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A micro-electro-mechanical switch integrated with vertically aligned carbon nanotubes (CNTs) as

the contact material is presented. Arrays of the CNTs are three-dimensionally micropatterned using a

pulsed micro-discharge process to have tapered contact surfaces with controlled angles, achieving

maximized contact areas, while providing contact resistances in the 10 X range with an enhanced

current capacity. A shape-memory-alloy actuator is integrated to demonstrate stable switching for

�1.4 � 106 ON-OFF cycles with no sign of damage. The results prove that post-growth

micropatterning of CNTs is a promising path to improved and reliable micro contact switches

enabled by arrayed CNT contacts for high-power applications. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4844695]

Carbon nanotubes (CNTs) have attracted significant in-

terest in the past two decades.1–3 The ability to grow arrays

of vertically aligned carbon nanotubes, so called CNT for-

ests, through chemical vapor deposition (CVD) opened up

opportunities to develop different types of advanced devices

enabled by the material.4,5 Owing to the unique and superior

characteristics of the CNT forest in terms of mechanical,6

electrical,7 thermal,8 chemical,9 and optical10,11 properties,

the integration of the material into micro-electro-mechanical

systems (MEMS) is a very attractive approach to advancing

the functionality and performance of the devices. A key in

facilitating MEMS applications of the material is the ability

to pattern the material in a batch mode with high precision

and high reproducibility. The CVD growth of patterned CNT

forests has been implemented using pre-patterned catalyst

layers defined by photolithography,12,13 electron beam li-

thography,14,15 soft mask,16,17 and laser etching.18 Patterning

CNT forests during or after the growth using shadow mask,7

mold,19 laser etching through mask,20 and densification21,22

has been presented. The mentioned techniques are, however,

primarily for the formation of two-dimensional types of pat-

terns (with uniform heights). Laser micromachining has been

reported to shape CNT forests for different applications23–26

while exhibiting inherent limitations including tapered

sidewalls, lack of high-precision depth control, and thermal

damage.27 Through previous studies, we developed free-

form, three-dimensional (3D) patterning methods for CNT

forests based on dry micro-electro-discharge machining

(lEDM)28 and reported the mechanism and characteristics of

the process.29–31 The 3D-pattened CNT forests are being

utilized to realize high-performance devices such as field-

emitters7,32 and AFM scanning probes,33 extending

their application opportunities to other areas, including

microfluidics,34 gas sensors,35,36 energy absorbing coatings,6

and heat sinks.25,37

Another promising area to which the CNT forest could

make a significant contribution is electrical contact switches.

CNTs, with high current capacity of more than 109

A/cm2,38,39 low resistivity of 10�4 X cm2,40 and large sur-

face area in the form of forests,41 are good candidates for

interconnect42 and switching43 applications. We previously

developed a MEMS contact switch integrated with CNT for-

ests that were used as the electrical contact material for

high-power micro relay applications.44 The switch, operated

using a micromachined shape-memory-alloy (SMA) actua-

tor, was demonstrated to show stable switching for over

1� 106 cycles. However, it exhibited relatively high

ON-state resistances (�500 X). The main cause of the high

resistance is associated with the real contact area between

the metallic electrode and the CNT forest contact as will be

described later. The present work reports 3D micropatterning

of the CNT-forests contact enabled by the dry lEDM pro-

cess as a very effective route to addressing the issues related

to the contact area, hence improving the conductance of the

switch. Lowering the contact resistance leads to improve-

ments in signal current (Isig) capacity and power loss.

The micro contact switch developed is normally open

and integrated with a micro-patterned CNT forest that serves

as the electrical contact material. The switching operation is

controlled with a SMA cantilever actuator that is thermally

operated using a resistive heater integrated on the device. As

shown in Fig. 1(a), the SMA cantilever structure is coated

with a stress layer of SiO2 that bends the structure upward in

its martensite (cold) state at room temperature and is verti-

cally actuated downward when heated to enter the austenite

(hot) state of the SMA. The signal terminals (terminals 1 and

2) are disconnected in the OFF state in which the cantilever

is in the bent condition. Once the heater is activated (by

applying a current through it) to reach the austenite threshold

temperature of the SMA, the cantilever is actuated toward its
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memorized flat shape, making a contact with the CNT forest

