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(57) ABSTRACT 

A variable capacitor is provided having ?rst and second 
capacitor plates, a tandem rnover and an actuator. The ?rst 
and second capacitor plates are positioned such that the ?rst 
and second capacitor plates face one another in a spaced 
apart relationship. The tandern rnover is con?gured to move 
the ?rst and second capacitor plates in tandem in response to 
changes in ambient temperature to maintain a consistent 
spaced apart relationship betWeen the capacitor plates. The 
actuator is then con?gured to vary the spaced apart relation 
ship betWeen the ?rst and second capacitor plates in 
response to an external input. The capacitance of the vari 
able capacitor can therefore be varied by increasing and 
decreasing the spaced apart relationship betWeen the ?rst 
and second capacitor plates. 
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VARIABLE CAPACITORS INCLUDING TANDEM 
MOVERS/BIMORPHS AND ASSOCIATED 

OPERATING METHODS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of provisional 
application Ser. No. 60/245,770, ?led Nov. 3, 2000, entitled 
MEMS Variable Capacitor With Improved Temperature 
Compensation. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to micro 
electromechanical structures (MEMS) and, more particu 
larly, to MEMS variable capacitors and associated operating 
methods. 

BACKGROUND OF THE INVENTION 

[0003] Various microelectromechanical structures 
(MEMS) and other microengineered devices exist for pro 
viding voltage or current controlled capacitive elements that 
may be used, for example, in tunable circuits such as voltage 
controlled oscillators (VCOs). One such MEMS device is a 
MEMS variable capacitor. Conventional MEMS variable 
capacitors may include a pair of capacitor plates, one of 
Which is typically disposed upon and ?xed to a substrate and 
the other of Which is typically carried by a movable actuator 
or driver. For example, one such variable capacitor is 
disclosed in US. patent application Ser. No. 09/461,247 to 
CoWen entitled Variable Capacitor and Associated Fabri 
cation Method, the disclosure of Which is incorporated 
herein by reference. This application discloses one of the 
capacitor plates disposed on a cantilever and the other of the 
capacitor plates disposed upon and ?xed to a substrate. The 
capacitor plate disposed on the cantilever is used to vary the 
separation of the capacitor plates to provide a voltage 
controlled capacitor, the capacitance of Which depends on 
the amount of separation of the capacitor plates. 

SUMMARY OF THE INVENTION 

[0004] Variable capacitors according to embodiments of 
the present invention include ?rst and second bimorph 
members spaced apart from a substrate. A ?rst capacitor 
plate and a second capacitor plate are mechanically coupled 
to the ?rst and second bimorph members, respectively. The 
second capacitor plate is positioned in a spaced apart rela 
tionship to the ?rst capacitor plate. An actuator is associated 
With at least one of the ?rst and second bimorph members 
and is con?gured to vary the spaced apart relationship 
betWeen the ?rst and second capacitor plates. In some 
embodiments of the present invention the actuator is asso 
ciated With both the ?rst and the second bimorph members. 
The actuator may be a thermal actuator, an electrostatic 
actuator and/or an electromagnetic actuator. 

[0005] In some embodiments of the present invention, the 
?rst bimorph member and second bimorph member com 
prise ?rst and second layers having dissimilar thermal 
coef?cients of expansion. In further embodiments of the 
present invention, the ?rst layer comprises silicon and the 
second layer comprises nickel. A ?rst and a second insulat 
ing layer, for example, silicon nitride, is positioned betWeen 
the ?rst and second layers. 
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[0006] These ?rst and second bimorph members are con 
?gured to respond to changes in ambient temperature, i. e. 
the thermal environment. Therefore, both bimorph members 
preferably move in tandem in response to changes in ambi 
ent temperature, thus maintaining a consistent spaced apart 
relationship betWeen the ?rst and second plates that are 
mechanically coupled to the ?rst and second bimorph mem 
bers. Accordingly, a current may be provided to one or both 
of the bimorph members causing the capacitor plates to 
move together or apart and thereby causing a variation in the 
capacitance betWeen the capacitor plates. This variation can 
remain constant notWithstanding changes in ambient tem 
perature. 

[0007] In further embodiments of the present invention, a 
variable capacitor is provided having ?rst and second 
capacitor plates, a tandem mover and an actuator. The ?rst 
and second capacitor plates are positioned such that the ?rst 
and second capacitor plates face one another in a spaced 
apart relationship. The tandem mover, for example, a pair of 
bimorph members, is con?gured to move the ?rst and 
second capacitor plates in tandem in response to changes in 
ambient temperature to maintain a consistent spaced apart 
relationship betWeen the capacitor plates. The actuator is 
then con?gured to vary the consistent spaced apart relation 
ship maintained by the tandem mover in response to an 
external input. The capacitance of the variable capacitor can 
therefore be varied by increasing and decreasing the spaced 
apart relationship betWeen the ?rst and second capacitor 
plates, While remaining independent of changes in ambient 
temperature. 

[0008] Methods of operating a variable capacitor accord 
ing to embodiments of the present invention include posi 
tioning a ?rst capacitor plate and a second capacitor plate so 
that the ?rst and second capacitor plates face one another in 
a spaced apart relationship. These methods further include 
moving the ?rst and second capacitor plates together (in 
tandem) in response to changes in ambient temperature to 
maintain a consistent spaced apart relationship betWeen the 
?rst and second capacitor plates. At least one of the ?rst and 
second capacitor plates is actuated to vary the spaced apart 
relationship betWeen the ?rst and second capacitor plates in 
response to an external input to thereby vary the capacitance 
betWeen the capacitor plates. 

