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Carbon nanotube (CNT) films are fabricated on indium tin oxide (ITO) glass substrates by
combining electrophoresis with photolithography using ribonucleic acid (RNA)-CNT
hybrids as functionalized CNTs and their emission properties are investigated. The CNTs
are well-dispersed by wrapping them with RNA and well-defined RNA-CNT patterns are

obtained on the ITO glass substrate. The RNA-CNT films show good field emission proper-
ties, such as high current densities, low turn-on fields, and uniform emission images. The
RNA-CNT hybrids compare favorably to other functionalized CNTs for use in the electro-

phoretic deposition.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

CNTs as a form of carbon have attracted much attention in re-
cent years because of their remarkable mechanical and elec-
tronic properties [1,2]. CNTs as field emitters have high aspect
ratios and small radii of curvature, leading to significant
enhancement of the electric-fields at their tips and resulting
in low operating voltages for electron emission [1-3]. The
CNTs are required to be patterned at selective positions with
large-scale control for assembling and orientation. Previous
methods for assembling and integrating CNTs on substrates
include direct growth by chemical vapor deposition [4],
screen-printing from a paste mixture of CNTs [5-7], self-
assembling techniques [8], electrophoresis [9,10], and spray-
ing [11,12] from a CNT solution. In particular, the electropho-
resis is a high throughput and automated industrial process
that has been widely used for coating colloidal particles,
and has been recently applied to CNTs. The process enables
efficient deposition of finely controlled film thickness and
morphology. However, difficulties in this approach, specifi-
cally poor solubility of CNTs in most common solvents, and

* Corresponding author: Fax: +82 2 3290 3791.
E-mail address: bkju@korea.ac.kr (B.-K. Ju).

the tendency of CNTs to form large bundles, still hamper re-
search efforts. A variety of different methods, such as li-
quid-phase dispersion with the aid of polymer wrapping
[13], certain solvents [14], and surfactants [15,16], have been
developed for exfoliation of the CNT. One area that shows par-
ticular promise is the dispersion of single-walled CNTs
(SWCNTs) in water using deoxyribonucleic acid (DNA) or
RNA [17,18]. SWCNTSs have been dispersed in water using nat-
ural DNA and RNA, and custom-synthesized oligonucleotides.
These dispersions have the advantage of using water, which
is very safe and readily available, as a suspension. Here, we
report the fabrication of uniform field emission cathodes by
combining electrophoresis with photolithography using
RNA-SWCNT hybrids as functionalized CNTs. Moreover, the
emission properties of RNA-CNT films are investigated in
terms of low and high purity SWCNTs.

2. Experimental

Low-purity SWCNTs (LSWCNTs), purchased from CarboLex
Inc., are synthesized by the arc method, with a purity of about
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60%. High-purity SWCNTs (HSWNTs) are synthesized by the
high pressure CO conversion (HiPCO) method, obtained in
purified form from Carbon Nanotechnologies Inc., with a pur-
ity of about 90%. The SWNTs have diameters between 1 and
2nm, and were very long (at least 5 um). RNA is a transfer
RNA (tRNA) [19] from Baker’s yeast, purchased from Sigma-
Aldrich (Korea). The tRNA is a type of RNA with a small RNA
chain of approximately 74-95 nucleotides. 80 mg of SWNT
powder was mixed with 100 mL of deionized water and soni-
cated for 3h by an ultra sonic homogenizer (20 kHz, 200 W).
The SWCNT aqueous solution was mixed with a RNA aqueous
solution, in which 40 mg of RNA was added to 100 mL of
deionized water. The mixture was sonicated (40 Hz, 40 W) in
an ice-water bath for 10 min and then centrifuged at 1800g
for about 15 min. The HSWCNT aqueous solution was mixed
with sodium dodecyl sulfate (SDS) aqueous solution, in which
240 mg of SDS was added to 100 mL of deionized water. The
SDS-HSWCNT was sonicated (40 Hz, 40 W) in water bath for
2h and then centrifuged at 1800g for about 15 min. In addi-
tion, 0.4 mL of TAE (4 mM Tris, 1.8 mM Acetic acid, 1 mM
EDTA, pH 8) buffer solution were added to the prepared
RNA-SWCNT and SDS-HSWCNT solution for stable
electrophoresis.

