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A novel method for fabrication of vertically aligned single-walled carbon nanotubes

(SWCNTs) on indium–tin oxide glass substrates modified with self-assembly monolayer

has been developed by using a supporting frame composed of a monolayer of monodi-

spersed silica beads and an alternating current electric field. We have found that SWCNTs

can be implanted into the interstices of the colloidal superlattices, which function as sup-

porting scaffold to prevent the SWCNTs from falling down and maintain the SWCNTs at

low density. As a result, this vertically aligned SWCNT assembly exhibits enhanced field

emission.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The use of single-walled carbon nanotubes (SWCNTs) as field

emission source is one of the most promising aspects among

SWCNT-based applications [1–8]. In the application of carbon

nanotubes (CNTs) to field emission display (FED), many ef-

forts have been made to prepare vertically aligned CNTs on

a large scale. Vertically aligned CNT films can be prepared

by chemical vapor deposition (CVD) [9–13]. In order to obtain

free-standing CNTs, substrate bias generated by applied

direct current (DC) [14,15], magnetic field [16], or porous alu-

mina templates [17] have been integrated into the thermal

CVD method. As a typical paradigm, freestanding CNT arrays

were synthesized on Ni dot arrays by DC plasma-enhanced

CVD [18,19]. However, both the direct and the modified CVD

methods show disadvantages in the high temperature (850–
er Ltd. All rights reserved

.
Jung).
this work.
1000 �C) required in synthesis and the remaining of catalyst

residue in the resultant vertically aligned CNT films or arrays.

As a post-treatment approach, screen-printing is com-

monly used to fabricate SWCNT cathodes for FEDs [20–22],

but this approach still suffers from short lifespan of the FED

devices and low resolution due to the ununiformity of

SWCNTs and organic contaminants. As an alternative post-

treatment approach, self-assembly method is easy and shows

promising prospect for preparing vertically aligned SWCNTs

at room temperature. Several self-assembly methods such

as chemical assembly onto various surfaces have been used

to prepare SWCNT films [23,24]. Although this method has

great potential for the surface modification and functionaliza-

tion with SWCNTs, the alignment degree of the resulting

SWCNTs is not sufficient for practical applications, which re-

sults in low emission performance.
.
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In this paper, we present a novel self-assembling method,

which makes use of a colloidal monolayer as supporting frame

in the presence of an alternating current (AC) electric field, for

preparing vertically aligned SWCNTs in the application of

high-efficient FED devices. It is shown that the interstices of

the colloidal particle assembly can maintain the vertical align-

ment of the SWCNTs after the electric field is removed. This

method affords vertically aligned SWCNTs on self-assembly

monolayer (SAM) modified indium–tin oxide (ITO) substrates

at room temperature, resulting in highly efficient use of

SWCNTs and large area deposition of SWCNTs. The field emis-

sion property was characterized, and the field emission de-

vices prepared by using these SWCNT assemblies exhibit

high performance in field emission property.
Fig. 1 – Illustration of the electric field assisted self-

assembling method for preparation of vertically aligned

SWCNTs in the interstices of colloidal superlattices.

2. Experimental

2.1. Purification and treatment of SWCNTs

As-prepared SWCNTs (HiPco, Carbon Nanotechnologies Inc.)

were purified and end functionalized by using hydrochloric

acid and piranha solution, respectively [25,26]. Before the

end functionalization process, the purified SWCNTs were an-

nealed at 800 �C for 1 h under the protection of Ar in order to

reduce the defect content on the side-wall surfaces. The end

functionalized SWCNTs were dispersed in N,N-dimethylform-

amide (DMF) (20 mg L�1) by ultrasonication for 4 h. The solu-

tion was centrifuged at 15,000 rpm for 90 min to separate

the high-efficiently dispersed SWCNTs from the SWCNT bun-

dles; the supernatant was decanted for characterization and

fabrication of field emission devices.
2.2. Preparation of colloidal silica spheres

SiO2 spheres with diameters ranging from 280 to 730 nm

were synthesized with the Stöber method via a sol–gel reac-

tion of silicon alkoxide, i.e., tetraethylorthosilicate (TEOS)

[27], and a modified seeded-growth procedure originally de-

scribed by Zhang et al. [28] A typical procedure was as follows:

0.5 mL of TEOS was rapidly mixed with 2 mL of ethanol; the

TEOS solution was added to a mixture solution of ethanol

and NH4OH (100 mL of ethanol and 20 mL of NH4OH (28–

30%, Merck)), followed by stirring for 2 h at room temperature.

