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A forest of vertically aligned carbon nanotubes (CNTs) is

integrated as an electrical contact material with a high-power,

normally-open switch based on micro-electro-mechanical

systems (MEMS) technology. A shape-memory-alloy (SMA)

cantilever is thermally actuated to enable switching between the

movable CNT forest and the copper electrode formed on the

SMA. The out-of-plane SMA actuator provides high forces to

enable distributed contacts with the CNT forest, achieving low
contact resistances and high ON/OFF resistance ratios. The ON

state of the switch shows contact resistances as low as 35Vwith

a dependence on the operating current. The device operation is

performed with over 5-W input powers. Long-term operation

with more than 1� 106 switching cycles is demonstrated. The

results indicate that a combination of the CNT-based contact

and the SMA actuator may be a promising path to realizing

reliable MEMS contact switches for high-power applications.
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Micro-electro-mechanical switches
have benefits over solid-state switches such as low OFF-
state leakage current, high ON/OFF resistance ratio, high
breakdown voltage, and low distortion [1–3]. Due to
the physical limitations of power transistors, high-power
switches based on micro-electro-mechanical-systems
(MEMS) technology have been attracting more attention
[4, 5]; however, there are still essential issues in this
application area [5]. Reliability and lifetime of the contact
are among the challenges of MEMS contact switches,
especially for the above area. The contact resistance depends
on a variety of factors, including the contact force, contact
roughness, and the material properties [6]. Typical contact
materials used for MEMS contact switches are pure metals
such as gold [2, 7], nickel [8], and aluminum [9]. The actual
contact area of these metallic contacts tends to be limited by
the presence of discrete contact points and thusmuch smaller
than the designed area [10, 11]. Furthermore, these point
contacts cause welding, shorting, and stiction failures [12].
For instance, metallic MEMS switches were reported to fail
after cycles in the orders of 103 [7] and 104 [8] due to
damages at localized point contacts. A variety of contact
designs have been reported to improve device performance
toward high power applications, including a ball-grid-array
contact [13], a liquid-metal wetted contact [14], a gold
contact with a meshed drain electrode [15], and a ruthenium
contact switch with a corrugated diaphragm [6]. The use of
an arc-suppression circuit was also reported to enable arcless
operation of microrelays for high power applications [16].
Actuation-assisted release mechanisms [5, 17, 18] have also
been actively studied to address stiction related failures
in MEMS contact switches.

The carbon-nanotube (CNT) forest is a vertically
aligned, densely packed array of CNTs with heights ranging
from a fewmicrometers to several millimeters [19]. Because
of its large surface area [10] and promising electrical,
mechanical, and thermal properties [20], this is a good
candidate for a more reliable contact material for MEMS
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online color at: www.pss-a.com) Schematic illustration
of the top view of the contact switch device (top), along with
the details of the SMA cantilever component with dimensions
(bottom left) and a cross-sectional view of the device in the OFF
state (bottom right).
switches. For example, CNTs have been reported to have
a high current capacity of more than 109A cm�2 [21, 22].
Multi-walled CNTs exhibit a resistivity as low as
10�4V cm2 [23]. They also exhibit very high thermal
conductivity (1400Wm�1 K�1) and operational tempera-
tures (up to 2000K) [24]. The junctions ofCNTs andmetallic
electrodes have been reported to show resistance levels of
104–109V [25]. High-density CNT forests for interconnect
applications [26] aswell as awafer-scale growth of patterned
forests [27] were reported. There have been efforts to
integrate CNTs with MEMS [28–36]. A normally closed
MEMS switch that uses a contact of two CNT forests has
been reported [37]. The design of this switch is based on
electrostatic actuation and requires high voltages to detach
the two forests off and achieve the OFF state. The condition
in the ON state that no force is actively applied to the contact
may limit the ability to minimize the contact resistance.
In addition, the device layout based on in-plane actuation
can occupy more chip space.

