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WIDE TUNING RANGE
RF-MEMS VARACTORS
FABRICATED USING THE
PoLYMUMPs FOUNDRY

Semiconductor varactor diodes are widely used throughout the electromagnetic

spectrum, but their performance limits their applications. One technology being

pursued by industry and academia as a potential solution to these problems is
RF-MEMS varactors. This article introduces the reader to fundamental device
research conducted at McGill University concerning the performance limitations
of RF-MEMS varactors fabricated in the commercially available PolyM UMPs
(Polysilicon Multi-user MEMS Process) foundry. Several varactors were

designed, fabricated and characterized, which demonstrated wide capacitance
variations (49 to 433 percent) and high Q-factors (Q =25 to 90) for devices
operating at 2.4 GHz. The issues and procedures presented here are easily

applied to the development of other devices being developed for commercial

applications.

monly used throughout RF, microwave

and millimeter-wave spectrums for a vari-
ety of applications,!? including the tuning of
critical circuits such as voltage-controlled oscil-
lators (VCO), filters, matching networks and
phase-shifters in RFIC and MMIC circuits.
However, semiconductor varactor diodes are
limited in their applications by performance is-
sues. Fundamentally, the quality factor (Q) for
varactor diodes varies inversely to the tunable
capacitance range of the diode. The Q suffers
from the high series resistance of the varactor
diode junction, which results in a decrease in Q
when the diode capacitance is increased.
Therefore, circuits requiring high Q values,
such as high quality VCOs, do not rely solely
upon varactors as their only source of capaci-
tance. Varactors are often used in conjunction
with off-chip discrete capacitors to maintain a

S emiconductor varactor diodes are com-

combined minimum capacitance and Q. The
addition of off-chip discrete components in-
creases the size, complexity and cost of the cir-
cuits, so alternative solutions to this problem
have been sought. One technology being inves-
tigated as a potential solution to this problem is
RF-microelectromechanical system (RF-
MEMS) variable capacitors (varactors).
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RF-MEMS varactors and other
components are being aggressively
pursued throughout academia and in-
dustry, which has prompted the recent
publication of reference books dis-
cussing the theory of design for these
devices.>> Reviewing the literature
reveals that numerous configurations
for RF-MEMS varactors are being
pursued.3-6 This article is intended as
an introduction to the design of RF-
MEMS varactors, so not every Config—
uration can be discussed. Configura-
tions can include tunable parallel plate
capacitors, interdigital capacitors and
variations of these concepts. The fun-
damental theory of design for RF-
MEMS varactors is applicable to any
of these concepts; however, this article
discusses the design of tunable parallel
plate capacitors (varactors) fabricated
in the commercially available Poly-
MUMPs foundry.”

Parallel plate varactors fabricated in
the PolyMUMPs foundry have been
widely studied.5-14 The typical results
obtained for these devices are a 2.1 pF
device with a 38 percent capacitance
variation and a Q of 9.3 at 1.9 GHz.13 It
is quite evident that these results are
limited in their applications by the
small tuning range and low Q. There-
fore, McGill University launched a re-
search program to determine the tun-
ing range and Q limitations for varac-
tors fabricated in the PolyMUMPs
foundry. The university was able to
demonstrate varactors built in this
foundry provide wide capacitance vari-
ations (49 to 433 percent) and high Q
(Q =25 to 90) values at 2.4 GHz, which

WV Fig. 1 Description of the PolyMUMPs process.

2nd OXIDE

isa signiﬁcant improvement over previ-
ous results. This article provides the
reader with the design procedure for
the RF-MEMS varactors with these
improved results.

