 125 has a rectangular shape with
an extent greater than the aperture AP and length L of the
IDT 130. A cavity of an XBAR may have a different shape,
such as a regular or irregular polygon. The cavity of an
XBAR may more or fewer than four sides, which may be
straight or curved.

[0037] For ease of presentation in FIG. 1, the geometric
pitch and width of the IDT fingers is greatly exaggerated
with respect to the length (dimension L) and aperture
(dimension AP) of the XBAR. A typical XBAR has more
than ten parallel fingers in the IDT 110. An XBAR may have
hundreds, possibly thousands, of parallel fingers in the IDT
110. Similarly, the thickness of the fingers in the cross-
sectional views is greatly exaggerated.

[0038] FIG. 2 shows a detailed schematic cross-sectional
view of the XBAR 100. The piezoelectric plate 110 is a
single-crystal layer of piezoelectrical material having a
thickness ts. ts may be, for example, 100 nm to 1500 nm.
When used in filters for LTE™ bands from 3.4 GHZ to 6
GHz (e.g. bands 42, 43, 46), the thickness ts may be, for
example, 200 nm to 1000 nm.

[0039] A front-side dielectric layer 214 may optionally be
formed on the front side of the piezoelectric plate 110. The
“front side” of the XBAR is, by definition, the surface facing
away from the substrate. The front-side dielectric layer 214
has a thickness tfd. The front-side dielectric layer 214 is
formed between the IDT fingers 238. Although not shown in
FIG. 2, the front side dielectric layer 214 may also be
deposited over the IDT fingers 238. A back-side dielectric
layer 216 may optionally be formed on the back side of the
piezoelectric plate 110. The back-side dielectric layer 216
has a thickness tbd. The front-side and back-side dielectric
layers 214, 216 may be a non-piezoelectric dielectric mate-
rial, such as silicon dioxide or silicon nitride. tfd and tbd
may be, for example, 0 to 500 nm. tfd and tbd are typically
less than the thickness ts of the piezoelectric plate. tfd and
thd are not necessarily equal, and the front-side and back-
side dielectric layers 214, 216 are not necessarily the same
material. Either or both of the front-side and back-side
dielectric layers 214, 216 may be formed of multiple layers
of two or more materials.
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[0040] The IDT fingers 238 may be aluminum or a sub-
stantially aluminum alloy, copper or a substantially copper
alloy, beryllium, gold, or some other conductive material.
Thin (relative to the total thickness of the conductors) layers
of other metals, such as chromium or titanium, may be
formed under and/or over the fingers to improve adhesion
between the fingers and the piezoelectric plate 110 and/or to
passivate or encapsulate the fingers. The busbars (132, 134
in FIG. 1) of the IDT may be made of the same or different
materials as the fingers.

[0041] Dimension p is the center-to-center spacing or
“pitch” of the IDT fingers, which may be referred to as the
pitch of the IDT and/or the pitch of the XBAR. Dimension
w is the width or “mark™ of the IDT fingers. The IDT of an
XBAR differs substantially from the IDTs used in surface
acoustic wave (SAW) resonators. In a SAW resonator, the
pitch of the IDT is one-half of the acoustic wavelength at the
resonance frequency. Additionally, the mark-to-pitch ratio of
a SAW resonator IDT is typically close to 0.5 (i.e. the mark
or finger width is about one-fourth of the acoustic wave-
length at resonance). In an XBAR, the pitch p of the IDT is
typically 2 to 20 times the width w of the fingers. In addition,
the pitch p of the IDT is typically 2 to 20 times the thickness
ts of the piezoelectric slab 212. The width of the IDT fingers
in an XBAR is not constrained to one-fourth of the acoustic
wavelength at resonance. For example, the width of XBAR
IDT fingers may be 500 nm or greater, such that the IDT can
be fabricated using optical lithography. The thickness tm of
the IDT fingers may be from 100 nm to about equal to the
width w. The thickness of the busbars (132, 134 in FIG. 1)
of'the IDT may be the same as, or greater than, the thickness
tm of the IDT fingers.

[0042] FIG. 3A and FIG. 3B show two alternative cross-
sectional views along the section plane A-A defined in FIG.
1. In FIG. 3A, a piezoelectric plate 310 is attached to a
substrate 320. A cavity 325, which does not fully penetrate
the substrate 320, is formed in the substrate under the
portion of the piezoelectric plate 310 containing the IDT of
an XBAR. The cavity 325 may be formed, for example, by
etching the substrate 320 before attaching the piezoelectric
plate 310. Alternatively, the cavity 325 may be formed by
etching the substrate 320 with a selective etchant that
reaches the substrate through one or more openings provided
in the piezoelectric plate 310.