MEMS switches have also been reported with other
actuation methods, including electrothermal [38, 39],
magnetic [40], and piezoelectric principles [41]. Electro-
thermal actuation generally offers large forces, large
displacements, and ease of on-chip integration. The former
two features are advantageous in making stable, low-
resistance contacts in the ON state and high isolation in the
OFF state, respectively [38]. Shape-memory-alloy (SMA)
actuators have been widely investigated in MEMS [42–44].
As one type of thermal (often electrothermal) actuators, they
offer similar characteristics together with high fatigue
resistance to cyclic operations, which is also advantageous
for switching applications [45, 46]. Out-of-plane actuation
can be easily achieved with simple SMA structures as
opposed to typical electrothermal actuators that have in-
plane actuation schemes, potentially enabling a small device
footprint. In general, SMA actuation is slow compared to
other principles; however, this may not be a major issue for
high-power switching applications [4, 47]. Moreover, given
the attractive features outlined above, SMAactuatorsmay be
a suitable choice for DC/low-frequency contact switches in
the above application field.

In this paper, we report a normally open, SMA-based
MEMS switch that is integrated with a CNT forest used
as contact material. The characteristics of the electrical
contact between the CNT forest and a metallic electrode
are investigated along with their dependences on control
parameters for the device operation. Results from high-
current operation and long-term switching tests are reported
as well. The outcome of these experiments suggests that
the integration of SMAs and CNT forests is a promising
path toward realizing a reliable MEMS contact switch for
high-power applications.

2 Experimental Figure 1 shows the layout of the
developed switch device and the SMA actuator component
used in the device. The SMA has a cantilever structure as
shown, being fabricated to bend upward in its martensitic
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(cold) state at room temperature and vertically actuated
downward when it is heated and enters its austenite (hot)
state [44]. Thus, the signal terminal 1 (CNT forest) and
terminal 2 (bonding pad for SMA) indicated in Fig. 1 are
disconnected in the cold state. As also shown in the figure,
the cantilever is designed to have the bonding region with
a cavity and perforations used for the bonding process.
When the temperature of the SMA is elevated to exceed
its threshold (austenite-phase) temperature, the cantilever is
actuated and returns to itsmemorized flat shape. This thermal
actuation is performed using resistive heaters integrated on
the substrate (Si with a 2-mm-thick SiO2 insulation layer) by
passing a driving current between terminals 3 and 4. As the
cantilever is actuated, itmakes contact with the top surface of
the CNT forest arranged underneath the cantilever, at which
point the switch is closed (i.e., terminals 1 and 2 are shorted).
SMAs generally have relatively high resistivity levels. To
minimize resistance at the contact and through the switch
circuit, the bottom side of the SMA cantilever is coated with
copper (with 200-nm thickness). The cantilever structure is
bulk-micromachined in 300-mm-thick nickel-titanium SMA
(so called Nitinol) sheets with a threshold temperature of
65 8C (AlloyM,MemoryMetalle GmbH,Germany). Prior to
copper coating, the bottom side of the structure is deposited
with 4-mm-thick SiO2 thatworks as a compressive reset layer
for the SMA actuator, so that the cantilever bends toward the
uncoated (top) side at room temperature due to the stress
applied by the layer. When the SMA is heated beyond the
threshold temperature, its phase-transition force overcomes
the bending moment caused by the SiO2 layer and makes the
cantilever flat to push the CNTs downward, achieving good
electrical contacts with the individual nanotubes. As heat
is removed, the cantilever restores its cold-state shape by
bending up, making the switch open.

A forest of multi-walled CNTs with a thickness range of
100–200mm is directly grown on the heater substrate. To
mechanically and thermally couple the SMA component
www.pss-a.com
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with the substrate on which a CNT forest is present, we have
investigated two integration approaches, wet and dry
methods. In the wet method, the bonding region of the
SMA is coupled with the bonding pad on the substrate using
photolithography-assisted copper electroplating [43]. This
process requires the CNTs to become wet and then dried. In
the other approach, the drymethod, the SMA is directly fixed
onto the bonding pad of the substrate using liquid polyimide
(PI) by filling it in the cavity of the region and curing it
to fix the cantilever. In this case, the CNT forest remains
dry throughout the fabrication of the device. Images of the
devices developed through the above dry and wet processes
are shown in Fig. 2a and b, respectively. As can be seen in
Fig. 2b, the forest that went through the wet process was
densified, due to capillary effects [48, 49], forming random
structures of bundled nanotubes. In contrast, as shown in
Fig. 2a, the device fabricated through the dry process
maintains the original forest structures and surfaces. As in
typical CNT forests, the forests grown in this study had some
level of thickness variation within each forest.

