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Abstract
Nanostructured carbon (nm-C), including carbon 

nanotubes and nanofibers (CNTs/CNFs) is promising 
for low-cost field emission display (FED) application.
By modification of CNTs/CNFs, uniform CNTs/CNFs
can be obtained and used for field emission cathode 
(FEC) on glass substrate. By screen-printing (SP) and 
electrophoretic deposition (EPD) process, large area 
FEC can be obtained. The FED properties are studied 
and compared. Both SP and EPD FEC show excellent
field emission properties, such as low emission field 
and uniform emission, after optimization the
fabrication process. While EPD FEC exhibits
better luminescence image. By vacuum sealing, the 
low cost nm-C-FED prototypes based on EPD
cathode have been demonstrated.

1. Objectives and Background
Nanostructured carbon (nm-C), including

carbon nanotubes and nanofibers (CNTs/CNFs)
possess the properties favorable for field emitters, 
such as high aspect ratio, extremely small
diameter, high emission current, high mechanical 
strength, and high chemical stability [1-7]. The 
nm-C field emission display (nm-C-FED) has the 
potentials to be developed as a flat panel display
for large screen TV applications [8-9], because 
the cathodes and anodes can be formed by low 
cost processes such as screen-printing (SP) [10-
12] and electrophoretic deposition (EPD)
methods [13-15]. SP eliminates sophisticated 
process steps (such as micron range lithography), 
and enables a lower investment in equipment and 
facilities [16-18]. EPD is based on the presence 
of small charged particles in a liquid, which, on 
the application of a DC electric field, will move 
to and deposit on an oppositely charged electrode. 
As another promising method for carbon powder 

materials-based cold cathode fabrication, EPD
has the advantages of short formation time,
simple deposition apparatus, low cost, little
restriction in the shape of the substrates and
suitability for mass production.

In this paper, SP and EPD methods have
been used to produce nm-C field emission cold 
cathodes. The comparison of emission properties 
and uniformity of the cathodes as-prepared will 
propose better method for FED.

2. Results
The CNTs/CNFs were synthesized by

thermal CVD system on nickel plate in the H2
ambient at the temperature of 600 °C, using
acetylene (C2H2) as the carbon source. The as-
grown CNTs/CNFs were scraped off from the 
nickel substrates and then milled into powder.
The milled CNTs/CNFs powder was mixed with 
ethylcellulose and terpineol, and then sufficiently 
stirred in an agate bowl for about 1 hour to make 
the CNTs/CNFs homogeneous ly dispersed in the
organic materials. After that, the CNTs/CNFs
slurry was screen printed through a mesh on the 
glass substrate, which had already been coated
with a silver conductive layer by SP process.
After exposed to air at room temperature for
about 20 min, the substrate was put into 200 °C
sinter furnace to remove the organic binders in
the paste. The CNTs/CNFs film cathode was
finally formed after heated at 550 °C in hydrogen 
for 15 minutes.

The general scheme of the EPD process,
used for the sample preparation, is shown in Fig.
1. The CNTs/CNFs powder, same as those used 
for SP, was placed into the vessel with the
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mixture of acetone and ethanol which is used as a 
dispersion medium. Al(NO3)3 was added into the 
suspension to increase the deposition rate and
improve the adhesion of the powder particles to 
the substrate. The solution was then
ultrasonicated about 30 min to form a stable
suspension. Glass plates with a silver film layer
or with ITO coating were used as substrates and 
the counter-electrode was a Ni plate. Two
electrodes were kept parallel at 10mm apart in the 
suspension. The deposition was carried out with 
applying a constant DC voltage in the range of 
10-50 V. The negative potential was connected to 
the cathode substrate. The deposited CNTs/CNFs
cathode was dried in air at room temperature.

Fig.1 Scheme of the CNTs/CNFs powder
electrophoretic deposited on the substrate.

The emission properties of the SP and EPD 
cathodes were tested in a diode arrangement with 
a distance of 170 µm between anode and cathode. 
The anode was a glass substrate with ITO coating 
and phosphor layer on its top. Then the electrodes 
were installed into the vacuum chamber with
residual gas pressure less than 10-5 Pa. The field
emission images of the cathodes have been taken
using the digital camera in the process of the 
tests.

Fig. 2 shows scanning electron microscope 
(SEM) of CNTs/CNFs as grown and deposited 
uniformly on the entire glass substrate. The
original CNTs/CNFs synthesized by CVD in Fig. 