[0043] In FIG. 3B, the substrate 320 includes a base 322
and an intermediate layer 324 disposed between the piezo-
electric plate 310 and the base 322. For example, the base
322 may be silicon and the intermediate layer 324 may be
silicon dioxide or silicon nitride or some other material. A
cavity 325 is formed in the intermediate layer 324 under the
portion of the piezoelectric plate 310 containing the IDT of
an XBAR. The cavity 325 may be formed, for example, by
etching the intermediate layer 324 before attaching the
piezoelectric plate 310. Alternatively, the cavity 325 may be
formed by etching the intermediate layer 324 with a selec-
tive etchant that reaches the substrate through one or more
openings provided in the piezoelectric plate 310.

[0044] FIG. 3C is a schematic plan view of another XBAR
350. The XBAR 350 includes an IDT formed on a piezo-
electric plate 310. The piezoelectric plate 310 is disposed
over a cavity 380 in a substrate. In this example, the cavity
380 has an irregular polygon shape such that none of the
edges of the cavity are parallel, nor are they parallel to the
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conductors of the IDT. A cavity may have a different shape
with straight or curved edges.

[0045] FIG. 4 is a graphical illustration of the primary
acoustic mode of interest in an XBAR. FIG. 4 shows a small
portion of an XBAR 400 including a piezoelectric plate 410
and three interleaved IDT fingers 430. An RF voltage is
applied to the interleaved fingers 430. This voltage creates a
time-varying electric field between the fingers. The direction
of the electric field is lateral, or parallel to the surface of the
piezoelectric plate 410, as indicated by the arrows labeled
“electric field”. Due to the high dielectric constant of the
piezoelectric plate, the electric field is highly concentrated in
the plate relative to the air. The lateral electric field intro-
duces shear deformation, and thus strongly excites shear-
mode acoustic waves, in the piezoelectric plate 410. In this
context, “shear deformation” is defined as deformation in
which parallel planes in a material remain parallel and
maintain a constant distance while translating relative to
each other. “Shear acoustic waves” are defined as acoustic
waves in a medium that result in shear deformation of the
medium. The shear deformations in the XBAR 400 are
represented by the curves 460, with the adjacent small
arrows providing a schematic indication of the direction and
magnitude of atomic motion. The degree of atomic motion,
as well as the thickness of the piezoelectric plate 410, have
been greatly exaggerated for ease of visualization. While the
atomic motions are predominantly lateral (i.e. horizontal as
shown in FIG. 4), the direction of acoustic energy flow of the
excited shear acoustic waves is substantially vertical, normal
to the surface of the piezoelectric plate, as indicated by the
arrow 465.

[0046] Considering FIG. 4, there is essentially no electric
field immediately under the IDT fingers 430, and thus
acoustic modes are only minimally excited in the regions
470 under the fingers. There may be evanescent acoustic
motions in these regions. Since acoustic vibrations are not
excited under the IDT fingers 430, the acoustic energy
coupled to the IDT fingers 430 is low (for example com-
pared to the fingers of an IDT in a SAW resonator), which
minimizes viscous losses in the IDT fingers.

[0047] An acoustic resonator based on shear acoustic
wave resonances can achieve better performance than cur-
rent state-of-the art film-bulk-acoustic-resonators (FBAR)
and solidly-mounted-resonator bulk-acoustic-wave (SMR
BAW) devices where the electric field is applied in the
thickness direction. In such devices, the acoustic mode is
compressive with atomic motions and the direction of acous-
tic energy flow in the thickness direction. In addition, the
piezoelectric coupling for shear wave XBAR resonances can
be high (>20%) compared to other acoustic resonators. Thus
high piezoelectric coupling enables the design and imple-
mentation of microwave and millimeter-wave filters with
appreciable bandwidth.

