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Abstract: Carbon Nanotube (CNT) agglomerates can be aligned along field lines between adjacent
electrodes to form conductive bridges. This study discusses the step-wise process of dielectrophoretic
deposition of CNTs to form conducting bridges between adjacent electrodes. For the first time,
the creation of conductive CNT bridges spanning lengths over 50 microns is demonstrated. The CNT
bridges are permanently secured using electrodeposition of the conducting polymer polypyrrole.
Morphologies of the CNT bridges formed within a frequency range of 1 kHz and 10 MHz are
explored and explained as a consequence of interplay between dielectrophoretic and electroosmotic
forces. Postdeposition heat treatment increases the conductivity of CNT bridges, likely due to solvent
evaporation and resulting surface tension inducing better contact between CNTs.
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1. Introduction

Carbon nanotubes (CNTs), high-aspect ratio tubular carbon structures [1], have drawn considerable
interest due to their extraordinary physical, mechanical, and electrical properties [2]. CNTs are often
used for the enhanced performance of electronic devices such as chemical and biological sensors [3],
field-effect transistors [4—6], energy storage systems [7], computing devices [8,9], and conductive
interconnects [10,11]. Therefore, the integration of CNTs onto predetermined positions in micro-
and nanosystems is a critical technology that has been extensively studied [12-15]. A variety of
techniques have been developed to assemble or manipulate individual CNTs or CNT bundles onto
desired electrode locations. For example, an atomic force microscope (AFM) tip was used to handle
the conveyance of a single multiwalled carbon nanotube to a specific location [16], the capture of
nanotube bundles was carried out by magnetic field [17], a combination of conventional and optically
induced dielectrophoresis was used to create a line of CNTs between two electrodes [18], CNT transfer
technology was developed to transfer CNT bundles [19], CNTs were collected in microgrooves via
fluidic assembly [20], and photosensitive chemically binding agents were used to secure CNTs to
specific sites [21]. However, the majority of these techniques are slow, laborious, and expensive,
and in many cases the aligned CNTs do not produce conductive bridges. In the present work,
we describe a step-wise process that can produce conductive bridges, selfassembled out of a CNT
suspension and constructed within the high field areas between adjacent electrodes under the influence
of dielectrophoresis (DEP).

Dielectrophoresis refers to the force exerted by an external electric field on the induced dipole
moment of a particle (i.e., a nanotube) suspended in a dielectric medium [22]. The polarizability of the

Micromachines 2020, 11, 371; d0i:10.3390/mi11040371 www.mdpi.com/journal/micromachines


http://www.mdpi.com/journal/micromachines
http://www.mdpi.com
https://orcid.org/0000-0002-1176-3578
http://dx.doi.org/10.3390/mi11040371
http://www.mdpi.com/journal/micromachines
https://www.mdpi.com/2072-666X/11/4/371?type=check_update&version=2

Micromachines 2020, 11, 371 20f 13

particle depends on its geometry and on the difference in the complex permittivities between itself and
the surrounding medium. Under an applied AC field, these complex permittivities vary throughout a
range of frequencies, and determine the direction and magnitude of the DEP force. The magnitude
of the induced dipole moment of the CNT is larger along the tube’s axis than in the perpendicular
direction, and consequently a rotating moment is created to align the CNT along the electrical field
lines [23]. Equation (1) can be used to calculate the DEP force exerted on the polarized nanotube
suspended in a medium [24]

2
Tirel
Fpep = Té‘mRe[fm]VEfms, 1)

where | and r are the length and the molecular radius of the single CNT; ¢, is the permittivity of the
medium; E, ;s represents the root mean square of the applied electric field; and Re| fy,] is the real part of
the Clausius- Mossotti factor, f;;, given by Equation (2)
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where A| is the depolarization factor, and ¢}, and ¢}, are the complex permittivities of nanotube and

medium, respectively, as defined by Equation (3) below:
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where ¢ and o are the permittivity and conductivity, respectively, and w is the frequency of the applied
electric field.

In general, if the real part of the complex permittivity of the particle is greater than that of the
fluid medium, the DEP force will be “positive” or directed towards the point of the highest field’s
intensity. If the real part of the complex permittivity of the particle is smaller than the fluid medium,
the particle will have a “negative” DEP force (nDEP) and be forced away from the regions of high
field intensity. The sign of the real part of the Clausius-Mossotti factor determines if the particle will
experience a positive or negative DEP force.

