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Abstract: Carbon nanotubes are used in different applications such as energy storages, electronic
devices. For these applications, a direct assembly of the vertically-aligned carbon nanotubes (VACNTS)
on electrically conducting substrates is of interest. In this work, we report a direct growth of the
VACNTS on several substrates by using hot-filament chemical vapor deposition (hot-filament CVD)
and a catalytic buffer-layer structure. The buffer layer was the aluminum (Al) thin film used together
with iron (Fe) as the catalyst. It was found that the Al underneath layer was necessary for obtaining the
VACNT forests with high purity and good contact. The as-fabricated VACNT/support-material
structures are of the object to test field electron emission properties. Characterization results of the
VACNT samples demonstrated a promising application for the field emission in terms of the high
emitting currents.
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1. Introduction

Carbon nanotubes have potential applications, including interconnects for supercapacitors, fuel
cells, electron emitting devices [1-5]. For these applications, a direct assembly of the vertically-aligned
carbon nanotubes (VACNTS) on electrically conducting substrates is mostly needed. The most
obvious method to obtain such structures is the direct growth of the carbon nanotubes on conducting
substrates. In recent years, the VACNT synthesis has significantly advanced. Key points have been
attributed to not only method-to-grow but also catalytic material preparedness. The choice and the
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method to transform the catalyst into the substrate are also important to the success of the VACNT
growth. Using suitable catalysts along with CVD methods, some scientific groups have achieved good
productions of the VACNTSs [1, 2-6].

In most of the cases, the buffer layer enhanced catalyst is the prerequisite condition to grow good
carbon nanotubes. The underneath layer is interpreted as a diffusion barrier and to keep the catalytic
properties sustainable. The underneath layer also has been used to control the CNT density by its
thickness and structure [7]. As previously mentioned, the CVD methods have been the most widely
used to cultivate the VACNTS on the silicon and the metals as well. The VACNT growth on metals is
more difficult because of the interactive reactions of the substrates with catalyst itself in the high
temperature condition during a CVD process which is detrimental to the catalyst and the subsequent
growth. Hiraoka et al. have developed a water-assisted CVD process to grow the VANCTSs on the
metal foils made of the nickel-based alloys with chromium and iron [8]. Talapatra et al. have reported
the VACNT synthesis on Inconel 600, and possibly on the metal substrates using the ferrocene-xylene
CVD system. However, the quality and the structure of the as-grown carbon nanotubes have not been
interpreted clearly [9]. The VACNTSs produced on kitchen aluminum foils by Yoshikawa’s group [10],
with film thickness both were less than 50 um. On the other hand, Bayer et al. have shown that using
low temperature plasma-assisted CVD enables the CNT formation. However, the low temperature
CVD process has compromised the graphitic structure of the carbon nanotubes [11]. In brief, for the
CNT-based electronic devices, one has the better growth of the VACNTS, the better performance is
achieved. Therefore, seeking VACNTSs synthesis is still of interest.

In this work, we focused on the catalyst structure and its effects on the VACNT thickness and
morphology. The catalyst to be used includes the iron thin film deposited on the Al underneath layer
and with the substrates including or silicon and the metal foils. As-fabricated VACNT/substrate
structures are of the object to test the field electron emission properties. Testing results of the VACNT
samples demonstrated promising field emission characteristics in terms of high emitting currents and
good stability.

2. Materials and Methods

The VACNT growth was carried out by using a hot filament CVVD method as described in [12]. In
short, the feedstock gas, a CH4/H2 mixture is introduced into the CVD chamber. A bias voltage over
tungsten-made filaments is gradually increased and the filament temperature was elevated to about
2200 - 2500°C. Rapid insertion of the growth substrate into the working zone (17-mm beneath the
tungsten filament) is followed and the substrate heating occurs rapidly through radiant heat transfer.
Carbon nanotubes start growing since the substrate reaches about 600°C, however the eventual growth
is maintained at about 700-750°C. The VACNTSs were produced by a three-step process consisting of
the catalyst deposition, the pre-treatment, and the CVD process. For the silicon substrate, the polished,
n-type silicon (100) wafers were used. It is to be noted that there exists native silicon oxide thin film in
each sample, the thickness of about 2 nm. For the metal substrates, Stainless steel (SS), and Titanium
(Ti), Cooper (Cu), thickness of 250-500 um from Sigma supplier were used. These metal foils were
cleaned ultrasonically in acetone/isopropyl for 15 min each before the other following experimental
steps. To produce the catalytic thin films, the sequential sputtering in the Argon atmosphere (2.5x102
Torr) was employed. The nominal thickness of Al, Fe were estimated from the pre-determined
deposition rates. The Fe thin film used for growing CNTs was from 1+5 nm. In the second step, the
catalyst was annealed at 400+500°C in the air atmosphere for 10 minutes by using a thermal furnace.
This process transformed the catalyst thin films into high-density and nanosized-particles that was
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needed for the VACNT production [13]. The heat treatment also allowed iron particles being oxidized
purposely and hence prevent silicide formation that deactivates catalytic properties [14].

