US 20170126203A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2017/0126203 A1

McHugh et al.

43) Pub. Date: May 4, 2017

(54)

(71)
(72)

@
(22)

(63)

SURFACE ACOUSTIC WAVE FILTERS WITH
SUBSTRATE THICKNESS SELECTED FROM
PLURAL NON-CONTIGUOUS THICKNESS
RANGES

Applicant: Resonant Inc., Santa Barbara, CA (US)

Inventors: Sean McHugh, Santa Barbara, CA
(US); Neal Fenzi, Santa Barbara, CA
(US); Mike Eddy, Santa Barbara, CA
(US); Patrick Turner, San Bruno, CA
us)

Appl. No.: 15/141,312

Filed: Apr. 28, 2016

Related U.S. Application Data

Continuation of application No. 14/925,603, filed on
Oct. 28, 2015, now Pat. No. 9,369,111.

600 —\

Publication Classification

(51) Int. CL
HO3H 9/64 (2006.01)
HO3H 3/02 (2006.01)
(52) US.CL
CPC oo HO3H 9/64 (2013.01); HO3H 3/02
(2013.01)
(57) ABSTRACT

Surface acoustic wave (SAW) filters and methods of fabri-
cating SAW filters are disclosed. A filter includes a piezo-
electric wafer having a thickness within one of a plurality of
noncontiguous thickness ranges that define piezoelectric
wafers upon which filter circuits meeting predetermined
requirements can be fabricated according to a predetermined
design using a predetermined fabrication process, and a filter
circuit fabricated on the piezoelectric substrate according to
the predetermined design using the predetermined fabrica-
tion process.

¢ ® > ————
=TT T T T T T
| | (“ 620
' |
' | i
' |
' |
I Lm | Yn Yn+1
: Co |

|
|
. | /
! Cm | S
| 622
e
! |
| SAW resonator |
| circuit model :
1610 |

® 'S >~ ————




Patent Application Publication = May 4, 2017 Sheet 1 of 10 US 2017/0126203 A1

M

~ 135

PERERCENNARON,
L N
e T
R
IR S
s SN UON
AN G
ANNREN AN
SRONS
ORTENRRN
N "'\\ N
...... E‘:\:‘r"‘ %,i‘j\v‘ru %
ARNCRRNSNCRNY
N
CRANRANNARRY
ANNUIN NN
NN
FRARRACRUANNNRRNNY
%‘m SRR
i ,ﬁ:‘ S \:mm NRRAR
AN RN
RN \‘”"];\“"»\ e

//N,r"

T

LS LR L

0

IN
O

ouT

AT

e

by

%

AT,

— L ength (L)
110 ™,
\
\
PP
IR T,

120

130 7

100 7
FIG. 1
Prior Art



May 4,2017 Sheet 2 of 10 US 2017/0126203 A1l

Patent Application Publication

Y-y UO1I8S

|
|
|
LN U5 T
86T |
_ _
. _
.y |
_ [
A .
! y N TST
T e — U o
4 \ ost \ \
952 M [ \
B M. GET 0ZT .’ e OT1 . OET

WY Joud
¢ 'Ol

> 061

4/{ 00t



Patent Application Publication = May 4, 2017 Sheet 3 of 10 US 2017/0126203 A1

eee{ ) POYL 2

X9

TM%)T()‘B)MTWW)TW)
AIRE

X8
(f8)

X7

X5

4
(f4)

X3

X1
(1)

Portl (U

300 "~
N,

FIG. 3
Prior Art



May 4,2017 Sheet 4 of 10 US 2017/0126203 A1l

Patent Application Publication

{ZHIN) Aouanbau4
0061 08817 09381 ovs81 028t 0081 0841 0941 ovil
_\zV
YTy \>/
\\l/.\ /
a9ty
B \m ™
29Ty VITY /
A
oty o’

\/

<1y .

s

09-

05

ov-

0¢g-

0¢-

01-

ot

¥ 'Ol

(ap) |ourinWpY]|

S 00F



May 4,2017 Sheet 5 of 10 US 2017/0126203 A1l

Patent Application Publication

0061

0881 0981 0y87

{ZHIN} Aouanbaud
0781 0081

08L1 08/1

ovLT

491§ ..
1

é _
——2ZHN VS -

ZHIN TFS

011G r //

z.\.\
/
/

0cL-

09-

0s-

Of-

og-

gc¢-

0T-

03}

S 'Ol

=

o

X

>

a

2

™

A

B

-y

=
4//43 00s



Yo
-
e
(=]
9
m 49 '©id V9 'Ol4
=
Yo
(=]
o
7
-]
_——— o
|=——————————— |=———————————
= | 019, _ 019
S _ [SPOW UNJID | | |2pow N34 |
- _ 10JRUOSII VS | _ 10IBUOSDI MVS |
b ! _ ! _
m | ! " _
2 W) _ ,,,,,,, s LW _
~ b | b = _
m | | ! |
N _ o ! " 0 !
< _ 21 0% uy _ 0l
> W T _ LW o _
nMa | | f |
_ | _ | | |
" _ _
_ |
| ! 079 _J : _
R R _ R _
-——— ¢
0£9

