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(57) ABSTRACT 

An electromechanical resonator includes a substrate (150, 

450), an anchor (110, 510, 810) coupled to the substrate, a 
beam (120, 620, 1020, 1120, 1220, 1420) coupled to the 
anchor and suspended over the substrate, and a drive elec 

trode (130, 435, 630, 930, 933, 935, 1030, 1035, 1130, 1135, 
1435) coupled to the substrate and separated from the beam 
by a gap (140, 445, 640, 1040, 1045, 1140, 1145, 1445). The 
beam has a ?rst surface (321, 621, 1021, 1121), a second 
surface (322, 622), and a third surface (323, 623, 1023, 1123, 
1223, 1423). The ?rst surface de?nes a Width and a height, 
the second surface de?nes the height and a length, and the 
third surface de?nes the length and the Width. The Width, 
height, and length are substantially mutually perpendicular, 
and the beam resonates substantially only in compression 
mode and substantially only along an aXis de?ned by the 
length. 
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PROVIDE AN ANCHOR COUPLED To THE SUBSTRATE 
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PROVIDE A BEAM COUPLED TO THE ANCHOR AND SUSPENDED OVER THE SUBSTRATE 
BY THE ANCHOR. THE BEAM COMPRISING A FIRST SURFACE, A SECOND SURFACE, 

AND A THIRD SURFACE, WHEREIN THE FIRST SURFACE DEFINES A WIDTH 
AND A HEIGHT, THE SECOND SURFACE DEFINES THE HEIGHT AND A LENGTH, 

AND THE THIRD SURFACE DEFINES THE LENGTH AND THE WIDTH 

T g1640 
PROVIDE A DRIVE ELECTRODE COUPLED TO THE SUBSTRATE 

AND SEPARATED FROM THE BEAM BY A GAP 

- 1650 T < 
CAUSE THE BEAM T0 RESONATE SUBSTANTIALLY ONLY IN A COMPRESSION 
MODE AND SUBSTANTIALLY ONLY ALONG AN AXIS DEFINED BY THE LENGTH 
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ELECTROMECHANICAL RESONATOR AND 
METHOD OF OPERATING SAME 

FIELD OF THE INVENTION 

[0001] This invention relates generally to resonators, and 
relates more particularly to electromechanical resonators in 
semiconductor components. 

BACKGROUND OF THE INVENTION 

[0002] Micro-Electro-Mechanical Systems (MEMS) is the 
integration of mechanical elements and electronics on a 
common substrate, alloWing the realiZation of a complete 
system on a single chip. MEMS resonators are passive 
elements that possess a high quality factor (Q) and that can 
be used to integrate ?ltering, oscillator, and other functions 
on a single chip for applications such as Wireless commu 
nications systems. As an eXample, MEMS resonators can 
advantageously be used at intermediate frequency (IF) and 
radio frequency (RF) in communications systems based on 
superheterodyne, quasi-direct conversion, and direct con 
version architectures. A MEMS resonator can replace dis 
crete elements, active circuitry, and/or inductor-capacitor 
(LC) resonators and provide the same functionality With a 
higher Q, loWer poWer consumption, loWer noise, and loWer 
parts count, thus enabling systems With higher performance 
at loWer cost. In eXisting MEMS resonators, hoWever, the 
electromechanical coupling decreases as the frequency of 
the resonator increases, meaning such resonators are 
increasingly harder to drive at higher frequencies. Accord 
ingly, a need eXists for a resonator in Which the electrome 
chanical coupling is independent of the resonator frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] The invention Will be better understood from a 
reading of the folloWing detailed description, taken in con 
junction With the accompanying ?gures in the draWings in 
Which: 

[0004] FIG. 1 is a top vieW of a portion of an electrome 
chanical resonator according to an embodiment of the inven 

tion; 
[0005] FIG. 2 is a cross-sectional vieW of the portion of 
the electromechanical resonator of FIG. 1 taken along a 
section line 2-2 in FIG. 1; 

[0006] FIG. 3 is an orthogonal vieW of a portion of the 
electromechanical resonator of FIG. 1; 

[0007] FIG. 4 is a top vieW of a portion of an electrome 
chanical resonator according to another embodiment of the 
invention; 
[0008] FIG. 5 is a cross-sectional vieW of the portion of 
electromechanical resonator of FIG. 4 taken along a section 
line 5-5 in FIG. 4; 

[0009] FIG. 6 is a top vieW of a portion of an electrome 
chanical resonator according to another embodiment of the 
invention; 
[0010] FIG. 7 is an orthogonal vieW of a portion of an 
electromechanical resonator according to another embodi 
ment of the invention; 

[0011] FIG. 8 is an orthogonal vieW of a portion of an 
electromechanical resonator according to another embodi 
ment of the invention; 
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[0012] FIG. 9 is a top vieW of a portion of an electrome 
chanical resonator according to another embodiment of the 
invention; 
[0013] FIG. 10 is a top vieW of a portion of an electro 
mechanical resonator according to another embodiment of 
the invention; 

[0014] FIG. 11 is a top vieW of a portion of an electro 
mechanical resonator according to another embodiment of 
the invention; 

[0015] FIG. 12 is a top vieW of a portion of an electro 
mechanical resonator according to another embodiment of 
the invention; 

[0016] FIG. 13 is a top vieW of a portion of an electro 
mechanical resonator according to another embodiment of 
the invention; 

[0017] FIG. 14 is a top vieW of a portion of an electro 
mechanical resonator according to another embodiment of 
the invention; 

[0018] FIG. 15 is an orthogonal vieW of a portion of an 
electromechanical resonator according to an embodiment of 
the invention; and 

[0019] FIG. 16 is a ?oWchart illustrating a method of 
operating an electromechanical resonator according to an 
embodiment of the invention. 

[0020] For simplicity and clarity of illustration, the draW 
ing ?gures illustrate the general manner of construction, and 
descriptions and details of Well-known features and tech 
niques may be omitted to avoid unnecessarily obscuring the 
invention. Additionally, elements in the draWing ?gures are 
not necessarily draWn to scale. For eXample, the dimensions 
of some of the elements in the ?gures may be exaggerated 
relative to other elements to help improve understanding of 
embodiments of the present invention. The same reference 
numerals in different ?gures denote the same elements. 

