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Abstract

Carbon nanomaterial is drawing keen interest from researchers as well as materials sci-
entists. Carbon nanotubes (CNTs)—and their nanoscale needle shape—offering chemical
stability, thermal conductivity, and mechanical strength exhibit unique properties as a
quasi-one-dimensional material. Among the expected applications, field emission electron
sources appear the most promising industrially and are approaching practical utilization.
However, efforts to construct a field emission (FE) cathode with single-walled carbon nano-
tubes (SWCNTs) have so far only helped average out a non-homogeneous electron emitter
plane with large FE current fluctuations and a short emission life-time because they failed
to realize a stable emission current owing to crystal defects of the carbon network in CNTs.
The utilization of CNTs to obtain an effective cathode, one with a stable emission and low
FE current fluctuation, relies on the ability to disperse CNTs uniformly in liquid media. In
particular, highly crystalline SWCNTSs hold promise to obtain good stability and reliabil-
ity. The author successfully manufactured highly crystalline SWCNTs-based FE lighting
elements that exhibit stable electron emission, a long emission life-time, and low power
consumption for electron emitters. This FE device employing highly crystalline SWCNTs
has the potential for conserving energy through low power consumption in our habitats.

Keywords: single-walled carbon nanotube, high crystallization, field emission, wet
coating process, thin film, scratch, planar light source, cathode luminescence

1. Introduction

The further development of electronic systems necessitates the production of efficient devices
employing carbon nano-materials. Carbon nanotubes (CNTs) represent a promising material
due to their unique physicochemical properties: their nanoscale needle shape, high chemical
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stability, thermal conductivity, and mechanical strength. These properties confer an advan-
tage in the fabrication of field emitters. The utilization of single-walled carbon nanotubes
(SWCNTs) relies on their electronic properties since they can be either metallic or semicon-
ductive, depending on the geometric configuration of a graphene sheet rolled up as a tube
(i.e., diameter and chiral angle) [1-4].

CNTs express one-dimensional circumscription effects and have characteristics as quantum
wires coherently [5-7], and CNTs have the highest Young’s modulus of all known materi-
als mechanically [8]. Owing to these outstanding properties, wide-ranging applications for
nanotubes are currently under investigation, including their use as electron field emitters
[9], probes in scanning-type microscopes [10], gas (e.g. hydrogen) storage materials [11], and
as electrode materials for secondary batteries as well as in capacitors [12]. Among these pro-
posed applications, field emission electron sources appear the most promising industrially
and in fact are approaching practical utilization. When a highly electrical field in the order
of 10° V/um is applied onto a surface of an electron emitter, electrons emit from inside the
emitter’s solid to a vacuum atmosphere by the quantum-mechanical tunneling effect. This
phenomenon is called the field emission. Such an extremely high field can be obtained on
the sharp tip having a thin needle because electric fields concentrate at the top of the sharp
tip. It is said that the carbon nanotubes possess the following physical or chemical properties
for field emitters: 1) a high aspect ratio with a sharp tip, 2) high mechanical strength, and
3) high chemical stability. Field emission (FE) phenomenon from an isolated single multi-
walled carbon nanotube (MWCNT) was first reported by Rinzler et al. [13] in 1995, and FE
from a MWCNT film was reported by de Heer et al. that same year [14]. Subsequently, many
experimental studies on FE from MWCNTs [15-18] and SWCNTs [19] have appeared. Field
emission microscopy (FEM) has also been used to clarify the geometric structures of the nano-
tube tips [16, 19]. Moreover, many studies have attempted to employ CNTs as field emitters
in a display cathode with a lower driving voltage and stable electron emission. These trials
mostly involve the vertical alignhment of the CNTs in their fabrication that are synthesized
by plasma-enhanced chemical vapor deposition (PECVD) or laser abrasion fabrication; for
example, screen printing with high-viscosity submicron to micron scale metal-particle paste
to fabricate patterned field emitters has been proposed [20-22]. However, these approaches
could not obtain the homogeneous electron emitter plane with small FE current fluctuations
as they failed to construct a uniform thin film employing a homogeneous dispersion of CNTs.