and closing the switch, entering the ON state. This contact

occurs at a top edge of the forest that generally has a rectan-

gular cross section, rather than making a planar contact on

the top surface of the forest, before the cantilever reaches its

flat shape (i.e., the cantilever is still in a bent condition) as

illustrated in Fig. 1(b). This contact condition (as in the case

of the device previously reported44) significantly limits the

real contact area, thus increasing the ON-state resistance of

the switch. This study aims to investigate the effect of 3D

shaping of the CNT-forest contacts toward improving the

contact area and resistance. In particular, we utilize dry

lEDM to achieve controlled, tapered surfaces with different

angles in the CNT forests to evaluate the effect and maxi-

mize the contact area and hence the ON-state conductance of

the switch. Fig. 1(c) displays the case where the angle of the

sloped surface of the forest is smaller than the tip angle of

the SMA cantilever at the touch-down condition, leading to a

partial contact of the cantilever with the surface, whereas the

case where the forest’s slope angle matches the angle of the

cantilever tip results in a full contact as illustrated in Fig.

1(d), thus, in principle, leading to a higher contact

conductance.

The switch device is fabricated as follows. The heater

and the pads are lithographically patterned in a 50-lm-thick

Cu layer created on a lightly doped silicon wafer with a SiO2

layer on top. A catalyst layer (Al2O3/Fe) is deposited on the

corresponding Cu pad (terminal 2, Fig. 1(a)), on which

multi-walled CNT forests are grown with heights of up to

200 lm using an ethylene-based atmospheric-pressure CVD

process. The SMA film with 100-lm of thickness (adjusted

using wet chemical etching) is patterned to form the cantile-

ver structure with the bonding pad using a standard wet

lEDM process.45 The dimensions of the cantilever are

defined to be the same as those of the device mentioned

above.44 A 4-lm-thick SiO2 film, the stress layer for the

SMA, is then deposited using plasma-enhanced CVD on the

SMA cantilever, followed by evaporation of Cu (300 nm),

the other electrode material that makes a direct contact with

the CNTs when the switch is turned on. Further details of the

fabrication described above can be found in our previous

report.44 The CNT forests grown on the heater substrates are

then processed by dry lEDM to create inclined surfaces with

different angles. These inclined surfaces are established by

creating fine staircase profiles with varying depths and

heights of the stair (this process will be described later). The

SMA cantilever component is then aligned and bonded on

the Cu pad (terminal 1, Fig. 1(a)) created on the substrate.

This bonding is performed using a conductive dry-film adhe-

sive (WaferGrip, Dynatex, Santa Rosa, CA, USA) that is

inserted between the Cu pad on the substrate and the bonding

pad created in the SMA cantilever. This assembly is

annealed on a hotplate for 3–5 min at 120 �C while applying

a force (of 10 N) to the bonding site of the SMA from its top

surface; cooling the assembly down to room temperature

completes the bonding process. In order to enhance the elec-

trical connection of the bonded SMA cantilever to the Cu

pad on the substrate, the bonding site is coated with a

200-nm-thick layer of Cu through a shadow mask.

Dry lEDM used for CNT-forest patterning was per-

formed in air using a commercial 3-axis system with a posi-

tioning resolution of 100 nm (EM203, Samltec International,

IL, USA). Details of the dry lEDM process are reported

elsewhere.28,29 The inclined surfaces of the forests with dif-

ferent angles were patterned using 300-lm-diameter cylin-

drical tungsten electrodes with flattened bottoms. The device

substrate on which a CNT forest was formed was placed on

the X-Y stage of the system to control its lateral position rel-

ative to the electrode tip, whereas the vertical position of the

electrode was controlled with the Z stage of the system. The

formation of these surfaces was achieved by creating stair-

case profiles, patterned by scanning the electrode over a

CNT forest grown on the substrate along the X axis of the

system, while making a common 5-lm step in the Z direc-

tion and a varying step in the Y direction in each scan, to

define a certain angle of the staircase slope. Fabricated sam-

ples of the SMA cantilever in its cold state were measured to

have an approximate angle of 26� between the free-end

region of the cantilever and the substrate plane. This cantile-

ver was integrated on the substrate so that its bottom surface

of the free-end region was in close proximity to the CNT for-

est and made contact with a minimal displacement to mini-

mize the switching time. Thus, the contact angle of the

cantilever was presumed to be close to the initial angle (26�).
Following this estimation, we patterned the sloped surfaces

with an angle of 26�, as well as with other angles, 45� and

14�, to assess the dependence of the contact resistance on the

angle of the forest’s contact surface. These three angles were

determined by setting the Y-axis step in the scanning lEDM

process to be 10 lm, 20 lm, and 5 lm, respectively. Fig.

