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Abstract Dielectrophoresis has been used in the con-

trolled deposition of single-walled carbon nanotubes

(SWNTs) with the focus on the alignment of nanotube thin

films and their applications in the last decade. In this paper,

we extend the research from the selective deposition of

SWNT thin films to the alignment of small nanotube bundles

and individual nanotubes. Electrodes with ‘‘teeth’’-like

patterns are fabricated to study the influence of the electrode

width on the deposition and alignment of SWNTs. The

entire fabrication process is compatible with optical

lithography-based techniques. Therefore, the fabrication

cost is low, and the resulting devices are inexpensive. A

series of SWNT solutions is prepared with concentrations

ranging from 0.0125 to 0.2 mg/ml. The alignment of SWNT

thin films, small bundles, and individual nanotubes is

achieved under the optimized experimental conditions. The

electrical properties of these samples are characterized; the

linear current–voltage plots prove that the aligned SWNTs

are mainly metallic nanotubes. The microscopy inspection

of the samples demonstrates that the alignment of small

nanotube bundles and individual nanotubes can only be

achieved using narrow electrodes and low-concentration

solutions. Our investigation shows that it is possible to

deposit a controlled amount of SWNTs in desirable loca-

tions using dielectrophoresis.

Keywords Single-walled carbon nanotubes (SWNT) �
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Introduction

Carbon nanotube (CNT) is a unique form of carbon

material with remarkable physical, chemical, and electrical

properties [1]. It has attracted considerable attention in the

last 20 years. CNTs have a high potential in a great number

of applications, especially in nanoelectronics and biomed-

ical sensors. A wide variety of electronic devices based on

individual single-walled carbon nanotubes (SWNTs) or

SWNT thin films have been successfully developed and

used as sensors [2–4], field-effect transistors [5, 6], con-

ductive interconnects [7, 8], and energy storage systems

[9, 10]. A critical step to obtain these practical devices is to

deposit well-organized and highly aligned SWNTs in

desired locations. Recently, researchers have developed a

number of methods to align SWNTs: using moving fluids

to organize nanotubes [11], introducing gas flows in reac-

tors or channels [12], withdrawing microfluidic channels

from solutions [13], spin coating nanotube dispersions with

controlled speeds [14, 15], and magnetic capturing of

nanotubes [16]. However, many of these techniques have

limitations and restrictions, because they require either

intensive preparation processes or assisting materials with

special properties. Therefore, their applications are rela-

tively limited.

In comparison, dielectrophoresis, a simple but versatile

method, has proven to be effective in aligning SWNTs in

small and large scales [17, 18]. This method can be con-

ducted at room temperature with low voltages. In addition,

a number of parameters such as solution concentration,

deposition time, AC source amplitude, and frequency can

be adjusted to optimize the quality of the aligned SWNTs.

More importantly, dielectrophoresis can be easily incor-

porated into device fabrication [19, 20] and eventually used

in wafer-level-controlled deposition [21]. Recently, devices
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based on dielectrophoresis-aligned SWNTs have been

developed and used as biocompatible substrates for cell

growth [22], bacteria capturing chips [23], gas sensors [24],

and memory devices [25]. Numerical studies have also

been performed to provide theoretical support of the pro-

cess [26, 27]. However, most of these research efforts are

focused on the alignment of SWNT thin films. Even though

the controlled assembly of single SWNT bundles has been

studied by using various voltage magnitudes and types

[28], a thorough investigation into electrode geometry and

solution concentration is still necessary to achieve the

precise alignment of individual SWNTs and small nano-

tube bundles.