[0009] In some embodiments of the present invention the 
variable capacitor includes a third bimorph member that is 
spaced apart from the substrate. A third capacitor plate is 
mechanically coupled to the third bimorph member and 
positioned betWeen the ?rst and second capacitor plates. The 
actuator is associated With the third bimorph member and 
con?gured to increase the spaced apart relationship betWeen 
the third capacitor plate and one of the ?rst and second 
capacitor plates and decrease the relationship betWeen the 
third capacitor plate and the other of the ?rst and second 
capacitor plates. 

[0010] In further embodiments of the present invention the 
variable capacitor includes third and fourth bimorph mem 
bers that are spaced apart from the substrate. A third and a 
fourth capacitor plate are mechanically coupled to the third 
and fourth bimorph members, respectively. The ?rst, second, 
third and fourth capacitor plates are positioned such that the 
?rst, second and third capacitor plates face the fourth 
capacitor plate. The actuator may be associated With at least 
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one of the ?rst, second, third and fourth capacitor plates and 
con?gured to vary the spaced apart relationship betWeen the 
?rst, second, third and fourth capacitor plates. 

[0011] In yet further embodiments of the present inven 
tion, the substrate may include a trench. The ?rst and second 
bimorph members de?ect into the trench in response to the 
actuator. The ?rst and second bimorph members also de?ect 
into the trench in response to changes in ambient tempera 
ture. In other embodiments of the present invention the ?rst 
and second bimorph members may de?ect aWay from the 
substrate in response to the actuator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a block diagram of a variable capacitor 
according to embodiments of the present invention. 

[0013] FIG. 2A is a top-vieW of a variable capacitor on a 
substrate according to embodiments of the present inven 
tion. 

[0014] FIG. 2B is a cross-sectional vieW of the variable 
capacitor of FIG. 2A, taken along line 2A-2A‘, according to 
embodiments of the present invention. 

[0015] FIG. 3 is a plan vieW of a variable capacitor 
illustrating a layout of a bimorph according to embodiments 
of the present invention. 

[0016] FIG. 4 is a top-vieW of a variable capacitor accord 
ing to further embodiments of the present invention. 

[0017] FIG. 5 is a cross-sectional vieW of a variable 
capacitor according to other embodiments of the present 
invention. 

[0018] FIG. 6 is a cross-sectional vieW of a variable 
capacitor according to still further embodiments of the 
present invention. 

[0019] FIG. 7 is a cross-sectional vieW of a variable 
capacitor spaced apart from a substrate having a trench into 
Which the bimorph members de?ect according to embodi 
ments of the present invention. 

[0020] FIG. 8 is a cross-sectional vieW of a variable 
capacitor spaced apart from a substrate aWay from Which the 
bimorph members de?ect according to embodiments of the 
present invention. 

[0021] FIG. 9 is a circuit diagram of a variable capacitor 
in combination With an inductor according to embodiments 
of the present invention. 

[0022] FIG. 10 is a cross-sectional vieW of a variable 
capacitor having a dielectric according to embodiments of 
the present invention. 

[0023] FIG. 11 is a cross-sectional vieW of a variable 
capacitor having a compound dielectric according to 
embodiments of the present invention. 

[0024] FIG. 12 is a graph illustrating a relationship 
betWeen normaliZed frequency and voltage according to 
embodiments of the present invention. 

[0025] FIG. 13 is a graph illustrating a relationship 
betWeen angled plate capacitance and voltage according to 
embodiments of the present invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0026] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying draW 
ings, in Which preferred embodiments of the invention are 
shoWn. This invention may, hoWever, be embodied in many 
different forms and should not be construed as limited to the 
embodiments set forth herein; rather these embodiments are 
provided so that this disclosure Will be thorough and com 
plete, and Will fully convey the scope of the invention to 
those skilled in the art. In the draWings, the thickness of 
layers and regions are exaggerated for clarity. Like numbers 
refer to like elements throughout. 

[0027] It Will be understood that When an element such as 
a layer, region or substrate is referred to as being “on” 
another element, it can be directly on the other element or 
intervening elements may also be present. In contrast, When 
an element is referred to as being “directly on” another 
element, there are no intervening elements present. Also, 
When an element is referred to as being “connected” or 
“coupled” to another element, it can be directly connected or 
coupled to the other element or intervening elements may be 
present. In contrast, When an element is referred to as being 
“directly connected” or “directly coupled” to another ele 
ment, there are no intervening elements present. 

[0028] Referring to FIG. 1, a block diagram of a variable 
capacitor according to embodiments of the present invention 
Will noW be described. A variable capacitor 100 includes a 
?rst capacitor plate 110, a second capacitor plate 120, a 
tandem mover 130 and an actuator 140. The ?rst capacitor 
plate 110 and the second capacitor plate 120 face one 
another in a spaced apart relationship as illustrated in FIG. 
1. Although the ?rst capacitor plate 110 and the second 
capacitor plate 120 are shoWn directly facing one another in 
FIG. 1, it Will be understood that this is for exemplary 
purposes only and that the invention is not limited to this 
con?guration. Thus, the ?rst and second capacitor plates 
may be offset. Furthermore, the ?rst and second capacitor 
plates may be different siZes and/or shapes and may not even 
be ?at. 

