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Abstract—We present the design, fabrication, and characteriza-
tion of vertical assembly of 3-D single-walled carbon nanotubes
(SWNTs) thermal sensors. Carbon nanotubes (CNT) were de-
posited utilizing dielectrophoretic (DEP) assembly technique with
a 98.7% yield. The scanning electron micrograph images revealed
that by adjusting the height of the 3-D microelectrodes and the over-
lap between them allows control over bundle size, number of bun-
dles, and effective length of the sensing elements. The two-terminal
resistance of the 3-D devices was reduced by 20% on average from
their initial values after the thermal annealing process. The 3-D
SWNT thermal sensors were next characterized and a higher tem-
perature coefficient of resistance (TCR) was measured compared
to the previously reported DEP aligned CNT-based thermal sen-
sors. The TCR of the single-electrode thermal sensor ranged from
—0.157%/°C to —0.232%/°C, whereas the TCR of the multielec-
trode sensor varied from —0.327%/°C to —0.778%/°C measured
during the heating cycle. The thermal sensitivities of these 3-D de-
vices were also measured during cooling where the obtained TCR
was close to the values obtained during the heating cycle.

Index Terms—3-D Assembly, Single-walled carbon nanotubes
(SWNTs), thermal sensors.

1. INTRODUCTION

ANOTECHNOLOGY enables the realization of small,
N lightweight, inexpensive, and highly sensitive sensors for
diverse applications [1]-[3]. Nanoscale materials not only pro-
vide greater sensitivity but can also be tailored for specific sens-
ing applications [1]-[4]. Carbon nanotube (CNT), a 1-D nano-
material, has gained tremendous interest in sensing applications,
especially in nanobiotechnology, due to its exceptional physi-
cal, mechanical, and chemical properties [4], [S]. CNT, a rolled-
up graphene strip, which forms a closed cylinder, is compact,
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lightweight and has high aspect ratio. CNTs have high-carrier
mobility, large current carrying capability, high mechanical sta-
bility, and thermal conductivity. CNTs have been utilized as ac-
tive sensing elements in different sensing applications, including
biosensors [6]-[8], chemical and gas sensors [9], [10], pressure
sensors [11], transistors [12], [13], flow sensors [14], and ther-
mal sensors [15], [16]. Single-walled carbon nanotubes (SWNT)
with their ultrahigh surface area to volume ratios, striking opti-
cal properties, and size-dependent physical properties are more
appealing for CNT-based sensors than their multiwalled carbon
nanotubes (MWNTSs) counterparts [4]. It is worth noting that
most efforts up to now utilized planar, 2-D device architectures
while realizing nanotube-based sensors and devices.

3-D arrangements of CNTs have been realized and being stud-
ied as an attractive alternative to that of 2-D planar techniques
since they offer a means for large-scale, higher density realiza-
tion of novel nanoelectronic devices [17], [18]. Recently, 3-D
SWNT structures utilizing porous alumina nanotemplates [19]
and field-assisted assembly [20] have been demonstrated. Com-
pared to other assembly methods, the dielectrophoretic (DEP)
assembly method provides placement of SWNTS at the desired
locations with alignment [21], [22]. Moreover, the DEP assem-
bly process is low-temperature, high yield and is amenable to
wafer scale [23], [24] fabrication, and it is shown that it can pro-
vide control [25] over the number of assembled nanotubes. Pre-
viously, the authors reported a hybrid technique combining both
bottom-up DEP assembly and top-down microfabrication tech-
niques to realize room temperature fabrication of 3-D SWNT
interconnects [20]. In this paper, we report the characteriza-
tion of the 3-D vertical assembly of SWNTs and their thermal
sensing properties. First, DEP assembly parameters were inves-
tigated for a high-yield assembly process, and then the critical
dimensions of the microelectrode platform, namely, the overlap
and the vertical distance between the electrodes were studied
to understand their impact to the number of assembled bundles
and the angle of incline of the SWNT sensors. Finally, 3-D
thermal sensors were demonstrated using both single and mul-
tiple finger electrode structures. Their thermal sensitivity was
next characterized during heating and cooling cycles, and it was
found that the SWNT sensors displayed higher temperature co-
efficient of resistance (TCR) compared to previously reported
dielectrophoretically aligned CN'T-based thermal sensors.