The resultant suspension contained particles of approxi-

mately 300 nm in diameter. Using these particles as seeds,

larger silica particles were synthesized by further addition

of TEOS into the reaction system. Unreacted precursors were

removed by solvent exchanging: the particles were retrieved

by centrifuging at 3000 rpm and redispersed in deionized

water by ultrasonication. Silica spheres with diameter of

280, 570, and 730 nm were synthesized. Finally, the silica

spheres were redispersed in ethanol with a concentration of

10 wt% for future usage.

2.3. Preparation of FED devices

In this study, three substrates were used to prepare

SWCNT assemblies, i.e., 2-carboxyethyl phosphonic acid (2-

CPA) SAM-modified ITO, amino-silanized ITO, and colloidal
particle covered and 2-CPA modified ITO surfaces. Fig. 1

shows a self-assembling approach for preparing SWCNT

assembly cathode by using the colloidal particle covered

and 2-CPA modified ITO substrate. After successively cleaned

with ultrasonication in chloroform, acetone, and 2-propanol,

ITO surfaces were modified with 2-CPA, having a phosphonic

head-group (–PO3H2) and a carboxylic acid tail (–COOH), by

immersing the ITO substrates into a 5 mM 2-CPA solution in

2-propanol for 20 h, resulting in the formation of a 2-CPA

SAM on ITO surfaces. And then monodispersed silica beads

were spin coated on the 2-CPA modified ITO surfaces. Finally,

SWCNT assembly cathode of FED device was prepared by

electrophoresis deposition: 10 V of an AC electric field with

a frequency of 10 KHz was applied across the colloidal parti-

cle coated ITO substrate (positively biased with an offset of

5 V) and a piece of bare ITO substrate (negatively biased),

which were spaced out by insulating spacers (1 mm in thick-

ness), after a SWCNT solution was injected into the space be-

tween the two electrodes. The AC voltage was kept until the

solvent evaporated off. The SWCNTs can be driven to verti-

cally align on the surfaces of the positively charged electrode

under the induction effect of electric field [29], and immobi-

lized in the interstices of the colloidal superlattices via the

interactions between the 2-CPA SAM and the carboxylic acid

groups on SWCNTs’ ends. Moreover, the SWCNTs can be kept

vertically standing with the supporting of the silica beads

even after the electric field is removed, while the strong affin-

ity between the SAM and the end-functional groups of the

SWCNTs guarantees the robust attachment of the SWCNTs

to ITO surfaces.

2.4. Instrumentation

Scanning electron microscopy (SEM) images were obtained

on an FEI SIRION FE-SEM operated at 10 kV. Raman spectra

were recorded on a Bruker RFS-100 Raman Spectrometer with

an excitation wavelength of 1064 nm. Atomic force micro-

scope (AFM) images were obtained using an SPA 3800 N

microscope with a SPA-400 scanner. AFM samples were pre-

pared by dropping the SWCNT DMF solution on ITO sub-

strates, which were afterward covered with another piece of
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glass slide and dried on a hot stage at 80 �C for 1 h. Finally, the

ITO slides were separated for AFM scanning. The AC voltage

used to prepare the SWCNT assembly cathode was generated

by a HAMEG Programmable Function Generator (HM 8130); in

the process of electrophoresis deposition, a Tektronix Oscillo-

scope (TDS 380) was used to monitor the current. The field

emission current was measured by using a high-voltage sup-

ply (Keithley 248) and picoampere meter (Keithley 486) at a

base pressure of 2 · 10�6 torr. The field emission I–V curves

were recorded after sweeping the voltage several times for

aging the field emission devices.

3. Results and discussion

Raman spectroscopy was used to verify the dispersibility of

the SWCNTs in DMF suspension with a concentration of less

than 10 mg L�1. For the efficiently dispersed SWCNTs in DMF

solution, the radial breathing mode band shows an up-shift of

9 cm�1 with respect to the solid SWCNT sample: 189 cm�1 for

the as-prepared and purified SWCNTs at solid state and

198 cm�1 for the functionalized SWCNTs dispersed in DMF

(Fig. 2a). This up-shift upon debunding results from the de-

creased energy spacing of the Van Hove singularities in iso-

lated tubes over the spacing in a rope [30], indicating that

the interaction between the SWCNTs in the DMF solution is

weaker than that of SWCNTs at solid state, i.e., the SWCNTs

can exist in an isolated state in the DMF solution. The small

change in the D-bands of the functionalized SWCNTs with re-

spect to that of the as-prepared SWCNTs indicates that less

structural modification on the side-walls of SWCNTs has

been produced during the process of end functionalization.