[0021] The terms “?rst,”“second,”“third,”“fourth,” and 
the like in the description and in the claims, if any, are used 
for distinguishing betWeen similar elements and not neces 
sarily for describing a particular sequential or chronological 
order. It is to be understood that the terms so used are 
interchangeable under appropriate circumstances such that 
the embodiments of the invention described herein are, for 
eXample, capable of operation in sequences other than those 
illustrated or otherWise described herein. Furthermore, the 
terms “comprise,”“include,”“have,” and any variations 
thereof, are intended to cover a non-exclusive inclusion, 
such that a process, method, article, or apparatus that com 
prises a list of elements is not necessarily limited to those 
elements, but may include other elements not expressly 
listed or inherent to such process, method, article, or appa 
ratus. 

[0022] The terms “left,”“right,”“front,”“back,”“top,”“bot 
tom,”“over,”“under,” and the like in the description and in 
the claims, if any, are used for descriptive purposes and not 
necessarily for describing permanent relative positions. It is 
to be understood that the terms so used are interchangeable 
under appropriate circumstances such that the embodiments 
of the invention described herein are, for eXample, capable 
of operation in other orientations than those illustrated or 
otherWise described herein. The term “coupled,” as used 
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herein, is de?ned as directly or indirectly connected in an 
electrical or non-electrical manner. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0023] Referring noW to the ?gures, FIG. 1 is a top vieW 
of a portion of an electromechanical resonator 100 according 
to an embodiment of the invention. Electromechanical reso 
nator 100 comprises a substrate 150, an anchor 110 coupled 
to substrate 150, a beam 120 coupled to anchor 110 along a 
boundary line 115 (represented by a dashed line), and a drive 
electrode 130 coupled to substrate 150 and separated from 
beam 120 by a gap 140, Which, in at least one embodiment, 
is of a substantially constant siZe. Beam 120 may optionally 
comprise holes or indentations 125 along boundary line 115. 
Alternatively, anchor 110 may optionally comprise holes or 
indentations 126 along boundary line 115. Indentations 125 
and/or indentations 126 (represented by dashed lines) serve 
to reduce the amount of energy lost to absorption Within 
anchor 110. In one embodiment, electromechanical resona 
tor 100 does not comprise a ?exing or resonating arm 
betWeen anchor 110 and beam 120. Electromechanical reso 
nator 100 can be a MEMS resonator, as is also true of each 
of the other electromechanical resonators described herein. 

[0024] FIG. 2 is a cross-sectional vieW of the portion of 
electromechanical resonator 100 taken along a section line 
2-2 in FIG. 1. As illustrated in FIG. 2, beam 120 is 
suspended over substrate 150. Electrical contact betWeen 
electromechanical resonator 100 and its support circuitry 
(not shoWn) can be accomplished in accordance With meth 
ods knoWn in the art. As an example, such electrical contact 
can be accomplished using electrically conducting vias (not 
shoWn). Electrical contact betWeen the other electrome 
chanical resonators described herein can be similar to that 
described for electromechanical resonator 100. 

[0025] FIG. 3 is an orthogonal vieW of a portion of 
electromechanical resonator 100. As illustrated in FIG. 3, 
beam 120 comprises a surface 321, a surface 322, and a 
surface 323. Surface 321 de?nes a Width 371 and a height 
372 for beam 120; surface 322 de?nes height 372 and a 
length 373 for beam 120; and surface 323 de?nes length 373 
and Width 371 for beam 120. Width 371, height 372, and 
length 373 are substantially mutually perpendicular to each 
other. Beam 120 resonates substantially only along an axis 
de?ned by length 373 by contracting in a direction aWay 
from drive electrode 130 and expanding along the axis in a 
direction toWard drive electrode 130. In the embodiment 
illustrated in FIGS. 1-3, drive electrode 130 (FIG. 2) is 
adjacent to surface 321, and beam 120 is coupled to anchor 
110 at a surface opposite surface 321. In one embodiment, 
surface 321 is parallel to the opposing surface of drive 
electrode 130 (FIG. 2). 

[0026] The electromechanical coupling and the frequency 
of electromechanical resonator 100 are independent of each 
other, and the same is true of each of the other electrome 
chanical resonators described herein. This independence of 
electromechanical coupling and frequency alloWs each elec 
tromechanical resonator according to embodiments of the 
invention to be driven at higher frequencies than are possible 
With existing resonators. More speci?cally, in at least one 
embodiment, the frequency of the resonance is inversely 
proportional to the dimension of the beam in Which the beam 
resonates (the resonance dimension), but does not depend on 
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any other dimension of the beam. On the other hand, the 
electromechanical coupling of the electromechanical reso 
nator depends on a dimension of the beam other than the 
resonance dimension and does not depend on the resonance 
dimension. Accordingly, for each of the electromechanical 
resonators described herein, the frequency of the resonance 
can be increased Without decreasing the electromechanical 
coupling. As an example, in the embodiment illustrated in 
FIGS. 1-3, the frequency of electromechanical resonator 
100 is inversely proportional to length 373, While the 
electromechanical coupling of electromechanical resonator 
100 is proportional to Width 371. 

[0027] The biasing of drive electrode 130 (FIG. 2) and 
beam 120, e.g., via anchor 110, Will force beam 120 to move 
toWard and aWay from drive electrode 130, and to resonate 
substantially only in compression mode. In one embodi 
ment, the biasing of drive electrode 130 and beam 120 can 
be superimposed With an RF signal in order to bring about 
the compression-mode resonance. 

[0028] Substrate 150 can comprise silicon, and anchor 
110, beam 120, and drive electrode 130 can comprise doped 
polysilicon. Alternatively, substrate 150 can comprise 
another material, such as ceramic, glass, a semiconductor 
material, or the like, and beam 120 and drive electrode 130 
can comprise another electrically conductive material, such 
as silicon, metal, or the like, or any combination of an 
electrically conductive and an electrically non-conductive 
material such as silicon oxide, silicon nitride, or the like. In 
one embodiment, anchor 110 also comprises an electrically 
conductive material. 

