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(57) ABSTRACT 

A micro electromechanical systems device having variable 
capacitance is controllable over the full dynamic range and 
not subject to the “snap effect” common in the prior art. The 
device features an electrostatic driver (120) having a driver 
capacitor of ?xed capacitance (121) in series With a second 
driver capacitor of variable capacitance (126). A MEMS 
variable capacitor (130) is controlled by applying an actua 
tion voltage potential to the electrostatic driver (120). The 
electrostatic driver (120) and MEMS variable capacitor 

2, 2000. (130) are integrated in a single, monolithic device. 
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MEMS VARIABLE CAPACITOR WITH 
STABILIZED ELECTROSTATIC DRIVE AND 

METHOD THEREFOR 

FIELD OF THE INVENTION 

[0001] This invention relates, in general, to micro electro 
mechanical system (MEMS) devices and, more particularly, 
to a high quality (high-Q) variable capacitor fabricated using 
MEMS technology. 

BACKGROUND OF THE INVENTION 

[0002] One prior art type of variable capacitor, knoWn as 
the thermal drive variable capacitor 10, is illustrated in FIG. 
1. In this prior art version, a dielectric gap 11 betWeen tWo 
capacitor plates 12 and 13 is controlled or altered by means 
of thermal eXpansion of lateral components. As shoWn in 
FIG. 1, each end of an upper plate 12 of a capacitor is 
connected to one end of a movable, hinged diagonal com 
ponent 15. The other end of the diagonal component is 
connected to a lateral component 14. Movement of lateral 
component 14, Which is controlled by thermal devices, 
causes the hinged diagonal components 15 to translate the 
lateral movement to vertical movement of upper plate 12. 
The vertical movement of upper plate 12 varies the capaci 
tance of the device. 

[0003] The drawbacks to thermal drive variable capacitor 
10 are several. The mechanical design of the device is 
complicated resulting in a costly and inefficient manufac 
turing process. Also, the complicated design of the thermal 
drive negatively impacts the reliability of the device. The 
translation of lateral movement to vertical movement intrin 

sic to thermal drive devices has the negative effect of 
increasing the siZe of the device. Also, the thermal eXpan 
sion and contraction operation of the device is inefficient, 
thus resulting in sloW speed in varying the capacitance. 
Furthermore, thermal operation requires signi?cantly more 
poWer consumption than electrostatically driven MEMS 
devices of similar capability. 

[0004] Another prior art variable capacitor 20 is illustrated 
in FIG. 2. MEMS variable capacitor 20 has at least one 
driver 21, itself a simple variable capacitor, for determining 
the displacement of a dielectric membrane 22 and a variable 
capacitor region for employment With an eXternal circuit 
(not shoWn). The displacement of dielectric membrane 22 is 
determined by the application of a voltage potential across 
drivers 21. 

[0005] The application of a voltage to the drivers causes 
an electrostatic attraction betWeen the driver electrodes. This 
electrostatic attraction results in a doWnWard movement of 
dielectric membrane 22, thereby causing a doWnWard dis 
placement. This reduction in the gap betWeen the upper 23 
and loWer 24 capacitor plates results in a corresponding 
variance in capacitance. 

[0006] Hence, a need exists for a high-Q capacitor that is 
reliable, cost efficient, and has continuous dynamic response 
over the full displacement of the dielectric membrane. 

Feb. 28, 2002 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a simpli?ed cross-sectional vieW of a 
prior art thermal drive variable capacitor; 

[0008] FIG. 2 is a cross-sectional vieW of another prior art 
MEMS variable capacitor; 

[0009] FIG. 3 is a chart comparing actuation voltage 
potential With displacement of a membrane for forWard and 
reverse bias of prior art MEMS variable capacitors; 

[0010] FIG. 4 is a schematic diagram of the driver portion 
of a MEMS variable capacitor in accordance With an 
embodiment of the present invention; 

[0011] FIGS. 5-8 are charts Which illustrate the dynamic 
response of the MEMS variable capacitor of FIG. 4; 

[0012] FIG. 9 is a cross-sectional vieW of a MEMS 
variable capacitor in accordance With another embodiment 
of the present invention; 

