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Investigation of a Vacuum Encapsulated
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From −60 °C to 400 °C
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Abstract— We report on characterization of Si-to-Si contact
microswitches fabricated in an ultraclean encapsulation process.
This three-terminal microswitch relies on a curved beam (source)
that actuates toward the contact terminal (drain) by charging the
control terminal (gate). The operation range of this switch from
−60 °C to 300 °C is investigated, which approximately yields a
resistance drift of −200 �/K. Our experiments include tests of
the high-temperature lifetime during continuous ON–OFF cycles.
By reducing Joule heating at the contact, preliminary results
demonstrate at least 106 cycles longer lifetime at 400 °C.
Subsequently, the failure mode is investigated and reported. The
study of ultraclean Si-to-Si contact-based microswitches provides
a crucial guideline to the field of mechanical and electrical failure
mechanisms for harsh environment applications. [2014-0373]

Index Terms— Reliability, rugged electronics, electrostatic
switch, relay, switch.

I. INTRODUCTION

MICRO/NANO-ELECTROMECHANICAL(MEM/NEMS)
switches have been shown to possess superior harsh

environment reliability over the state-of-art complementary
metal-oxide-semiconductor (CMOS) transistor technology
[1]–[3]. Together with other mechanical switch advantages
such as zero off-state power consumption and a steep
sub-threshold slope, MEMS/NEMS switches could possibly
be suitable for rugged electronic applications [4]–[7].
The investigation of such Si-to-Si based contact in a
wide temperature range is especially interesting for harsh
environment MEMS sensors. This is reinforced by recent
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report of a high resolution MEMS inclinometer based on the
pull-in voltage [9].

In this work, the temperature stability and reliability of an
ultra-clean, vacuum encapsulated (epi-seal) Si-to-Si MEMS
switch are characterized from −60 °C to 400 °C. The temper-
ature stability below 0 °C provides crucial information for
outer space application, e.g. satellites. The epi-seal wafer-
level encapsulation process used in this work was developed
in collaboration between Bosch and Stanford University, and
is the basis for stable time references made for commercial
applications by SiTime [12]–[14].

Fig. 1(a) shows the exploded view of the vacuum
encapsulated microswitch. In the bottom layer, the MEMS
switch consists of three terminals: source (movable curved
beam, fixed at one end), gate (fixed) and drain (fixed) defined
on silicon-on-insulator (SOI) wafer. Above that is the capping
layer with release holes and silicon sealing layer. In the
sealing process, the ultra-clean environment is created for the
active part of the device during the encapsulation as part of
the epi-seal process, when the wafer is sealed with epitaxy
Si at temperature >1100 °C with hydrogen, dichlorosilane and
hydrogen chloride in an epi-reactor. This process eliminates
residual oxygen, hydrocarbons and water, leaving behind only
hydrogen molecules in the cavity at a sub-Pa pressure. Note
that the epitaxy Si is also in-situ doped with a resistivity of
5-20 mohm-cm. At the same time, the sealing layer also acts
as a contact via to the device’s terminals. An isolation trench
etches followed by dielectric fill and contact metallization is
performed to create the top metal pads and interconnects. The
X-ray image of the encapsulated device is shown in Fig. 1(b)
with the top view shown in inset. This image is taken with
an X-ray inspection system (DAGE XD 6500). The image
reveals the encapsulated microswitch under the epitaxy
seal. The contact area is better represented in Fig. 1(c)
where the SEM image is taken before the encapsulation
process. The electrical setup is also shown in Fig. 1(c). In our
previous report, we have demonstrated near zero off-state
power consumption and at least 103 cycles at temperature
of 300 °C [18]. In this report, the temperature stability and
failure mechanism with reference to Joule heating and contact
degradation is demonstrated.

The curved beam (source terminal) can be electrostatically
pulled in to contact the drain terminal by applying a
gate voltage (VG) between the gate and source terminal.
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Fig. 1. (a) Exploded view of the Si-to-Si MEMS switch with encapsulation
layers (b) X-Ray image showing the encapsulated three terminal microswitch
comprised of a movable curve beam (Source), control terminal (Gate) and
contact terminal (Drain). (Inset) Top view of the finished chip with metalized
aluminium pad. The encapsulated device is flat with minimal topology.
(c) Experimental set-up for the cycle testing with the SEM showing the
switch’s contact area before encapsulation. (d) High resolution pull-in voltage
at 21.7 V, and variation in pull-out voltage.

Subsequently, electrical signals can pass from source to drain.
The drain current (ID) and source current (IS) can flow due
to drain-source voltage (VDS). Both currents (IDS , IG ) can be
measured simultaneously to characterize the MEMS/NEMS
switch as shown in Fig. 1(d). The pull-in and pull-out events
are represented by abrupt increases and decreases in drain-
source current (IDS) respectively, usually within adjacent
voltage steps. Multiple high-resolution gate voltage sweep
measurements at room temperature show a consistent pull-in
voltage at 21.7 V. In relevant comparison to a transistor, result
from Fig. 1(d) is used obtained average subthreshold swing
between two switching states including both on and off pull-in
and pull-out voltage. This is approximately 0.06 V/decade,
This property is at least comparable to the current transistor
technology. Further improvement to the beam’s stiffness may
reduce adhesion hysteresis and lower the subthreshold swing.
There is a small evolution of the pull-out voltage due to the

modifications of the contact asperities after each cycle. The
window between the pull-in and pull-out voltage, also known
as the hysteresis width, is affected by electrostatic force,
elastic force and adhesion arising from micro-welding between
the contacts [19]–[21]. These microswitches are shown to
operate through at least 5 × 106 cycles at room temperature.