vaw.//ii 059 4/&: 009

Patent Application Publication



Patent Application Publication = May 4, 2017 Sheet 7 of 10 US 2017/0126203 A1

-
------

-
------
----------

-
XL

1800

1780

1760

1740

Frequency (MHz)

e R e D o o
1720

1700

-
come
L.

72072
-
\‘l/\/ — 710

-
’.'.
.
-

-60

(ap) spnuuBen (12)s

FIG. 7

700""“‘\\gk



May 4,2017 Sheet 8 of 10 US 2017/0126203 A1l

Patent Application Publication

0641

08L1

0447

0941

{zHIN) Aduanbauy

0841

ovil 0elt

(U}

0TLY

AL

or8 i

H—

(4

018 ..

o'e-

8T

9'¢C-

v

(A

0T

81

9'T-

v1-

T

0'T-

8 'Di4
v
=y
B
<
0
)
=2
c
&
)
a
=2
e 008



Patent Application Publication = May 4, 2017 Sheet 9 of 10 US 2017/0126203 A1

29.4

L/
920

29.2

28.0

0.62 um
28.8

Piezoelectric Wafer Thickness (um)

920

28.6

28.4

C
_’____/
T
\

84

<
co

82
78
76
74

(zZHW) Wapmpueg gpg

FIG.9

900 ”"“‘\



US 2017/0126203 A1l

May 4, 2017 Sheet 10 of 10

Patent Application Publication

0901
593Ut SSIWYOIY)

00T
sa1ensqns

B 1D4BM 2111291802310 el 3USOAWOD JO SSDjEM
snondiued JL10980231d PB1IIRS N
-uou auyag Buisn siaif 91e01qR4 N
S 8607
0£0T 493y udisag
¥
0S01 SYOt OvOT SE0T
uBISaQ  jeg] S10DYD SPOW foge <o INIIDUYIL g
SOA i udisep jeniu
azjwndo aiejd ppy i SEHITBEIN
&
010t
,,,,,,,,,,,,,,,,,, 51018U0SDI 0701
,M % Atoyeso|dxs  p—gmi 1Y Oy Qe
/ ainseaw 21eWNST
7 pue ajesuqed
M VS00T

0T Oi4
45007 ... i\/
m, 3
............ { ues )
W,
.. 00T



US 2017/0126203 Al

SURFACE ACOUSTIC WAVE FILTERS WITH
SUBSTRATE THICKNESS SELECTED FROM
PLURAL NON-CONTIGUOUS THICKNESS
RANGES

NOTICE OF COPYRIGHTS AND TRADE
DRESS

[0001] 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.

RELATED APPLICATION INFORMATION

[0002] This patent is a continuation of prior-filed copend-
ing non-provisional patent application Ser. No. 14/925,603,
titled DESIGN AND FABRICATION OF SURFACE
ACQUSTIC WAVE FILTERS HAVING PLATE MODES,
filed Oct. 28, 2015.

BACKGROUND

[0003] Field

[0004] This disclosure relates to radio frequency filters
using surface acoustic wave (SAW) resonators, and specifi-
cally to filters for use in communications equipment.
[0005] Description of the Related Art