2a distributed randomly with 100-150 nm and 3-4
µ m in diameter and length respectively. After SP
process, the CNTs/CNFs are randomly
distributed in the inorganic matrix, the
morphology is similar except the density is lower,
as shown in Fig. 2c. For CNTs/CNFs
electrophoretic deposited on glass (Fig. 2b), the
morphology was similar to that of as-grown one,
while their length was shortened due to the
milling process before CNTs/CNFs were added 
into the solution.
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Fig. 2 The SEM images of (a) as-grown CNTs/CNFs
(b) EPD CNTs/CNFs cathode (c) SP CNTs/CNFs
cathode

The Raman spectra in Fig.3 further
illustrates that as-grown CNTs/CNFs and
CNTs/CNFs after EPD process possess the
similar structure. The two peaks located at
approximately 1350 cm-1 and 1597 cm-1 in the 
spectra respectively, showing the typical graphite
structure features. The first-order Raman
spectrum of CNTs/CNFs shows strong sharp
peaks at ~1597 cm-1identified as the G peak of 
crystalline graphite arising from zone-center E2g
mode and ~1350 cm-1 corresponding to the D-
line associated with disorder-allowed zone-edge
modes of graphite. The full width at half
maximum (FWHM) of D peak and G peak
decreases somewhat for the EPD CNTs/CNFs,
showing the graphitization of CNTs/CNFs
somewhat enhances. This means that the milling 
and EPD processes have not caused large
changes on the structures of CNTs/CNFs but
shortened the ir lengths, which is corresponding to 
the previous SEM results.

Fig.3 Raman spectra of CNTs

Fig.4 shows the comparison of field
emission properties between EPD and SP
cathodes. As shown in Fig. 4a, similar good
emission properties such as low turn-on electric 
field (~1.3 V/µm) and large current density (~200 
µA/cm2) at the field of 4.0 V/µm are obtained for 

both cathodes. Figs. 4b and 4c illustrate that
emission sites are located on most area of the 
cathodes. The good uniformity of field emission 
has been achieved for both of EPD and SP
cathodes. While EPD cathode exhibits better
emission sites distribution and better
luminescence image  than SP one, which may
results from the purification of CNTs/CNFs
during EPD process.

Fig.4 Field emission properties of the sample
produced by EPD and SP: (a) E-J curve of
CNTs/CNFs cathodes image taken after the first
switch-on of the cathode. (b) The luminescence image 
on anode from the CNTs/CNFs cathodes by SP
(J=125.35 µA/cm2, E=3.52 V/µm ) (c) image of
cathode by EPD (J=147.87 µA/cm2, E=3.52 V/µm )

The results indicate that EPD method might 
be a good way for CNTs/CNFs to fabricate field 
emission cold cathode, which can produce good 
emission properties and uniform luminescence
images. The results were reproducible in several 
series of the experiment.

The full packaged nm-C-FED prototype was 
fabricated by vacuum sealing process. The whole 
process was carried below 500 C. After sealing, 
the getter inside of the device was excited and 
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high vacuum (>10-6Torr) was obtained. The
examples of the high brightness nm-C FED
prototypes based on EPD cathode are shown in 
Fig.5. A yellow color image of ECNU and
Chinese characters can be clearly seen in Fig.5a.
Figure 5b and 5c shows green dots and blue lines
image arrays FEDs, respectively. The image of 
the prototypes looks uniform and bright. The
brightness of the FED is in the range of 600-1000
cd/m2 when field was applied in the range of 2.5
V/ m to 4.0 V/ m. The result shows that the
EPD cathode used for c-FED exhibits excellent 
field emission properties.

Fig. 5: Field emission display prototypes: (a) yellow;
(b) blue; (c ) green

3. Impact
The emission characteristics of the cathodes 

fabricated by the EPD method compare favorably 
to those by SP method. The EPD process affords 
large area, high throughput, low cost, low nm-C
consumption, and ambient deposition condition. 
Compared to arc-grown CNTs based FED [19],
nm-C-FED prototypes based on EPD cathode
show excellent field emission properties, such as 
low emission field, stable emission field, high
emission current density, high brightness and
uniform emission, but have lower cost. It is
believed that field emission flat light source and 
display modular will be developed as products 
using this low cost process in the near future.
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