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ABSTRACT

This paper presents the design, analysis, fabrication,
and testing of an electrostatically-actuated MEMS
power switch. The device can be switched
electrostatically (20 V), pneumatically (1200 Pa), or
through combined actuation. Prototype switches carry
currents in excess of 400 mA in either current
direction with a contact resistance as low as 14 mf.
Their off-state resistance is higher than the 30 MQ
limit of the test equipment. Breakdown voltages of
300 V have been achieved across their small air gaps.
Their nominal switching time is 20 ms. Extended life-
time testing has not been carried out but our tests to
date show that the prototype switches operate more
than 4000 cycles without significant degradation in
their contact resistance. Finally, a protective switching
scheme is proposed to minimize contact wear due to
arcing during switch opening and closing.

INTRODUCTION

Solid-state transistors and conventional electro-
magnetic relays have been commonly used in various
industrial applications as switching devices to make or
break circuits. The former is known for its small size,
mass producibility, and easy on-chip integration while
the latter for its high stand-off voltage, low on-state
resistance, and high current capability. The choice of
one type of switching device over the other depends
on application requirements. The emergence of
MEMS technologies has brought global attention to
the possibility of merging conventional macroscopic
relay attributes with MEMS device attributes into a
new family of switching devices: MEMS based
relays/switches. Most MEMS relay/switch studies
found in the literature either focus on signal switching
applications, such as automatic test equipment [1-5],
telecommunications [6-13], and logic operation [14],
or are oriented toward technology demonstration [15-
21]. Few [22] have addressed the need for a MEMS-
based relay/switch tailored for power applications, and
that 1s the goal of this paper.

One of the promising high power applications of
MEMS switches is automotive relay replacement.
Fifteen million automobiles are manufactured per year
in the U.S. and an average car uses approximately 15
relays which is increasing rapidly to as many as 50 per
car. This puts the automotive relay market at 225
million relays per year in the U.S. alone. Thus, one
important target application for a MEMS switch would
be in the replacement of the conventional relay block
in an automobile. The intent is to embed MEMS
switches at the point of use instead of running wire
harnesses across the engine compartment to a relay
block. Embedding relays at point of use reduces car
weight and power line loss, and improves fuel
economy and automobile performance,

SN2 .
Cr/Au— SiaN4
Si0; ’

Poly-Si

The drawing is not to scale.

Figure 1: Perspective cross-sectional drawing of
device and close-up of contact region.

The key attributes of a power switch are high current-
carrying capability and low on-state resistance
enabling high power transmission with low loss.
Compared to signal switches, switching speed, on-
state insertion loss, off-state parasitic capacitive
coupling, signal cross-talking noises, and so on are not
major issues for power switches, As with signal
switches, power switches call for high off-state
resistance and high stand-off voltage.

DESIGN AND THEORY

Various actuation mechanisms have been proposed for
different micro actuator applications. In the case of the



MEMS relay/switch, the characteristics of primary
interest are the attainable force and displacement,
power consumption, and ease of fabrication. Piezo-
electric mechanisms cannot provide enough displace-
ment without using an actuator of relatively large size
due to limitations of real material properties. For
thermal actuation mechanisms, there is a trade-off
between the thermal response time and the power con-
sumption. The major issues with magnetostatic
mechanisms are power consumption, material
permeability and IC processing compatibility. The
inherent complication with pneumatic actuation lies in
its integration with other electronic components and
additional pneumatic connections. In the case of
electrostatic actuation, the requirement of a large area
with a close gap separation for the purpose of
generating force of significant magnitude imposes
fabrication difficulties.

Our choice of actuation mechanism for the MEMS
switch is electrostatics, with pneumatic actuation as a
secondary means. Gas pressure actuation requires
special packaging to assure air-tight sealing and is
used only as a supplemental characterization tool.
With minor design modification, our switch is also
applicable in pressure control applications, such as
pressure switches with tunable threshold pressures
controlled by a voltage bias.
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Figure 2: Device cross-section when OFF (A), and
when ON (B) with current flow directions.

Our design of a MEMS power switch employs a two-
wafer stack structure with a circular LPCVD silicon
nitride diaphragm as the moving structure. This
hockey-puck power paradigm also possesses favorable
features such as good heat dissipation and easy
packaging.

The structure of a normally-open MEMS switch is
depicted in Figure 1 and Figure 2. With control effort
less than the threshold value, no contact is made
between the top metallized diaphragm and the bottom
contact pedestals, and the MEMS switch is in OFF

state (Figure 2A). When the applied pressure or
voltage exceeds Pgjoe O Vi, respectively, current
flows vertically through the wafers and radially within
the diaphragm (Figure 2B).