[0029] The tandem mover 130 is con?gured to move the 
?rst capacitor plate 110 and the second capacitor plate 120 
in tandem in response to changes in ambient temperature, 
ie the thermal environment. In other Words, the tandem 
mover 130 adjusts the position of both capacitor plates in 
response to changes in ambient temperature to thereby 
maintain a consistent spaced apart relationship D betWeen 
the ?rst capacitor plate 110 and the second capacitor plate 
120. For example, an embodiment of a tandem mover may 
include tWo identical thermal bimorph members each com 
prising tWo layers having different coefficients of expansion. 
The thermal bimorph members may move in tandem in 
response to changes in ambient temperature, thus maintain 
ing a consistent spaced apart relationship D betWeen the ?rst 
capacitor plate 110 and the second capacitor plate 120. 

[0030] It Will be understood by those having skill in the art 
that the reference spaced apart relationship maintained by 
the tandem mover does not need to be a constant spaced 
apart relationship for all temperatures. For example, the 
reference spaced apart relationship may change by a certain 
distance X With every 10° variation in ambient temperature. 
Thus, With every 10° change in ambient temperature the 
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reference spaced apart relationship Would be the previous 
spaced apart relationship increased or decreased by X. The 
neW reference spaced apart relationship may then be varied 
to modify the capacitance betWeen the ?rst and second 
capacitor plates as discussed beloW. 

[0031] The actuator 140 may be a thermal actuator. The 
thermal actuator 140 is con?gured to vary the spaced apart 
relationship D betWeen the ?rst and second capacitor plates. 
Although the actuator 140 is shoWn associated With the 
second plate in FIG. 1, it Will be understood by those having 
skill in the art that this is for exemplary purposes only and 
that the invention is not limited to this con?guration. For 
example, the actuator may be associated With the ?rst plate 
110 or With both the ?rst plate 110 and the second plate 120. 
Furthermore, the actuator does not need to be positioned at 
the end of the capacitor plate as shoWn in FIG. 1. Rather, the 
actuator may be in the middle of the capacitor plate or closer 
to the tandem mover. The spaced apart relationship betWeen 
the capacitor plates, the area of the capacitor plates and the 
con?guration of the dielectric positioned betWeen the 
capacitor plates determines the capacitance of the variable 
capacitor. Thus, increasing the spaced apart relationship D 
causes the capacitance betWeen the ?rst capacitor plate 110 
and the second capacitor plate 120 to decrease. 

[0032] Although the present invention is described With 
respect to a thermal actuator, it Will be understood that this 
is for exemplary purposes only and that the invention is not 
limited to thermal actuation. For example, the variable 
capacitor may be electrostatically actuated. A voltage may 
be applied to an electrode on the substrate and to one or both 
of the capacitor plates causing an electrostatic force that 
results in increasing or decreasing the spaced apart relation 
ship D betWeen the capacitor plates. Alternatively, the 
variable capacitor may be electromagnetically actuated by a 
relay. Combinations of these and other actuation techniques 
may also be used. 

[0033] Aspects of the present invention may provide 
advantages over other variable capacitors that ?x a ?rst 
capacitor plate to a substrate and mechanically couple a 
second capacitor plate to the end of a bimorph member. 
Using a thermal bimorph member in conjunction With this 
con?guration of capacitor plates can produce large capaci 
tance changes in relation to changes in ambient temperature. 
By providing a tandem mover, for example, tWo thermal 
bimorph members, the large capacitance changes may be 
avoided because the tandem mover causes both the ?rst and 
second capacitor plates to move in response to ambient 
temperature, thereby maintaining a consistent spaced apart 
relationship D betWeen the plates. Accordingly, a risk of 
unWanted capacitance changes can be reduced and prefer 
ably virtually eliminated. 

[0034] NoW referring to FIG. 2A, a top-vieW of a variable 
capacitor according to embodiments of the present invention 
Will be described. FIG. 2A illustrates a variable capacitor 
200 comprising a ?rst bimorph member 220 that is spaced 
apart from a substrate 210 and a second bimorph member 
240 that is also spaced apart from the substrate 210. As 
discussed above, the ?rst and second bimorph members of 
FIG. 2A may be an embodiment of a tandem mover. As 
illustrated in FIG. 2B, a cross-sectional vieW of the variable 
capacitor of FIG. 2A, the ?rst bimorph member 220 and the 
second bimorph member 240 may comprise multiple layers. 
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As further illustrated in FIG. 2B, the ?rst bimorph member 
220 may comprise a ?rst layer 222, a ?rst insulating layer 
224, and a second layer 226. Similarly, the second bimorph 
member 240 may comprise a third layer 242, a second 
insulating layer 244, and a fourth layer 246. Although the 
bimorph members are each illustrated having tWo layers and 
a single insulating layer, those of skill in the art Will 
appreciate that this is for exemplary purposes only and that 
the bimorph members of the present invention are not 
limited to this con?guration. For example, the insulating 
layers may be omitted leaving only tWo layers. The insulting 
layer 224 electrically isolates the ?rst layer 222 from the 
second layer 226. In other Words, the presence of the 
insulating layer alloWs a current to be passed directly 
through the second layer 226 of the bimorph member 
Without shorting the second layer 226 and the ?rst layer 222 
together. The insulating layer may be omitted if electrical 
isolation of the tWo layers is not desired. 