[0013] FIG. 10 is a cross-sectional vieW of a MEMS 
variable capacitor in accordance With yet another embodi 
ment of the present invention; and 

[0014] FIG. 11 is a chart comparing actuation voltage 
potential With displacement of the membrane for forWard 
and reverse bias for a MEMS capacitor in accordance With 
an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0015] One of the forces intrinsic to MEMS variable 
capacitors With electrostatic drive is the restoring force. The 
restoring force is a mechanical force that tends to return the 
dielectric membrane to its initial or rest position, i.e., the 
position of the membrane With no voltage potential across 
the control electrodes. When the voltage potential across the 
driver electrodes is lessened or removed, the restoring force 
causes the dielectric membrane displacement to increase as 
the dielectric membrane returns to its initial position, 
thereby varying the capacitance of the MEMS variable 
capacitor. 
[0016] One of the limitations of the prior art MEMS 
variable capacitor shoWn in FIG. 2, is re?ected in the 
relationship betWeen the restoring force FR and the electro 
static force FES. The restoring force FR for the dielectric 
membrane is linear With respect to the displacement. HoW 
ever, the electrostatic force FES is inversely proportional to 
the square the difference betWeen the original gap and the 
displacement. Therefore, as the actuation voltage increases, 
causing further displacement of the dielectric membrane, 
FES dominates over FR Which results in the dielectric mem 
brane clamping in the closed or fully displaced position. 
This is knoWn as the “pull-in” or “snap effect” and as the 
graph in FIG. 3 illustrates, the result is a tWo-state or 
bi-stable capacitor. Furthermore, When the actuation voltage 
is reduced, the membrane Will remain fully de?ected until 
FR can dominate FES. Thus, an abrupt form of hysteresis is 
evident in the prior art MEMS variable capacitor as shoWn 
in FIG. 3. In addition, the prior art MEMS variable capacitor 
eXhibits poor noise margins because of the above limita 
tions. 

[0017] Other limitations of the prior art MEMS variable 
capacitor folloW from the snap effect. For eXample, in most 
applications any capacitor variability is limited to approxi 
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mately one third of the sum of the available dielectric 
membrane de?ection plus the thickness of the dielectric 
membrane divided by the dielectric constant, as shoWn in the 
following equation: 

d=(g0+g1/E)/3 (1) 

[0018] Where: 

[0019] d is the dielectric membrane displacement; 

[0020] gO is the effective gap betWeen the loWer 
surface of the dielectric membrane and the upper 
surface of the loWer electrode; 

[0021] g1 is the thickness of the dielectric membrane; 
and 

[0022] E is the dielectric constant. 

[0023] Therefore, precise actuation voltage control is 
required, particularly near the pull-in point, i.e., the point on 
the curve Where the membrane Will clamp, Which is shoWn 
in FIG. 3 as approximately one third of the available 
displacement. 

[0024] Furthermore, the snap effect results in a device With 
a poor noise margin. That is, voltage spikes Will cause the 
membrane to clamp. Thus, as a practical matter, the prior art 
MEMS variable capacitor is typically employed as a bi 
stable device, rather than as a true variable capacitor that is 
controllable over a continuum of capacitances. 

[0025] NoW referring to FIG. 4, a schematic diagram of 
an electrostatic driver portion 30 of a MEMS variable 
capacitor in accordance With an embodiment of the present 
invention is shoWn. The electrostatic driver essentially com 
bines a ?xed capacitor C1 in series With a variable capacitor 
CV. Both C1 and CV are fabricated in the same monolithic, 
integrated device. The addition of C1 alters equation (1) by 
introducing the ratio of CV(Wh1Ch equals CO, the initial drive 
capacitance at Zero voltage) to C1 and the stable condition 
becomes: 

d=(go+g1/E)*(1+C0/C1)/3 (2) 

[0026] The inclusion of the C1, and thus the term (1+C0/ 
C1), increases the effective displacement range of the dielec 
tric membrane for controlling the variable capacitance. 
Furthermore, the system is stable in the full de?ection range 
if the folloWing condition is satis?ed: 

cU/cl;(2_g1/E*gl])/(1+g1/€gl]) (3) 