[0006] As shown in FIG. 1, a SAW resonator 100 may be
formed by thin film conductor patterns formed on a surface
of a substrate 150 made of a piezoelectric material such as
quartz, lithium niobate, lithium tantalate, or lanthanum
gallium silicate. The substrate 150 may be a single-crystal
slab of the piezoelectric material, or may be a composite
substrate including a thin single-crystal wafer of the piezo-
electric material bonded to another material such as silicon,
sapphire, or quartz. A composite substrate may be used to
provide a thermal expansion coeflicient different from the
thermal expansion coeflicient of the single-crystal piezo-
electric material alone. A first transducer 110 may include a
plurality of parallel conductors. A radio frequency or micro-
wave signal applied to the first transducer 110 via an input
terminal IN may generate an acoustic wave on the surface of
the substrate 150. As shown in FIG. 1, the surface acoustic
wave will propagate in the left-right direction. A second
transducer 120 may convert the acoustic wave back into a
radio frequency or microwave signal at an output terminal
OUT. The conductors of the second transducer 120 may be
interleaved with the conductors of the first transducer 110 as
shown. In other SAW resonator configurations (not shown),
the conductors forming the second transducer may be dis-
posed on the surface of the substrate 150 adjacent to, or
separated from, the conductors forming the first transducer.
[0007] The electrical coupling between the first transducer
110 and the second transducer 120 is highly frequency-
dependent. The electrical coupling between the first trans-
ducer 110 and the second transducer 120 typically exhibits
both a resonance (where the admittance between the first and
second transducers is very high) and an anti-resonance
(where the admittance between the first and second trans-
ducers is very low). The frequencies of the resonance and the
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anti-resonance are determined primarily by the pitch and
orientation of the interdigitated conductors, the choice of
substrate material, and the crystallographic orientation of the
substrate material. The strength of the coupling between the
first transducer 110 and the second transducer 120 depends
on the length L of the transducers. Grating reflectors 130,
135 may be disposed on the substrate to confine most of the
energy of the acoustic waves to the area of the substrate
occupied by the first and second transducers 110, 120.

[0008] SAW resonators are used in a variety of radio
frequency filters including band reject filters, band pass
filters, and duplexers. A duplexer is a radio frequency filter
device that allows simultaneous transmission in a first
frequency band and reception in a second frequency band
(different from the first frequency band) using a common
antenna. Duplexers are commonly found in radio commu-
nications equipment including cellular telephones.

[0009] The characteristics of SAW resonators are sensitive
to the temperature of operation. A microwave filter con-
structed from such resonators may degrade intolerably as the
operating temperature is changed unless efforts are made to
mitigate the sensitivity to temperature variations. One
source of temperature dependence is expansion or contrac-
tion of the piezoelectric wafer as the temperature changes.
The amount a material changes dimension with respect to
temperature is called the coefficient of thermal expansion
(CTE). Bonding a thin piezoelectric wafer to a thicker
support substrate with a lower CTE will constrain the
expansion and contraction of piezoelectric wafer as the
temperature changes.

[0010] FIG. 2 is a cross-sectional view of the exemplary
SAW resonator 100, previously shown in FIG. 1. The
electrodes forming the first transducer 110, the second
transducer 120, and the grating reflectors 130, 135 are
deposited on a front surface 256 of a wafer 252 of piezo-
electric material that optionally may be bonded to a backing
substrate 254. The wafer 252 and the backing substrate 254,
when present, collectively form a composite substrate 150.
The wafer 252 may be quartz, lithium niobate, lithium
tantalate, lanthanum gallium silicate, or some other piezo-
electric material. The backing substrate 254 may be, for
example silicon, sapphire, quartz, or some other material.
Typically, but not necessarily, the backing substrate 254 may
be made from a material having a lower coefficient of
thermal expansion than the wafer 252. The wafer 252 and
the backing substrate 254 may be directly bonded using a
combination of pressure and elevated temperature. Alterna-
tively, the wafer 252 and the backing substrate 254 may be
bonded using a layer of adhesive (not shown).

[0011] An issue that may occur in SAW resonators formed
on thin piezoelectric wafers (e.g. piezoelectric wafers having
a thickness t less than about 50 acoustic wavelengths at the
resonant frequency of the SAW resonator) is that the front
surface 256 of the wafer 252 and the back surface 258 of the
wafer 252 form a resonant cavity indicated by the arrow 250.
Acoustic waves generated by the transducers 110, 120 may
reflect from the back surface 258 and resonate at particular
frequencies. The reflection at the back surface 258 results
from a change in acoustic wave velocity at the interface
between the back surface 258 and the adjacent material,
which may be air, a backing substrate, or adhesive. Although
the quality factor for this resonant cavity may be low, it



US 2017/0126203 Al

nonetheless affects the electrical response of SAW resonator.
These spurious cavity modes are commonly referred to as
plate modes.

DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic plan view of a SAW reso-
nator.
[0013] FIG. 2 is cross sectional view of a SAW resonator.
[0014] FIG. 3 is a block diagram of an exemplary SAW
filter.
[0015] FIG. 4 is a graph of the admittance of a SAW

resonator as a function of frequency.

[0016] FIG. 5 is a graph of the real portion of the admit-
tance of a SAW resonator as a function of frequency.
[0017] FIG. 6A is a schematic diagram of a circuit model
of a SAW resonator including plate modes.

[0018] FIG. 6B is a schematic diagram of another circuit
model of a SAW resonator including plate modes.

[0019] FIG. 7 is a graph of the S(1,2) parameter of a SAW
filter as a function of frequency.

[0020] FIG. 8 is another graph of the S(1,2) parameter of
a SAW filter as a function of frequency.