[0035] The ?rst and second layers of the ?rst bimorph 
member 220 typically have dissimilar thermal coefficients of 
expansion that respond differently to thermal actuation. 
Similarly, the third and fourth layers of the second bimorph 
member 240 typically have dissimilar coef?cients of expan 
sion that respond differently to thermal actuation. In the 
embodiment shoWn in FIG. 2B, the ?rst layer 222 may 
comprise a material having a higher coef?cient of expansion 
relative to the material of the second layer, such as gold, 
nickel, or other metallic material. The second layer 226 may 
comprise a material having a loWer coef?cient of expansion 
relative to the material of the ?rst layer, such as silicon or 
another suitable semiconductor material. The second layer, 
or silicon layer, may be split as shoWn in FIG. 3 so that a 
current may be passed through the silicon layer. The third 
and fourth layers may be identical to the ?rst and second 
layers, respectively. Alternatively, the third and fourth layers 
may be tWo different materials having dissimilar coef?cients 
of expansion. It Will be understood that that ?rst and second 
layers may be reversed. Thus, the second layer may be 
disposed on top of the ?rst layer. 

[0036] The ?rst and second insulating layers 224 and 244, 
respectively, are positioned betWeen the other tWo layers to 
electrically isolate the other tWo layers as discussed above. 
The ?rst 224 and second 244 insulating layers may both 
comprise, for example, silicon nitride or some other suitable 
material that may provide electrical isolation of the tWo 
other layers. The presence of the insulating layer alloWs, for 
example, a current to be passed through one of the layers of 
the bimorph member Without shorting the tWo layers of the 
bimorph member together. 

[0037] Referring again to FIG. 2A, the variable capacitor 
200 further comprises a ?rst capacitor plate 230 and a 
second capacitor plate 250 that are mechanically coupled to 
the ?rst bimorph member 220 and the second bimorph 
member 240, respectively. To achieve a desired loW loss and 
high Q that may be desired of a variable capacitor used in 
high frequency applications, such as those that involve radio 
frequency (RF) signals, the ?rst and second capacitor plates 
may be formed of a high temperature super conducting 
(HTS) material. By Way of example, these HTS materials 
include, Yttrium Barium Copper Oxide (YBCO) and Thal 
lium compounds (TBCCO). These HTS materials are avail 
able commercially from Superconductor Technologies 
Incorporated of Santa Barbara, Calif. In order to alloW a loW 
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loss ?lter the substrate is, typically, formed of a loW loss 
material. For example, the substrates may be formed of 
magnesium oxide (MgO), although other loW loss materials, 
such as LaAlO3 or NdCaAlO4 may also be used for the 
substrate. The ?rst capacitor plate 230 and the second 
capacitor plate 250 may be positioned in a spaced apart 
relationship as shoWn in FIG. 2B. It Will be understood that 
the ?rst and second capacitor plates do not have to directly 
face one another as illustrated in FIG. 2B. The capacitor 
plates may be offset from one another. Furthermore, the ?rst 
and second capacitor plates may be different siZes and/or 
different shapes and may not even be ?at. 

[0038] As discussed above, if only one of the capacitor 
plates is mechanically coupled to a thermal bimorph mem 
ber and the other capacitor plate is placed directly on the 
substrate only the capacitor plate attached to the thermal 
bimorph member is responsive to changes in ambient tem 
perature. Thus, the spaced apart relationship D betWeen the 
?rst and second capacitor plates may change in response to 
changes in ambient temperature Which may cause an 
unWanted variation of capacitance betWeen the ?rst and 
second capacitor plates. Therefore, as discussed above, both 
the ?rst and second capacitor plates of the present invention 
may be mechanically coupled to thermal bimorph members 
and/or other tandem movers thus reducing and preferably 
avoiding the unWanted variation in the capacitance betWeen 
the ?rst and second capacitor plates. Accordingly, both the 
?rst and second bimorph members de?ect toWards or aWay 
from the substrate 210 in tandem in response to changes in 
ambient temperature, therefore maintaining a consistent 
spaced apart relationship betWeen D betWeen the ?rst and 
second capacitor plates. 

[0039] Referring again to FIG. 2A, thermal actuation of 
the variable capacitor 200 may be provided using one or 
more actuator pads 260 that may be associated With the ?rst 
bimorph member 220, the second bimorph member 240 or 
both the ?rst and second bimorph members 220 and 240, 
respectively. For example, the actuator pad 260 is shoWn in 
FIG. 2A associated With the ?rst bimorph member 220. 
Thermal actuation may be used to vary the spaced apart 
relationship D betWeen the ?rst and second capacitor plates 
230 and 250, respectively. An electric current may be passed 
through one of or both of the layers of a bimorph member, 
thus heating the overall thermal bimorph member Which 
causes the bimorph member to bend in the direction of the 
material having the loWer coefficient of expansion. Applying 
a current to one of the ?rst and second bimorph members 
causes and increase the spaced apart relationship D betWeen 
the ?rst and second capacitor plates resulting in a desired 
variation of capacitance betWeen the capacitor plates. As 
discussed above, it Will be understood that the actuator does 
not need to be a thermal actuator. The actuator may also be 
an electrostatic actuator, an electromagnetic actuator, or the 
like. 

[0040] Further embodiments of the present invention Will 
noW be described With reference to FIGS. 4 through 9. As 
discussed above With reference to FIGS. 2A and 2B, the 
actuator pad may be associated With the ?rst bimorph 
member, the second bimorph member or both the ?rst and 
second bimorph members. FIG. 4 illustrates a variable 
capacitor 400 according to embodiments of the present 
invention having actuator pads 460 and 470 associated With 
a ?rst bimorph member 420 and a second bimorph member 

May 9, 2002 

440, respectively. As discussed in detail above, both the ?rst 
and second bimorph members are con?gured to respond to 
changes in ambient temperature, thereby maintaining a 
consistent spaced apart relationship betWeen the ?rst and 
second capacitor plates that may be altered by the thermal 
actuation of the ?rst and second bimorph members. Actuator 
pads 460 and 470 may be used to set a reference spaced apart 
relationship R betWeen the ?rst and second capacitor plates. 