II. TESTING SET-UP

The temperature dependency of the microswitch is
characterized with the minimum and maximum range
from −60 °C to 300 °C in a chamber with temperature
controller (Cascade Microtech PMV200). Nonetheless, the
microswitches reliability on-off cycling test is performed
up to 400 °C using a calibrated temperature chuck in a
different test chamber (Cascade Microtech Microchamber
RBL-6100). The electrical characterization is performed
using Agilent semiconductor analyzer B1500 equipped with
two medium-power source monitor units (MPSMU) and one
high resolution source monitoring unit (HRSMU). Overall,
the experiment set-up for testing of a three-terminal device,
namely, gate, drain and source is used in all the experiments
where the gate is used to control the on-off state of the
microswitch, the source is designated as the curved beam
which is ground, and the drain is the stopper with signal bias.

III. OPERATION RANGE

A. Contact Resistance VS Temperature

First, the device’s operation range is investigated from
−60 °C to 300 °C, while 400 °C is investigated later in
the reliability testing. This study is performed by testing
the device in a vacuum (10−6 Torr range) probe station
(Cascade Microtech PMV200) with a temperature controlled
stage. The vacuum provides protection to the tools in the
chamber from condensation and oxidation. The convective
heat loss from the device is considered negligible under
the vacuum condition so that the calibrated temperature is
accurate. The gate voltage, VG is swept from 0 to 20 V, while
the drain-source voltage, VDS is set to 2 V. As the curved
beam (source) pulled in to the drain terminal, the drain-source
current IDS rise is detected and measured. In contrast to the
result from Fig. 1(d), the pull-in voltage varies slightly with
increasing temperature. This is due to thermal expansion
and the dependency of the Young’s Modulus of Si to
temperature, The Young’s modulus thermal coefficient of Si,
β = −67 ×10−6K−1, since the pull-in voltage is proportional
to the E1/2, the pull-in voltage reduces as temperature
increases. A finite element model of the microswitch is
simulated with Coventorware Multiphysics to investigate the
pull-in voltage under the effect of thermal expansion and
Young’s modulus dependency on temperature. This model
is shown in Fig. 2(a). In the 3D model, the Si device layer
is sandwiched between two SiO2 layers, on the top and the
bottom of the device. The entire device is anchored except the
curved beam and the device is subjected to a uniform temper-
ature varies from −60 °C to 400 °C. This causes the curved
beam to deform due to expansion and difference in thermal
coefficient of expansion of Si and SiO2. After that, a voltage
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Fig. 2. (a) Finite element model of curved beam microswitch at 400°C.
(b) Comparison between experimental pull-in voltage and FEM simulation
versus temperature.

sweep on the gate and the the pull-in voltage is evaluated.
Note that the Young’s Modulus dependency on temperature
is included in the simulation. In this model, the Co-solve
simulation, simultaneous thermo-mechanical deformation with
the evaluation of the capacitive force between the gate and
the curved beam is performed to investigate the effect to the
pull-in voltage at different temperatures. The results are shown
in Fig. 2(b). The simulation result is compared to the exper-
iment result, which is also linearly fitted. Both results show
negative pull-in voltage drift with increase temperature, the
simulation data shows −4.0 mV/K while the experiment data
shows −2.8 mV/K. The pull-in voltage drift due to the effect
of thermal expansion and dependency of Young’s modulus is
confirmed by the result obtained from FEM simulation.

Next, the pull-in voltage measurement results at different
temperatures are shown in Fig. 3(a). The pull-in voltage drift
observed is in agreement with the explained behavior [22]. The
contact resistance can be extracted from the linear increment
in drain-source current, IDS right after the curved beam is
pulled in. This current flow is due to the 2 V potential applied
across drain and source terminal. An example is shown by
a device operated at 200°C in the inset of Fig. 3(b). The
drain-source current continues to rise after pull in due to the

Fig. 3. Temperature stability of the microswitch’s contact resistance from
−60 °C to 300 °C. (a) Multiple pull-in IDS - VG at different temperatures.
(b) Extracted mean contact resistance drift (35 measurements) of −196�/K.
(Inset) Zoom in of linear rise in IDS due to contact resistance for a
microswitch operated at 200 °C.

change in contact area. As gate voltage continues to increase,
a higher electrostatic force is induced by the increasing gate
voltage after pull-in. Approximately 35 – 45 k� is extracted
for this device. Note that the contact resistance in this device
is typically in the range of tenths of kilo ohms. The contact
resistance is usually higher than that of the bulk Si and the
terminating resistor of the testing set up, which is in few
kilo ohms and 50 � respectively. The mean contact resistance
is extracted from 35 devices and we found that the contact
resistance decreases with temperature from −60 °C to 300 °C.
This is shown in Fig. 3(b), the fitted mean variation in contact
resistance from −60 °C to 300 °C is approximately −200 �/K.
The overall decrease in contact resistance is also related to
the contact area dependency on temperature. As hardness
of silicon decreases at elevated temperature, higher contact
area is expected [23], [24]. As a result, a larger drain-source
current, IDS can flow through the contact, therefore reducing
the resistance. This combination of effects may also lead to a
faster surface degradation due to increased Joule heating and
additional material softening.