The utilization of CNTs to obtain an effective cathode —with both a stable field emission
and low FE current fluctuation—hinges on the ability to disperse them uniformly in liquid
media. In particular, highly crystalline SWCNTs can be expected to emit electrons stably
with a low turn-on and driving voltage, yet their homogeneous dispersion has yet to be
reported. For this study, we selected a low-viscosity solvent with an In,0,-5nO, (tin-doped
indium oxide; ITO) precursor solution as the conductive matrix material being dispersed
highly crystalline SWCNTs. A dispersant was added to obtain the well-dispersed highly
crystalline SWCNTs, and the mixture with the ITO solvent, highly crystalline SWCNTs, and
the dispersant was agitated by an ultra-sonic homogenizer.

This chapter first briefly reviews the synthesis of highly crystalline SWCNTs by arc discharge
and their structural characterization [23], followed by a discussion of the characteristic properties
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of FE from the arc-produced nanotubes, concluding with a description of the application of the
nanotube emitters in a flat-panel lighting device. Here, the author successfully manufactured
SWCNT-based field emission lighting elements exhibiting stable electron emission, adequate
luminance, and low power consumption for the electron emitters.

2. Experimental crystallization of annealed SWCNTs

Purified and highly crystalline SWCNTs synthesized by arcing and sintered at high temperature
in a vacuum have been expected to serve as an electrical source material for a field emitter though
the homogeneous dispersion of highly crystalline SWCNTs has yet to be reported. This is because
highly crystalline SWCNTs have almost no defects in the carbon network on their surface, nor do
they combine with another functional group of dispersants. It is difficult for SWCNTSs aggregated
as a secondary particle to separate uniformly into single nanotubes. Furthermore, despite the
necessity of a thin film homogeneously dispersing highly crystalline SWCNTs for a field emis-
sion cathode plate, as yet no method for synthesizing a thin film with SWCNTs for a field emitter
exhibiting a good homogeneity of plane-light emission has been developed.

In this chapter, commercial arc-SWCNTs (ASP-100F, Hanwha Chemicals Co. Ltd., Korea) were
used. The SWCNTs were annealed at a high temperature (around 1000 K) in a high vacuum (pres-
sure, >107 Pa) to obtain highly crystalline SWCNTs. Figure 1 shows transmission electron micros-
copy (TEM, HR-3000, Hitachi High-Technologies Corporation, Japan) images of the SWCNTs
(a) after and (b) before annealing as a reference. As shown in Figure 1(a), the crystallinity of the
SWCNTs was significantly improved after annealing at a high temperature in a tight vacuum.

Here, analytical grade reagents were used in the experiments. The annealed arc-SWCNTs
checked for high crystallization were measured by Raman-shift. The Raman spectrum mea-
sured by the blue laser beam (Blue) at a 473 nm wavelength is shown in Figure 2. Raman
peaks from the G+ band mode (1590 cm™) and from the G_ band mode (1565 cm™) presumed
to be nanotube structures. A Raman peak intensity of near 1350 cm™ from the D band mode
indicated lacks of carbon network on a nanotube. The intensity ratio between the G+ band
and the D band was 0.0096; this value confirms that the SWCNT has a carbon network with
high crystallization.

Figure 1. TEM images with annealed and unannealed SWCNTs [24]. (a) Highly crystalline SWCNTs with annealing
treatment. (b) SWCNTs with crystal defects without annealing treatment.
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Figure 2. Raman spectrum with G and D band modes of annealed SWCNTs. [25].

3. Construction of a thin film including highly crystalline SWCNTSs
for field emission

A wet-coating process was adopted to fabricate a cathode with stable FE at a low driving volt-
age using SWCNTs. The homogeneous dispersion of SWCNTs in a liquid medium was the
key. Highly crystalline SWCNTs are expected to lower the threshold field and emit electrons
stably at a low driving voltage, but no homogeneous dispersion of SWCNTs in liquids has
ever been reported. In general, a dispersant is used to facilitate the homogeneous dispersion
of nano-carbon materials in liquids; however, highly crystalline SWCNTs cannot bind to the
functional groups in a dispersant because there are very few defective binding sites in their
carbon network that can be used to bind to these in the dispersant. We attempted to separate
highly crystalline SWCNT aggregates physically into uniform single nanotubes in a low-vis-
cosity solvent containing an In,O,-5nO, (tin-doped indium oxide; ITO) precursor solution. A
nonionic dispersant was added to the solvent to facilitate the dispersion of SWCNTs, and the
mixture was agitated with ceramic beads in a shaking machine.