[0041] For example, the actuator pads 460 and 470 may be 
used to provide a current to the ?rst bimorph member and 
the second bimorph member, respectively, until the ?rst and 
second capacitor plates are a reference distance R apart. This 
reference distance R may then be altered by providing a 
current one to one or both of the actuator pads 460 and 470 
to vary the capacitance betWeen the ?rst and second capaci 
tor plates. 

[0042] NoW referring to FIG. 5, a cross-section of a 
variable capacitor 500 according to embodiments of the 
present invention Will be described. The variable capacitor 
of FIG. 5 comprises a ?rst capacitor plate 520, a second 
capacitor plate 530 and a third capacitor plate 540. The ?rst, 
second and third capacitor plates are mechanically coupled 
to ?rst, second, and third bimorph members, respectively. 
The ?rst, second and third bimorph members are spaced 
apart from the substrate 510. 

[0043] The third capacitor plate 530 is positioned betWeen 
the ?rst capacitor plate 520 and the second capacitor plate 
540 as shoWn in FIG. 5. The ?rst, second and third capacitor 
plates all respond to changes in ambient temperature, thus 
maintaining consistent distances D, D1 and D2 over a Wide 
range of temperatures. Therefore, the ?rst, second and third 
bimorph members are an embodiment of a tandem mover. 

[0044] A thermal actuator (not shoWn) is associated With 
the third bimorph member. A consistent distance D is 
maintained betWeen the ?rst capacitor plate 520 and the 
second capacitor plate 540, i. e. the ?rst and second bimorph 
members are not actuated. The thermal actuator is con?g 
ured to increase the spaced apart relationship betWeen the 
third capacitor plate 540 and one of the ?rst and second 
capacitor plates and decrease the spaced apart relationship 
betWeen the third capacitor plate 540 and the other of the 
?rst and second capacitor plates. For example, if a current is 
applied to the third bimorph member, the third capacitor 
plate 540 Will move doWn toWards the second capacitor 
plate 530 thereby increasing the spaced apart relationship 
D2 and decreasing the spaced apart relationship D1, thus 
causing a variation of capacitance betWeen the capacitor 
plates. Alternatively, the third capacitor plate 540 may move 
up toWards the ?rst capacitor plate 520 thereby decreasing 
the spaced apart relationship D2 and increasing the spaced 
apart relationship D1, thus also causing a variation of 
capacitance betWeen the capacitor plates. This embodiment 
of the present invention may be used as a differential 
capacitor. 

[0045] NoW referring to FIG. 6, a cross-sectional vieW of 
a variable capacitor according to further embodiments of the 
present invention Will be described. The variable capacitor 
600 comprises a ?rst capacitor plate 630, a second capacitor 
plate 640, a third capacitor plate 650 and a fourth capacitor 
plate 620. The ?rst, second, third and fourth capacitor plates 
are mechanically coupled to ?rst, second, third and fourth 
bimorph members, respectively. The ?rst, second, third and 
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fourth bimorph members are spaced apart from the substrate 
610. The ?rst 630, second 640, third 650 and fourth 620 
capacitor plates are positioned such that the ?rst 630, second 
640 and third 650 capacitor plates face the fourth capacitor 
plate 620 as shoWn in FIG. 6. It Will be understood by those 
of skill in the art that the ?rst, second and third capacitor 
plates do not have to directly face the fourth capacitor plate. 
Thus, the ?rst, second, third and fourth capacitor plates may 
be offset. Furthermore, the ?rst, second, third and fourth 
capacitor plates may also be different siZes and/or different 
shapes and may not even be ?at. The ?rst, second, third and 
fourth bimorph members all move in tandem in response to 
changes in ambient temperature, thus maintaining a consis 
tent spaced apart relationship and avoiding unWanted 
changes in capacitance betWeen the capacitor plates. There 
fore, the ?rst, second, third and fourth bimorph members are 
an embodiment of a tandem mover. 

[0046] A thermal actuator may be associated With at least 
one of the ?rst, second, third and fourth capacitor plates. For 
example, a current may be passed through the ?rst, second, 
third and/or fourth bimorph members causing the spaced 
apart relationships betWeen the plates to change and thereby 
varying the capacitance betWeen the various plates. The 
con?guration illustrated by FIG. 6 may be used, for 
example, to tune multiple LC ?lters. For example, the 
capacitor formed by the ?rst capacitor plate 630 and the 
fourth capacitor plate 620 may be used as a ?rst tuning 
capacitor (tank capacitor). Furthermore, the capacitor 
formed by the second capacitor plate 640 and the fourth 
capacitor plate 620 may be used as a ?rst coupling capacitor. 
The capacitor formed by the third capacitor plate 650 and the 
fourth capacitor plate 620 may be used as a second tuning 
capacitor, and so on. 

[0047] As discussed above, a thermal actuator may cause 
one or more of the bimorph members to de?ect toWards or 
aWay from the substrate. FIG. 7 illustrates an embodiment 
of the present invention having a trench in the substrate 
alloWing one or more bimorph members to de?ect into the 
trench. FIG. 7 illustrates a variable capacitor comprising a 
?rst bimorph member 720 that is spaced apart from a 
substrate 710 and a second bimorph member 740 that is also 
spaced apart from the substrate 710. A ?rst capacitor plate 
730 and a second capacitor plate 750 are mechanically 
coupled to the ?rst bimorph member 720 and the second 
bimorph member 740, respectively. The ?rst and second 
bimorph members de?ect into the trench in response to 
changes in ambient temperature, thus maintaining a consis 
tent spaced apart relationship and avoiding unWanted 
changes in capacitance betWeen the plates. 