[0021] FIG. 9 is a graph illustrating a variation in filter
performance with piezoelectric wafer thickness.

[0022] FIG. 10 is flow chart of a method for designing and
fabricating a SAW filter.

[0023] Throughout this description, elements appearing in
figures are assigned three-digit reference designators, where
the most significant digit is the figure number where the
element is first shown and the two least significant digits are
specific to the element. 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 ele-
ment having the same reference designator.

DETAILED DESCRIPTION

[0024] Description of Apparatus

[0025] Filter circuits commonly incorporate more than
one SAW resonator. For example, FIG. 3 shows a schematic
diagram of an exemplary band-pass filter circuit 300 incor-
porating nine SAW resonators, labeled X1 through X9. The
filter circuit 300 includes five series resonators (X1, X3, X5,
X7, and X9) connected in series between an input (Port 1)
and an output (Port 2). The filter circuit 300 includes four
shunt resonators (X2, X4, X6, and X8) connected between
junctions of adjacent series resonators and ground. The use
of nine SAW resonators, five series resonators, and four
shunt resonators is exemplary. A filter circuit may include
more or fewer than nine SAW resonators and a different
arrangement of series and shunt resonators. The filter circuit
300 may be, for example, a transmit filter or a receive filter
for incorporation into a communications device.

[0026] Each of the nine resonators X1-X9 may be com-
prised of inter-digital transducers and grating reflectors as
shown in FIG. 1. Each of the nine resonators X1-X9 may
have a corresponding resonant frequency, f1-9. The reso-
nant frequencies f1-f9 may all be different. The resonant
frequencies of some of the resonators X1-X9 may be the
same. Typically, the resonant frequencies 2, f4, {6, {8 of the
shunt resonators may be offset from the resonant frequencies
f1, 3, 15, £7, 9 of the series resonators. When the filter
circuit 300 is fabricated on a thin piezoelectric wafer or a
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composite substrate, different acoustic plate modes may be
associated with each of the nine SAW resonators X1-X9.
[0027] FIG. 4 is a graph 400 plotting the magnitude of the
admittance of a single SAW resonator, which could be any
of the resonators X1-X9 in the filter circuit 300, fabricated
on a thin piezoelectric wafer or a composite substrate. The
line 410 is the admittance, which exhibits a resonance 412,
where the admittance is maximum, and an anti-resonance
414, where the admittance is minimum. The line 410 also
exhibits ripples at 416A, 4168, and 416C due to plate
modes.

[0028] The effect of the plate modes on resonator perfor-
mance is more visible in a plot of the real part of the
admittance of the SAW resonator, as shown in FIG. 5. The
solid line 510 represents the measured real portion of the
admittance of the resonator. The contribution of the plate
modes can be seen at 516A, 516B, and 516C. The dotted line
520 represents the expected performance of the resonator
from a model that does not consider plate modes. The dashed
line 530 represents the expected performance of the reso-
nator from a model, to be discussed subsequently, that
accounts for the plate modes.

[0029] The plate modes at 516A, 516B, and 516C are
specifically associated with this resonator. Another resonator
fabricated adjacent to this SAW resonator on the same
substrate may be associated with a different set of plate
modes.

[0030] The plate modes at 516A, 516B, and 516C are
different order modes of the same resonant cavity. The
frequencies can be determined using the simple Fabry-Perot
formula:

Ja=ne/2t, (€8]

where t is the piezoelectric wafer thickness, ¢ is the effective
speed of sound for the plate modes, and n=1, 2, . . . is the
mode index. As shown in FIG. 5, the high-order (n) plate
modes 516A, 516B, 516C are evenly spaced at frequency
intervals of 54.2 MHz. From equation (1), the frequency
interval Af between adjacent plate modes is given by

Af=c/2t. @

[0031] Note that c is not necessarily the speed of sound for
bulk or surface waves. Instead, it is a parameter with
dimensions meters/second that is determined from measure-
ment on single SAW resonators. To determine the value of
¢ for a SAW resonator, the frequency interval Af between
adjacent plate modes may be determined from measure-
ments of the resonator performance. A preliminary value c,
can then be estimated as

Co=21Af. ©)
The mode number n of each plate mode may be determined
by

n=round(2tf,/c,), 4
where f,, is the resonant frequency of the plate mode. It is
expected that the mode numbers of the plate modes of a
SAW resonator will be consecutive integers. The value of ¢
can then be determined as

c=21f/n. ®

[0032] The inventors have found that the value of ¢ for a
given SAW resonator is different from the value of ¢ for a
similar SAW resonator having a different resonant fre-
quency. The relationship between ¢ and resonator frequency
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may be determined from measurements performed on SAW
resonators with various resonant frequencies. The inventors
have found that the dependence of ¢ on resonator frequency
may be modeled using a simple linear equation

(fres)=afrestb, Q)

where f,,_ is resonator frequency and a and b are constants

determined from experimental data.