[0029] FIG. 4 is a top vieW of a portion of an electrome 
chanical resonator 400 according to another embodiment of 
the invention. FIG. 5 is a cross-sectional vieW of the portion 
of electromechanical resonator 400 taken along a section 
line 5-5 in FIG. 4. Referring to FIGS. 4 and 5, electrome 
chanical resonator 400 comprises a substrate 450, an anchor 
510 coupled to substrate 450, a beam 420 suspended over 
substrate 450 and coupled to anchor 510 at a surface 524 of 
beam 420, a drive electrode 430 coupled to substrate 450 
and separated from beam 420 by a gap 440, Which is 
preferably substantially constant in siZe, and a drive elec 
trode 435 coupled to substrate 450 and separated from beam 
420 by a gap 445, Which is preferably substantially constant 
in siZe. Beam 420 has a surface 421, a surface 426 opposite 
surface 421, a surface 423, and surface 524 opposite surface 
423. Drive electrode 430 is adjacent to, and preferably 
parallel to, surface 421 of beam 420. Drive electrode 435 is 
adjacent to, and preferably parallel to, surface 426 of beam 
420. Anchor 510 is located betWeen substrate 450 and beam 
420. 

[0030] The biasing of drive electrodes 430 and 435 and of 
beam 420, e.g., via anchor 510, Will force surfaces 421 and 
426 of beam 420 to contract toWard and expand aWay from 
drive electrodes 430 and 435, respectively, along an axis 
substantially parallel to surface 423 and substantially per 
pendicular to surfaces 421 and 426, and to resonate sub 
stantially only in compression mode. In one embodiment, 
the biasing of drive electrodes 430 and 435 and of beam 420 
can be superimposed With an RF signal in order to bring 
about the contraction-mode resonance. 

[0031] The biasing of drive electrodes 430 and 435 in a 
polarity that is the same as the polarity of the bias applied to 
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beam 420, e.g., via anchor 510, causes surfaces 421 and 426 
of beam 420 to contract toward each other along an axis 
substantially parallel to surface 423 and substantially per 
pendicular to surfaces 421 and 4256. Surfaces 421 and 426 
of beam 420 expand, along the same axis, toWard drive 
electrodes 430 and 435, respectively, to the original length 
of beam 420 as soon as the contraction caused by drive 
electrodes 430 and 435 is complete. 

[0032] FIG. 6 is a top vieW of a portion of an electrome 
chanical resonator 600 according to an embodiment of the 
invention. Electromechanical resonator 600 comprises a 
beam 620, a drive electrode 630 separated from beam 620 by 
a gap 640, Which is preferably substantially constant in siZe, 
and a drive electrode 635 separated from beam 620 by a gap 
645, Which is also preferably substantially constant in siZe. 
Beam 620 comprises a surface 621, a surface 626 opposite 
surface 621, a surface 622, a surface 627 opposite surface 
622, and a surface 623. Surfaces 621 and 626 de?ne a Width 
671. Surfaces 622 and 623 de?ne a length 673, and surfaces 
623 and 627 de?ne a length 674 different from length 673 
such that surface 623 varies in length across its Width. Such 
variation in length can be substantially continuous, as 
shoWn, or can be a stepWise variation. 

[0033] For simplicity of illustration, additional features of 
electromechanical resonator 600, such as a substrate, an 
anchor, and optional indentations, are not shoWn in FIG. 6, 
but such additional features can be similar to the correspond 
ing features of embodiments of electromechanical resonator 
100 and/or electromechanical resonator 400 shoWn in the 
preceding ?gures. As an example, an anchor of electrome 
chanical resonator 600 can be similar to anchor 510 in FIG. 
5. Additionally, the resonance of electromechanical resona 
tor 600 can be similar to the resonance of electromechanical 
resonator 400, shoWn in FIGS. 4 and 5. Surface 626 of 
electromechanical resonator 600 is preferably parallel to the 
opposing surface of drive electrode 635, and surface 621 is 
preferably parallel to the opposing surface of drive electrode 
630. 

[0034] It Will be understood that the difference betWeen 
length 673 and length 674 is very small. As an example, the 
difference in length may represent tWenty percent or less of 
length 673 or of length 674. Accordingly, electromechanical 
resonator 600 may exhibit a resonance peak in frequency 
space that is broader than the resonance peak in frequency 
space of electromechanical resonator 100, ?rst shoWn in 
FIG. 1, and electromechanical resonator 400, ?rst shoWn in 
FIG. 4. The broadened resonance peak in frequency space 
is due to the fact that lengths 673 and 674, along With all of 
the other lengths of surface 623, contribute their oWn, 
slightly different resonance-frequency spectrum. An electro 
mechanical resonator having a broadened resonance peak 
such as is described above may be more useful in applica 
tions such as broadband ?lters than an electromechanical 
resonator having a more narroW resonance peak. 

[0035] Some alternate con?gurations of beams, drive elec 
trodes, and anchors that may also affect resonance peaks in 
frequency space are shoWn in FIGS. 10-13. The con?gura 
tions shoWn in FIGS. 6 and 10-13 may be thought of as 
“hardWare” resonance tuning methods. At least one non 
hardWare resonance tuning method is also available, in 
Which a direct-current bias of the electromechanical reso 
nators described herein can be adjusted in order to ?ne-tune 
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the frequency of the resonance. It Will be understood by one 
of ordinary skill in the art that any electromechanical 
resonator according to an embodiment of the invention can 
posses or make use of any of the resonance peak broadening 
con?gurations or techniques discussed herein. 

