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The triboelectricity method uses no adhesives but it induced by the difference of triboelectric series between materials can
vertically align the carbon nanotube (CNT) emitters. CNTs are attached on a silicon wafer by dip-coating method, and then
vertically aligned by the triboelectricity. The field emission property is enhanced up to 270 mA/cm2 at 4V/mm after the
activation of the emitters but no emission is observed at the same electric field before activation. The triboelectricity method
avoids inevitable contamination due to the adhesives of taping method and is suitable for the conventional fabrication process
which uses indirect-attachment method of CNTs. [DOI: 10.1143/JJAP.47.2339]
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Since carbon nanotubes (CNTs) were reported by Iijima in
1991,1) they were used in various fields such as electronics,
materials and mechanics. A number of groups have studied
field emitters by using CNTs.2–4) They have high mechanical
properties (�1TPa),5) high thermal conductivity (�3000

Wm�1 K�1),6) chemical stability, high electric conductivity
and geometries with high aspect ratio.

Compared with conventional field emitters made of metal
such as molybdenum, CNTs have superior of field enhance-
ment due to its high aspect ratio and durability of emitters
from its high thermal conductivity and chemical stability.
Fabrication of field emitters using CNTs can be generally
classified into two types: direct-growth and indirect-attach-
ment. Direct-growth is a method that directly grows the
CNTs onto a substrate by using thermal chemical vapor
deposition (Thermal CVD),7) plasma enhanced chemical
vapor deposition (PECVD),8) arc discharge.1) And indirect-
attachment is a method that attaches CNTs on a substrate by
use of paste, spray, dip-coating, spin-coating, etc. Emitters
fabricated by direct-growth generally show higher properties
of field emission due to vertical directionality and high
adhesion force than those fabricated by indirect-attachment.
However, the indirect-attachment method is a simple and
short process and has little constraint of substrate.

Among the indirect-attachment, the paste method has
been extensively investigated9) because of its suitability for
industrialization and applicability to a large substrate. It
spreads paste consisting of CNTs, binders and solvent, over
a substrate and firmly attaches CNTs on a substrate by
annealing. The taping method is usually applied to align
CNTs vertically in the final stage by attaching adhesive tape
over the CNT layer and peeling it off.10,11) It is frequently
used to activate the CNT emitters fabricated by the indirect-
attachment. However, it leaves inevitable secondary con-
tamination due to the adhesives, which degrades field
emission characteristics.

Triboelectricity is a phenomenon based on the difference
of electron affinity between materials. It is determined by
various factors including materials, pressure, surface rough-
ness, temperature, and humidity. When two materials come
in contact, chemical bonds are formed between some parts
of the two surfaces, which is called adhesion. If they are
separated from each other, the electrons move to one

material with high electron affinity. Then, in a relative sense,
one material becomes negatively charged while the other
becomes positively charged. Thus, electrostatic force is
induced between them. In this process, if there exists friction
force in addition, the process of electron migration is
facilitated and pyroelectric charge based on the frictional
heat enhances the electrostatic force between materials.
Triboelectricity method is able to avoid secondary contam-
ination and excessive loss of CNTs by using electrostatic
force, unlike the taping method that uses adhesives. Our
research suggested that triboelectricity method was more
compatible with the fabrication of field emitters using the
indirect-attachment than the taping method.

Commercially available multi-wall CNTs were purchased
from Iljin Nanotech and oxidized with nitric acid treatment
for purification and dispersion (50 �C, 1 h, ultrasonication).
CNTs have diameter of 10–15 nm and length of 10–20 mm.
CNT colloidal solution (methanol 400ml: CNT 0.02 g) for
dip-coating was prepared by means of 1 h ultrasonication.
Copper and chromium were subsequently deposited on a
silicon substrate to 3000 and 300 Å in thickness by thermal
evaporation as electrode and adhesion layers, respectively.
The substrates were dipped into the colloidal solution,
vertically withdrawn at 0.3mm/min, and then they were
dried enough at room temperature. In the present study, the
specimens were prepared with the CNT film on the substrate
by repeating the dipping-drying method three times. Then,
polyethylene film of 13 mm in thickness was covered over
the specimens, and rubbed with cotton ball to induce
triboelectricity between the interfaces, and then it was
detached to activate CNTs.