[0033] Specifications on SAW filters commonly specify
the filter performance over one or more pass bands and one
or more stop bands. The total frequency range covered by
the start and stop bands may be considered a frequency span
of the filter. Plate modes having resonant frequencies within
or immediately adjacent to the frequency span may affect
filter performance and are thus considered relevant plate
modes, while plate modes having resonant frequencies
remote from the frequency span are irrelevant to filter
performance. The effect of plate modes on filter performance
can be modeled, for example, by adding the admittance of
each relevant plate mode in parallel with the admittance of
the respective resonator.

[0034] SAW filter design may be performed, at least in
part, using a circuit design tool. When using a circuit design
tool, each SAW resonator may be represented by a lumped-
element equivalent circuit. FIG. 6A shows a schematic
diagram of an enhanced equivalent circuit model 600 of a
SAW resonator with associated plate modes. The enhanced
equivalent circuit model 600 includes a SAW resonator
circuit model 610 in parallel with admittances Y,, Y, . -
. (620, 622) of one or more relevant plate modes associated
with the SAW resonator. The SAW resonator circuit model
610, consisting of inductor Lm and capacitors Co and Cm,
shown in FIG. 6 is simplistic. A more complex SAW
resonator circuit model, including additional lumped com-
ponents, may be used during SAW filter design. An alter-
native enhanced equivalent circuit model, shown in FIG. 6B,
could be formed by the SAW resonator circuit model 610 in
series with a model 630 of one or more relevant plate modes
associated with the SAW resonator.

[0035] The admittance 620, 622 of each plate mode is
given by the formula

Y=Y et Y i M
where Y, ,, and Y, ,, are the real and imaginary parts,

respectiveiy, of the admittance. The real part of the admit-
tance Y, , of a plate resonator is given by’

! Morgan, D., Surface Acoustic Wave Filters, Academic Press, 2007

Y, ,.=go"sin’ z/2%, ®

And the imaginary part of the admittance Y, ,,, is given by
Y, im=80* (sin 2z-22)/2%, ©

where z=g, *(f-f,)/f,, f is the frequency, f, is the resonant
frequency of the plate mode, and g, and g, are parameters
determined by fitting equations (7) and (8) to the measured
admittance of single SAW resonators. The inventors have
found that parameters g, and g, vary with respect to the
length L (see FIG. 1) of the SAW resonator and the thickness
t of the piezoelectric wafer. In particular,

go=kol 1, (10)

g1=kiL, (11
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where k, and k; are constants determined by fitting equa-
tions (8) and (9) to the measured admittance of a plurality of
SAW resonators having different lengths and piezoelectric
wafer thicknesses.

[0036] With the values a, b, k,, and k, determined from
measurements on multiple SAW resonators with different
resonant frequencies, equations (8) to (11) may be used to
calculate complex admittances of plate modes associated
with SAW resonators having various resonant frequencies,
lengths, and piezoelectric wafer thicknesses. The admit-
tances of the plate modes may be added to the admittance
calculated for the SAW resonators. The dashed curve 530 in
FIG. 5 is the calculated real admittance of an exemplary
resonator including the admittances of plate modes calcu-
lated using equation (8).

[0037] The performance of a multi-resonator band-pass
filter can now be calculated more accurately by incorporat-
ing the plate mode admittances of each SAW resonator. FIG.
7 is a plot of the S(2,1) parameter of the exemplary filter 300
fabricated on a composite substrate. A schematic diagram of
this filter, which incorporates nine SAW resonators, was
previously shown in FIG. 3. S-parameters are a convention
used to describe the performance of linear electrical net-
works. The solid line 710 is a plot of S(2,1), which is the
transfer function from port 1 to port 2 of an electrical
network. S(2,1) is essentially the “insertion loss” of the filter
300 with a change in numeric sign (e.g. S(2,1)=-3 dB is
equivalent to an insertion loss of 3 dB). In this case, the solid
line 710 plots the measured input-to-output transfer function
of the filter 300 (which includes plates modes). The dotted
line 720 plots the expected input-to-output transfer function
of'the filter 300 based on a model that does not consider plate
modes.

[0038] A band-pass filter may be required to transfer a
signal input at Port 1 of'the filter 300 to Port 2 with little loss
for frequencies within a predetermined “pass band” com-
monly defined as the frequency band where S(2,1) is greater
than -3 dB. Frequencies outside of the pass band are
substantially attenuated. The specifications on a band pass
filter may include a minimum value of S(2,1) (i.e. a maxi-
mum insertion loss) over the pass band and a maximum
value of S(2,1) (i.e. a minimum insertion loss) for each of
one or more stop bands outside of the pass band.

