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ABSTRACT: Electrical circuits require ideal switches with low power
consumption for future electronic applications. However, transistors,
the most developed electrical switches available currently, have certain
fundamental limitations such as increased leakage current and limited
subthreshold swing. To overcome these limitations, micromechanical
switches have been extensively studied; however, it is challenging to
develop micromechanical switches with high endurance and low Source Contact
contact resistance. This study demonstrates highly reliable micro- Drain ——r "
electromechanical switches using nanocomposites. Nanocomposites N I U.
consisting of gold nanoparticles (Au NPs) and carbon nanotubes | ‘Separation| ™ Gate electrode |
(CNTs) are coated on contact electrodes as contact surfaces through a Off-state (V; =0) On-state (V5 > Vipreshold)
scalable and solution-based fabrication process. While deformable

CNTs in the nanocomposite increase the effective contact area under mechanical loads, highly conductive Au NPs provide current
paths with low contact resistance between CNTs. Given these advantages, the switches exhibit robust switching operations over 5 X
10° cycles under hot-switching conditions in air. The switches also show low contact resistance without subthreshold region, an
extremely small leakage current, and a high on/off ratio.

Au-NP-CNT composite

Electrostatic
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1. INTRODUCTION

Electrical circuits have consistently needed ideal and reliable
switches with low power consumption for advanced electronic
applications such as zero-standby-power integrated circuits for
the internet of things, radiofrequency (RF) signal transmission
devices for telecommunication systems, and environment-
independent logic applications in the automobile and aero-
space industries." > However, transistors, which have driven
the industrial development of more functional and mass-
producible electronic devices, have suffered from fundamental
limitations, such as a theoretically minimum subthreshold
swing value of 60 mV/dec at room temperature,” increased
leakage power consumption resulting from scaling,” and
performance degradation owing to external environments.’
Micro-electro-mechanical (MEM) switches have attracted
interest as a promising means to overcome these limitations
of transistors.” MEM switches connect and break an electrical
circuit, respectively, through contact and separation between
the contact surfaces of two terminals. There is no subthreshold
conduction path in MEM switches owing to the physical gap in
the off state. Accordingly, MEM switches theoretically have
ideal switching performances such as an infinite subthreshold
slope, zero leakage current, and an extremely high on/off ratio.
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However, practical applications of MEM switches have been
limited because of their low contact reliability. Owing to its low
contact resistance and high conductivity, gold (Au) has been
used as a contact material, either in bulk or as thin films, for
MEM switches. Despite their superior electrical properties,
MEM switches based on Au have a limited contact lifetime
because of the poor mechanical properties of Au (such as a low
Young’s modulus, low hardness, and low melting temper-
ature).” In particular, in the hot-switching condition, repeated
contact causes damage to the Au surface, including wear,
material transfer, melting, and welding.7’8 Hard conductive
materials exhibiting excellent mechanical properties are among
the various solid contact materials that have been used to
replace Au and develop reliable MEM switches.””~'* For
example, He et al. reported nano-electro-mechanical (NEM)
switches and logic gates based on silicon carbide and achieved
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Table 1. Comparison of Reported Nano-/Micro-Electro-Mechanical (NEM/MEM) Switches to Improve a Contact Reliability

ambient on-state on-state switching-on fabrication actuation
materials (contact) cycles condition current  resistance (Q) voltage (V) temperature direction ref

silicon carbide (SiC) (SiC-to-SiC) 2.0 x 10" air 10 nA 10* 6 900 °C in-plane 3,15,16
o . . . . CMOS-
titanium oxide (TiO,) (TiO,-to-TiO,) 125 X 10° N, 0.1 mA 10* 5.35 compatible out-of-plane 17
graphene (GR) (GR-to-GR) 3 x 10° vacuum 1 uA 4% 10° 85 900 °C in-plane 19
nanocrystalline graphite (NCG . o :

(NC%-to-i\ICé)P (NCG) 28X 10°  air 3 uA 1.7 x 10* 187 750 °C in-plane 20
vertically aligned CNT (VACNT) 5 . N .