II. FABRICATION PROCESS

The fabrication process, as illustrated in Fig. 1(a), starts with
the deposition and patterning of the first Cr/Au electrode layer
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Fig. 1. Microplatforms for 3-D assembly: (a) fabrication process for the mi-
cromachined 3-D electrode. (b) SEM micrographs of the fabricated single and
multiple (eight) electrode platforms, where these electrodes have a vertical sep-
aration of 1 ;zm and an overlap distance of 3 pum, respectively.
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(200 A/1500 A) by a liftoff process on an oxidized silicon wafer
[see Fig. 1(a-i)]. Then a thin parylene-C dielectric layer was
deposited at room temperature. Next, the second metal layer
(Cr/Au 200 A/1500 A) was deposited and patterned using lift-
off technique [see Fig. 1(a-ii)]. These two metal layers form the
3-D electrodes for assembling the SWNTs. Utilizing the second
metal layer as a mask, we then etched the parylene-C layer with
an inductively coupled plasma (Plasma therm 790) reactor using
O, plasma [see Fig. 1(a-iii)]. After fabrication, DEP assembly
was utilized to assemble SWNTs between the 3-D electrodes
[see Fig. 1(a-iv)]. Finally, a thin layer of parylene-C (1.0 pzm)
was deposited as the encapsulation layer and the contacts were
opened using the ICP etcher for electrical measurements [see
Fig. 1(a-v)]. The scanning electron microscopy images of fab-
ricated single and multiple (eight) finger electrodes are shown
in Fig. 1(b), where these electrodes have a vertical separation of
1 pm and an overlap distance of 3 ym, respectively.

In our DEP assembly process, SWNTs in a CMOS grade
aqueous solution procured from Nantero, Inc., was utilized. The
average diameter and length of these SWNTs were 1.25 nm and
2 pm, respectively. The weight concentration of the SWNT in
this aqueous solution was 0.046%, while the pH of the supplied
solution was 6.5. The original SWNT solution was first soni-
cated for 30 min with an ultrasonic cleaner (Branson B-22-4).
Subsequently, it was further diluted to the desired CNT concen-
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tration with deionized (DI) water and again was sonicated for 2
h prior to the DEP assembly.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Dielectrophoretic Assembly of 3D-SWNTs and Two-
Terminal Electrical Measurements

In the first set of experiments, the SWNT solution was diluted
into 1:1000 with DI water, and assembly experiments were con-
ducted at a frequency of 10 MHz and voltage of 10 Vp-p for 20
s. Devices were inspected under a scanning electron micrograph
(SEM) and two-terminal /-V measurements were performed to
verify the electrical continuity between the electrodes. 76 de-
vices were fabricated using these DEP parameters and their
assembly yield was next studied. A “good assembly” is defined
to be the case where there is an electrical path between the
top and the bottom electrodes, which was confirmed by both
I~V measurements and SEM imaging, which revealed that the
SWNT bundles formed a bridge between the 3-D microelec-
trodes, and that there was no damage to the electrodes. Among
the 76 devices, 38 devices resulted in good assembly, 5 devices
failed (J-V measurement showed an open connection) and in the
other 33 devices, the electrodes were damaged, which resulted
in a yield of 50%. SEM images taken from the 33 destroyed de-
vices revealed that the nanotubes clustered together and formed
agglomerated structures on the electrodes and/or the top metal
electrodes peeled off from the chip. During the assembly of
these 33 devices, it was also observed that the initial formation
of bubbles on the surface of the 3-D assembly area was followed
by the destruction of the electrodes. We believe that the damage
to the electrodes was caused by the electrolysis of DI water and
also possibly parylene peel off due to joule heating. Electroly-
sis at the electrode surface occurs at low frequencies and high
voltages [26]. Dong et al. observed similar bubble formation,
which eventually destroyed electrodes at a frequency lower than
50 kHz, and reported that the electrochemical interaction can
be avoided at the electrode/solution interface by applying high
frequency (1-10 MHz) field [27].