[0039] The effect of the plates modes on the performance
of the filter 300 can be seen in FIG. 8, which shows the
magnitude of S(2,1) on an expanded scale compare with
FIG. 7. The solid line 810 is the measured performance. The
dotted line 820 shows the anticipated performance of the
filter 300, calculated using a model that does not consider
plate modes. The measured performance (solid line 810)
exhibits several ripples or dips (indicated by arrows 840,
842, 844) which are not found in the anticipated perfor-
mance (dotted line 820). The dashed line 830 shows the filter
performance predicted by a model that includes the admit-
tances of plate modes, calculated using equations (8) and
(9). While imperfect, the model including plate modes
provides a significantly more accurate prediction of the
measured filter performance.

[0040] As indicated in equation (1), the frequencies of the
plate modes are highly dependent on the thickness t of the
piezoelectric wafer. As can be visualized from FIG. 8,
variations in plate modes frequencies may cause unaccept-
able variations in filter performance. Taking the derivative of
equation 1 with respect to thickness gives
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df,/dt=-nc/2¢. 12

For typical thickness of the piezoelectric wafer, f, (the
frequency of the nth plate mode) may vary by over 100 MHz
for a 1 micron variation in piezoelectric wafer thickness. In
filter applications with demanding performance require-
ments, variations in piezoelectric wafer thickness may have
to be controlled to 100 nm or less to avoid substantial
manufacturing yield loss due to variations in the plate mode
frequencies which corrupt the passband.

[0041] Referring back to FIG. 5, a SAW resonator fabri-
cated on a thin piezoelectric wafer or on a composite
substrate having a particular piezoelectric wafer thickness
may exhibit plate mode resonances at 1782 MHz (arrow
516A), 1836 MHz (arrow 516B), and 1890 MHz (arrow
516C). If the thickness of the piezoelectric wafer was slowly
increased, the plate mode resonant frequencies would shift
lower in frequency. When the piezoelectric wafer thickness
had been increased by an amount that causes the plate mode
resonant frequencies to shift by 54.2 MHz, the plate mode
resonance indicated by the arrow 5168 would have shifted
from its original frequency at 1836 MHz to a new frequency
of 1782 MHz (i.e. to the original position of the resonance
indicated by the arrow 516A, which would have shifted to
the left outside of the range of the graph 500. At this point,
the plot of the real admittance would look very similar to the
solid line 510.

[0042] The plate mode resonances of every SAW resona-
tor in a filter would be similarly affected, with the net result
that the performance of the filter with the plate mode
resonances shifted by about 54.2 MHz would be equivalent
or very similar to the performance of the original filter.
[0043] Combining equations (2) and (12) gives

Ar=c/(2f.), (13)

where At is the thickness difference between two piezoelec-
tric wafers that result in filters having equivalent perfor-
mance. The performance of two filters is considered to be
“equivalent” if both filters meet the same set of performance
requirements. For example, FIG. 9 is a graph 900 of the
bandwidth of a simulated filter as a function of piezoelectric
wafer thickness. The solid line 910 represents the filter
bandwidth, which varies cyclically with wafer thickness
with a period of about 0.62 um. Assuming the specified
bandwidth of the filter is 83+1 MHz, equivalent filters can
be constructed on hybrid substrates where the piezoelectric
wafer thickness is 28.5+0.1 um or 29.12+0.1 pm (repre-
sented by the shaded areas 920 in FIG. 9) or other thickness
ranges thicker or thinner than these thickness ranges by
integer multiples of 0.62 um (e.g. 27.88+0.1 um, 29.74+0.1
um). Filters made on piezo electric wafers outside of these
thickness ranges (represented by unshaded areas in FIG. 9)
will not provide the specified bandwidth. The ability to use
different thicknesses for the piezoelectric wafer may provide
significant improvement to the yield of piezoelectric wafers
or composite substrates during manufacturing.

[0044] A group of two or more noncontiguous thickness
ranges, txC, t+C+At, t+C22At, . . . can be defined for the
piezoelectric wafer, where =€ is a tolerance range and At
may be defined by equation (13) or determined from experi-
mental data. Piezoelectric wafers, either alone or as com-
ponents of composite substrates, with thicknesses falling
within any range of the two or more noncontiguous thick-
ness ranges may be used to fabricate filters with equivalent
performance, which is to say filters meeting the same set of
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performance requirements. Piezoelectric wafers, either
alone or as components of composite substrates, with thick-
nesses outside of the two or more noncontiguous thickness
ranges may not be used to fabricate filters meeting the set of
performance requirements.