For the fabrication of the heater circuit and signal/
bonding pads on the substrate, Cr (15 nm) and Cu (200 nm)
layers were first e-beam evaporated on a lightly doped Si
wafer with a 2-mm-thick SiO2 layer. Photoresist (SPR 220-7,
Rohm and Hass Co., PA, USA) was spin coated and
patterned to define the layout of the heater and pads. Cu
electroplatingwas performed for 50mmof thickness over the
exposed Cu layer within the photo-defined region, followed
by striping the photoresist and etching away theCr–Cu layers
underneath. Al2O3 (10 nm) and Fe (1.5 nm) were then e-
beam evaporated on the corresponding Cu pad through a
shadow mask as the catalyst layer for the CNT growth. A
Figure 2 (online color at: www.pss-a.com) (a) Overall optical image
microscope (SEM) images showing the SMA structure and top surfa
of the CNT forest in the device fabricated though the wet process,
vertical alignment.

www.pss-a.com
multi-walled CNT forest was synthesized for a height of up
to 200mm through ethylene-based atmospheric chemical
vapor deposition (CVD) [50]. The SMA cantilever (Fig. 1)
was shaped with chemical etching of the Nitinol sheet for
thinning and then shaped with micro-electro-discharge
machining (mEDM) using a commercial mEDM system
(EM203, SmalTec International Inc., IL, USA) [44]. (This
mEDM technique may also be used to planarize the top
surface of the CNT forest and adjust its height [49, 50] to
address the thickness variation of the forest discussed
earlier.) The SiO2 reset layer was deposited on the bottom
side of the SMA cantilever with plasma-enhanced CVD at
350 8Cwhile keeping it flat as the memorized state, followed
by e-beam evaporation of the Cu layer on top of the reset
layer. For bonding the SMA to the substrate, in the wet
method, the component was fixed onto the substrate using
an electroplating bonding technique [43]. After fixing
the bonding region of the SMA using the SPR photoresist
spin-coated on the substrate as a temporary adhesive
(covering the CNT forest as well) followed by soft baking
at 45 8C for 1 h, the photoresist on the region was exposed
to ultraviolet light (the other regions were masked) and
developed so that the SPR on top and in the perforations of
the region was removed. This region was then electroplated
with Cu for 120-mm thickness to bond the SMA to the
substrate. The device was completed by dissolving the
SPR in acetone, rinsing the device with isopropyl alcohol
and deionized water, and drying it in air. In the dry method,
the bonding region of the SMA was aligned to the bonding
pad, and then liquid PI (HD-4010, HD Microsystems, DE,
USA) was directly applied to the cavity and perforations
and cured to complete the bonding.
of the dry-processed switch device and close-up scanning-electron-
ces of the CNT forest integrated into the device. (b) SEM images
showing the densified structures of the CNTs that have lost their

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The experiments performed for the temporal control and
long-term operations of the SMA actuator as well as the
electrical measurements in these tests (to be discussed in the
subsequent section) used a set-up centered on an electronic
workstation board (NI ELVIS, National Instrument Co., TX,
USA) coupled with LabVIEW programs. An amplifier was
used to drive the heater of the devices using the signals
generated by the board. The feedback loop used for the
temporal control of the switchwas established as follows: the
heater driving current was increased while monitoring
the contact resistance. As soon as the contact resistance
dropped below a threshold level (set to be 10 kV in the
experiments), the heater current was terminated to cool
the device and open the contact, after which the current was
applied again to repeat the ON-OFF cycle. The displacement
measurement of the SMA cantilever was performed using a
laser displacement sensor (LK-G32, Keyence, ON, Canada)
with a resolution of 10 nm and a spot size of 30mm.