[0048] Thermal actuation of the variable capacitor 700 
may be provided using one or more actuator pads 760 that 
may be associated With the ?rst bimorph member 720, the 
second bimorph member 740 or both the ?rst and second 
bimorph members 720 and 740, respectively. In FIG. 7, the 
actuator pad 760 is shoWn associated With the ?rst bimorph 
member 720 for exemplary purposes only. Thermal actua 
tion may vary the spaced apart relationship betWeen the ?rst 
and second capacitor plates 730 and 750, respectively. For 
example, a current may be passed through the ?rst and/or 
second bimorph member causing the end of the effected 
bimorph member(s) to de?ect toWards the substrate 710 into 
the trench 780. Assuming each of the bimorph members 
comprise a ?rst layer of metal disposed on top of a second 
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layer of silicon, passing a current through the silicon layer 
may cause the metallic layer having the higher coef?cient of 
expansion as discussed above, such as nickel, to expand 
more readily. The expansion may cause the metallic layer to 
bend doWn toWards the silicon layer. In effect, the overall 
bimorph structure Will be displaced in a doWnWard direction 
as shoWn in FIG. 7. It is understood that both of the bimorph 
members in this example Will de?ect into the trench in 
response to changes in ambient temperature, thereby main 
taining a consistent spaced apart relationship betWeen the 
capacitor plates. Moreover the current passed through the 
?rst and/or second bimorph member can cause changes in 
the spaced apart relationship to thereby provide a variable 
capacitor that can be relatively insensitive to changes in 
ambient temperature. 

[0049] Alternatively, as shoWn in FIG. 8, both the ?rst 820 
and second 840 bimorph members may de?ect aWay from 
the substrate 810 in response to ambient temperature and 
thermal actuation. For example, a current may be passed 
through the ?rst and/or second bimorph member causing the 
end of the effected bimorph member(s) to de?ect aWay from 
the substrate 810. Assuming each of the bimorph members 
comprises a layer of titanium disposed on top of a layer of 
nickel, passing a current through the titanium layer may 
cause the layer of nickel to expand more readily. The 
expansion may cause the layer of nickel to bend up toWards 
the layer of titanium. In effect, the overall bimorph member 
structure Will be displaced in an upWard direction as shoWn 
in FIG. 8. It Will be understood that the layers of titanium 
and nickel may be separated by an insulating layer. The 
insulating layer electrically isolates the layer of titanium 
from the layer of nickel. For example, the presence of the 
insulating layer alloWs a current to be passed directly 
through the titanium layer of the bimorph member Without 
shorting the titanium layer and the nickel layer together. 
Passing the current through only one of the ?rst and second 
bimorph members may increase the spaced apart relation 
ship betWeen the ?rst and second capacitor plates causing a 
desired variation of capacitance betWeen the capacitor 
plates. 

[0050] NoW referring to FIG. 9, a variable capacitor in 
combination With an inductor according to embodiments of 
the present invention Will be described. Avariable capacitor 
according to embodiments of the present invention may be 
used as the capacitive element in a tunable circuit. As shoWn 
in FIG. 9, a variable capacitor 910 of embodiments of the 
present invention, for example, the variable capacitors of 
FIGS. 1 through 8, is coupled to an inductor 920 to create 
a tuning circuit 900. The tunable nature of the tuning circuit 
900 is accomplished by altering the spaced apart relationship 
of the capacitor plates and thereby varying the capacitance 
of the variable capacitor as discussed above With respect to 
embodiments of the present invention. It Will be understood 
that the inductor and the variable capacitor may be com 
bined on a single chip or may be disposed on separate chips. 
It Will also be understood that the although the variable 
capacitor 910 and the inductor 920 are shoWn as connected 
in parallel in FIG. 9, embodiments of the present invention 
Will not be limited to this con?guration. For example, the 
variable capacitor 910 and the inductor 920 may also be 
connected in series. 

[0051] As discussed above, the spaced apart relationship 
betWeen the capacitor plates, the area of the capacitor plates 
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and the con?guration of the dielectric positioned betWeen 
the capacitor plates may determine the capacitance of the 
variable capacitor. Variable capacitors according to embodi 
ments of the present invention Will noW be further described 
With reference to FIGS. 10 and 11. FIGS. 10 and 11 
illustrate cross-sectional vieWs of variable capacitors 1000 
and 1100, respectively. The variable capacitor 1000 in FIG. 
10 comprises a dielectric 1070 according to embodiments of 
the present invention. First 1030 and second 1050 capacitor 
plates are spaced apart from the substrate 1010. A dielectric 
1070 Will typically be air. Similarly, FIG. 11 illustrates a 
cross-sectional vieW of a variable capacitor 1100 comprising 
a compound dielectric according to embodiments of the 
present invention. First 1130 and second 1150 capacitor 
plates may be spaced apart from the substrate 1110. The 
dielectric may be a compound dielectric typically compris 
ing air 1170 and some other dielectric material, 1120 and 
1140, positioned on the ?rst 1130 and second 1150 capacitor 
plates, respectively. 

