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ABSTRACT

To obtain a high field emission (FE) current with a low driving voltage, it is important to control and optimize carbon
nanofiber (CNF) array patterns for FE. While there have been various means for controlling CNF array patterns re-
ported over the past few decades, array patterning using lithography is the method typically used to control CNF mor-
phology. Because lithography uses many masks and is costly, it is necessary to establish a simpler process. In this study,
the grain size and distribution of catalysts with phase separation were controlled. A system which controls the mor-
phology of small bundles of CNFs was constructed with the distance between the bundles kept constant in order to ob-
tain a higher FE current. The Ni catalyst layer for forming the CNF morphology was separated by noncatalytic Cr
grains formed by cosputtering. As a result, it was possible to control the Ni content, the grain size and synthesis density
of CNFs in the alloy with a varying number of nickel pellets placed on the chromium target. This method is an epoch-
making CNF patterning technique very different from lithography.

Keywords: Alloys; Carbon Fibres; Metal-Matrix Composites; X-Ray Diffraction; Chemical Vapour Deposition (CVD)

1. Introduction ter had to be pointed, because it is necessary to yield high
electric field strength of about 10" V/cm at the tip. At a
high vacuum of more than 10~ Pa, the degradation of
electron emission by the contamination of the metal sur-
face is prevented.

The applicability of carbon nanorods as an FE source
has been studied since the discovery of carbon nanofibers
(CNFs) which coexist with carbon nanotubes (CNTs) and
CNFs can be synthesized on catalysts [3-5]. In this work,
we used carbon nanofibers (CNFs) which were grown
uniformly on a glass substrate industrially using a low
temperature process as the FE emitters. CNFs have a
higher work function than metals [6] and are rod-shaped,
which provides tips for the concentration of electric
fields. Focusing on this feature, de Heer et al. confirmed

Since the principle of the electron emission mechanism
using a field emission (FE) phenomenon was proposed in
1928 by Fowler and Nordheim [1], the results of the
mechanism and application development for FE have
been reported extensively. One example is the design for
obtaining electron emission effectively and research on
materials for FE. The first time the results of applied re-
search into the practical applications of a field emission
device, however, were reported was in 1976 by Spindt et
al. [2]. The electron source they used was an FE cathode
made of molybdenum (Mo) and tungsten (W), which,
due to their high melting points, can withstand relatively
high temperatures, and therefore, the FE cathode was
capable of intensively emitting electrons from its tip. The

research and development on the application of FE elec-
tron sources has been extensively reported since 1976.
In the FE source mentioned above, the metal FE emit-

“Corresponding author.
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FE electron emission from CNFs in 1995 [7].

There are two types of parameters for evaluating FE
(FE parameter): one is the field enhancement factor,
which represents the concentration of the electric field;
and the other is the electron emission site, which is the

MSA



226

Optimized Distribution and Morphology of Carbon Nanofibers for a Field Emitter Grown by Nickel and

Chromium Cosputtering

area for emitting electrons. To improve these parameters,
it is necessary to optimize the form of the emitter so that
a high current at a low driving voltage can be obtained.
In this study, the authors examined the CNF control of an
array of FE characteristics.

A CNF array of controlled impact on FE characteris-
tics was first reported in 2000 by Nilsson et al., obtained
without optimizing the crystalline form. They patterned
the array on catalyst layers to synthesize CNFs. When
the distance between adjacent patterns of synthesizing
CNFs is at least twice the CNF length, they found that
the field strength focused on those CNFs was almost the
same as a CNF standing alone. There are many reports
on the optimization of FE properties with CNF array
patterning that followed the reports of Nilsson et al.
[8-24]. In some these reports, the patterning of CNFs by
lithography, which commonly uses semiconductor proc-
ess technology, was explained. We examined the surface
morphology to optimize the FE parameters, namely, the
field enhancement factor and electron emission site.

Our idea for obtaining high FE current with low power
consumption by controlling the CNF synthesis morpho-
logy is shown in Figure 1. When a CNF stands on the
substrate, as in Figure 1, the electric field is concentrated
at the tip of the CNF because there are no obstacles to the
penetration of potential lines. When the electron emis-
sion sites are limited to an area with only one CNF, it is
impossible to achieve a high emission current. On the
other hand, when many CNFs stand on the substrate, as
in Figure 1, the space between adjacent CNFs is so nar-
row that it is difficult for the equipotential lines to pene-
trate it. As a consequence, the electric field on top of
each CNF is smaller than just one CNF standing alone.
However, when many CNFs exist as emissions sources,
the CNF emission site is larger than just one CNF. From
these ideas, when CNFs are arranged in bundles, and
when the size and space between these CNF bundles is
controlled, the authors surmised that it is possible to op-
timize both the field enhancement factor and the electron
emission site.