(VACNT-to-VACNT) 1 X 10 air 10 mA 285 S2 700 °C in-plane 21
noble-metal NPs (metal NPs-to-Au) 1x10° air 1 uA 1 22-24
Au NPs (Au NPs-to-Au) 475X 105 air N/A 2.5 56.3 CMOS- out-of-plane 25

compatible
Au—CNT composite (Au-to-Au) 9 x 10° Clc\:[)gi-atible out-of-plane 26
3 CMOS-
CNT network (CNT-to-Au) 7 X 10 N, 0.1 mA 12.7 71.8 . out-of-plane 27
compatible

this work (Au-NP-decorated 5 . CMOS- this

CNT-to-Au) S X 10 air 1 uA 12.19 252 compatible out-of-plane work
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Figure 1. (a) Schematic of three-terminal microelectromechanical (MEM) switch based on Au-NP—CNT composite. (b) Cross-sectional view
(A—A") of the switch with the composite at off and on states. (c) Schematic diagrams of nanocomposites with isotropically coated (i) low-density
and (ii) high-density Au NPs on the patterned CNT network, and (iii) Au nanodots deposited on the top surface of the CNT network by
evaporation. (d) Optical image of the switch array indicating mass reproducibility of the proposed manufacturing process. (e) Enlarged SEM image

of the switch array. (f) SEM image of a single switch.

high contact reliability under hot-switching conditions in
ambient air'*'® Kam et al. also reported a durable NEM switch
by adopting a tungsten electrode coated with titanium oxide,
showing over 1 billion cycles under hot-switching conditions in
a nitrogen environment.'” However, they exhibit a high
contact resistance, on the order of several kilo-ohms, regardless
of their conductivity. This is because switches based on hard
materials have a small effective contact area owing to their lack
of deformability under contact forces.'” Moreover, some
metals and compounds may not be suitable as contact
materials for switches for RF applications because using
switches with a contact resistance greater than 5 Q could result
in insertion loss."

Recently, nanomaterials such as zero-dimensional (0D)
nanoparticles (NPs), one-dimensional (1D) nanotubes, and
two-dimensional (2D) nanosheets with unique characteristics
have been explored as contact materials to improve contact
reliability and reduce the electrical contact resistance of

16960

mechanical switches as listed in Table 1."°7?” However,
adopting carbon nanomaterials, including 1D carbon nano-
tubes (CNT), 2D graphene, and nanocrystalline graphite on
MEM switches, leads to increased contact resistance owing to
the low electrical conductivity of the sp*-bonded carbon
network in the out-of-plane direction.”**” Meanwhile, noble
metal NPs have attracted attention as contact materials to
enhance the switching performance of MEM switches through
a decrease in contact resistance and an improvement in
repeatability.””>> Among these metal NPs, a switch adopting
Au NPs has been implemented. However, its contact lifetime
was still limited to less than 5 X 10° cycles owing to the poor
mechanical properties of Au NPs, which is insufficient even for
applications requiring a relatively short contact lifetime, such as
communication systems.' In this study, we demonstrate MEM
switches with Au-NP—CNT composites fabricated through a
simple, scalable, and low-temperature process. The adoption of
a CNT network with Au NPs for the contact surface combines
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Figure 2. (a) Raman spectra of a CNT network and (b) low- and (c) high-density Au-NP—CNT composites. Raman spectra of the CNT and
composites exhibit disorder-induced D band, tangential G band, and 2D band, respectively. The gradual increase in the Raman shift in (c) indicates
that photon excitation occurred and acted as a screening mirror effect in high-density Au NPs. (d, ) SEM images, respectively, of low- and high-
density Au-NP—CNT composites showing isotropic deposition of Au NPs on individual CNTs. (f) SEM image of directionally deposited Au
nanodots on the CNT network by e-beam evaporation. (g, h) Tunneling electron microscopy (TEM) images, respectively, of low- and high-density

Au-NP—CNT composites.

the advantages of two nanomaterials, namely, the deformability
of CNTs at contact forces and the low contact resistivity of Au
NPs. Therefore, the reliability and device performance of the
MEM switch were improved. The switch with nanocomposites
exhibited highly improved reliability over 5 X 10° cycles under
the hot-switching condition and ideal switching performances
such as low contact resistance, an abrupt subthreshold slope,
extremely small leakage current, and a high on/off ratio. The
change in the switching characteristics related to the density
and orientation of Au NPs deposited on CNTs was also
investigated.

