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A very simple, clean, and effective method based on a reliable machining process called electrical
discharge machining �EDM� was introduced in order to enhance the field emission uniformity of
carbon nanofibers �CNFs�. After an EDM post-treatment, the uniformity of the CNF emitters was
clearly improved without contaminations, damages, or crystalline deteriorations of the CNFs. As a
result, field emission uniformity was apparently enhanced at a low electric field range, promising
that the method can be practical for applications requiring both large size and fine uniformity such
as in a backlight unit. © 2007 American Institute of Physics. �DOI: 10.1063/1.2432239�

Since the last decade carbon nanotubes have been con-
sidered as an excellent emitter for field emission displays
�FEDs�,1–3 light sources,4,5 etc. This is due to their high as-
pect ratio, good mechanical/electrical properties, and
thermal/chemical stability. Recently, carbon nanofiber �CNF�
has been intensively investigated as a good candidate for
cold cathode material.6–8 In order to accomplish a high qual-
ity FED, it is essential to achieve a uniformity in the CNFs
working as the emitters on the cathode.9 There have
been many endeavors to develop techniques such as
growth controlling,10 mechanical processing,11,12 chemical
treatment,13 plasma treatment,14–16 and laser irradiation.17,18

In order to be both practical and reliable, the treatment pro-
cess not only has to be simple and applicable to a large area
but also should be safe from postcontaminations or unneces-
sary damages to the CNFs. In this study we introduce a very
neat method for enhancing the uniformity of CNF emissions
by adopting an electrical discharge machining �EDM� pro-
cess. In EDM, a voltage difference is applied between two
conductive electrodes located in a dielectric fluid. When the
two electrodes become close enough, the dielectric fluid
breaks down and conducts an electrical current causing an
electrical discharge �a spark� between them. The high fre-
quency sparks create a very high temperature at localized
spots on the electrodes, the electrode material then melts and
becomes vaporized. Since EDM is basically a thermal ma-
chining process, any conductive materials can be machined
regardless of their mechanical strength.19,20 Since the 1950s,
EDM has been widely used for machining a variety of di-
verse products, especially products that are hard, compli-
cated, curved, and slender.21,22 In addition, the recent trend in
reducing the size of products has encouraged a significant
amount of research in the development of micro-EDM.23–26

Here, we introduce the EDM process to the vertical leveling
of CNF emitters without contaminations or damages and
report the consequential improvement of the field emi-
ssion uniformity. Analytical features are also given as
explanations.

The CNFs used in this study were grown using a thermal
chemical vapor deposition method at 600 °C for 20 min

from NH3/C2H2 gases with Ni catalysts. More detailed in-
formation on the synthesis has been described elsewhere.27

The CNFs were synthesized in a very entangled and rugged
form with a height of 50–60 �m. We applied the EDM pro-
cess to the raw CNF surface using a cylindrical tungsten
carbide �WC� tool electrode having a diameter of 1 mm. The
CNF surface, with an area of 10�10 mm2, was machined by
feeding the tool electrode line by line. A schematic illustra-
tion of the EDM process is depicted in Fig. 1.

The feed rate was set to 200 �m/s, which was slow
enough to prevent a short between the CNFs and the tool
electrode. The CNF specimen was fixed on a three-
dimensional controllable tilting stage that helped keep the
gap between the specimen and the tool constant over the
machining area. The EDM process is generally conducted in
a dielectric fluid such as kerosene or de-ionized water.28

However, kerosene produces a lot of carbonic by-products
during machining29 that could contaminate the CNFs. De-
ionized water is also inappropriate for processing CNFs be-
cause the machining zone by the spark is too large. In the
present study, the EDM process was carried out in air and the
discharge energy was carefully minimized to prevent con-
taminations or damages to the CNFs. Since CNFs are high
aspect ratio structures having a nanoscale diameter, they are
easily machined without the use of any dielectric fluid. An
RC circuit was used as the discharge circuit, which is suit-
able for producing high frequency pulses using little energy.

