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(57) Abstract: Embodiments of the present disclosure are directed to a piezoelectric
resonator. The resonator can have a base defining at least a first base portion and a sec
ond base portion and two or more vibrating arms projecting from the first base portion,
the first vibrating arm being substantially parallel to the second vibrating arm. The res
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can be formed in at least one of the first and second main surfaces of each of the first
and second vibrating arms. The resonator can further have at least one vibration isola
tion arm projecting from the base, the vibration isolation arm being approximately per
pendicular to the two or more vibrating arms.



OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, before the expiration of the time limit for amending the
MR, NE, SN, TD, TG). claims and to be republished in the event of receipt of

Published: amendments (Rule 48.2(h))



PIEZOELECTRIC RESONATOR

CROSS-REFERENCE TO RELATED APPLICATION

10001 J This application claims the benefit of U.S. Provisional Application No.

61/055,927. filed May 23, 2008, the entirety of which is hereby incorporated by reference.

BACKGROUND OF THE DISCLOSURE

Field of the Invention

10002] Embodiments disclosed herein relate to resonators having a plurality of

vibrating arms attached to a base such as, for example, piezoelectric quartz crystal tuning

forks.

Description of the Related Art

J0003] Piezoelectric devices such as piezoelectric resonators that vibrate in a

flexural mode are widely used in time keeping devices, mobile communications devices, and

many other types of consumer electronics equipment. As the need for miniaturizing these

devices increases, so does the need for miniaturizing the piezoelectric resonators housed

therein. However, in many of the conventional designs, as the piezoelectric resonators are

miniaturized, in particular, as the base portions of the piezoelectric resonators are shortened,

vibrations radiating from the vibrating arms can flow or leak to the base mounting portion of

the resonators potentially reducing the quality factor (Q) of the resonator and potentially

increasing the series resistance of the resonator. Accordingly, there is a need for

manufacturing a highly miniaturized piezoelectric resonator with a high quality factor (Q), a

small series resistance (Rm) ar) a high level of structural stability.

SUMMARY OF SOME EMBODIMENTS

[0004] Some embodiments of the present disclosure are directed to piezoelectric

resonators and methods of their manufacture and use. With some piezoelectric resonators, it

is desired to permit the further miniaturization of the crystal resonators without increasing the

series resistance, by providing configurations and features that isolate the base mounting



portion of the resonators from the vibrations radiating from the resonating arms during

operation.

(0005] Some embodiments are directed to a piezoelectric resonator comprising a

base defining a first base portion and a second base portion, a first and a second vibrating arm

projecting from a first edge of the first base portion of the base, the first vibrating arm being

substantially parallel to the second vibrating arm, and a first vibration isolation arm

projecting from a first lateral edge of the first portion of the base, and a second vibration

isolation arm projecting from a second lateral edge of the first portion of the base so as to be

collinear with the first vibration isolation arm, the second lateral edge being opposite and

approximately parallel to the first lateral edge, and the first and second vibration isolation

arms being approximately perpendicular to the first and second vibrating arms. In some

embodiments, the resonator can comprise a generally planar first main surface and a generally

planar second main surface defined by the base and the first and second vibrating arms, the

first main surface being generally parallel to the second main surface. In some embodiments,

the resonator can further comprise an opening formed in each of the first and second

vibrating arms, the opening projecting from the first main surface to the second main surface

of at least one of the first and second vibrating arms, the opening being configured to conduct

an electrical current between the first and second main surfaces of the resonator. The first

and second vibration isolation arms can be sized and configured such that a width of the first

base portion is greater than a width of any portion of the second base portion.

[0006] In some embodiments, the first and second vibration isolation arms can be

sized and configured such that a width of the first base portion is from approximately 20% to

approximately 40% greater than a width of any portion of the second base portion. Further

in some embodiments the resonator can comprise a channel formed in the second base

portion of the base the channel being formed in a direction that is parallel to the first and

second vibrating arms. The resonator can further comprise at least one groove formed in at

least one of the first and second main surfaces of each of the first and second vibrating arms.

[0007] Some embodiments disclosed herein are directed to a piezoelectric

resonator comprising a base, a first vibrating arm and a second vibrating arm projecting from

the base, the first vibrating arm being substantially parallel to the second vibrating arm, a



generally planar first main surface and a generally planar second main surface defined by the

base and the first and second vibrating arms, the first main surface being generally parallel to

the second main surface, and a first and a second vibration isolation arm projecting from the

base. In some embodiments, the first and second vibration isolation anus can be

approximately perpendicular to the first and second vibrating arms.

[0008] In some embodiments, the base can have a first base portion and a second

base portion, and the first and second vibration isolation arms can project from the first base

portion of the base. Further, the first and second vibration isolation arms can be sized and

configured such that a width of the first base portion is greater than a width of any portion of

the second base portion hi some embodiments, the first and second vibration isolation arms

can be sized and configured such that a width of the first base portion is approximately 30%

greater than a width of any portion of the second base portion, or from approximately 20% to

approximately 40% greater than a width of any portion of the second base portion. In some

embodiments, the second base portion can have a uniform width along the entire length of the

second base portion. In some embodiments, the second base portion can taper along the

length thereof.

[0009] The first and second vibration isolation amis can project from the base in

mutually opposing directions and can be collinear. In some embodiments, the resonator can

further comprise an opening formed at least partially in each of the first and second vibrating

arms and/or in the base, the opening projecting from the first main surface to the second main

surface of the resonator. An electrode can be disposed on a surface of the opening to conduct

an electrical current between the first and second main surfaces of the resonator.

[001 Oj In some embodiments, the resonator can further comprise a channel

formed in the base. The channel can be formed in a direction that is parallel to the first and

second vibrating arms or in any other suitable orientation. The channel can be formed in the

second base portion of the base, and can have a longitudinal length that is greater than a

mounting length of the resonator, or a longitudinal length that is less than a longitudinal

length of the second base portion.

[0011] In some embodiments, the resonator can further comprise at least one

groove (or two parallel grooves) formed in at least one of the first and second main surfaces



of each of the first and second vibrating arms. An electrode can be disposed on the groove or

grooves formed in at least one of the first and second main surfaces of each of the first and

second vibrating arms. An opening can be formed in at least one of the first and second

vibrating arms adjacent to the at least one groove and/or in the base of the resonator, the

opening projecting from the first main surface to the second main surface.

[0012] Some embodiments disclosed herein are directed to a piezoelectric

resonator comprising a base defining a first edge and a base edge that is generally parallel to

the first edge, a first base portion and a second base portion, the first base portion being

defined as the portion of the base between the first edge and the second base portion, and the

second base portion being defined as the portion of the base between the first base portion

and the base edge. The resonator can further comprise a first vibrating arm and a second

vibrating arm projecting from the first edge of the base, the first vibrating arm being

substantially parallel to the second vibrating arm, a generally planar first main surface and a

generally planar second main surface defined by the base and the first and second vibrating

arms, the first main surface being generally parallel to the second main surface. At least one

groove can be formed in at least one of the first and second main surfaces of each of the first

and second vibrating anus, and wherein the base is sized and configured such that a width of

the first base portion is from approximately 20% to approximately 40% greater than a width

of any portion of the second base portion. Further, the resonator can have any of the features

described in combination with any of the resonators disclosed herein.

[0013] Some embodiments disclosed herein are directed to a piezoelectric

resonator having, individually or in combination, any of the individual or collective features

disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Certain embodiments of this inventions will now be discussed in detail

with reference to the following figures. These figures are provided for illustrative purposes

only and the inventions are not limited to the subject matter illustrated in the figures.

|0015] Figure IA is a top view of an embodiment of a piezoelectric resonator.

[0016] Figure IB is a bottom view of the embodiment of the piezoelectric

resonator shown in Figure IA.



|0017] Figure 1C is a cross-sectional view of the embodiment of the piezoelectric

resonator shown in Figure IA, taken through line 1C-1C in Figure IA.

|0018] Figure ID is a cross-sectional view of the embodiment of the piezoelectric

resonator shown in Figure IA, taken through line ID- ID in Figure IA.

|0019] Figure IE is a cross-sectional view of the embodiment of the piezoelectric

resonator shown in Figure IA, taken through line IE-I E in Figure IA.

|0020] Figure IF is a cross-sectional view of the embodiment of the piezoelectric

resonator shown in Figure IA, taken through line 1F-1F in Figure IA.

|0021] Figure IG is an enlargement of a portion of the embodiment of the

piezoelectric resonator shown in Figure IA, defined by curve IG- IG in Figure IA.

[0022] Figure 2A is a top view of another embodiment of a piezoelectric

resonator.

[0023] Figure 2B is a top view of the embodiment of the piezoelectric resonator

shown in Figure 2A mounted in an exemplifying case.

[0024] Figure 2C is a top view of another embodiment of a piezoelectric

resonator.

[0025] Figure 2D is a top view of another embodiment of a piezoelectric

resonator.

[0026] Figure 3 is a top view of another embodiment of a piezoelectric resonator.

|0027] Figure 4 is a top view of another embodiment of a piezoelectric resonator.

|0028] Figure 5 is a top view of another embodiment of a piezoelectric resonator.

|0029] Figure 6 is a top view of another embodiment of a piezoelectric resonator.

|0030] Figure 7 is a top view of another embodiment of a piezoelectric resonator.

|0031] Figure 8 is a top view of another embodiment of a piezoelectric resonator.

|0032] Figure 9 is a top view of another embodiment of a piezoelectric resonator.

|0033] Figure 10 is a graph of experimental data showing relative mean values of

the quality factor Q for five different resonator embodiments. .

DETAILED DESCRIPTION OF SOME EXEMPLIFYING EMBODIMENTS



[0034] The following detailed description is now directed to certain specific

embodiments of the disclosure. In this description, reference is made to the drawings

wherein like parts are designated with like numerals throughout the description and the

drawings.

[0035) In some aspects of the embodiments described herein, a variety of means

are shown for making a quartz crystal tuning fork resonator comprising features that can

permit a crystal tuning fork resonator manufacturer to reduce the size of the resonators

produced and/or increase the quality of the tuning fork resonators. In any embodiments

disclosed herein, the resonator can be an oscillator having an integrated circuit or other

electronic device.

[0036] Figures IA and IB are top and bottom views, respectively, of an

embodiment of a piezoelectric resonator 10, capable of vibrating in a flexural mode. As

illustrated therein the piezoelectric resonator 10 can have a base 12, a first tuning fork arm

14 projecting from the base 12 generally along the y-axis, and a second tuning fork arm 16

projecting from the base 12 generally along the y-axis. The arms can also be referred as

tines. The first arm 14 and second arm 16 can be generally parallel to one another. In some

embodiments, either or both of the first and second arms 14, 16 can have an uneven or non

uniform width along the length thereof (not shown). For example, without limitation, either

or both of the first and second arms 14, 16 can be configured so that that portions of the first

and second arms 34, 16 are wider than other portions of the first and second arms 14, 16, or

such that some portions define a linear, curved, or other suitable shaped tapering width along

the length thereof. In these embodiments, the centerline of each of the first and second arms

14, 16 can be generally parallel to one another. In some embodiments, though not so limited,

any of the arms projecting from the base can be vibrating arms, capable of vibrating in a

flexural mode. Additionally, in some embodiments, any of the resonators disclosed herein

can have a fewer or greater number of arms projecting from the base. For example, in some

embodiments without limitations, any of the resonators disclosed herein can have four arms

projecting from the base any of which can be capable of vibrating a flexural mode.