Fig. 1 shows a schematic of the proposed electrophoretic
deposition (see Fig. 1a) and SEM image of RNA-CNT hybrid
film. In order to achieve a selective deposition, the substrate
was conveniently patterned with photoresist (AZ 9260) by a
photolithographic process. Since the RNA-CNT solution was
water based, common photoresists can be use without con-
cerns of photoresist dissolution during electrophoresis. A Pt
plate and the masked ITO electrode were used as counter
and working electrodes, respectively. Two electrodes were
maintained at a distance of 1cm. A constant dc voltage in
the range of 5-10V was applied to the electrodes for 3 min,
resulting in selective deposition of RNA-SWCNT films on
the ITO electrode that was applied to the positive bias. To
leave only RNA-SWCNT films on the ITO electrode, the
masked photoresist layer was removed with acetone. This
sample was dried at 90 °C for 30 min in a conventional oven
and then heated for 15 min by placing it in a furnace at a tem-
perature of 380 °C, under a combination of air and N, environ-
ment. The diameter of the films, which was deposited in the
shape of a dot (the number of dots: 196), was 400 um and its
patterns were well-defined as shown in Fig. 1b. The thickness
of RNA treated LSWCNT and HSWCNT films are approxi-
mately 400 and 200 nm, respectively, as shown in Fig. S1 of
Supporting Information (SI). The field emission properties of
the fabricated cathodes were measured using a parallel plate
geometry in a vacuum chamber under a pressure of more
than 107° Torr. A variable dc voltage was applied between
the cathode and anode separated by 240 ym. The anode was
a glass substrate with an ITO coating, covered by a phosphor
layer. The emission current was monitored by an electrome-
ter and recorded at 1.0 s intervals. The emission images were
taken by a digital camera. The prepared RNA-SWCNT solu-
tion was baked to dry and then observed using high resolu-
tion transmission electron microscopy (HRTEM, Technai G2
F30 of FEI Company). A scanning electron microscope (SEM,
S-4800 of Hitachi Company) was also used to analyze the sur-
face morphology.
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Fig. 1 - (a) Schematic fabrication process for the selective
electrophoretic deposition of RNA-CNT hybrids on an ITO
glass substrate and (b) SEM image of the patterns consist of
RNA-CNT hybrids.

3. Results and discussion

Fig. 2 shows HRTEM images of RNA-LSWCNT and RNA-
HSWCNT hybrids. The image in Fig. 2a shows the RNA coated
around the SWCNTs and the contamination with amorphous
carbon and metal catalyst. In contrast, amorphous carbon
and metal catalyst appeared to be completely absent from
the RNA-HSWNTSs as shown in Fig. 2b. However, Fig. 2c and
d shows an RNA chain wrapped helically around the
LSWCNTs or the bundle HSWCNTs. The diameters of both
the RNA-CNT hybrids were between 2 and 5 nm, indicating
that most tubes are likely to be wrapped with only a RNA
(diameter about 1-2 nm). Therefore, RNA-CNTs can be dis-
persed in deionized water to form a stable solution, regardless
of impurities such as amorphous carbon and metal catalyst.
The mechanism by which RNA acts to disperse can be ex-
plained in terms of the electrostatic properties of the RNA-
SWCNT hybrids [20]. Although SWCNTs are electrically neu-
tral, RNA carries a great deal of negative charges [19]. Thus,
when individual nanotubes or small bundles of nanotubes
are released by sonication, RNA binding through n-stacking
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Fig. 2 - TEM Images of two RNA-SWCNT hybrids. The low magnification of (a) RNA-LSWCNT and (b) RNA-HSWCNT hybrids;
the high magnification of (c) RNA-LSWCNT and (d) tRNA-HSWCNT hybrids.

creates a charge on them. As a result, rather than aggregating
due to Van der Waals forces, the individual nanotubes or
small bundles of nanotubes repel each other and form a sta-
ble solution.