3 Results and discussion We first evaluated the
performance of the two types of devices with the densified
and original CNT forests. Heating the device substrates to a
temperature of �100 8C or greater with a driving current of
0.5–0.9 A was observed to enable full deflections of the
cantilevers. Figure 3a and b show the dependence of the
contact resistance (probed between terminals 1 and 2) on
the driving current for the wet- and dry-processed devices
(both operated in air), respectively. The open resistances of
these two devices were 20MV or more (not shown in the
figures). The wet-processed device exhibited significantly
higher contact resistance than the dry-processed one; the dry
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
one showed a resistance of �500V in repeated switching
consistently, while the wet-bonded device showed a
resistance of a few kV at the first contact and then even
higher resistances (in the order of 10 kV) after that as
depicted in Fig. 3a. The more resistive contact with the wet-
processed device may be associated with the nonuniform
(and probably more rigid) structures of the densified forest,
potentially leading to a smaller actual contact area. The
mismatch between the OFF-to-ON and ON-to-OFF
paths in each result is presumably due to a hysteresis in
thermomechanical response of SMAunder a heating-cooling
cycle [43]. Another possible cause of the mismatch could
be related to the geometry of the individual CNTs that
have somewhat wavy shapes; their tips can adhere to the
cantilever surface due to the van der Waals force [51],
potentially elongating the nanotube structures and maintain-
ing the contacts during an early stage of the upward
displacement of the cantilever, and then eventually detached
from the surface. This type of the SMA cantilever used can
exert very high actuation forces (�840mN [44]) that are
larger than those available with typical MEMS switches
based on electrostatic designs by three to four orders of
magnitude [52]. This experiment verifies that the high SMA
force contributes to achieving a high ON/OFF resistance
ratio and that the restoring force generated by the SiO2

reset layer is sufficient to overcome the surface force induced
at the contact interface, releasing the cantilever from the
forest to fully open the switch.

Based on the above result, the rest of the experiments
were conducted with the dry-processed device in air.
Figure 3c shows the dependence of the contact resistance
Figure 3 (online color at: www.pss-a.
com) The dependence of contact resist-
ance on the heater driving current for (a)
wet-processed and (b) dry-processed
devices. (c) The dependence of contact
resistance on the SMA’s displacement
(from the point in the cold state with full
upward bending) for the dry-processed
device; the inset shows an infrared
image of the device under operation.

www.pss-a.com
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on the vertical displacement of the cantilever tracked using
the laser displacement sensor. For this measurement, the
heater current was increased until observing a minimal ON-
state resistance and then decreased while recording the
displacement and the resistance. The laser spot of the sensor
was directed to a location nearly at the edge of the free end
of the cantilever. At a displacement of 65mm, a readable
resistance (�500 kV) started to appear, at which point
presumably initial contact between parts of the forest (that
had thickness variation as noted earlier) and the copper was
made. As the displacement was increased, the resistance
continued to drop until reaching several tens of kV, where
the resistancewas relatively stable for displacements of up to
around 82mm. The displacement beyond this level further
decreased the contact resistance to 500V as can be seen
in the close-up plot in Fig. 3c. The small decrease of the
displacement near the maximum point while the resistance
still decreased may be related to the following condition: as
the cantilever actuates downward, due to its curvature and
angular motion, it may first touch the inner edge (the one
closer to the SMA bonding region) of the CNT forest. This
contact edge of the forest could act as a pivot axis for the
cantilever to make a seesaw-like behavior, leading to an
upward motion of the cantilever’s tip that can decrease the
displacement reading. The small increase of the displace-
ment observed while decreasing the driving current can also
be explained with the same hypothetical effect. Figure 4
shows variations of the signal current (Isig) generated by
applying a constant signal voltage (Vsig¼ 0.2V) between
terminals 1 and 2 observed while displacing the cantilever
with the driving current. This result clearly indicates that the
ON-state Isig depends on the displacement, i.e., the contact
force applied by the cantilever. This dependence can be
understood considering the fact that CNTs are physically
flexible, and thus increasing the forcemay result inmore new
contacts established with CNTs (while maintaining the
existing contacts with other CNTs that are deformed by the
force), lowering the contact resistance [53] and increasing
Figure 4 (online color at: www.pss-a.com) Isig vs. heater driving
current for the dry-processed device operatedwith a constantVsig of
0.2V,showingadependenceof Isigontheactuationlevelof theSMA.