The physical properties for producing a mixture including highly dispersant SWCNTs are as
follows: Butyl acetate 99%, ethyl cellulose (EC) (abt. 49% ethoxy 100 cP), and sodium linear-
alkyl-benzenesulfonate 95% (DBS) were obtained from Wako Co. Ltd. Japan. The initial mixture
was prepared by mixing the SWCNTs powder with the ITO precursor from Kojundo-Kagaku
Co. Ltd. Japan and the DBS and the EC in a proportion of about 1: 600: 1: 4. The last compo-
nent, EC, was tried in different proportions. The mixture was later agitated with ZrO, beads of
different diameters in various concentrations from 4 g to 8 g in a shaking machine at periods
ranging from 6 h up to 12 h. In all cases, the resulting mixture solution shown in Figure 3 had
low viscosity. The TEMs of the annealed SWCNTs are shown in Figure 3; almost only carbon
nanotubes can be seen in the micrographs, with no other carbon contamination present.
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Figure 3. Dispersed SWCNTs mixture and TEM observation [25].

In order to confirm the crystallinity of SWCNTSs, the TG first derivative (dTG) curves for both of
the annealed SWCNTs and non-annealed samples presented in Figure 4 indicate the weight frac-
tion of tubes at each burning temperature. It is generally known that the burning temperature
of SWCNTs is inversely proportional to the amount of crystal defects in the SWCNTs; hence, the
SWCNT crystallinity can be inferred from the shape of the dTG curves. There are a few peaks in
the non-annealed SWCNT dTG curve, indicating a range of different crystallinities; the burning
temperature of the SWCNTs increased after annealing, signaling an increase in the degree of
crystallinity of the SWCNTs. However, the non-annealed SWCNT dTG curve also indicated the
presence of some lower crystallinity tubes that might affect the field-emission stability.

The relationship between dispersion concentration and crystallinity retention rate for highly
crystalline SWCNT dispersions prepared by ultra-sonication and agitation with ceramic
beads is shown in Figure 4. The dispersion concentration in Figure 5 was calculated from the
ratio of dispersion transparency before and after centrifugation of the solution, as determined
by UV-vis measurements, and includes highly crystalline SWCNT aggregates. The crystal-
linity retention was calculated from the dot product of dTG measurement curves obtained
before and after dispersion of the highly crystalline SWCNTs and is presented as cos0. A
reduction in cosO correlates to a deterioration in the crystallinity of the dispersed highly
crystalline SWCNTs. Thus, Figure 5 indicates that the SWCNT crystallinity deteriorates with
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Figure 4. First derivative thermogravimetric curves of the commercial and annealed single-walled carbon nanotubes
measured under an air atmosphere.
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Figure 5. Dispersion concentration vs. crystallinity retention rate for highly crystalline single-walled carbon nanotubes
dispersed by ultra-sonication and agitation. Ultra-sonication at 40 kHz was performed for 0, 5, and 10 hours. Agitation
was carried out under different conditions and repeated several times.

increasing sonication time; we presume this to be an effect of the uncontrollable cavitation
that occurs during ultra-sonication. The agitation method was the most successful method for
highly crystalline SWCNT dispersion, with a concentration of more than 90 wt% and minimal
crystallinity deterioration achieved. However, it should be noted that the crystallinity of the
dispersed highly crystalline SWCNTs also deteriorates with repeated milling and at higher
operation pressures. This is likely owing to a difference in atom binding energy and cohesion
energy depending on the higher-order structure of SWCNTs [25, 26].

In this chapter attempts were made to disperse SWCNTs with a low-viscosity butyl acetate
solvent including an organic In,O,-5nO, (ITO) precursor and non-ionic dispersant. The author
successfully employed a dispersion method for highly crystalline SWCNTs to obtain a mixture
of them dispersed as thin bundles, aggregating with a few nanotubes. The agitated mixture
was sprayed onto a metal-coated glass substrate heated to around 400 K, and the coated film
was sintered at 900 K in a vacuum to remove any organic components and then form bridges in
order to produce a conductive ITO film. After a film coated with the mixture was sintered in a
vacuum, it was activated by scratching it appropriately to obtain field emission properties with
a low turn-on field. Figure 6 shows SEM images of an ITO film with dispersed SWCNTs after
vacuum sintering. The ITO film was scratched by a thin metal rod; this revealed SWCNTs or
their bundles protruding from both sides of the edge of the ITO film. As shown in Figure 6(a),
highly crystalline SWCNT bundles were dispersed. As shown in Figures 6(b) and 6(c), the
SWCNT bundles were exposed in the scratched grooves on the ITO film subjected to activa-
tion treatment. The white circles in the SEM image of Figure 6(a) indicate the exposed SWCNT
bundles that were exposed by scratching the ITO film in which SWCNTs were dispersed. White
circles show the distances between their points to be almost identically aligned. SWCNTs in
the ITO film were dispersed homogeneously and lay in random directions. Thus, SWCNTs
would appear in same direction in the ITO film with the same probability, and homogeneously
dispersed SWCNTs protruding from the grooved face of the ITO film could be observed.
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Figure 6. SEM images of ITO film with dispersant SWCNTs after sintering [25]. (a) Overview of a scratched ITO film.
White circles indicate points of SWCNT bundles protruding from the ITO film as measured by SEM. (b) and (c) enlarged
images arrowed in the image of (a). The white arrows indicates SWCNTs from the grooved face.