2. RESULT AND DISCUSSION

2.1. Switch Fabrication and Operation Concept.
Figure la shows the conceptual schematics of the proposed
MEM switch based on the Au-NP—CNT composite. The
switch operates as a three-terminal device and consists of an
upper movable drain plate with four crab legs, a lower static
gate electrode, and a lower fixed source electrode with the Au-
NP—CNT composite contact area. The upper plate, suspended
on the four crab legs, is bent downward by electrostatic force
induced by the potential difference between the fixed gate and
movable drain electrode. Then, the switch establishes a contact
when a gate voltage (V) is applied over the threshold voltage,
as shown in Figure 1b. The fabrication process of the MEM
switch is similar to that reported in the previous work,””*
except for the process for depositing Au NPs. The details of
the fabrication process are described in the Experimental
Section and Figure S1. Figure lc shows a schematic of the
deposition of Au NPs on the prepatterned CNT network. To
investigate the effect of Au NP deposition on switching
characteristics such as the resistance, contact behavior, and
contact lifetimes of switches, the density of Au NPs in
nanocomposites was adjusted by the amount of the Au
colloidal solution having the same concentration, as shown in
Figure 1c-iii. For the high-density Au NPs—CNT composite,
the Au NP solution was dried slowly at a low temperature of
40 °C for 2 h to prevent a “coffee-ring effect” of Au NPs.”" The
Au-NP-coated wafers were then baked at 110 °C to remove the
residual solvent and enhance the interfacial adhesion of the
composite. Through the coating and drying processes, Au NPs

were coated on all sides of the individual CNTs. We chose a
dispersed solution of 10 nm diameter Au NPs, smaller than the
thickness of CNTs (20 nm), to utilize both CNTs and Au NPs
as the contact material when the switch forms contact.
Furthermore, we fabricated the switch with the Au nanodots—
CNT composite to compare the switching characteristics with
the direction of deposited Au NPs. The individually isolated
Au was coated as a type of nanodot on the top surface of the
CNT network by e-beam evaporation, as shown in Figure 1c-
ili. Figure 1d shows an optical image of the fabricated switch
array. The batch-fabricated switch array indicates that the
proposed fabrication process can be used for mass production.
Figure lef shows enlarged scanning electron microscopy
(SEM) images of the array and single device, respectively.
Figure S2 and Table SI list all the device parameters and
measured dimensions.

Figure 2a—c shows the Raman spectra of the CNT network
without Au NPs and low- and high-density Au-NP—CNT
composites after the entire fabrication process. The Raman
spectra of the CNTs exhibit disorder-induced D and tangential
G band with an intensity ratio (I/I;) of approximately 0.85
(Figure 2b). Figure 2b shows the Raman spectra of the low-
density Au-NP—CNT composite with a slightly increased I/
I ratio of approximately 1.03, indicating a modification of the
CNT surface and enhancement of plasmonic scattering by Au
NP decoration.”> However, the intensity in Raman spectra of
the high-density Au NP—CNT composite gradually increases
as the wavenumber (cm™) increases with the weak D and G
bands, as shown in Figure 2c. This tendency implies that the
high-density Au NPs acted as a screening mirror and photon
excitation occurred, which is similar to the previously reported
result.” Figure 2d,e shows the SEM images of the low- and
high-density Au-NP—CNT composites. The Au NPs infiltrated
into the CNT network and were isotropically decorated on the
individual CNT's with different densities by the solution-based
coating method. Compared with the solution-based Au NP
decoration on CNTs, Au nanodots were deposited only on the
top surfaces of the CNT network owing to the directionality of
the e-beam evaporation, as shown in Figure 2f. Figure S3a—c
shows the SEM images of Au deposited on CNTs with
thicknesses of 2, S, and 10 nm. Au has the shape of nanodots
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Figure 3. Electrical characteristics of MEM switches. Measured drain—source current (Ig) versus applied gate voltage (V) curves of the switch
with (a) low- and (b) high-density Au-NP—CNT and (c) Au-nanodot—CNT composites. Bias drain—source voltages (Vpg) from 0.2 to 3.0 mV
were applied during the V; sweep. (d) Ipg—Vpg curves indicating the contact between the composite and the upper Au layer is ohmic. (e) On-state
resistance and extracted contact resistance of fabricated switches. (f) Voltage transfer characteristic of MEM inverter using high-density Au-NP—

