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Large Electron Emission Current and High Electron Emission Stability of
Hexagonal Close-packed Multi-lamination-layer Carbon Nanotube Cathode
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Abstract: A Hexagonal Close-packed Multi-lamination-layer Carbon Nanotube ( HCP-MLL-CNT )
cathode is proposed. In this scheme, the silver slurry is sintered to form the substrate silver electrode
with a hexagon-shaped edge, which is fabricated on the transparent indium-tin-oxide electrode, with a
staggered arrangement of the adjacent substrate silver electrode on the cathode faceplate. Using ZnO and

SnQO, powders as mixing materials, the base blending layer is formed between the substrate silver
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electrode and the single CNT layer, whereas the CNTs in single CNT layers are mainly utilized to emit
the cathode electrons. The fabrication process of an HCP-MLL-CNT cathode is discussed in detail, and
and the feasibility study which the HCP-MLL-CNT cathode is applicable as an electron source is
performed. The sintering method, in which the nitrogen gas is used as a protective gas, was adopted to
remove the organic binder materials and other organic impurities of the preparation slurry. The HCP-
MLL-CNT cathode was vacuum-sealed into the triode field emission display, and a stable electron
emission current was formed. The measurement results indicate that the proposed HCP-MLL-CNT
cathode possesses the enhanced electron emission characteristics, a low turn-on electric field of 1.83 V/
pm, and the increased maximum electron emission current of 2718.6 pA. The HCP-MLL-CNT cathode
revealed an excellent electron emission curve trend, in which the increasing range of electron emission
current was approx. 1410.3 pA for the electric field enhancement range from 2.17 V/pm to 3.06 V/pm.
The fluctuation of the electron emission current with time was also measured, and a reliable and stabile
electron emission for HCP-MLL-CNT cathode was experimentally verified. The green emission image
was displayed, which corroborated a good electron emission uniformity and high electron emission
luminance of the proposed HCP-MLIL-CNT cathode. It is shown that a simple fabrication structure and
manufacturing process of the proposed HCP-MLL-CNT cathode possesses a high potential for practical
applications.

Key words: Carbon nanotube cathode; Fabrication process; Emission current; Emission stability; Silver
electrode; Structure
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0 Introduction

Carbon Nanotubes (CNTs) are very promising for various field emitter applications, due to their

unique characteristics of the concentric planar structure, nanoscale diameters, high mechanical strength,

[1-3]

and superior chemical stability''™. In vacuum environment, a mass supply of cathode electrons can be

provided by CNTs to form a stable electron current"**!. Given this, CNTs have been successfully applied in

the field emission display [*, and numerous studies on CNT cathodes were intensively conducted™"'*.

1 However, the most critical

[16-18]

CNT cathodes are usually fabricated with the screen-printing process

deficiency of printed CNT cathodes is their poor electron emission capability . Therefore, various

[19-21]

treatment techniques including the plasma bombardment, ion irradiation, and mechanical rubbing

[22-24]

methods have been applied to improve the field emission performance of CNT cathodes" . The plasma
bombardment method could improve the emission uniformity of CNT cathode, but it was not suitable for
the preparation of large-area CNT cathode. The ion irradiation method could enhance the electron emission
ability of CNT cathode, however, the treatment cost was too expensive. The mechanical rubbing method
was an effective technology, nevertheless, the CNT cathode surface usually was damaged™? %",
Furthermore, an alternative solution to this problem was proposed by developing a new CNT cathode

fabrication structure and the respective innovative CNT cathode preparation process-***. In this study. a

novel Hexagonal Close-packed Multi-lamination-layer CNT (HCP-MLL-CNT) cathode is explored. The
design and fabrication of HCP-MLL-CNT cathode are described in detail, wherein the hexagonal close-
packed substrate silver electrode was fabricated and the base blending layer was introduced between the
hexagonal close-packed substrate silver electrode and the single CNT layer. The field emission display, in
which the dot matrix image could be displayed, was fabricated, and its performance proved the feasibility
of fabricated HCP-MLIL-CNT cathodes. The electron emission characteristics were studied, and the

electron emission current fluctuations were measured.

