This article was downloaded by: [University of Haifa Library]

On: 13 August 2012, At: 20:30

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Field emission properties of
carbon nanotubes and their

applicationto display devices
Yahachi Saito # , Takeshi Nishiyama ? , Taka-Aki Kato
&, Shin-Ichiro Kondo ? , Toshihiko Tanaka ® , Junko
Yotani ® & Sashiro Uemura "

® Department of Electrical and Electronic
Engineering, Mie University, 1515 Kamihama-cho,
Tsu, 514-8507, Japan

® |se Electronics Corp., 728-23 Tsumura, Ise,
516-1103, Japan

Version of record first published: 18 Oct 2010

To cite this article: Yahachi Saito, Takeshi Nishiyama, Taka-Aki Kato, Shin-Ichiro
Kondo, Toshihiko Tanaka, Junko Yotani & Sashiro Uemura (2002): Field emission
properties of carbon nanotubes and their applicationto display devices, Molecular
Crystals and Liquid Crystals, 387:1, 79-86

To link to this article: http://dx.doi.org/10.1080/713738845

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/713738845
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 20:30 13 August 2012

sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 20:30 13 August 2012

Mol. Cryst. Lig. Cryst., Vol. 387, pp. [303]/79-[310]/86 & & Fp
Copyright © 2002 Taylor & Francis
1058-725X/02 $12.00 +.00

DOI: 10.1080/10587250290113583

TAY,
RS

L o
Unded ¥

FIELD EMISSION PROPERTIES OF CARBON
NANOTUBES AND THEIR APPLICATION
TO DISPLAY DEVICES
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Junko Yotani and Sashiro Uemura
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Field emission microscopy (FEM) of carbon nanotubes (CNT5s) revealed that the
adsorption and desorption of gas molecules on the tip were responsible for
stepwise increases and decreases in the emission current, respectively. Long-
term emission experiments under various ambient gases (such as Hs He, No,
O, H,0, CH,, COy, Ar) have shown that the degradation of emission current
occurred most sensitively in Oy, HoO and CH, atmosphere. Electron emission
from CNT films prepared by spray-deposition of preformed CNTs was also
measured as a function of the distance (d) between the nanotube cathode and
an anode plate, and the macroscopic field strength E,, (voltage divided by
distance between the cathode and the anode) that sustain a certain constant
current was found to rise steeply with the decrease of d, for a small gap region
(d < ca. 40 um) while the E,, slowly decreases with increasing d for a large gap.
Finally, we report our recent fabrication of nanotube-based ultra-high lumi-
nance light sources that provide intense light of 10° cd/m? for green at 30kV
de-driving voltage.

1. INTRODUCTION

Carbon nanotubes (CNTs) are now attracting great interest from
researchers because of their intrinsic scientific richness and diverse
application potential. Nanotubes as electron emitters [1-7], scanning-type
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microscope probes [8,9] and energy storage materials [10,11] are now
under intense scrutiny. Of the various applications proposed, CNTs as field
emission electron sources are the most promising. When a high electric
field on the order of 107 V/em is applied to a solid surface with negative
electrical potential, electrons inside the solid are emitted into vacuum by a
quantum mechanical tunneling effect. This phenomenon is called field
emission of electrons. An extremely high field can be obtained on a sharp
tip of a very thin needle, because the electric field concentrates at the
sharp point. CNTs possess the following advantages as field emitters:
(1) needle-like shape with a sharp tip, (2) high chemical stability, (3) high
mechanical strength, and (4) low carbon atom mobility.

In 1995, field emission (FE) from an isolated single multiwall nanotube
(MWNT) was first reported by Rinzler et al. [1], and FE from a MWNT film
was reported by de Heer et al. [2]. We began a field emission microscopy
(FEM) study of CNTs in 1997 [3,4], and experimentally manufactured
cathode-ray tube (CRT) type lighting elements and field emission display
(FED) panels with CNT cold cathodes. In 2001, Ise Electronic Corp. fab-
ricated a 14.5 inch CNT based-FED panel with a triode structure [12]. In
1999 Samsung SDI reported the experimental fabrication of a 4.5 inch
color FED panel [7], and also demonstrated a 9 inch FED displaying color
moving pictures. Recently, Samsung developed a triode-type FED panel
with an 8 bit gray scale control and demonstrated full color moving pic-
tures [13].