CNT switch showing repeatable and abrupt voltage changes.

up to the thickness of 5 nm; at greater thicknesses, it forms a
polycrystalline thin film, as shown in Figure S3c,d and reported
in previous work > Figure 2gh show the transmission electron
microscopy (TEM) images of the low- and high-density 10 nm
diameter Au NPs on the CNT network. It is seen that the Au
NPs infiltrated into the CNT network with different densities.

2.2. Characterization of Switches. The hysteretic
switching characteristics of the switches were measured to
investigate the contact behaviors of the Au-NP-decorated
CNTs. Figure 3a,b shows the measured drain—source current
(Ipg) versus Vi sweep curves of the low- and high-density Au-
NP—CNT composites with bias drain—source voltages (Vpg)
from 0.2 to 3.0 mV in air. All the switches were operated
without pull-in instability because the designed movable
distance of the upper electrode (g;) was shorter than one-
third of the gap between the plate and lower gate electrode
(go), as illustrated in Figure S1.”*° Therefore, the contact
force increased monotonically with an increase in the applied
gate voltage. Typical MEM switches using a solid conductive
contact material exhibit a steep current increase from near
zero, which then remains constant although V( increases
further, as shown in Figure S4a. However, the switch with
CNTs exhibited a gradual increase in Ipg with high contact
resistance after contact owing to the deformability of CNTs
under the applied contact force, as shown in Figure S4b. In
contrast, the switch with the Au-NP-decorated CNT's showed
an increase in both Ing and deformable contact behavior under
increased contact force. As shown in Figure 3a, the switch with
the low-density Au-NP—CNT composite showed a sharp
increase in Ipg at the turn-on gate voltage (V,,) of 32.0 V with
the on-state resistance (R,,) of 20.2 Q and an on/off ratio
larger than 107 at 10 mV bias voltage. R, further decreased to
14.96 Q as V; increased, showing the increase in the effective
contact area in a designated contact area (16 pm X 16 pm)
owing to the deformability of CNTs."® Figure 3b shows the
measured Ig versus Vi sweep curves of the switch with the
high-density Au-NP—CNT composite. In the Ips—V; sweep
curves, R, slightly decreased from 12.6 to 122 Q as Vg
increased from 25.2 V. This result indicates that the increase in

Au NPs provided a sufficient current path at the contact
interface; thus, R, slightly decreased even though the
deformable CNTs increased the effective contact area.

However, the Ijg of the switch with the Au-nanodot—CNT
composite sharply increased at Vg of 26.8 V and did not
change even for the increased contact force by applying
additional V, as shown in Figure 3c. This result indicates that
the thin Au nanodots on the CNTs formed Au-to-Au contact
with the upper contact electrode without the involvement of
CNTs. Thus, the hysteretic switching behavior of the switch
with the Au-nanodot—CNT composite is similar to that of the
typical Au-based switches. However, the switch with the Au-
nanodot—CNT composite showed unstable adhesion force at
the contact interface even during 10 cycles of repeated
operations. When Ig—V; sweep curves were measured at 0.2—
0.8 mV bias Vp, there was no significant change in V,, or turn-
off gate voltage (V.g). However, the switch with the Au-
nanodot—CNT composite exhibited an unstable Vg in the
reverse sweep of V; after 8 operation cycles. V¢ represents the
adhesion force between the contact interfaces at constant V,
because the switch operated without the pull-in phenomen-
on.””?* In the reverse sweep of Vg, Ipg reduced from
approximately 72.5 pA to approximately 13.7 pA, and the
upper contact electrode was not detached completely from the
lower electrode. This is because the elastic restoring force of
the beams is lower than the sum of the electrostatic and
adhesion forces. The unstable Vg and Ing were attributed to
the increased adhesion force. The thin Au nanodot melted by
Joule heat under the hot-switching condition and caused
welding; thereby, the switch with the Au-nanodot—CNT
composite was not completely detached owing to the increased
adhesion force at the weld interface. In contrast, the switches
with low- and high-density Au NPs—CNT composites both
showed reliable contact and separation behaviors after
repeated cycles and varying bias Vpg because of current
density distribution resulting from the infiltrated Au NPs on
the deformable CNT network.