[0037] In some embodiments, the first and second arms 14, 16 can be supported

by the base 12 so as to project from a first base portion of the base 12. With reference to



Figure 1B, the first base portion can include at least the portion of the base 12 defined by the

width represented by WbI in Figure IB. The base 12 can also define a second base portion,

i.e., the portion of the base 12 defined by the width represented by Wb2 in Figure IB, which

can be less than width WbI . In some embodiments, the resonator 10 can be mounted to the

mounting pads of a ceramic case or other support structure on the second base portion.

[0038] With reference to Figure IA (which is a top view of the resonator 10), the

resonator 10 can define a first main surface 18 and, with reference to Figure IB (which is a

bottom view of the resonator 10), a second main surface 20. In some embodiments, the first

main surface 18 and second main surface 20 can be generally parallel, opposing planar

surfaces of the resonator 10. With reference to Figure IA, the first arm 14 can define a first

groove 22 formed in the first main surface 18 of the first arm 14 and, with reference to Figure

IB. a second groove 24 fonned in the second main surface 20 of the first arm 14. Similarly,

with reference to Figure IA, the second arm 16 can define a first groove 26 formed in the

first main surface 18 of the second aπn 16 and, with reference to Figure IB, a second groove

28 formed in the second main surface 20 of the second arm 16. However, any of the

resonators described herein can be configured to have no grooves fonned in the vibrating

arms.

[0039] In some embodiments, two or more grooves can be formed in each of the

first and second main surfaces 18, 20 of each of the first and second arms 14, 16. For

example, without limitation, two parallel grooves (not shown) can be formed in each of the

first and second main surfaces 18, 20 of each of the first and second arms 14, 16. In this

configuration, i.e., with two grooves formed in each of the first and second main surfaces 18,

20 of each of the first and second arms 14, 16, without limitation the width of each of the

grooves can have a width from approximately 0.001 in, or from approximately 0.001 in or

less to approximately 0.002 in or more. In this confi guration i.e., with two grooves formed

in each of the first and second main surfaces 18, 20 of each of the first and second arms 14,

16, each of the grooves can have the same length as the length of any of the other grooves

disclosed herein.

|0040] Additionally, with reference to Figures IA and IB, the first arm 14 can

define a first hole or opening 30 therethrough formed generally perpendicular to the first



main surface 18 of the resonator 10, projecting from the first main surface 18 to the second

main surface 20 of the resonator 10. Similarly, the second arm 16 can define a second hole

32 therethrough formed generally perpendicular to the first main surface 18 of the resonator

10, projecting from the first main surface 18 to the second main surface 20 of the resonator

10. In some embodiments, a hole or opening can be formed in only one of the vibrating

arms. In some embodiments, a hole or opening can be formed on any portion of the

resonator, including the base. The hole or opening can be configured to conduct an electrical

current from one side to the other side of the resonator.

[0041] As will be discussed in greater detail below, the through hole 30 can be

covered with an electrode to provide an electrical connection between the first and second

main surfaces 18, 20 of the resonator 10. The electrical connection can provide a connection

between the groove 22 formed on the first main surface 18 of the first arm 14 and the groove

24 formed on the second main surface 20 of the first arm 14. Similarly, the through hole 32

can be covered with an electrode to provide an electrical connection between the groove 26

formed on the first main surface 18 of the second arm 16 and the groove 28 formed on the

second main surface 20 of the second arm 16.

[0042] By providing an electrical connection through each of the first and second

anus 14, 16 in this confi guration the electrical connection between the top and bottom

surfaces that was conventionally formed on the inside side wall surface of each of the arms of

the resonator near the crotch of the resonators can be eliminated. The conventionally foπned

electrical connections mentioned above can be less robust than the electrical connection

provided by the through holes 30, 32 for the following reason. The portion of each of the

arms 14, 16 adjacent to the base 12 can experience the highest level of stress as a result of the

resonation of each of the arms 14, 16 during normal operating conditions (each of the arms

14, 16 can oscillate many thousands of times per second during normal operating conditions),

and the level of stress can be greater at the side walls than at the center portion of each of the

arms 14, 16. In particular, conventional electrical connections between the grooves formed

on each of the first and second main surfaces 18, 20 were typically formed on the inside side

surfaces of each of the arms 14, 16 adjacent to the base 12, which can experience a higher

level of stress as compared to a through hole formed through the center of the arms 14, 16.



Electrical connections formed on surfaces of the resonator 10 that experience higher levels of

stress are typically more prone to failure than electrical connections formed on surfaces of the

resonator 10 that experience lower levels of stress. Therefore, eliminating a pair of the

electrical connections that were conventionally formed on the side walls of each of the arms

14, 16 and foπning those electrical connections on the through hole through each of the arms

14, 16 where stress levels are lower can improve the robustness of the electrical connections

of the resonator 10. However, the location of the electrical connections are not limited to the

locations described herein or shown in the figures. The electrical connections can be formed

or positioned at any desired or suitable locations on the resonator

[0043] The holes 30, 32 in the resonator 10 (or in any other resonator disclosed

herein) can be positioned at any desired location along the arms 14, 16, respectively. In some

embodiments, as in the illustrated embodiment, the holes 30, 32 can be positioned at or

adjacent to the base 12 of the amis 14, 16, or such that a portion of each of the holes 30, 32 is

positioned in the base 12 while a portion of each of the holes 30, 32 is positioned in the arms

14, 16, respectively. In some embodiments, the holes 30, 32 can be positioned adjacent to or

near the proximal end of the grooves 22, 24, 26, 28 (i.e., the end of the grooves 22, 24, 26, 28

closer to the base 12), adjacent to or near the distal end of the grooves 22, 24, 26, 28 (i.e., the

end of the grooves 22, 24, 26, 28 further from the base 12), near the unrestrained end portions

of the arms 14, 16, or at any position along the arms 14, 16. Positioning the holes adjacent to

or near the distal end of the grooves 22, 24, 26, 28 can improve the structural integrity of the

resonator.

[0044] While two holes 30, 32 are shown any number of holes can be formed in

each of the aπn s 14. 16, including two, three, or more holes per arm 14, 16. Further, the

holes 30, 32 can be formed in the arms 14, 16 at any desired orientation relative to the first

main surface 18 or second main surface 20.

[0045] Figures 1C, ID, and IE are cross-sectional views of the arms 14, 16 of the

embodiment of the piezoelectric resonator 10 shown in Figure IA, taken through lines IC-

IC5 ID- ID, and IE- IE. respectively, in Figure IA. Figure is a IF cross-sectional view of the

embodiment of the piezoelectric resonator shown in Figure IA, taken through line IF- IF in

Figure IA. With reference to these Figures, the geometry of the arms 14, 16 will be



described in greater detail. The electrode films covering portions of the arms 14, 16 and base

12 will be described further below. As shown in Figure 1C, in some embodiments, the cross-

sectional shape of the anus 14 16 at the distal end portion of the amis 14, 16 can be generally

rectangular. In some embodiments, as in the illustrated embodiment, the cross-sectional

shape of the arms 14, 16 at the distal end portion of the arms 14, 16 can be generally square

such that the thickness of the crystal portion of each arm 14, 16 in the x-direction is

approximately the same as the thickness of the crystal portion of each arm in the z-direction.

[0046] However when a resonator 10 is formed by wet etching a wafer of a

piezoelectric single crystal material having etching anisotropy, such as quartz crystal, the

cross-sections of each of the arms 14, 16 often vary from a symmetrical shape due to the

etching anisotropy of the single crystal material. In particular, the etching rate of a quartz

crystal typically has a crystal-axis dependence. Quartz crystal is prone to be etched in

widthwise direction of the resonating arm (i.e., the x-direction). Accordingly, as illustrated in

Figures 1C- IE, the wet etching procedures that are typically used to form resonating arms can

result in asymmetry in the x-direction. In particular, with reference to Figure 1C, bulges or

protrusions 34 in the positive and negative x-directions can result when the arms 14, 16 are

formed using typical wet etching procedures for piezoelectric single crystal materials. As a

result, the cross-sections of the arms 14, 16 having the grooves 22, 24, 26, 28 are typically

not shaped like an ideal rectangle or H." Rather, the cross-sections of the aims 14, 16 are

shaped more like as shown in Figure ID.

|0047] Therefore, any reference herein to a square, rectangular, "H shaped, or

other theoretical cross-sectional shape shall be meant to refer the theoretical cross-sectional

shape and the actual cross-sectional shape that can define protrusions or other asymmetrical

features as a result of etching anisotropy. However, the resonators described herein are not

limited to being formed by wet etching. Any of the resonators described herein can be

formed by any suitable process currently known or later developed. Some manufacturing

techniques, such as, but not limited to, dry etching, typically result in more symmetrical

cross-sections. Because an H" shaped cross-section can have a symmetrical structure and

can provide an even electrical field along each crystal tine or arm, the resistance of the

piezoelectric resonator is expected to be lower for a given design. Accordingly, in some



embodiments, the resonator 10 or any other resonator described herein can actually possess

any of the theoretical symmetrical cross-sectional shapes descnbed herein a formed by other

cutting procedures that do not exhibit crystal directional dependence.

[0048] As illustrated in Figure ID and described above, grooves 22, 24, 26, 28

can be formed in each of the arms 14. 16 In some embodiments, the grooves 22, 24, 26, 28

can be formed to increase the electπcal field strength and, therefore increase the electrical

field efficiency along the x~axis, of each of the electrode pairs, as is known m the field The

arrows illustrated m Figures ID and IE illustrate the direction of the flow of electricity

between the oppositely charged electrodes

|0049] The grooves 22. 24, 26, 28 can define any suitable cross-sectional shape or

size In some embodiments, each of the grooves 22, 24. 26, 28 can be formed in the

approximate center of each of the arms 14, 16. Note that the etching anisotropy descnbed

above can also affect the shape and symmetry of each of the grooves 22, 24, 26, 28 that are

formed in the arms 14, 16, thus causing the arms to depart from the theoietical Η " shaped

cross-section, as illustrated in Figure ID In some embodiments, each oi the grooves 22, 24,

26, 28 can be formed in each of the arms 14. J6 at a position that is offset from the centerline

of each of the arms 14, 16, to compensate for the etching anisotropy descnbed above, so that

each of the arms 14, 16 can define a generally symmetrical or balanced cross-section along

the lengths thereof

10050] In some embodiments, when the length of the groove increases relative to

the length of the vibration arms, the fundamental resistance and overtone resistance can

decrease However, the resistance oi the overtone mode can decrease much faster than the

resistance of the fundamental mode This can cause the overtone mode iesistance to be much

less than the fundamental mode resistance As a consequence, by configuring the resonator

to have a very low overtone resistance, there is a risk that the resonator can operate as an

electrical circuit m the overtone mode instead of operating m a desired fundamental mode It

can be desirable to have a high performance resonator with a lower fundamental resistance

and a reasonable overtone resistance The length Lg of each of the groo\es can be chosen

depending on the fundamental and overtone resistance requirements of the resonator.



[0051] In some embodiments each of the grooves 22, 24, 26, 28 can define a

length (represented by Lg in Figure IF) that is less than the length of each of the arms 14, 16

(represented by La in Figure IF). In some embodiments, though not so limited, in each of the

arms 14, 16, the length Lg of the grooves 22, 24 or 26, 28 plus the length Lh of each of the

holes 30, 32, respectively, if any, can be approximately 60% of the length La of each of the

arms 14, 16. I.e.. for the first arm 14, the length Lg of the groove 22 plus the length Lh of the

hole 30, if any, can be approximately 60% of the length La of the arm 14. In some

embodiments though not so limited, the length Lg plus the length Lh of each of the grooves

22, 24, 26, 28 can be between approximately 40% or less and approximately 90%, or between

approximately 50% and approximately 70%, or between approximately 55% and

approximately 65% of the length La of each of the arms 14, 16, or to or from any values

within these ranges.