In this paper, we examine the selective deposition of

SWNTs with dielectrophoresis to obtain aligned nanotubes

in the form of thin films, small bundles, and individual

nanotubes. These different results are achieved by changing

a number of parameters in the dielectrophoresis process and

the SWNT samples. Pristine SWNTs are treated with acids

for surface functionalization and diluted with deionized

(DI) water to obtain different concentrations. The SWNT

thin films are deposited and aligned using a large-width

electrode design; the alignment of nanotube bundles and

individual nanotubes is achieved by using a small-width

‘‘teeth’’-like electrode design. The ‘‘teeth’’-like electrodes

are used to induce concentrated and highly directional

electric field in between two opposite ‘‘teeth’’. Conse-

quently, the electric field attracts SWNTs to this location

and rotates them to follow the electric field lines. The

electrodes are fabricated with optical lithography and wet

etching; expensive equipment, such as electron-beam wri-

ter, commonly used in the fabrication of individual nano-

tube devices is avoided. The dielectrophoresis experiments

are conducted at room temperature. Scanning electron

microscopy (SEM) inspection shows that the SWNTs are

well aligned in desired locations. Electrical characterization

of these SWNT devices demonstrates that they have linear

current–voltage (I–V) curves, and their resistance is

dependent on the SWNT solution concentration. The fab-

rication steps, the dielectrophoresis process, the quality of

the aligned nanotubes and thin films, and the characteriza-

tion results are described and discussed in this paper.

Dielectrophoresis

When dielectric particles are exposed to a non-uniform

electric field, charges including electrons and protons are

moved from their initial balanced positions and redistrib-

uted in these particles. The charge redistribution creates

electric dipole moments and forces these particles to rotate

along the electric field lines. The induced effective dipole

moment for an ellipsoidal particle can be expressed as [29]:

peff ¼
Vðep � emÞ

½1 þ ðep � emÞ=emÞ�AL
ð1Þ

where V is the volume of the particle, ep and em are the

permittivities of the particle and the medium, E is the

external electric field strength, AL & 4r2/l2[ln(l/r) - 1] is

the depolarization factor, and r, l are the radius and length

of the ellipsoidal particle, respectively.

Similarly, the external non-uniform electric field can

induce dipole moments in rod-like objects including

nanowires and carbon nanotubes. The dipole moment

parallel to the tube axis is much stronger than that in the

perpendicular direction. Therefore, the polarized nanotube,

if free to move in a medium, is subject to a net force and

can be aligned to follow the electric field direction. The net

force exerted on the nanotube is expressed as [27, 30]:

FDEP ¼ pr2l

6
emRe½fcm�rE2

rms ð2Þ

where the term pr2l/6 is a geometry factor that contains the

volume information of the nanotube, Re[fcm] is the real

number part of the Clausius–Mossotti factor fcm, and rErms

is the gradient of the root mean square of the external

electric field. When the long axis of the nanotube is aligned

along the electric field line, the Clausius–Mossotti factor

fcm can be derived from [27, 31]:

fcm ðlongaxisÞ ¼
e�n � e�m

ðe�n � e�mÞAL þ e�m
ð3Þ

where AL is the depolarization factor along the long axis,

the subscripts n and m represent the nanotube and the

medium, respectively, and e* is the complex permittivity

that contains the information of the physical permittivity e,
the conductivity r, and the angular velocity of the external

electric field x. e* is defined as:

e� ¼ e � j
r
x

ð4Þ

These equations indicate that the dielectrophoresis of

SWNTs is affected by many factors including the

dimensions of the nanotubes, the properties of the

medium, and the strength of the electric field. In our

investigation, the following parameters are adjusted to

control the alignment of the nanotubes: bias voltage,

frequency, deposition time, width of the electrodes, and

nanotube solution concentration.

Previous research demonstrates that the polarization

along the longitudinal direction is much higher than that

along the transverse direction for metallic SWNTs, but

comparable for semiconducting SWNTs [26]. This is

because the metallic SWNTs have a larger Re[fcm], and the

dielectrophoresis force exerted on them is much stronger

than that experienced by the semiconducting SWNTs.

Therefore, we expect that the metallic SWNTs dominate

Nanoscale Res Lett (2010) 5:1072–1078 1073

123



the movement of SWNT bundles in the dielectrophoresis

process in our experiments.