[0048] FIG. 5 is a chart 500 with a plot 510 of the
normalized magnitude of the admittance (on a logarithmic
scale) as a function of frequency of an XBAR simulated
using finite element method (FEM) simulation techniques.
In the simulated XBAR, the piezoelectric plate is Z-cut (i.e.
Z axis normal to the plate) lithium niobate. The IDT fingers
are aluminum. The IDT is oriented such that the y-axis of the
piezoelectric plate is normal to the IDT fingers. The sub-
strate supporting the piezoelectric plate is silicon with a
cavity formed completely through the silicon (as shown in
FIG. 1). Losses in the piezoelectric plate and IDT fingers
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were simulated using standard material parameters. The
simulated physical dimensions are as follows: is=400 nm;
tfd=0; tbd=0; tm=100 nm; p=5 pm; w=500 nm. The admit-
tance is normalized for a single pair of IDT fingers and an
aperture of 1 meter. The admittance of an XBAR with N IDT
fingers and an aperture A (in m) can be estimated by
multiplying the normalized admittance provided in FIG. 5
by (N-1)-A.

[0049] The simulated XBAR exhibits a resonance at a
frequency FR of 4693 MHz and an anti-resonance at a
frequency FAR of 5306 MHz. The Q at resonance QR is
2645 and the Q at anti-resonance QAR is 4455. The absolute
difference between FAR and FR is about 600 MHz, and the
fractional difference is about 0.12. The acoustic coupling
can be roughly estimated to the 24%. Secondary resonances
are evident in the admittance curve at frequencies below FR
and above FAR.

[0050] Acoustic RF filters usually incorporate multiple
acoustic resonators. Typically, these resonators have at least
two different resonance frequencies. For example, an RF
filter using the well-known “ladder” filter architecture
includes shunt resonators and series resonators. A shunt
resonator typically has a resonance frequency below the
passband of the filter and an anti-resonance frequency within
the passband. A series resonator typically has a resonance
frequency within the pass band and an anti-resonance fre-
quency above the passband. In many filters, each resonator
has a unique resonance frequency. An ability to obtain
different resonance frequencies for XBARs made on the
same piezoelectric plate greatly simplifies the design and
fabrication of RF filters using XBARs.

[0051] FIG. 6 is a graph 600 comparing the normalized
admittances, as functions of frequency, of three XBARs with
different dielectric layers. The admittance data results from
two-dimensional simulation of a XBAR structure using the
same materials and dimensions (except for the dielectric
layers) as the previous example. The admittance is normal-
ized for a single pair of IDT fingers and an aperture of 1 m.
The solid line 610 is a plot of the normalized admittance per
unit aperture for an XBAR with tfd=tbd=0 (i.e. an XBAR
without dielectric layers). The normalized admittance of this
XBAR is comparable to the normalized admittance plot in
FIG. 5, with slight differences due to the different simulation
methodologies. The dashed line 620 is a plot of the normal-
ized admittance for an XBAR with 100 nm of SiO2 on the
front surface of the piezoelectric slab between the IDT
fingers (tfd=100 nm and tbd=0). The addition of the SiO2
layer on the front surface of the piezoelectric plate shifts the
resonance frequency down by about 500 MHz, or about
11%, compared to the XBAR with no dielectric layers. The
dash-dot line 630 is a plot of the normalized admittance for
an XBAR with 100 nm of SiO2 over the front surface of the
piezoelectric slab between the IDT fingers and 100 nm of
SiO2 on the back surface of the piezoelectric slab
(tfd=tbd=100 nm). The addition of the SiO2 layers on both
surfaces of the piezoelectric plate shifts the resonance fre-
quency down by about 900 MHz, or 20%, compared to the
XBAR with no dielectric layers.

[0052] FIG. 7 is a graph 700 comparing the admittances,
as functions of frequency, of four XBARs with different
front-side dielectric layer thicknesses. The admittance data
results from three-dimensional simulation of XBARs with
the following parameter: is=400 nm; tfd=0, 30, 60, 90 nm;
thd=0; tm=100 nm; p=4.2 um; w=500 nm; AP=20 um; and
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N (total number of IDT fingers)=51. The substrate is Z-cut
lithium niobate, the IDT conductors are aluminum, and the
dielectric layers are SiO2.