As the distance between adjacent electrodes increases, so does the difficulty in creating conductive
bridges made of nanoparticulates, as the bridges tend to branch into dendritic structures away from
the electrodes, as observed previously [25]. Many researchers have bridged gaps reaching submicrons
to several micron meter distances, sizes comparable to the lengths of the CNTs [26-30]. Researchers
have also created dense forests of nanotube bridges between electrodes that were 25 microns apart [23].
Here, we report for the first time on the process of creating conductive CNT bridges spanning over
50 microns. In order to achieve this result, we employ the technique of step-wise DEP deposition
described below.

2. Materials and Methods

2.1. Fabrication of IDEAs

The carbon interdigitated electrode arrays (IDEA) (utilized to generate the nonuniform electric
field and form the conductive CNT bridges via DEP attraction and alignment) were fabricated with
the standard lithographic process using photosensitive SU-8 resin [26], followed by pyrolysis in a
nitrogen environment to convert the photo-patterned resist precursor into glassy carbon electrodes [31].
Each IDEA consisted of three electrode finger pairs, as seen in Figure 1. The width and length of each
individual electrode finger was 120 um and 1200 pum, respectively. The distance between the adjacent
parallel electrode fingers was 120 um, and the smallest distance between the electrodes (at the tip of
the electrode finger) was 50 microns.
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Figure 1. Experimental Setup (left) and Interdigitated Array of carbon electrode fingers 120 micron
wide with 120 microns inter-electrode spacing (right).

SU-8 2025 photoresist (Microchem Corp. Ltd, Westborough, MA, USA) was spin coated onto
a 4" silicon wafer covered with 1 um thick thermal oxide layer (University Wafer, South Boston,
MA, USA) using a Laurell photoresist spinner (Laurell Technologies, North Wales, PA, USA) at an
initial speed of 500 rpm for 10 s, followed by 4000 rpm spin for 30 s. The soft-baking was carried
out on a programmable hot plate (Dataplate, Pmc 732 Series, Dubuque, IA, USA) at 95 °C for 5 min.
The wafer was then exposed through a photomask (CadArt, Bandon, OR, USA) to UV light at an energy
intensity of 10 mW/cm? for 6s using the Karl Suss MA56 Mask Aligner (Karl Suss, Garching, Germany).
The subsequent postbake procedure was performed on the same hot plate by initially heating the wafer
at 65 °C for 1 min, followed by a 95 °C step for 5 min. The uncrossed-linked resist was washed away
in SU-8 developer (Microchem Corp. Ltd, USA). The remaining cross-linked resist layer was then
hot-baked at 150°C for 20 min. The carbonization of the IDEAs was performed by gradually heating
up the wafer containing them to 900 °C inside a pyrolysis furnace (Thermo Fisher Scientific, Waltham,
MA, USA), within a nitrogen environment. The pyrolysis started at 25 °C for two h, followed by a
69 min ramp to 300 °C, which the temperature was held for one hour before a subsequent 90 min
ramp to 900 °C, which the temperature was held again with a dwell time of one hour before being
allowed to naturally cool to room temperature overnight. Individual IDEA chips were diced from
the wafer. Indium solder was used to attach wires to the carbon IDEA chips. During the pyrolysis
step, the polymer precursor shrinks laterally as the carbon electrodes are formed. Since the top of the
electrodes shrinks to a larger degree than its base, the sidewall of the carbon electrode becomes tapered.
This taper can be clearly seen in the high-resolution SEM pictures in Figure 6 below.

2.2. Preparation of Carbon Nanotube Suspension

The CNT suspension was prepared by dispersing 0.005 g of CNT powder containing a mix of
single-wall and multiwall nanotubes (Aldrich Chemistry, St. Louis, MO, USA) into 10-mL of isopropyl
alcohol (IPA). The suspension was then centrifuged in an Eppendorf 5702 Centrifuge (Eppendorf AG,
Hamburg, Germany) at 3000 rpm for 15 min. A pipette (Labnet, Edison, NJ, USA) was used to collect
the supernatant with homogeneously distributed CNTs.

2.3. Preparation of Pyrrole Solution

A mixed solution of 0.1M pyrrole monomers (Aldrich Chemistry, St. Louis, MO, USA) and 0.1 M
NaDBS (sodium dodecyl-benzene-sulfonate) (Aldrich Chemistry, USA) was prepared by dissolving
0.693 mL of pyrrole monomers and 3.48 g of NaDBS into 100 mL of deionized (DI) water. The solution
was stirred at room temperature for 20 min using a magnetic stirrer (Fisher Scientific, Hampton,
NH, USA).
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2.4. Deposition of CNT Bridges, Resistance Measurement, and Heat Treatment