2(a) shows a patterned CNT forest with a 26�-angled surface

that is observed to exhibit reasonably good flatness and uni-

formity, suggesting the effectiveness of the 3D dry lEDM

process for the fabrication of CNT-forest contacts with cus-

tomized 3D shapes. The overall images of the integrated de-

vice are shown in Fig. 2(b).

The electrical and thermomechanical characteristics of

the fabricated devices as well as their dynamic behaviors

were investigated using the set-up centered around an elec-

tronic workstation board (NI ELVIS II, National Instrument

FIG. 1. (a) Cross sectional view of the switch device that integrates CNT-

forest contact and SMA cantilever actuator that has its contact angle of h;

and three examples in the form of the CNT-forest contact; (b) as-grown

CNT forest showing the possible real contact region with the angled cantile-

ver only at a top corner as highlighted; (c) patterned forest having inclined

contact surface with the contact angle less than h leading to partial planar

contact; (d) patterned forest having inclined contact surface with the contact

angle equal to h allowing full planar contact with the cantilever.
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Co., TX, USA) coupled with LabVIEW programs that were

used for data acquisition. The NI board was also used to gen-

erate drive signals for the integrated heater to control the

switch. The generated drive current was amplified to supply

sufficient levels of current for the heater-switch operation. A

thermocouple was used to record temperature of the heater

circuit. A laser displacement sensor (LK-G32, Keyence, ON,

Canada) with a sensing resolution of 10 nm and a spot size

of 30 lm was used to capture the displacement of the SMA

cantilever at its free end. The dependence of the ON-state

contact resistance on the forest angle was first characterized

using the devices fabricated to have 14�-, 26�-, and 45�-
angled forest surfaces as described earlier; Fig. 3 shows a

measurement result of the resistance recorded while applying

a periodic signal voltage (Vsig) of 2.2 V (between terminals 1

and 2) for 10 s followed by an off time of 5 s. All the three

devices were observed to exhibit OFF-state contact resistan-

ces on the order of 10 MX and ON-state contact resistances

lower than those of the device with as-grown forest contacts

(�500 X).44 Among them, as can be seen in Fig. 3, the de-

vice with the 26� contact angle showed the lowest contact re-

sistance of �40 X (leading to Isig of 55 mA), approximately

3-6� lower than the other two (14� and 45�) cases. This

result verifies that the inclined CNT-forest contact with the

angle tailored to that of the cantilever at its free end provides

the minimal resistance, presumably due to an enhanced real

contact area achieved by the particular configuration,

whereas the devices with smaller or larger angles lead to

smaller contact areas and hence higher resistances. Based on

these observations, the rest of the experiments were carried

out using the devices with the optimal, 26�-angled

CNT-forest contacts.

The ON-state contact resistance of the defined device

was observed to depend on the post-touchdown displacement

of the SMA cantilever. As can be seen in the measurement

result shown in Fig. 4(a), the resistance dropped abruptly at

about 75-lm travel distance of the cantilever from the resting

state, at which the cantilever made the first contact with the

CNTs, and the resistance continued to drop as the cantilever

was displaced further, most likely because the bottom elec-

trode of the cantilever established more contact points with

the tips of CNT arrays in the forest as displaced more. (The

higher contact resistance (�200 X) compared with the result

shown in Fig. 3 is due to the dependence of the resistance on

Isig, as will be shown in Fig. 4(b), and a smaller Isig (10 mA)

used in this measurement.) Fig. 4(a) also indicates a reverse

behavior of the displacement near its maximum point, which

is potentially associated with a pivoting effect that lifted the

tip of the cantilever caused by making a hard contact with

the forest. These observations (displacement dependence of

the resistance and the reverse behavior of the cantilever tip)