[0053] The solid line 710 is a plot of the admittance of an
XBAR with tfd=0 (i.e. an XBAR without dielectric layers).
The dashed line 720 is a plot of the admittance of an XBAR
with tfd=30 nm. The addition of the 30 nm dielectric layer
reduces the resonant frequency by about 145 MHz compared
to the XBAR without dielectric layers. The dash-dot line 730
is a plot of the admittance of an XBAR with tfd=60 nm. The
addition of the 60 nm dielectric layer reduces the resonant
frequency by about 305 MHz compared to the XBAR
without dielectric layers. The dash-dot-dot line 740 is a plot
of the admittance of an XBAR with tfd=90 nm. The addition
of the 90 nm dielectric layer reduces the resonant frequency
by about 475 MHz compared to the XBAR without dielec-
tric layers. The frequency and magnitude of the secondary
resonances are affected differently than the primary shear-
mode resonance.

[0054] Importantly, the presence of the dielectric layers of
various thicknesses has little or no effect on the piezoelectric
coupling, as evidenced by the nearly constant frequency
offset between the resonance and anti-resonance of each
XBAR.

[0055] FIG. 8, FIG. 9, and FIG. 10 are graphs showing the
dependence, determined by simulation, of resonant fre-
quency on XBAR physical characteristics. Specifically, FIG.
8 is a graph of resonant frequency as a function of piezo-
electric plate thickness is with IDT finger pitch p=3 microns
and no front-side or back-side dielectric layer (tfd=tbd=0).
FIG. 9 is a graph of resonant frequency as a function of
front-side dielectric layer thickness tfd for piezoelectric
plate thickness ts=400 nm and IDT finger pitch p=3 microns.
FIG. 10 is a graph of resonant frequency as a function of IDT
finger pitch p with piezoelectric plate thickness ts=400 nm
and tfd=tbd=0. In all cases, the piezoelectric substrate is
Z-cut lithium niobate and the IDT fingers were aluminum
with a width w=500 nm and thickness tm=100 nm. The
front-side dielectric layer, when present, is SiO2.

[0056] FIG. 11 is a graph 1100 comparing the admittances,
as functions of frequency, of two XBARs with different
piezoelectric plate materials. The admittance data results
from three-dimensional simulation of XBARs with the fol-
lowing parameter: ts=415 nm; tfd=120 nm; tbd=0; tm=460
nm; p=4.5 um; w=700 nm; AP=71 um; and N (total number
of IDT fingers)=221. The substrate is Z-cut lithium niobite
or Z-cut lithium tantalate, the IDT electrodes are copper, and
the dielectric layer is SiO2.

[0057] The solid line 1110 is a plot of the admittance of an
XBAR on a lithium niobate plate. The dashed line 1120 is a
plot of the admittance of an XBAR on a lithium tantalate
plate. Notably, the difference between the resonance and
anti-resonance frequencies of the lithium tantalate XBAR is
about 5%, or half of the frequency difference of the lithium
niobate XBAR. The lower frequency difference of the
lithium tantalate XBAR is due to the weaker piezoelectric
coupling of the material. The measured temperature coeffi-
cient of the resonance frequency of a lithium niobate XBAR
is about -71 parts-per-million per degree Celsius. The
temperature coefficient of frequency (TCF) for lithium tan-
talate XBARs will be about half that of lithium niobate
XBARs. Lithium tantalate XBARs may be used in applica-
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tions that do not require the large filter bandwidth possible
with lithium niobate XBARs and where the reduced TCF is
advantageous.

[0058] FIG. 12 is a chart showing the measured admit-
tance of an experimental XBAR fabricated on a Z-cut
lithium niobate plate with a thickness of 400 nm. The IDT
had a pitch of 5 um, an aperture of 40 um, and 101 IDT
fingers. The IDT fingers were aluminum with a thickness of
100 nm. The device did not include dielectric layers. The
solid line 1210 is the magnitude of admittance as a function
of frequency. The resonance frequency is 4617 MHz and the
anti-resonance frequency is 5138 MHz. The frequency dif-
ference is 521 MHz or more than 11% of the resonance
frequency. The measured data has not been corrected for the
effects of the measurement system. Typically, correcting for
the measurement system increases the anti-resonance fre-
quency and the different between the anti-resonance and
resonance frequencies.

[0059] FIG. 13 is a chart showing the measured admit-
tance of another experimental XBAR fabricated on a Z-cut
lithium niobate plate with a thickness of 400 nm. The IDT
had a pitch of Sum, an aperture of 20 pum, and 51 fingers. The
IDT fingers were aluminum with a thickness of 100 nm. The
device did not include dielectric layers. The solid line 1310
is the magnitude of admittance as a function of frequency.
The third and fifth harmonics of the primary XBAR reso-
nance are visible at about 13.5 GHz and 22.5 GHz, respec-
tively. Resonances have been measured in other XBARs at
frequencies as high as 60 GHz.