In order to confirm the magnitude of triboelectricity,
surface potential was measured at 1-cm-high above the
specimens with an electrostatic voltmeter (Trek 344). The
electrostatic voltmeter used in the present study was an
induction probe type with 2mV resolution. The surface
potential was measured for the specimens located on a bulk
insulator to minimize the measurement error. Field emission
characteristics were evaluated with diode type (0.2827 cm2

emission area, 610 mm cathode-anode gap, 3� 10�6 Torr
high-vacuum).

The schematic diagram of the triboelectricity method is
shown in Fig. 1 which is associated with the triboelectricity
relation of cotton, polyethylene, and CNTs. Relative series
in the strength of triboelectricity from positive charges to�E-mail address: yongkim@snu.ac.kr
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negative charge is shown in Fig. 2. When the cotton ball is
rubbed for 30 s in the entire film and is apart from the surface
readily, latent positive charge sufficiently attracted the each
fibril of CNT is induced on the surface of the CNTs film due
to the negative charges of polyethylene. As shown in Fig. 3,
the induced charge force marked with the surface potential
by means of friction is increased with respect to the increase
of rubbing time.

Since the dip-coating method is based on capillary force
and van der Waals force, CNTs lie flat on the substrate
as shown in Fig. 4(a). However, when the triboelectricity
method activates the dip-coated CNT film, electrostatic
force is sufficient to vertically align the CNTs (1.39 mm of
average height from substrate) because of the sub-micro-
meter distance between the polyethylene and the CNTs [see
Fig. 4(b)]. Because the aligned CNTs have a high aspect
ratio, a high concentration of electric field can be obtained,
and ultimately, the field emission characteristic can be
enhanced.

The surfaces of the CNT film on the substrate before (a)/
after (b) applying the taping method are shown in Fig. 5.
After taping, adhesive residues remain on the substrate and
CNTs are removed completely. This phenomenon occurs
because the adhesion force is weaker between the dip-coated
CNT film and the substrate than that between the adhesive

and the CNT film. As shown in Fig. 4(b), triboelectricity
method does not leave a secondary contamination, which
degrades the properties of field emission.

The emission property of the triboelectricity-treated
specimen showed current density of 270 mA/cm2 under the
electric field of 4V/mm, but that of the non-treated specimen
showed no current at the same electric field. We expected

Fig. 1. Generation schematic of electrostatic forces induced by tribo-

electricity.

Fig. 2. Triboelectricity series of various materials.12)

Fig. 3. Surface potentials of activated CNTs film.

Fig. 4. Activation of CNTs as field emitters using triboelectricity

method. (a) CNTs film fabricated by dip-coating (cross-section view).

(b) Activated CNTs after application of triboelectricity method (cross-

section view).

Fig. 5. Secondary contamination (residues of the adhesives) due to taping

method for activating CNTs as field emitters. (a) CNTs film fabricated by

dip-coating (top view). (b) Residues of the adhesives after taping method

(top view).
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that field emitted area was enhanced up to 53.6% as
shown in Fig. 6 because of the increasing the number of
available emitters comparing to non-activated case. The
density of CNT emitters were dramatically increased up to
15 emitters/mm2. It is reasonable that CNTs are activated as
emitters with triboelectricity method. However, the uni-
formity of field emission was poor relatively, because the
dip-coated film had a poor uniformity due to the aggregation
of CNTs in the colloidal solution as shown in Fig. 4(a).
Therefore, the advanced dip-coating technique was able to
improve the uniformity of field emission.

Figure 7 shows the stability of the anode current for CNT
emitters activated by triboelectricity. It is measured at fixed
DC voltage, which induced 1.6mA/cm2 of anode current
density. There was 37.25% degradation of current density
over 40min and the fluctuation induced by adsorption
residual gas. Dip-coated CNT, which is activated by
triboelectricity, had adhesion force enough to resist from
detaching induced by electric field.

In summary, field emitters were activated by triboelec-
tricity induced by the difference of electron affinity between
materials. CNTs were attached on the silicon substrate by
dip-coating and vertically-aligned by the triboelectricity
method. Triboelectricity was confirmed by measuring the
surface potential and the usefulness of the present method
for CNTs was demonstrated by SEM images as well as field

emission tests. Moreover, it was able to avoid inevitable
secondary contamination which occurs in the taping method
and can be applied to the conventional fabrication of field
emitters using the indirect-attachment method with CNTs.
Thus, our research suggests that the triboelectricity method
is a good candidate for replacing the taping method for the
activation of field emitters using CNTs.
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Fig. 6. I–V curve: non activated emitter (dot line), activated emitter (solid

line), emission image of activated emitter (inset).

Fig. 7. Stability of anode current for CNT emitters activated by tribo-

electricity.
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