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Abstract— In this paper we focus on electromechanical
modeling of high-tuning range MEMS varactors with a fo-
cus on failures caused by residual compressive stress. In
particular, we quantitatively evaluate for the first time a
high-tuning range parallel-plate MEMS varactor in the pres-
ence of residual compressive stress. A 3D model gener-
ated in ANSYS agrees very favorably with the measured
data and explains non-ideal discontinuities in the varactor’s
C — V curve. It is interesting to note that, although the
failures considered in this paper are not encountered in
RF MEMS switches, they become particularly important
in analog MEMS varactors since they directly impact their
effective tuning range.

I. INTRODUCTION AND MOTIVATION

RF MEMS switches are currently considered among the
most promising tunable devices due to their excellent RF
performance and virtually zero power consumption [1]. De-
spite their advantages, however, a number of serious relia-
bility and cost issues remain unanswered, including contact
area damage and wear [2], power handling [3] and dielectric
charging [4].

It is interesting to note that these reliability and pack-
aging concerns in today’s MEMS switching technology are
directly linked to their designed mode of operation that
relies on some type of direct metal-to-metal [5] or metal-
to-dielectric contact [6]. Other MEMS devices that operate
in completely contact-less modes, such as the Analog De-
vices accelerometers and the Agilent Film Bulk Acoustic
Resonator (FBAR) filters, do not exhibit these difficulties,
have already become commercially available and are mas-
sively produced. Although their design and complexity are
comparable to MEMS switches, their crucial advantage lies
on the lack of any type of contact.

Motivated by these devices, several researchers have fo-
cused on contact-less devices and primarily high tuning-
range varactors. The authors, for instance, have al-
ready demonstrated completely contact-less millimeter-
wave MEMS variable capacitors with tuning range of up
to 4:1 [7] and have discussed reliability issues related to
creep and packaging [8]. Unlike MEMS switches, these
capacitors are immune to stiction and do not suffer from
dielectric charging since no thin dielectric films are neces-
sary for their operation. However, non-ideal C' — V' curves
are often observed in measurements of these varactors [7],
[9]. It is the purpose of this paper to provide for the first
time quantitative results about these non-ideal behavior
and propose methods to alleviate these issues.

II. MEASURED NON-IDEAL C' —V CURVES

Figs. 1 and 2 show two examples of MEMS analog vari-
able capacitors with non-ideal C — V' curves that have ap-
peared in the literature and have not been explained yet
[7], [9]. The varactor of Fig. 1 (we will call it varactor A) is
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Fig. 1. (a) Differential analog MEMS varactor (N = 1 finger for this
picture) and (b) its C' — V curve for 1,2 and 4 fingers after [9].

a differential multi-finger parallel-plate device that is fab-
ricated with the commercially available MUMPS process.
On the other hand, the varactor of Fig. 2 (we will call it var-
actor B) is built in our solid-state laboratory with a custom
fabrication process [7] and is based on the extended-tuning
range approach. It is interesting to note that although
these two varactors are based on very different geometries
and fabrication processes, the discontinuity in their C' — V
curve around 2.3 and 15 V is common in both of them.
This is a very undesirable effect since it limits the effective
tuning range of the device and contributes to unwanted
non-linearity to the circuit. Therefore it is important to
understand the cause of this effect so that the design can
be improved.

III. VARACTOR B OPERATION

While our results can be utilized for both cases, this pa-
per focuses on analyzing varactor B. Consequently, for com-
pleteness we summarize the basic operation of this varactor
here. The design is based on two beams, namely the lower
and upper beams. The lower beam is 1 pm thick, is sus-
pended approximately 2 ym above the center conductor of
a 60,/100/60 pm coplanar waveguide (cpw) and is anchored
at its ground planes. The upper beam is 10 pum thick and
is connected only at the center of the lower beam through
three 6-pm-thick vias. Consequently the upper beam is
8 pum above the substrate. It also extends over two square
pads that are used for actuating the device. These square
pads are completely isolated from the RF line and are not
connected to the cpw ground planes.