Wires soldered to an IDEA chip were connected to the function generator (Stanford Research
Systems, Sunnyvale, CA, USA) to apply a constant 5V peak-to-peak (Vpp) voltage at various frequencies
(see Figure 1). A polymer cage cut out of double-sided stick tape (3M, St. Paul, MN, USA) was used to
contain the suspension of CNTs atop of the IDEAs. The CNT suspension was deposited in a series of
10 pL drops. A microscope glass slide (Thermo Fisher Scientific, Fisherbrand, Waltham, MA, USA) was
placed atop of the IDEA chip/polymer cage assembly to decrease the evaporation rate of the solution.
The resistance between the fingers was measured with a 3320 Innova multimeter (Innova, Irvine, CA,
USA). In order to facilitate solvent evaporation after deposition, the IDEA chips were placed on a hot
plate (Fisher Scientific, Hampton, NH, USA) at 200 °C for 20 min. The resistance of the CNT bridges
was measured again after the heat treatment. This was done to understand the extent to which the
evaporation of the residual solution induces closer contact between the nanotubes.

2.5. Polypyrrole (PPy) Deposition

The perpetual capture of CNT bridges was achieved by micropipetting 10 uL of pyrrole/NaDBS
solution (see above) over the finger regions of the IDEAs where the CNT bridges formed, and by
applying a DC voltage of 0.9 V for about 90 s (deposition was stopped when PPy reached across the
CNT bridge). After PPy deposition, the resistance was measured, and the IDEA chips were placed on
the hot plate at 200 °C for 20 min followed by another resistance measurement. An optical microscope
(Nikon Eclipse, Minato, Japan) and video editing program (SPOT Basic) were utilized to observe
and record resulting CNT bridges on IDEA chips. Scanning Electron Microscope (SEM) images were
recorded under low current setting using Magellan 400 XHR SEM (FEI, Hillsboro, OR, USA).

2.6. Finite Element Analysis Multiphysics Simulation

The finite element analysis simulation was carried out with Comsol Multiphysics package (version
5.2) (Comsol, Burlington, MA, USA). 2-D CAD models of the electrode were constructed as presented
in Figure 2. The electrode was modelled to be 2.5 um thick, with the space above the electrodes and
top of the water being 75 um, and the CNTs as being attached to the edge of the electrode.

@) (b)
Figure 2. CAD drawings of the interdigitated electrode arrays (IDEA) used in Comsol simulation:

side view (a) and top view (b).

The meshing condition was set up to be a physical-controlled mesh with a defined element size
set to “extremely fine” and refined near the electrode surface to yield about 18,000 triangular mesh
elements. The model was solved by a built-in linear solver. Boundary conditions were set up to be
0 V for the surfaces of three connected electrodes and 4 V for the other three connected electrode
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fingers. The material of the electrodes was selected to be glassy carbon. In order to simply the
model, the permittivity was defined to be 1E8-¢(, while the liquid medium was isopropyl alcohol with
conductivity of 6E6 pS/m and relative permittivity of 18.23-¢.

3. Results and Discussion

3.1. Continuous vs. Step-Wise CNT Bridge Formation

The mechanism leading to the formation of the CNT bridges has been explored. First, a one-step
procedure of continuous deposition was tested: when one 30 pL drop of CNT suspension was placed
onto the IDEA chip with a 5 Vpp bias and applied frequency of 100 kHz, only short segments of CNT
chains formed after several minutes, as seen in Figure 3b. The likely reason for the inability of this
single-step continuous deposition process to form a long CNT bridge is the fact that the resulting CNT
line that forms via DEP alignment lacks sufficient nanotube-to-nanotube contact. Thus, as the CNT
chain is being built, the CNT line becomes more and more resistive until the electric field strength
ceases to be sufficient enough for further attraction and alignment of the CNTs.

After First Drop After Second Drop After Third Drop

One Step Procedure

(b)

Figure 3. Comparison between the CNT bridges formed by step-wise procedure (a) and the CNT
bundles attracted by the one-step procedure (b). Both deposition procedures used an AC 5 Vpp bias at
100 kHz.

We are proposing an alternative to continuous CNT deposition—a step-wise deposition where
first one droplet of CNT suspension is deposited over the electrodes to enable CNT segments to begin
forming under the influence of DEP forces. We then dry the solution from CNT suspension, or simply
wait until the droplet of solvent evaporates (it usually takes just a few minutes as the CNT suspension
is not covered by the glass slide). As solvent evaporates, surface tension of shrinking droplets
surrounding the deposited CNTs will pull CNTs together, enabling better contact, and consequently
forming a CNT spike that results in an area of high field as demonstrated by the results of the Comsol
simulation shown in Figure 4.