[0052] Aspects of the present invention Will noW be fur 
ther described With reference to FIGS. 12 and 13. FIG. 12 
depicts a graph illustrating a relationship betWeen plate 
capacitance and drive voltage of a variable capacitor accord 
ing to embodiments of the present invention. As illustrated 
in FIG. 12, the variable capacitor of the present invention is 
capable of operation at very loW voltages (V), such as 
voltages less than or equal to 5 V. This can provide an 
advantage over conventional variable capacitors utiliZing 
electrostatic actuation that may require high actuation volt 
age. For eXample, conventional variable capacitors may 
require up to ten or more volts to be actuated, Whereas some 
embodiments of the present invention can use less than 
about 5 V. 

[0053] FIG. 13 depicts a graph illustrating a relationship 
betWeen the normaliZed frequency response and drive volt 
age of a variable capacitor according to embodiments of the 
present invention. UtiliZing the variable capacitor described 
above With respect to FIGS. 1 through 8 in a tunable circuit, 
such as circuit 900, can produce a highly linear operation as 
illustrated in FIG. 13. As discussed above, the capacitance 
of the present invention may be varied by increasing and 
decreasing the spaced apart relationship betWeen the ?rst 
and second capacitor plates. This aspect of the present 
invention can provide a tunable circuit With a Wide range of 
tunable capacitance due to the large range of motion pro 
vided by the bimorph members of the present invention. 

[0054] Accordingly, variable capacitors and associated 
operating methods of embodiments of the present invention 
can provide a Wide range of capacitance tuning available due 
to the large range of motion that can be provided by the 
bimorph members of the present invention. These variable 
capacitors may be capable of operating at loW voltages. 
Combining variable capacitors of embodiments of the 
present invention With an inductor to produce an LC ?lter 
can produce a tunable circuit having a highly linear opera 
tion and a tunable range of about 10:1. Furthermore, changes 
in ambient temperature may be compensated over a Wide 
ambient temperature range. For eXample, the variable 
capacitor of the present invention may provide capacitances 
in the range of 0.5 pF to 5 pF and may be operable at 
voltages less than or equal to 5 V and temperatures in the 
range of —55° C. to approximately 150° C. 

May 9, 2002 

[0055] Embodiments of the present invention discussed 
above With respect to FIGS. 1 through 8 may conform to 
the folloWing speci?cations: a drive voltage range of 0 V to 
5 V or 0 V to 3.3 V (preferred); a current of 10 mA; a poWer 
of 50 mW; a capacitance ratio of 8 to 10; a minimum 
capacitance of .5 pF; a maXimum capacitance of 5 pF; a 
series resistance of 1.5 Ohms; a resistance of 100 Ohms; a 
Q range of 50 to 100; a frequency range of 1-2 GHZ; a 
junction temperature of 125° C. or 150° C.; and an operating 
temperature range of —55° C. to 150° C. Furthermore, 
embodiments of the present invention may conform to the 
folloWing siZing speci?cations: a bimorph member may be 
250 pm Wide and 500 pm long having a 2 pm layer of 
silicon, 1.5 pm layer of nitride and 2 pm layer of nickel; and 
a capacitor plate may be 500 pm by 500 pm 

[0056] Many modi?cations and other embodiments of the 
invention Will come to mind to one skilled in the art to Which 
this invention pertains having the bene?t of the teachings 
presented in the foregoing descriptions and the associated 
draWings. Therefore, it is to be understood that the invention 
is not to be limited to the speci?c embodiments disclosed 
and that modi?cations and other embodiments are intended 
to be included Within the scope of the appended claims. 
Although speci?c terms are employed herein, they are used 
in a generic and descriptive sense only and not for purposes 
of limitation. 

That Which is claimed is: 
1. A variable capacitor, comprising: 

a substrate; 

a ?rst bimorph member that is spaced apart from the 
substrate; 

a ?rst capacitor plate that is mechanically coupled to the 
?rst bimorph member; 

a second bimorph member that is spaced apart from the 
substrate; 

a second capacitor plate that is mechanically coupled to 
the second bimorph member, and positioned in a 
spaced apart relationship to the ?rst capacitor plate; and 

an actuator associated With at least one of the ?rst and 
second bimorph members and that is con?gured to vary 
the spaced apart relationship betWeen the ?rst and 
second capacitor plates. 

2. The variable capacitor of claim 1, Wherein the ?rst 
bimorph member comprises ?rst and second layers having 
dissimilar thermal coef?cients of eXpansion, and Wherein the 
second bimorph member comprises third and fourth layers 
having dissimilar coef?cients of expansion. 

3. The variable capacitor of claim 2, further comprising: 

a ?rst insulating layer positioned betWeen the ?rst and 
second layers; and 

a second insulating layer positioned betWeen the third and 
fourth layers. 

4. The variable capacitor of claim 3, Wherein the ?rst and 
second insulating layers comprise silicon nitride. 

5. The variable capacitor of claim 2, Wherein the ?rst and 
third layers comprise a ?rst material, and Wherein the second 
and fourth layers comprise a second material. 
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6. The variable capacitor of claim 5, wherein the ?rst 
material comprises polysilicon, and Wherein the second 
material comprises nickel. 

7. The variable capacitor of claim 1, Wherein the actuator 
is associated With the ?rst and the second bimorph members 
and is con?gured to vary the spaced apart relationship 
betWeen the ?rst and second capacitor plates. 

8. The variable capacitor of claim 1, further comprising: 

a third bimorph member that is spaced apart from the 
substrate; and 

a third capacitor plate that is mechanically coupled to the 
third bimorph member, and positioned betWeen the ?rst 
and second capacitor plates; 

Wherein the actuator is associated With the third bimorph 
member and con?gured to increase the spaced apart 
relationship betWeen the third capacitor plate and one 
of the ?rst and second capacitor plates and to decrease 
the spaced apart relationship betWeen the third capaci 
tor plate and the other of the ?rst and second capacitor 
plates. 