1 Experiment

1.1 Structure and design of CNT cathode
The structural schematic diagram of HCP-MLL-CNT cathode is shown in Fig. 1 (a), and the
commonly treated Indium-tin-oxide (ITO) electrode CNT cathode schematic structure is illustrated in Fig.
1(b). For the two types of CNT cathodes, the flat-panel soda-lime glass with a thickness of 2 mm was
used to form the cathode faceplate. The HCP-MLL-CNT cathode, in which the multi-walled CNTs were
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utilized as the electron emission materials, was fabricated on the cathode faceplate surface. The bar-shaped
transparent ITO electrodes were fabricated with the etched ITO film. The substrate silver electrode, which
was formed with the sintered silver slurry, was fabricated on the transparent ITO electrode, whereas the
external edge of each substrate silver electrode had an interconnecting hexagonal shape. The schematic
structure of the substrate silver electrode is illustrated in Fig.2. The single CNT layer was printed on the
base blending layer.

Single CNT layer Base blending layer Single CNT layer

/1 L \\ |
Cathode faceplate / Substrate silver electrode Cathode faceplate \

Transparent ITO electrode Transparent ITO electrode

(a) Design of the HCP-MLL-CNT cathode (b) Structure of the commonly treated ITO electrode CNT cathode

Fig.1 Structural schematic diagram of two types of CNT cathodes

Substrate silver electrode/base blending layer/
single CNT layer

AN

/

Transparent [TO electrode Cathode faceplate

Fig.2 Design of substrate silver electrode in HCP-MLL-CNT cathode

1.2 Fabrication of HCP-MLL-CNT cathode

The total fabrication process of the HCP-MLL-CNT cathode can be roughly reduced to the three main
steps. Firstly, with a high-precision photo-etching process, the ITO film covered on the cathode faceplate
is split to form transparent ITO electrodes. The bar-shaped transparent ITO electrodes were serially
arranged and separately insulated. The silver slurry was screen-printed on the cathode faceplate and
subsequently sintered to form the substrate silver electrode. A satisfactory electrical conduction was
achieved between the transparent I'TO electrode and the substrate silver electrode. Secondly, two types of
printing slurry, namely the single CNT layer slurry and the base blending layer slurry, were prepared. The
purified multi-walled CNT, ZnO powder, and SnO, powder were blended to form a CNT-ZnO-SnO,
mixture with the respective weight ratio of 1 ¢ 0.5 : 0.5. Terpineol and ethyl cellulose were added to the
above mixture, and the CNT-ZnO-SnO, mixture was thoroughly stirred with a magnetic stirrer at the
temperature of 115°C to form the base blending layer slurry. The purified multi-walled CNT, terpineol,
and ethyl cellulose were mixed in the beaker. The single CNT layer slurry was obtained by a similar
preparation process, which differed from the base blending layer slurry only by the stirring temperature
(92°C). Thirdly, the base blending layer slurry was printed on the substrate silver electrode with the
screen-printing method. The fabricated base blending layer slurry was baked in a special automatic oven at
the constant baking temperature of 215°C. Subsequently, the baked base blending layer slurry on the
substrate silver electrode was sintered in the nitrogen atmosphere in a special sintering furnace. The
highest sintering temperature was 555°C, and the whole sintering time was approx. 60 min. So the base
blending layer was fabricated. Then, the single CNT layer slurry was also printed on the base blending
layer. A baking process for the fabricated single CNT layer slurry was performed to remove the organic
additives, in which the constant baking temperature was 185°C. The corresponding sintering process for
the baked single CNT layer slurry was conducted again in a special sintering furnace, of which the highest
sintering temperature was also 555°C. Because the nitrogen was used as the protective gas, the CNT could
not be oxidized in such a high sintering temperature environment. Finally, the proper post-treatment
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process was performed for the single CNT layer to improve its electron emission, which concluded the
HCP-MLL-CNT cathode fabrication.
1.3 Electron emission testing

For analyzing the CNT surface morphology of HCP-MLL-CNT cathode, Scanning Electron
Microscopy (SEM) was employed, and the SEM images were also obtained. The triode field emission
display with HCP-MLL-CNT cathode was fabricated, and the electron emission characteristics of HCP-
MLL-CNT cathode were tested with a triode structure configuration. The DC operating voltages were
applied for the triode field emission display, and the electron emission current was monitored with an
ammeter.