In this chapter, the SWCNTs coating weights per unit area were controlled by the numbers of
spray cycles to verify both the field emission property and brightness efficiency of a flat-plane
light emission panel. The sintered film was fabricated using an activation process without the
standing or aligning treatment of the CNTs in order to emit electrons easily at low voltage.

Then the SWCNTs for the field emitter protruding from the grooved face were aligned in a
direction parallel to the ITO film plane and substrate per the schematic drawing in Figure 7,
which shows schematic drawings of the models with random directions for the SWCNTs. The
dotted square boxes indicate scratched areas, and the tops of SWCNTs that possibly emit elec-
trons are highlighted with red circles in the area. These depend on the density of the SWCNTs
in a coated film. The direction of the SWCNTs exposed by scratching aligns in a direction par-
allel to the substrate, so electrical fields are yielded at the top of each SWCNT uniformly with-
out the fluctuation of the protruding SWCNT length. We thus obtained high homogeneity for
the electron plane-emission with the dispersion and density of SWCNTs in the coated film.

Low SWCNTs density High SWCNTs density
A R
1
Jor~
1
1 A
| SWCNTs
! Protruding
SWCNTs

- Q—EE'?O film

Scratched area

Figure 7. Images of frequency in the exposure of SWCNTs in a scratched area in cases of both low and high SWCNT
density. Red circles indicate the exposed tops of SWCNTs. [25].
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4. Field emission properties

This activated field emission (FE) cathode employing highly crystalline SWCNTs has the
potential to yield a new flat-plane light emission device and so provide a novel approach
to daily lighting needs while also contributing to energy-saving through its low power con-
sumption. FE properties were measured with a phosphor anode plate on a sputtered ITO
pattern film and 1.0 millimeter glass plate as a spacer as shown in Figure 8.

The sample shown in Figure 8 was set into the electrical circuit in Figure 9 to measure field
emission and brightness properties. This measurement system was constructed with a power
supply unit having an amplifier, a function generator, an oscilloscope as a field emission cur-
rent monitor, and a PC for data storage. The voltage for the sample was designed for a peri-
odic voltage at 60 Hz of the triangle wave for field emission measurements. The field emission
current was converted to bias voltage data by a resistor at around 10 to 1 MQ for the purpose
of preventing signal noise from any leaking current appearing in measurement applications.

The author attempted to control field emission characteristics by the weight of the SWCNTs
included in a coated ITO film with activation by a simple scratching. Figure 10 shows the cur-
rent density-electrical field characteristics of the cathode with a 20 x 20 mm diode depending
on the content of the SWCNTs in the coating film. For example, the contents for measure-
ments were chosen at 1.07, 0.69, 0.35, and 0.09 mg/cm?® The turn-on field increased as the
SWCNT density rose to around 0.8 to 1.7 V/um. The high SWCNT density obtained a low
driving supply because of the increase in the field emission site available to emit electrons
from the tip of each SWCNT.

The F-N electron tunneling function has been proposed as follows [27]:

I=axVxexp(-L) (1)
where
0= axAxpx exp(%y(m % ) )
b= M (©)
A = 1.54E-6,B = 6.87E+7 (4)

