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ABSTRACT

This paper reports a micro-electro-mechanical
(MEM) switch based on carbon nanotube (CNT) array-to-
CNT array contact operating at high temperatures. The
outstanding interfacial thermal stability of the CNT arrays
allowed the successful operation of the switch at 300 °C,
under which condition the solid-state transistors or metal-
based MEM switches would not be functioning. Our device
operated as an n-type MEM switch by forming an air gap
based on the intended stiction induced by the wet processes
and the recovery after the synthesis of CNTs. Additionally,
we investigated the possible degradation in switching
behavior and the change in contact resistance at various
temperatures. The switch exhibits stable and repetitive
operations over 1,000 cycles at 300 °C under hot-switching
conditions in nitrogen at atmospheric pressure without a
significant change in the switching characteristics.
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INTRODUCTION

The necessity of integrated circuits working at high
temperatures has been consistently proposed for harsh-
environment applications such as aerospace or automotive
electronics, where the operating temperature is higher than
150 °C. However, due to the intrinsic carriers of
semiconductors, which increase exponentially with
increasing temperature, transistors are not functioning at
such a high temperature [1]. Although nano-electro-
mechanical (NEM)/MEM switches have been well known
to work at high temperature, the softening of contact
materials induces micro-/nano-scale welding even below
their melting temperature [2]. Thus, only three conductive
materials with exceptionally high-melting temperature,
SiC, Si, and Mo, have been adopted as contact materials of
NEM/MEM switches for the operation at above 300 °C, but
their current delivering capability is limited to 0.5 pA or
less due to the local softening caused by Joule heating at
the contact interfaces [3-5].

Recently, CNTs have been focused as reliable
contact materials of microdevices due to the remarkable
mechanical properties such as high mechanical modulus
and strength, deformability, and thermal conductivity [6-
10]. We previously reported highly reliable microswitches
with self-assembled CNT array, but they had a large
footprint area per each device (>1 mm?), and only p-type
switches could be demonstrated due to the limit in CNT
growth control [6]. Therefore, it is still challenging to build
various bipolar logic gates capable of functioning at high
temperatures. Here, we demonstrate a MEM switch with
CNT arrays working at high temperatures. CNT arrays
having the superior interfacial thermal stability enabled
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Figure 1: Schematic illustration of (a) the proposed
switch with carbon nanotube (CNT) arrays and (b, c)
schematics of contact region at off- and on-state,
respectively. When a gate voltage (V) was applied, the
source beam was bent down by electrostatic force
between the gate and source electrode. Then, the contact
between CNT arrays was established and provide
conductive paths at on-state.

successful operations of the switch at a high temperature of
300 °C. We formed an air gap between the contact
electrodes of the switch by introducing the intended stiction
and the recovery after the CNT growth, and thus the switch
could operate as an n-type MEM switch. The switch
exhibits repeatable operations over 1,000 cycles at 300 °C
under hot-switching conditions. Additionally, we
examined the possible degradation in switching behavior
and the change in the contact resistance at various
temperatures from room temperature to 300 °C.

CONCEPT

Figure 1(a) depicts a schematic diagram of the
proposed three-terminal switch consisting of a movable
source, fixed gate, and drain electrodes on the substrate.
The CNT arrays are directly integrated into the contact
region. There is no conductive path between the drain and
source electrodes because the two electrodes are
electrically separated with an air gap at off-state, as shown
in Figure 1(b). When a gate voltage (V) was applied, the
movable beam was bent down by electrostatic force
generated between the gate and source electrodes. Then,
the CNT array-to-CNT array contact is formed and
provides conductive paths as shown in Figure 1(c). The
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Figure 2: Fabrication process of the MEM switch
including direct growth of CNT arrays (top view). Device
and handle layers on a 4-inch silicon-on-insulator (SOI)
were patterned by using deep reactive ion etching (RIE) to
define the switch structures. The switch was released by
hydrogen fluoride (HF) etching of a 2-um-thick buried
oxide layer for 4 minutes. (iii) Iron (Fe) catalyst of 3 nm
thickness for the synthesis of CNTs was deposited
selectively by using sputtering with a shadow mask that was
fabricated together in the same wafer. (iv, v) After removal
of the Fe catalysis on the top surface, CNTs were directly
synthesized only on sidewall of the contact region. (vi) The
stuck beam was detached by a probe tip forcefully.

(iii) Fe catalyst deposition with a
shadow mask

typical conductive solid-based switches have limited
contact sites owing to the lack of deformability [11],
compared with their large apparent contact area. However,
the contact sites of our switch are larger than that of the
typical switches, because many CNT tips participate in the
contact owing to its deformability [12]. Besides the
outstanding thermal stability of CNTs which can
theoretically withstand up to 4,000 K without sublimation
or melting [13], the increased contact sites of the switch
with CNTs enable successful operations at high
temperatures and high-current density.

