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Abstract - This paper presents digital-type 
RF MEMS switched capacitors built in a copla- 
nar waveguide (CPW) configuration. In this de- 
sign, a MEMS shunt bridge is fabricated over an 
MIM capacitor. When the bridge is in the up 
state position, the CPW line is loaded mainly by 
the upstate MEMS bridge capacitance. When the 
MEMS bridge is pulled down, the line is loaded 
by the MIM capacitor. As a result we obtain 
a digital-type switched capacitor suitable for 0.5- 
6 GHz operation. Switched capacitors of different 
values (300 fF, 800 fF, 750 fF, 1.5 pF, 2.25 pF) were 
fabricated and resulted in high-Q (> 100) designs 
at 1 GHz. Also a Z-bit capacitor array was demon- 
strated. The values of Q are limited by metal-t+ 
metal contact resistance (0.8 0) and the calibration 
accuracy of the method used. 

MEMS capacitive shunt switches have been demon- 
strated extensively in literature [l], [Z], [3], [4]. These 
switches have very low insertion loss and and result 
in very high isolation. They show a large capacitance 
ratio (> 30), but the exact value of the down-state ca- 
pacitance depends on the roughness of the contact area 
between the bridge metal and the dielectric layer [Z]. 
Therefore they are not suitable to be used as precise 
switched capacitors. Goldsmith et al. used a series 
array of MEMS bridges with fixed MIM capacitors to 
result in a N-bit capacitor array [5], [6]. The design 
results in excellent performance at 0.1-4 GHz, but suf- 
fers from a series inductance due to the t-line lengths 
used. 

This paper presents a new MEMS bridge design that 
allows a. high capacitance-ratio and ensures a fwed 
down-state capacitance. The design also allows opera 
tion to 6 GHz and above with any capacitor resonances. 
An all-metal MEMS bridge is fabricated over an MIM 
capacitor. In the up-state position, the effect of the 
MIM and MEMS bridge in series is dominated by the 
up-state capacitance of the bridge. In the down state 
position, the metal bridge touches the upper metal of 
the MIM capacitor, connecting it using a low induc- 
tance to ground. This results in an equivalent fixed 

MIM capacitance to ground. The quality factor of the 
switched capacitors is limited by the metal-t*metal 
contact resistance (0.7-l n). Cascading two or more 
of these switched capacitors is possible and results in 
a digital capacitor array. 

II. FABRICATION 

The switched capacitor is fabricated on a 400 pm- 
thick high-resistlvity silicon wafer (2,00@3,000 a- 
cm). The CPW line dimensions under the bridge are 
G/W/G = 130/100/130 pm. The bridge width over 
the center conductor is 100 pm and the bridge length 
is 300 pm. The pull-down electrodes are located in the 
gaps of the CPW line. The bridge is widened over the 
CPW gap to increase the pull-down area and therefore 
reducing the pull-down voltage. Also the geometry of 
the MEMS bridge results in a low spring constant de- 
sign, further reducing the pull-down voltage (Fig. 1). 

Fig. 1. Switched MEMS capacitor with B 0.75 pF MIM 
capacitor. 

The fabrication steps are as follows: First, the SiCr 
bias lines and the pull-down electrodes are defined. 
Then, the first metal layer (6000 a of Ti/Au/Ti) is 
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6OOF ) 60 30 
750s I 60 37 

TABLE I 
DIMENSIONS OF THE MIM CAF’AC,TORS. 

defined using a lift-off process, and a 2000 A-thick sili- 
con nitride dielectric layer is deposited and patterned. 
Next, the upper metal of the MlM capacitor is defined 
using a lift-off process. The MEMS bridge is fabri- 
cated using a 8000 Pi-thick sputtered layer of gold us- 
ing PMMA as sacrificial layer. A series of 5000 A deep 
bumps are etched in the sacrificial layer over the MIM 
capacitor before sputtering of the bridge to insure a 
good contact resistance between the bridge and the 
underlying MIM capacitor. Also, the center conduc- 
tor, the ground planes and the anchors of the MEMS 
bridge are electroplated with 2 pm of gold. The bridges 
are finally released using a critical point dryer (CPD) 
system. The bridge height is 1.5 pm and the pull-down 
voltage is 15 V. The applied voltage is 20-30 V to result 
in a good contact resistance. Fig. 1 shows a picture of 
a MEMS switched capacitor with an MIM capacitor of 
0.75 pF. 

different MIM capacitance values were chosen: 
300 fF. 600 fF. 750 fF. 1:5 DF and 2.25 DF. The dimen- 

, I  

sions of the MIM capacitors are easily calculated from 
the parallel-plate capacitor formula: C = e,e,A/d, 
where er = 7.6 is the relative dielectric constant of 
silicon nitride, A is the area of the MIM capacitor and 
d is the silicon nitride thickness (2000 A). Table I gives 
the dimensions of the MIM capacitors used. 

III. MEASUREMENTS ON SINGLE MEMS SWITCHED 
CAPACITORS 

Fig. 2 shows a CPW MEMS shunt switched capac- 
itor and its CLR series equivalent circuit. In order to 
measure the Q of these capacitors, reflection loss mea- 
surements of the switched capacitor placed at the end 
of a CPW line were done. This measurement results 
in an easy determination of the capacitance and Q of 
the device-under-test. As noted below, it is limited to 
a Q of around 80, before small errors in the 5’11 mea- 
surements greatly affect the result. 