To compare the influence of different CNT cathode on the electron emission characteristics, the other
two CNT cathode samples, commonly treated ITO electrode CNT cathode and non-oxidation sintered HCP
CNT cathode, were also fabricated with a similar manufacturing process. The single CNT layer slurry was
printed directly on the transparent ITO electrode surface, so the commonly treated ITO electrode CNT
cathode was prepared. The fabrication structures of the non-oxidation sintered HCP CNT cathode, and the
HCP-MLL-CNT cathode are the same, the only difference being in their fabrication processes, where the
highest sintering temperature was 332°C for the non-oxidation sintered HCP CNT cathode.

2 Results and discussion

2.1 SEM images of CNT cathode
Fig.3 presents the SEM images of three types of CNT cathode samples. The magnification factor of all
the three SEM images, which was 30 000, was identical, and the surface morphology of CNT cathode can

be observed.

I\y S BRY

$4800 3.0kV 10.3mm x30.0k SE(M)

(c) SEM image of the non-oxidation sintered HCP CNT cathode

Fig.3 Surface morphology of three types of CNT cathodes

As shown in Fig.1(a), nubbly organic binder materials, which covered the surface of commonly
treated ITO electrode CNT cathode, have disappeared. Many CNT ends protruded from CNT cathode
surface, which would form potential electron emission sites. The HCP-MLL-CNT cathode is shown in Fig.
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3(b). As seen from the image, numerous CNT ends were irregularly distributed along the CNT cathode
surface, the organic contaminants had been removed entirely, and a clean and homogeneous cathode
surface was achieved, which should be favorable to enhance the electron emission current of the HCP-
MLL-CNT cathode. In fact, in the commonly treated ITO electrode CNT cathode, the single CNT layer
was fabricated on the transparent ITO electrode; and in the HCP-MLL-CNT cathode, the single CNT
layer was also prepared on the base blending layer. For the two types of CNT cathode, seen from the
fabrication structure, the same single CNT layers were manufactured at the top of CNT cathode; seen
from the main cathode function, the same single CNT layers were utilized to emit adequate cathode
electrons. So, it was no surprising that both types of CNT cathode possessed identical and good cathode
surfaces.

For the HCP-MLL-CNT cathode, a smooth cathode surface was composed of pure CNTs. It was
ensured that all the acquired cathode electrons should be emitted by the CNTs. In the contact interface of
the single CNT layer and the base blending layer, after the sintering treatment, parts of CNTs in the two
CNT layers were interpenetrated, and an improved interface contact was formed. However, due to the
covered single CNT layer, no ZnO and SnQ, particles appeared on the cathode surface. Moreover, all the
organic impurities and solvent could not be observed at the cathode surface, which also implied that the
sintering for HCP-MLL-CNT cathode was complete in the sintering process; many CNTs were preserved
on the cathode surface, which proved the shielding action of nitrogen gas.