Under these circumstances, there could be an adverse
effect of increased probability of micro-welding at the
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contact interface, especially at higher temperature. This
hypothesis is consistent with the observation of increased
adhesion hysteresis between pull-in and pull-out voltages, as
the pull-out voltage gradually decreases with each higher tem-
perature step. The electrical conductivity is largely unaffected
by temperature since the measured resistance of shorted test
structure is approximately 4 k� and the temperature drift
about 6 μ�/K. This means changes in the hysteresis width
may indicate growth in contact area. This hypothesis is also
supported by the observation that the “on voltage” remains
constant while the “off voltage” is reduced as the number of
cycle increases. The microswitch operates well below 200 °C
but the reliability drops significantly at temperatures at and
above 300 °C. As contact resistance decreases at higher
temperature, a higher drain-source current, IDS may flow
through the contact. Therefore, it is important to limit the
current through the microswitch to prevent excessive joule
heating and acceleration of failure mechanisms.

B. Contact Resistance VS Drain-Source Voltage, VDS

The role of self-heating at the contact due to drain-source
voltage is further investigated. As higher voltage leads to
higher current flows through the contact, this may cause
excessive Joule heating that result in catastrophic failure in
the microswitch.

In this study, the gate voltage sweep experiment is repeated
with drain-source voltage, VDS steps at 0.5 V until device
failure is observed at room temperature. With constant room
temperature, self-heating effect is observed by the non-linear
drain-source current increase at different drain-source voltage
step. At VDS of 4.5 V, the drain and source are found to
be permanently fused in contact and no pull-out voltage is
observed as shown in Fig. 4(a). The self-heating has drastically
reduced the contact resistance from 150 k� to near zero in
just few voltage steps as shown in Fig. 4(b). The amount of
current flow is higher compared to that caused by varying
the environment temperature. The decrease in contact resis-
tance with increases in drain-source voltage, VDS is a result
of Si softening at higher temperature, which induces larger
contact area and higher flow of current, which is similar to the
effect of increasing temperature. To confirm the phenomenon,
the contact resistance related to asperities, contact force and
elastic-plastic deformations of MEMS switches can be solved
as demonstrated by Majumd et al. [25], [26]. Here, the loading
phase of the MEMS switch is emphasized as contact resistance
softening during the operation in high temperature is of much
interest. The Derjaguin, Muller and Toporov (DMT) model is
suitable here due to stiff material and smaller radius of asperity
in contact [27]. This is further confirmed by evaluating the
Tabor coefficient, μT shown in the equation below.

μT =
(

Rγ 2

E2
c z3

0

) 1
3

(1)

where R is the radius of the asperity, γ is the work of adhesion
(1.4 mJm−2 for Si [28]), Ec is the effective elastic modulus,
z0 is the characteristic atom-atom distance. The result is closed
to zero due to the low work of adhesion of Si compared

Fig. 4. Dependency of the contact resistance on VDS bias from 0.5 V to 4.5 V.
(a) IDS -VG at different VDS where device failed at VDS = 4.5V.
(b) Contact resistance (45 measurements) versus drain source voltage,
RC - VDS .

to metal. The DMT model as shown below can be fitted into
the curved beam switch’s effective contact area radius and the
contact resistance can be determined.

a3 = 3R

4Ec
(F + 2γπ R) (2)

where F is the contact force. Additionally, reported Si’s
hardness decrement with temperature is evaluated [29]. The
process is complex but can be predicted by incorporating the
Si hardness’s dependency on temperature in the estimation of
contact area. Fig. 5(a) shows the hardness of Si at different
temperature [23], [24]. The contact resistance of the MEMS
switch is then predicted by upper bound and lower bound,
as a result of the Wexler’s solution [30] and Fig. 5(b) shows
the mean modeled contact resistance versus contact force at
different hardness due to increasing temperature. The contact
resistance is evaluated based on 50 asperities in the contact
in our device. As temperature increases, the hardness of Si
decreases as a result of material softening. The hardness
decreases significantly after 600 °C. This results in higher
contact radius and higher current flow. At 800 °C, the contact
resistance is decrease to the level of below 1 k�. From both the
measured and the modeled contact resistance, we know that the
temperature near the contact can be as high as 800 to 1000 °C
when the applied drain-source voltage is increased beyond 2 V.
At 4.5 V, the device fails to disconnect eventually given the
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Fig. 5. (a) Si hardness dependency on temperature. (b) Modeled contact
resistance versus contact force.

lowest measured resistance. This is shown in the experiment
in Fig. 4(a). In these microswitches, Breakdown of the native
oxide insulation during testing is not observed as the native
oxide is removed in high temperature H2 environment before
sealing.

In these tests, the effect may be more severe as the
drain-source current flow, IDS is constricted through A-spots.
“A-spots” are modeled as tiny contact areas on the surfaces
between a pair of solid electrodes through which almost all of
the electric current flows. The current density flowing through
these A-spots can be a few orders higher than the average
current density between contacts [31], [32]. Additional
heating, softening and localized micro-welding may arise
as a result of higher temperature near the contact [33].
At least ten devices were tested and all devices show the
same failure at drain-source voltage, VDS between 4 and 5 V.
To improve the surface condition of microswitch, surface
coating materials such as amorphous carbon, TiO2 and RuO2
have been demonstrated to harden the surface and improve
the overall performance [1], [34], [35].