To improve FE properties, there have been many stu-

Single CNF

Field enhancement LARGE
factor

Electron emission site SMALL

: Small emission current

Large CNF bundle

dies in which the spacing between CNFs was discussed.
Since Nilsson et al. reported the relationship between
array patterning and the electric field on the top of the
CNF, many studies into the control of CNF surface mor-
phology using lithography with semiconductor process
technology have been conducted. The process is complex
and the cost of establishing a CNF array is high. It is thus
necessary to apply a FE emitter as an industrial device to
simplify the process for FE emitters with CNFs and to
limit the cost of the process. Therefore, in this study, the
authors plan to establish a simpler CNF array pattern
control method.

2. Experiment of CNF Array Pattern
Control

In this study, CNF array pattern control with catalysts
and other materials by the phase separation of grains was
attempted. CNF catalyst layers were separated by a
separator material, and CNFs were synthesized only on
the catalyst layer. Then the catalyst grains were separated
at submicron sizes using a noncatalyst metal. In the for-
mation of a catalyst microstructure separated by a non-
catalyst, a eutectic alloy allows for phase separation with
grains of the catalyst layer controlling of contents of
catalyst and noncatalyst. Nickel (Ni) was used as a cata-
lyst to synthesize stable CNFs [22-27] which form cata-
lyst patterns with small grains at low temperature. Chro-
mium (Cr), which is used as the electrode in flat panel
displays and is known for its excellent rigidity and dura-
bility, was used as the nonmetal catalyst for the separa-
tion of Ni grains.

The sputtering deposition method was adopted to fab-
ricate a Ni-Cr alloy film on a large area of the electrode.
A schematic diagram of the sputtering setup is shown in
Figure 2. A SH550 manufactured by ULVAC was used
in this study.

3. Results and Discussion

3.1. Formation of Ni-Cr Alloy by Cosputtering
As shown in Figure 2, Ni pellets of 99.9% purity were

GmaIICNF bundles \

Larger than large CNF
bundle

Qarger thansingle Cl\y
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Figure 1. Idea for increasing the FE parameters by controlling the CNF morphology. Small CNF bundles provide a larger

field enhancement factor and field emission site.

Copyright © 2013 SciRes.
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Figure 2. Schematic of the Ni and Cr cosputtering method.

placed on Cr targets, and a Ni-Cr alloy film was formed
by cosputtering both Ni and Cr. The composition of the
alloy was controlled by adjusting the number of Ni pel-
lets on the Cr target. The conditions for cosputtering
deposition are given in Table 1.

The photograph in Figure 3 shows the morphology of
the Ni-Cr alloy deposited by cosputtering. From the analy-
sis with SEM-EDS (device name: SEM: S-3500NLC
(Hitachi Science Systems), EDS: EDAX GENESIS), it
was found that lamellar grains consist of Ni, whereas
other components consist of Cr layers. The SEM images
of the morphology of the alloy with Ni contents of 37, 57
and 86 wt% according to both condition of 734 K and
373 K at the temperature of substrate on co-sputtering are
shown in Figure 3. Figure 3(a) shows SEM images of
the morphologies of the alloy at 734 K on a substrate by
cosputtering, and Figure 3(b) shows the SEM images at
373 K on a low substrate temperature. The Cr grains in
Figure 3(a) aggregated as fine grains at high temperature,
with Ni grains ~1 um in size aggregating in a lamellar
pattern. The Ni contents is 57 wt% at the high tempera-
ture, and the size of the grains was shown to be depend-
ent on the number of Ni pellets placed on the Cr target.
The morphology of the Ni-Cr alloy in Figure 3(b) formed
at low temperature by cosputtering did not have clearly
divided Ni and Cr domains. Notably, no Ni grains were
detected in the synthesis of CNFs with Ni contents of 37
wt%. The Ni-Cr alloy has a eutectic phase, and a mixed
crystal with an amorphous composition of Ni and Cr is
formed at low substrate temperatures by cosputtering.
This explains why no clear boundary was constructed
between the Ni and Cr crystals.

Figure 4 shows a plot of Ni content vs the number of
Ni pellets on the Cr target. The Ni content was deter-
mined by averaging according to the by SEM-EDS ima-
ges of the cosputtered samples. The Ni content in the
Ni-Cr alloy was proportional to the number of Ni pellets
on the Cr target, and did not depend on the temperature
of the substrate when cosputtering. As such, it was sur-
mised that Ni content can be controlled by adjusting the
number of Ni pellets used in cosputtering. The synthesis
morphology of Ni-Cr, however, was confirmed to differ
according to the substrate temperature when cosputtering.

Copyright © 2013 SciRes.

Table 1. Cosputtering conditions with Ni and Cr targets.

Substrate

Vacuum
temperature

Atmosphere Target

1-5x107" Pa 373 & 743K Arinplasma Ni pellets on Cr

(a) (b)
Figure 3. SEM images of the Ni-Cr morphology of alloys
with various Ni contents and its dependence on substrate
temperature during the cosputtering process. (a) 743 K at

substrate temperature in cosputtering; (b) 373 K at sub-
strate temperature in cosputtering.
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Figure 4. Relationship between the Ni pellet number on Cr
target and Ni content by cosputtering at 743 K as evaluated
by EDS. At 373 K, the results show the same tendency.