Fig. 3 shows the FE-SEM images of the RNA-LSWCNT and
RNA-HSWCNT films patterned on the ITO glass substrate be-
fore and after heat treatment at 380 °C in air and N,. By heat-
ing at 380°C, which is high enough to burn RNA and
carbonaceous impurities but not high enough to burn the
CNTs, a good deal of the extraneous material would be burnt
off [12]. Each film was treated with an adhesive tape [21] for
surface activation, which leads to preferential alignment
along the vertical direction. Before heat treatment, the sur-
face of the RNA-LSWCNT film included RNA-SWCNT hybrids
and heavy contamination with amorphous carbon and metal
catalyst (see Fig. 3a), but the surface of RNA-HSWCNT film
contained only the RNA-SWCNT hybrids (see Fig. 3b). Because
of this, the RNA-CNT hybrids in RNA-HSWCNT film were
more uniformly distributed, than in the RNA-LSWCNT film
over the pattern area. When samples were heated, the mor-
phology of the RNA-HSCWNT film was almost unchanged
(see Fig. 3d), and a lot of the CNTs or RNA-CNT hybrids still
remained in the films which were aligned preferentially in

the vertical direction (see Fig. 3f). In the case of the RNA-
LSWCNT film, the surface morphology has changed dramati-
cally (see Fig. 3c and e) and numerous, randomly distributed
fissures have been created. Fig. 3e is a magnified image of a
fissure in Fig. 3c. Where it can be seen that the CNTs protrude
from the fissure. These may be RNA-CNTs or CNTs and most
of them were cut. The fissures are probably formed by the
shrinking and movement of composites consisting of RNA
and impurities with amorphous carbon and metal catalyst
in the film, due to the heat treatment.

Fig. 4a and b shows the measured field emission current
densities as a function of the applied field and the corre-
sponding Fowler-Nordheim (F-N) plots for each RNA-CNT
film shown in Fig. 3. Samples A and B are selectively depos-
ited on an ITO glass substrate using the RNA-LSWCNT and
RNA-HSWCNT suspension, respectively. The current density
was calculated by dividing the measured current by the total
area of patterns, which is 0.246 cm?. The field emission data
were analyzed using the F-N model [22], and were replotted
as In (I/E?) vs. 1/E (insets in Fig. 4a and b). The enhancement
factor was derived from the slope of the graph by assuming
that the work function of the CNTs was the same as the work
function of graphite (~5 eV). Table 1 summarizes the turn-on
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Fig. 3 - SEM images of the RNA-CNT films prepared on ITO glass substrates by the electrophoretic deposition using LSWCNTs
and HSWCNTs based RNA-CNT suspension. In addition, all films were treated by adhesive tape as surface activation. (a)
LSWCNT and (b) HSWCNT based RNA-CNT films before the heat treatment; (c) and (e) LSWCNTSs and (d) and (f) HSWCNTs

based RNA-CNT films after the heat treatment.

field for 100 pA/cm?, the emission current density, and the
field enhancement factor for the samples investigated. Sam-
ples, after the heat treatment, exhibited higher current densi-
ties and enhancement factors than those before heat
treatment. The reason for this is different in each case; the re-
sults of sample A is due to the produced fissures in the film
during the heat treatment (see Fig. 3c and e), whereas the re-
sult of sample B may be caused by improved activation
through removing free RNA from the surface of the films by
heating (see Fig. 3d and f).