From Eq. (1), V means a voltage added between two electrodes; this is converted to an electri-
cal field by the gap of the measurement sample in Figure 8. I indicates a current flow passing
through the phosphor plate in the anode area at 20 x 20 mm?. « is equivalent to the electron
emission site area for the field emission based on Fowler-Nordheim tunneling, 8 is the field
enhancement factor of the electrical field localized at the top of a SWCNT against a macro-
scopic applied electric field, and ¢ of 4.7 eV is the work function in the bulk region of carbon
materials. Figure 11 shows the distributions of a and p converted from the current density-
electrical field characteristics by Egs. (1), (2), (3) and (4) against the SWCNT coating density.
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Figure 9. Schematic diagram of the electrical circuit system for FE measurement with a diode structure [25].
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The flat emission-plane—especially for the content of SWCNTs at 0.69 mg/cm?—from the
diode generated a stable, homogeneous brightness of over 2000 cd/m? in the sampling area of
400 mm? without any brightness fluctuation. The brightness of the sample with the content
of SWCNTs at 0.69 mg/cm? was measured at nine locations in the emission area, as captured
by a charge coupled device (CCD) camera in Figure 12. Furthermore, the differences between
each brightness result of the measurement points in the plane shown in Figure 8 were within
5% of those shown in Figure 13; accordingly, stable brightness uniformity was achieved in the
plane-emission area.

Brightness(cd/m?) x Lighting area(m?) x 3.14 5
Voltage x 0.5 x FE Current x exp(-2.4) ()

Brightness Efficiency(lm/W) =

As calculated by the luminance measured by a luminance meter and the load power compen-
sated as a direct current (DC) load power for the effective voltage of the triangle wave —indicated
as Voltage x 0.5 in Eq. (5) —as a bias voltage and effective field emission current, which was indi-
cated as FE Current x exp.(—2.4) in Eq. (5), the author was able to achieve a brightness efficiency
calculated by Eq. (5) of more than 70 Im/W within an area of approximately 25 cd/m? of bright-
ness standard deviation by controlling the contents of SWCNTs in the coated film. Phosphor
plates for brightness efficiency measurements were chosen for their green lighting from Nichia-
Kagaku Co. Japan. The green circular points in Figure 14 indicate the brightness efficiency with
a green phosphor emitting light. The square blue points represent the deviation of brightness
employing the green light in the plane-emission area shown in Figure 12. The brightness proper-
ties from the developed cathode depended on the content of the SWCNTs and could be obtained
with high brightness homogeneity and high driving efficiency by controlling the SWCNT den-
sity in the coated ITO film. However, the brightness efficiency in case of a SWCNT density of
more than 0.69 mg/cm? decreased with an increase in the SWCNT density from Figure 14. This
is probably owing to the electrical field strength for field emission focused on each top of the
SWCNTs being weaker than 0.69 mg/cm?; though SWCNTs as electron emission sites are suf-
ficient for obtaining a high field emission current. This can be explained by the tendency of the
field enhancement factor in Figure 11, which causes the distance between neighboring SWCNTs
as field emitters to narrow with the increase in SWCNTs density. Moreover, the tendency of
the brightness deviation is for a stability of more than around 0.69 mg/cm? Most likely, this
is because enough SWCNTs for field emitters exist in the ITO film for a high SWCNT density.
From Figure 14, it is apparent that a high brightness efficiency could be obtained by controlling
the SWCNTs density in the ITO film. To our knowledge, this is the first time a field emitter plane
device has achieved a high brightness efficiency of over 70 Im/W.

Figure 15 shows the field emission life time up to 100 hours at SWCNT contents of 0.09, 0.35,
and 0.69 mg/cm?. FE-current was measured as a peak of field emission current with a periodic
voltage of the rectangular wave with a frequency of 60 Hz and duty ratio of 10%, and initial
FE-current density was adjusted approximately to 45 mA/ cm?® This result implies that the
radioactive half-time will be over 5000 hours at 0.69 mg/cm?, and other samples witha SWCNT
density of more than 0.69 mg/cm? have the same emission-life tendency as at 0.69 mg/cm?.
Attenuation of the loading field emission current depends on the uniformity of the loading
power, equal to the electrical field strength, given to each SWCNT for field emitters. A field
emitter-plane employing SWCNTs will have the high stability with a high crystallization of
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Figure 11. The dependence between the emission site area, field enhancement factor, and SWCNT density [25].

Figure 12. Light emission brightness image of the SWCNT content 0.69 mg/cm? among nine areas captured by CCD
through a ND filter. The added voltage between the anode and cathode is 3.0 kV with a peak-to-peak range of periodic
voltage in the triangle wave; the flow current is 250 HA as a peak currentw [25].
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Figure 13. Brightness results at the points of flat light emission in Figure 12 [25].
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Figure 14. SWCNT content density with the dependence of brightness efficiency indicated on the left vertical axis and
brightness homogeneity on the right vertical axis. The peak-to-peak voltage condition of the triangle wave is fixed at
5kV [25].

the SWCNTs and high emission site homogeneity from Figures 11 and 14, and it will obtain a
long emission life-time to withstand practical use as a plane-light emitting device. The coated,
highly crystalline SWCNT cathode has potential for realizing a visible ray flat plane-emission
device with low power consumption and a long product life cycle.