A step-wise deposition of CNT bridges was successfully performed under a wide range of
frequencies. Figure 3a presents the results of CNT bridge formation after the deposition and drying of
three 10 puL drops of CNT suspension (in contrast to a single 30 uL. CNT suspension drop used in a
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single step continuous deposition trial). The applied voltage and frequency of 5 Vpp and 100 kHz were
also used as in the single-step continuous deposition trial. It can be seen in the sequence of optical
micrographs in Figure 3a how the CNT bridge forms gradually after deposition of each CNT droplet,
until a continuous conductive CNT bridge is formed that spans the entire 50 pm inter-electrode spacing.

electric field intensity - V/im

electric field intensity - V/m

R T R R R HE e

0 02 04 06 08 10 12 14 X

(a) (b)

Figure 4. Comsol simulation of electric field intensity around the end of CNTs in the step-wise CNT
bridge formation process. (a) Field distribution near an individual CNT bundle (b) Results of the
simulation show that during bridge formation, regions of highest field intensity shift from the edges of
electrodes to the ends of the CNT bridges.

3.2. Applied Frequency Influence on the Morphology of CNT Bridges

The formation of the bridges was demonstrated under the AC bias of 5 Vpp at frequencies of
1 kHz, 10 kHz, 100 kHz, 1 MHz, and 10 MHz (see optical micrographs on Figure 5 and Scanning
Electron Microscopy (SEM) images in Figure 6). The morphologies of the CNT bridges depended on
the applied frequencies. At relatively low frequencies, such as 10 kHz and 1 kHz, electro-osmotic
(EO) forces [32-34] generate fluidic circulation near the edges of the fingers of the IDEAs where the
electric field intensity is strongest. In the presence of these electro-osmotic forces, the alignment of
the CNTs is disturbed. Outside the frequency range of EO flow, and within frequencies ranging from
100 kHz to 10MHz, the positive DEP attraction of CNTs to the edges of the fingers of the electrodes
dominates vanishingly small EO forces. Since the magnitude of the electro-osmotic force increases
with decreasing frequency [34], larger amounts of CNTs needed to be deposited at the bridge sites
for the bridges to form. This relationship between EO and DEP forces at various frequencies helps to
explain the observed morphologies of the CNT bridges.
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100kHz 5V peak to peak

10kHz 5V peak to peak 1kHz 5V peak to peak

Figure 5. CNT bridges deposited under 5 Vpp AC bias at 1 kHz, 10 kHz, 100 kHz, 1 MHz, and 10 MHz
applied frequencies.

Figure 6. The SEM images of CNT bridges deposited under 100 kHz frequency. (a,b) SEM images
of electrodes at 1530 and 1525 magnification, respectively; (¢) SEM image of the edge of electrode at

5000 magnification.
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3.3. Influence of Postdeposition Heat Treatment on Resistance of CNT Bridges

Dependence of postdeposition heat treatment on the resistance of fabricated CNT bridges has been
explored on two samples (identified as Samples 1 and 2 in Table 1 and in the resistance measurement
plots in Figure 8). First, initial resistance of the IDEA array was measured. As expected, prior to CNT
bridge deposition, the resistance was infinite. After the CNT bridges formed, the IDEA chip was blow
dried with a nitrogen gun for about a minute until the chip was visibly dry, then the resistance of
the IDEA was measured by placing the probes of the multimeter on the contact pads of the IDEA
chip. That measurement is termed R1. The IDEA chip was then placed on a hot plate at 200 °C for
20 min; afterward, the resistance was measured again (R2). In order to permanently secure CNT
bridges in place, a layer of polypyrrole was electrodeposited as discussed in the Materials and Methods
section above and on Section 3.4 below. After PPy deposition over CNT bridges, the chip was blow
dried and the resistance was measured again (R3) and once again (R4) after another heat treatment.
The flowchart of these steps is presented in Figure 7. Table 1 contains the resistance measurements for
CNT bridges deposited under the variety of applied frequencies, while Figure 8 represents a graph of
these measurements for clear identification of the trends.

Table 1. Resistivities of samples 1 and 2 showing mean values and standard deviation after CNT
deposition (CNT), drying on hot plate for 20 min at 200 °C (CNT + HT), polypyrrole deposition (CNT +
HT + PPy), and final drying on hot plate for 20 min at 200 °C (CNT + HT + PPy + HT).