[0027] Thus, the device is stable over the entire operating 
range if CO/C1 is greater than or equal to approximately 2. 
FIGS. 5-8 illustrate the dynamic response of the circuit at 
several different values of CO/C1. The exemplary values for 
the other relevant parameters (g0, g1, and E) for the purposes 
of FIGS. 5-8 are go=2 pm, g1=1 pm, and E=3.9. Note that 
for the ratio of C0/C1=0 (FIG. 5), i.e., only one capacitor, the 
snap effect occurs at approximately 10 volts and only 
approximately one third of the displacement is useable. 
When CO/C1=1 (FIG. 6), approximately 60 percent (1.2/2) 
of the displacement is useable. For CO/C1=1.5 (FIG. 7), 
approximately 90 percent (1.8/2) of the displacement is 
useable. And for C0/C1=2 (FIG. 8), virtually 100 percent of 
the displacement is useable. 

[0028] NoW referring to FIG. 9, the structural aspects of 
a MEMS variable capacitor in accordance With an embodi 
ment of the present invention are disclosed. MEMS variable 
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capacitor 99 With stabiliZed electrostatic drive 100 is com 
prised of at least one driver capacitor pair 120 having a 
driver ?xed capacitor 121 in series With a driver variable 
capacitor 126. FIG. 6 illustrates MEMS variable capacitor 
99 With an electrostatic driver comprised of a single driver 
capacitor pair 120. 

[0029] MEMS variable capacitor 100 also has a variable 
capacitor 130 that connects to the remainder of the circuit 
(not shoWn). Variable capacitor 130 is comprised of a loWer 
plate 131, an upper plate 132, and a portion of a dielectric 
membrane 140. Dielectric membrane 140 displaces verti 
cally, as shoWn by the bold arroW, in response to the 
application of an actuation voltage potential to driver capaci 
tor pair 120, thereby varying the capacitance of variable 
capacitor 130. 

[0030] MEMS variable capacitor 99 With stabiliZed elec 
trostatic drive 100 is fabricated beginning With a substrate 
110, preferably a non-conductive substrate. In the preferred 
embodiment, an isolation layer of non-conductive material 
111, such as silicon oxide or silicon nitride, is deposited on 
substrate 110 to facilitate the manufacturing process. In a 
subsequent step, a metal layer is deposited to form a loWer 
electrode 122 of driver ?xed capacitor 121 on the isolation 
layer. Alternatively the metal layer may be deposited 
directly on substrate 110. LoWer electrode 122 of driver 
?xed capacitor 121 is connected to the remainder of the 
actuation circuit by any number of conventional means such 
as a metal trace. 

[0031] Subsequently, another isolation layer of non-con 
ductive material 112 is fabricated over isolation layer 111 
and loWer electrode 122 of driver ?xed capacitor 121. Thus, 
the loWer electrode 122 of ?xed capacitor 121 is electrically 
isolated from the remainder of the device. Then, another 
metal layer is deposited on an upper surface of second 
isolation layer 112 to form loWer plate 131 for variable 
capacitor 130 and a dual-use electrode 125. Dual-use elec 
trode 125 serves as the upper electrode of driver ?xed 
capacitor 121 and the loWer electrode of the driver variable 
capacitor 126. 

[0032] Subsequent steps include the formation of a sacri 
?cial layer (not shoWn), i.e., a temporary layer used to 
establish the effective gap go betWeen dielectric membrane 
140 and dual use electrode 125, the formation of an anchor 
post 150 from Which dielectric membrane 140 is suspended, 
the formation of dielectric membrane 140 and the deposition 
of another metal layer on the upper surface of dielectric 
membrane 140, Which forms upper plate 132 of variable 
capacitor 130, and an upper electrode 127 of driver variable 
capacitor 126. 

[0033] Ultimately the sacri?cial layer is removed so that 
dielectric membrane 140 is free to displace vertically in 
response to the application of the actuation voltage. In the 
embodiment illustrated in FIG. 9, there is an offset in 
dielectric membrane 140 to adjust the gap betWeen loWer 
plate 131 and dielectric membrane 140 to be slightly dif 
ferent from the gap g0. HoWever, in alternate embodiments, 
the offset may be varied or even eliminated, depending on 
the application of the device. 