[0060] FIG. 14 is a schematic circuit diagram and layout
for a high frequency band-pass filter 1400 using XBARs.
The filter 1400 has a conventional ladder filter architecture
including three series resonators 1410A, 1410B, 1410C and
two shunt resonators 1420A, 1420B. The three series reso-
nators 1410A, 14108, and 1410C are connected in series
between a first port and a second port. In FIG. 14, the first
and second ports are labeled “In” and “Out”, respectively.
However, the filter 1400 is symmetrical and either port and
serve as the input or output of the filter. The two shunt
resonators 1420A, 1420B are connected from nodes
between the series resonators to ground. All the shunt
resonators and series resonators are XBARs.

[0061] The three series resonators 1410A, B, C and the
two shunt resonators 1420A, B of the filter 1400 are formed
on a single plate 1430 of piezoelectric material bonded to a
silicon substrate (not visible). Each resonator includes a
respective IDT (not shown), with at least the fingers of the
IDT disposed over a cavity in the substrate. In this and
similar contexts, the term “respective” means “relating
things each to each”, which is to say with a one-to-one
correspondence. In FIG. 14, the cavities are illustrated
schematically as the dashed rectangles (such as the rectangle
1435). In this example, each IDT is disposed over a respec-
tive cavity. In other filters, the IDTs of two or more reso-
nators may be disposed over a single cavity.

[0062] FIG. 15 is a chart showing results from simulating
a first bandpass filter incorporating five XBARs. The sche-
matic diagram of the first filter is the same as the filter 1400
of FIG. 14. The XBARs are formed on a 0.4 micron
thickness Z-cut lithium niobate plate. The substrate is sili-
con, the IDT conductors are aluminum, and there are no
dielectric layers. The other physical parameters of the reso-
nators are provided in the following table (all dimensions are
in microns):
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Series Resonators Shunt Resonators

Parameter 1410A 1410B 1410C 1420A 1420B

p 1.475 1.475 1.525 3.52 3.52
w 0.53 0.53 0.515 0.51 0.51
AP 12.8 8.6 13.8 33 40

L 250 250 250 500 500
[0063] The performance of the first filter was simulated

using a 3D finite element modeling tool. The curve 1510 is
a plot of the magnitude of S21, the input-output transfer
function, of the first filter as a function of frequency. The
filter bandwidth is about 800 MHz, centered at 5.15 GHz.
The simulated filter performance includes resistive and
viscous losses. Tuning of the resonant frequencies of the
various resonators is accomplished by varying only the pitch
and width of the IDT fingers.

[0064] FIG. 16 is a chart showing results from simulating
a second filter using five XBARs. The schematic diagram of
the second filter is the same as the filter 1400 of FIG. 14. The
XBARs are formed on a Z-cut lithium niobate (0.4 um thick)
piezoelectric plate. The substrate is silicon, and the IDT
electrodes are copper. Adjusting the resonant frequencies of
the resonators is accomplished by varying the pitch and
width of the IDT fingers and by providing a front-side
dielectric layer on the shunt resonators to reduce their
frequencies. The other physical parameters of the resonators
are provided in the following table (all dimensions are in
microns):

Series Resonator: Shunt Resonator:

Parameter 1410A  1410B 1410C  1420A  1420B

p 4.189 4.07 4.189 4.2 4.2

w 0.494 0.505 0.494 0.6 0.6
AP 46.4 23.6 46.4 80.1 80.1

L 1000 1000 1000 1000 1000

tfd 0 0 0 0.106 0.106
[0065] The performance of the filter was simulated using

a 3D finite element modeling tool. The curve 1610 is a plot
of' S21, the input-output transfer function, of the simulated
filter 1400 as a function of frequency. The filter bandwidth
is about 800 MHz, centered at 4.75 GHz. The simulated
performance does not include resistive or viscous losses.
[0066] A first dielectric layer having a first thickness may
be deposited over the IDT of the shunt resonators and a
second dielectric layer having a second thickness may be
deposited over the IDT of the series resonators. The first
thickness may be greater than the second thickness.

