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Vertically aligned carbon nanotube field emitters with 100 nm-dot array structure were fabricated using dc
plasma enhanced chemical vapor deposition, where dot catalysts were patterned by electron beam lithography. In
order to optimize the growth condition of VACNTSs, the morphologies of CNTs were investigated by changing gas
ratio between NHj; and C,H, gases. It was found that morphology of CNTs changed from bamboo-like to hollow
type structure by decreasing a C,H, ratio from 25 % to less than 15%. Optical emission spectroscopy measurement
was also carried out at various NH3/C,H, gas ratios, where emissions of CH and C, radicals increased with
increasing a C,H, gas ratio while H radicals remain almost constant. A bamboo-like CNT formation might be
resulted from the excessive carbon supply at higher C,H, gas ratios. It was found from the field emission
measurements that turn-on voltages were reduced from 1.9 V/um for bamboo-like CNTs to 1.2 V/pum for hollow

type CNTs.
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1. Introduction

Field emission from carbon nanotubes (CNTs) was
firstly reported in 1995 [1]. They have extraordinary
features such as high aspect ratio, electrical conductivity, or
mechanical strength and make it possible to realize field
emission applications such as field emission display (FED)
[2], X- ray tubes [3] and so on. Advantages of CNTs as
field emitters are the low turn-on voltage and large current
density [4], compared to other carbon related materials.
Recently, ion gauge using CNT field emitters have been
also developed [5, 6]. Generally, Fowler-Nordheim (F-N)
equation is employed to evaluate the field emission
characteristics, which include the field enhancement factor
and work function. For reduction of work function, low
work function materials such as Cs [7], MgO [8] or
BaO/SrO [9] are deposited on the surface of CNTs, which
lead to the improvement of field emission characteristics.
On the other hand, controls of diameter, alignment or
density of CNTs have been carried out to better the field
enhancement factor.

It is well known that diameters of CNTs are determined
from the thickness of initial catalyst film, that is, diameter
increases with catalyst film thickness [10-12].
previous work, we proposed to use graphene-layer
encapsulated Ni nanoparticles as catalyst to grow the
narrower  multi-walled CNTs (MWCNTs)  [13].

In our
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MWCNTs have diameter ranging from 2 to 5 nm, which
are narrower CNTs compared with CNTs grown from Ni
film.

Another important factor is the alignment of CNTs.
Some research groups reported that growth direction of
CNTs was controlled by applied electric fields and that
electric field of order of 0.1~1.0 V/um is necessary to align
the CNTs [14-17]. In our previous work, vertically aligned
CNTs (VACNTSs) were grown on Si substrate using thermal
CVD under the applied electric fields [18]. In the
experiment, vertical alignment of CNTs might be explained
by the electrostatic force acting on the negatively charged
tip of CNTs under a negative electric field. The other factor
is density of CNTs. It is well known that electric field
shielding effect is occurred in high density CNTs, which
deteriorates the field emission characteristics. In numerical
calculations, the highest of electric field
enhancement factor 3 was obtained when the dot interval
was roughly two times the length of CNTs [19]. Electric
field shielding effects have been investigated by changing
the dot intervals, where the experimental result showed the
similar tendency as the calculation [20].

In this study, with dc-PECVD method, VACNTs were
grown on 100 nm-dot array catalyst dots, which were
fabricated by electron beam lithography technique, in order
to develop the nano-sized VACNTs field emitters. Flow
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rate ratios of NH3/C,H, gas mixtures were varied to study
the CNT morphology and field emission characteristics.

2. Experimental details

For preparing substrates, a Cr thin film was deposited
on Si substrate by the radio frequency magnetron
sputtering to form the diffusion barrier layer. After then,
Ni thin film was deposited on the substrate as catalyst.
Fabrication of nano-sized dot catalyst array was carried out
by lift-off process using electron beam lithography.