CNT (kQ)) CNT+HT((kQ) CNT+HT+PPy(kQ) CNT+HT + PPy + HT (kQ)

Sample 1

10 MHz 5.86 + 0.09 1.03 £ 0.11 2.82 +0.02 1.98 + 0.01
1 MHz 1243 + 0.1 2.04 +0.01 3.11 £ 0.04 2.17 £ 0.10

100 kHz 9.75 +0.12 1.05 + 0.01 2.88 +0.04 2.05+0.02
10 kHz 12.83 = 0.08 1.41 +0.02 7.01 £0.21 3.31 £ 0.05
1 kHz 31.27 £0.15 3.34 +0.33 9.54 +0.20 6.74 = 0.25

Sample 2

10 MHz 6.26 + 0.05 1.08 + 0.01 2.01+£0.17 1.31 +£0.02
1 MHz 12.04 +0.08 1.76 £ 0.02 4.61 +0.10 417 +£0.03

100 kHz 10.39 =+ 0.18 1.07 £ 0.01 2.83 +0.51 1.76 + 0.02
10 kHz 10.31 = 0.23 1.82 +0.02 6.65 +0.40 4.04 +0.06
1 kHz 13 +£0.07 1.88 £ 0.01 2.57 +£0.19 2.13 = 0.06

Fabricated CNT Bridge ] Resistance
> . > Blow Drying > Measurement
IDEA Formation i

Heat
Treatment
(200 °C for 20
mins)

Resistance
« Measurement | ——
(R2)

Blow Drying |P— PPy

|

Resistance

Deposition

Heat
Treatment
(200 °C for 20
mins)

Resistance

Measurement
(R4)

Measurement —_—
(R3)

Figure 7. The flow chart of the experimental procedure.
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Figure 8. The resistance of CNT bridges of sample 1 (a) and sample 2 (b) as function of deposition
parameter and postdeposition heat treatment including after CNT deposition (R1), drying on hot plate
for 20 min at 200 °C (R2), after polypyrrole deposition (R3), and after final drying on hot plate for
20 min at 200 °C (R4).

It is clear that as a result of the heat treatment (200 °C for 20 min), the resistance of the CNT bridges
decreases dramatically. For example, for CNT bridges deposited under 5 Vpp at an AC frequency of
1 MHz, the resistance is reduced six-fold from around 12 k() prior to heat treatment to roughly 2 k()
after the heat treatment. Our hypothesis is that this decrease in the resistance can be attributed to the
evaporation of any residual CNT solution existing between the individual CNTs. These pockets of
liquid remaining after blow drying steps start to further shrink and evaporate under the heat treatment.
As the liquid surrounding the CNTs evaporates, the surface tension of these shrinking droplets pulls
CNTs together as depicted in Figure 9, leading to a dramatic increase in conductivity of CNT bridges.
This formation of microaggregates due to surface tension during solvent evaporation was observed by
other researchers [35].
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CNTs

-

droplets of solution
Before Heat Treatment 1 After Heat Treatment 1
(a) (b)

Figure 9. The illustration of the influence of postdeposition heat treatment on CNT bridges.
(a) Remaining droplets present after blow drying keep CNTs separated; (b) Evaporation of remaining
solvent after heat treatment and the resulting changes in surface tension act to pull CNTs together,
improving CNT-CNT contact.

3.4. PPy Deposition over CNT Bridges

After CNT bridges were deposited under the influence of electrokinetic forces as discussed in
previous sections, pyrrole solution was dispensed over the IDEA and electropolymerization was
performed to permanently entrap and fix the fabricated CNT bridges [36]. The PPy was initially
electropolymerized at the surface of the electrode fingers and subsequently grew along the CNT
bridges until a PPy layer completely covered the CNT bridge, as shown in Figure 10. The resistances
were measured after the PPy deposition (R3) and after the 20 min heat treatment at 200 °C (R4).
These electrical resistance measurements are listed in Table 1 and graphed on the plot in Figure 8.
The increase in the resistance (R3 > R2) after the PPy deposition can be attributed to the introduction of
PPy solution that tends to separate CNTs within the bridge. The heat treatment after PPy deposition
was not as effective as before (R4 > R2) because there was a polymer film covering CNT bridges that
slowed down solvent evaporation, as illustrated in Figure 11.

D et AR

T

10MHz 5V peak to peak 100kHz 5V peak to peak

10kHz 5V peak to peak 1kHz 5V peak to peak

Figure 10. The CNT bridges after electrodeposition of PPy.
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Figure 11. The illustration of the influence of heat treatment on CNT bridges after PPy deposition.
(a) PPy deposition envelops CNT bridges with remaining solvent after blow drying (b) Less dramatic
changes in resistance were observed before and after the final heat treatment. This is attributed to the
PPy layer which prevents complete evaporation of solvent.