[0034] NoW referring to FIG. 10, a MEMS variable 
capacitor 101 With stabiliZed electrostatic drive in accor 
dance With another embodiment is illustrated. MEMS vari 
able capacitor 101 includes a substrate 110 and isolation 
layers 111 and 112, as in the previous embodiment. HoW 
ever, MEMS variable capacitor 101 is comprised of tWo 
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driver capacitor pairs 120. Each of the driver capacitor pair 
120 is comprised of a driver ?xed capacitor 121 and a driver 
variable capacitor 126. Driver ?xed capacitor 121 is com 
prised of a loWer electrode 122 and a dual-use electrode 125. 
Also, the driver variable capacitor is comprised of dual-use 
electrode 125 and an upper electrode 127. Thus, as in the 
previous embodiment, dual-use electrode 125 serves as the 
upper electrode of driver ?xed capacitor 121 and the loWer 
electrode of driver variable capacitor 126. 

[0035] Each end of dielectric membrane 140 is connected 
to an anchor 150. Variable capacitor 130, comprising a loWer 
plate 131, an upper plate 132 and a portion of dielectric 
membrane 140, is located in the approximate center of 
dielectric membrane 140. The actuation voltage is simulta 
neously applied to each of the driver capacitor pairs 120 to 
control the de?ection of dielectric membrane 140. 

[0036] FIG. 11 is a chart 200 comparing actuation voltage 
potential With displacement of the membrane for forWard 
and reverse bias for a MEMS capacitor in accordance With 
an embodiment of the present invention. Chart 200 is a plot 
of actuation voltage versus displacement for a typical 
device. Note that the forWard bias curve is virtually identical 
to the reverse bias curve. The snap effect is effectively 
eliminated and there is no abrupt hysteresis as Was common 
in prior art devices. 

[0037] Although the invention has been particularly 
shoWn and described With reference to a preferred embodi 
ment thereof, it Will be understood by those skilled in the art 
that changes in form and detail may be made therein Without 
departing from the spirit and scope of the invention. 

1. A Micro Electro-Mechanical system (MEMS) device, 
comprising: 

an electrostatic MEMS driver, comprising: 

a ?rst driver capacitor having a ?xed capacitance; and 

a second driver capacitor having a variable capacitance, 
Wherein the ?rst driver capacitor is in series With the 
second driver capacitor; and 

a MEMS variable capacitor, Wherein the MEMS variable 
capacitor is controlled by the electrostatic MEMS 
driver. 

2. The MEMS device of claim 1, Wherein the MEMS 
variable capacitor comprises: 

a ?rst plate coupled to a substrate; 

a portion of a dielectric membrane; and 

a second plate coupled to the dielectric membrane. 
3. The MEMS device of claim 2, Wherein the MEMS 

variable capacitor is controlled by applying an actuation 
voltage potential to the electrostatic MEMS driver. 

4. The MEMS device of claim 1, Wherein the ?rst driver 
capacitor comprises: 

a ?rst electrode coupled to a substrate; and 

a dual-use electrode Wherein the dual-use electrode is 
separated from the ?rst electrode by an isolation layer. 

5. The MEMS device of claim 4, Wherein the second 
driver capacitor comprises: 

the dual-use electrode; and 

a second electrode coupled to the dielectric membrane. 
6. The MEMS device of claim 1, Wherein the electrostatic 

MEMS driver provides a continuous dynamic response of 
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the MEMS variable capacitor over an effective displacement 
range of the dielectric membrane. 

7. The MEMS device of claim 6, Wherein the continuous 
dynamic response for a forWard bias is virtually identical to 
a reverse bias of the device. 

8. A Micro Electro-Mechanical system (MEMS) device, 
comprising: 

a driver capacitor pair, comprising: 

a ?rst driver capacitor having a ?xed capacitance; and 

a second driver capacitor having a variable capacitance, 
Wherein the ?rst driver capacitor is in series With the 
second driver capacitor; and 

a MEMS variable capacitor, Wherein the MEMS variable 
capacitor is controlled by the driver capacitor pair. 