Figure 16 shows the distance distribution between neighboring SWCNTs depending on the
SWCNT density. The results were measured from the total number of SWCNTs protruding
from the groove face of an arbitrarily scratched ITO film by visual observation with an SEM
image, as that in Figure 7. SWCNTs were exposed from the side wall of the grooved face into
the ITO film. The distance between SWCNTs protruding from the grooved face depends on
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Figure 15. The lifetime of field emission current density up to 100 hours. The half time against the initial field emission
current density of 0.69 mg/cm?* will be over 5000 hours [25].
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Figure 16. The dependence on the distance between neighboring SWCNTs protruding from the edges of ITO film and
SWCNT density [25].

the SWCNTs density; it averages approximately 10 um at 0.69 mg/cm? If SWCNTs are well
dispersed in the ITO film and align randomly, their protrusions aligning along a direction in
the groove made by a voluntary scratching process appear uniform. The protruding SWCNT
length measured by SEM was generally 4-6 pm. The ratio of the average distance and length of
SWCNTs via SEM images was nearly 2, and it is believed that the electrical field to obtain a high
field emission current is added at the top of each protruding SWCNT of 0.69 mg/cm? [28]. Then
the SWCNTs for the field emitter protruding from the grooved face were aligned in a direction
parallel to the ITO film plane and substrate as shown in Figure 6 and the schematic drawing in
Figure 7, which shows such drawings of the models with random directions for the SWCNTs.
The dotted square boxes indicate scratched areas, and the tops of SWCNTs that possibly emit
electrons are highlighted with red circles in them. These depend on the density of the SWCNTs
in a coated film. The direction of the SWCNTs exposed by scratching aligns in a direction
parallel to the substrate, thereby uniformly yielding electrical fields at the top of each SWCNT
without any fluctuation of the protruding SWCNT length. We thus obtained high homogeneity
of the electron plane-emission with the dispersion and density of SWCNTs in the coated film.

The flat plane-emission from the simple diode panel generated a stable and homogeneous bright-
ness of over 2000 cd/m? in the sampling area as shown in Figure 12 without current fluctuation in
the plane. The current fluctuation of emissions from the flat plane panel with an added voltage of
4 kV DC was stable over a period of 150 minutes as shown in Figure 17. This degree of electron
emission stability is excellent for highly purified and crystallized SWCNTs in a diode panel. In
particular, highly crystallized SWCNTs have no defects in their carbon network [23, 29], and such
perfect crystallization prevents SWCNTs from breaking down with a large field emission current.
Previously, it was necessary for a stable field emission current by CNTs with low power con-
sumption to construct the triode structure, to synthesize carbon nanotubes designed with vertical
alignment and standing height uniformly on an electrode by CVD with high temperature, and
to obtain a high vacuum atmosphere around over 107 Pa in a panel [30]. In this study, we were
able to obtain a stable large field emission current in a simple diode panel for the first time ever.
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Figure 17. Current fluctuation with 4kVDC loading for 150 minutes [31].

5. Basic design of the triode structure

The following time, a triode structure employing highly crystalline SWCNTs was attempted
to serve as a prototype device of a flat-panel illumination shown in Figure 18. This device had
a cathodoluminescence structure and had three electrodes for the FE electron emissions as a
cathode, the switching of FE electron emissions on and off as a gate, and the radiation of vis-
ible rays by electron impact as an anode electrode. The cathode and the gate electrode, which
apply voltage sequentially (called as line sequential scanning method) for electron emissions
from the cathodes respectively, were patterned along the same line referred to Figure 18.
Furthermore, a mixture of the long afterglow phosphor (P-1 from Mitsubishi Chemical) mate-
rial with fluorescent material (P-22 from Nichia) that conducts a high luminance output was
used for the anode electrode.