[0067] The first and second filters (whose S21 transmis-
sion functions are shown in FIG. 15 and FIG. 16) are
examples of filters using XBARs. A filter may use more or
fewer than two shut resonators, more or fewer than three
series resonators, and more or fewer than five total resona-
tors. A filter may use reactive components, such as capaci-
tors, inductors, and delay lines in addition to XBARs.
Further fine tuning of the individual resonators of these
filters may improve filter performance.

[0068] Description of Methods

[0069] FIG. 17 is a simplified flow chart of a method 1700
for making an XBAR or a filter incorporating XBARs. The
method 1700 starts at 1705 with a substrate and a plate of
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piezoelectric material and ends at 1795 with a completed
XBAR or filter. The flow chart of FIG. 17 includes only
major process steps. Various conventional process steps (e.g.
surface preparation, cleaning, inspection, baking, annealing,
monitoring, testing, etc.) may be performed before, between,
after, and during the steps shown in FIG. 17.

[0070] The piezoelectric plate may be, for example, Z-cut
lithium niobate or lithium tantalate as used in the previously
presented examples. The piezoelectric plate may be some
other material and/or some other cut. The substrate may
preferably be silicon. The substrate may be some other
material that allows formation of deep cavities by etching or
other processing.

[0071] At 1710, the piezoelectric plate is bonded to the
substrate. The piezoelectric plate and the substrate may be
bonded by a wafer bonding process. Typically, the mating
surfaces of the substrate and the piezoelectric plate are
highly polished. One or more layers of intermediate mate-
rials, such as an oxide or metal, may be formed or deposited
on the mating surface of one or both of the piezoelectric
plate and the substrate. One or both mating surfaces may be
activated using, for example, a plasma process. The mating
surfaces may then be pressed together with considerable
force to establish molecular bonds between the piezoelectric
plate and the substrate or intermediate material layers.
[0072] A variation of the process 1700 is to grow the
piezoelectric plate in situ on the substrate. In that process
variation, bonding is not required and the action at 1710
would be redefined as “grow piezoelectric plate on sub-
strate.”

[0073] At 1720, one or more cavities are formed in the
substrate. A separate cavity may be formed for each reso-
nator in a filter device. The one or more cavities may be
formed using an anisotropic or orientation-dependent dry or
wet etch to open holes from the back side of the substrate to
the piezoelectric plate. Alternatively, cavities in the form of
recesses in the substrate may be formed by etching the
substrate using an etchant introduced through openings in
the piezoelectric plate.

[0074] A variation of the process 1700 is to form the one
or more cavities in the substrate prior to attaching the
piezoelectric plate to the substrate. In that process variation,
the actions at 1720 and 1730 occur before the action at 1710.
[0075] At 1730, a back-side dielectric layer may be
formed. In the case where the cavities formed at 1720 are
holes through the substrate, the back-side dielectric layer
may be deposited through the cavities using a convention
deposition technique such as sputtering, evaporation, or
chemical vapor deposition. When the cavities formed at
1720 are recesses that do not fully penetrate the substrate,
the back-side dielectric layer must be formed on the piezo-
electric plate or the substrate prior to bonding the piezo-
electric plate to the substrate. In that case, the actions at 1730
occur before the actions at 1710.

[0076] A conductor pattern, including IDTs of each
XBAR, is formed at 1740 by depositing and patterning one
or more conductor layer on the front side of the piezoelectric
plate. The conductor layer may be, for example, aluminum,
an aluminum alloy, copper, a copper alloy, or some other
conductive metal. Optionally, one or more layers of other
materials may be disposed below (i.e. between the conductor
layer and the piezoelectric plate) and/or on top of the
conductor layer. For example, a thin film of titanium,
chrome, or other metal may be used to improve the adhesion
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between the conductor layer and the piezoelectric plate. A
conduction enhancement layer of gold, aluminum, copper or
other higher conductivity metal may be formed over por-
tions of the conductor pattern (for example the IDT bus bars
and interconnections between the IDTs).

[0077] The conductor pattern may be formed at 1740 by
depositing the conductor layer and, optionally, one or more
other metal layers in sequence over the surface of the
piezoelectric plate. The excess metal may then be removed
by etching through patterned photoresist. The conductor
layer can be etched, for example, by plasma etching, reactive
ion etching, wet chemical etching, and other etching tech-
niques.

[0078] Alternatively, the conductor pattern may be formed
at 1740 using a lift-off process. Photoresist may be deposited
over the piezoelectric plate. and patterned to define the
conductor pattern. The conductor layer and, optionally, one
or more other layers may be deposited in sequence over the
surface of the piezoelectric plate. The photoresist may then
be removed, which removes the excess material, leaving the
conductor pattern.