C. Limiting Drain-Source Current, IDS

By understanding the temperature near the contact interface,
the reliability of the device can be improved by limiting
the current that flows through the contact. In this way, the
contact degradation in high temperature can be lowered by
reducing undesired excessive Joule heating. Fig. 6(a) shows

Fig. 6. (a) IDS -VG at different VDS with IDS limited to 0.5 μA. The
device fails to pull out at VDS = 8 V. (b) The hysteresis gap increases as
drain-source voltage increases.

sweeps of the gate voltage with drain-source current, IDS ,
limited to 0.5 μA. The drain-source voltage is increased in
1 V steps until the device fails. We show that a higher drain-
source voltage, VDS , of up to 7 V can be accomplished
before the device fails at 8 V. In this test, as the drain-
source current limit is reached, the current output is limited;
this is compensated by switching resistor in the tester to
complement the input voltage. The source monitoring unit
circuitry has to switch in and out different resistor values in
order to handle the maximum expected current value based
on compliance setting specified. In other words, the potential
across the contact is still valid with the circuitry resistor. The
hysteresis width �V is shown in Fig. 6(b). As the drain-
source voltage increases, the width between pull-in and pull-
out voltage widens. The increase in the hysteresis width shows
that a larger adhesion force is present. The microswitch fails
when it does not pull out even when the gate voltage is zero.
Here, the largest hysteresis gap of 14.1 V is achieved at 7 V
before the device fails at 8 V. It is reported that surface dam-
age in hot switching consistently increase with the potential
applied between the contacts. At higher voltage, hot switching
regularly leads to large amount of material transfer [36].
Nonetheless, within the same voltage range from 0.5 to 4 V
as shown in Fig 4, Joule heating can be reduced by setting
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TABLE I

COMPARISON OF CONTACT RELIABILITY AND TEMPERATURE STUDY

a current that limits the flow of drain-source current. This is
especially important as the microswitch is operating in high
temperature.

IV. RELIABILITY TESTING

The reliability and temperature stability of these devices
at high temperature is yet to be fully understood, where
the mechanical contact interface is prone to failure by
contact oxidation and material degradation [37]–[39]. The
comparison in Table 1 shows different MEMS/NEMS switch’s
contact materials along with their reported reliability and
temperature stability. The device reliability is related to the
testing conditions such as the composition of the gas, the
pressure and temperature. These environmental factors are
important in enhancing the lifetime. For example, tungsten-
to-titanium nitride (W – TiN) microswitches operated in air
only achieved less than one thousand on/off cycles whereas
the other micro microswitches tested in vacuum or and
nitrogen environments have achieved higher numbers of
operating cycles before microswitch failure. A ruthenium
dioxide-to-gold (RuO2 – Au) contact is found to work well
under oxygenated environment too. While clean environment
is preferred, vacuum encapsulation is a necessary process in
Si contact microswitches due to formation of insulating oxide
after cycles of on-off operation. Some vacuum encapsulated
devices have been investigated but the information under high
temperature operation is limited [28], [40], [41].

The curved beam design is a good candidate to test the
reliability because the structure is unlikely to break-down via
secondary pull-in [42], [43]. The results from tests of the
curved beam design are shown in Fig 7. As the gate voltage
sweeps from 0 to 100 V, no visible breakdown in gate current
is observed.

Fig. 7. Drain-source and gate currents, IDS and IG versus gate voltage, VG .
Noise level IG measurements indicate a high tolerance to secondary break-
down despite gate voltage sweeps up to 100V.

A. Maximum Drain-Source Current = 1 A,
Drain-Source Voltage, VDS = 2 V

In the reliability test experiments, the drain-source voltage,
VDS is set to 2 V, the drain-source current, IDS is limited
to 1A, and continuous on-off cycling of the microswitch is
explored at a high temperature of 400 °C. In this experiment,
the microswitch operated up to 923 cycles before failure as
shown in Fig. 8(a). A zoom-in of the plot in Fig. 8(b) shows
that the microswitch failed to disconnect during the off cycle.
This failure mode indicates that the beam is permanently in
contact with drain. We also note that, in these high-temperature
Si-to-Si contact tests, the contact resistance rises gradually
with number of cycles and then, this resistance falls and
gradually rise intermittently, which could arise from contact
modification and roughening of the contact surface.

B. Limiting Drain-Source Current = 0.5 μA,
Drain-Source Voltage, VDS = 2 V

In order to improve the device’s lifetime, the experiment
is repeated with the drain-source current, IDS current limited
to 0.5 μA, instead of a maximum current of 1A. In this test,
the probability for Joule heating is reduced and the surface
degradation at the contact should be slowed, hence achieving
higher reliability. Using this current-limited configuration, we
observe that the lifetime of the contact microswitch can be
extended to over 106 cycles at 400 °C. This result is shown
in Fig. 8(c). As the maximum drain-source current is reached
in every on cycle, a quasi-stable threshold can be represented
by the compliance resistance. This representation is important
as some threshold which is useful in especially computing
application. Fig. 8(d) shows the higher-resolution observation
of seven on-off cycles observed as a function of the gate
voltage. Although the current is limited to 0.5 μA, we are
still able to obtain three orders difference from on to off in
every cycle.

