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I. INTRooUCTroN 

N UMEROUS high-frequency MEMS switches have 
been recently demonstrated [l] with outstanding RF 

performance and typical capacitance ratios in the range of 
70~1. The majority of these designs rely on electrostatic 
actuation because of its simplicity and its very low biasing 
power requirements. This actuation mechanism results in 
the well-known pull-in effect that forces the micro-switch 
to collapse when it moves one third of its initial height. Al- 
though this effect does not significantly impair the switch- 
ing operation, it can be a serious limitation to MEMS vari- 
able capacitors, if a similar actuation mechanism is fol- 
lowed. 

Two main approaches have been proposed in the liter- 
ature to overcome this issue: 1) digital varactors by us- 
ing a bank of MEMS switches [2] and 2) extended tuning 
range analog variable capacitors [3], [4], [51. Digital designs 
can provide high tuning ranges, but the interconnects be- 
tween the individual switches typically require a significant 
amount of space and considerably limit their bandwidth. 

Although these limitations do not apply to the analog de- 
signs, the reported analog extended range parallel-plate 
MEMS varactors have shown limited tuning range (in the 
order of 5@70%) mostly because due to residual stress that 
limits the theoretically expected capacitive range. 

Our proposed varactor also follows the extended tun- 
ing range approach, but it is based on a twwnetal, two- 
sacrificial-layer process and results in a measured tuning 
range of nearly 300%. This varactor design is also very rw 
bust to residual stress and is presented in Section II. The 
fabrication process follows in Section III, while our exper- 
imental results are discussed in Section IV. 

II. RF MEMS CAPACITOR DESIGN 

Fig. la shows a schematic of the proposed device. This 
device is composed of two Au beams. The first beam (lower 
beam) is a 0.7.@II thick beam that is suspended g1 = 2 urn 

above a 50/80/50-pm coplanar waveguide (cpw) line, while 
the second one (upper beam) is 13-pm thick and is sus- 
pended 92 = 6 pm above the lower beam. Figs. lb and c 
illustrate two possible implementations of the lower beam. 
The first one (Fig. lb) shows a folded-suspension lower 
beam design (FSLB design), while the second one (Fig. lc) 
shows a fixed-fixed lower beam design (FFLB design). The 
second difference between the two implementations is the 
fact that in the FSLB design a dielectric layer covering the 
cpw line prevents direct metal contact between the lower 
beam and the center conductor of the cpw, while this is 
not the case in the FFLB design. Both implementations 
are based on the same design principles but they yielded 
slightly different experimental results, which are presented 
and compared in Section IV. 
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In both designs the anchor points of the lower beam are 
connected to the ground planes of the cpw line. Further- 
more, in both designs the upper beam (which is suspended 
92 = 6 pm above the lower beam) has no anchor points, but 
is connected to the middle of the lower beam. Although the 
upper beam is almost l-mm long, it is very stiff, because it 
is made of 13 pm of low-stress electroplated Au. The upper 
beam also forms two 360x30@& pads (upper pads) that 
are suspended a total distance of gtot = CJ~ + 92 = 8 pm 
above the two electrostatic actuation pads covered with a 
dielectric layer as shown in Fig. la. 

When an electrostatic potential Vb is applied between the 
upper beam and the two actuation pads, the lower beam 
deflects, because its spring constant is three orders of mag- 
nitude lower than the upper beam’s, Additionally, because 
of the height difference between the two beams, the pull- 
in instability for the upper beam does not occur until it 
moves by approximately 2.5 fink downwards. This means 
that the upper beam does not collapse before the lower 
beam touches the center conductor of the cpw line (in the 
FFLB case) or the dielectric layer covering it (in the FSLB 
case). When this happens (at Vb = V,,), both beams have 
moved by about 2 pm, which is the maximum allowable 
distance the lower beam can travel. Consequently, in both 
causes the tuning range of the varactor can be designed to 
be very high and is limited only by fabrication issues, such 
as residual stress, thickness and roughness of the dielectric 
layer. 