For the next set of assembly experiments, the SWNT solu-
tion was diluted to a ratio of 5:1000 with deionized water and
assembly was performed with an electric field of 2 Vp-p and a
frequency of 10 MHz for 1 min, and 75 devices were made using
this recipe. With this new recipe, we have found that our yield
went up to 98.7% (74 devices had good assembly whereas one
device did not). All 74 devices were inspected under an SEM,
and it was observed that none of the electrodes were destroyed.
In both assembly processes, 3-D electrodes had a width of 3
pm, an overlap distance of 3 pum, and a vertical separation of
1 pm. The initial 3-D DEP assembly parameters (10 Vp-p, 10
MHz) caused electrolytic dissociation due to the high-electric
fields, which formed bubbles on the surface and eventually de-
stroyed the electrode. It was experimentally observed during the
second assembly recipe (2 Vp-p and 10 MHz) that the use of an
assembly voltage with a smaller amplitude avoided electrolysis
and the resulting bubble formation. The use of higher assem-
bly voltages with higher amplitudes resulted in higher electric
fields, which induced temperature rise in the fluid due to joule
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heating, where the temperature increase (AT) is given by

aV?
2k

where o and k are the electrical and thermal conductivity of the
fluid, and V is the voltage applied between the electrodes [26].
The glass transition (7;) temperature of parylene-C is around
90° [28]. When parylene-C is exposed to a high temperature
(above T,), it will experience high stress levels, which is closer
to the yield strength of the polymer film (55 MPa). Accordingly,
the peeling of the top electrode, which is above the parylene-C
dielectric, could also have been caused by the higher temperature
generated by the higher electric fields.

The amount of nanotubes assembled across the 3-D electrode
can be controlled by scaling the DEP force. The DEP force
acting on the CNTs is given by the following equation [31], [32]

AT = (1

Fiep = %rz’zgm Re {K(w)} VEZ, . )
ey —en
K(w) = (Q) 3)

where / and r are the length and radius of a rod-like particle, re-
spectively, €, is the real permittivity of the suspending medium,
E, s is the root mean square (rms) of the electric field, and K
(w) is the Clausius—Mosotti factor.

In (2), %) and £, are the complex permittivities of the
rod-like particle and the suspending medium, respectively. Here
e* = ¢ —i(0/w), where i = \/—1, ¢ is the real permittivity
and o is the conductivity of the material. In general, ¢ is a
material property and can be written as a product of the relative
permittivity of the material and permittivity of free space ¢y.
As shown in (1), the strength of the DEP force is proportional
to the size and shape of the nanostructure, electrical properties
of the nanomaterial, and suspending medium, as well as the
gradient of field squared. In our assembly process, SWNTs are
suspended in the aqueous medium (DI water) and the DEP
force is proportional to the gradient of field squared. That is, the
magnitude of the DEP force scales by the following relationship
[29]:

2
3
where V and L are the applied voltage and the distance between
the electrodes, respectively. Previously, the authors have demon-
strated [20] that the density of the assembled nanotubes is pro-
portional to the applied voltage. It was also observed that when
a higher voltage was applied between the 3-D electrodes, more
nanotubes were assembled around the edges of the tip of the elec-
trode and also formed thicker bundles. We hypothesize that the
number of assembled SWNT bundles can be controlled by ad-
justing the magnitude of the electric field, which can also be done
by changing the distance between the electrodes. In the case of
3-D electrodes, the spacing (H) and the overlap/separation dis-
tance (L) between the top and bottom electrodes were varied
(see Fig. 2) to understand the interplay between the dimensions
of the assembly platform and the number of assembled SWNT
bundles.

4)

|Foep| ~

Height (H)

Fig. 2. Schematic drawing of the 3-D assembly electrodes illustrating the
height (H) and overlap distance (L), which can be varied to scale the DEP forces
between the top and the bottom electrodes.

Fig. 3 shows a summary of assembly experiments where the
vertical distance between electrodes (H) was varied from 269,
1052,2085, and 2828 nm with an overlap distance of about 3 ym.
As the distance between the electrodes was reduced, the electric
field strength between the top and bottom electrodes increased
significantly and caused the formation of thicker SWNT bun-
dles. Moreover, it was also found that as the distance between
the top and the bottom electrodes was changed, so did the incline
angle and the length of suspended SWNTSs bundles. It is evident
from Fig. 3(a) that the bundles are more inclined for smaller
electrode separation (i.e., H = 269 nm) than in the case of larger
electrode separation (i.e., H = 1052nm) as seen in Fig. 3(b).
The length of the suspended nanotubes were also longer at H =
1052 nm, whereas a small section of (shorter) tubes formed the
bridge for the case where H = 269 nm. During the DEP assem-
bly, the CNTs will align in the direction of electric field lines
before assembling in between the electrodes. In other words,
the vertical alignment and length of single bundles of SWNTs
can be tuned by changing the electric field lines. In the case of
a height (H) of 269 nm, the shorter separation distance between
the top and the bottom electrodes resulted in a stronger elec-
tric field, which created a stronger DEP force and allowed the
SWNT bundles to move more upright. Utilizing (4), we have
calculated the approximate DEP force for each height and the
force corresponding to a height (H) of 269 nm was about 1162
times higher than the one present for H = 2828 nm (see Table I).
Accordingly, shorter bundles were assembled with a steeper an-
gle. In the other case, where the height was 1052 nm, the weaker
electric field lines resulted in a less weaker DEP force, and the
force experienced by the nanotubes was not strong enough to
realize a vertical assembly. SWNTs bundles aligning along the
larger electric field lines created less inclined and longer sus-
pended SWNT bundles assembled between the 3-D electrodes.
However, when the spacing was above 1 pm, only a small sec-
tion of bundled nanotubes were suspended near the bottom
electrode and the rest followed the sidewall of the parylene-
C dielectric, which was caused by the weaker DEP force [see
Fig. 3(c), (d)].