Further investigation of the microswitch failure mechanism
is performed from room temperature to 400 °C. The statistical
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Fig. 8. Contact resistance versus number of cycles at 400 °C. (a) Contact
resistance versus number of cycles at 400 °C without current compliance.
(b) Zoomed-in view of device that failed abruptly at 923 cycles. (c) One
million cycles with IDS current limited to 0.5 μA in log scale. (d) Zoomed-in
of device showing seven repeated on-off cycle with respect to gate voltage.

result in Fig. 9 shows twenty five devices (D1 - D25) tested
at room temperature, 100 °C, 200 °C, 300 °C and 400 °C.
These devices are tested at maximum drain-source current,

Fig. 9. Reliability statistics of twenty-five devices with maximum current
flow (1A) . By limiting the current to 0.5 μA (highlighted), the reliability is
enhanced – a lifetime of one million cycles is achieved at 300 °C and 400 °C.

IDS (1A) except for the device (D27 - D29) highlighted with
a dotted line. The lifetime of these Si-to-Si microswitches
decreases with higher temperature as expected. The lifetime
drops drastically above 200 °C and beyond that, the
microswitch fails after just a few thousand cycles or less
at 300 °C and 400 °C under maximum drain-source current
flow. However, by limiting the current to 0.5 μA, device
D27 – D29 can be cycled for at least 106 cycles at high
temperatures of 300 °C and 400 °C without failure, as
shown by the highlighted measurement. With this result, we
have demonstrated that the reliability of ultra-clean Si-to-Si
microswitches can be enhanced by limiting the current
flowing between the contacts. This result also indicates that,
in some way, the probability of the defective occurrence
may be reduced due to the limited drain-source current, IDS .
In general, the measurement shows that the microswitch
lifetime is highly dependent on the surrounding temperature,
drain-source voltage, VDS and besides that, prolonged lifetime
at high temperature can be achieved by limiting drain-source
current, IDS .

V. FAILURE MECHANISMS

Contact degradation has been explained by other researchers
as shown in Fig. 10(a) where the contact material transfer and
contact damage can lead to permanent bridging at the contact
interface [44], [45]. This effect should be enhanced by elevated
temperature. To further investigate the failure of Si-Si contact
microswitches sealed with the epi-polysilicon encapsulation
process, a focused ion beam is used to mill through the cap
and device layer to a depth of nearly 100 μm, and cross-
section scanning electron microscopy is used to inspect the
interfaces in search for the failure mechanism. Fig. 10(b)
shows one of the device’s contact area failures at five million
cycles. It is observed that contact roughening and bridging
is formed on the contact surface. It is well understood that
these defects may eventually lead to catastrophic failure in
the device. The failure mode is further elaborated by a device
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Fig. 10. (a) Illustration of failure mechanics due to contact degradation.
(b) Focus ion beam milling reveals cross-sectional view of a failed device
after ∼5 million cycling test. (c) Bridge formation due to localized melting
near the contact.

deliberately shorted with high drain-source voltage of 8 V.
This microswitch only operated for once and we found that a
bridge has permanently formed, causing short circuit failure to
the device. This phenomenon is clearly showing device failure
can be caused by self-heating and localized melting, which is
a failure mechanism when high drain-source voltage without
current control is applied as source to the microswitch.

VI. CONCLUSION

In summary, we have presented the temperature-dependent
behavior of a Si-to-Si contact microswitch, sealed in an
ultra-clean vacuum environment. Our measurements show
the device contact resistance dependence on temperature
and the potential difference across the contact, drain-source
voltage, VDS. In order to prevent excessive Joule heating,
limiting the drain-source current, IDS current is shown to

prolong the lifetime of such switches at high temperature.
At least 106 cycles at 300 °C and 400 °C have been
successfully demonstrated, and the high reliability could
be valuable for harsh environment electronics such as
automotive, aerospace and down-hole applications.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Cheam Daw Don for
his time in valuable discussion.

REFERENCES

[1] D. A. Czaplewski, C. D. Nordquist, G. A. Patrizi, G. M. Kraus,
and W. D. Cowan, “RF MEMS switches with RuO2–Au contacts
cycled to 10 billion cycles,” J. Microelectromech. Syst., vol. 22, no. 3,
pp. 655–661, 2013.

[2] T.-H. Lee, S. Bhunia, and M. Mehregany, “Electromechanical com-
puting at 500 °C with silicon carbide,” Science, vol. 329, no. 5997,
pp. 1316–1318, 2010.

[3] M. Liao, Z. Rong, S. Hishita, M. Imura, S. Koizumi, and Y. Koide,
“Nanoelectromechanical switch fabricated from single crystal diamond:
Experiments and modeling,” Diamond Rel. Mater., vol. 24, pp. 69–73,
Apr. 2012.

[4] O. Y. Loh and H. D. Espinosa, “Nanoelectromechanical contact
switches,” Nature Nanotechnol., vol. 7, pp. 283–295, Apr. 2012.

[5] Y. Qian, L. Lou, M. J. Tsai, and C. Lee, “A dual-silicon-nanowires based
U-shape nanoelectromechanical switch with low pull-in voltage,” Appl.
Phys. Lett., vol. 100, no. 11, p. 113102, 2012.

[6] M. Mehregany and T.-H. Lee, “Silicon carbide NEMS logic
for high-temperature applications,” Proc. SPIE, vol. 7679,
pp. 76791J-1–76791J-8, May 2010.