In the course of HCP-MLL-CNT cathode preparation, the high-temperature sintering method was
used, in which the nitrogen gas of 99.999% purity was employed in the sintering environment, while the
highest sintering temperature was 555°C. The sintering method was a non-contact treatment process,
which was more suitable for the fabrication of large-area CNT cathode. Moreover, the CNT cathode
surface would not be exposed to a direct contact in the treatment course, so the mechanical damaging
would be avoided, and the contamination of other foreign residues would not emerge. On the one hand, the
sintering temperature was high. Because the oxygen was excluded from contact with CNTs in the HCP-
MLIL-CNT cathode, no oxidation occurred; meanwhile, the CNT could also endure a high sintering in the
nitrogen atmosphere. In other words, the CNT in HCP-MLL-CNT cathode was undamaged in the sintering
course. However, the organic binder materials and other impurities in the cathode slurry were fully
evaporated. On the contrary, if the sintering temperature was low, the treatment result might be
unsatisfactory. One more SEM image of non-oxidation sintered HCP CNT cathode is depicted in Fig.3(c).
In this experiment, the sintering process was also carried out: the highest sintering temperature was
332°C, in contrast to the normal sintering temperature of 555°C. As seen from the above image, after the
non-oxidation sintering treatment, there was still some organic binder materials at the CNT cathode
surface, although their blocks had been eliminated. This implies that the removal process of organic binder
materials was incomplete. As compared to clean and homogeneous surface of the HCP-MLL-CNT cathode,
that of non-oxidation sintered HCP CNT cathode contained the residual materials, which would interfere
with the protrusion of CNTs and strongly restrain their electron emission capabilities. Therefore, the
appropriate treatment temperature is crucial for the HCP-MLL-CNT cathode fabrication by the sintering
method. On the other hand, in the sintering process, the continuously provided nitrogen gas was flowing
at a constant rate. With the gas flow of nitrogen, the organic binder materials in HCP-MLL-CNT cathode
would be sintered thoroughly. Not only the re-deposition of residual organic binder materials was excluded,
but also the transformation of organic impurities was thus prevented.

2.2 Electron emission characteristic curves

Measurements of electron emission characteristics of two types of CNT cathode samples, namely the
commonly treated ITO electrode CNT cathode and the HCP-MLL-CNT cathode, were carried out in a
vacuum chamber of 10 ' Pa, and the respective electron emission curves are plotted in Fig.4. For the
characteristics” measurement, the HCP-MLL-CNT cathode was assembled in the vacuum chamber of one
field emission display, while the commonly treated ITO electrode CNT cathode was installed in another
field emission display, and the corresponding test curves are depicted in Fig.4, respectively. Insofar as the

electron emission properties were quite poor, the assembling and measuring of non-oxidation sintered HCP
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CNT cathode sample was abandoned. In the 3200 [ —=— The HCP-MLL-CNT cathode
. < . < —a&— The commonly treated ITO electrode CNT cathode
measuring course, two DC operating voltages, 2 L
. . . s
namely the anode bias voltage and the grid bias % 2400 |
one, were applied. The anode bias voltage of 1.73 kV % -
remained constant for both types of CNT cathode 21600
£
samples. 2 C
: : : g 800 +
As expected, in comparison with the £
]
commonly treated ITO electrode CNT cathode, m [
0 I\ 1 1 1 L 1 1