The two-terminal /-V measurements showed an exponential
decrease in resistance when the vertical separation (the height
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Fig. 3. Adjusting the distance between the top and the bottom electrodes
allows control over the magnitude of the electric field. The vertical distance
between the 3-D electrodes (thickness of the parylene-C layer) was varied from
(a) 269 nm, (b) 1052 nm, (c) 2085 nm, and (d) 2828 nm, where the overlap
distance was kept at 3 pm. It is evident from the previously SEM images
(a—d) that as the height was reduced the diameter and the angle of incline
of the assembled SWNT bundles have increased. Moreover, the length of the
suspended 3-D SWNTs decreased when the electrode height was reduced (this
was more applicable to H <1 pm).
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TABLE I
COMPARISON OF DEP FORCES FOR DIFFERENT MICROELECTRODE GEOMETRIES
Height (nm) Overlap (nm) Foer Foep
269 3.000 514 1162.5
1.052 3.000 0.86 19.45
2.085 3.000 0.11 2.49
2.828 3.000 0.044 1

Foep is the calculated DEP force using eqn (2). F'pgp is the normalized
DEP force to the smallest value which is obtained at H=2,828 nm.

of the parylene-C thickness) between the electrodes was re-
duced. Similarly, when the separation (lateral) between the 3-D
electrodes was decreased from 2702, 1022, down to 117 nm
(electrodes had a vertical separation of 1 pm), enhanced the
DEP force and caused more nanotube bundles to be assembled
between the top and the bottom electrodes (see Fig. 4) and also
the two-terminal resistance of the 3-D SWNT assemblies de-
creased exponentially. Furthermore, the top electrode, which
was 1022 nm away from the bottom electrode, resulted in seven
SWNTs bundles between them [see Fig. 4(a)]. We also found
that increasing the overlap distance between the electrodes from
1190 nm [see Fig. 4(c)] to 3290 nm [see Fig. 4(d)] also caused
the increase in the number of assembled bundles from 20 to 30.
A summary approximate DEP force values calculated using (2)
are shown in Table II and confirms our SEM observations.

After a thorough SEM inspection on several 3-D devices
with a separation distance of 1 um or above, it was noticed that
(looking from the bottom electrode) the section of the length
of the assembled bundles followed the oxide surface and the
remaining bent forward on to the top electrode [see Fig. 4(a)].
The 3-D electrode with a separation distance of less than 1 ym
always formed bundles inclined where the angle of incline can
be adjusted by controlling the height between the electrodes. In
addition, the field strength is nearly uniform around the edge
of the hemispherical tip at their respective height. When the
top electrode begins to overlap with the first electrode, more
SWNT bundles assembled around the tip of the electrode as
seen in Fig. 4. In summary, by controlling the spacing and the
overall/separation distance between the 3-D electrodes allow
control in the angle, the bundle thickness, the suspended length,
and the number of assembled SWNT bundles around the edges
of the tip of the top electrode.

The formation of low contact resistance between CNTs and
metal electrodes is essential for their application in nano de-
vices/sensors. Thermal annealing has been demonstrated as one
of the simplest methods to improve contact resistance in large
scale [30]. After assembly, 3-D devices were annealed at 90 °C
for 30 min to improve their contact resistance. The percent-
age change in two-terminal resistance for seven devices for two
different device geometries was studied. The two-terminal resis-
tance decreased between 19%—62% for devices with an overlap
distance of 894 nm, whereas an overlap distance of 5484 nm
resulted in a reduction of 7%—-63%. On the average, a 20% de-
crease in the two-terminal resistance from its initial value was
recorded on most of the devices. After annealing, the devices
were encapsulated with a parylene-C layer and contacts were
opened for /-V measurements.
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Fig. 4. Overlap distance between the top and bottom electrodes was changed
from (a) 1022, (b) 117, (c) 1190 (d) to 3290 nm. As a result, more SWNT bundles
assembled around the edges of the hemispherical top electrode as shown in the
SEM micrographs through of the 3-D devices (a) to (d), which resulted in 7, 9,
20, and 30 bundles, respectively.