THE POLYMUMPS FOUNDRY

The varactors explored by McGill
University were fabricated in the Poly-
MUMPs foundry. It is important to un-
derstand the features of the process be-
fore discussing how to design devices in
this foundry. The features of the Poly-
MUMPs process are illustrated in Fig-
ure 1, along with a limited set of the
material properties for each layer of the
process.” The first layer is silicon ni-
tride, which provides electrical isolation
between the substrate and the surface
micromachined structure being built
on top of it. Next, the process provides
three layers of polysilicon (Poly0, Polyl
and Poly2), which constitute the main
structural layers. One gold layer is avail-
able, which can only be deposited on
top of Poly2. Finally, the oxides provide
two sacrificial layers that can be etched
away, thereby releasing the microme-
chanically movable structures. The
three polysilicon layers can be selec-
tively joined using openings in the two
oxide layers, or be insulated from one
another using continuous sheets of ox-
ide. This knowledge of the process is
essential for exploring varactor configu-
rations, and is particularly important for
determining how movable and an-
chored structures can be fabricated.

Now that an elementary under-
standing of the PolyMUMPs process
has been established, it is possible to

POLY2

METAL

1st OXIDE

J

POLYO
POLY1 Nitride
Thickness (um)| Sheet Resistance (Q/sq)| Resistivity (2/-m)| Conductivity (S/m)

Metal (Gold), 0.50 0.06 3-10°8 33333333.3
Poly2 1.50 20.0 3-107° 33333.3
2nd Oxide 0.75 N/A N/A N/A
Poly1 2.00 10.0 2-107° 50000.0
1st Oxide 2.00 N/A N/A N/A
Poly0 0.50 30.0 1.5-107° 66666.6

begin looking at how parallel plate ca-
pacitors can be formed in this
process. The process provides one
metal layer, but a parallel plate capac-
itor is formed using two different con-
ducting layers separated by a dielec-
tric region. Therefore, the three con-
ducting polysilicon layers must be
used when fabricating capacitors in
this process. A simple mechanical
model of a varactor is described in
Figure 2, where the capacitor is
formed by a fixed plate and a movable
plate. The fixed plate can be created
using the conducting Poly0 layer, or
by a stacked configuration of the
Poly0 and Polyl layers. The movable
plate can only be formed by etching
away one or more of the oxide layers
to allow vertical movement. The mov-
able plate can be formed by deposit-
ing gold on top of the Poly2 layer, or it
can be formed from a stacked config-
uration of the gold, Poly2 and Polyl
layers. Essentially, there are three lay-
er configurations possible for building
varactors in the PolyMUMPs process,
which are shown in Figure 3.

The three varactor configurations
are mechanically tuned by changing
the distance separating the plates.
Therefore, the spacing between the
plates must be mechanically con-
trolled. The spacing between the
plates can be adjusted in the Poly-
MUMPs process using electrostatic ac-
tuation310-15 as shown, or using ther-
mal actuation.!6:17 The use of electro-
static actuation dominates due to its
inherent speed and the low actuation
power required. Thermal actuators
rely upon resistive heating to deform a
structure as a function of its thermal
coefficient of expansion. Thermal actu-
ation is much slower than electrostatic
actuation, and the power dissipated by
resistive heating is much higher than
that required for electrostatic actua-
tion. Therefore, electrostatic was the
only actuation concept considered.
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A Fig. 2 Conceptual model of an
electrostatically activated tunable capacitor.
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A Fig. 3 Cross-sectional views of MEMS varactors; (a) Type 1
(theoretical 50 percent tuning range), (b) Type 2 (theoretical 84.6
percent tuning range) and (c) Type 3 (proposed theoretical infinite
tuning range).

Actuation occurs when an electrostatic force is created
by applying a DC voltage between the capacitor elec-
trodes. Increasing the DC voltage increases the electro-
static force between the electrodes, thereby displacing the
movable plate toward the fixed plate.