[0045] Description of Processes

[0046] FIG. 10 is a flow chart of a process 1000 for
designing and fabricating a SAW filter. The process 1000
starts at either 1005A or 1005B with a set of specifications
for the filter. The process 1000 ends at 1095 after manufac-
turing of filters meeting the specification has been com-
pleted.

[0047] The set of specifications determined prior to the
start of the process 1000 may include, for example, speci-
fications on the lower and upper frequencies of a pass band
and, optionally, one or more stop bands. The set of speci-
fications may include a minimum value of S(2,1) (ie. a
maximum insertion loss) over the pass band and maximum
values of S(2,1) (i.e. minimum insertion losses) over each
stop band, if defined. The set of specifications may include
an input impedance range. The input impedance range may
be defined, for example, as a maximum reflection coefficient
or a maximum voltage standing wave ratio (VSWR) at the
input of the filter when driven by a source with a predeter-
mined source impedance. The input impedance range may
be defined in some other manner. The set of specifications
for the filter may include other requirements such as a
maximum die size, an operating temperature range, an input
power level, and other requirements.

[0048] The first time the process 1000 is used to design a
filter, the process may start at 1005A. At 1010, one or more
exploratory SAW resonators may be fabricated using com-
posite substrates representative of the substrates to be used
for production of the filter to be designed. The exploratory
SAW resonators are use to explore or discover the param-
eters of plate modes associated with each SAW resonator.
Specifically, the substrates used to fabricate the exploratory
SAW resonators may include a base substrate and a piezo-
electric wafer made of the same material and crystalline
orientation (i.e. the angle of the surface of a substrate to the
internal crystalline axis) intended for use in production.
Exploratory SAW resonators with several different reso-
nance frequencies may be made using the same processes
(i.e. metal material and thickness, line and space ratio,
dielectric overcoat, etc.) intended for use in production. The
admittance and other characteristics of the exploratory SAW
resonators may then be measured.

[0049] At 1020, the parameters a, b, k,, and k; may be
determined from the measurements of the exploratory SAW
resonators. The frequencies of the plate modes may be
determined for each sample resonator and the effective
speed of sound ¢ may be determined for each sample
resonator using equations (3) thru (5). The dependence of ¢
on resonator frequency may be determined and the param-
eters a and b may be determined by fitting equation (6) to the
experimental data. The parameters g, and g, may be deter-
mined by fitting equations (7) and (8) to measurements of
the real and imaginary admittance of the exploratory SAW
resonators. Parameters k, and k;, may then be determined
from equations (11) and (12). Subsequent filter designs may
start at 1005B, since the parameters a, b, k,, and k, deter-
mined at 1010 and 1020 may be reused.

[0050] At 1030, the filter may be designed using a design
method that accounts for the effects of the plate modes. The
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actions from 1035 to 1055 constitute an exemplary set of
steps that may be taken to design the filter. Other design
methods may be used at 1030. The design method used at
1030 may include different steps, more or fewer steps and/or
the same steps performed in different order.

[0051] First, at 1035, a filter architecture including the
number, type, and arrangement of SAW resonators may be
selected. For example, the band-pass filter of FIG. 3 has five
series resonators and four shunt resonators. Other filter
architectures may include more or fewer series and/or shunt
SAW resonators, the same number of SAW resonators
connected differently (for example having a shunt resonator
connected from the input and/or output port to ground).
[0052] Next, at 1040, an initial filter design using the
selected architecture may be established. The initial filter
design may be performed, for example, by a design engineer
using a circuit design software tool and/or an electromag-
netic (EM) analysis tool. When a circuit design tool is used,
the filter may be analyzed as an electronic circuit, with the
SAW resonators represented by combinations of lumped
capacitor, inductor, and resistor elements. When an EM
analysis tool is used, the filter may be represented by models
of the SAW resonator transducers on the substrate. Either or
both of circuit design tool and the EM analysis tool may be
capable of automated optimization of the filter design to
satisfy, to the extent possible, the filter specifications.
[0053] Once an initial design is established at 1040, the
effect of plate modes may be determined at 1045. For
example, the admittances of plate modes, calculated using
equations (8) and (9), may be added in parallel with the
admittances of the SAW resonators and the effect of the plate
modes on the filter performance may be determined using
either the circuit design software tool and/or the electro-
magnetic (EM) analysis tool. Alternatively, a model of
relevant plates modes may be added in series with a model
of the SAW resonators and the effect of the plate modes on
the filter performance may be determined using either the
circuit design software tool and/or the electromagnetic (EM)
analysis tool.