[0036] FIG. 7 is an orthogonal vieW of a portion of an 
electromechanical resonator 700 according to another 
embodiment of the invention. Electromechanical resonator 
700 comprises an anchor 710, a beam 720 coupled to anchor 
710, a drive electrode 730 separated from beam 720 by a gap 
740, Which is preferably substantially constant in siZe, and 
a drive electrode 735 separated from beam 720 by a gap 745, 
Which is preferably substantially constant in siZe. Beam 720 
comprises a surface 721, a surface 722, and a surface 723. 
Surfaces 721, 722, and 723 can be similar to, respectively, 
surfaces 321, 322, and 323, ?rst shoWn in FIG. 3. Drive 
electrode 730 is adjacent to, and is preferably substantially 
parallel to, surface 721 of beam 720, and drive electrode 735 
is adjacent to, and is preferably substantially parallel to, a 
surface of beam 720 opposite surface 721. Beam 720 is 
coupled to anchor 710 at a surface opposite surface 723. For 
simplicity of illustration, additional features of electrome 
chanical resonator 700, such as a substrate, are not shoWn in 
FIG. 7, but can be similar to the corresponding features of 
embodiments of electromechanical resonator 100 or elec 
tromechanical resonator 400 shoWn in at least some of the 
preceding ?gures. 

[0037] Electromechanical resonator 700 further comprises 
an anchor 711, an anchor 712, and an anchor 713. Beam 720 
is coupled to anchor 711 at the surface opposite surface 723, 
and is coupled to anchors 712 and 713 at surface 723. In 
other embodiments, electromechanical resonator 700 can 
comprise more or feWer anchors than the number of anchors 
shoWn in FIG. 7, and any one of the more or feWer anchors 
can either be adjacent to surface 723 or adjacent to the 
surface opposite surface 723. This includes an embodiment 
Where all of the anchors, or a single anchor, are adjacent to 
surface 723 as Well as another embodiment Where all of the 
anchors, or a single anchor, are adjacent to the surface 
opposite surface 723. A line 790 perpendicular to surface 
723 of beam 720 de?nes a vertical direction, and in one 
embodiment anchors 710 and 712 are aligned in the vertical 
direction. In the same or another embodiment, anchors 711 
and 713 are aligned in the vertical direction. Anchors 712 
and 713 can be coupled to a non-illustrated layer of elec 
tromechanical resonator 700 located above anchors 712 and 
713. As an example, the non-illustrated layer can be similar 
to substrate 150, ?rst illustrated in FIG. 1. The resonance of 
electromechanical resonator 700 can be similar to the reso 
nance of electromechanical resonator 400, shoWn in FIGS. 
4 and 5. 

[0038] FIG. 8 is an orthogonal vieW of a portion of an 
electromechanical resonator 800 according to another 
embodiment of the invention. Electromechanical resonator 
800 comprises an anchor 810, a beam 820 coupled to anchor 
810, a drive electrode 830 separated from beam 820 by a gap 
840, Which is preferably substantially constant in siZe, a 
drive electrode 835 separated from beam 820 by a gap 845, 
Which is also preferably substantially constant in siZe, and a 
substrate 850, only a portion of Which is illustrated. Beam 
820 comprises a surface 821, a surface 822, and a surface 
823. Surfaces 821, 822, and 823 can be similar to, respec 
tively, surfaces 321, 322, and 323, ?rst shoWn in FIG. 3. 
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Drive electrode 830 is adjacent to, and is preferably sub 
stantially parallel to, surface 821 of beam 820, and drive 
electrode 835 is adjacent to, and is preferably substantially 
parallel to, a surface of beam 820 opposite surface 821. 
Beam 820 is coupled to anchor 810 at surface 822. 

[0039] Electromechanical resonator 800 further comprises 
an anchor 811, an anchor 812, and an anchor 813. Beam 820 
is coupled to anchor 811 at surface 822, and is coupled to 
anchors 812 and 813 at the surface opposite surface 822. 
Free ends 860 of anchors 810, 811, 812, and 813 may be 
coupled to non-illustrated support blocks, Which support 
blocks may be located above and/or rest on substrate 850. 
Anchors 810, 811, 812, and 813 are siZed such that they do 
not bend or ?ex in a direction perpendicular to surface 823 
of beam 820. The non-illustrated support blocks may pro 
vide an electrical connection to beam 820 through anchors 
810, 811, 812, and 813. 

[0040] In other embodiments, electromechanical resonator 
800 can comprise more or feWer anchors than the number of 
anchors shoWn in FIG. 8, and any one of the more or feWer 
anchors can either be adjacent to surface 822 or adjacent to 
the surface opposite surface 822. This includes an embodi 
ment Where all of the anchors, or a single anchor, are 
adjacent to surface 822 as Well as another embodiment 
Where all of the anchors, or a single anchor, are adjacent to 
the surface opposite surface 822. A line 890 perpendicular to 
surface 822 of beam 820 de?nes a horiZontal direction, and 
in one embodiment anchors 810 and 812 are aligned in the 
horiZontal direction. In the same or another embodiment, 
anchors 811 and 813 are aligned in the horiZontal direction. 
The resonance of electromechanical resonator 800 can be 
similar to the resonance of electromechanical resonator 400, 
shoWn in FIGS. 4 and 5. 

[0041] FIG. 9 is a top vieW of a portion of an electrome 
chanical resonator 900 according to another embodiment of 
the invention. Electromechanical resonator 900 comprises 
an anchor 910, a beam 920 coupled to anchor 910 along 
boundary line 915, a drive electrode 930 separated from 
beam 920 by a gap 940, a drive electrode 933 separated from 
beam 920 by gap 940, and a drive electrode 935 separated 
from beam 920 by gap 940. Gap 940 is preferably substan 
tially constant in siZe betWeen beam 930 and each of drive 
electrodes 930, 933, and 935. For simplicity of illustration, 
additional features of electromechanical resonator 900, such 
as a substrate and optional indentations in anchor 910 or 
beam 920, are not shoWn in FIG. 9, but can be similar to the 
corresponding features of embodiments of electromechani 
cal resonator 100 or electromechanical resonator 400 shoWn 
in at least some of the preceding ?gures. In another embodi 
ment, electromechanical resonator 900 can comprise more 
or feWer drive electrodes than the number of drive electrodes 
shoWn in FIG. 9. 