When an electrostatic potential is applied between the
upper beam and the two actuation pads, an electrostatic
force is felt by the upper beam. However, this beam does
not deflect due to its very large spring constant. It forces
though the lower beam to deflect. Because of the height
difference between the two beams, the pull-in instability for
the upper beam does not occur until it moves by approx-
imately 2.5 pm downwards. This means that the upper
beam does not collapse before the lower beam touches the
center conductor. As a result, the tuning range of the var-
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Fig. 2. (a) High-tuning range analog MEMS varactor, (b) a simple
schematic of the device, and (c) its measured non-ideal C — V'
curve (after [7].

actor can be designed to be (theoretically) arbitrarily high.
In practice it is limited by the residual stress in the fabrica-
tion process as well as by the desired maximum allowable
RF power.

In [7] a hypothesis is proposed to explain the discontinu-
ous effect. It is assumed that it is due to the initial upward
warping of the lower beam. When a bias voltage is ap-
plied the beam starts deflecting downwards which leads to
compressive stress being built in the beam. It is hypoth-
esized that the point of discontinuity in the C' — V' curve
is the point where the compressive stress exceeds a criti-
cal value and buckling occurs. The next section proves the
correctness of this hypothesis.

IV. MODELING

To explain the undesired discontinuous effect we model
varactor B in ANSYS [10] using a 3D electromechanical
approach. The generated model is shown in Fig. 3. The
geometry of this model corresponds exactly to the geome-
try of the real structure. This includes the undesired up-
ward curling of the lower beam that is observed in the
real structure. From RF measurements similar to the ones
shown in Fig. 2c it was extracted that the final height of
the lower beam is approximately 4 pum instead of the in-
tended 2 pm as mentioned in the previous section. This
effect was modeled in ANSYS by introducing an appro-
priate upward curvature in the lower beam (see Fig. 3).
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Fig. 3. ANSYS 3D electromechanical model that corresponds to
varactor B. The lower beam has been bent the same way as in
the real structure. All the necessary parameters for the model
are given in Table I.

TABLE 1
GEOMETRIC AND MATERIAL PARAMETERS OF THE MODEL SHOWN IN
Fic. 3

Parameter Symbol Value
Lower beam length [pm] Ly 300
Lower beam width [pm] w 20
Lower beam thickness [pm)] t 1
Beams’ Young’s modulus [GPa] E 80
Beams’ Poisson’s ratio v 0.42
Upper beam length [pm)] Lo 920
Upper beam width [pm] wWa 100
Upper beam thickness [pm] to 13
Actuation pad area [um?] A 360360
Nominal air-gap (lower beam) [pm] g 2
True air gap (after curling) [pm] 90 4
Beams’ mesh elements Ny 24,710
Air-gap mesh elements Ny 5437
Substrate mesh elements N3 175

An infinitesimally small upward bent in the lower beam
can initiate the desired amount of upward warping when
subjected under compressive stress. Furthermore, by as-
signing a positive coefficient of thermal expansion to the
lower beam and then subjecting it to a uniform temper-
ature (above the set reference temperature) we can also
create the necessary compressive stress. All of the relevant
geometric and material parameters are summarized in Ta-
ble I.

Unfortunately the model of Fig. 3 could not be directly
used to predict the instability point or the post-buckling
behavior of the beam. This was due to a slight tilt that was
inevitably introduced in the upper beam when the com-
pressive stress in the lower beam approached its buckling
stress value. The amount of tilt increased at every subse-
quent step of the simulation until the upper beam (not the
lower one) touched the substrate.

In order to avoid this behavior we had to simplify the
structure and remove the upper beam, thus simulating
only the lower beam. To compensate for this effect, we
apply an equivalent mechanical pressure on the region of
the lower beam where the upper beam were attached. This
mechanical pressure equals the pressure generated by the
electrostatic force on the upper beam’s actuation pads.
The equivalent mechanical pressure can be easily calcu-
lated (including the fringing field capacitance) and thus
displacement vs. voltage curves for these varactors can be
generated after the buckling point. The details of this anal-
ysis will appear in an appropriate journal.
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Fig. 4. A 300-pum lower beam at three different stages: (a) initial
state (g = 4 um, V;, = 0V), (b) pre-buckling state (¢ = 3.2 um,
Vi = 14.4V), (c) post-buckling state (g =1 pm, V}, = 15.9V).