[7] J. M. Kinaret, T. Nord, and S. Viefers, “A carbon-nanotube-based
nanorelay,” Appl. Phys. Lett., vol. 82, no. 8, p. 1287, 2003.

[8] J. Jeon, V. Pott, H. Kam, R. Nathanael, E. Alon, and T.-J. K. Liu,
“Seesaw relay logic and memory circuits,” J. Microelectromech. Syst.,
vol. 19, no. 4, pp. 1012–1014, Aug. 2010.

[9] F. S. Alves, R. A. Dias, J. M. Cabral, J. Gaspar, and L. A. Rocha,
“High-resolution MEMS inclinometer based on pull-in voltage,”
J. Microelectromech. Syst., Oct. 2014, in press.

[10] H. Kam, V. Pott, R. Nathanael, J. Jeon, E. Alon, and T.-J. K. Liu,
“Design and reliability of a micro-relay technology for zero-standby-
power digital logic applications,” in Proc. IEEE IEDM, Dec. 2009,
pp. 1–4.

[11] W. W. Jang et al., “NEMS switch with 30 nm-thick beam and
20 nm-thick air-gap for high density non-volatile memory applications,”
Solid-State Elect., vol. 52, no. 10, pp. 1578–1583, 2008.

[12] B. Kim, R. Melamud, R. A. Candler, M. A. Hopcroft, and T. W. Kenny,
“MEMS packaging for reliable resonators and oscillators,” in IEEE
MTT-S Int. Microw. Symp. Dig., Jun. 2012, pp. 1–3.

[13] R. N. Candler et al., “Single wafer encapsulation of MEMS devices,”
IEEE Trans. Adv. Packag., vol. 26, no. 3, pp. 227–232, Aug. 2003.

[14] R. N. Candler et al., “Long-term and accelerated life testing of
a novel single-wafer vacuum encapsulation for MEMS resonators,”
J. Microelectromech. Syst., vol. 15, no. 6, pp. 1446–1456, 2006.

[15] R. Parsa et al., “Laterally actuated platinum-coated polysilicon NEM
relays,” J. Microelectromech. Syst., vol. 22, no. 3, pp. 768–778,
2013.

[16] D. Grogg et al., “Curved in-plane electromechanical relay for low power
logic applications,” J. Micromech. Microeng., vol. 23, no. 2, p. 025024,
2013.

[17] T.-H. Lee, S. Bhunia, and M. Mehregany, “Electromechanical computing
at 500 degrees C with silicon carbide,” Science, vol. 329, no. 5997,
pp. 1316–1318, 2010.

[18] B. W. Soon et al., “Fabrication and characterization of a vacuum
encapsulated curved beam switch for harsh environment application,”
J. Microelectromech. Syst., vol. 23, no. 5, pp. 1121–1130, 2014.

[19] L. A. Rocha, E. Cretu, and R. F. Wolffenbuttel, “Analysis and analytical
modeling of static pull-In with application to MEMS-based voltage
reference and process monitoring,” J. Microelectromech. Syst., vol. 13,
no. 2, pp. 342–354, 2004.

[20] F. K. Chowdhury, “Micro-electro-mechanical-systems-based single-
device digital logic gates for harsh environment applications,”
Ph.D. dissertation, Dept. Elect. Comput. Eng., Univ. Utah,
Salt Lake City, UT, USA, 2013.



1914 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 24, NO. 6, DECEMBER 2015

[21] B. D. Jensen, L. L.-W. Chow, K. Huang, K. Saitou, J. L. Volakis, and
K. Kurabayashi, “Effect of nanoscale heating on electrical transport in
RF MEMS switch contacts,” J. Microelectromech. Syst., vol. 14, no. 5,
pp. 935–946, 2005.

[22] L. A. Rocha, E. Cretu, and R. F. Wolffenbuttel, “Stability of a micro-
mechanical pull-in voltage reference,” IEEE Trans. Instrum. Measure,
vol. 52, no. 2, pp. 457–460, Apr. 2003.

[23] J. J. Gilman, “Why silicon is hard,” Science, vol. 261, no. 5127,
pp. 1436–1439, 1993.

[24] V. Domnich, Y. Aratyn, W. M. Kriven, and Y. Gogotsi, “Temperature
dependence of silicon hardness: Experimental evidence of phase trans-
formations,” Rev. Adv. Mater. Sci, vol. 17, pp. 33–41, Feb. 2008.

[25] S. Majumder, N. E. McGruer, G. G. Adams, P. M. Zavracky,
R. H. Morrison, and J. Krim, “Study of contacts in an electrostati-
cally actuated microswitch,” Sens. Actuators A, Phys., vol. 93, no. 1,
pp. 19–26, 2001.

[26] S. Majumder, N. E. McGruer, and G. G. Adams, “Adhesion and contact
resistance in an electrostatic MEMS microswitch,” in Proc. 18th IEEE
Int. Conf. MEMS, Jan./Feb. 2005, pp. 215–218.

[27] B. V. Derjaguin, M. V. Muller, and Y. P. Toporov, “Effect of contact
deformations on the adhesion of particles,” J. Colloid Interf. Sci., vol. 53,
no. 2, pp. 314–326, 1975.

[28] C. H. Mastrangelo and C. H. Hsu, “A simple experimental technique
for the measurement of the work of adhesion of microstructures,” in
IEEE Solid-State Sens. Actuator Workshop, 5th Tech. Dig., Jun. 1992,
pp. 208–212.