[0054] The design, including the effects of the plate
modes, may be optimized at 1050. The optimization may be
performed using an automated design tool which may be the
same or different from the design tool used at 1040 to
establish the preliminary design. For example, the prelimi-
nary design may be performed using a circuit design tool and
the optimization at 1050 may be performed using an EM
analysis tool.

[0055] Note that the architecture first selected at 1035 may
not necessarily be capable of satisfying the filter specifica-
tions. For example, if the specifications for a band-pass filter
include a narrow pass band and high stop-band rejection, the
specifications may not be satisfied with an architecture
having only a few SAW resonators. At 1055, a determination
may be made whether or not the optimized design from 1050
meets the specifications established before the start of the
process 1000. If the selected filter architecture proves inca-
pable of satisfying the filter specifications (“no” at 1055), the
design method 1030 may be repeated from 1035 one or more
times using increasingly complex filter architectures (i.e.
filter architectures with more SAW resonators) until the
optimized filter meets the design requirements.

[0056] When a filter design meeting the requirements has
been established (“yes” at 1055), further analysis may be
performed at 1060 to define a set of noncontiguous thickness

May 4, 2017

ranges for the piezoelectric wafer that can be used to
fabricate (using the same design and processes) filters hav-
ing equivalent performance, which is to say filters that meet
the specifications. This analysis may include analyzing how
one or more filter performance parameters vary with piezo-
electric wafer thickness (see FIG. 8 for example) and
determining a noncontiguous set of piezoelectric wafer
thickness ranges that allow fabrication of filters that meet the
specification.

[0057] At 1070, filters according to the design from 1030
may be fabricated on selected piezoelectric wafers (which
may be components of composite substrates) having piezo-
electric wafer thickness within one of'the set of piezoelectric
wafer thickness ranges defined at 1060. Having two or more
useable piezoelectric wafer thickness ranges (as opposed to
a single narrow thickness range) may significantly improve
the yield of piezoelectric wafers and/or composite substrates
during manufacturing. For example, one process for prepar-
ing composite substrates is to bond a relative thick piezo-
electric wafer to a backing substrate and then polishing the
piezoelectric wafer to its desired thick after bonding. Cur-
rently, a composite substrate where the piezoelectric wafer
was over-polished (i.e. polished until it was too thin) may be
discarded. When a set of piezoelectric thickness ranges is
available, such a composite substrate may be salvaged by
polishing the piezoelectric wafer down to a thinner thickness
range.

[0058] While a band pass filter has been used as an
example in this description, plate modes can affect the
performance of other types of filters. The same analysis
methods may be used to design other types of SAW filters
such as low pass, high pass and band reject filters and
duplexers.

[0059] Closing Comments

[0060] 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
in connection with one embodiment are not intended to be
excluded from a similar role in other embodiments.

[0061] 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
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used herein, “and/or” means that the listed items are alter-
natives, but the alternatives also include any combination of
the listed items.

It is claimed:

1. A filter, comprising:

a piezoelectric wafer having a thickness within one of a
plurality of noncontiguous thickness ranges that define
piezoelectric wafers upon which filter circuits meeting
predetermined requirements can be fabricated accord-
ing to a predetermined design using a predetermined
fabrication process; and

a filter circuit fabricated on the piezoelectric substrate
according to the predetermined design using the pre-
determined fabrication process.

2. The filter of claim 1, wherein thicknesses not within
any of the plurality of noncontiguous thickness ranges define
piezoelectric wafers upon which filters fabricated according
to the predetermined design using the predetermined fabri-
cation process do not meet the predetermined requirements.

3. The filter of claim 1, further comprising a backing
substrate bonded to the piezoelectric wafer.

4. The filter of claim 1, wherein the filter circuit comprises
two or more surface acoustic wave resonators.
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5. A method of producing filter, comprising:

selecting a piezoelectric wafer having a thickness within
one of a plurality of noncontiguous thickness ranges
that define piezoelectric wafers upon which filter cir-
cuits meeting predetermined requirements can be fab-
ricated according to a predetermined design using a
predetermined fabrication process; and

fabricating a filter circuit on the piezoelectric substrate
according to the predetermined design using the pre-
determined fabrication process.

6. The method of claim 5, wherein thicknesses not within
any of the plurality of noncontiguous thickness ranges define
piezoelectric wafers upon which filters fabricated according
to the predetermined filter circuit design using the predeter-
mined fabrication process do not meet the predetermined
requirements.

7. The method of claim 5, further comprising bonding a
backing substrate to the piezoelectric wafer.

8. The method of claim 5, wherein the filter circuit
includes two or more surface acoustic wave resonators.
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