To investigate the contact properties with respect to the Au
NP solution’s concentration per unit area, we prepared four
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Figure 4. Lifetime measurement of MEM switches with nanocomposites under hot-switching conditions. Transient responses of the switch with
(a) low- and (b) high-density Au-NP—CNT composites and (c) Au-nanodot—CNT composite at the first operation, as well as right before and
immediately after the failure. Responses were observed under hot-switching conditions by an oscilloscope with an applied bias Vg of 1 V and an

external resistor of 1 MQ.

different specimens with identical concentrations of CNTs and
four different concentrations of Au NP coating (0.2, 10, 100,
and 400 mg/cm? respectively). To perform an experiment
similar to the contact conditions of the switch, we used an Au-
coated microrod with a 20 um diameter hemisphere to
approximate the contact area of the switch (16 yum X 16 ym).
Then, we measured the electrical resistances at the Au
electrodes (100 ym X 100 pm) by applying a contact force
of 1 mN, which is comparable to the magnitude of the
electrostatic force when the Vg is 65 V. The z-axis
displacement and contact force were controlled by an electrical
push—pull tester (KMX-E100N, MAS) and a force gauge
(DTG-10, Digitech), respectively. We measured the electrical
resistance through a source meter (2614B, Keithley) while
applying the bias voltage of 0.5 mV. Figure S5a,b shows the
schematic of the microcontact apparatus and the averaged
electrical contact resistance with respect to the concentration
of Au colloidal solutions per unit area in the composites,
exhibiting a decrease of contact resistance as the Au NP
concentration increases. Each resistance value and its error bar
were obtained by measuring five times.

Increasing the Au NP density does not always result in
improvement in the switching performance. We examined the
change in contact behavior by increasing the Au NP density
further. Figure S6a,b show, respectively, the Ins—V sweep

curves and an SEM image of the switch with the agglomerated
Au-NP—CNT composite via double coatings of Au NP
solution. For a double coating of Au NPs, we first deposited
an approximately 403 mg/cm” concentration of Au colloidal
solution per unit area and dried the solvent completely. Then,
the same amount of Au colloidal solution was deposited and
dried again. As a result, the total concentration of the doubly
coated Au NP solution per unit area is close to 800 mg/ cm?.
Through these two Au NP depositions, the agglomerated Au-
NP—CNT composite was prepared. The contact occurred at
V¢ of 15V, which is smaller than V{; of other switches with a
single coating of Au NPs owing to the increased thickness of
the Au-NP—CNT composite. Iyg increased with an increase in
Vi, which implied that the agglomerated Au NPs on the CNT's
collapsed and were rearranged under the increased contact
force. In the reverse sweep of Vg, Ipg remained constant until
the upper layer was detached. This indicates that the contact
force caused plastic deformation of the composite; thus, the
resistance and V, were irreversibly changed. This permanent
changes in the composite topography make the V,
unpredictable.

Figure 3d shows the Ing—Vpg curves of the switches after the
contact area was saturated under contact forces. The linear
Ins—Vpg curves indicate that the lower composite-to-upper Au
layer contact is ohmic even at the submillivolt scale. Figure 3e
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shows R,, and extracted contact resistance (R.) of the
switches. The R, and R_ of the switches with low- and high-
density Au-NP—CNTs and Au-nanodot—CNT composite are
14.96, 12.19, and 13.67 Q and 491, 2.14, and 3.62 Q,
respectively. The R,, and R, of the switch without the
nanocomposite (Au-to-Au contact) are 12.18 and 2.13 Q,
respectively, as shown in Figure S4a. These results imply that
the contact resistance of the high-density Au-NP—CNT
composite can fall in the range of the contact resistance of
the Au thin film. Figure S7 shows the calculation of R to
remove the resistance resulting from the electrodes and
measurement equipment. The low contact resistance of the
switch with the composite also indicates that the proposed
switch could be used for RF applications that require contact
resistances below 5 Q." Figure 3f shows the voltage transfer
characteristics of a unipolar MEM inverter corresponding to
supply voltages (Vpp) from 0.5 to 3.5 V and a circuit schematic
of the unipolar MEM inverter for an application. The MEM
inverter showed outstanding performance with an extremely
low off state and subthreshold swing with abrupt transitions
while exhibiting repeatable operations owing to the stable
adhesion force at contact interfaces.