Experimental Details

The pristine SWNTs (outer diameter: 2 nm, length: 10 lm,

purity: [90%), in the form of powder, are purchased from

SES Research Inc. (Houston, TX). Because dielectropho-

resis requires that the SWNTs used in the process are free

to move and rotate in a medium, the pristine SWNTs are

first treated with chemicals to increase the solubility in

water. This step is achieved by the surface functionaliza-

tion of SWNTs using a mixture of strong acids

H2SO4:HNO3 (volume ratio 3:1) [32]. The acid treatment

induces the covalent attachment of carboxylic (–COOH)

groups on the surfaces and open ends of SWNTs. As a

result, the SWNTs can be uniformly dispersed in DI water

and remain stable for a long period of time (10–

12 months). The nitric acid in the mixture can also purify

the SWNTs by removing amorphous carbon, carbon par-

ticles, and other impurities [33]. Next, the functionalized

SWNTs are diluted with DI water and filtered with a

polyvinylidene fluoride (PVDF) filtration membrane (with

an average pore diameter of 0.22 lm) repeatedly for 5–6

times until the pH value of the dispersion reaches five.

After dilution, the SWNT dispersion is treated with an

ultrasonic process for 30 min and followed by the PVDF

filtration to collect the purified and functionalized SWNTs.

Last, the collected SWNTs are diluted with DI water to

obtain different concentrations: 0.2, 0.1, 0.05, 0.025, and

0.0125 mg/ml.

To investigate the deposition and alignment of SWNTs

in various configurations, two types of electrodes are

designed and fabricated. The first design is used for thin

film deposition, and the electrodes have a large width of

400 lm and a gap of 5 lm, as shown in Fig. 1a, b. When

an AC signal is applied on the electrodes, an alternating

and parallel electric field is generated in between. The

SWNTs in the dispersion can be attracted to this area by the

dielectrophoresis force. They are re-oriented to follow the

electric field lines and evenly distributed across the width

of the electrodes after deposition. The second design is

used for the deposition and alignment of sparsely distrib-

uted nanotubes, nanotube bundles, and individual nano-

tubes. The electrodes are designed as ‘‘teeth’’-like

structures with a 3-lm gap in between, as shown in Fig. 1c,

d. The ‘‘teeth’’-like electrode design enables a highly

concentrated electric field in desired regions. In order to

control the electric field strength and distribution, the

electrodes are designed to have two different widths: 5 and

3 lm. The 5-lm-wide electrodes are used for the alignment

of sparsely distributed nanotubes; the 3-lm-wide

electrodes are used for the alignment of nanotube bundles

and individual nanotubes.

The electrodes are fabricated on 4-inch silicon wafers.

The wafers are covered by a 200-nm-thick thermal-grown

SiO2 insulating layer. Metal layers of Cr (100 nm, adhesion

material) and Au (200 nm, electrode material) are coated

on the wafer surface with sputtering. One of the biggest

advantages of dielectrophoresis in nanotube alignment is

its potential in wafer-level-controlled deposition, which is

compatible with the parallel micro/nanofabrication pro-

cesses used in the semiconductor industry. Therefore, ser-

ies (and often expensive) nanofabrication processes using

equipment such as electron-beam lithography and scan-

ning-probe lithography should be avoided. In our investi-

gation, the entire fabrication process is compatible with the

traditional microfabrication technology. We use optical

lithography with a hard contact aligner, a positive photo-

resist (Shipley S1813), and controlled wet etching to

obtain electrodes with sharp tips which can dramatically

strengthen the local electric field. The parameters for the

etching steps are 120 s for Cr etching using a standard

chromium mask etchant and 20 s for Au etching using a

gold etchant (Type TFA from Transene Inc.). After the

controlled etching process, the actual widths of the elec-

trodes are reduced to 2–3 (designed width: 5 lm) and

0.5–1 lm (designed width: 3 lm).