4. Conclusions

The present study demonstrates a novel step-wise process that incorporates electrokinetic
phenomena to deposit and form long chains of CNTs along the electrical field lines of an external AC
field. The deposition-drying-deposition sequence of steps allows for the creation of conductive CNT
bridges between adjacent electrodes. In this work, for the first time, we demonstrate the creation of
conductive CNT bridges over 50 microns in length. It has been observed that the morphologies of CNT
bridges deposited at frequencies of 100 kHz and above are more orderly than for CNT bridges deposited
at lower frequencies. This difference in the morphologies is attributed to the disruptive circulation of
fluid caused by electroosmosis at lower frequencies. The role of postdeposition heat treatment was
also explored. The observed increase in the conductivity of CNT bridges after the heat treatment
step of 200 °C for 20 min is consistent with the hypothesis that the evaporating solvent and resulting
surface tension pulls together CNTs and consequently decreases CNT-CNT contact resistance. Finally,
electrodeposition of polypyrrole was performed to permanently secure CNT bridges. We believe
that the described step-wise electrokinetic deposition process, capable of producing long chains of
conductive CNT bridges, will find applications in micro- and nanoelectronics, sensors, and energy
storage and conversion.

Author Contributions: Conceptualization, L.K.; methodology, L.K. and T.Z.; software, J.C.; validation,
T.Z. and EK,; formal analysis, T.Z. and L.K.; investigation, T.Z. and E.K.; resources, L.K.; data curation,
T.Z.; writing—original draft preparation, E.K. and T.Z.; writing—review and editing, L.K.; visualization, T.Z.,
E.K,, and J.C.; supervision, L.K.; project administration, L.K.; funding acquisition, L.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Foundation, grant number CMMI-1661877.

Acknowledgments: E.K. and L.K. gratefully acknowledge support of UROP program at the University of
California, Irvine. The authors are grateful to L. Zhao, Y. Zhou, and S. Habibi Zad who performed the initial set
of experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Popov, V.N. Carbon nanotubes: Properties and application. Mater. Sci. Eng. R Rep. 2004, 43, 61-102.
[CrossRef]

2. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56-58. [CrossRef]

3.  Wang, Y;; Zhou, Z,; Yang, Z.; Chen, X.; Xu, D.; Zhang, Y. Gas sensors based on deposited single-walled
carbon nanotube networks for DMMP detection. Nanotechnology 2009, 20, 345502. [CrossRef]

4. Xue, W,; Liu, Y,; Cui, T. High-mobility transistors based on nanoassembled carbon nanotube semiconducting
layer and SiO, nanoparticle dielectric layer. Appl. Phys. Lett. 2006, 89, 163512. [CrossRef]

5. Hu, P; Zhang, C.; Fasoli, A.; Scardaci, V.; Pisana, S.; Hasan, T.; Robertson, J.; Milne, W.I; Ferrari, A.C.
Hysteresis suppression in self-assembled single-wall nanotube field effect transistors. Phys. E Low-Dimens.
Syst. Nanostruct. 2008, 40, 2278-2283. [CrossRef]


http://dx.doi.org/10.1016/j.mser.2003.10.001
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1088/0957-4484/20/34/345502
http://dx.doi.org/10.1063/1.2361278
http://dx.doi.org/10.1016/j.physe.2007.11.034

Micromachines 2020, 11, 371 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Obite, E; ljeomah, G.; Bassi, J.S. Carbon nanotube field effect transistors: Toward future nanoscale electronics.
Int. ]. Comput. Appl. 2019, 41, 149-164. [CrossRef]

Kaempgen, M.; Chan, C.K.; Ma, J.; Cui, Y.; Gruner, G. Printable thin film supercapacitors using single-walled
carbon nanotubes. Nano Lett. 2009, 9, 1872-1876. [CrossRef]

Hills, G.; Lau, C.; Wright, A_; Fuller, S.; Bishop, M.D.; Srimani, T.; Kanhaiya, P.; Ho, R.; Amer, A.; Stein, Y.; et al.
Modern microprocessor built from complementary carbon nanotube transistors. Nature 2019, 572, 595-602.
[CrossRef]

Shulaker, M.M.; Hills, G.; Patil, N.; Wei, H.; Chen, H.-Y.; Wong, H.S.P,; Mitra, S. Carbon nanotube computer.
Nature 2013, 501, 526-530. [CrossRef]

Chen, Z.; Yang, Y.; Chen, F; Qing, Q.; Wu, Z.; Liu, Z. Controllable interconnection of single-walled carbon
nanotubes under AC electric field. J. Phys. Chem. B 2005, 109, 11420-11423. [CrossRef]