The fabricated switches have a high operating voltage owing
to the wide gap and the large stiffness of the spring. Recently,
many studies have been conducted to develop low-voltage
operating switches. Among them, we anticipate that the
following three representative strategies achieving the low
operational voltage of 1 V or less could be introduced into our
switches operating in an out-of-plane direction: (i) reducing
the gap of the switch significantly;** (i) introducing other
driving methods that could apply a force higher than
electrostatic force, such as a phase transition,®” thermal,*® or
piezoelectric operation;”” and (iii) adjusting the actuation
voltage by operating it as a 4-terminal device with a body
electrode.”*

Moreover, the size of the switch with a length of about 430
um is significantly large compared with that of the transistor,
which aims to reach a footprint of less than 40 nm.* To the
best of our knowledge, the smallest mechanical switch with the
device length of 300 nm has been reported,” but it still has a
larger size compared to those of transistors. In other words, it
is expected to be challenging to have a size smaller than that of
a transistor. However, our mechanical switches show near-zero
standby power consumption* and the low contact resistance
of less than S ohms required for RF switches. Therefore, we
expect that it could be integrated into transistor-based circuits
to reduce the standby power of the circuits or used as a switch
to transmit RF signals used in the communication field.

In terms of the size reduction of the composite, the
patterning size of CNTs and Au NPs is determined by the
resolution of the lithography and lift-off processes, respectively.
For example, Lee et al. reported a 3D fin-structured CNT-FET.
They fabricated a CNT-coated fin structure with a width of
100 nm through a solution-based CNT deposition process.”
Wang et al. also demonstrated a 50 nm wide line pattern made
of Au NPs by using the gold colloidal solution coating and lift-
off processes.*® The methods of integrating CNT and Au NPs
reported in the above literature are similar to those of this
work. Therefore, it is expected that the area size of the Au-
NP—CNT composite can be reduced to a submicrometer scale
by optimizing the fabrication process.

2.3. Measurements of Contact Lifetime. We measured
the contact lifetimes of the MEM switches with nano-

composites under the hot-switching condition. A 1 V bias
Vps was applied with a 1 MQ external resistor to control Ig of
the switches. We also monitored the transient response of the
switches through an oscilloscope. Figure S8 presents the
experimental setup of an electrical circuit and equipment
measuring the lifetime. Figure 4a shows the transient response
of the switch with the low-density Au-NP—CNT composite at
first cycles and immediately before and after failure by applying
a 500 Hz square wave Vg of 40 V with a 50% duty ratio in air.
The transient curves indicate no output degradation and
distortion even at the high-frequency operation for 5 X 10°
cycles. Figure 4b shows the transient response of the switch
with the high-density Au-NP—CNT composite by applying a
500 Hz square wave Vg of 36 V. The output voltage remained
constant for 5 X 10° cycles, which is similar to that of the
switch with the low-density Au-NP—CNT composite. Figures
S9 and S10 show the transient responses of the switches with
low- and high-density Au-NP—CNT composites to verify the
reliable operations of the switches. We measured the transient
responses at every S X 10° cycles from the initial contact to 2 X
10° cycles, and then at every 1 X 10° cycles from 2 X 10° cycles
to failure. The gradual decrease in the output voltage at turn-
off is an electrical delay induced by the 1 MQ external
resistor.’” We also monitored the hysteretic switching
characteristics periodically for 5 X 10° cycles at the delivering
current of 1 uA to verify the contact reliability of the switch
with Au-NP—CNT. Figure S11 shows the drain-source current
(Ips) with respect to the gate voltage (V;) sweep curves at the
Vps of 0.5 mV for 5 X 10° cycles. A Vg of 1 V was applied
with a 1 MQ external resistor. For 5 X 10° hot-switching
cycles, there was no significant change in the switching-on
voltages and the Ig values. During the reverse sweep, there is a
slight difference in the switching-off voltages between
operations at the first cycle and after 1 X 10° cycles. This
difference in hysteretic switching characteristics may be
attributed to the decrease in the adhesion force at the
interfaces due to the Joule heatin%, which affects the capillary
force during repeated operations.