In this report, we describe three topics. First, a FEM study was carried
out under controlled ambient gas atmosphere to reveal the effects of
adsorbed molecules on the electron emission and the CNT cap structure.
Second, current-voltage characteristics of CNT films prepared by spray
deposition were measured as a function of the distance between the
nanotube cathode and the anode plate, and the gap-dependent macro-
scopic electric field required to sustain a fixed current was determined.
Finally, we describe our recent development of CNT-based ultra-high
luminance light source devices, in which special MWNTs called “nano-
grafibers” [14] were employed as cold cathodes.

2. FIELD EMISSION PROPERTIES OF CARBON NANOTUBES

CNTs used for field emission measurement were produced by the arc dis-
charge method. The shapes of the CNT emitters were either a needle-like
bundle fixed on the apex of a hairpin shaped tungsten filament or as films
spread on a metal substrate. The former emitter was used for field emission
microscopy (FEM), while the latter was for the parallel-plate diode
apparatus.
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2.1. Electron Emission in Various Gas Atmospheres

Multiwall nanotubes (MWNTs) with clean surfaces give FEM images
exhibiting 6 bright pentagonal rings (Fig. 1a), which are considered to
originate from carbon pentagons at the CNT tip, indicating preferential
electron tunneling through the pentagons [15]. The CNT caps could stay
clean for several minutes in an ultra-high vacuum (UHV) with a pressure of
10~ Torr. Even in UHV, residual gas molecules adsorb on the nanotube tip
several minutes after electron emission from a clean cap starts. Figure 1b
shows a FEM pattern of the CNT cap with an adsorbate. The adsorbate is
observed as a bright spot as indicated by an arrow, showing that electron
emission is enhanced through adsorbed molecules. Flash heating of the
emitter desorbs the adsorbates, and the nanotube emitter recovers its
original clean surfaces. Thus we have shown that the adsorption and des-
orption of gas molecules were responsible for stepwise increases and
decreases in the emission current, respectively [16].

The influence of ambient gases on long-term emission current variation
(or emitter life time) was examined. Ambient gases studied were H,, He,
Ns, O, Hy0, CH,, CO, and Ar at pressures from 10~7 to 10~° Torr, and the
CNT emitters used were bulk bundles of MWNTSs. The initial total current
was set at b0 pA, and the resulting variation of the current was recorded
under a constant applied voltage. The time-traces of the emission current
obtained under various atmospheres at 10~° Torr are shown in Figure. 2.
The degradation of emission current was most sensitive to Oy, HyO, CO5
and CH, atmosphere. N, and Ar also degraded the emission, but their
effects were small compared with more reactive gases. For He and Hy, no
serious degradation was observed.

FIGURE 1 FEM patterns of a MWNT. (a) Clean surface, and (b) surface with an
adsorbate (indicated by an arrow).



Downloaded by [University of Haifa Library] at 20:30 13 August 2012

[3061/82 Y. Saito et al.

100

10
-C
= . jn
: x oXygen A X nitraggen
s amethane L P water
£ o x \
5 o carbon dioxide N \§ O\
— ohelium y bo
] carpotl
5 o hydrogen \ dioxidg
0.1 +argon
x water oxygen
-nitrogen TX
methane L
0.01
0.001 0.01 0.1 1 10 100
Time / hour

FIGURE 2 Variations in emission current with time under various atmospheres at
107° Torr.

2.2. Field Emission from Spray-Deposited CNT Films

2.2.1. Preparation of CNT Films

MWNTs used for film emitters were produce by arc discharge, and not
subjected a purification process. However, SWNTs used for films were
purified by acid (HCI) and centrifugation treatment. MWNTs and SWNTs
were dispersed in ethanol, and then film samples for field emission
experiments were prepared by spraying the suspended solution onto the
top flat surface of cylinders (bmm diameter by 6 mm height) made of
stainless steel. The edge of the flat plane on which nanotubes were
deposited was rounded to a radius of 0.5 mm. Thus a flat region with dia-
meter 4mm is left at the tip of the cylinder.