the HCP-MLL-CNT cathode exhibited significantly

improved electron emission properties, judging

1.8 24 3.0 3.6

Formed electric-field/(V-um™")
from the following three aspects. Firstly, the

HCP-MLL-CNT cathode possessed a lower turn-on Fig.4 Electron emission characteristic curves for two
electric field of 1.83 V/pm, as compared to that of types of CNT cathodes
commonly treated ITO electrode CNT cathode, which attained 2. 11 V/um, so that the respective
difference made about 0.28 V/um. This strongly suggests that the HCP-MLL-CNT cathode would emit
cathode electrons more readily than the commonly treated ITO electrode CNT cathode. The fabrication of
base blending layer is the most critical for improving the HCP-MLIL-CNT cathode performance. In the base
blending layer, ZnO and SnQO; particles penetrated into the space of CNT which was twined each other.
Due to different sizes of ZnO and SnQ, particles, the CNT cathode surface roughness was increased; due to
the efficient separating of ZnO and SnQO; particles in dense CNTs, the local electric field of each CNT
emitter was enhanced, and the electric field enhance factor was also improved. These measures were quite
instrumental in reducing the turn-on electric field of the HCP-MLL-CNT cathode. Secondly, the HCP-
MLL-CNT cathode had a larger electron emission current. The maximum electron emission current of
commonly treated ITO electrode CNT cathode was approx. 1623.8 pA. which was less than that of the
HCP-MLL-CNT cathode (about 2718.6 nA). Meanwhile, with the same electric field of 2.83 V/um, the
electron emission current of HCP-MLL-CNT cathode reached 1187.2 pA, and that of commonly treated
ITO electrode CNT cathode was about 956.4 pA. Thus, the HCP-MLL-CNT cathode could supply more
cathode electrons in the normal operating course of field emission display. With large electron emission
current, brightness and luminous efficiency of the field emission display with HCP-MLL-CNT cathode
could be improved, as well as its luminance uniformity. Thirdly, the HCP-MLL-CNT cathode revealed a
better electron emission curve trend. For example, when the electric field was enhanced from 2.71 V/pm
to 3.06 V/um, the increasing range of electron emission current for HCP-MLL-CNT cathode was approx.
1410.3 pA, while that of electron emission current for commonly treated ITO electrode CNT cathode was
about 896.7 pA. As compared to commonly treated ITO electrode CNT cathode, the electron emission
curve of the HCP-MLL-CNT cathode was steeper. One can conclude that the substrate silver electrode
design with an HCP shape was beneficial for enforcing the CNT to emit more cathode electrons. The
substrate silver electrode was inserted between the base blending layer and the transparent ITO electrode,
and the staggered arrangement of the adjacent substrate silver electrodes was realized. For one substrate
silver electrode, the electrode edge length was reasonably increased, which was expedient for the formation
of a more robust CNT emitter. Moreover, given the further enhancement of the electric field at the
electrode edge, it would be reasonable to assume that large electron emission current would be formed in
HCP-MLL-CNT cathode at the same operating voltage. Also, due to a solid electric contact between the
substrate silver electrode and transparent ITO electrode, the cathode potential conduction is also improved.
2.3 Emission image

For measuring and verifying the electron emission characteristics ofthe HCP-MLL-CNT cathode, the
triode field emission display was vacuum-sealed. The monochrome anode was formed on the anode
faceplate, wherein the green phosphor was prepared on the anode ITO electrode so that only a green image
could be displayed. The HCP-MLIL-CNT cathode was mounted onto the cathode faceplate. After the anode
and cathode faceplate were combined to make a vacuum chamber, the HCP-MLL-CNT cathode was placed
in the vacuum environment. The photograph of fully sealed field emission display is presented in Fig.5. The
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small field emission display could display some dot
matrix image. Due to the obscuring of other field
emission display components, the HCP-MLL-CNT
cathode is not visible from the field emission
display exterior. Some specifications of the small

field emission display were as follows. The

external length/width dimensions were 160 mm
and 50 mm, respectively. The anode and cathode
faceplates had the same thickness of 2 mm. The
anode faceplate contained 70 emission image
pixels, which were subdivided into two groups. In Fig.5 Photograph of fully-sealed field emission display
each group , the emission image pixels were arranged with HCP-MLL-CNT cathode

into a 5 (line)x7 (column) matrix form. Each emission image pixel had the identical square shape and the
area of 850 pm x850 pm.

Fig.6 shows the emission images of two types of CNT cathodes, respectively. As is seen from the
emission images, the proper luminescence of all emission image pixels corroborates that both types of CNT
cathodes can be applied to field emission display. Under the appropriate vacuum conditions, the HCP-
MLL-CNT cathode is applicable as an electron source.

The emission image of commonly treated ITO electrode CNT cathode is presented in Fig.6 (a). In
general, the emission image luminance was non-uniform, of which some emission image pixels had grown
brighter. On the contrary, as shown in Fig.6(b), all the emission image pixels were luminous, and the
light intensity of each emission image pixels was nearly the same, while the brightness of emission image
was quite high. In contrast to the commonly treated ITO electrode CNT cathode, the HCP-MLL-CNT
cathode exhibited better electron emission characteristics, such as high electron emission luminance and
good electron emission uniformity. On the one hand, in the HCP-MLL-CNT cathode, the substrate silver
electrode featured two hexagon-shape electrode edges, while the adjacent substrate silver electrode had a
staggered arrangement on the cathode faceplate. On the other hand, the substrate silver electrode was
fabricated on the bar transparent ITO electrode, while an additional base blending layer was inserted
between the substrate silver electrode and the single CNT layer. Thus, a multi-lamination-layer structure
of CNT cathode was designed and successfully implemented. In the fabrication process, the HCP-MLL-
CNT cathode was subjected to several high-temperature sintering procedures, which did not hinder its
cathode electron emission performance. This finding corroborated the feasibility of the proposed fabrication
method of the HCP-MLL-CNT cathode. The manufacturing cost is low, and the manufacturing process is
relatively simple, which advantages are combined with an expected high reproducibility of the HCP-MLL-
CNT cathode.