BASIC PRINCIPLES FOR OPERATION
AND DESIGN OF MEMS VARACTORS

Considering the conceptual model of the MEMS var-
actor, when a control voltage (V) is applied, the sus-
pended plate moves toward the fixed plate until equilibri-
um is reached. Equilibrium occurs when the spring force
(kx) equals the electrostatic force of the actuator

2
kx=0. 58(nrAeff|:dvctl :| (D

0—X
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where

€, = dielectric constant of air
A g = effective area of the capacitor plates

dy = distance between the plates when V4 =0

The tuning limits for electrostatic concepts are deter-
mined by the continuum of equilibrium states, which only
exists when 0 < x < d/3 for the Type 1 varactor structure.
Beyond this limit, the electrostatic force overcomes the
spring force, resulting in contact between the two plates.
This is known as the “pull-in effect.”1> This sets a maxi-
mum theoretical capacitance value of 3C/2 (C, being the
capacitance for V= 0). The theoretical change in capaci-
tance for the Type 1 varactor is defined as:

1
d
4 -4
3 _1= Sdl _1=
T 3d, —d,
d;
3.—0'75—1=O.5=>50% (2)
300.75-0.75

A Type 1 varactor was previously demonstrated in the
PolyMUMPs process. The theoretical capacitance varia-
tion for this structure is 50 percent, but the maximum
measured capacitance variation was limited to 38
percent.13

Type 2 describes the first possible implementation of
the concept being explored here to extend the change in
capacitance beyond 50 percent. It has been successfully
demonstrated in other processes.!8 It is based on the idea
of using separate electrodes for actuation, while setting
the biasing of the two plates forming the capacitor to the
same DC potential. The actuation voltage is the voltage
between the suspended plate and the Poly0 actuation
electrodes, while the variable capacitance is formed be-
tween the Polyl suspended plate and the Poly0 fixed
plate. A continuum of equilibrium positions can now be
obtained for displacements when x < d2/3. For d1 < d,,
the maximum variation in d; will therefore be larger than
dy/3, leading to a capacitance variation larger than 3C/2,
corresponding to a change greater than 50 percent It can
quickly be seen from this example that the maximum vari-
ation depends upon the thickness of the layers used in the
process. For the PolyMUMPs process, the maximum the-
oretical capacitance variation for the Type 2 structure is

given by

1
dy
dl_?il_ 3d, 1=
T 3d; - d;
d
_ 302 120846 = 84.6% 3)
302275

A second variation of this concept can also be built us-
ing the PolyMUMPs process. It capitalizes on the specific
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layer thicknesses available in the
process to further extend the capaci-
tance as illustrated for Type 3. With
this arrangement, d; < dy/3, the theo-
retical capacitance variation for the
varactor becomes infinitely wide.

Now that two new tuning imple-
mentations have been identified, the
next step is to look at the mechanical
aspects of the three varactors shown.
It should be noted that these struc-
tures are represented using parallel
planar surfaces. Undesirable non-pla-
nar or non-parallel surfaces can be
created if the suspension beams or
movable plates experience stress
when fabricated. Therefore, the me-
chanical aspects of the varactor must
be considered when designing this
type of device. The suspension beams
must be designed with the objective
of minimizing the residual stresses,
while also minimizing the resistive
loss experienced by the RF current
flowing across the beams. Residual
stress in the beams can cause the
movable plate of the varactor to be
displaced, thereby preventing d,
from being exactly defined.

The residual stress problem is a
result of the top plate being com-
posed of two or three layers with dif-
ferent thermal expansion coefficients,
namely polysilicon (Poly2 or Polyl
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A Fig. 4 Warping due to residual stress;
(a) high stress sensitive and (b) low stress
sensitive.

and Poly2) and gold.14 This can result
in warping of the suspended plate, as
illustrated in Figure 4. However,
when multiple “C-shaped” suspen-
sion beams are used, they tend to ab-
sorb the stress by allowing horizontal
rotation in the top plate.