3.2. Control of CNF Growth Morphology

After cosputtering with Ni and Cr, CNFs on the samples
were synthesized by plasma-enhanced chemical vapor
deposition (PECVD). This synthesis method is capable
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of growing a large number of CNFs, and the number is
proportional to the size of the reactor of the CVD. The
advantage of this method is that CNFs can be controlla-
bly grown on Ni catalyst grains perpendicular to the sub-
strate.

A helicon-wave-assisted PECVD was used to induce
CNF growth at a low temperature [28]. CNFs synthe-
sized by this method stand in bundles and have been
characterized as arrayed with space between adjacent
bundles. Figure 5 shows the CNF synthesis morphology
with a Ni alloy catalyst with a Ni content formed at high
temperature (743 K) by cosputtering. CNFs were synthe-
sized uniformly with a diameter of about 100 nm ¢ and a
length of 1 um regardless of the Ni formation. A cross-
sectional view of the synthesized CNFs in Figure 5(b) is
shown in Figure 6: the high concentration of Ni catalysts
at the top indicates that CNFs grew on the Ni catalyst in
the Ni-Cr alloy. The cross-sectional view of CNFs ob-
tained by TEM, shown in Figure 6(b), resembles the
cup-stacked structure of graphene. CNFs with a Ni cata-
lyst at the top were predominantly synthesized from {111}
of the Ni plane orientation [29].

As determined from the surface morphology of the
CNFs on Ni-Cr alloy catalysts shown in Figure 5, the
number of CNFs per unit area vs Ni content is plotted in
Figure 7. The triangles indicate the number of CNFs at
high growth temperature by cosputtering, and the circles
are the datum from the low growth temperature of Ni-Cr
catalyst. The results indicate that the control of CNF
synthesis was possible by controlling the Ni content in
the Ni-Cr catalyst. Moreover, the density of CNFs on the
Ni-Cr catalyst was dependent on the substrate growth
temperature by cosputtering, and the CNFs had poor
density on the Ni-Cr catalyst grown at low temperature.
It should be noted that no CNFs were synthesized on the

Ni-Cr catalyst at 37 wt% Ni content at low temperature
growth.

The results of the X-ray diffraction measurements,
which indicate the dependence of growth temperature on
the Ni-Cr catalyst, are shown in Figure 8. At low growth
temperature, clear Ni-Cr alloy peaks were observed. The
diffraction peaks of Ni appear as the Ni content increases.
This means polycrystalline Ni grains are formed for the
synthesizing of CNFs instead of the Ni-Cr alloy. The
amount of Ni in the Ni-Cr catalyst is directly correlated
with the density of CNF synthesis, as shown in Figure 7.
It would appear that a Ni-Cr crystal alloy including amor-
phous Ni and Cr can be grown at low temperature, and
this Ni-Cr alloy impedes the growth of CNFs in the
plasma atmosphere of the PECVD. It is necessary to in-
crease the number of Ni grains in Ni-Cr alloy for the
synthesis of CNFs.

From this morphology, the FE properties that indicate
the field enhancement factor and the electron emission
site were found to be controllable by adjusting the Ni
content and the crystalline phase, and it was possible to
obtain FE current with low power consumption [30].

4. Conclusion

It was shown to be possible to control the CNF synthesis
morphology selectively on a Ni-Cr alloy catalyst. A Ni
catalyst layer was formed by cosputtering with Ni and Cr,
and the Ni catalyst for CNF growth was separated from
the Cr grain by phase separation. By using this alloy as
the catalyst, CNFs were successfully synthesized only on
the Ni catalyst and the synthesis density of the CNFs was
found to be dependent of the Ni content of the Ni-Cr al-
loy catalyst. As a result, the array of CNF patterning was
able to be controlled without lithography.

(a) CNFs synthesis morphology on (b) CNFs synthesis morphology on (c) CNFs synthesis morphology on

the substrate at Nicontent=37

wt%. wt%.

the substrate at Nicontent=57

the substrate at Nicontent = 86
wt%.

Figure 5. SEM images of CNF bundles grown on Ni-Cr and pure nickel catalyst films at 743 K temperature growth. The Ni
concentration of the Ni-Cr catalyst layer was larger in (b) than in (a). Uniformly distributed CNFs were obtained on almost
pure Ni (c) with a density of more than 50 fibers per pm?; they were longer than those grown on a Ni-Cr catalyst [28].

Copyright © 2013 SciRes.
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Figure 6. TEM images of synthesized CNF's on a Ni-Cr alloy
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content in the Ni-Cr alloy catalyst against the dependence of
growth temperature of the Ni-Cr catalyst.

S

g, -

SO . S _ .

=z z S =z Z 0 =

“J,\“'*-"‘-——: : SR DU A | 57TWt% | 743K
VAYE NS N ey

(g = e e — s I T

X-ray diffraction intensity

s A= 7wtk | 373K
kMM— 37 wt%_|

40 50 60 70 80 90 100
CuKa, 26 (°)

Figure 8. The X-ray diffraction measurements indicating
their dependence on the growth temperature of the Ni-Cr
catalyst. The PDF number of each XRD curves is Cr-
PDF#06-0694/Ni-PDF#04-0850/NiCr-PDF#26-0429.
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