TABLE I
COMPARISON OF DEP FORCES FOR DIFFERENT MICROELECTRODE GEOMETRIES
Vertical Overlap (O) Foep Froep
distance (nm) Separation (S) (nm)

1000 2.702(S) 0.04 1
1000 1.022(S) 0.34 8.1
1000 117(S) 0.97 23.2
1000 1.190 (0) 1 23.9
1000 3.290(0) 1 23.9

Fpep is the calculated DEP force using eqn (2). Fpgp is the normalized DEP
force to the smallest value which was obtained at Separation=2,702 nm.

B. Thermal Sensing Properties of 3-D SWNTs

To characterize the 3-D SWNT thermal sensors, we have next
placed the devices on an SUSS PMS5 analytical probe system
with a heatable chuck. First, the temperature of the chuck was
ramped up to 65 °C with 10 °C increments every 10 min. Next,
it was cooled down to room temperature (25 °C). This thermal
annealing cycle was repeated several times in order to stabi-
lize the two terminal /-V measurements. This process stabilized
the resistance readings and was routinely done prior to mea-
surements in CNT-based thermal sensors [15], [16]. During the
thermal cycling process it was observed that the two-terminal
resistance of the 3-D devices increased, but the measured resis-
tance stabilized after several cyclic measurements. This could
potentially be due to the fact that some of the metallic SWNTSs
may have been burnt during the stabilization process. After the
calibration process, the temperature responses of the sensors
were investigated. The temperature was varied from 25°C to
65°C with 10°C increments, while the resistance was mea-
sured. Fig. 5 displays the measured temperature response from
the single and multiple (eight) finger thermal sensors after the
stabilization. The two-terminal resistance of single and multiple
finger electrodes were 345 Ohms (devicel) and 303.7 Ohms
(device 2) for single-finger electrode devices, and 45 Ohms (de-
vice 1) and 28.3 Ohms (device 2) for multiple finger electrodes
devices, respectively. Fig. 6(a), (b) represents the graphs for I-V
measurements of device 2 from the previously mentioned single
and multiple electrode devices.

SWNTs are sensitive to temperature and their resistance de-
creased with increasing temperature. This thermal behavior of
the bundled SWNTs are due to the semiconducting nanotubes
inside the assembled bundles. Similar temperature behavior of
dielectrophoretically assembled nanotubes was previously re-
ported by Chan et al. [15] and Chen et al. [16]. As the tempera-
ture was increased from 25 °C to 65 °C, the resistance decreased
by 13.1%-31% on multiple electrode thermal sensor devices,
whereas we observed a decrease of 6.3%-9.3% on the single-
electrode devices. TCR was calculated based on the following
equation [15], [16]:

R(T) = Ro(1+ (T - Tp)) Q)

where R(T) and R, are the resistance at temperature 7 and at
room temperature 7 and « is the TCR.

This temperature response study was conducted with both
single and multiple electrode 3-D sensors, and the respective
TCR values were calculated during the heating cycle. The TCR
value of the single-electrode devices varied from —0.157%/°C to
—0.232%/°C, whereas the TCR of the multiple electrode sensors
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Fig. 5. Measured resistance versus temperature plots from a single-electrode
and a multiple electrode 3-D thermal sensors during the heating cycle. The
temperature was varied from 25 °C to 65 °C with 10 °C increments and the two
terminal resistance of the devices was continuously recorded. (a) TCR ranged
from —0.157%/°C to —0.232%/°C for a single-electrode 3-D thermal sensor,
whereas (b) the multi electrode devices displayed a TCR of —0.327%/°C to
—0.778%/°C.

