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Schottky Barrier Contact-Based RF MEMS Switch
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Abstract—This paper presents the design, fabrication, and mea-
surement results for a novel Schottky barrier contact-based radio
frequency (RF) microelectromechanical systems (MEMS) switch.
This Schottky barrier contact allows one not only to operate
the RF MEMS switch in a traditional capacitive mode when it
is reverse biased but also conduct current in a forward biased
state. Forward biasing the switch recombines trapped charges,
thus extending the lifetime of the switch. This paper intimately
combines MEMS processing with solid-state electronics to produce
a truly unique RF device. [2008-0097]

Index Terms—Microelectromechanical devices, microwave
switches, reliability, Schottky barriers, semiconductor materials.

l. INTRODUCTION

ICROELECTROMECHANICAL systems (MEMS)

have permeated many commercial and defense systems
through the use of accelerometers, ink-jet printer nozzles,
and microdisplay devices to name a few [1]. By shrinking
traditional components to the microscale, advantages to cost,
power, and performance can be realized. However, because
these devices are all mechanical in nature and the forces
involved are small, reliability becomes a key concern in how
quickly the technology can be implemented. For the devices
previously mentioned, the reliability has been extensively
studied and improved upon such that these components can
be found in even the most demanding and critical applications
such as automobile airbag deployment sensors. For newer
types of MEMS devices such as radio frequency (RF) switches,
the reliability is still in question and must be improved and
demonstrated for systems to take advantage of the superior
performance.

RF MEMS switches offer a high-performance low-power
low-cost alternative to traditional diode switches [2], but im-
proving the reliability of these devices remains of critical
importance in accelerating the widespread adoption of this tech-
nology. This paper expands upon the brief version presented at
the MEMS 2007 conference [3].
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Fig. 1. Areas where trapping occurs in capacitive RF MEMS switches.

Il. DIELECTRIC CHARGING

Dielectric stiction is the primary failure mode in capacitive
switches [4] and the failure mode of interest for this paper.
High electrostatic fields across the thin dielectric cause charge
to tunnel into the dielectric, where it remains trapped for an
extended amount of time due to long recombination times.
Over time, these charges accumulate and can reach a point at
which the voltage present in the dielectric is enough to hold
the switch down or screen the applied voltage; thus, the switch
does not actuate. If the switch is actuated and held down, it
will not release until sufficient time has allowed the charges to
recombine. Charge trapping such as this has been investigated
for more than 20 years, because understanding this trapping is
essential to metal-oxide—semiconductor (MOS) transistors. RF
MEMS capacitive switches have three trapping areas that can
cause failures: the surface traps on top of the dielectric, the bulk
traps inside the dielectric, and the interface traps between the
metal and dielectric layer, as shown in Fig. 1.

This trapping phenomenon has been well documented in
[5]-[9] for MOS devices. In general, the charging of the di-
electrics is due to the application of some type of stress such
as electrical field, thermal, mechanical, or ionizing stresses.
The electrons are trapped at lower electric fields (2-5 MV/cm)
and detrapped at high fields, while the positive charges are
typically trapped at high fields (7—10 MV/cm) [6]. The surfaces
and interfaces are the areas where defects are concentrated and
charges will be preferentially trapped [7]-[9].

As an example, the Raytheon RF MEMS switch uses a
150-nm-thick SizN4 dielectric and is actuated with 40 V [4].
Just before the switch is actuated, the 40-V field is divided
across the 4- m air gap and dielectric. After the switch makes
contact with the dielectric, the full 40-V field is across the
150-nm Si3Ng4, creating a 2.7-MV/cm field in the dielectric
layer. Under this high field strength, it is possible for the charges
to tunnel into the dielectric using a Frenkel-Poole emission
[7]-[11] or through another set of mechanisms [12]. Once
inside these trap states, the charge can be transported using
a conduction model [11] and might take seconds to days to
recombine [13].

One obvious solution to this problem is to reduce the actua-
tion voltage of the switch to reduce the electric field across the
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Fig. 2. Representation of (a) a stepped voltage bias waveform and (b) a bipolar

stepped voltage bias waveform.

dielectric [10]. As the field is reduced, the charging improves
exponentially, thus extending the lifetime of the switch. The
consequence of this approach is that, as the actuation voltage
decreases, the restoring force of the switch also decreases,
meaning that there is less force to pull the switch back up to
the unactuated state. There is a trade to be made on how fast the
switch charges up and how much restoring force is needed for
long lifetime. For this reason, most of the RF MEMS switch
designers prefer an actuation voltage of 25-35 V [4]. These
voltages, however, still exhibit a high electrostatic field that
introduces charges into the dielectric.