www.pss-a.com
Isig. The result in Fig. 4 also shows a transistor-like nonlinear
response; Isig rapidly increases at a threshold level of the
input driving current (or that of the resultant displacement or
force) that the contact is established, and its dependence
diminishes when the displacement/force reaches a certain
level (corresponding to a driving current of �0.7A in this
test).

To assess the device ability and limitation in high-power
operations, we conducted a destructive test, inwhichVsig and
Isig fed to the ON-state switch were increased until the
contact failed. Figure 5 shows the results of the tests for four
different current levels (approximately 100, 200, 300, and
>400mA) in which Isig was increased and then decreased by
adjusting Vsig. As shown, the cases with the maximum Isig
of up to 300mA (Fig. 5a, b, and c) showed consistent I–V
behaviors. The result in Fig. 5d indicates that Isig similarly
increased to 400mA and more, corresponding to an input
power of more than 5W, but started to drop at 470mAwhile
still increasing Vsig, and that the decreasing I–V path did not
follow the increasing path unlike the other three cases. An
optical observation verified that the copper layer on the
bottom side of the cantilever had partly burnt and portions of
the CNT forest were stuck to the cantilever side. This failure
level of Isig is significantly higher than those reported for gold
contacts in MEMS (e.g., 10mA [7]). The contact resistance
was calculated from the above results (Vsig divided by
the resultant Isig) and plotted as a function of Isig in Fig. 5e.
This graph clearly shows that the contact resistance has
a dependence on Isig (or Vsig), more on the lower Isig side,
exhibiting a decreasing trend with which a power function
fits well as displayed on the figure. This trend is
advantageous in terms of the targeted application area.
Figure 5e also shows that the resistance at the peak Isig in
Fig. 5c, the case tested with the highest peak Isig (300mA)
showing repeatable response, is 34.9V; this level is
significantly lower than theminimumvalue (286V) reported
for the device that used a CNT-forest contact [37]. It also
shows that the contact failed when it reached 30.6V
corresponding to the peak Isig in Fig. 5d. The nonlinear
dependence of the resistance shown in Fig. 5e and its
reversibility imply a possibility for using the contact of a
CNT forest and copper as a varistor-like component, in
which its base resistance level is adjustable with the contact
force generated by the actuator (Figs. 3c and 4). A similar
dependence of the resistance on the signal current was
reported for metallic contacts of an MEMS switch operated
in air [54]. Although the mechanism of the dependence
observed in our device is not clear, since its operating
ambient was air as well, it might be associated with
breakdown of an insulating film (formed on the copper
surface) as suggested in the report; further study is necessary
to analyze this characteristic of the contact.