[29] J. J. Gilman, “Flow of covalent solids at low temperatures,” J. Appl.
Phys., vol. 46, no. 12, pp. 5110–5113, 1975.

[30] G. Wexler, “The size effect and the non-local Boltzmann transport
equation in orifice and disk geometry,” Proc. Phys. Soc., vol. 89, no. 4,
pp. 927–941, 1966.

[31] R. Holm, Electric Contacts: Theory and Application. Berlin, Germany:
Springer-Verlag, 1967.

[32] P. G. Slade, Electrical Contacts: Principles and Applications.
Boca Raton, FL, USA: CRC Press, 2013.

[33] T. Suzuki and T. Ohmura, “Ultra-microindentation of silicon at elevated
temperatures,” Philos. Mag. A, vol. 74, no. 5, pp. 1073–1084, 1996.

[34] I. R. Chen, Y. Chen, L. Hutin, V. Pott, R. Nathanael, and
T.-J. K. Liu, “Stable ruthenium-contact relay technology for low-
power logic,” in Proc. The 17th Int. Conf. Solid-State Sens., Actuators,
Microsyst., 2013, pp. 896–899.

[35] D. Grogg et al., “Amorphous carbon active contact layer for reliable
nanoelectromechanical switches,” in Proc. IEEE 27th Int. Conf. MEMS,
Jan. 2014, pp. 143–146.

[36] A. Basu, R. P. Hennessy, G. G. Adams, and N. E. McGruer, “Hot
switching damage mechanisms in MEMS contacts—Evidence and
understanding,” J. Micromech. Microeng., vol. 24, no. 10, p. 105004,
2014.

[37] E. J. J. Kruglick and K. S. J. Pister, “Lateral MEMS microcontact
considerations,” J. Microelectromech. Syst., vol. 8, no. 3, pp. 264–271,
1999.

[38] A. Basu, R. Hennessy, G. Adams, and N. McGruer, “Leading and trailing
edge hot switching damage in a metal contact RF MEMS switch,” in
Proc. 17th Int. Conf. Solid-State Sens., Actuators, Microsyst., 2013,
pp. 514–517.

[39] K. N. Chappanda and M. Tabib-Azar, “Conducting AFM studies of metal
surface contact resistance for NEMS switches,” in Proc. IEEE Sensors,
Oct. 2011, pp. 1371–1373.

[40] K. D. Leedy, R. E. Strawser, R. Cortez, and J. L. Ebel, “Thin-film
encapsulated RF MEMS switches,” J. Microelectromech. Syst., vol. 16,
no. 2, pp. 304–309, 2007.

[41] E. J. Ng et al., “Stable charge-biased capacitive resonators with encap-
sulated switches,” in Proc. IEEE 27th Int. Conf. MEMS, Jan. 2014,
pp. 1277–1280.

[42] S. Krylov, B. R. Ilic, D. Schreiber, S. Seretensky, and H. Craighead,
“The pull-in behavior of electrostatically actuated bistable microstruc-
tures,” J. Micromech. Microeng., vol. 18, no. 5, p. 055026, 2008.

[43] D. A. Czaplewski et al., “A nanomechanical switch for integration with
CMOS logic,” J. Micromech. Microeng., vol. 19, no. 8, p. 085003,
2009.

[44] T. Ishida, K. Kakushima, and H. Fujita, “Degradation mechanisms
of contact point during switching operation of MEMS switch,”
J. Microelectromech. Syst., vol. 22, no. 4, pp. 828–834, 2013.

[45] Z. Yang, D. Lichtenwalner, A. Morris, J. Krim, and A. I. Kingon,
“Contact degradation in hot/cold operation of direct contact micro-
switches,” J. Micromech. Microeng., vol. 20, no. 10, p. 105028,
2010.

Bo Woon Soon received the B.Eng. degree in
microelectronics engineering from Liverpool John
Moores University, U.K., in 2006, and the Ph.D.
degree in electrical and computer engineering from
the National University of Singapore, in 2015. He
is also a graduate from the Center for Intelligent
Sensors and MEMS, Department of Electrical and
Computer Engineering, National University of Sin-
gapore. He is currently a Senior Research Engi-
neer with the Department of Microelectromechanical
Systems Integration, Institute of Microelectronics,

Agency of Science and Technology, Singapore. His research interests include
microfabrication technologies, and MEMS sensors and actuators.

You Qian received the B.Eng. degree from the
University of Electronic Science and Technology of
China, Chengdu, China, in 2009, and the M.Sc. and
Ph.D. degrees from the Department of Electrical
and Computer Engineering, National University of
Singapore, in 2010 and 2015, respectively. He is cur-
rently a Post-doctoral Fellow with the Department of
Electrical and Computer Engineering, National Uni-
versity of Singapore. His research interests include
nanoelectromechanical systems switches, gas
sensing system, and microfabrication technologies.

Eldwin J. Ng received the B.S. degree in mechanical
engineering from the University of California
at Berkeley, in 2009, and the M.S. degree in
mechanical engineering from Stanford University,
in 2012, where he is currently pursuing the
Ph.D. degree under a scholarship from the Agency
for Science, Technology, and Research, Singa-
pore. His research interests include microfabrication
technologies, RF resonators, microelectromechanical
systems sensors, and switches.