III. FABRICATION PROCESS 

Fig. 2 summarizes the six-mask process that is necessary 
for the fabrication of the varactor. The varactors are fabri- 
cated on a high-resistiv$y Silicon substrate (approximately 

2000 R-cm) with 2000 A of thermally grown SiO2. The fab- 
rication starts with a lift-off process of Cr/Au 250/9000 A 
that is performed to define the 50/80/50 cpw lines and 

the actuation pads. PECVD deposition of 3000 A SisN4 
follows, which is patterned with a dry RIE process. This 
dielectric layer is mainly deposited to protect the actuation 
pads from potential direct contact with the upper beam. 
The first sacrificial layer (photoresist SC1827 by Shipley) is 
subsequently spun at 3.5krpm and patterned. This sacrifi- 
cial layer is post-baked at a 180-C hotplate for 3.5 min to 
avoid any out-gasing in the remaining of the process. The 
lower beam deposition and patterning follows. This beam 

is made of low-stress 0.7 brn Au and is anchored at two or 
four points, depending on the design (see Fig. 1). A second 
sacrificial layer (photoresist AZ 9260 by Clariant) is spun 
at 3krpm and patterned. This photoresist results in a 6. 
wrn layer after bejng post-baked in a 15&C oven for lh. A 
thin layer (1000 A) of low-stress Au is subsequently sputter 
deposited on top of the second sacrificial layer. This layer 
is electroplated to 12-13 pm to create the very stiff upper 
beam described in Section II. The final steps are the etch- 
ing of the sacrificial layer and drying of the varactors with a 
conventional supercritical COz process. It is worth noting 
that no adhesion layer is required between the sputtered 
Au and the photoresist in both depositions described in 

this process. Such an adhesion layer (e.g. Ti or Cr) could 
easily create a significant mismatch between the two met- 
als (Ti/Au or Cr/Au) and result in a significant warping 
of the structure. 

IV. RESULTS AND DISCUSSION 

A. FSLB Tunzng Range 

The RF performance of these varactors was measured 
from 2-40 GHz by an 851OC Vector Network Analyzer 
with the help of an Alessi Probe Station and GGB Pi- 
coprobe 150 pm pitch coplanar probes. The effects of the 
probes and their RF lines to the network analyzer are de 
embedded by a standard wideband TRL calibration. The 
RF shunt capacitance of each of the varactors was extracted 
by fitting the RF results to the model shown in Fig. 3c. 
Fig. 3a presents the measured reflection coefficient of a 
typical varactor following the geometry of Fig. lb. These 
measurements prove the almost ideal capacitive response 
of the varactor for the various bias voltages. The capaci- 
tance, however, does not vary smoothly with voltage, but 
it shows a deviation from the theoretically expected curve 
at bias voltages of 22-23 V. This intermediate discontinuity 
becomes more obvious in Fig. 3b where the extracted ca- 
pacitance is plotted as a function of voltage. Varactor C in 
this plot is the varactor whose results are shown in Fig. 3a, 
while the three other curves represent the extracted capw- 
itances from three more varactors with the same geometry. 

Fig. 3 clearly demonstrates that the tuning range for 
all varactors is between 160.213% and the maximum and 
minimum capxitance values do not vary more than 12% 
and 20% respectively. Table I summarizes these results and 
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instance, cannot ,+sily provide the values from 47 to 77 fF 
More studies need to be performed to explain this effect, 
but it is believed that it is due to residual stress that causes 
an abrupt movement as the device moves downwards. 

The measurements presented in Fig. 3 were performed by 
slowly increasing the biasing voltage from 0 V to a value 
slightly less than the pull-in voltage. The reverse measure- 
ments were performed by decreasing the voltage from its 
maximum value to 0 V. Fig. 4 shows an example of such 

Fig 3. (a) Qpieal measured and simulated reflection coetlieient of a measurement tar varactor A. ‘Jhls Figure shows that a 
the varctor Sh0~n in Fig. lb. (b) Shunt CaWCltanCe Presented 
by several “aractors as R functmn of the spplid bia? voltage. var. 