Only the single-pole-single-throw (SPST) MEMS
switch is considered here. More complicated switches
can be constructed by integrating multiple SPST
switches. The packaging of an array of electrically
parallel MEMS switch cells with different electrical
configurations can provide this complexity extension
and/or higher current capacity. This approach appears
to be more cost effective and more flexible than
extending the size of the SPST MEMS switch itself,

The physical effort necessary to actuate the MEMS
switch is determined by the distance across the contact
gap, the actuation gap separation in the case of electro-
static actuation, and the mechanical properties of the
moving diaphragm. The contact gap distance is the
deflection that the top diaphragm must deform to make
physical contact with the bottom pedestal and its
design dimension is prescribed by the thickness of the
field oxide. The actuation gap distance is the space
across which actuation electric field is applied. The
residual in-plane stress, dimension, boundary
conditions, and rigidity of the metal-nitride-metal
composite diaphragm dictate the diaphragm stiffness.

The relation between applied pressure (p) and the
central deflection of a circular diaphragm (&) with
internal stress (o) can be formulated with analytical
film-deflection theory [23]. The result is
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where E is the Young's modulus, v is the Poisson
ratio, t is the thickness, and a is the radius of the
diaphragm. The first term on the right-hand side of
Equation (1) is due to the stretching effect, the second
term is due to the bending effect, and third term is due
to the residual-stress effect. Stretching becomes the
dominant term for very large deflections resulting in a
nonlinear p-& relation and the bending term has
higher-order dependency on film thickness.

Our design geometries and choice of materials for the
MEMS switch are such that the diaphragm can be
modeled as a highly-tensile-stressed thin film, and cal-
culations confirm that the bending and stretching
terms combined are less than 0.15% of the stress term.
In the highly stressed thin-film limiting case, Equation
(1) degenerates to
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Since the design contact gap separation is larger than
two thirds of the design actuation gap, the MEMS
switch would be electrostatically turned ON under an
instability condition. A closed-form expression for the
pull-in voltage (V,u..x) in the case of a clamped
circular diaphragm [24] is
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where gy = actuation gap separation, & = permittivity

of air, Y= 1.55, Y= 1.65, k = ﬁlZ(l—Vz)/Erlo‘"z , and
f(¥aok,a) =1+ 2[1 - cosh(¥,ka/ 2))/(7,kal 2)sinh(y,ka/2) -
The same argument as in pneumatic actuation case

applies here; the diaphragm mechanics is dominated
by stress and thus Equation (3) can be approximated as

Vo= 7’10'0f803
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To switch off electrostatically, the actuation voltage
will need to drop below to a voltage less than V..,
due to the hysteretic nature of electrostatic actuation.

FABRICATION PROCESS

The power MEMS switch consists of two silicon
wafers stacked together. A circular silicon nitride
diaphragm is formed wusing bulk-micromaching
technologies and serves as the moving structure. A
schematic representation of the process sequence for
the bottom wafer and top wafer is shown in Figure 3
and Figure 5, respectively. A cross-section drawing of
a completed device is shown in Figure 2(A).

Field oxidation; field
oxide patterning; first
dry oxidation.
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ior! implantation;
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Oxide patterning; Si
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Figure 3: Primary fabrication steps of bottom
wafers; the drawings are not to scale,

Bottom wafer processing begins with the growth of a
thermal oxide on a low-resistivity silicon wafer. This
oxide, whose thickness sets the gap spacing between
the contacts when open, is then patterned. Sub-
sequently a dry oxide is grown and a LPCVD poly-
silicon layer is deposited. The poly-silicon is then
doped using ion implantation and patterned to form
the actuation electrode. Following this, a high-temp-
erature anneal in an oxidizing environment is perform-
ed and an oxide is grown on the poly-silicon during
this anneal. At this stage, the poly-silicon actuation
electrode is fully encapsulated within oxides for the
purpose of electrical isolation. A photolitho-
graphy/etch step follows to remove oxides from the
contact region as well as to remove oxide from above
poly-silicon in the region of contact to this layer. To
facilitate four-point-probe measurement for the contact
resistance measurement, lead-out from the contact is
made with an additional photolithography step follow-
ed by a silicon trench-etch. This additional photolitho-
graphy/trench-etch step also defines the contact
pedestal shape (Figure 4). Finally, the contact metal is
deposited and patterned on the front side and another
layer of metal is deposited on the back.

Figure 4: SEM picture of a 3-ium contact pedestal

Top wafer processing begins with the growth of a thin
layer of oxide and the deposition of LPCVD silicon
nitride on a double-side polished silicon substrate,
followed by patterning of the thin films. The tensile-
stressed LPCVD silicon nitride will dictate the
mechanics of the final moving diaphragm and the thin
oxide acts as a future etch stop layer. Next, a
photolithography step is performed on the backside of
the substrate and a deep RIE etch follows. This
through-wafer etch stops at the buried thin oxide layer
forming a clamped silicon nitride diaphragm. Metal-
lization on both sides of the substrate completes the
top wafer processing.