[0042] It Will be understood by one of ordinary skill in the 
art that the characteristic of multiple drive electrodes adja 
cent to at least one single surface of a beam of an electro 
mechanical resonator, Which characteristic is ?rst shoWn in 
FIG. 9, can be applied to any electromechanical resonator 
according to embodiments of the invention. For eXample, in 
the embodiments of an electromechanical resonator shoWn 
in FIGS. 4-8, any one of drive electrodes 130, 430, 435, 630, 
635, 730, 735, 830, and 835 can be replaced With tWo or 
more drive electrodes, such that one or multiple drive 
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electrodes can be located adjacent to particular surfaces of 
beams 120, 420, 620, 720, and 820. 

[0043] FIGS. 10-13 illustrate alternate con?gurations of 
beams, drive electrodes, and, in the case of FIGS. 12 and 
13, anchors that may affect the resonance peak in frequency 
space of an electromechanical resonator according to 
embodiments of the invention. FIGS. 10-13 are represen 
tative of a larger number of such alternate con?gurations, 
and should not be understood to represent all possibilities of 
such alternate con?gurations. 

[0044] FIG. 10 is a top vieW of a portion of an electro 
mechanical resonator 1000 according to another embodi 
ment of the invention. Electromechanical resonator 1000 
comprises a beam 1020, a drive electrode 1030 separated 
from beam 1020 by a gap 1040, Which is preferably sub 
stantially constant in siZe, and a drive electrode 1035 sepa 
rated from beam 1020 by a gap 1045, Which is also prefer 
ably substantially constant in siZe. Beam 1020 comprises a 
surface 1021, a surface 1026 opposite surface 1021, a 
surface 1022, a surface 1027 opposite surface 1022, and a 
surface 1023. Surface 1026 of beam 1020 is preferably 
conformal and substantially parallel to the opposing surface 
of drive electrode 1035. Similarly, surface 1021 of beam 
1020 is preferably conformal and substantially parallel to the 
opposing surface of drive electrode 1030. 

[0045] A length of beam 1020 is measured betWeen sur 
face 1021 and surface 1026, and a Width of beam 1020 is 
measured betWeen surface 1022 and surface 1027. As illus 
trated in FIG. 10, the length of beam 1020 varies across the 
Width of beam 1020. Such variation in length can be 
stepWise, as shoWn, or can be a substantially continuous 
variation. As an eXample, electromechanical resonator 1000 
can be anchored in a manner similar to that shoWn for, e.g., 
electromechanical resonators 400, 700, and 800 in FIGS. 4 
and 5, 7, and 8, respectively. Additionally, the resonance of 
electromechanical resonator 1000 can be similar to the 
resonance of electromechanical resonator 400, shoWn in 
FIGS. 4 and 5. 

[0046] FIG. 11 is a top vieW of a portion of an electro 
mechanical resonator 1100 according to another embodi 
ment of the invention. Electromechanical resonator 1100 
comprises a beam 1120, a drive electrode 1130 separated 
from beam 1120 by a gap 1140, Which is preferably sub 
stantially constant in siZe, and a drive electrode 1135 sepa 
rated from beam 1120 by a gap 1145, Which is also prefer 
ably substantially constant in siZe. Beam 1120 comprises a 
surface 1121, a surface 1126 opposite surface 1121, a surface 
1122, a surface 1127 opposite surface 1122, and a surface 
1123. Surface 1126 of beam 1120 is preferably conformal 
and substantially parallel to the opposing surface of drive 
electrode 1135. Similarly, surface 1121 of beam 1120 is 
preferably conformal and substantially parallel to the oppos 
ing surface of drive electrode 1130. 

[0047] A length of beam 1120 is measured betWeen sur 
face 1121 and surface 1126, and a Width of beam 1120 is 
measured betWeen surface 1122 and surface 1127. As illus 
trated in FIG. 11, the length of beam 1120 varies across the 
Width of beam 1120. Such variation in length can be 
stepWise, as shoWn, or can be a substantially continuous 
variation. As an eXample, electromechanical resonator 1100 
can be anchored in a manner similar to that shoWn for, e.g., 
electromechanical resonators 400, 700, and 800 in FIGS. 4 



US 2005/0046518 A1 

and 5, 7, and 8, respectively. Additionally, the resonance of 
electromechanical resonator 1100 can be similar to the 
resonance of electromechanical resonator 400, shoWn in 
FIGS. 4 and 5. 

[0048] FIG. 12 is a top vieW of a portion of an electro 
mechanical resonator 1200 according to another embodi 
ment of the invention. Electromechanical resonator 1200 
comprises an anchor 1210, a beam 1220 coupled to anchor 
1210, and a drive electrode 1230 separated from beam 1220 
by a gap 1240, Which is preferably substantially constant in 
siZe. Beam 1220 comprises a surface 1221, a surface 1226 
opposite surface 1221, a surface 1222, a surface 1227 
opposite surface 1222, and a surface 1223. Surface 1221 is 
preferably substantially parallel to the opposing surface of 
drive electrode 1230. A length of beam 1220 is measured 
betWeen surface 1221 and surface 1226, and a Width of beam 
1220 is measured betWeen surface 1222 and surface 1227. 
As illustrated in FIG. 12, the length of beam 1220 varies 
across the Width of beam 1220. Such variation in length can 
be stepWise, as shoWn, or can be a substantially continuous 
variation. Beam 1220 may optionally comprise indentations 
1225. Indentations 1225 can be similar to indentations 125, 
?rst shoWn in FIG. 1. Alternatively, anchor 1210 may 
include indentations in a manner similar to anchor 110 in 
FIG. 1. The resonance of electromechanical resonator 1200 
can be similar to the resonance of electromechanical reso 
nator 100, ?rst shoWn in FIG. 1. 

[0049] FIG. 13 is a top vieW of a portion of an electro 
mechanical resonator 1300 according to another embodi 
ment of the invention. Electromechanical resonator 1300 
comprises a beam 1320 coupled to anchor 1310, a drive 
electrode 1330 separated from beam 1320 by a gap 1340, 
Which is preferably substantially constant in siZe, and a drive 
electrode 1335 separated from beam 1320 by a gap 1345, 
Which is also preferably substantially constant in siZe. Beam 
1320 comprises a surface 1321, a surface 1326 opposite 
surface 1321, and a surface 1323. Electromechanical reso 
nator 1300 also comprises an anchor 1310 (shoWn in broken 
lines to indicate that it is under surface 1323). Beam 1320 
further comprises a portion 1368 and a portion 1369 located 
at opposite sides of anchor 1310, Where portion 1368 has a 
length 1378 that is different from a length 1379 of portion 
1369. 