[0052] In some embodiments, as in the illustrated embodiment, each of the

grooves 22. 24, 26, 28 can be positioned adjacent to each of the holes 30, 32. However, the

resonator 10 is not so limited. The resonator 10 can be configured with features having any

suitable shape or size within or outside of the above dimensional ranges.

[0053] In some embodiments, each of the grooves 22, 24, 26, 28 can define a

width (represented by Wg in Figure ID) that is less than the width of each of the arms 14, 16

(represented by Wa in Figure ID). As the width Wg of each of the grooves 22, 24, 26, 28

increases relative to the width Wa of each of the arms 14, 16 (without exceeding the width

Wa of the arms 14, 16), the width of each of the arms 34. 16 between the grooves 22, 24, 26,

28 and the sides of each of the aπn s 14. ]6 decreases thereby increasing the electrical field

efficiency. However, the width Wg of each of the grooves 22, 24, 26, 28 relative to the width

Wa of each of the arms 14. 16 can depend on manufacturing capabilities and tolerances.

[0054] In some embodiments though not so limited, the width Wg of each of the

grooves 22. 24. 26. 28 can be approximately one-third (i.e., 33%) or less of the width Wa of

each of the aπns 34. 16. In some embodiments, though not so limited, the width Wg of each

of the grooves 22, 24, 26, 28 can be from approximately 33% to approximately 70% or more

of the width Wa of each of the arms 14, 16. In some embodiments (not illustrated), each of

the grooves 22. 24, 26, 28 can be formed so as to extend past each of the holes 30. 32 so that



the holes 30, 32 are formed within the grooves. However, the resonator 10 is not so limited.

The resonator 10 can be configured with features having any suitable shape or size either

within or outside of the above dimensional ranges.

[0055] Typical flexural mode resonators in the field generally operate at a

frequency between approximately 10 kHz and approximately 600 kHz. Additionally, in some

embodiments, because the frequency (f) of the resonator is a function of the width Wa and

the length La of each of the resonator s arms, the desired frequency of the resonator can

dictate the chosen width Wa and length La of each of the resonator's arms.

. Wa

[0056] In some embodiments, the width Wa of each of the arms 14, 16 can be

from approximately 0.001 in. to approximately 0.008 in, or from approximately 0.002 in. to

approximately 0.004 in, or from or to any values within these ranges. Additionally, the width

Wa of each of the arms 14, 16 can be greater than the width Wg of each of the grooves 22.

24, 26, 28 that can be formed in the arms 14, 16. In some embodiments, where the desired

operating frequency is approximately 32.768 kHz, the width Wa of each of the arms 14, 16

can be approximately 0.005 in, and the length La of each of the arms 14, 16 can be

approximately 0.070 in, or from approximately 0.050 in or less to approximately 0.080 in or

more, or from approximately 0.060 in to approximately 0.070 in, or to or from any values

within these ranges. In some embodiments, where the desired operating frequency is

approximately 32.768 kHz, the width Wa of each of the amis 14, 16 can be approximately

0.004 in, and the length La of each of the arms 14, 16 can be approximately 0.065 in, or from

approximately 0.045 in or less to approximately 0.080 in or more, or from approximately

0.060 in to approximately 0.070 in, or to or from any values within these ranges.

Additionally, in some embodiments, where the width Wa of each of the arms 14, 16 is

approximately 0.005 in, the width Wg of each of the grooves can be approximately 0.003 in.

[0057] In some embodiments, the overall length of the resonator 10 (i.e., the

distance from the base edge to the ends of the vibration arms) can be approximately 0.095 in.

In some embodiments, the overall length of the resonator 10 can be from approximately

0.080 in or less to approximately 0.100 in or more. In some configurations, the overall length

of the resonator can be limited by the size of the cavity in the ceramic or other package, and



can vary depending on the desired frequency of the resonator. In some embodiments, a

resonator having a frequency of approximately 32.768 kHz can have an overall resonator

length from approximately 0.080 in or less to approximately 0.100 in or more, or from

approximately 0.090 in to approximately 0.095 in, or to or from any values within these

ranges. For resonators having a higher frequency, the overall length of the resonator can be

less than 0.090 in for the same tine width. Additionally, in some embodiments, to optimize

performance for a given overall length, the width of the tines can be varied or adjusted.

[0058] In some embodiments, as in the illustrated embodiment where the overall

length of the resonator 10 can be approximately 0.0950 in., the width Wa of each of the arms

14, 16 can be approximately 0.050 in. In some embodiments, though not so limited, the

width Wa of each of the arms 14, 16 can be from approximately 0.001 in. or less to

approximately 0.008 in. or more or from approximately 0.003 in. to approximately 0.005 in.

Accordingly, in some embodiments, as in the illustrated embodiment, the width Wg of each

of the grooves 22, 24, 26, 28 can be approximately 0.002 in. In some embodiments, though

not so limited, the width Wg of each of the grooves 22, 24, 26, 28 can be from approximately

0.00] in. or less to approximately 0.007 in. or more, or from approximately 0.002 in. to

approximately 0.004 in. However, the resonator 10 is not so limited. The resonator 10 can

be configured with features having any suitable shape or size either within or outside of the

above dimensional ranges.

[0059] Note that typical processing techniques for the fabrication of piezoelectric

resonators, such as typical wet etching processes, inherently produce widely varying results in

terms of final feature dimensions. For this reason, dimensions listed in this disclosure are

only meant to be non-limiting, exemplifying dimensions, and are not meant to be the actual,

final dimensions of resonators produced in accordance with this disclosure.

[0060] In some embodiments, the grooves 22, 24, 26, 28 can be formed so that the

approximate depth of the first grooves 22, 26 from the first main surface 18 in the negative z-

direction is approximately equal to the depth of the second grooves 24, 28 from the second

main surface 20 in the positive z-direction. In some embodiments, each of the grooves 22,

24, 26, 28 can define a depth {represented by Dg in Figure ID) that is less than approximately

one-half (i.e., 50%) of the thickness of each of the arms 14, 36 (represented by Ta in Figure



ID). In some embodiments, the depth of the groove can be chosen depending on the

requirements of the resonator's resistance (Rm) - when the depth of the groove Dg is

increased, the resistance of the resonator can decrease for a given groove width Wg. in some

embodiments, though not so limited, the depth Dg of each of the grooves 22, 24, 26, 28 can

be approximately 30%, or from approximately 10% or less to approximately 45%, or from

approximately 20% to approximately 35%, or from approximately 25% to approximately

30% of the thickness Ta of each of the arms 14, 16, or from or to any values within these

ranges.

[0061] In some embodiments, the thickness Ta of each of the arms or the base of

any resonator disclosed herein can be approximately 0.005 in. In some embodiments, the

thickness Ta of each of the arms or the base of any resonator disclosed herein can be from

approximately 0.001 in or less to approximately 0.010 in or more, or from approximately

0.004 in to approximately 0.006 in, or from or to any values within these ranges. The chosen

thickness of the arms can depend on the width of the arms and, for some embodiments, can

be approximately the same as the width of the arms. Therefore, the thickness of the arms can

be reduced when the width of the arms is reduced.

[0062J As mentioned above, with reference to Figure IE, through holes 30, 32 can

be formed in each of the arms 14, 16 from the first main surface 18 to the second main

surface 20 of the resonator 10. In some embodiments, the through holes 30. 32 can provide

an electrical connection between the first main surface 18 and the second main surface 20 of

the resonator 10. The holes 30, 32 can define a circular, square, rectangular or any other

suitable cross-sectional shape. In some embodiments, each of the holes 30, 32 can be formed

in the approximate center of each of the arms 14, 16. As illustrated, the etching anisotropy

described above can also affect the shape and symmetry of each of the holes 30, 32 that are

formed in the arms 14, 16. In some embodiments, each of the holes 30, 32 can be formed in

each of the arms 14, 16 at a position that is offset from the centerline of each of the arms 14,

16 to compensate for the etching anisotropy described above, so that each of the arms 14, 16

can define a generally symmetrical cross-section along the lengths thereof.

[0063] In some embodiments, each of the holes 30, 32 can define a width

(represented by Wh in Figure 1G) that is approximately equal to or less than the width Wg of



each of the grooves 22, 24, 26, 28. In some embodiments, each of the holes 30, 32 can define

a width that is approximately greater than the width Wg of each of the grooves 22, 24, 26, 28.

As such, in some embodiments, each of the holes 30, 32 can define a width that is

approximately 0.002 in, or from approximately 0.001 in or less to approximately 0.004 in or

more, or from approximately 0.002 in to approximately 0.003 in, or to or from any values

within these ranges.

[0064] In some embodiments, a deposition film can completely circumscribe one

or more of the holes 30, 32 (i.e., on either the first main surface 18 or on second main surface

20 of each of the arms 14, 16) to increase the electrical connection around the perimeter of

each of the holes 30, 32 This can increase the likelihood that at least a portion of each of the

holes of 30, 32 provides a reliable connection between the first main surface 18 and the

second main surface 20. However, the resonator 10 is not so limited. The resonator 10 can

be configured with features having any suitable shape or size.

[0065] In some embodiments as in the illustrated embodiment where the width

Wh of the hole 30 can be approximately less than the width Wg of the individual or

collective grooves 22. 24. 26, 28, each of the holes 30. 32 can define a width Wh that is

approximately 80% or less of the width Wg of each of the grooves 22 24, 26. 28. In some

embodiments, though not so limited, each of the holes 30, 32 can define a width Wh that is

from approximately 55% to approximately 85%. or from approximately 60% to

approximately 70% of the width Wg of each of the grooves 22, 24, 26, 28. However the

resonator 10 is not so limited. The resonator ]0 can be configured with features having any

suitable shape or size either within or outside of the above dimensional ranges.

[0066] In some embodiments (not illustrated) where the width Wh of the hole 30

is approximately equal to or greater than the width Wg of each of the grooves 22, 24, 26, 28,

each of the holes 30. 32 can define a width Wh that is between approximately 100% and

approximately 150% or more or between approximately 115% and approximately 135%, or

between approximately 120% and approximately 130% of the width Wg of each of the

grooves 22, 24, 26. 28. However, the resonator 10 is not so limited. The resonator 10 can be

configured with features having any suitable shape or size either within or outside of the

above dimensional ranges.



10067] In some embodiments, the masking defining each of the holes 30, 32 can

be sized and configured to ensure that each of the holes 30, 32 will be etched to a large

enough size during a wet etching process such that an electrode formed on the surface of each

of the holes 30, 32 will extend continuously from the first main surface 18 to the second main

surface 20 in at least a portion of each of the holes 30, 32. In other words, each of the holes

30, 32 will preferably be formed to a size that is large enough to ensure that the electrode

formed on the surface of the holes 30, 32 will cover the entire surface of the holes 30, 32 In

some embodiments, such as resonator 0 having rectangular shaped through holes 30, 32,

both the length Lh and the width Wh of each of the through holes 30, 32 can be optimized so

as to be the smallest dimensions feasible that ensure a reliable electrode covering each of the

through holes 30, 32 will extend from the first main surface 18 to the second main surface 20.

|0068] Similarly, in some embodiments, each of the holes 30, 32 can define a

length (represented by Lh in Figure IF) that is substantially less than the length Lg of each of

the grooves 22, 24, 26, 28. hi particular, in some embodiments, each of the holes 30 32 can

define a length Lh that is between approximately 5% or less and approximately 30%, or

between approximately 10% and approximately 20% of the length Lg of each of the grooves

22, 24, 26, 28. In some embodiments each of the holes 30, 32 can define a length Lh that is

approximately 0.004 in, or from approximately 0.002 in or less to approximately 0.020 in or

more, or from approximately 0.005 in to approximately 0.015 in, or from approximately

0.008 in to approximately 0.012 in. However, the resonator 10 is not so limited. The

resonator 10 can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges. Ln some embodiments when the length Lh of the

holes is too large, the strength of the vibration arms 14, 16 can be compromised and the

flexural vibration of the resonator can become unstable, which can cause the quality Q of the

resonator to decrease.