The top and bottom wafers are then diced, cleaned,
aligned and pressed together to bond the facing metals
with various bonding approaches as shown in Figure
2(A). Inside metallization is for the contact and
bonding purpose while outside metallization is for
external connection. The total number of masks used
is eight, with three for the top wafers and five for the
bottom wafers. The processes are 1C-compatible until
the final metallization. The contact metal used here is
gold because of the low gold-to-gold contact resist-
ance [25, 26] and its ready availability at our facility.
Other contact metals may also be exploited to achieve
optimal contact performance.
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D nitride
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stopping on
burl%d oxide

Metallization on
both sides.

Figure 5: Primary fabrication steps of top wafers;
the drawings not to scale.

EXPERIMENTAL RESULTS

To avoid any process uncertainty, the actuation gap
separation is measured indirectly through capacitance
measurement between the doped poly-silicon and the
metallized diaphragm with no actuation. Extra care
must be taken to exclude parasitics embedded in the
switch. The capacitance of the contact air gap of a
typical switch is 14.4 = 1.4 pF. This capacitance in
turn is used to calculate the gap spacing based on a
multi-layer parallel-plate capacitance model and yields
a gap of 279 = 0.31 um. Due to the fact that the
wafers are mechanically bonded, the discrepancy
between the measured gap and the 1 pum design dist-
ance is attributed to residues on the bonding surfaces.

For quantitative characterization of the mechanical
properties of the diaphragm, pneumatic actuation with
special air-tight packaging is used to close the MEMS
switch contacts while the contact resistance and the
switched current are measured. The contact resistance
measurement is made with extra four-point-probe lines
leading out to pads from the contacts. The result for
the typical switch is shown in Figure 6. The actual off-
state resistance of the switches is measured off-line
and is higher than the 30 MQ limit of the ohmmeter.,

Finally, breakdown voltages of 300 V have been
achieved across the small contact gaps.
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Figure 6: Pneumatic actuation of MEMS switch.

Using the closing pressure of 0.175 psi (1207 Pa)
together with the p-& formulation in Equation

(2), the contact air gap separation is found to be 2.74 +
0.17 um. This matches well with the actuation gap
obtained from capacitance measurement, considering
that actuation gap is designed to be only 0.3 um wider
than contact gap.
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Figure 7: Electrostatic actuation of MEMS switch.

Electrostatic actuation is performed in a similar
manner as pneumatic actuation; the contact resistance
and switched current are monitored while sweeping
the actuation voltage. Given the actuation air gap
distance of 2.79 * 0.31 pum obtained from the
capacitance measurement of 144 + 1.4 pF and the
geometry and material properties of the switch
diaphragm, Equation (4) can be used to predict the
pull-in voltage, Vyin, of 19.92 £ 341 V. A typical
test result of electrostatic actuation is shown in Figure
7 with Vpain = 19.90 V, which agrees with the pre-
diction. Our switches exhibit essentially zero power

consumption during steady state because of the nature
of plectractatic artnatinn Tt ran he eren that tha tunical



MEMS switch exhibits a 35 m{ contact resistance
while carrying 20 mA of current when actuated either
pneumatically (Figure 6) or electrostatically (Figure
7). Our experimental switches can carry currents in
excess of 400 mA in either current direction and
achieve contact resistances as low as 14 mQ.

Switching time is acquired by measuring the time
delay between the change of the actuation signal V,
and that of the responding output signal V,, and is
found to be on the order of 20ms; see Figure 8. The
MEMS switch is not targeted for high-speed applic-
ation but the development of a faster switch is an on-
going research effort.
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Figure 8: Switching speed measurement ; 0.5V/div
for Ch.1, 5V/div for Ch.2, 200ms/div on
osscilloscope screen.
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Figure 9: Preliminary life-cycle test results

Figure 9 shows that there is not much contact resist-
ance degradation as it starts from 50 m€2 and settles to
90 m& in one run of a preliminary life-cycle test,
which is stopped just over 4000 operations. We
believe that the lifetime of the mechanically moving
device is dictated more by the wear of contacts than by
the failure of the diaphragm itself. Since arcing is a
well-known cause of contact wear, we propose a
switching scheme where the MEMS switch is parallel-

ed with a solid-state transistor and the transistor turns
on before and turns off after the MEMS switch; see
Figure 10. In this way, the contacts of the MEMS
switch are protected from being brought into close
vicinity with a high potential difference across them
thereby preventing arcing due to hot switching. This
scheme enables us to focus on cold-switching in this
study of the MEMS power switch behavior, although
the device is capable of hot-switching as shown in the
switching speed test. This protective circuit can be
incorporated with the MEMS switches via on-chip
integration or off-chip packaging and will be the
subject of future investigation.
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Figure 10: Arcless switching scheme
CONCLUSION

A MEMS switch for power application is proposed,
fabricated and tested. One switch cell can carry
currents up to 400 mA while exhibiting an on-state
resistance as low as 14 m£2, an off-state resistance in
excess of 30 MQ, and an open-circuit standoff voltage
in excess of 300 V. The MEMS switch can be actuated
either electrostatically with 20 V or pneumatically
with 1200 Pa.
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