A stripe patterned structure was adopted for the gate electrodes used for on/off switching of
the FE electrons, as shown in Figure 18. An FE electron emission site existed at the edges of

Gate

Light Light

Anode (Phosphor)
y i

A
SWCNT

Gate/ (Insula'tor) /Cathode

Figure 18. Basic structure of the triode flat-panel light-emission device [32]. Copyright (2017) The Japan Society of
Applied Physics.
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the tops of the SWCNTs, exposed on the both sides of the nicks scraped on the coating by a
picking tool [25]. Thus, no exposed SWCNT was raised for field emission of electrons. The
edges of the SWCNTs, as well as the width of the stripe patterned gate electrodes referred to
Figure 18, were designed in an attempt to minimize the driving voltage for on/off switching
of the FE electrons. In relation to the field intensity at the edges of the tops of the SWCNTs
exposed on the both sides of the nick in Figure 18, the electrical potential distribution in the
space, along with the electrode width dependence of electrical potential distribution at the
edges of the SWCNTs, were simulated according to the surface charge method [33-36].

The cathode electrodes were grounded stationary while the anode electrode applied a direct-
current (DC) voltage. The acceleration conditions for the electrons irradiated on the phosphor
were taken into consideration to obtain a high brightness efficiency within a few kilo-volts.
Conditions to apply electrical potential to emit FE electrons were controlled for the gate elec-
trodes because the FE electrons were emitted at constant field intensity.

The length of the SWCNTs protruded from the wall, the width of the nicks made using a
picking tool and the aperture of the stripe patterned electrodes of the gate electrodes were
designed at 1 um, 30 pum, and 40 pum, respectively. This was done to change the voltage
applied to the gate electrodes to the negative direction in order to transit of electrical poten-
tial. A schematic diagram of the calculation model, as well as the calculation results, is shown
in Figure 19.

The electrical potential along the z-axis in cases where the voltage applied to the gate elec-
trodes setat0, -1, -3, and -5 V was calculated. The z-axis was defined as the direction extended
from the origin located above the edge of the SWCNT where electrons are emitted. The poten-
tial distribution depended on the voltage applied to the gate electrode. It was determined that
the threshold voltage of the FE electron emissions was reached at a voltage of approximately
-3 V applied to the gates of the corresponding model. We attempted to fabricate a prototype
device of a triode planar light-emitting device based on the above calculation results.

10 i
i 5 (iate=gvi_ﬁ
| Gate aperture 40um 2 , ¥< Gate=-8V
[ - < g oo
SWCNT =—1V_
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I / {‘_ Insulator 2pm 2 /. I @ &
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Figure 19. Schematic diagram of (left) calculation model and (right) calculation results [32]. Copyright (2017) The Japan
Society of Applied Physics.
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6. Correlation between driving power and light-emitting
characteristics of a light-emission device

The prototype trial pattern for a triode-structure planar light-emission device is shown in
Figure 20. Thin silicon oxidation film as an insulation layer was formed on a silicon wafer
by using thermal oxidation treatment to assemble cathode, insulator and gate electrodes. The
electrodes were laminated outward nearest the silicon oxide film by using the SWCNTs within
an ITO film for the cathode electrode, a silicon oxide film of 1-um thickness (formed using the
TEOS-CVD method) as an insulation film, and a thin chrome film as a gate electrode. Gate
electrodes, insulation films and cathodic electrodes installed SWCNTs were designed in a stripe
pattern at the FE electron emission area as shown in Figure 20. The cathode electrodes between
the gate electrodes were scratched in a line using a picking tool to expose and protrude the
SWCNTs as FE emitters. The light-emitting area was designed to have an area of 15 x 15 mm?.

Electron leakage at the gate electrodes was verified when electrons were emitted from the
SWCNTs. The cathode and gate electrodes were installed on the ground. The spectra detected
at the both electrodes being applied a pulse voltage is expressed in Figure 21. The voltage
applied to the anode electrode by blue solid line and the current flowing through the cathode
and gate electrodes are respectively represented by solid lines of red and gray. Almost no
current was flowing through the gate electrode, while the FE current loading between the
cathode and anode electrodes was confirmed.

A pulsed voltage was applied to the gate electrode, and a waveform was prepared to apply
negative voltage by adding an offset voltage as a pulse signal. The system was driven by an
operation mechanism to cut off the FE current, and it timed with the application of a few volts
at the gate in the negative direction. A schematic diagram of the loading system for the pro-
totype trial pattern for a triode-structure planar light-emission device is shown in Figure 22.

Conditions of the light emission, when switching on/off of the gate electrode, are shown in
Figure 23. A stable FE current flowed between the cathode and anode electrodes when the
voltage on the gate was 0 V. However, when a voltage of -3 V was applied to the gate elec-
trode, we could find no current was flowing between the cathode and anode electrodes. These
results of lighting emission indicated a successful control of the on-and-off switching of the
current by switching gate electrodes.