Srrawax [@enery

(a) Emission image of the commonly treated ITO electrode CNT cathode (b) Emission image of The HCP-MLL-CNT cathode

Fig.6 Emission images comparing of two types of CNT cathodes

2.4 Fluctuation curves of electron emission current with time

Fig.7 presents the typical fluctuation curves of electron emission current with time for the commonly
treated ITO electrode CNT cathode and the HCP-MLIL-CNT cathode. In this experiment, the anode bias
voltage of 1.67 kV was fixed, and an initial electron emission current of 836.7 pA was set. The
corresponding electron emission current was continuously monitored with an ammeter. As is seen from the
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fluctuation curve trend, the electron emission current of both types of CNT cathodes firstly grew and then
decreased.

In one respect, noteworthy is that the maximum electron emission current fluctuation rate of the
HCP-MLL-CNT cathode was less than 5%, while that of commonly treated ITO electrode CNT cathode
reached 12.4% in the measuring course. This fact strongly indicates the superiority of HCP-MLL-CNT
cathode over the commonly treated ITO electrode CNT cathode by its electron emission current stability.
In another respect, as shown in Fig.7, the commonly treated ITO electrode CNT cathode exhibited a
more drastic change in the electron emission current than the proposed HCP - MLL - CNT cathode , which
has a relatively smooth and monotonic fluctuation 1000
. @ The commonly treated ITO electrode CNT cathode
curve depicted. In other words, the electron —#— The HCP-MLL-CNT cathode
emission current of the HCP-MLL-CNT cathode pe oL SR n 2 W

. . . . . .. fr:—t"_‘ ®e-o ot
longer rise and fall periods, which implies that it is
e

.

800
more reliable than the commonly treated ITO

electrode CNT cathode. With an increase in the
measurement period, the electron emission current

variation of the HCP-MLL-CNT cathode was still

quite small. As it was already mentioned, the HCP- . . . )
0 50 100 150

Times/min

Emission current/pA

600 [

MLIL-CNT cathode possesses a homogeneous cathode
surface and an additional fabricated base blending

layer, which improvements ensure its electron Fig.7 Fluctuation curves of electron emission current

. . ith ti for two types of CNT cathodes
emission current stability. with fume for two types o cathodes

3 Conclusion

In this study, a simple fabrication process for HCP-MLIL-CNT cathode was described in detail, and
the feasibility studies on its practical applications were also performed. With sintered silver slurry, the
substrate silver electrode was formed on the transparent ITO electrode, which edges had a hexagonal
shape. Using ZnO and SnO, powders as mixing materials, the base blending layer was fabricated under the
single CNT layer, while the CNTs in the single CNT layer were mainly used as the electron source. In the
manufacturing process, the sintering method was adopted to remove the organic binder material and other
organic impurities. It was proved that the HCP-MLL-CNT cathode was superior to the commonly treated
ITO electrode CNT cathode by the electron emission characteristics (turn-on electric field of 1.83 V/um
versus 2.11 V/pm, the maximum electron emission current of 2718.6 pA versus 1623.8 pA) . and by the
electron emission curve trend. Furthermore, the performed measurements of the electron emission current
fluctuation curves corroborated the stability and reliability of the HCP-MLL-CNT cathode. A field
emission display with HCP-MLL-CNT cathode was fabricated, and a green emission image was exhibited,
which proved the proposed HCP-MLIL-CNT cathode applicability to field emission display. The new
structure also appears to possess a high potential for practical applications.
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