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ABSTRACT

A fully sealed field emission display (FED), indicator, using carbon nanotubes (CNTs) as emitters is examined. The
CNTs chunk, synthesized by arc discharge, were crushed, mixed with conductive pastes and then screen-printed on glass for
the cold cathode. And the anode plate, an ITO glass printed P15 phosphor, was separated from cathode using 90pm spacers.
The indicator display performed a turn-on voltage as low as 250 V, and the emission current density 2.2 mA/cm 2 under 300 V
with brightness of 500 nits. The pixels, driven by open drain IC with 5 V gate voltage, showed the clock image which
indicated the application of CNTs-FED. No significant degradation of this performance was observed during 1000 mins
testing. The influence of printing condition and surface treatment process on the emission characteristics will also be
discussed in this letter.
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I. INTRODUCTION
Carbon nanotubes, grown on the cathode of arc discharge process, were first observed by Iijima in 1991 [1]. The

needle-like tubes comprised coaxial tubes of graphite sheets and ranged in size from 4 to 30 nm in diameter and up to plm in
length. The discovery of carbon nanotubes has been attracting considerable attention because of their own unique physical
properties and their potential for a variety of applications [2-4]. Due to their high aspect ratios and small tip radii of
curvature, the nanotubes (CNTs) exhibit excellent field emission characteristics. High field emission current density of 10
mA/cm2 [5] and low turn-on electric field of 0.8 V/pm have been demonstrated [6,7]. Recently, Ise Electronic Corp. has
demonstrated a CRT-lighting-element, which used MWNTs as the cold emitter source, with a lifetime of more than 5000
hours [8]. Further more, Samsung shows a matrix-addressable diode display using CNTs-emitters [9]. CNTs show potential
in the application for vacuum fluorescent display (VFD) and field emission display (FED). Nowadays, CNTs can be
synthesized by arc discharge [10,11 ], laser ablation [ 12], and chemical vapor deposition process [13,14], etc. Arc discharge
is suitable for its throughput. In this work, we use DC arc discharge process to synthesize CNTs. The electron emission
characteristics of CNTs films, which were patterned by printing process, will be investigated and a prototype of CNTs-FED
will be demonstrated in this paper.

2. EXPERIMENTAL
The anode used in DC arc discharge process was a pure graphite rod with 15 cm in length, and the cathode was a

graphite disc (18 mm in diameter) mounted into water-cool copper. The chamber was maintained in helium atmosphere
(500mbar). Arc constant DC current (70-80 A) was applied to the anode and cathode separated with a gap about 2-3 mam,
whereas the voltage across the gap was 20-24 V.

The morphology and structure of the CNT-bulks were examined using scanning electron microscopy (SEM). Field
emission characteristics of the CNT-emitters were measured by a diode technique using an electrometer. Anode plate, a glass
coated with ITO layer and P15 phosphor, was separated from the cathode by using 90 um spacers. The turn-on field (E0)
were designated as the field at which the Fowel-Nordheim plot, In (I/V 2)-(1/V) deviates from the straight line.

To fabricate CNT emitters, silver paste was first printed on glass as bottom electrode. The tube was crushed using ball
milling to reduce its length to 1-2 um. The slurry containing CNTs was then printed upon silver paste. The fully sealed
CNTs-FED was fabricated using VFD-like vacuum sealing process. All the interfaces between the anode plate/spacer
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bar/CNTs-emitter plate were sealed with glass frits, followed by thermal annealing to enable the reaction of the glass with
glass frits.

3. RESULTS AND DISCUSSION
SEM micrographs of the bulk, shown in Fig. la and lb, indicate that consists of multi-wall nanotubes embedded in

fibrous bundles. Each bundle is approximately 50 um in diameter. The nanotubes are about several tens of nm in diameter.
The carbonaceous particles attached on the CNTs can easily be removed by post treatment at 600Z in air. The yields of
nanotubes embedded in fibrous bundles are higher than 70% after thermal treatment. To reduce the length of nanotubes, ball
milling was introduced to crush it for 2 hours.