FABRICATION

Figure 2 shows the microfabrication process
including the integration of CNT arrays onto the switch. To
define the switch structures, a 20-um-thick silicon (Si)
device layer on a 4-inch silicon-on-insulator (SOI) wafer
was patterned by deep reactive ion etching (RIE) with a
positive photoresist mask. After patterning a handle layer
by deep RIE, the switch structures were released through
hydrogen fluoride (HF) etching of the buried oxide layer.
During drying after a deionized water rinse, the flexible
movable beam was stuck on the gate -electrode.
Subsequently, 3-nm-thick iron (Fe) catalyst for CNT
synthesis was selectively deposited by sputtering with a
shadow mask that was co-fabricated in the same wafer. The
Fe catalyst on the top surface of wafer was removed by
using RIE to suppress the growth of CNTs in an undesired
direction. Then the CNTs were directly synthesized only on
the sidewall surfaces of the two separated electrodes. After
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Figure 3: (a) SEM images of (a) the fabricated switch and
(b) CNT array-to-CNT array contact region with an air gap.

the growth of CNTs was terminated in the middle of the
gap, the stuck beam was detached by a probe tip forcefully.

RESULTS & DISCUSSION

Scanning electron microscopy (SEM) images in
Figure 3(a,b) show the fabricated switch and CNT array-
to-CNT array contact region with an air gap. We observed
that the CNTs were successfully synthesized only on the
sidewall of the contact region through the sputtering and
directional etching known as a spacer patterning. We
measured the hysteretic switching characteristics of the
switch with CNT arrays. Figure 4 shows the measured
drain-source current (/ps) versus Vg dual sweep curves at
the bias Vps of 0.5 V and various temperatures from 300 to
423 K. The Von and Vorr remained constant at the different
temperatures. The small hysteresis between the forward
and reverse sweep of the Vg implied low adhesion force
between the CNT arrays [7, 14].

We also investigated the switching characteristic at
a high temperature, at which the solid-state transistors and
metal-based MEM switches could not be functioning [1, 2].
Figure 5(a) shows the high-temperature operation of the
switch at 573 K. The Ips—Vs sweep curve was measured in
nitrogen (N») environment and the bias V'ps of 0.5 V. There
is no significant change of the switching voltages from 300
to 573 K. The Ips at on-state increased from 19 to 70 pA.
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Figure 4: Measured drain-source current (Ips)—gate
voltage (Vi) sweep curves of the switch with various
temperature ranges from 300 to 423 K. In dual sweeps of
the Vg from 0 to 40V, the Ips was recorded with bias Vps
of 0.5 V.
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Figure 5: (a) Measured Ips—Vs sweep curve at 500 K
(300 °C) in the atmospheric N; environment. (b) The linear
decrease of contact resistance with increasing temperature.

The linearly decreased electrical resistance of the switch
originated from the negative temperature coefficient of the

resistance of multi-wall CNT and CNT-to-Si junction.

as the ambient temperature increased. Figure 5(b) exhibits
the corresponding change of the electrical resistance
between drain and source electrodes with respect to the
increment of the ambient temperature. The linearly
decreased electrical resistance originated from the negative
temperature coefficient of the resistance of the multi-wall

CNT and CNT-to-Si junction [6, 15].

We investigated the possible degradation of the
switch with CNTs at 573 K. The measured /ps was recorded
simultaneously by using a source-meter with the bias Vps

of 0.1 V while 1 Hz and 50% duty ratio square-wave Vg of

42 V was applied by a function generator and a voltage

amplifier as shown in Figure 6 (a). The ambient

temperature in N, was controlled by a furnace. The
increased contact sites generated by the CNT arrays
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Figure 6: (a) Consecutive switching cycles at 573 K
(300 °C) over 1,000 cycles under hot-switching condition
(0.1 Vand 12.5 uA) in atmospheric N, environment. (b, c)
Measured Ips from 1 to 10 cycles and 990 to 1,000 cycles,
respectively.
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prevented excessive local heating at the contact interface,
and thereby the switch operated over 1,000 cycles at 575 K
without a significant indication of degradation or failure as
shown in Figure 6(b, c).

CONCLUSION

We demonstrated a laterally operated MEM switch
capable of working at high temperatures. By adopting CNT
arrays having outstanding thermal stability, the switch
successfully operated up to 300 °C in an atmospheric N»
environment. Our device operated as an n-type switch with
an air gap which has been difficult to make due to the limit
in control of CNT growth. We also examined the possible
degradation in switching behaviors and the change in
electrical resistance of the switch at various temperatures.
Besides its outstanding thermal stability, the increased
contact sites generated by the deformable CNT arrays
suppressed local heating at the contact interfaces and thus
the switch operated over 1,000 cycles at 300 °C under hot-
switching conditions without failure. It is expected that the
switch with CNT arrays can be used for logic applications
in harsh environment where normal transistors and metal-
based MEM switches could not be functioning.
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