varied from —0.327%/°C to —0.778%/°C. Comparing our data
with the previously reported DEP assembled 2D MWNT [15]
and SWNT [16] based thermal sensors, we were able to achieve
higher sensitivity. Single-finger 3-D thermal sensor displayed
more than twice the sensitivity of that from Chen et al.’s single-
gap SWNT thermal sensor (the dimension of their single gap:
gap = 800 nm, height = 150 nm, and length = 4.5 um). The
multiple electrode thermal sensor device exhibited more than
three times the sensitivity compared to their multigap (five) 2-
D sensor [16]. Next, we remeasured the thermal behavior of
our 3-D sensor while reducing the temperature from 65 °C to
25 °C with 10 °C decrements. During this cooling cycle, thermal
sensitivity was measured for devicel and is shown in Fig. 7 for
both single and multiple electrode sensors. The TCR value of the
single-electrode thermal sensor was —0.213%/°C [see Fig. 7(a)],
whereas the TCR of the multielectrode sensor —0.795%/°C [see
Fig. 7(b)]. Even though their resistance has slightly increased,
their TCR values closely matched with that of the TCR values,
as seen in Fig. 5, obtained during the heating cycle. This elec-
trical hysteresis during heating and cooling process can be at-
tributed to purification of SWNTSs and/or destruction of metallic
SWNTs during the multiple heating processes [33]. It is likely
that during the heating cycles, the defects initially present in
the assembled SWNT bundles were removed. Furthermore, di-
electrophoretically deposited SWNTs consist of both metallic
and semiconducting SWNTs, and these metallic nanotubes re-
duced the temperature dependence of the sensor and caused the

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 10, NO. 1, JANUARY 2011

8.0x10° Device 2
< o
=i )
= R=303.7 Ohms 40
g K
5 4.0x10° ®°
o 29
00
°0
C)
)
T 0 % - T T
2 K 2° 1 2
)
o Voltage (V)
9% -4.0x10°-
C)
K
00
-8.0x10°
(@)
8.0x10%4 Device 2
< °
e R=28.3 0hms°¢°
[ 0o
£ 4.0x10°4 o
=3 00
o 9°
@
00
C)
T T LeNil oo T T
2 A o°‘° 1 2
OO
000" Voltage (V)
9% -4.0x10°4
K
")
°0
°O
-8.0x10°~
(b)

Fig. 6. [~V measurement of device 2. Two-terminal resistances measured
from (a) single and (b) multiple electrode 3-D devices are 303.7 and 28.3 Ohms,
respectively.
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Fig. 7. Temperature versus resistance relationship (for device 1 in Fig. 5) was
studied during the cooling cycle, where the temperature was varied from 65 °C
to 25 °C with 10 °C decrements. The TCR of the single-electrode (a) and mul-
tiple electrode (b) thermal sensors ranged from —0.213%/°C and —0.795%/°C,
respectively.
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sensitivity to vary during the measurements [34]. A reliable and
highly sensitive 3-D thermal sensor can be achieved by exclusive
use of semiconducting SWNTs.

The performance of an ideal sensor is determined by key
factors, such as high sensitivity and reliability, low power con-
sumption, lightweight, low cost, and high volume manufactur-
ing (batch fabrication). CNTs with their attractive properties
are promising candidates for the realization of next genera-
tion of sensors. Using CNTs as a thermal sensing element, we
have demonstrated a highly sensitive 3-D miniaturized ther-
mal sensor, which would find vast applications in the sensing
industry. This 3-D sensor can be utilized in biomedical indus-
try as an implantable sensor to monitor temperature, automo-
bile, and aviation industry to acquire (vehicle) temperature. It
can also be used inside aqueous environments as a tempera-
ture measurement tool and integrated thermal sensor for other
nanomechanical systems, microelectromechanical systems, bio
and nanodevices. This 3-D SWNTs-based thermal sensor is an
attractive alternative to existing temperature sensing materials,
such as vanadium oxide, polysilicon, etc.

IV. CONCLUSION

In this paper, we presented the 3-D assembly of SWNTs and
a 3-D SWNT-based thermal sensor. DEP assembly parameters
were optimized for a high yield (98.7%) process, and scaling the
geometry of 3-D microelectrode platform enabled the control
over number of assembled bundles, angle of incline, and the
length of suspended SWNT bundles. 3-D devices were annealed
at 90°C for 30 min to improve their contact resistance. An
average of at least 20% decrease in their two-terminal resistance
was observed after the thermal annealing process. Finally, the
thermal sensitivity of both single and multiple 3-D electrode
sensors was measured, and the TCR value of the single-electrode
thermal sensor had a range from —0.079%/°C to —0.232%/°C,
whereas the TCR of the multiple electrode sensor varied from
—0.526%/°C to —0.778%/°C.
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