Figure 2a shows the schematic of the experimental

system for the dielectrophoresis of SWNTs. A function

generator (Agilent Technologies 81150A) is used as the

AC signal source, and it is connected to the electrodes

through two metal probes. The potential drop across the

electrode gap is monitored by an oscilloscope (Agilent

Technologies MSO 7054A), which provides the voltage

value in real time. After the instruments are set up, a

Fig. 1 a Schematic of 400-lm-wide electrode design. b SEM image

of the fabricated 400-lm-wide electrodes. c Schematic of ‘‘teeth’’-like

electrode design. d SEM image of the fabricated ‘‘teeth’’-like

electrodes
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droplet of SWNT solution is carefully placed in the area

between the electrodes with a syringe. Next, the AC signal

source is switched on; an electric field is generated in

between the electrode ‘‘teeth’’. The electric field exerts a

net force on the SWNTs and forces them to rotate along the

field line. The SWNTs can be deposited on the substrate

with this orientation, as shown in Fig. 2b. After 30 s of

dielectrophoresis, the AC signal is switched off, and the

SWNT solution is removed with another syringe. The

experiments are conducted at room temperature with an

applied AC signal with peak-to-peak voltage Vpp = 10 V

and frequency f = 5 MHz.

Results and Discussion

Based on the designs of the electrodes, the fabricated

devices can be divided into three groups: 400-lm-wide

electrodes, 5-lm-wide electrodes, and 3-lm-wide elec-

trodes. For each group, the electrodes are exposed to the

SWNT solutions with different concentrations, ranging

from 0.2 to 0.0125 mg/ml. An SEM (FEI Quanta 3D 200i)

is used to inspect the devices after the dielectrophoresis

process. Figure 3 shows the SEM images of the deposited

SWNTs on the devices with the 400-lm-wide electrodes.

This electrode design enables an eventually distributed

electric field with parallel field lines in the gap. The

SWNTs are stretched and aligned in between the electrodes

to follow the parallel electric field lines. The density of the

SWNT thin film is dependent on the concentration of the

SWNT solution used in the dielectrophoresis. A higher

solution concentration induces a denser SWNT film. The

alignment experiments are highly repeatable when used to

fabricate SWNT thin films. However, it is difficult to

obtain small nanotube bundles or individual nanotubes

using this group of devices.

In order to explore the possibility of producing aligned

nanotube bundles and individual nanotubes, narrower

electrodes are used. Figure 4 shows the SEM images of the

aligned SWNTs on the devices with 5-lm-wide electrodes.

Figure 4a demonstrates a dense film of SWNTs covering the

electrode gap, where most SWNTs are aligned to follow the

direction of the electric field lines. As the solution concen-

tration decreases, fewer SWNTs are attracted by the di-

electrophoresis force and deposited on the substrate. In

addition, there are no SWNTs observed outside the elec-

trode gap area. This proves that the dielectrophoresis pro-

cess is a selective deposition technique that only moves

SWNTs to areas with strong electric fields. Figure 4b–d

show sparsely distributed nanotube bundles and Fig. 4e

shows a small bundle of SWNTs. Compared with the

devices with wider electrodes (Fig. 3), the devices with

5-lm-wide electrodes can generate a more concentrated

electric field in the gap and force the SWNTs to land on the

substrate to cover a smaller area. The bundling phenomenon

of SWNTs in the solution is caused by their high aspect

ratios and high flexibility. By comparing Fig. 4b–e, as the

solution concentration decreases, the bundles become thin-

ner due to the lower availability of SWNTs in the solution.

For the narrowest electrodes with 3 lm width, the

quality of the deposition and alignment of SWNTs is

similar to that for the electrodes with 5 lm width, as shown

in Fig. 5. However, there are three major differences

comparing the results from the two designs. First, the

amount of the aligned SWNTs on the 3-lm-wide elec-

trodes is smaller. This is because the area with strong and

concentrated electric field generated by the narrower

electrodes is smaller. Second, the bundles deposited on the

3-lm-wide electrodes are thinner and contain smaller

numbers of nanotubes. Third and most importantly, indi-

vidual nanotubes can be observed in the dielectrophoresis

experiments using low-concentration solutions and 3-lm-

wide electrodes (Fig. 5e). In this case, the narrow electrode

design ensures that the electric field in between the elec-

trodes is extremely concentrated and highly directional.