In contrast, the turn-on field from sample A was similar to
that from sample B under the same conditions. The overall
emission sites of the samples are demonstrated in the order
of sample B with the heat treatment > sample A with the heat
treatment > sample B without the heat treatment > sample A
without the heat treatment, as shown in Fig. 5. After the heat
treatment, sample A showed a high current density and
enhancement factor but the emission site of sample B was

better than that of sample A because the produced fissures
in sample A were non-uniformly and randomly distributed
over the pattern as shown in Fig. 3c and e. Before the heat
treatment, sample B, which showed the lower current density
and enhancement factor relatively displayed the uniform
emission image owing to the uniform distribution of RNA-
CNT hybrids or CNTs over the pattern, as shown in Fig. 3d
and f.

Fig. 6a shows the SEM image of the SDS-HSWCNT film.
Turn-on field of SDS-HSWCNT film was 2.5 V/pym and cur-
rent density was 4 mA/cm? by applying a field of 3.7 V/um,
as shown in Fig. 6b. The field emission image showed rela-
tively better uniform sites for the RNA-CNT hybrid emitters
compared to the SDS-CNT emitters. The RNA-CNT and
SDS-CNT substrate were immersed in a beaker of acetone.
The RNA-CNT hybrids were not removed. The adhesion of
RNA-CNT hybrids on the ITO glass substrate is stronger
than that of SDS-CNT on the ITO glass substrate. SDS-
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Fig. 4 - Gurrent density vs. the applied electric field for (a) the
RNA-LSWCNT film and (b) RNA-HSWCNT film before and
after heat treatment. Inset is the F-N plots.

CNT patterns were not well-defined when the masked pho-
toresist layer was removed with acetone due to the poor
surface adhesion between the SDS-CNT film and the
substrate.

4, Conclusions

RNA-CNT films have been fabricated on ITO glass substrates
by combining electrophoretic deposition with photolithogra-
phy using two RNA-CNT suspensions based on the low and
high purity SWNTs, and the field emission properties of each
RNA-CNT film have been investigated. It has been found that
CNTs are well-dispersed by wrapping them with RNA and
RNA-CNT films are well-defined on the ITO layer, regardless
of the purity of the CNTs used. From the heat treatment, it
is found that the two RNA-CNT films have significantly

Fig. 5 - Field emission images of (a) RNA-LSWCNT and (b)
RNA-HSWCNT films without the heat treatment, and (c)
RNA-LSWCNT and (d) RNA-HSWCNT films with the heat
treatment by applying a field of 4.1 V/pm.

enhanced the field emission properties, such as the current
density, the enhancement factor, and uniform emission.
The current density of the RNA-LSWCNT film is higher than
that of the RNA-HSWCNT film. In the case of the emission
site, the RNA-HSWCNT film shows better results than the
RNA-LSWCNT film. Overall, RNA-CNT hybrids could be made
into a micro-patterned film with high resolution, and applied
to field emission devices for high currents, such as X-ray and
electric beam sources, and for uniform emission images such
as displays, lamps, and back light unit.
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Table 1 - Turn-on field, emission current density and enhancement factor values for LSWCNT and HSWCNT based RNA-CN

films before and after the heat treatment.

Turn-on field for
100 pA/cm? (V/pum)

Sample type Current density at

3.7 V/um (mA/cm?)

Enhancement factor g

RNA-LSWCNT Before heat treatment 3.58 0.17 6356
films (sample A) After heat treatment 2.49 15.21 9258
RNA-HSWCNT Before heat treatment 3.25 0.31 2669
films (sample B) After heat treatment 2.62 1.91 3514
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Fig. 6 — (a) SEM image of the SDS-HSWCNT film prepared on
ITO glass substrate by the electrophoretic deposition. (b)
Current density vs. applied electric field for the SDS-
HSWCNT film. Inset is the field emission image of SDS-

HSWCNT by applying a field of 4.1 V/pm.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.carbon.2011.09.043.
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