In addition, the dispersibility of the SWCNTs in DMF was fur-

ther examined by AFM: AFM images show that the SWCNTs’

diameter ranges from 1.2 to 3.0 nm, supporting that the

SWCNTs are isolatedly dispersed in the DMF solution (Fig. 2b).

The SWCNT assembly was first electrophoresis-deposited

on 2-CPA SAM-modified ITO surfaces, with no use of the col-

loidal superlattices. The 2-CPA SAM was designed to increase

the affinity between the SWCNTs and the ITO glass substrate

[31]. Although it is generally believed that –PO3H2 reacts with
Fig. 2 – (a) Comparison of the Raman spectra of as-prepared an

SWCNTs dispersed in DMF, (b) an AFM image of the isolated SW
ITO surfaces via the formation of a strong ionic bond between

the anionic phosphonic acid group and the cationic metal of

ITO [32], the bonding nature remains debated [31]. In this

work, the relatively stronger interaction between the

SWCNTs and 2-CPA with respect to that between the SWCNTs

and bare ITO surfaces was directly verified by the selective

deposition of the SWCNTs onto 2-CPA line patterns (Support-

ing material S1). The cathodes of the FED devices were pre-

pared by electrophoresis deposition of the SWCNTs onto the

surfaces of 2-CPA SAM-modified ITO glass. On the induction

effect of the AC electric field, the SWCNTs in the suspension

move to the positively charged electrode and vertically

aligned on the electrode surface, as an optical image shows

in Fig. 3 [29].

SEM image shows that the SWCNTs cannot retain the ver-

tical alignment after the electric field is removed (Fig. 4a).

Field emission devices were prepared with this SWCNT-

coated ITO substrate used as cathode, a phosphor-coated

ITO glass used as anode, and alumina layer of 200 lm in thick-

ness used as spacer between the cathode and the anode; and

the devices fabricated with such SWCNT coated ITO sub-

strates exhibit poor field emission property (Fig. 4b). We spec-

ulate that the vertical alignment of the SWCNTs could be

influenced by two factors: the interaction intensity of the

nanotubes with the substrate and an effect of supporting

frame that prevents the nanotubes from falling down. The

first effort to keep the SWCNTs vertically aligned was carried

out by replacing the interaction between the 2-CPA and the

SWCNTs with a chemical bonding (Supporting Material S2).

Unfortunately, the vertical alignment of the SWCNT still can-

not be reserved after the electric field is removed even though

the strength of the chemical bonding between the SWCNTs

and ITO surfaces is greater than that in the 2-CPA SAM case.

In order to keep the SWCNTs’ vertical alignment after the

electric field is removed a kind of scaffold is incorporated into

this system. Close-packed colloidal particles (monodispersed

silica beads of 570 nm in diameter) stacked onto the 2-CPA

modified ITO surfaces are designed as a supporting frame

(Fig. 5a) [33]; it is expected that the SWCNTs can be implanted

into the interstices of the colloidal superlattices. As shown in
d purified SWCNTs in solid state and the functionalized

CNTs and the corresponding height profiles.



Fig. 3 – An optical image of the aligned SWCNTs deposited

on positively charged ITO electrode surface in the presence

of an electric field. The right electrode is the positively

charged one in this image.

Fig. 4 – (a) An SEM image of SWCNT film deposited on ITO

surface with no supporting colloidal frame and (b) a plot of

the current density versus electric field for the field

emission devices fabricated with such SWCNT films.

Fig. 5 – SEM images of (a) silica colloidal monolayer, (b)

vertically aligned SWCNTs in the interstices of silica beads,

(c) a titled image of a vertical SWCNT bundle, standing

against a colloidal particle and attached on the ITO

substrates and (d) field emission characteristics of a field

emission device fabricated with such aligned SWCNTs, and

the F–N plot in the inset.
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Fig. 3, the SWCNTs are vertically deposited on the ITO sur-

faces with the induction effect of electric field (a solution with

concentration less than 2 mg L�1 was used); moreover, the

vertical alignment of the SWCNTs can be maintained in the

interstices of the colloidal superlattices after the electric field
is moved, as tips of tiny SWCNT bundles can be observed

when viewed from the top of the assembly film (Fig. 5b). A

tilted SEM image shows that the SWCNTs, standing against



C A R B O N 4 7 ( 2 0 0 9 ) 1 5 5 5 – 1 5 6 0 1559
the colloidal particles, are directly anchored on the SAM-

modified ITO substrates (Fig. 5c). Therefore, the silica beads

play an important role in keeping SWCNTs vertically aligned

onto the ITO surfaces.