Now that a rudimentary under-
standing of the effects of stress on a
varactor has been established, it is
equally important to understand how
the materials of construction affect
the Q of a varactor. The Q is one of
the key electrical aspects of a varac-
tor, which embodies the nature of the
losses in the device.3> An examina-
tion of the parallel plate varactor
structure under consideration reveals
that it may be modeled using the
lumped equivalent circuit shown in
Figure 5. In general, for two-port ap-
plications, the Q is determined by
both the series resistance of the sus-
pension beams (R .,) and the para-
sitic resistance from the bottom plate
to ground (Rgp). Since Q o= 1/Ryjiess
it is imperative to employ as thick a
suspension metal coating as possible.
Increasing the metal thickness mini-
mizes the ohmic and skin-effect loss
mechanisms for the varactor.5

The loss mechanisms can be fur-
ther understood using Figure 6,
which shows a SEM photograph of a
Type 3 varactor. The layout for this
device was optimized to minimize
losses. All suspensions connected to

A Fig. 5 Equivalent circuit of a parallel
plate varactor structure.

Suspension

A Fig. 6 SEM photograph of a Type 3
varactor structure.

the upper moving plate are C-
shaped, including the suspension car-
rying the input RF signal. This is nec-
essary to minimize residual stress as
discussed earlier. However, the
longer signal path resulting from this
shape also increases the series resis-
tance losses. This is partially mitigat-
ed by covering the Poly2 suspension
with a gold metal layer, resulting in a
much lower total series resistance.
The RF signal then crosses the capac-
itor to the fixed plate. The latter is
connected to the output pad through
a polysilicon conductor. This path is
responsible for most of the losses in
the device. First, the resistivity of
Polyl is relatively high when com-
pared to that of gold. Second, extra
losses are incurred due to the prox-
imity of this conductor to the sub-
strate. In order to minimize the resis-
tive losses, the conductor to the out-
put pad was made using Poly0 and
Polyl layers in parallel. Furthermore,
the conductor was made as short and
as wide as possible.

Now that the aspects of the design
dealing with capacitance variation
and Q limitations have been ad-
dressed, the design of the varactors
may begin. The fringe free capaci-
tance (Cy.) is determined using

e'gyA
Cfree = C{) (4)

where

¢' = relative dielectric constant

g, = dielectric constant of free space

A = area of the capacitor plate

d = distance separating the capacitor
plates

The minimum and maximum fringe
free capacitance values for the Type 1,
2 and 3 capacitors may be estimated
through simulation and knowing the
minimum and maximum values for d.
The capacitance of the plates must
also include the effects of the fringing
fields.319 For all the prototypes con-
sidered in this article, the fringing ca-
pacitances (few femto-Farads) were
estimated to be much smaller com-
pared to the main capacitances (few
pico-Farads), and had a negligible ef-
fect at the frequency of interest (2.4
GHz). An accurate estimation of the
total capacitance for geometrically
complex varactor configurations can
also be determined numerically using
3D codes such as Ansoft’s HFSS,20
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CST’s Microwave Studio,2! or Flom-
eric’s Micro-Stripes.22

The next item of concern for de-
signing an electrostatically actuated
varactor is determining the actuation
and pull-in voltages for the structure.
This was previously discussed with re-
gard to establishing equilibrium be-
tween the electrostatic force and the
spring force. The spring force for a
varactor is determined by the resis-
tance of the suspensions to mechanical
deformation, while the electrostatic
force is determined by the DC voltage
applied across the area of the oppos-
ing actuator electrodes and the gap
separating these electrodes. The actu-
ator electrodes must be large enough
to allow displacement of the movable
plate at reasonable voltage levels for
the intended application. Electro-
mechanical analysis of complex struc-
tures like that shown is difficult to per-
form analytically, so tuning curves (ca-
pacitance versus voltage) are typically
determined numerically. Tools such as
ANSYS Multiphysics?? can analyze the

Z12.4GHz =
1.38 Q-j35.11 Q

Z12.4GHz =
0.54 Q-j48.59 Q

A Fig. 7 Measured Sy; of a Type 3 varactor.
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after de-embedding.