To study the characteristics of CNTs emitters, the silver was first screen-printed in dot pattern on the glass as cathode.
Each dot has 1 x I mm2 in area. The slurry containing CNTs and binders was then screen-printed upon silver paste, followed
by oven curing. Figure lc shows a cross-sectional SEM micrograph of CNTs-emitter. Most of CNTs are aligned
perpendicularly to substrate after surface treatment process on the surface. The density of CNTs-emitters was markedly
larger than the typical density of microtips in conventional Spindt-type FEDs. Further, the P15 phosphor was screen printed
on another ITO glass plate as anode. The emission property of CNTs-emitter was measured using diode structure, as shown
in Fig. 2. The CNTs-emitters turns on at a field as low as 1.45 V/urn and the current rise to 0.5 mA under electric field of 5.5
V/um. The current significantly increased to 3.4 mA under 5.5 V/urn applied field after surface treatment. The resultant
fabrication process is shown in Fig. 3. The gap spacing between both plates, separated by the spacer bar, is 90 um. All the
interfaces between the anode/plate/sapcer bar/CNTs-emitter plate was sealed with glass frits, followed by thermal annealing
to enable the reaction of the glass with glass frits. Exhaust process was performed with a conventional vacuum pump, which
is almost the same as VFD vacuum sealing process.

To study the image and measure the characteristics of sealed FED device, the anode is applied with high voltage (300-
350 V) and the cathode electrodes are switch-driven. Fig. 4 shows a sequence of the images of a counting clock. The images
indicated that each dot could be controlled well using an MOSFET as a current switch. At the on-state, the voltage between
gate and source was 5 V, i.e., turned on the channel. The voltage drop between the drain and source are neglected which
compared to anode voltage. At the off-state, the voltage between gate and source was 0 V, thus there is no induced current in
the channel due to floating.

Moreover, to demonstrate the driving of CNTs-FED, a seven-segment numerical indicator was designed using diode
structure. Each segment has 1 mm wide and 5 mm long in size. The system of indicator consists of two components, control
and driving circuits, as shown in Fig. 5. The control circuit, using FPGA, operated under duty cycle of 1/10-9/10. The high
voltage driving circuit was n-channel open drain interface IC. Fig. 6 shows the emission image of seven-segment indicator.
The brightness is as high as 500 nits when applied with 300 volts between anode and cathode. The voltages of 5 V and 12 V
are applied to FPGA and driving IC, respectively. During 1000 mm testing, the emission current decay is about 14% and
saturated after 50 hours under 280 V applied anode voltage. It is still testing.

4. CONCLUSION
In summary, the seven-segment numerical indicator shows the excellent electron emission characteristics of CNTs-

FED using diode structure. The brightness is as high as 500 nits when applied with 300 volts between anode and cathode,
using open drain driver IC. Most of CNTs are aligned perpendicularly to substrate and its emission current density
significant increase after surface treatment process on the surface. During 1000 min testing, the emission current decay is
about 14% and saturated after 50 hours under 280 V applied anode voltage. It indicates that CNTs-FED is very promising for
application of flat panel display.
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Fig.]1 SEM micrographs show (a) as-grown bulk bundles, (b) multi-wall
nanotubes embedded in bulk bundles, (c) cross-sectional image of screen-
printed CNTs-emitters are perpendicular to substrate after surface treatment.
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Fig. 2 Emission current of CNTs-emitter as a function of applied electric
field, with and w/o surface treatment.

Arc-dischage CNTs-bulk

7 phosphor printing purity

Anode plate

4 printing

I
vacuum sealing l n curing

1, 1
exhaust & getter surface treatment

I
aging

Fig.3 Fabrication process of CNTs-FED, using VFD-like vacuum sealing
process.
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Fig. 4 Electron emission image of 15-pixels CNTs-emitter using diode structure,
operated at 5 V/urn applied electric field.
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Fig. 5 Schematic diagram of driving circuit used in seven-segment CNTs-
FED.
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Fig. 6 Electron emission image of seven-segment numerical indicator using CNTs-emitter,
the applied electric field is 5 V/um.
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