The behavior of the aligned SWCNTs varies with both the

size of silica beads and the concentration of the SWCNT solu-

tion. In our research, silica beads with diameter of 280, 570,

and 730 nm were employed to fabricate the SWCNT assem-

blies. We found that the bead size shows remarkable influence

on SWCNT deposition. 570 nm turns out to be the optimal

diameter to obtain vertically aligned SWCNTs, as described

above. On using silica beads of 280 nm in diameter, both verti-

cally aligned SWCNTs and aggregated SWCNTs lying on the

top of the colloidal monolayer are observed (Supporting Mate-

rial S3). Finally, the monolayer of 730 nm silica beads cannot

efficiently maintain the SWCNTs vertically aligned because

of the bigger interstices. As for the influence of SWCNT con-

centration, the SWCNTs were found to be highly overlapped

on the top of the colloidal superlattices (Fig. 6a), when a high

concentration solution (more than 5 mg L�1) was used, proba-

bly because more physical interconnections exist among

the SWCNTs in such a solution. Similar to the field emission

devices fabricated in the absence of colloidal superlattices,

the devices fabricated with the overlapped SWCNTs show

poor field emission property also (Fig. 6b).

On the other hand, the aligned SWCNTs in the interstices

of the colloidal superlattices show notable improvement in

field emission. Fig. 5d shows the change of field emission cur-
Fig. 6 – (a) An SEM image of overlapped SWCNTs formed

with a high-concentrated SWCNT solution and (b) a plot of

the current density versus electric field for the field

emission devices fabricated with such SWCNT films.
rent density of a device fabricated with the vertically aligned

SWCNTs as a function of the applied electric field. The thresh-

old voltage (Eth) is measured to be 2.4 V lm�1, and the emis-

sion current density of this device is found to be around

600 lA cm�2 at a voltage of 3.2 V lm�1. The field enhancement

factor (b) is determined by using the Fowler–Nordheim (F–N)

relationship: b = B/3/2d S�1, where B = 6.83 · 109 (VeV�3/2 m�1),

/ represents the work function of SWCNTs and d represents

the distance between the two electrodes. Therefore, b is

calculated to be 3392 with an assumed work function of 5 eV

for the SWCNTs (inset of Fig. 5d). The enhancement in the field

emission is clearly due to the vertical alignment of the

SWCNTs obtained with the supporting of silica beads, since

the field emission devices fabricated in the absence of the

colloidal monolayer show very weak field emission

(Fig. 4b).

It is worthy to note that the silica monolayer plays impor-

tant roles in obtaining high field emission performance in two

ways: keeping the SWCNTs vertically aligned as discussed

above and preventing the SWCNTs densely aggregated. It

was reported that the density of the SWCNTs plays a crucial

role for field emission properties [34–36], and low density

SWCNT films generate higher emission current, due to the

avoidance of the screening effect. Fig. 1 illustrates geometric

relationship between the interstice and bead size, from which

we can qualitatively know the density of the interstice. There-

fore, in our study, the high field emission property is attrib-

uted to both the vertical alignment of SWCNTs and low

SWCNT density.
4. Conclusions

We have developed a new method for the fabrication of verti-

cally aligned SWCNTs on SAM-modified ITO substrates by

using a well dispersed SWCNT solution, a supporting frame

composed of a monodispersed silica monolayer, and an AC

electric field. The use of the colloidal monolayer as the sup-

porting frame contributes to both the vertical alignment of

the SWCNTs on the ITO substrate and the low density of

the aligned SWCNTs, resulting in enhanced field emission.

This approach can potentially lead to the application of

SWCNTs as field emission sources in flat panel displays, as

well as the possibilities of other techniques such as photoli-

thographic and imprint lithographic approaches. Addition-

ally, this method using a supporting frame to build

vertically aligned SWCNTs has the following advantage: low

CNT consumption, mild temperature condition, and large

area deposition. Therefore, this method may open a new ave-

nue for SWCNTs to mass application.
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