[0069] Figure IG is an enlargement of a portion of the embodiment of the

piezoelectric resonator shown in Figure IA. defined by curve IG-I G in Figure IA. With

reference to Figures IA, IB. and IG. vibration isolation arms 36 (also referred to herein as

vibration arms) can be formed on the resonator 0 to reduce the amount of vibration leakage

from the arms 14, 16 to the base 12. In some embodiments, as in the illustrated embodiment,



the vibration isolation arms 36 can be supported by the first base portion of the base 12 and

can project from a first edge of the base 12. Again, with reference to Figure IB, the first base

portion is the portion of the base 12 defined by the width represented by WbI in Figure IB.

As shown in Figure IA the vibration isolation arms 36 can be configured so as to project

from the first base portion of the base 12 generally along the x-axis, so as to be approximately

perpendicular to the first and second tuning fork arms 14, 16. Additionally, fillets or rounded

surfaces 38 can be formed adjacent to the vibration isolation arms and the opposing side

surfaces of each of the vibration isolation arms 36.

[0070] The vibration isolation aπn s 36 can define any suitable shape, including

without limitation the stepped or generally rectangular shape shown in the embodiment

illustrated in the figures. In some embodiments, at least a portion of the vibration isolation

arms 36 can define a arcuate, triangular, or polygonal shape. For example, without

limitation, the distal end portions of the vibration arms can be rounded, pointed, tapered, or

otherwise.

[0071] In some embodiments, the length of the base 12 (represented by Lbp in

Figure IF) can be reduced and, hence, miniaturized, without decreasing the quality factor or

increasing the crystal resistance of the resonator 10 by forming vibration isolation arms 36 on

the resonator 10. As illustrated most clearly in Figures IA and IB, in some embodiments, the

resonator 10 can be configured so that the vibration isolation arms 36 project laterally (i.e., in

the positive and negative x-directions) from the side surfaces 10a, 10b of the base 2 of the

resonator 10. The vibration isolation arms 36 can be positioned adjacent to the proximal

ends 14a, 16a of the arms 14, 16, or can be positioned at any location along the side surfaces

10a, 10b between the proximal ends 14a, 16a of the aπn s 14, 16 and the base edge 12a of the

base 12. Additionally, in some embodiments, more than two vibration isolation aπn s 36 can

be formed on the base 12 of the resonator 10.

[0072] With reference to Figure IG, in some embodiments, the width Wva of

each of the vibration isolation arms 36 can be approximately equal to the width Wa of each of

the amis 14, 16. In some embodiments, the width Wva of each of the vibration isolation

arms 36 can be less than the width of each of the aπn s 14, 16. For example, without

limitation, the width Wva of each of the vibration isolation arms 36 can be approximately



0.0025 in, or from approximately 0.001 in or less to approximately 0.010 in or more, or from

approximately 0.002 in to approximately 0.006 in.

[0073] In some embodiments, the vibration isolation arms 36 can be sized and

configured so that the width (represented by WbI in Figure IB) of the base 12 in the region

of the vibration isolation arms 36 is greater than the width {represented by Wb2 in Figure IB)

of the base 12 in the region of the base 12 adjacent to the base edge 12a of the base 12. In

some embodiments, width Wb2 can be greater than the width (represented by Wa2 in Figure

IA) from the side surface 10a of the first arm 14 to the side surface 10b of the second arm 16

so as to provide an increased base area for mounting purposes. In some embodiments, the

increased vibration isolation anus 36 can reduce the amount of vibration leakage from the

arms 14, 16 to the base 12 of the resonator and, hence, increase the quality factor of the

resonator.

[0074] Ln particular, in some embodiments, the resonator 10 and the vibration

isolation arms 36 can be configured so that the width WbI of the first base portion of the base

12 is approximately 30% greater than the width Wb2 of the second base portion of the base

12. In some embodiments, the vibration isolation anus 36 can be configured so that the

width WbI of the first base portion of the base 2 is from approximately 15% or less to

approximately 45% or more, or from approximately 20% to approximately 40%, or from

approximately 25% to approximately 35%, greater than the width Wb2 of the second base

portion of the base 12. These configurations can reduce the amount of vibration leakage

from the arms ]4, 16 to the base 12 of the resonator 10 and, hence, increase the quality factor

of the resonator 10.

[0075] In some embodiments, the width WbI of the first base portion of the base

12 can be approximately 0.022 in, or from approximately 0.01 8 in or less to approximately

0.026 in or more, or from approximately 0.019 in to approximately 0.025 in. or from

approximately 0.021 in to approximately 0.023 in. Further, in some embodiments, the width

Wb2 of the second base portion of the base 12 can be approximately 0.014 in, or from

approximately 0.010 in or less to approximately 0.025 in or more, or from approximately

0.012 in to approximately 0.01 8 in, or from approximately 0.014 in to approximately 0.016

in. However the configuration of the vibration isolation aπn s 36 is not is not so limited. The



resonator 10 can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges.

|0076] As previously mentioned, grooves 22, 24, 26, 28 can be formed in the

arms 14, 16 to improve the electrical field efficiency of the resonator 10. In particular, with

reference to Figure ID, side electrodes 42, 44 can be formed on the generally opposing side

surfaces of the arm 14. Additionally, center electrode 46a can be formed on the surface of the

groove 22 and an electrode 46b can be formed on the surface of the grooλ'e 24. With

reference to Figures IA and IB, each of the electrodes 46a, 46b can extend into the base 12

on each of the first and second main surfaces 18, 20, respectively. Similarly, with reference

to Figure ID, side electrodes 50, 52 can be formed on the generally opposing side surfaces of

the arm 16. Additionally, electrode 54a can be formed on the surface of the groove 26 and an

electrode 54b can be formed on the surface of the groove 28. With reference to Figures IA

and IB, each of the electrodes 54a, 54b can extend into the base !2 on each of the first and

second main surfaces 18, 20, respectively.

[0077] Accordingly, in some embodiments with reference to Figure IE, side

electrodes 42 and 44 can be formed on the generally opposing side surfaces of the arm 14

adjacent to the through hole 30. Additionally, electrode 46 (which can be the same as

electrode 46a or 46b) can be formed on the surface of the hole 30. Similarly, electrodes 50

and 52 can be formed on the generally opposing side surfaces of the arm J6 adjacent to the

through hole 32. Additionally, electrode 54 (which can be the same as electrode 54a or 54b)

can be formed on the surface of the hole 32.

[0078] Further, with reference to Figure 1C, a fihn 56a can be formed on the first

main surface 18 of the first arm 14, and a film 56b can be formed on the second main surface

20 of the first ami 34. Similarly, a film 58a can be formed on the first main surface 18 of the

second arm 16, and a film 58b can be fonned on the second main surface 20 of the second

arm 16. In some embodiments, as in the illustrated embodiment, the films 56a, 56b, 58a, and

58b are preferably electrically isolated from the other electrodes on the resonator 10. The

films 56a, 56b, 58a, and 58b are preferably fonned on the first and second base surfaces 18,

20 to permit the manufacturer to fine tune the resonation frequency of each of the arms 14,

16. In particular, a manufacturer can ablate portions of any of the films 56a, 56b, 58a, and



58b using a laser beam or by other suitable methods to adjust the weight and, hence, the

resonation frequency of each of the amis 14, 36.

[0079] Additionally, with reference to Figures IA and IB, a linking electrode 60a

can be formed on the first main surface 18 of the base 12 and the first arm 14. The linking

electrode 60a can be in electrical communication with and, therefore, can interconnect, all of

the electrodes 42, 44, 54, 54a, and 54b. Similarly, a linking electrode 60b can be formed on

the second main surface 20 of the base 12 and the first arm 14. The linking electrode 60b can

be and, therefore, can interconnect, all of the electrodes 42, 44, 54, 54a, 54b, and 60a. The

portion of the linking electrode 60a formed across the first main surface 18 of the first arm 14

and the portion of the linking electrode 60b formed across the second main surface 20 of the

first arm 14 can provide a connection between the electrodes 42 and 44 formed on the sides

of the first arm 14.

[0080] A linking electrode 62a can be formed on the first main surface 18 of the

base 12 and the second arm 16. The linking electrode 62a can be in electrical communication

with and, therefore, interconnect, all of the electrodes 46, 46a, 46b, 50, and 52. Similarly, a

linking electrode 62b can be formed on the second main surface 20 of the base 12 and the

second arm 16. The linking electrode 62b can be in electrical communication with to and,

therefore, interconnect, all of the electrodes 46, 46a, 46b, 50, 52, and 62a. The portion of the

Jinking electrode 62a formed across the first main surface 18 of the second arm 16 and the

portion of the linking electrode 62b formed across the second main surface 20 of the second

arm 16 can provide a connection between the electrodes 50 and 52 formed on the sides of the

second arm 16.

[0081] As illustrated most clearly in Figures ID and IE, in some embodiments,

the electrodes 42, 44, 54, 54a, and 54b can have the same electrical polarity. Additionally, in

some embodiments, the electrodes 46, 46a, 46b, 50, and 52 can have the same electrical

polarity. In the illustrated embodiment, the electrodes 42, 44, 54. 54a, and 54b can have an

opposite electrical polarity as compared to electrodes 46, 46a, 46b, 50, and 52.

[0082] In this configuration, when a direct voltage is applied to the resonator 10

such that the electrodes 46, 46a, 46b. 50, and 52 are positively charged and the electrodes 42,

44, 54, 54a, and 54b are negatively charged as illustrated in Figures ID and IE, an electric



field can result in a direction that is generally perpendicular to the side surfaces of the arms

14, 16. In Figures ID and IE, the electrical fields in each of the arms 14, 16 are represented

by the arrows A. As the electric field occurs in a direction that is generally perpendicular to

the sides of each of the arms 14, 16, each of the arms 14, 16 can distort, resulting in the

flexural mode vibration of the arms 14, 16 of the resonator 10. As mentioned, the grooves

22, 24, 26, 28 can be formed on each of the arms 14, 16 to increase the electrical field

strength and, therefore increase the electrical field efficiency, of each of the electrode pairs.

This can be achieved by providing a shorter distance between the oppositely charged

electrodes, as shown most clearly in Figures ID and IE.

[0083] Figure 2A is a top view of another embodiment of a piezoelectric

resonator 10'. In some embodiments, the resonator 10' can comprise any other features, sizes,

or other configurations of the resonator 10 described above, or of any other resonator

described herein, in addition to or in the alternative with respect to any of the features or

configurations described below. With reference to Figure 2A, a channel 40' can be formed in

the base 12 r from the first main surface 18' to the second main surface (not shown) of the

resonator 10'. In some embodiments, the channel 40' can be formed in the second base

portion of the base 12'. In some embodiments, more than one channel 40' can be formed in

the base 12' or in another suitable portion of the resonator 10'. For example without

limitation, Figures 2C and 2D illustrate different configurations of multiple channels 40",

40'", respectively, that can be formed in the base 12", 12'", respectively, of the resonator 10",

10'". Without limitation, in some embodiments, as in the illustrated embodiment, the

channels 40" can be formed so as to be generally parallel to one another. Each of the

channels 40" can define any suitable range of widths Wc.