[0050] FIG. 14 is a top vieW of a portion of an electro 
mechanical resonator 1400 according to another embodi 
ment of the invention. Electromechanical resonator 1400 
comprises a beam 1420, a drive electrode 1430 separated 
from beam 1420 by a gap 1440, Which is preferably sub 
stantially constant in siZe, and a drive electrode 1435 sepa 
rated from beam 1420 by a gap 1445, Which is also prefer 
ably substantially constant in siZe. Beam 1420 comprises a 
surface 1421, a surface 1426 opposite surface 1421, a 
surface 1422, and a surface 1423. Note that in the embodi 
ment illustrated in FIG. 14, surfaces 1422 and 1426 of beam 
1420 are not substantially perpendicular to each other. 
HoWever, the opposing surfaces of drive electrode 1430 and 
drive electrode 1435 are still substantially parallel to sur 
faces 1421 and 1426, respectively. As an eXample, electro 
mechanical resonator 1400 can be anchored in a manner 

similar to that shoWn for, e.g., electromechanical resonators 
400, 700, and 800 in FIGS. 4 and 5, 7, and 8, respectively. 
Additionally, the resonance of electromechanical resonator 
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1400 can be similar to the resonance of electromechanical 
resonator 400, shoWn in FIGS. 4 and 5. 

[0051] FIG. 15 is an orthogonal vieW of an electrome 
chanical resonator 1500 according to another embodiment of 
the invention. Electromechanical resonator 1500 comprises 
an anchor 1510, a beam 1520 coupled to anchor 1510, a 
drive electrode 1530 separated from beam 1520 by a gap 
1540, Which is preferably substantially constant in siZe, and 
a drive electrode 1535 separated from beam 1520 by a gap 
1545, Which is also preferably substantially constant in siZe. 
Beam 1520 comprises a surface 1521, a surface 1522, and a 
surface 1523. Surfaces 1521, 1522, and 1523 can be similar 
to, respectively, surfaces 321, 322, and 323, ?rst shoWn in 
FIG. 3. Drive electrode 1530 is adjacent to, and is preferably 
substantially parallel to, surface 1521 of beam 1520, and 
drive electrode 1535 is adjacent to, and is preferably sub 
stantially parallel to, a surface of beam 1520 opposite 
surface 1521. Beam 1520 is coupled to anchor 1510 at a 
surface opposite surface 1523. For simplicity of illustration, 
additional features of electromechanical resonator 1500, 
such as a substrate, are not shoWn in FIG. 15, but can be 
similar to the corresponding features of embodiments of 
electromechanical resonator 100 or electromechanical reso 

nator 400 shoWn in at least some of the preceding ?gures. 

[0052] Electromechanical resonator 1500 further com 
prises an anchor 1511, an anchor 1512, and an anchor 1513. 
Beam 1520 is coupled to anchor 1511 at the surface opposite 
surface 1523, and is coupled to anchors 1512 and 1513 at 
surface 1523. In other embodiments, electromechanical 
resonator 1500 can comprise more or feWer anchors than the 
number of anchors shoWn in FIG. 15, and any one of the 
more or feWer anchors can either be adjacent to surface 1523 
or adjacent to the surface opposite surface 1523. This 
includes an embodiment Where all of the anchors, or a single 
anchor, are adjacent to surface 1523 as Well as another 
embodiment Where all of the anchors, or a single anchor, are 
adjacent to the surface opposite surface 1523. A line 1590 
perpendicular to surface 1523 of beam 1520 de?nes a 
vertical direction, and in one embodiment anchors 1510 and 
1512 are aligned in the vertical direction. In the same or 
another embodiment, anchors 1511 and 1513 are aligned in 
the vertical direction. Anchors 1512 and 1513 can be 
coupled to a non-illustrated layer of electromechanical reso 
nator 1500 located above anchors 1512 and 1513. As an 
eXample, the non-illustrated layer can be similar to substrate 
150, ?rst illustrated in FIG. 1. 

[0053] Anchor 1512 comprises a plurality of anchor seg 
ments 1518, and anchor 1513 comprises a plurality of 
anchor segments 1519. Electromechanical resonator 1500 
further comprises a plurality of anchor gaps 1528 and 1529. 
Adjacent ones of anchor segments 1518 are separated by one 
of the plurality of anchor gaps 1528, and adjacent ones of 
anchor segments 1519 are separated by one of the plurality 
of anchor gaps 1529. Anchors 1512 and 1513, being seg 
mented as shoWn and described, serve to reduce the amount 
of energy lost to absorption Within anchor 110 in a manner 
similar to indentations 125 and/or indentations 126, ?rst 
shoWn in FIG. 1. It Will be understood that any one, or all, 
of the anchors that form a part of electromechanical reso 
nator 1500, including anchors 1510, 1511, 1512, and 1513 
can be segmented. The resonance of electromechanical 
resonator 600 can be similar to the resonance of electrome 
chanical resonator 400, shoWn in FIGS. 4 and 5. 
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[0054] FIG. 16 is a ?owchart illustrating a method 1600 
of operating an electromechanical resonator according to an 
embodiment of the invention. A step 1610 of method 1600 
is to provide a substrate. As an example, the substrate can be 
similar to substrates 150, 450, or 850, ?rst shoWn in FIGS. 
1, 4, and 8, respectively. 

[0055] Astep 1620 of method 1600 is to provide an anchor 
coupled to the substrate. As an example, the anchor can be 
similar to anchor 110, ?rst shoWn in FIG. 1, anchor 510, ?rst 
shoWn in FIG. 5, anchors 710, 711, 712, or 713, ?rst shoWn 
in FIG. 7, anchors 810, 811, 812, or 813, ?rst shoWn in FIG. 
8, anchor 910, ?rst shoWn in FIG. 9, anchor 1210, ?rst 
shoWn in FIG. 12, or anchors 1510, 1511, 1512, or 1513, 
?rst shoWn in FIG. 15. 