Figures 3 (a) and (b) show scanning electron microscope (SEM) images
of spray-deposited MWNT and SWNT films, respectively. Since the MWNTSs
used in this study are pristine (i.e., no purification process was performed),
carbon debris such as graphitic nanoparticle exists on the film. In the
SWNT film, bundles of SWNTs typically 20-30 nm in diameter and many
microns long are entangled.

A diode consisting of a CNT film cathode and an anode plate was stu-
died. The anode was a disk of stainless steel of 40mm diameter. The
emission current versus voltage (I—V) characteristics were measured at
various anode-cathode distance (d) from 10 to 1000 pm.
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FIGURE 3 SEM images of spray-deposited CNT films: (a) MWNTs and (b) SWNTs.

2.2.2. Effect of Cathode-anode Gap on Current-voltage
Characteristics

From the measured I-V characteristics at various d’s, the voltage (V)
and the corresponding average electric field (E,, = V/d) giving the same
emission current density was plotted as a function of d. The effective
emission area used to calculate the current density (/) is the area of a
circle of 4mm diameter. Figure 4 shows the E,,-d characteristics at
J=1mA/cm? for MWNTSs and SWNTSs. It is obvious that the average electric
field E,, necessary to obtain a certain fixed current depends on the size of
the gap; i.e., E,, increases steeply with the decrease of d for small gaps
while E,, is only weakly dependent on d for large gaps.

If the actual electric field on the emitter surface is independent of the
gap distance as it is between parallel flat plates, the E,,-d curves should be
constant irrespective of d (parallel to the axis). However, Figure 4 shows
that the E,,-d curves are not straight lines parallel to the axis. In the
present case, the electron emitter does not have a flat surface but a rugged
surface consisting of needle-like materials (carbon nanotubes). The field
distribution around a needle tip should be affected by the anode-cathode
distance when the gap is small. Since the actual field strength on the
emitter surface required for field emission is on the order of 1 V/nm (i.e.,
10° V/um), the E,,-value should be close to this magnitude in the small gap
limit (d =2 0). On the other hand, the field around a tip is only determined
by the curvature of the tip when the gap distance is large enough. In the
large gap limit, usually encountered in field emission microscopy, the
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FIGURE 4 E,.-d characteristics at a constant current density of 1 mA/cm? from
three kinds of CNT films: MWNT (4) and SWNT (A) films without buffer layer, and
a MWNT film (M) with an iron buffer layer.

electric field at the tip of a needle is well approximated by V/r, where Vis
the voltage applied to the emitter and r is the radius of curvature of the tip.
That is to say, the value of E,, approaches zero asymptotically for large d.
From these considerations, it is expected that the E,, is not constant with
d but increases as d decreases. Actually, in the small gap region (d < ca.
100 um) the E,,-d curve shows a steep rise with decreasing d, and in a
large gap region (d>ca. 100 um) the curve shows a slowly descending
behavior with increasing d.

The difference in the E,,-values between MWNT and SWNT films is
probably due to the small diameter of nanotubes. As far as operating
voltage is concerned, SWNTs seem to be superior to MWNTSs as electron
sources.

2.2.3. Improvements with a Metal Buffer Layer

An Fe buffer layer was used to improve the electrical and mechanical
contact between CNTs and the substrate. After spray-deposition of the
CNT suspension onto the Fe-coated substrates, the films were heated to
600°C for 10min in vacuum (0.01 Torr). Current-voltage characteristics
were measured as a function of the distance (d) between the CNT cathode
and an anode plate. As shown in Figure 4, the E,,-d curve of the film emitter
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FIGURE 5 Schematic drawing of a CNT-based ultra-high luminance light
source [17].

with the buffer layer lies below (about half of the value of E,,) that without
the buffer layer, clearly showing the improvement of electron emission.

3. CARBON NANOTUBE-BASED VACUUM TUBES

As one of the applications of CNT emitters, our recent development of
ultra-high luminance light source is described here. Nanografibers [14],
special MWNTs, were used as a cold cathode to fabricate ultra-high lumi-
nance light sources [17], the structure of which is shown in Figure 5. A high
current density of ca. 100 mA/cm?® was obtained at a grid voltage of 2.9kV
with the cathode-grid distance of ca. 1.5mm. The light source device
showed 10°cd/m? in the green at a dc-driving voltage of 30kV and was
expected to emit a luminous flux of more than 1000 Im.
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