are consistent with the results previously reported.44

Figs. 4(b)–4(d) show comparisons of electrical charac-

teristics between the switch with the tapered CNT-forest

contact and the one with bare CNT-forest contact.44 The

plots of measured contact resistances as a function of Isig (up

to �500 mA, Fig. 4(b)) clearly indicate that the former de-

vice exhibited substantially lower contact resistances than

the latter for the entire Isig range and achieved resistance val-

ues as low as 13.2 X at 515 mA. (The non-linear behavior of

the resistance shown in Fig. 4(b) is also consistent with a

previous result.44) Fig. 4(c) shows more rapid rise of Isig

with Vsig in the developed device due to its lower contact re-

sistance, requiring less than half the voltage to sustain certain

FIG. 2. (a) (left) Scanning electron microscope (SEM) image of patterned

CNT-forest contact with 26�-angled surface and (right) the surface profile

captured with laser scanning confocal microscope (Olympus FV1000,

Japan); (b) (left) overall optical image of the developed switch device and

(right) close-up SEM image of the integrated SMA cantilever and sloped

CNT-forest contact.

FIG. 3. Contact resistances of the switches using patterned CNT forests with

three different slope angles measured at Vsig¼ 2.2 V.

FIG. 4. (a) Dependence of contact resistance on the displacement (measured

with Isig of 10 mA). Comparisons between the switch with optimally angled

CNT-forest contact and the one with bare forest contact for (b) contact re-

sistance vs. Isig, (c) Isig-Vsig, and (d) dissipated power vs. Isig.
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levels of Isig (up to �500 mA). The dissipated powers calcu-

lated from the results in Fig. 4(c) are plotted in Fig. 4(d); the

angled contact switch conducts Isig of, e.g., 450 mA at

�55% less dissipated power compared to the switch with a

bare forest contact.

The temporal response of the developed device was

characterized through automated sequential control of the

SMA cantilever actuator. As the drive current was fed to the

heater circuit, the cantilever actuator traveled down toward

the tapered surface of the CNT forest and closed the switch

by making contact with the surface. The LabVIEW program

was arranged to maintain the drive current until the detected

resistance reached a value as low as 200 X, after which the

current was turned off to cool the cantilever, which was

forced to go back to the original position caused by the stress

layer and open the switch for the resistance to reach 1 MX.

This ON-OFF cycle was repeated while recording the

switch’s resistance and the displacement of the cantilever tip

(Fig. 5(a)). The initial displacement was �80 lm, which

decreased to 35–40 lm for the following cycles due to the

threshold levels of the resistance set in the control sequence.

One cycle was observed to complete in �3 s with the setup

used. A similar program (with a modified threshold level of

the ON-state contact resistance of 60 X) was used to perform

long-term operation of the developed device. Fig. 5(b) shows

the ON-state contact resistance tracked during 1.4 � 106

cycles of switching operated with Isig of 60 mA. As can be

seen, the average resistance was measured to be almost

within the range of 40–60 X for the entire test. As a compari-

son, the device with a bare forest contact44 exhibited a resist-

ance range of 600–700 X in long-term operation (�1 � 106

switching cycles with several-fold smaller Isig). The

improved contact area of the developed device, enabled by

micropatterning of CNT-forest contacts, was demonstrated

to achieve an order of magnitude lower contact resistance

with a higher current carrying capacity, stably operating for

a larger number of cycles with no sign of negative impact on

the contact materials or the overall device.

In summary, we have studied the effect of 3D patterning

of CNT forests toward advancing high-power micro-electro-

mechanical switches enabled by integrated CNT-forest con-

tacts. The experiments performed using fabricated devices

verified that the approach improved the ON-state conduct-

ance and current carrying capacity of the switch, presumably

because the lEDM-patterned forest surfaces with controlled

angles maximized the real contact area, i.e., the number of

contact points between the individual CNTs in the forest and

the cantilever. The results observed with differently angled

forest contacts supported this hypothesis. The electrome-

chancial behaviors of the fabricated switch device with an

optimal contact angle were characterized to reveal ON-state

contact resistances as low as 13.2 X with Isig of over 500 mA

and suppressed power dissipations in the device. The stable

operation of the device was demonstrated for switching

cycles of �1.4� 106, with 10–17� lower ON-state contact

resistances than the device with a CNT-forest contact with a

flat top surface.
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