Figure 1 shows our thermal CVD system with a
cylindrical quartz tube, where parallel diode type
electrodes with an inter-electrode distance of about 5 mm
were inserted in the quartz tube. The substrate was put on
the electrode and heated up to 700 °C. Pre-treatment using
NH; gas was carried out for 5 min to activate catalyst
surface. After then, DC discharge was ignited by applying
voltages between two electrodes and NH3/C,H, gas
mixtures were introduced at the pressure of 400 Pa for 15
min to grow the CNTs. Figure 2 shows the typical field
emission type scanning electron microscopy (FE-SEM)
image of VACNTs grown on Ni uniformly deposited
substrate under the applied voltage of -650 V. In this
experiment, we have confirmed the vertical growth of
CNTs in higher voltage than -600 V. So applied voltage for
plasma ignition is fixed at -650 V. Moreover, gas ratios of
NH;/C,H, were changed from 15 % to 25 % in order to
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Fig.2 FE-SEM image of VACNTSs grown on Ni
uniformly deposited Si substrate.
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control the CNT morphology while total gas flow rate was
kept at 150 sccm.

The surface morphology of CNTs was analyzed using
JEOL JSM-6320F FE-SEM and JEOL JEM-2000FXII
transmission electron microscope (TEM). Field emission
characteristics of CNTs were measured with a parallel
diode configuration at a pressure of 10 Pa. A Kapton sheet
with a thickness of 125 um was used as a spacer.

3. Results and discussion

Figure 3 shows the typical FE-SEM image of VACNT
field emitters with 100 nm-dot array structure, where C,H,
flow rate ratio to NH; was 25%. In this work, all the
samples are prepared with 100nm dot and 10 um interval.
Single VACNT was grown on each catalyst dot uniformly
which have a length of 3.5 um. As for the morphology, it
looks like fiber structure rather than tube, which top and
bottom diameter is 70~80 nm and 100~150 nm,
respectively. From TEM measurement, we have confirmed
the morphology bamboo like structure. Some research
groups also fabricated CNT field emitter array [21-23]. In
these papers, however, the morphology looks like carbon
nanofibers (CNFs) or carbon nanocones (CNCs). Therefore
NH;/C,H, gas flow rate were optimized to grow VACNTs.

Dependency of NH;/C,H, gas flow rate ratio on the
CNT morphology was investigated by changing C,H, gas
flow rate ratio to NH; from 15 % to 25 % while total gas
flow rate was kept at 150 sccm. Figure 4 shows the
FE-SEM images of the dependency on the CNT
morphology. VACNT was grown on catalyst dot with C,H,
ratio of 15%, which diameter is ranging from 60 to 80 nm,
as shown in Fig. 4(a). On the other hand, morphology was
changed from CNTs to fiber like structure with increasing
C,H, ratio from 15% to 25%, as shown in Fig.4. In the
case of ratio of 25%, the morphology showed the similar
tendency as that of Fig. 3. This result showed the same
tendency as the paper reported by Chhowalla et al [11] or
Teo et al [22]. At concentration over 50%, VACNT growth
cannot keep pace with the amount of carbon extruded the
catalyst, which the lateral growth below the catalyst cap

JEOL

Fig.3 FE-SEM image of VACNTs grown on 100 nm
dot array catalysts (dot interval is 10 um.)
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Fig.4 FE- SEM images of VACNT grown on 100 nm
dots at different C,H, gas flow rate ratios of (a)
15 %, (b) 20 %, and (c) 25 %.

dominates giving rise to fiber like structures.

TEM analysis was carried out to investigate the
structure of CNTs with different NH3/C,H, gas flow rate
ratio. Figure 5 shows TEM images of CNTs grown at C;H,
ratio of 15% and 25%. Both samples have catalyst particle
at tip which has almost the same diameter, as shown in Fig.
5(a) and (b). On the contrary, focused on the bottom region,
CNTs grown at ratio of 25% have larger diameter, as
shown in Fig. 5(d), which is in agreement with FE-SEM
analysis. In addition, there is a difference in inner tube
structure. It is hollow structure at C,H, ratio of 15% while
that of C,H, ratio of 25% is bamboo like structure. Cui et
al reported that CNTs have bamboo like structure at higher
ratio of CHy4 than 50% [24], which showed the similar
results with our results.
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Fig.5 TEM images of VACNT grown on 100 nm-dot
of the top region: (a) 15 %, (b) 25 % and the
bottom region: (c) 15 %, (d) 25 %.