[0056] A step 1630 of method 1600 is to provide a beam 
coupled to the anchor and suspended over the substrate by 
the anchor, the beam comprising a ?rst surface, a second 
surface, and a third surface, Wherein the ?rst surface de?nes 
a Width and a height, the second surface de?nes the height 
and a length, and the third surface de?nes the length and the 
Width. As an example, the beam can be similar to beam 120, 
?rst shoWn in FIG. 1, beam 420, ?rst shoWn in FIG. 4, beam 
620, ?rst shoWn in FIG. 6, beam 720, ?rst shoWn in FIG. 
7, beam 820, ?rst shoWn in FIG. 8, beam 920, ?rst shoWn 
in FIG. 9, beam 1020, ?rst shoWn in FIG. 10, beam 1120, 
?rst shoWn in FIG. 1, beam 1220, ?rst shoWn in FIG. 12, 
beam 1320, ?rst shoWn in FIG. 13, beam 1420, ?rst shoWn 
in FIG. 14, or beam 1520, ?rst shoWn in FIG. 15. 

[0057] A step 1640 of method 1600 is to provide a drive 
electrode coupled to the substrate and separated from the 
beam by a gap. As an example, the drive electrode can be 
similar to drive electrode 130, ?rst shoWn in FIG. 1, drive 
electrodes 430 or 435, ?rst shoWn in FIG. 4, drive electrodes 
630 or 635, ?rst shoWn in FIG. 6, drive electrodes 730 or 
735, ?rst shoWn in FIG. 7, drive electrode 830 or 835, ?rst 
shoWn in FIG. 8, drive electrodes 930, 933, or 935, ?rst 
shoWn in FIG. 9, drive electrodes 1030 or 1035, ?rst shoWn 
in FIG. 10, drive electrodes 1130 or 1135, ?rst shoWn in 
FIG. 11, drive electrode 1230, ?rst shoWn in FIG. 12, drive 
electrodes 1330 or 1335, ?rst shoWn in FIG. 13, drive 
electrodes 1430 or 1435, ?rst shoWn in FIG. 14, or drive 
electrodes 1530 or 1535, ?rst shoWn in FIG. 15. 

[0058] A step 1650 of method 1600 is to cause the beam 
to resonate substantially only in a compression mode and 
substantially only along an axis de?ned by the length. As an 
example, the beam may be caused to so resonate by biasing 
the drive electrode and the beam, e.g., via the anchor. Such 
biasing forces the beam to move toWard or aWay from the 
drive electrode(s), and facilitates the resonance substantially 
only in compression mode. In one embodiment, the biasing 
of the drive electrode and the beam can be superimposed 
With an RF signal in order to bring about the contraction 
mode resonance. 

[0059] Although the invention has been described With 
reference to speci?c embodiments, it Will be understood by 
those skilled in the art that various changes may be made 
Without departing from the spirit or scope of the invention. 
Various examples of such changes have been given in the 
foregoing description. Accordingly, the disclosure of 
embodiments of the invention is intended to be illustrative of 
the scope of the invention and is not intended to be limiting. 
It is intended that the scope of the invention shall be limited 
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only to the extent required by the appended claims. For 
example, to one of ordinary skill in the art, it Will be readily 
apparent that the electromechanical resonator discussed 
herein may be implemented in a variety of embodiments, 
and that the foregoing discussion of certain of these embodi 
ments does not necessarily represent a complete description 
of all possible embodiments. 

[0060] Additionally, bene?ts, other advantages, and solu 
tions to problems have been described With regard to spe 
ci?c embodiments. The bene?ts, advantages, solutions to 
problems, and any element or elements that may cause any 
bene?t, advantage, or solution to occur or become more 
pronounced, hoWever, are not to be construed as critical, 
required, or essential features or elements of any or all of the 
claims. 

[0061] Moreover, embodiments and limitations disclosed 
herein are not dedicated to the public under the doctrine of 
dedication if the embodiments and/or limitations: (1) are not 
expressly claimed in the claims; and (2) are or are potentially 
equivalents of express elements and/or limitations in the 
claims under the doctrine of equivalents. 

What is claimed is: 
1. An electromechanical resonator comprising: 

a substrate; 

an anchor coupled to the substrate; 

a beam coupled to the anchor and suspended over the 
substrate by the anchor, the beam comprising a ?rst 
surface, a second surface, and a third surface; and 

a drive electrode coupled to the substrate and separated 
from the beam by a gap, 

Wherein: 

the ?rst surface de?nes a Width and a height, the second 
surface de?nes the height and a length, and the third 
surface de?nes the length and the Width; and 

the beam resonates substantially only in a compression 
mode and substantially only along an axis de?ned by 
the length. 

2. The electromechanical resonator of claim 1 Wherein: 

the Width, height, and length are substantially mutually 
perpendicular to each other. 

3. The electromechanical resonator of claim 1 Wherein: 

the drive electrode is adjacent to the ?rst surface; and 

the beam is coupled to the anchor at a surface of the beam 
opposite the ?rst surface. 

4. The electromechanical resonator of claim 3 Wherein: 

the beam comprises at least one indentation in the surface 
opposite the ?rst surface. 

5. The electromechanical resonator of claim 3 Wherein: 

the anchor comprises at least one indentation adjacent to 
the surface opposite the ?rst surface. 

6. The electromechanical resonator of claim 1 Wherein: 

the drive electrode comprises a ?rst drive electrode; 

the electromechanical resonator further comprises a sec 
ond drive electrode; 

the ?rst drive electrode is adjacent to the ?rst surface; 
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the second drive electrode is adjacent to a surface of the 
beam opposite the ?rst surface; 

the anchor is located betWeen the substrate and the beam; 
and 

the beam is coupled to the anchor at a surface of the beam 
opposite the third surface. 

7. The electromechanical resonator of claim 6 Wherein: 

the electromechanical resonator further comprises: 

a second anchor coupled to the beam at the third 
surface. 