hysteresis loop exists in the operation of the varwtor and 

actor c is tile varactor whose reflection measurements are shown that the observed intermediate discontinuity is observed at 
in the first part of thk figure. It 13 interesting to note the discon- different voltage levels in the forward and backward bias- 
tinmty for each “aractor that OCCUIS at CJmrent voltage levels. 
(c) Equivalent arcuit used to extract the capemtance dues “3, 

ing schemes. This hysteresis loop is repeatable and very 

bias voltage. similar for all the varactors of Fig. 3. Although more in- 
vestigation is necessary to explain this hysteresis loop, we 
believe that it is a direct result of the existence of the in- 

also provides the measured pull-in voltage and respective termediate discontinuity. 
capacitance for each one of these varaxtors. This table 
shows that the maximum possible capacitance could not B. FFLB Ikning Range 
be achieved in an analog way. This was due to the residual 
stress in the lower beam that forced it to warp upwards and 

The measurements presented in the previous subsection 

thus increase 91, g2 and therefore decrease (92 -g1)/g1. It is 
were repeated for the FFLR varactors. The results were in 

worth noting, however, that although the maximum tuning 
general similar, but the achieved tuning range was higher 

ITInge could “Ot be achieved because Of residual StESS, the 
and reached nearly 300%. This improved tuning range was 

device Still demonstrated a significantly improved tuning 
due to the fact that the fix&f&d lower beam did not sig. 

range compared to previous designs. 
nificantly deflect due to the process r&dual stress m it was 

the case for the FSLB designs. As a result, the lower beam 
It is also worth noting that the intermediate discontinu- could move almost the total distance of 91 = 2 brn without 

ity was observed for all varactors but at different voltage collapsing due to the pull-in effect of the upper beam. In 
levels. Fig. 3b shows that the voltage level where this dis- order to verify this, we did not include any dielectric layer 
continuity is observed varies by about 50%. Due to this between the lower beam and the center conductor of the 
effect it will be very difficult to realize some capacitance cpw for the FFLB design. As a result, if the voltage was 
values close to the disdontinuity region. Varactor C, for increased past the pull-in voltage, a direct metal contact 
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Fig. 5. (a) Typical measured reAedion coefficient of the varactar 
showed in Fig. Ic. (b) Extracted shunt capmtance Of the MEMS 
varactor Bs a function of the apphed bias voltage. The tuning 
range of this capacitor is nearly 300%. Although the ,ntermediate 
discontinuity is praent in this varactor too, its effect is in general 
milder than tile ones under the FSLB design. 

The quality factor of these devices is also very high and 
is dominated by the resistive losses of the cpw line and the 
lower beam. Fig. 6 shows the insertion loss of a. FFLB 
varactor with 168 fF capacitance ind the simulated inser- 
tion loss for various quality factors at 40 GHz. This Figure 
demonstrates that the quality factor is higher than 80 at 
40 GHz. More accurate quality factor measurement tech- 
niques will be presented in the conference. 

v. CoNCLUsIoNs 

In this paper we have presented a novel analog MEMS 
varactor design with a capacitance tuning ratio of 300%. 
The cawcitance value is electronicallv controlled bv a bias 

would be observed and a low contact resistance would be voltage which is in the range of 20:34 V. These”MEMS 

recorded. varactors also show the additional advantages of resonant 

Fig. 5a presents the reflection coefficient measurements 
frequency and quality factor in excess of 100 GHz (for C = 

for a typical varactor of the geometry shown in Fig. lc. 
168 fF) and 80 at 40 GHz respectively. 

The measurements demonstrate that the lower beam does ACKNOWLEDGMENTS 
not contact the center conductor of the cpw line even with 
a voltage of 22.5 V. However, when the voltage is increased 
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extracted capacitance values (exc&t for& = 22.8 V) are 
presented in Fig. 5b. Baaed on the parallel plate model 
approximation, and these capacitance values, the gap be- 
tween the lower beam and the center conductor at 22.5 V 
is approximately 0.36 pm. The fact that the upper beam 
does not collapse before the lower beam touches the cpw 

center conductor is also proven by the fact that the contact, 
resistance can be precisely controlled by the bias voltage as 
shown in [6]. 

C. Resonant lhquency and Quality Facto? 

The resonant frequency of both FSLB and FFLB designs 
are very high and are dominated by the highest capacitance 
value and the parasitic inductance of the designs. The 
parasitic inductance depends on the springs of the lower 
beam and is in the order of 10 pH for both designs [6]. 
Consequently the resonant frequency of these varactors is 
very high (> 100 GHz) and could not be determined by 
the measurement techniques presented in this work. 
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