The dynamic response of the switch was characterized
using a feedback-looped set-up described in Section 2. A
typical temporal behavior of the switch resistance is shown
in Fig. 6, alongwith the driving-voltagewaveform applied to
the heater for the SMA actuation, showing anON-OFF cycle
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.pss-
a.com) Signal I–V relationships with
approximate maximum Isig of (a)
100mA, (b) 200mA, (c) 300mA, and
(d)>400mA; the last case shows a drop
of the current indicating a failure of the
contact. (e) Collective data of contact
resistance calculated from the results in
(a)–(d), showing a nonlinear depend-
ence of the resistance on Isig along with
a fitted curved of a power function.
time of 2.3 s in this particular example. The shortest cycle
time observed in this experiment was 1.7 s. These values are
significantly smaller than the times observed in other SMA
actuators with similar dimensions (e.g., �8.2� faster than
the case previously reported [43]) in the same environment
(airwithout forced cooling). The cycle time ismainly defined
by the speed of heat transfer to/from the SMA as well as
the threshold temperature and response hysteresis of the
material. Reducing the size of the SMA cantilever and
selecting SMAs with lower threshold temperatures are
expected to shorten the necessary heating time and improve
the temporal response further. The integration of CNTs with
SMA may be another possibility to improve the actuation
frequency of SMA [55]. Nevertheless, the demonstrated
speed may be sufficient for the targeted application area
discussed earlier. Using the same control set-up, long-term
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
switching tests were performed. Figure 7a displays the trend
of the ON-state resistance for over 1� 106 cycles, showing
relatively stable values at around 650–700V for the entire
test period. This experiment revealed that both the contact
and the SMA actuator were still functional after the above
cycles without showing noticeable degradations. Given the
small strains (estimated to be<10�3) that the SMA is subject
to during the actuation, the above result on the SMA seems to
match the characteristics reported for macro-scale samples
(millions of cycles for small strains) [56]. Figure 7b shows
the top surface of the forest after the 106 cycles, at an area
where one of the side edges of the cantilever was present. On
the contact region in the image, the tips of the CNTs seem to
have been more flattened and laterally oriented (along the
direction of the arrow shown in the image) than the portion
outside of the contact area that appears to maintain the
www.pss-a.com
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Figure 6 (online color at: www.pss-a.com) Temporal response in
contact resistance of thedevice operatedwith feedback control and a
voltage waveform used to drive the heater (small steps in the
waveform were attributed to nonideal characteristics of the set-up
used).

Figure 7 (online color at: www.pss-a.com) (a) Trend of the ON-
state resistance for over 106 cycles. (b) SEM image and close-ups of
two regions of the top surface of the CNT forest corresponding
to the contact area (bottom) and outside of the area (top) after the
106 cycle test, showing different surface textures between them
and laterally oriented nanotube tips for the former case.
original surface morphology without directionality. This
may be evidence that the physical flexibility of CNTs
enabled vastly distributed contact points in the ON state of
the switch, as opposed to the case with metallic MEMS
switches that involves limited point contacts leading to
premature failures as described earlier. A combination of this
effect and other favorable features of CNT as well as those
of SMA may have contributed to the performance demon-
strated in this test and others discussed previously.

4 Conclusions We reported an SMA-based MEMS
switch that utilized a contact combination of a CNT forest
and copper. The device fabricated through dry processing
showed much lower and consistent contact resistance
compared to the case that used the wet process which
resulted in densification of the forest structure. The dry-
processed device exhibited contact resistances from�500V
down to 35V or less for higher contact currents, providing
high ON/OFF resistance ratios. This outcome was brought
about by the use of the bulk-micromachined SMA actuator
that enabled firm contactswith the CNT forest to achieve low
ON-state resistances aswell as releasing from theCNT forest
while overcoming the surface force induced by the forest.
The SMA actuator was feedback controlled to demonstrate
an ON–OFF cycle time of 1.7 s, much faster than similarly
sized SMA actuators reported in the past. The device was
operated with input powers of >5W and exhibited a failure
at a current of 470mA, both of which are higher than those
involved in typical MEMS contact switches by one order of
magnitude ormore [7, 52]. A visual analysis revealed that the
failure was associated with the copper layer on the SMA
cantilever rather than the CNTs, suggesting that even higher
powers could be fed to the contact safely with optimized
copper thickness. Switching cycles of >1� 106 were
www.pss-a.com
demonstrated, without observing a sign of fatigue in the
SMA actuation. This long-term experiment suggests that the
CNT-copper contact tested may be a more reliable option
than metal contacts widely used inMEMS. This is presumed
to be enabled mainly by the excellent electrical, thermal,
and mechanical properties of CNTs as well as the large
effective contact area provided by the aligned CNT forest.
The combination of this contact material and SMA actuator
forms a robust contact switch potentially suitable for
high-power applications. The CNT-copper contact was also
observed to exhibit a varistor-like characteristic, implying
another potential application of the contact material.
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