Robertson, ].; Zhong, G.; Telg, H.; Thomsen, C.; Warner, ]. H.; Briggs, G.A.D.; Dettlaff-Weglikowska, U.; Roth, S.
Growth and characterization of high-density mats of single-walled carbon nanotubes for interconnects.
Appl. Phys. Lett. 2008, 93, 163111. [CrossRef]

An, L.; Friedrich, C.R. Process parameters and their relations for the dielectrophoretic assembly of carbon
nanotubes. J. Appl. Phys. 2009, 105, 074314. [CrossRef]

Duchamp, M.; Lee, K.; Dwir, B.; Seo, ].W.; Kapon, E.; Forré, L.; Magrez, A. Controlled positioning of carbon
nanotubes by dielectrophoresis: Insights into the solvent and substrate role. ACS Nano 2010, 4, 279-284.
[CrossRef]

An, L.; Friedrich, C. Dielectrophoretic assembly of carbon nanotubes and stability analysis. Prog. Nat. Sci.
Mater. Int. 2013, 23, 367-373. [CrossRef]

Li, J.; Zhang, Q.; Peng, N.; Zhu, Q. Manipulation of carbon nanotubes using AC dielectrophoresis. Appl. Phys.
Lett. 2005, 86, 153116. [CrossRef]

Lee, HW.; Kim, S.H.; Kwak, Y.K.; Han, C.S. Nanoscale fabrication of a single multiwalled carbon nanotube
attached atomic force microscope tip using an electric field. Rev. Sci. Instrum. 2005, 76, 046108. [CrossRef]
Shim, J.S.; Yun, Y.H.; Rust, M.].; Do, J.; Shanov, V.; Schulz, M.].; Ahn, C.H. The precise self-assembly
of individual carbon nanotubes using magnetic capturing and fluidic alignment. Nanotechnology 2009,
20, 325607. [CrossRef]

Wu, P-F,; Lee, G.-B. Assembly of carbon nanotubes between electrodes by utilizing optically induced
dielectrophoresis and dielectrophoresis. Adv. Optoelectron. 2011, 2011, 482741. [CrossRef]

Zhu,L.;Sun, Y.; Hess, D.W.; Wong, C.-P. Well-aligned open-ended carbon nanotube architectures: Anapproach
for device assembly. Nano Lett. 2006, 6, 243-247. [CrossRef]

Xiong, X.; Jaberansari, L, Hahm, M.G.; Busnaina, A.; Jung, Y.J. Building Highly Organized
Single-Walled-Carbon-Nanotube Networks Using Template-Guided Fluidic Assembly. Small 2007,
3,2006-2010. [CrossRef]

Hu, Z.; Hannon, ].B.; Park, H.; Han, S.-J.; Tulevski, G.S.; Afzali, A.; Liehr, M. Photo-Chemically Directed
Self-Assembly of Carbon Nanotubes on Surfaces. arXiv 2017, arXiv:1704.01230.

Kendall, K. Electromechanics of particles. Powder Technol. 1996, 89, 177-178. [CrossRef]

Chen, X.Q.; Saito, T.; Yamada, H.; Matsushige, K. Aligning single-wall carbon nanotubes with an
alternating-current electric field. Appl. Phys. Lett. 2001, 78, 3714-3716. [CrossRef]

Dimaki, M.; Beggild, P. Dielectrophoresis of carbon nanotubes using microelectrodes: A numerical study.
Nanotechnology 2004, 15, 1095. [CrossRef]

Xiong, X.; Busnaina, A.; Selvarasah, S.; Somu, S.; Wei, M.; Mead, J.; Chen, C.L.; Aceros, J.; Makaram, P.;
Dokmeci, M.R. Directed assembly of gold nanoparticle nanowires and networks for nanodevices. Appl. Phys.
Lett. 2007, 91, 063101. [CrossRef]

Madou, M.]. Manufacturing Techniques for Microfabrication and Nanotechnology; CRC Press: Boca Raton, FL,
USA, 2011.

Seo, H.-W.; Han, C.-S.; Choi, D.-G.; Kim, K.-S.; Lee, Y.-H. Controlled assembly of single SWNTs bundle using
dielectrophoresis. Microelectron. Eng. 2005, 81, 83-89. [CrossRef]

Katz, D.; Lopez, D.; Kornblit, A.; Grebel, H. Carbon nanotubes bridges spanning across metal electrode tips.
J. Nanosci. Nanotechnol. 2008, 8, 4382-4386.