deformation of a structure as a func-
tion of the actuator voltage, thereby
eliminating the capacitance calculation
errors introduced by analytic approxi-
mations.19

The final aspect to consider when
designing an RF-MEMS varactor is
the volume of the movable plate and
suspensions. The size of the plate, sus-
pensions and anchors, along with the
mechanical features (materials of con-
struction, stiffness, etc.) for these
items, determines the mechanical res-
onance frequencies of a varactor struc-
ture. This aspect of the design deter-
mines the susceptibility of the device
to vibration and other mechanical
forces that can possibly interfere with
the use of the device in a system. Once
again, mechanically complex structures
like that shown are difficult to model
analytically, so numerical tools such as
ANSYS Multiphysics are commonly
used to determine their resonance fre-
quencies, along with their susceptibili-
ty to externally applied periodic and
aperiodic mechanical forces.

MEASUREMENT RESULTS
AND DISCUSSIONS

The structures were fabricated in
the PolyMUMPs foundry to support
and validate this study. As shown in
the SEM photograph of the Type 3
varactor, etch holes in the top plate
were used to allow removal of the sac-
rificial oxide during release. The large
square patch in the picture delineates
the effective area of the capacitor’s
lower fixed plate, while the remaining
structural area was used for electro-
static actuation. As evident from the
SEM photograph, the pad size is
comparable to the effective area of
the capacitor and must be de-embed-

urements.24 The pad capacitance was
measured to be 1.2 pF at 2.4 GHz.
Figure 7 shows the measured re-
turn loss S;; of a small varactor for min-
imum and maximum settings of V. Af-
ter de-embedding, the capacitance of
the varactor varies from 0.16 to 0.68 pF,
corresponding to change of 325 per-
cent. The measured Q at 2.4 GHz un-
der zero control voltage is 90. As the ac-
tuation voltage is increased, the top
plate moves toward the bottom plate,
causing the suspension carrying the in-
put RF signal to stretch and become
thinner; this results in an increase of its
series resistance, and a decrease of the
observed Q. For 100 percent tuning,
the measured Q is 40, and for maxi-
mum tuning, drops to 25. For future
designs, wider or parallel suspensions
could be used to minimize this effect
and maximize the Q. This will probably
trade off with the need for higher actua-
tion voltages. The elastic characteristics
of the suspensions and the deflection of
the top plate when an actuation voltage
is applied were found to be the main
limiting mechanisms for the maximum
achievable capacitance range, com-
pared to the theoretical infinite range.
Figure 8 shows a comparison of
the capacitance characteristics of
larger Type 1, 2 and 3 prototype de-
vices versus activation voltage. Table
1 summarizes the characteristics of
these devices, including their estimat-
ed and measured minimum capaci-
tances when no activation voltage is
applied. Note that all the expected
capacitances are smaller than the
measured values. It is speculated that
the initial vertical gaps (d,) between
the two capacitor plates were re-
duced as a result of the increased
masses of the top plates due to the