9. The variable capacitor of claim 1, further comprising: 

a third bimorph member that is spaced apart from the 
substrate; 

a third capacitor plate that is mechanically coupled to the 
third bimorph member; 

a fourth bimorph member that is spaced apart from the 
substrate; and 

a fourth capacitor plate that is mechanically coupled to the 
fourth bimorph member; 

Wherein the ?rst, second third and fourth capacitor plates 
are positioned such that the ?rst, second and third 
capacitor plates face the fourth capacitor plate; and 

Wherein the actuator is associated With at least one of the 
?rst, second, third and fourth bimorph members and is 
con?gured to vary the spaced apart relationship 
betWeen the ?rst, second, third, and fourth capacitor 
plates. 

10. The variable capacitor of claim 1, Wherein the actuator 
comprises at least one of a thermal actuator, an electrostatic 
actuator and an electromagnetic actuator. 

11. The variable capacitor of claim 10, Wherein the 
thermal actuator is responsive to a current. 

12. The variable capacitor of claim 1, further comprising 
a trench in the substrate, Wherein the at least one of the ?rst 
and second bimorph members de?ects into the trench 
responsive to the actuator. 

13. The variable capacitor of claim 1, further comprising 
a trench in the substrate, Wherein the ?rst and second 
bimorph members de?ect into the trench responsive to 
ambient temperature. 

14. The variable capacitor of claim 1, Wherein the at least 
one of the ?rst and second bimorph members de?ects aWay 
from the substrate in response to the actuator. 

15. The variable capacitor of claim 1 in combination With 
an inductor that is electrically connected thereto to form an 
LC ?lter. 

16. The variable capacitor of claim 1, further comprising 
a dielectric comprising air betWeen the ?rst and second 
capacitor plates. 
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17. The variable capacitor of claim 1, further comprising 
a dielectric comprising a ?rst dielectric material and a 
second dielectric material betWeen the ?rst and second 
capacitor plates. 

18. The variable capacitor of claim 17, Wherein the ?rst 
dielectric material is air. 

19. A variable capacitor, comprising: 

?rst and second capacitor plates positioned to face one 
another in a spaced apart relationship; 

a tandem mover that is con?gured to move the ?rst and 
second capacitor plates in tandem in response to 
changes in ambient temperature; and 

an actuator that is con?gured to vary the spaced apart 
relationship betWeen the ?rst and second capacitor 
plates in response to an eXternal input. 

20. The variable capacitor of claim 19, further compris 
mg: 

a third capacitor plate positioned betWeen the ?rst and 
second capacitor plates; 

Wherein the tandem mover is con?gured to move the ?rst, 
second, and third capacitor plates in response to 
changes in ambient temperature; and 

Wherein the actuator is con?gured to increase the spaced 
apart relationship betWeen the third capacitor plate and 
one of the ?rst and second capacitor plates and decrease 
the spaced apart relationship betWeen the third capaci 
tor plate and the other of the ?rst and second capacitor 
plates. 

21. The variable capacitor of claim 19, further compris 
mg: 

third and fourth capacitor plates positioned such that the 
?rst, second and third capacitor plates face the fourth 
capacitor plate in a spaced apart relationship; and 

Wherein at least one of the ?rst, second, third and fourth 
capacitor plates is responsive to the actuator that is 
con?gured to vary the spaced apart relationship 
betWeen the ?rst, second, third, and fourth capacitor 
plates. 

22. The variable capacitor of claim 19, Wherein the 
actuator comprises at least one of a thermal actuator, an 
electrostatic actuator and an electromagnetic actuator. 

23. The variable capacitor of claim 22, Wherein the 
thermal actuator is responsive to a current. 

24. The variable capacitor of claim 19 in combination 
With an inductor that is electrically connected thereto to 
form an LC ?lter. 

25. A method of operating a variable capacitor, compris 
mg: 

positioning ?rst and second capacitor plates to face one 
another in a spaced apart relationship; 

moving the ?rst and second capacitor plates in tandem in 
response to changes in ambient temperature; and 

actuating at least one of the ?rst and second capacitor 
plates to vary the spaced apart relationship betWeen the 
?rst and second capacitor plates in response to an 
eXternal input. 

26. The method of operating a variable capacitor of claim 
25, further comprising: 
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positioning a third capacitor plate between the ?rst and 
second capacitor plates; 

Wherein the moving cornprises moving the ?rst, second, 
and third capacitor plates in response to changes in 
ambient temperature; and 

Wherein the actuating cornprises actuating the third 
capacitor plate to increase the spaces apart relationship 
betWeen the third capacitor plate and one of the ?rst and 
second capacitor plates and decrease the spaced apart 
relationship betWeen the third capacitor plate and the 
other of the ?rst and second capacitor plates. 

27. The method of operating a variable capacitor of claim 
25, further comprising: 
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positioning third and fourth capacitor plates such that the 
?rst, second and third capacitor plates face the fourth 
capacitor plate in a spaced apart relationship; and 

Wherein the actuating cornprises actuating at least one of 
the ?rst, second, third and fourth capacitor plates so as 
to vary the spaced apart relationship betWeen the ?rst, 
second, third, and fourth capacitor plates. 

28. The method of operating a variable capacitor of claim 
25, Wherein the actuating comprises at least one of thermally 
actuating, electrostatically actuating and electrornagneti 
cally actuating. 

29. The method of operating a variable capacitor of claim 
25, Wherein the thermally actuating comprises applying a 
current. 