[0084] The channel 40' can reduce the amount of vibration leakage from the arms

14'. 16' to the base 12' of the resonator 10'. Thus, in some embodiments, the length of the

base 12' (represented by Lbp in Figure 2A) can be reduced and, hence, miniaturized, without

decreasing the quality factor or increasing the crystal resistance of the resonator 10' by

forming the channel 40' in the base of the resonator 10'. Further, in some embodiments, the

channel 40' can prevent or reduce the likelihood of an epoxy short between the mounting

pads of the case during the assembly process.



[0085] In the illustrated embodiment, the channel 40' can comprise a generally

semicircular end portion 40a' and a generally rectangular cross-section proximal portion 40b .

In some embodiments, as in the illustrated embodiment, the proximal portion 40b' of the

channel 40' can be formed in the base 12' of the resonator 10' so as to pass through the base

edge 12a' of the resonator 10'. However, in some embodiments of the resonator 10' or any

resonators disclosed herein, the base 12' of the resonator 10' can be formed so that the

channel 40' does not penetrate through the base edge 12a' of the resonator 10' {not illustrated).

In other words, in some embodiments, the channel 40' can be formed in the base 12' of the

resonator 10' so as to form a completely enclosed geometry such that the base edge 12a' is

continuous.

[0086] Additionally, in some embodiments, the channel 40' can define a circular,

square, rectangular or any other suitable cross-sectional shape or combination of shapes. For

example, Figure 3 provides a non-limiting example of an alternatively shaped channel formed

in the base of the resonator. Figure 3 will be described in greater detail below.

{0087] Figure 2B is a top view of the embodiment of the piezoelectric resonator

10' shown in Figure 2A mounted in an exemplifying case 66 (which can be a ceramic

package) having mounting pads 68. As illustrated therein, the mounting length of the

resonator 10 is essentially the length of the portion of each mounting pad 68 that overlaps the

base 12' of the resonator 10, which is represented by Lm in Figure 2B. In some

embodiments, the mounting length Lm for the resonator should be sufficient to ensure a

sufficient mounting area between the resonator and the case, so as to ensure sufficient

mechanical strength in the bond between the resonator and the casing to withstand a

threshold or predetermined magnitude of shock or other impact forces.

[0088] In some embodiments, in order to miniaturize the size of the resonator the

base 12' can be sized and configured so that the distance from the base 14a', 16a' of each of

the arms 14', 16' to the pads 68 (represented by LmI in Figure 2B) can be minimized. When

the length LmI is minimized, the overall length Lbp of the base 12' of the resonator 10' can

be reduced. However, in some embodiments, reducing the length LmI can reduce the quality

factor Q of the resonator. Features and configurations such as, but not limited to, the

vibration isolation arms 36' and the channel 40' illustrated in Figure 2B can permit the length



LmI to be reduced without a significant reduction in the quality factor Q of the resonator 10'.

In some conventional resonators, the base 12' can be sized and configured so that the distance

LmI is approximately equal to or greater than three times the width Wa of each of the arms

14', 16'. In some embodiments, the base 12' can be sized and configured so that LmI is

approximately equal to or less than two times the width Wa of each of the arms 14', 16'.

[0089) In some embodiments, the resonator can be configured so as to maximize

the difference between the distance from the pads 68 to each of the vibration isolation arms

36 (represented by Lm2 in Figure 2B), which can result in an increase in the quality factor Q

of the resonator. In some embodiments, this can be achieved by decreasing the width Wva of

each of the vibration isolation amis 36 and positioning the vibration isolation arms 36

adjacent to each of the arms 14, 16. As is discussed above, in some embodiments, the width

Wva of each of the vibration isolation arms 36 can be approximately 0.0025 in, or from

approximately 0.001 in or less to approximately 0.010 in or more, or from approximately

0.002 in to approximately 0.005 in.

[0090] In some embodiments, the width Wva of the vibration isolation arms 36

can be approximately 15% of the of the length of the base 12 (represented by Lbp in Figure

IF). In some embodiments, the width Wva of the vibration isolation arms 36 can be from

approximately from approximately 10% or less to approximately 30% or more, or from

approximately 15% to approximately 25 % of the length of the base i 2.

10091] Typical mounting lengths Lm can vary between approximately 0.010 in.

and approximately 0.020 in. However, the mounting length Lm of any of the resonators

disclosed herein can be any length that ensures a sufficient bond between the resonator and

the case, and is therefore not so limited. The resonators described herein can define any

desired or suitable mounting length Lm within or outside of the above listed range, including

without limitation a mounting length Lm from approximately 0.005 in or less to

approximately 0.025 in or more. In some embodiments, decreasing the mounting length Lm

can result in an increase in the quality factor of the resonator for a given length of the base

Lbp.

[0092] In some embodiments, as in the illustrated embodiment, the length Lc of

the channel 40' can be substantially greater than the mounting length Lm. In some



embodiments, increasing the difference between the length Lc of the channel 40' and the

mounting length Lm can reduce the amount of vibration leakage from the arms 14', 16' to the

base 12' of the resonator 10' and, hence, increase the quality factor of the resonator 10'. In

particular, in some embodiments, the length Lc of the channel 40' can be approximately 50%

greater than the mounting length Lm. In some embodiments, the length Lc of the channel 40'

can be approximately 0.015 in. However the configuration of the channel 40' is not so

limited. The resonator 10' can be configured with features having any suitable shape or size

either within or outside of the above dimensional ranges. In some embodiments, the length

Lc of the channel 40' can be from approximately 10% or less to approximately 100% or

more, or from approximately 20% to approximately 50% greater than the mounting length

Lm. Similarly, the length Lc of the channel 40' can be from approximately 0.005 in or less to

approximately 0.022 in or more, or from approximately 0.010 in to approximately 0.018 in,

or from approximately 0.013 in to approximately 0.016 in. or to or from any values within

these ranges.

|0093j In some embodiments, the length of the channel 40' can be less than the

length of the second base portion. In some embodiments, the length of the channel 40' can be

greater than or equal to the length of the second base portion. Further, in some embodiments,

the resonator can be configured so as to optimize the distance between the end of the channel

40' and the vibration isolation arms 36. For example, in some embodiments, the distance

along the centerlme of the resonator between the end of the channel 40' closest to the

vibration isolation arms 36 and the vibration isolation arms 36 closest to the end of the

channel 40' (represented by Lc3 in Figure 2B) can be approximately 0.005 in, or from

approximately 0.002 in or less to approximately 0.010 in or more.

[0094] With reference to Figure 2B, the distance between the proximal ends 14a',

16a', respectively, of the arms 14', 16' and the distal portion of 40a' of the channel 40' is

represented by Lc2. In some embodiments (not illustrated), the channel 40' can be formed so

that the mounting distance Lm is greater than the distance Lc2 between the proximal ends

14a', 16a', respectively, of the arms 14', 16' and the distal portion of 40a' of the channel 40'.

In particular, in some embodiments, the mounting distance Lm can be approximately 20%

greater than distance Lc2. However the configuration of the channel 40' is not so limited.



The resonator 10' can be configured with features having any suitable shape or size either

within or outside of the above dimensional ranges. In some embodiments the mounting

distance Lm can be between approximately 10% or less and approximately 40% or more, or

between approximately 20% and approximately 30% greater than distance Lc2.

[0095] In some embodiments, a channel 40' having a length (represented by Lc in

Figure 2A) that is approximately 60% of the length Lbp of the base 12' can be formed in the

base 12' of the resonator 10'. hi some embodiments, the channel 40' can have a length Lc that

is between approximately 45% and approximately 75%, or between approximately 55% and

approximately 65%, or between approximately 58% and approximately 62% of the length

Lbp of the base 12'. However, the resonator 10' is not so limited. The resonator 10' can be

configured with features having any suitable shape or size either within or outside of the

above dimensional ranges.

[0096] Additionally, in some embodiments, the channel 40' can have a width

(represented by Wc in Figure 2A) in the base 12' that is approximately 10% of the width

(represented by Wb2 in Figure 2A) of the base 12'. In some embodiments, the channel 40'

can have a width Wc that is between approximately 5% and approximately 20%, or between

approximately 8% and approximately 15%, or between approximately 5% and approximately

9% of the width Wb2 of the base 12'. However, the resonator 10' is not so limited. The

resonator 10' can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges.

[0097] The channel 40' can be, but is not required to be, formed at the

approximate symmetrical centerline of the resonator 10'. Again, note that the etching

anisotropy effect described above can also affect the shape and symmetry of the channel 40'.

Ln some embodiments, the channel 40' can be formed in the base 12' at a position that is

offset from the centerline of the base 12' to compensate for the etching anisotropy described

above and so that the resonator can define a generally symmetrical cross-section along the

length thereof.

[0098] Figure 3 is a top view of another embodiment of a piezoelectric resonator

110. In some embodiments, the resonator 110 can comprise any other features, sizes, or other

configurations of the resonator 10 described above, or of any other resonator described



herein, in addition to or in the alternative with respect to the features or configurations

described below. With reference to Figure 3, a channel 140 can be formed in the base 112

from the first main surface 118 to the second main surface 120 of the resonator 110. In some

embodiments, the channel 140 can reduce the amount of vibration leakage from the anus

114, 116 to the base 112 of the resonator 110. In some embodiments, the length of the base

112 (represented by Lbp in Figure IF) can be reduced and, hence, miniaturized, without

decreasing the quality factor or increasing the crystal impedance of the resonator 110 by

forming the channel 140 in the base of the resonator 110.

[0099] In some embodiments, as in the illustrated embodiment, resonator 110 is

preferably configured so that the distal portion 34Oa of the channel 140 has a width

{represented by Wc2 in Figure 3) that is greater than the width (represented by WcI in Figure

3) of the proximal portion 140b of the channel 140. As illustrated, in some embodiments, the

distal portion 140a of the channel 140 can have rounded corners or can be otherwise

configured to reduce or eliminate stress concentrations that may result during operation of the

resonator 110 in the distal portion 140a of the channel 140. Additionally, in some

embodiments, as in the illustrated embodiment, the resonator 110 is preferably configured so

that the distal portion 140a of the channel 140 has a length (represented by Lc2 in Figure 3)

that is significantly smaller than the length (represented by LcI in Figure 3) of the proximal

portion 140b of the channel 140. In other words, in some embodiments, the portion 140a of

the channel 140 that has an increased width can be shorter than the proximal portion 140b of

the channel 140.

[0100] In some embodiments, forming a channel 140 having this geometry (i.e.,

foπning a channel 140 with a portion of the channel 140 having a width Wc2 that is

significantly larger than the width WcI over a discrete length LcI of the channel 140) can

reduce the amount of vibration leakage from the anns 114, 116 to the base 1 2 of the

resonator 110 and, hence, increase the quality factor of the resonator 110. In particular, in

some embodiments, as in the illustrated embodiment, forming a channel 140 having a width

Wc2 of the distal portion 140a of the channel 140 that is approximately double (i.e..

approximately 100% larger than) the width WcI of the proximal portion 140b of the channel

140 can reduce the amount of vibration leakage from the arms 114, 116 to the base 112 of the



resonator 110. Additionally, in some embodiments, though not so limited, the distal portion

140a of the channel 140 can have a width Wc2 that is between approximately 20% and

approximately 150%, or between approximately 50% and approximately 120%, or between

approximately 75% and approximately 100% larger than the width WcI of the channel 140.

However, the resonator 110 is not so limited. The resonator 110 can be configured with

features having any suitable shape or size either within or outside of the above dimensional

ranges.