The low solution concentration ensures that in the adjacent

area there is only one nanotube available in the solution to

be attracted by the electric field. Consequently, this indi-

vidual nanotube is deposited on the substrate and aligned in

between the electrodes.

To gain a better understanding of the solution concen-

tration effect on the dielectrophoresis process, the electrical

properties of the devices after dielectrophoresis are char-

acterized with a semiconductor device analyzer (Agilent

Technologies B1500A). All the devices are based on the

second electrode design which contains the ‘‘teeth’’-like

electrodes with variable widths (Fig. 1d). Each device

consists of eleven 5-lm-wide electrode pairs and nine

3-lm-wide electrode pairs. Figure 6a shows the current–

voltage (I–V) plots of five devices using SWNT solutions

with five different concentrations. In the measured range

between -3 and 3 V, all five I–V plots are highly linear.

The resistances of these devices are calculated based on the

I–V characterization and plotted in Fig. 6b. At a low

SWNT solution concentration of 0.0125 mg/ml, the

Oscilloscope

AC Source (a) (b)

Fig. 2 a Experimental system set up. b SWNT alignment

configuration
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resistance is measured as approximately 11 kX. As the

concentration increases, the resistance quickly decreases to

a lower value. The characterization of these devices veri-

fies the results from the SEM inspection and proves that

higher-concentration solutions lead to denser films with

more deposited SWNTs. The high linearity of the I–V plots

suggests that the aligned SWNTs are mostly metallic

nanotubes instead of semiconducting nanotubes. These

Fig. 3 SEM images of aligned SWNTs with 400-lm-wide electrodes and solutions with different concentrations: a 0.2 mg/ml, b 0.1 mg/ml,

c 0.05 mg/ml, d 0.025 mg/ml, and e 0.0125 mg/ml

Fig. 4 SEM images of aligned SWNTs with 5-lm-wide electrodes and solutions with different concentrations: a 0.2 mg/ml, b 0.1 mg/ml,

c 0.05 mg/ml, d 0.025 mg/ml, and e 0.0125 mg/ml
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experimental results fit well with the prediction described

in the Dielectrophoresis part.

The selective deposition and alignment of nanotube

bundles and individual nanotubes are highly repeatable.

This method can be used in the development of individual

nanotube devices and systems. This may give nanotube-

based electronics a wide range of new opportunities. For

example, in addition to the traditional electronic applica-

tions as field-effect transistors and circuits, devices with a

controlled amount of SWNTs can be used as high-perfor-

mance sensors for chemical sensing, gas detection, and

DNA analysis. Even though the fabrication and deposition

steps presented in this paper are still used for small-scale

processes, they can be easily extended to large-scale pro-

duction. Furthermore, because the entire process is com-

patible with the traditional microfabrication technology, it

has a high potential to be used in wafer-level fabrication to

produce identical devices across the entire surface of the

substrate.

Conclusions

In conclusion, we have successfully deposited and aligned

nanotube thin films, small bundles, and individual nano-

tubes at desired locations. The different alignment results

Fig. 5 SEM images of aligned SWNTs with 3-lm-wide electrodes and solutions with different concentrations: a 0.2 mg/ml, b 0.1 mg/ml,

c 0.05 mg/ml, d 0.025 mg/ml, and e 0.0125 mg/ml
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are achieved by using various electrode designs and SWNT

solutions with various concentrations. In general, elec-

trodes with large widths (400 and 5 lm) generate an

eventually distributed electric field with parallel field lines;

the aligned SWNTs are in the form of thin films or sparsely

distributed bundles. For electrodes with small width

(3 lm), the electric field is highly concentrated and can

induce individual nanotube deposition and alignment. The

electrical characterization shows that the aligned SWNTs

have a highly linear current–voltage relationship, which

proves that the aligned SWNTs are mostly metallic nano-

tubes. In addition, the fabrication process is compatible

with the traditional microfabrication technology and has a

high potential to be used in the wafer-level fabrication in

the future. The method presented in this paper can be used

in a wide range of applications, especially in the devel-

opment of individual nanotube-based devices.
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