Optical emission spectroscopy (OES) measurement
was carried out to investigate chemical species in
NH;/C,H, plasma. Figures 6 (a) and (b) show the OES
spectrum at C,H, ratio of 25%. The chemical species
identified mainly in this study include NH at 336 nm, N,"
at 358.5 nm, CN at 388 nm, CH at 390 nm, Hs at 410 nm,
CH at 431 nm, H, at 434 nm, C, at 469 nm, Hp at 486 nm,
C, at 516.5 nm, H, at 656.5 nm, and N, at 672.6 nm
[25-29]. It is noted that an additional peak of N, at 672.6
nm was observed in our system, which was different from
other reports [25-27]. Figure 6 (c) shows the dependency
of C,H, ratios on the relative intensity of H,, Hp, Cy, and
CH radical. The intensity of hydrogen radicals including
H, and Hg remains almost constant, which are considered
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Fig.6 (a) OES spectrum obtained at C,H, ratio of 25 %
and (b) C, swan bands. Figure (c) shows the
relative intensity with different C,H, ratios.
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to be etching species. Figure 6(c) suggested that hydrogen
radicals might be considered to be generated from NH; and
C,H,. On the other hand, intensity of carbon source radical
such as C, and CH increased drastically with C,H, gas
flow rate. From these results, the CNT morphology was
changed from hollow to bamboo like structures as a result
of excessive carbon feeding.

Finally, field emission characteristics were measured
with VACNTs grown at C,H, ratio of 15% and 25%, as
shown in Fig. 7. In this work, electric shielding effect can
be negligible because dot interval was twice longer than
length of VACNTSs [20]. Therefore the morphology effect
of individual free-standing CNTs on field emission
characteristics can be evaluated. Turn-on voltages of
VACNT field emitters grown at C,H, ratio of 15% and
25% are 150 V (1.2 V/pum) and 240 V (1.9 V/um),
respectively. The field emission characteristics were
improved by changing the morphology, as shown in Fig. 4.
And these results were analyzed by F-N plots, as shown in
Fig.7 (b). Here, we can evaluate the value of field
enhancement factor 3 from the extrapolated linear slopes
of F-N plots, simply assuming that work function of CNTs
is roughly 4.9 eV. B were evaluated to be 2930 and 4720,
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Fig.7 Comparison of (a) field emission characteristics
and (b) F-N plots of VACNTs grown at C,H, gas
ratios of 15% and 25%.
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for VACNT field emitters grown at C,H, gas ratio of 15%
and 25%, respectively. Experimental results suggested that
the narrower CNTs with a higher aspect ratio might result
in lower turn-on voltage due to stronger field enhancement
factor than bamboo-like CNTs.

4. Conclusions

100nm-dot array VACNT field emitters were
fabricated using dc PECVD, where dot catalysts were
patterned by electron beam lithography. Dependency of
NH;/C,H, gas flow rate ratios on CNT morphology was
investigated in order to optimize the growth conditions by
changing from 15% to 25%. The morphology was
transferred from bamboo-like CNTs to hollow structure
with decreasing C,H, ratio to less than 15%. And optical
emission spectroscopy was performed
NH;/C,H, gas ratios, where CH and C, radical increased
with C,H, ratio with C,H, ratio. On the contrary, H
radical remained constant. Bamboo-like CNT formation
might be resulted from excessive carbon supply from
these experimental results. Field emission characteristics
were compared between these samples, which turn-on
voltages were reduced from 1.9 V/um for bamboo-like
CNTs to 1.2 V/um for CNTs with hollow structure. That
might be resulted from the improvement of field
enhancement factor by controlling the CNT morphology.
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