After § x 10° operation cycles, we observed an unstable and
decreased output owing to the damaged contact surface and
increased contact resistance. The typical Au-based MEM
switch failed before 1 X 10° operation cycles at a few
microamperes in air,’ which is consistent with our previous
works.”** However, our switches based on nanocomposites
showed remarkably extended lifetimes, several times longer
than that of the Au-based switches. When comparing the
switch based on Au-NP—CNT composite with the pure-CNT-
based switch at the delivering current of 1 uA in air,”® both
types of switches failed due to a rapid increase in the contact
resistance resulting from the surface oxidation. On the other
hand, the pure-CNT-based switch showed a contact lifetime of
1.5 X 107 cycles with the current density of 1.56 A/cm? (8 um
X 8 um contact area), whereas the switch with Au-NP—CNTs
operated for 5 X 10° cycles at the current density of 0.39 A/
cm® (16 ym X 16 um contact area) under hot-switching
conditions. Although the contact lifetime of the switch with
Au-NP—CNT was reduced compared to that of the pure-
CNT-based switch, the switch with Au-NP—CNT exhibited a
contact resistance of 2.14 ohms, which is 24% lower than that
of the pure-CNT-based switch at the Vi smaller than half of
the Vi of pure-CNT-based switch. The difference in the
contact lifetimes may originate from the lower mechanical
strength of Au NPs and the large difference in the applied Vpg
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(1.0 V in this work and 0.01 V in the previous work).
Meanwhile, the switch with the Au-nanodot—CNT composite
exhibited a short contact lifetime under the hot-switching
condition (Figure 4c). The switch with the Au-nanodot—CNT
composite operated stably for 4 X 10° cycles; however, the
output signal decreased owing to the increased contact
resistance after failure, which is similar to that of typical Au-
based switches.

To investigate the contact surface and failure mode of the
switch with nanocomposites, we detached the upper movable
plate forcibly by breaking the anchor of the switch with a probe
tip. Figure S shows SEM images of the upper and lower contact

Figure S. Observation of upper and lower contact areas of the failed
MEM switch. (a, b) SEM images of the upper and lower contact
areas, respectively, with low-density Au-NP—CNT composites after
failure. Material migration from the lower surface to the upper surface
on the identical contact region is observed. (c, d) SEM images of the
upper and lower contact areas, respectively, with high-density Au-
NP—CNT. Melted surface induced by Joule heating during repeated
operations is observed.

surfaces after the failure. We observed material migration in the
SEM image of the switch with the low-density Au-NP—CNT
composite, as shown in Figure Sab. Locally melted Au
migrated from the lower surface to the upper surface on the
identical contact regions. Figure 5c,d also shows the melted
contact surface in the switch with the high-density Au-NP—
CNT composite. These results imply that Joule heating
occurred during the repeated operation cycles in the hot-
switching condition and resulted in the melting of the contact
surface. On the basis of these results, it is expected that
repeated operations of switches with nanocomposites induced
material transfer and melting in contact interfaces, resulting in
the damaged surface; thus, the switches failed because of the
abruptly increased resistance.

3. CONCLUSION

We developed reliable MEM switches by integrating Au-NP—
CNT nanocomposite on the contact surfaces with a simple,
scalable, and solution-based low-temperature process. Deform-
able CNTs in nanocomposite facilitate an increase in effective
contact area under mechanical load, and highly conductive Au
NPs provide a current path with low contact resistance

between CNTs. By combining these advantages, the fabricated
switches showed a robust contact lifetime of approximately S X
10° cycles under the hot-switching condition in air. The
switches with nanocomposites also exhibited outstanding
switching performance such as low contact resistance,
extremely low leakage current, high on/off ratio, and steep
subthreshold slope. On the basis of the scalable fabrication
process and improved reliability, we believe that the Au-NP—
CNT nanocomposite can be applied to various contact-based
devices to improve their reliability and performance.