Another potential solution is to reduce the bias voltage on
the switch once it has snapped down to the dielectric, because
only a fraction of the actuation voltage is needed to hold the
switch down. By stepping the voltage from 40 to 10 V after the
switch is actuated, as shown in Fig. 2(a), the electrostatic field
is reduced to 0.67 MV/cm. Although this method increases the
lifetime of the switch dramatically [4], the small amount of time
when the switch is actuated and the full actuation voltage is still
applied (before the step) allows the dielectric to charge. Another
method is to reverse the polarity of the electrostatic field across
the dielectric to pull the trapped charges out, as shown in
Fig. 2(b). Because both positive and negative voltages will
actuate the switch, flipping the polarity should help to balance
the charge injection to create a neutral condition. Although this
method helps, its ultimate effectiveness is limited by the fact
that the rate of charge injection is not equal in the positive
and negative directions [4] and that, over time, the charge will
accumulate in one direction or the other and cause a failure.
Because each switch has slightly different characteristics due
to manufacturing, an individual switch can be fine tuned to
show no charging, but tuning many thousands of switches
simultaneously is too difficult to be practical.

Another option is to reduce or eliminate the actual area that
the metal membrane and dielectric make contact. By building
an RF MEMS varactor [14], the dielectric/membrane inter-
face is completely eliminated, and no dielectric charging can
occur. However, the price paid is that the capacitance ratio
for the device is less than 4:1 versus the 100:1 ratio for
the standard Raytheon switch [2]. Depending on the appli-
cation and the frequency, this reduction in RF performance
can be very significant and is often not used for that reason.
Another way to accomplish the same idea is to not totally
eliminate the dielectric contact but limit it [15], as shown in
Fig. 3. In this configuration, small standoff posts are patterned
to keep the membrane from shorting to the electrode and
provide some higher capacitance ratios. The ratio can vary
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Fig. 3. Illustration of a limited contact RF MEMS switch.

anywhere from 100:1 to 5:1, depending on the number of
posts, and is essentially a trade with RF performance and
reliability.

The only solution that attacks dielectric charging at its source
is to alter the dielectric material. For instance, it is well known
that plasma enhanced chemical vapor deposition (PECVD)
silicon dioxide has a much lower trap density than PECVD
silicon nitride [11]. By simply changing dielectrics, dielectric
charging can be reduced but not eliminated. The penalty is that
the dielectric constant of SiO- is almost twice as low as SizNg,
causing a reduction in the capacitance ratio, and the switch will
still charge eventually.

One way to attack the problem is to reduce the recombi-
nation time of the charges in the dielectric by depositing a
leaky dielectric [16]-[18] such as silicon-rich silicon nitride
that allows an appreciable current flow through the dielectric.
By increasing the conductivity of the dielectric, the trapped
charges can recombine quickly and not cause dielectric stiction.
The problem with this approach is that the dc current flow
of the switch is now not negligible and one of the primary
benefits of RF MEMS switches is that they require almost no
dc power to operate. The ideal solution would be to deposit
a dielectric that is an excellent insulator with no trap states.
The problem with this approach is that all materials will exhibit
some type of trap states. Moreover, the processes required to
deposit low trap state materials, such as jet vapor deposition
[19], are typically performed at high temperatures that are
incompatible with RF MEMS devices in addition to being cost
prohibitive.

The ideal RF MEMS switch would be able to change the
conductivity of the dielectric at will. This would allow charges
to recombine quickly only when it was necessary, thus conserv-
ing power consumption. A p-n junction performs like a good
capacitor when it is completely depleted under reverse bias and
like a low resistance short when forward biased. By building a
Schottky diode with membrane metal and a semiconductor in
place of the conventional dielectric, the switch should be able
to operate as a typical capacitive RF MEMS switch in reverse
bias, and once the charges start to accumulate, the switch can be
forward biased at will to quickly and effectively recombine any
trapped charges. This will be the focus of the work presented in
this paper.

I1l. DESIGN

The RF MEMS Schottky switch design is based on
Raytheon’s fixed—fixed beam capacitive switch [2] that has been
very well characterized and is shown in Fig. 4. In both switches,
the dielectric contact area is 118 130 m. In this paper,
the switch structure is primarily the same as the Raytheon-
style switch except that the device is built on an undoped InP
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Fig. 4. Raytheon capacitive shunt switch. (a) Top view. (b) Cross section.
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Fig. 5.
switch.

substrate, the gold electrode is replaced by n*™* InGaAs, and
the dielectric used is epitaxial InAlAs (1 m thick). These lay-
ers were grown using Molecular Beam Epitaxy (MBE) on the
InP substrate. The total cross section is shown in Fig. 5. INAIAs
was chosen as the Schottky material because of the relatively
high bandgap and ease of processing. Because InAIAs needs
to be epitaxialy grown, the traditional gold electrode had to
be replaced. A degenerately doped InGaAs layer was chosen
because of its lattice compatibility with InAlAs.