[0101] In some embodiments, as in the illustrated embodiment, the length

(represented by Lc2 in Figure 3) of the distal portion 140a of the channel 140 can be

approximately 20% of the length (represented by LcI in Figure 3) of the proximal portion

140b of the channel 140. Additionally, in some embodiments, though not so limited, the

distal portion 140a of the channel 140 can have a length Lc2 that is between approximately

10% and approximately 30%, or between approximately 15% and approximately 25% of the

length LcI of the proximal portion 140b of the channel 140. However, the resonator 110 is

not so limited. The resonator 110 can be configured with features having any suitable shape

or size either within or outside of the above dimensional ranges.

|0102] Figure 4 is a top view of another embodiment of a piezoelectric resonator

110'. In some embodiments, the resonator 110' can comprise any other features, sizes, or

other configurations of the resonator 10 or resonator 110 described above, or of any other

resonator described herein, in addition to or in the alternative with respect to the features or

configurations described below. With reference to Figure 4, a channel 140' can be formed in

the base 112' from the first main surface 118' to the second main surface 120' {not shown) of

the resonator 110'. In some embodiments, the channel 140' can reduce the amount of

vibration leakage from the arms 114', 116' to the base 112' of the resonator 110'. In some

embodiments, the length of the base 112' (represented by Lbp in Figure IF) can be reduced

and, hence, miniaturized, without decreasing the quality factor or increasing the crystal

impedance of the resonator 110' by forming the channel 140' in the base of the resonator 110'.

[0103] In some embodiments, as in the illustrated embodiment, resonator 110' is

preferably configured so that the distal portion 140a of the channel 140' has a maximum

width (represented by Wc2 in Figure 4) that is significantly larger than the maximum width



(represented by WcI in Figure 4) of the proximal portion 140b' of the channel 140'.

Additionally, with reference to Figure 4, the distal end portion 140a' of the channel 140' can

have an ovular, circular, or other similar cross-section generally free of sharp corners or edges

that might otherwise result in stress concentrations in the base 112' of the resonator 110'.

Forming a channel 140' having this size and geometry can reduce the amount of vibration

leakage from the arms 114', 116' to the base 112' of the resonator 110' and, hence, increase

the quality factor of the resonator 110'. In particular, in some embodiments, as in the

illustrated embodiment, forming a channel 140' having a width Wc2 of the distal portion

140a' of the channel 140' that is approximately double the width WcI of the proximal portion

140b' of the channel 140' can reduce the amount of vibration leakage from the arms 114', 116'

to the base 112' of the resonator 110'.

[0104] Additionally, in some embodiments, though not so limited, the distal

portion 140a' of the channel 140' can have a width Wc2 that is between approximately 50%

and approximately 150%, or between approximately 75% and approximately 125%, larger

than the width WcI of the channel 140'. However, the resonator 110' is not so limited. The

resonator 110' can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges.

[0105J In some embodiments, as in the illustrated embodiment, the length

(represented by Lc2 in Figure 4) of the distal portion 140a' of the channel 140' can be

approximately 20% of the length (represented by LcI in Figure 4) of the proximal portion

140b' of the channel 140'. Additionally, in some embodiments, though not so limited, the

distal portion 140a' of the channel 140' can have a length Lc2 that is between approximately

10% and approximately 30%, or between approximately 15% and approximately 25% of the

length LcI of the proximal portion 140b' of the channel 140'. However, the resonator 110' is

not so limited. The resonator 110' can be configured with features having any suitable shape

or size either within or outside of the above dimensional ranges.

[0106] Figure 5 is a top view of another embodiment of a piezoelectric resonator

110". In some embodiments, except as described below, the resonator 110" can comprise any

other features, sizes, or other configurations of the resonator 10, 110, or 110' described above,

or of any other resonator described herein, in addition to or in the alternative with respect to



the features or configurations described below. With reference to Figure 5, a channel 140"

can be foπned in the base 112" from the first main surface 118" to the second main surface

120" (not shown) of the resonator 110 " In some embodiments, the channel 140" can reduce

the amount of vibration leakage from the arms 114", 116" to the base 112" of the resonator

110". In some embodiments, the length of the base 112" {represented by Lbp in Figure 5) can

be reduced and, hence, miniaturized, without decreasing the quality factor or increasing the

crystal impedance of the resonator 110" by forming the channel 140" in the base of the

resonator 110".

[0107] In the illustrated embodiment, the distal portion 140a" of the channel 140"

can have a generally ovular cross-sectional shape. However, the shape of the distal portion

140a" is not so limited. In some embodiments, the distal portion 140a" of the channel 140"

(or the distal portion of any channel described herein) may define any desired or suitable

cross-sectional shape, such as, but not limited to, a circular, triangular, square, rectangular, or

polygonal shape.

J0108] In some embodiments, as in the illustrated embodiment, resonator 1 0" is

preferably configured so that the distal portion 140a" of the channel 140" has a maximum

width (represented by Wc2 in Figure 5) that is significantly larger than the maximum width

(represented by WcI in Figure 5) of the proximal portion 140b" of the channel 140".

Additionally, with reference to Figure 5, the distal end portion 340a" of the channel 140" can

have an ovular, circular, or other similar cross-section generally free of sharp comers or edges

that might otherwise result in stress concentrations in the base 112" of the resonator 110".

Forming a channel 140" having this size and geometry can reduce the amount of vibration

leakage from the arms 114", 116" to the base 112" of the resonator 110" and, hence, increase

the quality factor of the resonator 110". In particular, in some embodiments, as in the

illustrated embodiment, forming a channel 140" having a width Wc2 of the distal portion

140a" of the channel 140" that is approximately double the width WcI of the proximal

portion 140b" of the channel 140" can reduce the amount of vibration leakage from the arms

114", 116" to the base 112" of the resonator 110".

[0109] Additionally, in some embodiments, though not so limited, the distal

portion 140a" of the channel 140" can have a width Wc2 that is between approximately 50%



and approximately 150%, or between approximately 75% and approximately 125%, larger

than the width WcI of the channeJ 140". However, the resonator 110" is not so limited. The

resonator 110" can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges.

[0110] In some embodiments, as in the illustrated embodiment, the length

(represented by Lc2 in Figure 5) of the distal portion 140a" of the channel 140" can be

approximately 20% of the length (represented by LcI in Figure 5) of the proximal portion

140b" of the channel 140". Additionally, in some embodiments, though not so limited, the

distal portion 140a" of the channel 140" can have a length Lc2 that is between approximately

10% and approximately 30%, or between approximately 15% and approximately 25% of the

length LcI of the proximal portion 140b" of the channel 140". However, the resonator 110" is

not so limited. The resonator 110" can be configured with features having any suitable shape

or size either within or outside of the above dimensional ranges.

[0111] Additionally, with reference to Figure 5, in some embodiments, the

resonator 110" can be formed so as to define and opposing pair of lateral protrusions 137"

that can be positioned so as to be generally aligned with the distal end portion 140a" of the

channel 140". In particular, in some embodiments, the lateral protrusions 137" can be

positioned on the base 112" of the resonator 110" so that a plane 'P " that passes through the

approximate center of the distal end portion 140a" of the channel 140" also passes through the

approximate center of the lateral protrusions 137". In some embodiments, as in the illustrated

embodiment, the lateral protrusions 137" can define a generally curved geometry. In some

embodiments, as in the illustrated embodiment, the lateral protrusions 137" can define a

geometry that is similar or approximately identical to the geometry of the vibration isolation

arms 136".

[0112] In some embodiments, the lateral protrusions 137" can be sized and

configured such that the width (represented by Wbc2 in Figure 5) of the base 112" between

the distal end portion 140a" and the adjacent side surface 110a" or 110b", respectively, is

approximately equal to or greater than the width (represented by Wbcl in Figure 5) of the

base 112" between the proximal end portion 140b" and the adjacent side surface UOa" or

HOb".



[0113] By forming the resonator 110" to have a width in the base 112" adjacent to

the distal end portion 140a" of the channel 140" that is approximately equal to or greater than

the width in the base 112" adjacent to the proximal end portion 140b" of the channel 140", the

cross-sectional area of the resonator 110" in the region of the base 112" adjacent to the distal

end portion 140a" of the channel 140" can be approximately equal to or greater than the

cross-sectional area in the base 112" adjacent to the proximal end portion 140b" of the

channel 140". Hence, in some embodiments, the structural stability of the base 112" can be

improved by forming the lateral protrusions 137" adjacent to the distal end portion 140a" of

the channel 140" In this configuration, the length of the base 112" (represented by Lbp in

Figure 5) can be reduced and, hence, miniaturized, without decreasing the quality factor or

increasing the crystal impedance of the resonator 10".

|0114] h some embodiments, the width Wbc2 of the base 112" between the distal

end portion 140a" and the adjacent side surface 110a" or 110b" can be greater than the width

Wbcl of the base 112" between the proximal end portion 140b" and the adjacent side surface

110a" or 110b" by approximately 10% or less. In some embodiments, the width Wbc2 of the

base 112" between the distal end portion 140a" and the adjacent side surface 110a" or 110b"

can be greater than the width Wbcl of the base 112" between the proximal end portion 140b"

and the adjacent side surface 110a" or 110b" by between approximately 10% and

approximately 25%, or approximately 15% and approximately 20%.

|0115] Additionally, in some embodiments, with reference to Figure 5, the total

width of the base 112" of the resonator 110" along the plane P {i.e., the combined width

Wbc2 of the base 112" between the distal end portion 140a" and the adjacent left side surface

110a" and the width Wbc2 of the base 112" between the distal end portion 140a" and the

adjacent right side surface 110b") can be approximately equal to or greater than the aggregate

width Wb2 along the base edge 112a" of the resonator 110". In this arrangement, the

structural robustness of the base 112" in the region adjacent to the distal end portion 140a" of

the channel 140" can be further enhanced, while at the same time enhancing the base isolation

benefits from the channel 140".

|0116] Figure 6 is a top view of another embodiment of a piezoelectric resonator

10"'. In some embodiments, except as described below, the resonator 110™ can comprise



any other features, sizes, or other configurations of the resonators 10, 110, 110', or 110"

described above, or of any other resonator described herein, in addition to or in the alternative

with respect to the features or configurations described below. With reference to Figure 6. a

channel 140"' can be formed in the base 112"' from the first main surface 118'" to the second

main surface 120'" (not shown) of the resonator 110'", having similar dimensions as

compared to the channel 140' of the resonator 110' illustrated in Figure 5.

10117] In the illustrated embodiment, the distal portion 140a'" of the channel 140'"

can have a generally rectangular cross-sectional shape. As illustrated, in some embodiments,

the generally rectangular cross- sectional shape of the distal portion 140a'" of the channel

140"' can have rounded coiners or can be otherwise configured to reduce or eliminate stress

concentrations that may result during operation of the resonator 110'" in the distal portion

140a"' of the channel 140'". However, the shape of the distal portion 140a'" is not so limited

hi some embodiments, the distal portion 140a'" of the channel 140'" (or the distal portion of

any channel described herein) can define any desired or suitable cross-sectional shape, such

as, but not limited to, a circular, triangular, square, rectangular, or polygonal shape.

[0118] In some embodiments, as in the illustrated embodiment, resonator 110'" is

preferably configured so that the distal portion 140a " of the channel 140'" has a maximum

width (represented by Wc2 in Figure 6) that is significantly larger than the maximum width

(represented by WcI in Figure 6) of the proximal portion 140b'" of the channel 140"'.