ded from the varactor meas-  extra metal/Polyl layers attached to
TABLE |
CHARACTERISTICS FOR THE LARGE TYPE 1, 2 AND 3 VARACTORS
Type 1 Type 2 Type 3
Size of structure (A) (um) 200 x 200 500 x 500 300 x 300
Effective capacitance area (Agy) (um) 200%200 300300 150 x 150
dypay (um) 0.75 2.00 0.75
Total expected minimum capacitance (pF) 0.47 0.40 0.27
Measured minimum capacitance (C,;,,) (pF) 0.92 1.8 0.6
Measured maximum capacitance (C,,,,) (pF) 1.37 3.1 3.2
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TABLE I
COMPARISON OF STATE-OF-THE-ART MEMS-BASED
AND SEMICONDUCTOR-BASED VARIABLE CAPACITORS
Varactor Capacitance Applied Tuning Q
Type Range (pF) Voltage (V)  Range (%)
This Work:
Type 1 0.92 to 1.37 Oto5 49
Type 2 1.8to 3.1 0to 10 72 25 to 90 at 2.4 GHz
Type 3 0.6 to 3.2 0to 10 433
MEMS!3 (Type 1) 2.1t02.9 0to4 38 <10 at2 GHz
MEMS?27 (Fractal) 19t0 6.7 0to 13 253 <13 at2 GHz
MOS28 (N+/N-well) 0.4 to 1.35 -0.5t0 2 238 9 to 40 at 2.5 GHz
MEMS*29 (Type 1) - - 0 > 50
MOS30 (N+/N-well) 1.7t0 3.5 -3to3 106 17 to 33 at 1.8 GHz
MOS3! (PN+/N-well) 0.7t0 2.3 —4to 4 229 <20 at 2 GHz
*Problems in the decoupling capacitor resulted in a non-tunable structure.

them. This argument is supported by
the fact that the discrepancy is higher
for the Type 2 structure, which, un-
like the other two structures, has
both metal and Polyl layers attached
to Poly2. Modeling this structure
with ANSYS Multiphysics before fab-
rication would have allowed this
problem to be identified and solved
during the design of these devices.
For the Type 3 structure, the capaci-
tance tuning range was 433 percent,
for Vg = 0 to 10 V. It is possible to
obtain the same variation of capaci-
tance using lower actuation voltages.
This comes at the expense of a less
robust mechanical design, making the
device more sensitive to vibration. To
cope with today’s systems operating
from low voltage batteries, voltage
boosting circuitry, such as charge
pumps, can be used.25 This is a com-
mon practice, especially feasible
when no current is to be drawn by
the device, which is the case for RF-
MEMS switches and varactors.

A comparison of the performance
achieved by the RF-MEMS struc-
tures evaluated by McGill University,
state-of-the-art RF-MEMS and semi-
conductor varactors shows the very
wide capacitance variation (49 to 433
percent) and high Qs (Q = 25-90) for
the 2.4 GHz structures demonstrated
by McGill University. The Q values
for RF devices fabricated using the
PolyMUMPs foundry were limited by
the absence of a second metal layer.
As mentioned earlier, the fixed plate
of the varactors presented here are
made of Polyl in parallel with Poly0,

which results in a relatively high se-
ries resistance. The low conductivity
of the polysilicon also aggravates the
skin-effect, even at the relatively low
frequency of 2.4 GHz, resulting in
further loss of power and Q degrada-
tion. Table 2 summarizes these re-
sults. Implementing these varactors in
a technology offering more than one
metal layer, such as the aluminum-
based technology used by Young and
Boser? or the new MetalMUMPs
process,?6 is estimated to improve the
Q by a factor of three to four, while
benefiting from the very wide tuning
range of the structures presented
here.

This fundamental research project
can be considered successful, since it
was able to demonstrate construction
techniques for varactors fabricated in
PolyMUMPs that provide theoretical
capacitance variations from a mini-
mum of 50 percent to a maximum ap-
proaching infinity. Experimentally,
these devices were able to provide a
minimum capacitance variation of 49
percent, to a maximum of 433 per-
cent. The knowledge gained from this
study of the PolyMUMPs process can
be used to optimize the characteris-
tics of varactors being developed for
commercial applications.

CONCLUSION

McGill University has demonstrat-
ed that RF-MEMS varactors fabricat-
ed in the PolyMUMPs foundry can
be considered for commercial appli-
cations now that capacitance variation
and Q limitations for devices fabricat-

ed in this foundry have been identi-
fied. Varactor designs were presented
with performance exhibiting very
wide capacitance ranges (49 to 433
percent) and high Q (Q =25 to 90)
values at 2.4 GHz. This academic re-
search on varactors can assist new-
comers to the RF-MEMS field in ex-
ploring the development of varactors
for their specific applications. Wl
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