The Schottky MEMS switch was designed to have an actua-
tion voltage of 24 V, which is critical in keeping the maximum
voltage low enough so as to not break down the reverse-biased
dielectric. The rough dimensions of the beam are 320 m long
by 118 m wide at the dielectric contact area. The modeled
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Fig. 6. Bias waveform and switch response for the Schottky contact RF
MEMS switch.

on-capacitance was 0.5 pF, and the modeled off-capacitance
was 40 fF.

When the aluminum membrane is actuated, a Schottky bar-
rier forms at the membrane/dielectric interface. The switch bias
waveform shown in Fig. 6 is used to actuate the switch and hold
it down as needed, and just before it is released, a quick forward
bias pulse recombines any trapped charge, essentially resetting
the switch and improving the reliability.

IV. RESULTS

The Schottky barrier RF MEMS switch was successfully
fabricated, as shown in Fig. 7. The first characterization step
was to measure the 1-V characteristics of the switch in the
actuated position and look for a diode response to prove that the
concept works. Because the semiconductor parameter analyzer
[(SPA); HP 4155B] used to measure the 1-V characteristics
collects data very slowly, the switch would not remain in the
actuated position as the voltage is scanned from 30 to +6 V.
Fig. 8 shows the 1-V switch response as the voltage is slowly
swept from zero to 30 V and back to zero. RF MEMS
switches require the pull-down voltage (V) to actuate the
membrane, and then, a much lower voltage known as the hold
voltage (Vy) is needed to hold the switch down. This curve in
Fig. 8 shows the unique 1-V profile of a Schottky diode that
is made and broken by the mechanical membrane contacting
and releasing from the Schottky dielectric. When the switch is
unactuated, the current is essentially zero. As the membrane is
pulled down (22 V) to the InAlAs, the current behaves like a
reverse-biased Schottky diode. As the voltage is ramped back
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Fig. 7. (a) Photograph and (b) 3-D interferometer plot of the Schottky contact
RF MEMS switch.

Fig. 8. Reverse 1-V characteristics of the Schottky RF MEMS switch.

to 0 V, the membrane releases ( 13 V), and the current drops
immediately to zero.

To show the full functionality of the device, the 1-V mea-
surements of both the reverse and forward bias states are
needed. Because the SPA cannot collect the forward bias data
before the switch releases, a mechanical probe was used to force
the switch into the actuated position regardless of voltage. The
I-V characteristics of this device in the actuated state as the
SPA is swept from  35to +6 V are shown in Fig. 9. It is easy to
see that the switch is indeed operating as Schottky diode when
the switch is actuated. The reverse breakdown region of the
diode is seen at 35V, the reverse saturation current measures
around 500 nA, and the diode “turn-on” voltage occurs at 5 V.

One important characteristic to note is that the measured
turn-on voltage was extremely high. Typically, a Schottky diode
turn-on voltage is much less than 1 V, and this device mea-
sured 5 V. To check the basic Schottky diode characteristics,
another device was fabricated at the same time that was built
permanently in the actuated position. This device is known as a
“faux” switch because it represents a perfectly actuated switch
fabricated in the “down” position with the exact same dimen-
sions as the real switch. The 1-V characteristics of this faux
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Fig. 9. 1-V data for a mechanically actuated Schottky MEMS switch show-

ing an excellent diode response.
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Fig. 10. Measured 1-V data for a faux switch under full reverse bias.

switch are shown in Fig. 10. This curve shows a much more
typical Schottky response with a reverse breakdown voltage of

25, saturation current around 100 nA, and a diode turn-on
voltage of 0.25V. By taking -V data across temperature and
extracting the results, the InAlAs barrier height was found to be
0.65 eV, which compares well to Salem [20], and the effective
Richardson constant was found to be 6.7 A cm 2K 2, which
agrees well with Pilkington [21].

The turn-on voltage difference between the Schottky switch
and the faux device can be explained through the oxide forma-
tion on the aluminum membrane. While a certain amount of
native oxide always exists on aluminum, the oxygen plasma
used to etch the sacrificial photoresist under the membrane
greatly increased the Al,O3 thickness. Rough calculations
show around 30 A of interfacial oxide between the aluminum
and the InAlAs. This interfacial oxide (shown in Fig. 11)
essentially acts like a voltage divider that increases the Schottky
diode turn-on voltage.

The following discussion briefly touches on the different
charge transport mechanisms that may exist in this system.
To understand the basic mechanism behind the presence of an
interfacial oxide layer, Sharma [20] explains that its presence
results in three things: Because of voltage drop across this layer,
the zero bias barrier height is lower than it should be; because
the electrons have to tunnel through the oxide, the diode current
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