Additionally, with reference to Figure 6, the distal end portion 140a'" of the channel 140'" can

have a generally rectangular (as shown), ovular, circular, or other similar cross-section.

Forming a channel 140'" having this size and geometry can reduce the amount of vibration

leakage from the arms 114'", 116'" to the base 112'" of the resonator 110'" and, hence, increase

the quality factor of the resonator 110'".

[0119] In some embodiments, the resonator 110"' can be formed so as to define a

pair of lateral protrusions 137'" that can be positioned so as to be generally aligned with the

distal end portion 140a'" of the channel 140'". Ln particular, in some embodiments, the lateral

protrusions 137'" can be positioned on the base 112'" of the resonator 110'" so that a plane "P"

that passes through the approximate center of the distal end portion 140a'" of the channel

140'" also passes through the approximate center of the lateral protrusions 137"'. In some



embodiments, as in the illustrated embodiment, the lateral protrusions 137'" can define a

geometry that is similar or approximately identical to the geometry of the vibration isolation

arms 136'".

[0120] In some embodiments, the lateral protrusions 137'" can be sized and

configured such that the width (represented by Wbc2 in Figure 6) of the base 112'" between

the distal end portion 140a'" and the adjacent side surface 110a'" or 11Ob"', respectively, is

approximately equal to or greater than the width (represented by Wbcl in Figure 6) of the

base 112'" between the proximal end portion 140b'" and the adjacent side surface HOa'" or

HOb'".

[0121] By maintaining a width in the base 112'" adjacent to the distal end portion

140a'" of the channel 140'" to be approximately equal to or greater than the width in the base

112'" adjacent to the proximal end portion 140b'" of the channel 140'", the cross-sectional area

of the resonator 110'" in the region of the base 112"' adjacent to the distal end portion 140a'"

of the channel 140'" will be approximately equal to or greater than the cross-sectional area in

the base 112'" adjacent to the proximal end portion 140b'" of the channel 140'". Hence, in

some embodiments, the structural stability of the base 112"' can be improved by forming the

lateral protrusions 137'" adjacent to the distal end portion 140a'" of the channel 140'". In this

configuration, the length of the base 112'" (represented by Lbp in Figure 6) can be reduced

and, hence, miniaturized, without decreasing the quality factor or increasing the crystal

impedance of the resonator 110'".

[0122] In some embodiments, the width Wbc2 of the base 112'" between the distal

end portion 140a"' and the adjacent side surface 11Oa'" or 11Ob'" can be greater than the width

Wbcl of the base 112'" between the proximal end portion 140b'" and the adjacent side surface

110a'" or 110b"' by approximately 10% or less. In some embodiments, the width Wbc2 of the

base 112'" between the distal end portion 140a'" and the adjacent side surface 110a'" or 11Ob'"

can be greater than the width Wbcl of the base 112'" between the proximal end portion

140b " and the adjacent side surface 110a'" or 110b'" by approximately 10% to approximately

25%, or from approximately 15% to approximately 20%.

[0123] Additionally, in some embodiments, with reference to Figure 6, the total

width of the base 112'" of the resonator 110'" along the plane P (i.e., the combined width



Wbc2 of the base 112'" between the distal end portion 140a'" and the adjacent left side surface

HOa'" and the width Wbc2 of the base 112"' between the distal end portion 140a'" and the

adjacent right side surface 110b'") can be approximately equal to or greater than the width

Wb2 along the base edge 112a'" of the resonator 110'". this arrangement, the structural

robustness of the base 112'" in the region adjacent to the distal end portion 140a'" of the

channel 140'" can be further enhanced, while at the same time enhancing the base isolation

benefits from the channel 140'".

[0124] Figure 7 is a top view of another embodiment of a piezoelectric resonator

210. In some embodiments the resonator 210 can comprise any of the features, sizes, or

other configurations of the resonator 10 described above, or of any other resonator described

herein, in addition to or in the alternative with respect to the features or configurations

described below.

[0125] With reference to Figure 7, the base 212 of the resonator 210 can be

formed so that at least a portion of one or more of the side surfaces 212b of the base 212 is

tapered or angled or otherwise reduces in width from the base edge 212a toward the vibration

isolation arms 236. In particular, with reference to Figure 7, the base 212 of the resonator

210 can be formed such that the width (represented by Wb3 in Figure 7) of the base 212 at

the base edge 212a is greater than the width (represented by Wb2 in Figure 7) of the base 212

approximately adjacent to the vibration isolation arms 236. The width Wb3 can be greater or

less than the width (represented by WbI in Figure 7) of the base 212 in the region of the

vibration isolation arms 236.

[0126] In some embodiments, the increased width of the base 212 at the base edge

212a of the base 212 can increase the mounting surface area available by which to mount the

resonator 210 to a case or other supporting structure, as illustrated in Figure 2B.

Additionally, in some embodiments, the increased width of the base 212 at the base edge

212a can increase the structural strength of the base 212 of the resonator 210 and, hence,

increase the structural robustness of the resonator 210.

[0127] In some embodiments, as in the illustrated embodiment, each of the side

surfaces 212b can define a generally planar flat surface. In some embodiments, the base 212

of the resonator 210 can be configured so that each of the side surfaces 212b defines an angle



(represented by A in Figure 7) that is approximately 10 degrees relative to a vertical plane,

the vertical plane being parallel to the y-axis illustrated in Figure 7. In some embodiments,

base 212 of the resonator 210 can be configured so that each of the side surfaces 212b defines

an angle A that is from approximately 5 degrees or less to approximately 25 degrees or more,

or from approximately 10 degrees to approximately 20 degrees relative to plane A .

[0128] However, the configuration and shape of the base 212 is not so limited. In

some embodiments, each of the side surfaces 212b can define a curved surface or any other

suitably shaped surface, or can define a combination of two or more suitable shapes, and can

comprise notches, channels, protrusions, splines or any other desired or suitable shapes or

features. In some embodiments, as in the illustrated embodiment, the base 212 of the

resonator 210 can be configured such that the width Wb3 of the base 232 at the base edge

212a is greater than the width Wb2 of the base 212 by approximately 20%. In some

embodiments, the base 212 of the resonator 210 can be configured such that the width Wb3

of the base 212 at the base edge 212a is greater than the width Wb2 of the base 212 by

between approximately 5% or less and approximately 35% or more, or between

approximately 10% and approximately 30%. or between approximately 15% and

approximately 25%.

[0129] Figure 8 is a top view of another embodiment of a piezoelectric resonator

210'. In some embodiments, the resonator 210' can comprise any other features, sizes, or

other configurations of the resonator 210 described above, or of any other resonator described

herein, in addition to or in the alternative with respect to the features or configurations

described below. With reference to Figure 8, a channel 240' can be formed in the base 212'

from the first main surface 2 18' to the second main surface (not shown) of the resonator 210'.

In some embodiments, the channel 240' can be configured to be the same or similar to any

arrangements of any of the channels descπbed above, including, but not limited to the

channel 40'. In some embodiments, the channel 240' can reduce the amount of vibration

leakage from the arms 214', 216' to the base 212' of the resonator 210'. Thus, in some

embodiments the length of the base 212' (represented by Lbp in Figure 8) can be reduced

and, hence, miniaturized, without decreasing the quality factor or increasing the crystal

impedance of the resonator 210' by forming the channel 240' in the base of the resonator 2 10'



by forming the channel 240' in the base of the resonator 210'. In some embodiments, the

resonator 210' can be configured to define more than one channel 240' formed in the base

212' of the resonator 210', arranged in parallel or otherwise.

[0130] In the illustrated embodiment, the channel 240' can comprise a generally

semicircular end portion 240a' and a generally rectangular cross-section proximal portion

240b\ In some embodiments, as in the illustrated embodiment, the proximal portion 240b' of

the channel 240' can be formed in the base 212' of the resonator 210' so to pass through the

base edge 212a' of the resonator 210'. However, in some embodiments of the resonator 210'

or any resonators disclosed herein, the base 212' of the resonator 210' can be formed so that

the channel 240' does not penetrate through the base edge 212a' of the resonator 210' (not

illustrated). In other words, in some embodiments, the channel 240' can be formed in the

base 212' of the resonator 210' so as to form a completely enclosed geometry and such that

the base edge 212a' is continuous.

[0131] Additionally, in some embodiments, the channel 240' can define a circular,

square, rectangular or any other suitable cross-sectional shape or combination of shapes. For

example, Figure 3 (described above) provides a non-limiting example of an alternatively

shaped channel formed in the base of the resonator.

[0132] In some embodiments, forming a channel 240' having a length

(represented by Lc in Figure 8) that is approximately 60% of the length Lbp of the base 212'

can reduce the amount of vibration leakage from the arms 214', 216' to the base 212' of the

resonator 210' and, hence, increase the quality factor of the resonator 210'. In some

embodiments, the channel 240' can have a length Lc that is between approximately 40% and

approximately 80%, or between approximately 55% and approximately 65%, or between

approximately 58% and approximately 62% of the length Lbp of the base 212'. However, the

resonator 210' is not so limited. The resonator 210' can be configured with features having

any suitable shape or size either within or outside of the above dimensional ranges.

[0133] Additionally, in some embodiments, the channel 240' can have a width

(represented by Wc in Figure 8) in the base 212' that is approximately 7% of the width

(represented by Wb2 in Figure 7) of the base 212'. In some embodiments, the channel 240'

can have a width Wc that is between approximately 2% and approximately 12%, or between



approximately 4% and approximately 10%, or between approximately 5% and approximately

9% of the width Wb2 of the base 212'. However, the resonator 210' is not so limited. The

resonator 210' can be configured with features having any suitable shape or size either within

or outside of the above dimensional ranges.

{0134} The channel 240' can be, but is not required to be, formed at the

approximate symmetrical centerline of the resonator 210'. Again, note that the etching

anisotropy effect described above can also affect the shape and symmetry of the channel 240'.

In some embodiments, the channel 240' can be formed in the base 212' at a position that is

offset from the centerline of the base 212' to compensate for the etching anisotropy described

above and so that the resonator can define a generally symmetrical cross-section along the

length thereof.

]0135} Figure 9 is a top view of another embodiment of a piezoelectric resonator

310. In some embodiments, the resonator 310 can comprise any other features, sizes, or other

configurations of the resonator 210 described above, or of any other resonator described

herein, in addition to or in the alternative with respect to the features or configurations

described below.

[0136] With reference to Figure 9, a channel 340 can be formed in the base 312

from the first main surface 318 to the second main surface (not shown) of the resonator 310.

In some embodiments, the channel 340 can be configured to be the same or similar to any

arrangements of any of the channels described above, including, but not limited to the

channel 40'. In some embodiments, the channel 340 can reduce the amount of vibration

leakage from the arms 314. 316 to the base 312 of the resonator 310. Thus, in some

embodiments, the length of the base 312 (represented by Lbp in Figure 9) can be reduced

and, hence, miniaturized, without decreasing the quality factor or increasing the crystal

impedance of the resonator 310 by forming the channel 340 in the base of the resonator 3 10

by forming the channel 340 in the base of the resonator 310. In some embodiments, the

resonator 310 can be configured to define more than one channel 340 formed in the base 3 12

of the resonator 310, arranged in parallel or otherwise.

{01 37] Additionally, with reference to Figure 9, one or more vibration isolation

arms 336 can be formed on each side surface 312a, 312b of the base 312 of the resonator 3 10



to reduce the amount of vibration leakage from the arms 314, 316 to the base 312. In some

embodiments, the resonator 310 can be configured so that the vibration isolation arms 336

project laterally (i.e., in the positive x and negative x-directions) from the side surfaces 310a,

310b of the base 312 of the resonator 310. The vibration isolation arms 336 can be

positioned adjacent to the proximal ends 314a, 316a of the arms 314, 316, or can be

positioned at any location along the side surfaces 310a, 310b between the proximal ends

314a, 316a of the arms 314, 316 and the base edge 312a of the base 312. Additionally, in

some embodiments, the vibration isolation arms 336 can define any of the sizes or

configurations described above in conjunction with any of the other resonators.