The grown CNFs shown in Fig. 2�a� were quite en-
tangled and jagged, whereas the surface was well leveled in
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FIG. 1. �Color online� Schematics of the EDM process. The applied voltage
was dc 100 V, and only a stray capacitance �inherent capacitance of a ma-
chining system� was applied.
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the vertical direction after the EDM treatment �Fig. 2�b��.
Enlarged surface profiles shown in Figs. 2�c� and 2�d� indi-
cate that the uniformity of the CNF surface morphology was
clearly improved after the EDM treatment. In brief, we
proved that EDM can vertically level CNFs effectively. Un-
desirable residue was not observed because any supplemen-
tary materials, such as subsidiary fluids or chemical agents,
were not used. Mechanical damage was intrinsically impos-
sible since EDM is a noncontact machining process and the
machining force was negligible.30 As a consequence, the
CNF cathode surface was free from both contaminations and
damages while the uniformity was evidently enhanced.

A Raman spectra analysis was performed to check
whether the crystalline properties of the CNFs were changed
by the heat since the EDM process is conducted under very
high temperatures in the range of 8000–12 000 °C.31 As il-
lustrated in Fig. 3, it is obvious that the CNFs did not dete-
riorate during the EDM process because the value of ID / IG
did not change. This indicated that the discharge energy was
so small and localized that the overall CNFs could not be
thermally damaged either.

For the cases with and without EDM treatment, the field
emission characteristics were investigated in a vacuum
chamber under a pressure of 4�10−7 torr. For each case, an
indium tin oxide glass panel partly coated with phosphors
was used as the anode, and the gap between the anode and

the cathode was 610 �m. The actual emission area was a
0.2827 cm2 circular hole with a diameter of 6 mm. The
emission currents were evaluated by averaging the measured
currents over the entire area of the hole.

Figure 4 shows the field emission I-V characteristics of
cases with and without EDM. After the EDM treatment, the
turn-on voltage increased due to the reduction of the emitter
height, as shown in Figs. 2�a� and 2�b�, and the current den-
sity was found to be less than the case without EDM at the
same electric field. However, the emission site distributions
were considerably improved after the EDM treatment even at
a low electric field range, as displayed in Fig. 5. As a result
of the uneven concentration of the electric field, before the
EDM treatment only the taller emitters started to emit elec-
trons while the shorter ones did not work yet at a low electric
field range �Fig. 5�a��. Although the electric field was in-
creased further, dark spots still randomly existed �Fig. 5�b��.
In comparison, after the EDM treatment a large number of
emitters started to work simultaneously at a low electric field
range, which resulted in a uniform distribution of emission
sites �Fig. 5�c��; the good emission uniformity showed a

FIG. 2. SEM images of CNF films: �a� before and �b� after the EDM treat-
ment. The average height of the CNFs was 50–60 �m before the EDM
treatment, while that was reduced to 25 �m after the EDM treatment. �c�
and �d� are enlarged surface profiles �c� before and �d� after EDM treatment.

FIG. 3. �Color online� Raman spectra of the two cases.

FIG. 4. �Color online� I-V characteristics of the two cases: without EDM
CNF cathode and with EDM CNF cathode, the turn-on fields �defined as the
electric field at the current density of 10 �A/cm2� are 1.93 and 2.17 V/�m,
respectively.

FIG. 5. �Color online� Emission images at a low electric field range: ��a� and
�b�� before and ��c� and �d�� after the EDM treatment. ��a� and �c�� and ��b�
and �d�� were taken at the same electric field of 2.3 and 2.7 V/�m,
respectively.

033117-2 Ok et al. Appl. Phys. Lett. 90, 033117 �2007�

Downloaded 21 Jan 2007 to 147.46.246.139. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



steady and stable progress with increasing electric field �Fig.
5�d��.

This study focused on the uniformity enhancement of
CNFs in an efficient and clean way. The EDM process can be
controlled by adjusting the applied voltage and the distance
between the workpiece �CNFs� and the machining tool,
which means that this process is quite simple. Since the
EDM process does not require any organic agent or any in-
termediate material and is a noncontact process, the CNF
cathode can avoid unfavorable contaminations and physical
damages. After an EDM post-treatment, the uniformity of the
field emission was clearly improved at a low electric field
range without the crystalline debasement of the CNFs. All
things considered, it is very probable that our method can be
applicable to practical field emission devices requiring large
scale uniformity such as in a backlight unit.
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