Li, J.; Ye, Q.; Cassell, A.; Ng, H.T,; Stevens, R.; Han, J.; Meyyappan, M. Bottom-up approach for carbon
nanotube interconnects. Appl. Phys. Lett. 2003, 82, 2491-2493. [CrossRef]


http://dx.doi.org/10.1080/1206212X.2017.1415111
http://dx.doi.org/10.1021/nl8038579
http://dx.doi.org/10.1038/s41586-019-1493-8
http://dx.doi.org/10.1038/nature12502
http://dx.doi.org/10.1021/jp051848i
http://dx.doi.org/10.1063/1.3000061
http://dx.doi.org/10.1063/1.3093975
http://dx.doi.org/10.1021/nn901559q
http://dx.doi.org/10.1016/j.pnsc.2013.06.004
http://dx.doi.org/10.1063/1.1901825
http://dx.doi.org/10.1063/1.1891445
http://dx.doi.org/10.1088/0957-4484/20/32/325607
http://dx.doi.org/10.1155/2011/482741
http://dx.doi.org/10.1021/nl052183z
http://dx.doi.org/10.1002/smll.200700292
http://dx.doi.org/10.1016/S0032-5910(97)82724-6
http://dx.doi.org/10.1063/1.1377627
http://dx.doi.org/10.1088/0957-4484/15/8/039
http://dx.doi.org/10.1063/1.2763967
http://dx.doi.org/10.1016/j.mee.2005.04.001
http://dx.doi.org/10.1063/1.1566791

Micromachines 2020, 11, 371 13 of 13

30.
31.

32.

33.

34.

35.

36.

Todri-Sanial, A.; Dijon, J.; Maffucci, A. Carbon Nanotubes for Interconnects; Springer: Berlin, Germany, 2017.
Singh, A.; Jayaram, J.; Madou, M.; Akbar, S. Pyrolysis of negative photoresists to fabricate carbon structures
for microelectromechanical systems and electrochemical applications. J. Electrochem. Soc. 2002, 149, E78-E83.
[CrossRef]

Green, N.G.; Ramos, A.; Gonzélez, A.; Morgan, H.; Castellanos, A. Fluid flow induced by nonuniform ac
electric fields in electrolytes on microelectrodes. I. Experimental measurements. Phys. Rev. E Stat. Phys.
Plasmas Fluids Relat. Interdiscip. Top. 2000, 4, 4011. [CrossRef]

Gonzalez, A.; Ramos, A.; Green, N.G.; Castellanos, A.; Morgan, H. Fluid flow induced by nonuniform ac
electric fields in electrolytes on microelectrodes. II. A linear double-layer analysis. Phys. Rev. E Stat. Phys.
Plasmas Fluids Relat. Interdiscip. Top. 2000, 4, 4019. [CrossRef] [PubMed]

Ramos, A.; Morgan, H.; Green, N.G.; Castellanos, A. Ac electrokinetics: A review of forces in microelectrode
structures. . Phys. D Appl. Phys. 1998, 31, 2338. [CrossRef]

Seiphoori, A.; Ma, X.-G.; Arratia, P.E.; Jerolmack, D.]. Formation of stable aggregates by fluid-assembled
solid bridges. Proc. Nat. Acad. Sci. USA 2020, 117, 3375-3381. [CrossRef] [PubMed]

Perez-Gonzalez, V.H.; Ho, V.; Vazquez-Pinon, M.; Martinez-Chapa, S.O.; Kulinsky, L. A novel micro/nano
fabrication process based on the combined use of dielectrophoresis, electroosmotic flow, and electrodeposition
for surface patterning. J. Micromech. Microeng. 2015, 25, 113007. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1149/1.1436085
http://dx.doi.org/10.1103/PhysRevE.61.4011
http://dx.doi.org/10.1103/PhysRevE.61.4019
http://www.ncbi.nlm.nih.gov/pubmed/11088193
http://dx.doi.org/10.1088/0022-3727/31/18/021
http://dx.doi.org/10.1073/pnas.1913855117
http://www.ncbi.nlm.nih.gov/pubmed/32019883
http://dx.doi.org/10.1088/0960-1317/25/11/115007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fabrication of IDEAs 
	Preparation of Carbon Nanotube Suspension 
	Preparation of Pyrrole Solution 
	Deposition of CNT Bridges, Resistance Measurement, and Heat Treatment 
	Polypyrrole (PPy) Deposition 
	Finite Element Analysis Multiphysics Simulation 

	Results and Discussion 
	Continuous vs. Step-Wise CNT Bridge Formation 
	Applied Frequency Influence on the Morphology of CNT Bridges 
	Influence of Postdeposition Heat Treatment on Resistance of CNT Bridges 
	PPy Deposition over CNT Bridges 

	Conclusions 
	References