Cr/Sio, ITO film with
Cr/Si0, SWCNTs

Anode (Phosphor)

Gate (Cr)
1

Siozfﬁéﬂ$ l

_.
[4,]
3

'\
ITQ film with
SWCNTs
nick

ITO-SWCNT

40um

Figure 20. Prototype trial pattern of cathode gate electrode structure [32]. Copyright (2017) The Japan Society of Applied
Physics.
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Figure 21. Cathode and gate-anode electrodes: Synchrony of a leaked current flowing through cathode and gate
electrodes with signals of voltage applied to the anode, and depiction of a leaked current flowing through gate electrode
[32]. Copyright (2017) The Japan Society of Applied Physics.

A mixed powder with the long-afterglow-type (P-1) and the high-luminance-output-type
(P-22) phosphors was employed as a fluorescent material for the line scanning sequential test.
The weight ratio of the mixture was designed to obtain the highest brightness efficiency. The
frame scanning frequency was 60 Hz. A sequential timing chart to apply voltage to the gate
electrodes on the six electrode lines of the prototype device was adopted for our development.
We developed a scanning algorithm to amplify the light-emission luminance by overlapping
the afterglow component of the long-afterglow-type phosphor with the high-luminance-out-
put fluorescent material component of the subsequent frame scanning.

The FE current value flowing throughout the device and the luminance output from the anode
were controlled by the voltage applied to the gate electrodes. The correlation between the energy
power consumption and the luminance output by driving the device is shown in Figure 24 from
the results of light-emission evaluations. We could succeed to obtain a high luminance output of
over 12,000 cd/m? and higher with a power consumption of approximately 0.1 W during driving
the test panel. This outcome indicates that we were able to derive the higher performance in the
world for a flat-panel light-emission device by achieving a brightness efficiency of 87 Im/W.

Anode (Phosphor)

2.0

Gate (Cr)

SWCNTs Cathode
(TO-S

o=

Figure 22. Schematic diagram of electrode wire connections and electrical circuit for drive [32]. Copyright (2017) The
Japan Society of Applied Physics.
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Figure 23. (a) Flat-panel light emission driven by line-sequential scanning (shaded by ND filter) [32]. (b) On-and-off
chart for voltage applied to gate electrode and current flowing through cathode [32]. Copyright (2017) The Japan Society
of Applied Physics.

We succeeded in assembling an FE planer electron-emission source pattern via a line-sequen-
tial-scanning method with an optimized design that the individual gate electrodes driven with
an on/off FE current flowing. This was accomplished while conserving energy in cathode elec-
trodes activated by making up scratching to emit electrons more effectively from the cathodic
electrode employing a highly crystalline SWCNT. We also succeeded in amplifying the lumi-
nance-output by combining long-afterglow and high-luminance phosphors for an anode elec-
trode to overlap the afterglow component of fluorescent materials to establish a basic design
for assembling a triode flat-panel light-emission device with a line scanning sequential method.
To the best of our knowledge, the creation of a flat-panel light-emission device that could
achieve to obtain a high brightness efficiency of 87 Im/W was a remarkable outcome for the
first time ever. Improvements to the driving performance for electron emissions at FE sources
largely depend on the application of the highly crystalline SWCNTs. We believe this achieve-
ment assumes a leading role in electronic device creation through the effective use of a highly
crystalline SWCNT, and we confidently need to promote its industrial design for practical use.
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Figure 24. Relationship between power consumption and output luminance of triode flat-panel light-emission device [32].
Copyright (2017) The Japan Society of Applied Physics.
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7. Conclusion

The attempt to apply highly crystalline SWCNTs as electron emission source was successfully
achieved to obtain a planar light-emission device with low power consumption. Highly crystal-
line SWCNTs are an electrical element that can make a significant improvement in FE character-
istics. A thin cathodic electrode film assembled via a wet process employing a highly crystalline
SWCNT is expected to provide energy conservation as an FE electron emission source. By com-
bining such elemental technologies both of the control the on-and-off switching of electron emis-
sions in an arbitrary manner and the amplification of the luminance output with the persistence
characteristics of a fluorescent screen, a flat-panel light-emission device with high brightness
efficiency with an energy conserve driving method was assembled for the first time in the world.

The application of FE electron sources employing highly crystalline SWCNTs was determined
to be effective for conserving energy based on such results, and is expected to establish other
devices that are driven with low-power consumption in the future.
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