Vu A. Hong received the B.S. degree in mechanical
engineering from the Massachusetts Institute of
Technology, Cambridge, MA, in 2010, and the
M.S. degree in mechanical engineering from
Stanford University, Stanford, CA, in 2012, where
he is currently pursuing the Ph.D. degree with
the Department of Mechanical Engineering. He is
a recipient of the National Science Foundation
Graduate Research Fellowship.

Yushi Yang received dual bachelor’s degrees in
mechanical engineering from Purdue University
and Shanghai Jiao Tong University, in 2011, and
the M.S. degree in mechanical engineering from
Stanford University, in 2013, where she is currently
pursuing the Ph.D. degree. Her research interests
include studying the nonlinear behavior of bulk-
mode microelectromechanical systems (MEMS)
resonators, and analyzing the phase noise
performance of MEMS oscillators under large
driving conditions.



SOON et al.: INVESTIGATION OF A VACUUM ENCAPSULATED Si-TO-Si CONTACT MICROSWITCH 1915

Chae Hyuck Ahn received the B.S. degree in
mechanical engineering from Seoul National
University, Seoul, Korea, in 2010, and the
M.S. degree in mechanical engineering from
Stanford University, Stanford, CA, in 2012, where
he is currently pursuing the Ph.D. degree with
the Department of Mechanical Engineering under
a Kwanjeong Scholarship. His research interests
include resonant thermometers, micromachined
disk resonating gyroscopes, silicon anisotropy
compensation by geometric design, and the

integration of inertial measurement units and timing references.

Thomas W. Kenny received the B.S. degree
in physics from the University of Minnesota,
Minneapolis, in 1983, and the M.S. and
Ph.D. degrees in physics from the University
of California at Berkeley, in 1987 and 1989,
respectively. From 1989 to 1993, he was with the
Jet Propulsion Laboratory, National Aeronautics
and Space Administration, Pasadena, CA, where his
research focused on the development of electron-
tunneling high-resolution microsensors. In 1994, he
joined the Department of Mechanical Engineering,

Stanford University, Stanford, CA, where he directs microsensor-based
research in a variety of areas, including resonators, wafer-scale packaging,
cantilever beam force sensors, microfluidics, and novel fabrication techniques
for micromechanical structures. He is the Founder and CTO of Cooligy
(now a division of Emerson), a microfluidics chip cooling component
manufacturer, and the Founder and a Board Member of SiTime Corporation,
a developer of timing references using microelectromechanical systems
resonators. He is currently a Bosch Faculty Development Scholar, the General
Chair of the upcoming Transducers 2015 meeting in Anchorage, and was
the General Chairman of the 2006 Hilton Head Solid-State Sensor, Actuator,
and Microsystems Workshop. From 2006 to 2010, he was on leave to serve
as the Program Manager with the Microsystems Technology Office, Defense
Advanced Research Projects Agency, starting and managing programs in
thermal management, nanomanufacturing, manipulation of Casimir forces,
and the Young Faculty Award. He has authored or co-authored over
250 scientific papers and holds 50 issued patents.

Chengkuo Lee (S’93–M’96) received the
M.S. degree in materials science and engineering
from National Tsing Hua University, Hsinchu,
Taiwan, in 1991; the M.S. degree in industrial
and system engineering from Rutgers University,
New Brunswick, NJ, in 1993; and the Ph.D. degree
in precision engineering from the University of
Tokyo, Tokyo, Japan, in 1996. He was a Foreign
Researcher with the Nanometer Scale Manufacturing
Science Laboratory, Research Center for Advanced
Science and Technology, University of Tokyo, from

1993 to 1996. He was with the Mechanical Engineering Laboratory, AIST,
MITI, Japan, as a JST Research Fellow, in 1996. Thereafter, he became a
Senior Research Staff Member with the Microsystems Laboratory, Industrial
Technology Research Institute, Hsinchu. In 1997, he joined Metrodyne
Microsystem Corporation, Hsinchu, and established the MEMS Device
Division and the first micromachining fab for commercial purposes in Taiwan.
He was the Manager of the MEMS Device Division from 1997 to 2000.
He was an Adjunct Assistant Professor with the Electro-Physics Department,
National Chiao Tung University, Hsinchu, in 1998, and the Institute of
Precision Engineering, National Chung Hsing University, Taichung, Taiwan,
from 2001 to 2005. In 2001, he co-founded Asia Pacific Microsystems, Inc.,
where he first became the Vice President of Research and Development,
before becoming the Vice President of the Optical Communication Business
Unit and a Special Assistant to the Chief Executive Officer in charge of
international business and technical marketing for the microelectromechanical
systems (MEMS) foundry service. From 2006 to 2009, he was a Senior
Member of the Technical Staff with the Institute of Microelectronics,
A-STAR, Singapore. He is currently an Associate Professor with the
Department of Electrical and Computer Engineering, National University of
Singapore, Singapore. He is the Director of the Center for Intelligent Sensors
and MEMS with the Department of Electrical and Computer Engineering,
National University of Singapore. He has co-authored the books Advanced
MEMS Packaging (McGraw-Hill, 2010), and Micro and Nano Energy
Harvesting Technologies (Artech House, 2014). He has contributed to more
than 250 international conference papers and extended abstracts, and 185 peer-
reviewed international journal articles in the fields of sensors, actuators,
energy harvesting, MEMS, nanoelectromechanical systems, metamaterials,
nanophotonics, and nanotechnology. He holds nine U.S. patents.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