Fig. 4 shows the simulated lower beam at three steps:
(i) initial condition (V = 0V) where the beam is deflected
4pm above the substrate, (ii) just before buckling (V, =
14.4V) where the structure is 3.2um above the substrate,
and (iil) just after buckling (V4 = 15.9V) where the dis-
tance between the lower beam and the substrate is ap-
proximately 1pm. Fig. 7 shows the complete simulated
deflection-voltage curve of this beam.

Particular attention has to be paid, however, on the fact
that although we have assumed a uniform thickness of the
lower beam, this is not the case due to the connection of
the lower and upper beams (Fig. 2). This connection takes
place over an area of 80 x 100 um?. In other words, the
thickness of the lower beam in the proposed model has to
be increased from 1 to 10um over this aforementioned area.
Since this is a significantly stiffer section (11um thick ver-
sus lum for the rest of the lower beam), in a first order
buckling analysis we can substitute the actual lower beam
with an effective lower beam whose length would be re-
duced by 80um. This is explained graphically in Fig. 5.

The simulated deflection-voltage curve of the 220-um
beam is shown in Fig. 6. The same graph presents the
extracted deflection-voltage curve based on the measure-
ments shown in Fig. 2. Despite the approximations, the
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Fig. 5. Actual and effective lower beams used in the buckling analy-
sis. Due to the stiffness of the center section of the lower beam,
we replace it with an effective beam with a uniform thickness but
reduced length.
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Fig. 6. Simulated and measured deflection-voltage curves for MEMS
varactor B. The buckling occurs at 13.7V (measurements) and at
16.8V (simulations).

complexity of the structure and the non-linear nature of
buckling, reasonably good agreement is observed between
simulated and measured data. In the actual experiment
buckling occurred at 13.7V, while the simulated buckling
point is at 16.8V.

V. STRUCTURAL IMPROVEMENTS

It is interesting to note that the C'—V discontinuity can
be removed not only by reducing the in-plane compres-
sive stress, but also by changing the design of the lower
beam. In this work we consider the simple case of reducing
the length of the lower beam. Shorter beams can sustain
higher levels of compressive stress before buckling. Conse-
quently, they are more robust and less sensitive to process
fluctuations. The penalty paid is an increased tuning volt-
age.

To illustrate this point, we first find out the amount of
initial compressive stress that would produce a curvature
of about 2 ym in a beam of length 300 ym. This stress was
numerically evaluated to be 73.1 MPa. When incorporated
in a 160-pum beam, it results in a curvature of about 1.1
pm. Fig. 7 shows the deflection-voltage curve for a 160-um
beam and compares it with a 300-um beam. For the given
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Fig. 7. Simulated deflection-voltage curves for 300- and 160-um
lower beams. The initial compressive stress (73.1 MPa) is the
same for both beams. Unlike the 300-pm beam, no discontinuity
is observed for the 160-pum beam.

compressive stress of 73.1 MPa, the 160-um beam does not
suffer any discontinuity.

These results prove that the discontinuous behavior of
the C — V curve is directly related to the initial upward
curling of the lower beam that is caused by residual com-
pressive stress. Consequently, this issue is not an inherent
disadvantage of the varactor geometry and can be allevi-
ated even in the presence of a residual compressive stress
by appropriately altering the lower beam design.

VI. CONCLUSION

This paper has focused on 3D electromechanical mod-
eling of analog MEMS varactors. The presented models,
which are verified by measurements, clearly explain non-
ideal C' — V curves commonly encountered in this type of
devices. The results of this paper directly link for the first
time the discontinuous C'—V curves with residual compres-
sive stress. Consequently, the discussed techniques can be
used as a useful tool to aid the MEMS engineer in the de-
sign of variable capacitors in the presence of residual stress.
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