4. EXPERIMENTAL SECTION

4.1. Fabrication of Lower Electrodes with a CNT Network.
First, 10 nm chromium (Cr) and 100 nm Au were deposited by e-
beam evaporation on a thermally oxidized silicon wafer. Cr and Au
were then selectively etched using a positive photoresist mask (AZ
GXR-601 14 cP, AZ Electronic Materials) and standard metal
etchants (Sigma-Aldrich) to form the lower electrodes. The wafer
with Au electrodes was dipped in a poly-L-lysine bath (purchased
from Sigma-Aldrich) for S min after plasma treatment with O, flow of
20 sccm and an RF power of 100 W for 90 s (COVANCE-MP, Femto
Science) to improve the adhesive capability between Au and CNTs.
After rinsing with deionized (DI) water, the wafer was dipped in a
prepared 2 mg/mL CNT solution bath for 12 h (previously diluted in
N,N-Dimethylmethanamide solvent with sonication for 6 h). Then,
the wafer was rinsed and dried with DI water and a nitrogen gun. The
wafer with the CNT-coated Au electrodes was baked at 110 °C on a
hot plate for 90 s to completely remove the solvent. The CNTs were
patterned by a negative PR mask of S ym thickness (DNR-L300,
Dongjin Semichem Inc.) and reactive ion etching with O, flow of 20
sccm and an RF power of 100 W for 40 s.

4.2. Deposition of Au NPs on a CNT Network. A 10 nm gold
colloidal solution suspended in H,O having the concentration of 5.70
X 10" molecules/mL was purchased from BBI Solutions. After
patterning of a positive PR by an identical photolithography mask
used for the CNT patterning, the Au colloidal solution (0.20 and
403.8 mg/cm?) was coated on the wafer by using spin-coating and
drop-casting for low- and high-density Au NPs, respectively. For the
high-density Au-NP—CNT composite, the solution was slowly dried
at 40 °C in a convection oven to prevent a coffee ring effect. The Au
NPs were patterned by using the lift-off method with sonication for §
min in acetone bath after the wafers were baked at 110 °C on a hot
plate for 90 s to remove residual solvent and enhance adhesion
between Au NPs and CNT.

4.3. Fabrication of Upper Movable Electrodes. A 400 nm
thick gap between the upper contact area and the lower electrodes
was formed by patterning the first PR layer. After hard baking, the
second PR layer with a thickness of 1.0 m was then spin-coated and
patterned on top of the first layer, forming a 1.4 um gap between the
upper plate and the lower fixed electrodes. After depositing a 100 nm
thick Au layer (used as both seed and contact layers) on the entire
wafer by e-beam evaporation, an 8 um thick PR mold (AZ 9260, AZ
Electronic Materials) was coated and patterned for nickel (Ni)
electroplating. The movable upper electrode was fabricated by
electroplating Ni (approximate thickness of S ym) as the structural
material on the patterned third PR layer. The switches were released
with critical point drying after dissolving the three PR layers and Au
layers.

4.4. Characterization of MEM Switches. The morphologies and
Raman spectra of the Au—CNT composites on the Au electrodes
were investigated by using FE-SEM (IT-SO0HR) and micro-Raman
spectrometry (LabRam Aramis, Horiba Jovin Yvon; Ar-ion layer of
532 nm wavelength). The drain—source current versus gate voltage
sweep curves with various bias voltages were measured with a source
meter (Keithley 2614B, Tektronix). Square wave voltages were
applied via a voltage amplifier (F20AD, FLC Electronics) and a
function generator (332204, Agilent). The transient responses of the
switches were monitored using an oscilloscope (DSOS014A, Agilent)
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at a 1 V bias drain—source voltage applied through a direct current
power supply (E3647A, Agilent).
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