8. The electromechanical resonator of claim 1 Wherein: 

the drive electrode comprises a ?rst drive electrode; 

the electromechanical resonator further comprises a sec 
ond drive electrode; 

the ?rst drive electrode is adjacent to the ?rst surface; 

the second drive electrode is adjacent to a surface of the 
beam opposite the ?rst surface; and 

the beam is coupled to the anchor at the third surface. 
9. The electromechanical resonator of claim 7 Wherein: 

a line perpendicular to the third surface de?nes a vertical 
direction; and 

the anchor and the second anchor are aligned in the 
vertical direction. 

10. The electromechanical resonator of claim 7 Wherein: 

the anchor comprises a plurality of anchor segments and 
a plurality of anchor gaps; and 

adjacent ones of the anchor segments are spaced apart by 
one of the plurality of anchor gaps. 

11. The electromechanical resonator of claim 6 Wherein: 

the length of the third surface varies across the Width of 
the third surface. 

12. The electromechanical resonator of claim 11 Wherein: 

the anchor comprises a plurality of anchor segments and 
a plurality of anchor gaps; and 

adjacent ones of the anchor segments are spaced apart by 
one of the plurality of anchor gaps. 

13. The electromechanical resonator of claim 1 Wherein: 

the drive electrode comprises a ?rst drive electrode; 

the electromechanical resonator further comprises a sec 
ond drive electrode; 

the ?rst drive electrode is adjacent to the ?rst surface; 

the second drive electrode is adjacent to a surface of the 
beam opposite the ?rst surface; and 

the beam is coupled to the anchor at the second surface. 
14. The electromechanical resonator of claim 13 Wherein: 

the electromechanical resonator further comprises: 

a second anchor coupled to the beam at a surface of the 
beam opposite the second surface. 

15. The electromechanical resonator of claim 14 Wherein: 

a line perpendicular to the second surface de?nes a 
horiZontal direction; and 
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the anchor and the second anchor are aligned in the 
horiZontal direction. 

16. The electromechanical resonator of claim 1 Wherein: 

the drive electrode comprises a ?rst drive electrode; 

the electromechanical resonator further comprises a sec 
ond drive electrode; 

the ?rst drive electrode is adjacent to the ?rst surface; 

the second drive electrode is adjacent to a surface of the 
beam opposite the ?rst surface; and 

the beam is coupled to the anchor at a surface of the beam 
opposite the second surface. 

17. The electromechanical resonator of claim 13 Wherein: 

the length of the third surface varies across the Width of 
the third surface. 

18. The electromechanical resonator of claim 1 Wherein: 

the length of the third surface varies across the Width of 
the third surface; and 

the beam is coupled to the anchor at a surface opposite the 
?rst surface. 

19. The electromechanical resonator of claim 18 Wherein: 

the beam comprises at least one indentation in the surface 
opposite the ?rst surface. 

20. The electromechanical resonator of claim 18 Wherein: 

the anchor comprises at least one indentation adjacent to 
the surface opposite the ?rst surface. 

21. A MEMS resonator comprising: 

a semiconductor substrate having a substrate surface; 

an anchor coupled to the substrate; 

a beam coupled to the anchor and suspended over the 
substrate surface by the anchor, the beam comprising a 
?rst surface substantially perpendicular to the substrate 
surface, a second surface substantially perpendicular to 
the substrate surface, and a third surface substantially 
parallel to the substrate surface; 

a ?rst drive electrode coupled to the substrate and sepa 
rated from the beam by a ?rst gap; and 

a second drive electrode coupled to the substrate and 
separated from the beam by a second gap, 

Wherein: 

the ?rst drive electrode is adjacent to the ?rst surface; 

the second drive electrode is adjacent to a surface of the 
beam opposite the ?rst surface; 

the ?rst surface de?nes a Width and a height, the second 
surface de?nes the height and a length, and the third 
surface de?nes the length and the Width; 

the Width, height, and length are substantially mutually 
perpendicular to each other; and 

the beam resonates substantially only in a compression 
mode and substantially only along an aXis de?ned by 
the length. 

22. The MEMS resonator of claim 21 Wherein: 

the anchor is located betWeen the substrate and the beam; 
and 
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the beam is coupled to the anchor at a surface of the beam 
opposite the third surface. 

23. The MEMS resonator of claim 22 Wherein: 

the anchor comprises a plurality of anchor segments and 
a plurality of anchor gaps; and 

adjacent ones of the anchor segments are spaced apart by 
one of the plurality of anchor gaps. 

24. The MEMS resonator of claim 22 Wherein: 

the MEMS resonator further comprises: 

a second anchor coupled to the beam at the third 
surface. 

25. The MEMS resonator of claim 24 Wherein: 

a line perpendicular to the third surface de?nes a vertical 
direction; and 

the anchor and the second anchor are aligned in the 
vertical direction. 

26. The MEMS resonator of claim 24 Wherein: 

at least one of the ?rst anchor and the second anchor 
comprises a plurality of anchor segments and a plural 
ity of anchor gaps; and 

adjacent ones of the anchor segments are spaced apart by 
one of the plurality of anchor gaps. 

27. The MEMS resonator of claim 21 Wherein: 

the length of the third surface varies across the Width of 
the third surface. 

28. The MEMS resonator of claim 21 Wherein: 

the beam is coupled to the anchor at the second surface. 
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29. The MEMS resonator of claim 28 Wherein: 

the MEMS resonator further comprises: 

a second anchor coupled to the beam at a surface of the 
beam opposite the second surface. 

30. The MEMS resonator of claim 29 Wherein: 

a line perpendicular to the second surface de?nes a 
horiZontal direction; and 

the anchor and the second anchor are aligned in the 
horiZontal direction. 

31. A method of operating an electromechanical resona 
tor, the method comprising: 

providing a substrate; 

providing an anchor coupled to the substrate; 

providing a beam coupled to the anchor and suspended 
over the substrate by the anchor, the beam comprising 
a ?rst surface, a second surface, and a third surface, 
Wherein the ?rst surface de?nes a Width and a height, 
the second surface de?nes the height and a length, and 
the third surface de?nes the length and the Width; 

providing a drive electrode coupled to the substrate and 
separated from the beam by a gap; and 

causing the beam to resonate substantially only in a 
compression mode and substantially only along an aXis 
de?ned by the length. 

* * * * * 