R,(O.7-I Cl) 

Fig. 2. CPW shunt MEMS switched capacitor and its 
equivalent circuit model. 

In the upstate position, the series combination of 
the MEMS bridge and the MIM capacitor is dominated 
by the upstate capacitance of the bridge. The up 
state capacitance is measured to be 100-120 fF for the 
different capacitances listed above. When the bridge 
is pulled down, the bumps touch the upper metal of 
the MIM capacitor. This is a metal-twnetal contact 
and the MIM is connected via the metal bridge to 
the ground plane. The inductance of the bridge is 
around 10 pH and therefore its effect is insignificant 
at 1-6 GHz. 

Measurements were done from l-6 GHz. Fig. 3 
shows the measured and fitted reactance of the differ- 
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Fig. 3. Measured reactance of the different switched 
capacitors from l-6 GHz. 

100 -120 2.25 1 -69 to -20 ( 90-30 

TABLE II 
MEASURED QUALITY FACTOR AND REACTANCE AT 

1-3 GHz FOR THE DIFFERENT SWITCHED MIM 
CAPACITORS. 

Fig. 4. Measured quality factor (Q) of the different 
switched capacitors from l-6 GHz. 

ent switched capacitors. The reference plane is defined 
100 pm away from the edge of the MEMS bridge. The 
fitted values are within 5% from the designed values 
except for the 300 fF design. This is due to the small 
value of the MIM capacitor used. Since the upstate 
capacitance is wound 100 fF, the MEMS switched ca- 
pacitors lead to a digital varactor with ratios of (3:1), 
(cl), (7.5:1), (151) and (221). The jump in reactance 
for 750 F, 600 fF and 300 fF cakes around 3 GHz is 
due to different calibration standards used for the low 
frequency range (1-3 GHz) and for the upper frequency 
range (3-6 GHz). 

Fig. 4 shows the measured quality factor (Q) for the 
2.25 pF, 1.5 pF and 0.75 pF casa “emus frequency. 
The Q varies as l/f as predicted, since for an RC in 
series Q = l/R&. The quality factor is calculated 
from the S,, measurements by taking the ratio of the 
imaginary part over the real part of the corresponding 
input impedance at the reference plane. The quality 
factor (Q) is fitted to the quality factor of the model 
in Fig.2 and results in resistance values between 0.65- 
0.85 n. For the 300 fF and 600 fF designs, the Q is 
very high at 1-3 GHz and could not be measured. This 
is clearly seen in Fig. 4, where large variations in the 
measured Q exist for the 0.75 pF case. In fact: 

and for a very low loss (high-Q capacitor), /.S111* is 
very close to 1. Therefore, any variation in S,l, due to 
noise and calibration errors, will have a drastic effect 
on the Q, and the method used is valid for Q < 80. The 
measured qualityfactors and reactance of the switched 
capacitances at l-3 GHz are tabulated in Table. II. 

IV. 2-81~ SWITCHED CAPACITOR ARRAY 

A 2-bit digital capacitor array has been fabricated 
using the 300 fF and 600 fE switched capacitors. Each 
bit is addressed individually using separate bias lines. 
Fig. 5 shows the equivalent circuit model for a Z-bit 
MEMS switched capacitor array. The CPW line di- 
mensions used are G/W/G = 130/100/130pm and the 
distance between the two bridges is 200 pm. The refer- 
ence plane is defined as 100 pm away from the edge of 
the first bridge. Fig. 6 presents the measured reactance 
of the 4 possible combinations in the S-bit design. The 
upstate capacitance was fitted to 110-120 fF. The fit- 
ted down-state capacitances for the individual switched 
capacitors are 360 fF and’640 fF. This is in close agree 
ment with the values seen in the single switched capac- 
itor design. 
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Fig. 5. Photomicrogmph (a) and equivalent circuit 
model (b) of the 2-bit MEMS switched capacitor 
array. 

The 2-bit design can be tuned at 2 GHz in a dig- 
ital fashion from -j250 (both bridges up) to -j130, 
-j90 and -j70 R (both bridges down) resulting in 
impedance ratios of (1.9:1), (2&l) and (3.&l), rc- 
spectively. The same impedace ratio is achieved at 
2.5 GHz (-j200, -jlOO, -j70 and -j56 n) and at 3 GHz 
(-jlS5, -j85, -j58 and -j45 a). This makes the switched 
capacitor array design suitable for a digital tunable 
matching network at 0.5-3 GHz. The high Q of these 
components make them very attractive since the tun- 
able matching network will have very low loss. 

v. CoNCLUsloN 

This paper presents different digital switched capac- 
itors for frequency range from 0.5-6 GHz. The values 
covered were from 300 fF to 2.25 pF rendering varac- 
tars with ratios ranging from,3 to 2O:l. These capac- 
itors have demonstrated a high quality factor. Also, 
a Z-bit switched capacitor array was built and mea- 
sured. Different impedance values were achieved at 2- 

Fig. 6. Measured reactance, X, of the 4 states of the 
2-bit switched-capacitors array from 0.5-3 GHz. 

3 GHz over a wide range (1.9, 2.8, 3.6:1). This makes 
the switched capacitors very suitable for digital tunable 
matching networks. 
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