[0079] At 1750, a front-side dielectric layer may be
formed by depositing one or more layers of dielectric
material on the front side of the piezoelectric plate. The one
or more dielectric layers may be deposited using a conven-
tional deposition technique such as sputtering, evaporation,
or chemical vapor deposition. The one or more dielectric
layers may be deposited over the entire surface of the
piezoelectric plate, including on top of the conductor pat-
tern. Alternatively, one or more lithography processes (using
photomasks) may be used to limit the deposition of the
dielectric layers to selected areas of the piezoelectric plate,
such as only between the interleaved fingers of the IDTs.
Masks may also be used to allow deposition of different
thicknesses of dielectric materials on different portions of
the piezoelectric plate.

[0080] After the front-side and back-side dielectric layers
are formed at 1750 and 1730, the filter device may be
completed at 1760. Actions that may occur at 1760 including
depositing and patterning additional metal layers to form
conductors other than the IDT conductor pattern; depositing
an encapsulation/passivation layer such as SiO, or Si;O,
over all or a portion of the device; forming bonding pads or
solder bumps or other means for making connection
between the device and external circuitry; excising indi-
vidual devices from a wafer containing multiple devices;
other packaging steps; and testing. Another action that may
occur at 1760 is to tune the resonant frequencies of the
resonators within the device by adding or removing metal or
dielectric material from the front side of the device. After the
filter device is completed, the process ends at 1795.

[0081]

[0082] Throughout this description, the embodiments and
examples shown should be considered as exemplars, rather
than limitations on the apparatus and procedures disclosed
or claimed. Although many of the examples presented herein
involve specific combinations of method acts or system
elements, it should be understood that those acts and those
elements may be combined in other ways to accomplish the
same objectives. With regard to flowcharts, additional and
fewer steps may be taken, and the steps as shown may be
combined or further refined to achieve the methods
described herein. Acts, elements and features discussed only

Closing Comments
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in connection with one embodiment are not intended to be
excluded from a similar role in other embodiments.

[0083] As used herein, “plurality” means two or more. As
used herein, a “set” of items may include one or more of
such items. As used herein, whether in the written descrip-
tion or the claims, the terms “comprising”, “including”,
“carrying”, “having”, “containing”, “involving”, and the
like are to be understood to be open-ended, i.e., to mean
including but not limited to. Only the transitional phrases
“consisting of” and “consisting essentially of”, respectively,
are closed or semi-closed transitional phrases with respect to
claims. Use of ordinal terms such as “first”, “second”,
“third”, etc., in the claims to modify a claim element does
not by itself connote any priority, precedence, or order of
one claim element over another or the temporal order in
which acts of a method are performed, but are used merely
as labels to distinguish one claim element having a certain
name from another element having a same name (but for use
of the ordinal term) to distinguish the claim elements. As
used herein, “and/or” means that the listed items are alter-
natives, but the alternatives also include any combination of
the listed items.

1. A filter device, comprising:

a substrate;

a single-crystal piezoelectric plate having front and back
surfaces, the back surface attached to a surface of the
substrate, portions of the single-crystal piezoelectric
plate forming one or more diaphragms spanning
respective cavities in the substrate;

a conductor pattern formed on the front surface, the
conductor pattern including a plurality of interdigital
transducers (IDTs) of a respective plurality of acoustic
resonators including a shunt resonator and a series
resonator, interleaved fingers of each of the plurality of
IDTs disposed on a respective diaphragm of the one or
more diaphragms;

a first dielectric layer having a first thickness disposed on
the front surface between the fingers of the IDT of the
shunt resonator, and

a second dielectric layer having a second thickness dis-
posed on the front surface between the fingers of the
IDT of the series resonator, wherein

the piezoelectric plate and all of the plurality of IDTs are
configured such that radio frequency signals applied to
the IDTs excite respective primary shear acoustic
modes within the respective diaphragms, and

the first thickness is greater than the second thickness.

2. The filter device of claim 1, wherein

a difference between a resonance frequency of the series
resonator and a resonance frequency of the shunt
resonator is determined, in part, by a difference
between the first thickness and the second thickness.

3. The filter device of claim 1, wherein the first thickness
is less than or equal to 500 nm, and the second thickness is
greater than or equal to zero.