9. The MEMS device of claim 8, Wherein the MEMS 
variable capacitor comprises: 

a loWer plate coupled to a substrate; 

a dielectric membrane; and 

an upper plate coupled to the dielectric membrane. 
10. The MEMS device of claim 8, Wherein the MEMS 

variable capacitor is controlled by applying an actuation 
voltage potential to the driver capacitor pair. 

11. The MEMS device of claim 8, Wherein the ?rst driver 
capacitor comprises: 

a loWer electrode coupled to a substrate; and 

a dual-use electrode, Wherein the dual-use electrode is 
separated from the loWer electrode by an isolation 
layer. 

12. The MEMS device of claim 11, Wherein the second 
driver capacitor comprises: 

the dual-use electrode; and 

an upper electrode coupled to the dielectric membrane. 
13. The MEMS device of claim 8, Wherein the driver 

capacitor pair provides a continuous dynamic response of 
the MEMS variable capacitor over an effective displacement 
range of the dielectric membrane. 

14. The MEMS device of claim 13, Wherein the continu 
ous dynamic response for a forWard bias is virtually iden 
tical to a reverse bias of the device. 

15. The MEMS device of claim 8, Wherein the device 
further comprises a second driver capacitor pair, comprising: 

a third driver capacitor having a ?xed capacitance; and 

a fourth driver capacitor having a variable capacitance, 
Wherein the third capacitor is in series With the fourth 
capacitor. 

16. The MEMS device of claim 15, Wherein the second 
driver capacitor pair is in parallel With the ?rst driver 
capacitor pair. 

17. A micro electro-mechanical system device, compris 
ing: 

a substrate; 

an isolation layer fabricated over the substrate; 

a MEMS variable capacitor, comprising: 

a loWer plate coupled to the substrate; 

a dielectric membrane; and 

an upper plate coupled to the dielectric membrane; 
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a ?rst driver capacitor having a ?xed capacitance com 
prising: 

a loWer electrode coupled to the substrate; and 

a dual-use electrode Wherein the dual-use electrode is 
separated from the loWer electrode by the isolation 
layer; and 

a second driver capacitor having a variable capacitance, in 
series With the ?rst driver capacitor, the second driver 
capacitor comprising: 
the dual-use plate; and 

an upper electrode coupled to the dielectric membrane; 

Wherein the MEMS variable capacitor, the ?rst driver 
capacitor and the second driver capacitor are fabricated 
on a monolithic, integrated device. 

18. The device of claim 17, further comprising: 

a third driver capacitor having a ?Xed capacitance com 
prising: 
a second loWer electrode coupled to the substrate; and 

a second dual-use electrode Wherein the second dual 
use electrode is separated from the second loWer 
electrode by the isolation layer; and 

a fourth driver capacitor having a variable capacitance, in 
series With the third driver capacitor, the fourth driver 
capacitor comprising: 
the second dual-use plate; and 

a second upper electrode coupled to the dielectric 
membrane. 

19. A method for fabricating a micro electro-mechanical 
system device, comprising the steps of: 

Feb. 28, 2002 

providing a substrate; 

depositing a ?rst electrically conductive layer on an upper 
surface of the substrate to form a loWer plate of a ?rst 
driver capacitor; 

forming an isolation layer of non-conductive material 
over the loWer plate of the ?rst driver capacitor; 

depositing a second electrically conductive layer on an 
upper surface of the isolation layer to form a loWer 
plate of a MEMS variable capacitor and a dual-use 
electrode; 

forming a sacri?cial layer over the second electrically 
conductive layer; 

forming at least one anchor post coupled to the substrate; 

forming a dielectric membrane over the sacri?cial layer 
and coupled to the at least one anchor post; 

depositing a third electrically conductive layer on an 
upper surface of the dielectric membrane to form an 
upper plate of the variable capacitor and an upper 
electrode of a second driver capacitor, Wherein the ?rst 
driver capacitor is in series With the second driver 
capacitor; 

removing the sacri?cial layer so that the dielectric mem 
brane is free to displace vertically in response to an 
actuation voltage applied to the ?rst driver capacitor 
and the second driver capacitor. 

20. The method of claim 19, Wherein depositing ?rst, 
second, and third electrically conductive layers includes 
depositing metal. 