[0138J In some embodiments, as in the illustrated embodiment, the vibration

isolation arms 336 can be sized and configured so that the width (represented by Wb2 in

Figure 9) of the base 312 in the region of the base 312 adjacent to the base edge 312a of the

base 312 is greater than the width (represented by WbI in Figure 9) of the base 312 in the

region of the vibration isolation arms 336. In some embodiments, the increased width Wb2

of the base 312 can increase the mounting area and stability of the base 312 of the resonator

310.

|0139J In some embodiments (not shown), the width WbJ can be greater than the

width (represented by Wa2 in Figure 9) from the side surface 3 10a of the first arm 314 to the

side surface 310b of the second arm 316. In some embodiments, the increased width WbI

created by the vibration isolation arms 336 relative to the width (represented by Wa2 in

Figure 9) of the arms 314, 316 can reduce the amount of vibration leakage from the arms 314,

316 to the base 312 of the resonator and, hence, increase the quality factor of the resonator.

[0140] Additionally, with reference to Figure 9 in some embodiments, one or

more notches 364 can be foπned in each of the side surfaces 312a, 312b of the base 312 to

reduce the amount of vibration leakage from the arms 314, 316 to the base 312. In some

embodiments, the resonator 310 can be configured so that the notches 364 are formed in the

lateral direction (i.e., in the positive x and negative x-directions) in the side surfaces 310a,

31Ob of the base 312 of the resonator 310. The notches 364 can be positioned adjacent to the

vibration isolation arms 336 or can be positioned at any location along the side surfaces 310a,

310b between the vibration isolation arms 336 and the base edge 312a of the base 312.



Additionally, as illustrated, the notches 364 can define a generally rectangular shape with

rounded internal corners. However, the geometry of the notches 364 is not so limited. In

some embodiments, the notches 364 can define any suitable size or geometry including, but

not limited to, generally curved, semicircular, triangular, or other desired shapes.

[0141] In some embodiments, the notches 364 can be sized and configured so that

the width (represented by Wb3 in Figure 9) of the base 312 in the region of the notches 364 is

less than the width (represented by Wa2 in Figure 9) from the side surface 3 1Oa of the first

arm 314 to the side surface 310b of the second arm 316. In some embodiments the

decreased width created by the notches 364 can reduce the amount of vibration leakage from

the arms 314, 316 to the base 312 of the resonator and, hence, increase the quality factor of

the resonator.

[0142] Figure 10 is a graph of experimental data showing the relative mean values

of the quality factor Q for five different resonator embodiments (i.e., Design Nos. 1-5). The

values shown in Figure 10 for each of Design Nos. 1-5 are mean Q values of the data

collected for a hermetically sealed ceramic package having an approximate size of 3.2 mm x

1.5 mm. The mean Q values shown in Figure 10 are based on particular testing conditions,

resonator configurations, and package configurations. Q values can vary depending on the

testing conditions and the actual configuration of the resonator and the case or package.

[0143] Design No. 1 is used as the reference point for the data comparison of

Figure 10. As illustrated, Design No. 1 has a pair of opposing notches formed m the base.

Design Nos. 2-5 have features that are novel and disclosed herein. As illustrated in Figure

10, Design No. 2 has a mean Q value that is approximately 12% higher than the Q value for

Design No. 1. Similarly, Design No. 3 has a mean Q value that is approximately 6% higher

than the Q value for Design No. 1. Design No. 4 has a mean Q value that is approximately

14% higher than the Q value for Design No. 1. Finally, Design No. 5 has a mean Q value

that is approximately 18% higher than the Q value for Design No. 1.

[0144] Therefore, as shown in Figure 10. Design Nos. 2 and 3 exhibited improved

values for quality factor Q as compared to Design No. 1. By adding a channel in the base,

Design Nos. 4 and 5 exhibited further improved values for the quality factor Q as compared



to Design No. 1. Additionally, based on the experimental data gathered, other Designs also

exhibited a higher level of repeatability than Design No. 1.

[0145] Any of the embodiments of the resonators described herein can have any

of the features, dimensions, or other details, or any combination of the features, dimensions,

or other details, of any other embodiment of the resonators described herein. Further, in

some embodiments, any of the piezoelectric resonators described herein can be formed by

processing piezoelectric quartz wafer in accordance with typical manufacturing processes.

For example, in some embodiments, the outer shape of the resonator, the grooves, vibration

isolation arms, through holes, channels, notches, and/or other features can be formed using

photolithography and wet etching techniques commonly used in the field. The above-

described electrodes can be formed from one or more thin film layers of gold, chromium, or

any other suitable material. In some embodiments, the thickness of the thin film layer or

layers comprising the electrodes can be approximately 0.2 µm. In some embodiments, the

electrodes can be formed of a thin film layer of gold overlaying a thin-film layer of

chromium. To foπn the electrode layers, the above-mentioned thin film can be formed on the

entire surface of the piezoelectric resonator using, for example, sputtering, evaporation or

other deposition techniques. Thereafter, a resist film can be formed on portions of the

piezoelectric resonator where the electrode layer is desired by a typical photolithographic

technique, followed by an etching process to remove the undesired portions of the thin-film

(i.e. the portions of the thin-film not covered with the resist).

(0146] Any of the resonators described herein can be hermetically sealed within a

ceramic package or case, such as the case 66 described in conjunction with the resonator 10'

described above in Figure 2B. The figures described above illustrate various embodiments of

resonators at the stage before the resonators are mounted in a typical ceramic package.

[0147] While the above detailed description has shown, described, and pointed

out novel features as applied to various embodiments it will be understood that various

omissions, substitutions, and changes in the form and details of the device or process

illustrated may be made without departing from the spirit of the disclosure. Additionally, the

various features and processes disclosed herein may be used independently of one another, or



may be combined in various ways. All possible combinations and subcombinations are

intended to fall within the scope of this disclosure.

[0148] As will be recognized, certain embodiments described herein may be

embodied within a form that does not provide all of the features and benefits set forth herein,

as some features may be used or practiced separately from others. The scope of the

inventions is indicated by the appended claims rather than by the foregoing description. All

changes which come within the meaning and range of equivalency of the claims are to be

embraced within their scope.



WHAT IS CLAIMED IS:
1. A piezoelectric resonator comprising:

a base defining a first base portion and a second base portion;

a first and a second vibrating arm projecting from a first edge of the first base

portion of the base;

a first vibration isolation arm projecting from a first lateral edge of the first

portion of the base, and a second vibration isolation arm projecting from a second

lateral edge of the first portion of the base so as to be collinear with the first vibration

isolation arm, the second lateral edge being opposite and approximately parallel to the

first lateral edge, and the first and second vibration isolation arms being

approximately perpendicular to the first and second vibrating arms;

a generally planar first main surface and a generally planar second main

surface defined by the base and the first and second vibrating arms, the first main

surface being generally parallel to the second main surface; and

an opening formed in each of the first and second vibrating arms, the opening

projecting from the first main surface to the second main surface of at least one of the

first and second vibrating amis, the opening being configured to conduct an electrical

current between the first and second main surfaces of the resonator:

wherein:

the first and second vibration isolation arms are sized and configured

such that a width of the first base portion is greater than a width of any portion

of the second base portion.

2 . The resonator of Claim 1. wherein the first and second vibration isolation

arms are sized and configured such that a width of the first base portion is from

approximately 20% to approximately 40% greater than a width of any portion of the second

base portion.

3. The resonator of Claim 1, further comprising a channel formed in the second

base portion of the base, the channel being formed in a direction that is parallel to the first

and second vibrating arms.

4. The resonator of Claim 1, further comprising at least one groove formed in at

least one of the first and second main surfaces of each of the first and second vibrating arms.



5. A piezoelectric resonator comprising:

a base;

a first vibrating arm and a second vibrating arm projecting from the base;

a generally planar first main surface and a generally planar second main

surface defined by the base and the first and second vibrating arms, the first main

surface being generally parallel to the second main surface; and

a first and a second vibration isolation arm projecting from the base, the first

and second vibration isolation arms being approximately perpendicular to the first and

second vibrating arms.

6. The resonator of Claim 5, wherein the base comprises a first base portion and

a second base portion, and the first and second vibration isolation arms project from the first

base portion of the base.

7. The resonator of Claim 6, wherein the first and second vibration isolation

arms are sized and configured such that a width of the first base portion is greater than a

width of any portion of the second base portion.

8. The resonator of Claim 6, wherein the first and second vibration isolation

arms are sized and configured such that a width of the first base portion is approximately

30% greater than a width of any portion of the second base portion.

9. The resonator of Claim 6, wherein the first and second vibration isolation

arms are sized and configured such that a width of the first base portion is from

approximately 20% to approximately 40% greater than a width of any portion of the second

base portion.

10. The resonator of Claim 6, wherein the second base portion has a uniform

width along the entire length of the second base portion.

11. The resonator of Claim 6, wherein the second base portion tapers along the

length thereof.

12. The resonator of Claim 5 wherein the first and second vibration isolation

arms project from the base in mutually opposing directions and are collinear.



13. The resonator of Claim 5, further comprising an opening formed in each of the

first and second vibrating arms, the opening extending from the first main surface to the

second main surface of at least one of the first and second vibrating arms.

14. The resonator of Claim 13, wherein an electrode is disposed on a surface of

the opening to conduct an electrical current between the first and second main surfaces of the

resonator.

15. The resonator of Claim 5, further comprising a channel formed in the base, the

channel being formed in a direction that is parallel to the first and second vibrating arms.

16. The resonator of Claim 15, wherein the channel is formed in the second base

portion of the base.

17. The resonator of Claim 15, wherein a longitudinal length of the channel is

greater than a mounting length of the resonator.

18. The resonator of Claim 15, wherein a longitudinal length of the channel is less

than a longitudinal length of the second base portion.

19. The resonator of Claim 5, further comprising at least one groove formed in at

least one of the first and second main surfaces of each of the first and second vibrating arms.

20. The resonator of Claim 19, further comprising an electrode disposed on the at

least one groove formed in at least one of the first and second main surfaces of each of the

first and second vibrating arms.

2 1. The resonator of Claim 19, further comprising an opening formed in at least

one of the first and second vibrating arms adjacent to the at least one groove, the opening

extending from the first main surface to the second main surface.

22. The resonator of Claim 5, further comprising two generally parallel grooves

formed in at least one of the first and second main surfaces of each of the first and second

vibrating arms.

23. The resonator of Claim 5, wherein first vibrating arm is substantially parallel

to the second vibrating arm.

24. A piezoelectric resonator comprising:

a base defining a first edge and a base edge that is generally parallel to the first

edge, a first base portion and a second base portion the first base portion being



defined as the portion of the base between the first edge and the second base portion,

and the second base portion being defined as the portion of the base between the first

base portion and the base edge;

a first vibrating arm and a second vibrating arm projecting from the first edge

of the base;

a generally planar first main surface and a generally planar second main

surface defined by the base and the first and second vibrating arms, the first main

surface being generally parallel to the second main surface: and

at least one groove formed in at least one of the first and second main surfaces

of each of the first and second vibrating arms;

wherein the base is sized and configured such that a width of the first base

portion is from approximately 20% to approximately 40% greater than a width of any

portion of the second base portion.
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