4. The filter device of claim 1, wherein respective direc-
tions of acoustic energy flow of each of the excited primary
shear acoustic modes are substantially normal to the surfaces
of the piezoelectric plate.

5. The filter device of claim 1, wherein a thickness
between the front and back surfaces of the single-crystal
piezoelectric plate is greater than or equal to 200 nm and less
than or equal to 1000 nm.
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6. The filter device of claim 1, wherein each of the
plurality of IDTs has a respective pitch greater than or equal
to 2 times the thickness of the single-crystal piezoelectric
plate and less than or equal to 25 times the thickness of the
piezoelectric plate.

7. The filter device of claim 1, wherein the first and second
dielectric layers comprise at least one of silicon dioxide and
silicon nitride.

8. The filter device of claim 1, wherein the conductor
pattern comprises one of aluminum, an aluminum alloy,
copper, a copper alloy, beryllium, and gold.

9. The filter device of claim 1, wherein

a z-axis of the piezoelectric plate is normal to the front

and back surfaces.

10. The filter device of claim 9, wherein

the fingers of all of the plurality of IDTs are parallel to an

x-axis of the piezoelectric plate.

11. The filter device of claim 1, wherein

the plurality of resonators includes two or more shunt

resonators, and

the first dielectric layer is disposed on the front surface

between the fingers of all of the two or more shunt
resonators.

12. The filter device of claim 1, wherein

the plurality of resonators includes two or more series

resonators, and

the second dielectric layer is disposed on the front surface

between the fingers of all of the two or more series
resonators.
13. A method of fabricating a filter device on a piezo-
electric plate having front and back surfaces, the back
surface attached to a substrate, the method comprising:
forming one or more cavities in the substrate such that
respective portions of the piezoelectric plate form one
or more diaphragms suspended over the cavities;

forming a conductor pattern on the front surface, the
conductor pattern including a plurality of interdigital
transducers (IDTs) of a respective plurality of resona-
tors including a shunt resonator and a series resonator,
wherein interleaved fingers of each of the plurality of
IDTs are disposed on a respective diaphragm of the one
or more diaphragms;

forming a first dielectric layer having a first thickness, the

first dielectric layer disposed on the front surface
between the fingers of the IDT of the shunt resonator;
and

forming a second dielectric layer having a second thick-

ness, the second dielectric layer disposed on the front
surface between the fingers of the IDT of the series
resonator, wherein

the piezoelectric plate and all of the plurality of IDTs are

configured such that radio frequency signals applied to
the IDTs excite respective primary shear acoustic
modes in the respective diaphragms, and

the first thickness is greater than the second thickness.

14. The method of claim 13, wherein

a difference between a resonance frequency of the series

resonator and a resonance frequency of the shunt
resonator is determined, in part, by a difference
between the first thickness and the second thickness.

15. The method of claim 13, wherein the first thickness is
less than or equal to 500 nm, and the second thickness is
greater than or equal to zero.
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16. The method of claim 13, wherein respective directions
of'acoustic energy flow of each of the excited shear acoustic
modes are substantially normal to the surfaces of the piezo-
electric plate.

17. The method of claim 13, wherein a thickness between
the front and back surfaces of the single-crystal piezoelectric
plate is greater than or equal to 200 nm and less than or equal
to 1000 nm.

18. The method of claim 13, wherein each of the plurality
of IDTs has a respective pitch greater than or equal to 2 times
the thickness of the single-crystal piezoelectric plate and less
than or equal to 25 times the thickness of the piezoelectric
plate.

19. The method of claim 13, wherein the first and second
dielectric layers comprise at least one of silicon dioxide and
silicon nitride.

20. The method of claim 13, wherein the conductor
pattern comprises one of aluminum, an aluminum alloy,
copper, a copper alloy, beryllium, and gold.
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21. The method of claim 13, wherein

a z-axis of the piezoelectric plate is normal to the front
and back surfaces.

22. The method of claim 21, wherein

the fingers of all of the plurality of IDTs are parallel to an
x-axis of the piezoelectric plate.

23. The method of claim 13, wherein

the plurality of resonators includes two or more shunt
resonators, and

the first dielectric layer is disposed on the front surface
between the fingers of all of the two or more shunt
resonators.

24. The method of claim 13, wherein

the plurality of resonators includes two or more series
resonators, and

the second dielectric layer is disposed on the front surface
between the fingers of all of the two or more series
resonators.