Figure 1 shows typical scanning electron microscopy (SEM) images of the catalyst after the
pretreatment. In appearance, the buffer layer (Al) and the substrate both impact on the resulting catalyst.
Without the Al layer, the large nanoparticles and low density is obtained. With the metal substrate, it seems
the nanoparticle formation is inferior to that of the silicon substrate. For the silicon, the Fe/Al (1nm/10nm)
catalyst films are strongly restructured and broken into nanosized particles with a narrow distribution of
sizes. The catalytic nanoparticle is about 10-20 nm in diameter. The experiments confirmed the
pretreatment conditions had a strong effect on the nanoparticle density. Indeed, if the thermal annealing
was done under low temperature, the catalyst was restructured to clusters rather than the particles. On the
other hand, high temperature led to large particles and less dense caused by heat induced coalescence.

O & . 3

15.0kV8.1mm x150k SE(M)

Figure 1. SEM images of typical catalytic thin films after pretreatment for 10 minutes: (a) Fe-3nm/Si, 500°C; (b)
Fe-1nm/Al-10nm/Si, 500°C; (c) Fe-5nm/Al-40nm/Titanium,450°C.
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The VACNTs were synthesized by the hot-filament CVD method using 30-Torr mixtures of
methane (20 SCCM) and hydrogen (30 SCMM) as feedstock, the growth time of the same, 9 minutes.
The hot-filament CVD underlines the decomposition of hydrocarbon and hydrogen at highly elevated
temperature (2200-2500°C), which is decoupled to the growth substrate temperature (700-750°C).
This facilitates the VACNT growth in high-temperature hydrocarbon disassociation but not degrade
the catalyst yield. Table 1 shows the experimental conditions to grow the VACNTs. The VACNT
films were examined by a scanning electron microscope (SEM), Thermal gravimetric analysis (TGA),
and Raman spectroscopy.

Field emission (FE) measurements were carried out in a vacuum chamber with a pressure of about
5x10° Torr. Keithley-248 multi-source was used to supply voltage for the anode. The emission
current was measured by Keithley-2001 multi-meter. FE data were acquired using LABVIEW
software and a personal computer through a general-purpose interface bus interface (GPIB) card.
Figure 2 depicts the measuring setup. The diode configuration was used to collect FE data in which
flat aluminum pieces were employed as an anode and a cathode holder on which the VACNTSs/support
materials (silicon and/or metal) were based. The electrical contact between the back-side of the
support materials and the aluminum cathode holder was secured by the silver conductive paint. The
anode and the cathode were separated by a spacer made of the insulator materials. The gap refers to
the distance between the anode and the VACNT top-surface. We also installed a CCD camera which
was connected to PC, to monitor and record either the emission image or any changes on the cathode
surface in the real test mode. The field emission measurements were repeated at least tens of times by
ramping bias voltage up and down. The electric field was calculated to be the anode voltage divided
by the gap. Current densities were estimated from the net currents and the top-surface areas of
emitters. The turn-on field refers to an electric field necessary to extract 100 nA of emission current
following the conventional definition.
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Figure 2. Field emission measuring setup.

3. Results and Discussions

Figure 3 shows typical SEM images of as-produced VACNTS (the surface and cross-section
viewing) on typical substrates including the bare silicon with and without the Al buffer layer, and the
Ti substrates. The VACNT thickness depends on the catalyst arrangement. Roughly, for the Si
substrate without the Al underneath layer, the VACNT thickness was 180-200 pum; the effective
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growth rate of about 20 um/min. This observation is similar to those of the VACNTs/metal substrates.
The preliminary result showed that the Al layer has good enhancement for the VACNT growth in term
of the growth rate. The VACNTSs are grown better on the silicon substrate with the Al buffer layer.
The averaged VACNTS thickness is measured about 850+1100 pm (the effective growth rate of about
100-120 um/min). We also found that the catalyst topographies have a strong effect on the VACNT
structure. Observing high resolution SEM images shows well-aligned nanotubes as a result of the
dense growth and high-yield nucleation (Figure 3b). The nanotube diameter (outer) was estimated at
about 15 nm + 3 nm.

Top view

Cross-section view

Figure 3. SEM images (up: top view; down: cross-section view) of carbon nanotubes produced on substrates
(up): (a) bare Si; (b) Al/Si; (c) Al/metal (Ti).

It is plausible that the Al underneath layer may play as a diffusion barrier which prevents iron-
based loss. Without the diffusion barrier, iron can diffuse into silicon at elevated temperatures so that
an iron-silicide layer which does not support the VACNT growth can be formed [15]. Aluminum may
also play a supportive component to prevent the nanoparticle aggregation which had the negative
effects on the VACNT growth. Our previous experiment with silica- or alumina-supported Fe catalysts
showed that alumina could act as a stable matrix material which keeps the nanosized Fe from
coalescence.

The as-fabricated VACNTSs were used for field emission applications, it is required the as-prepared
carbon nanotubes need to be highly pure, less amorphous and carbonaceous impurities. In the
experiments, the VACNTS purity and contamination were characterized by TGA, Raman spectroscopy
(the data were not shown here). In general, the as-produced VACNTSs have the multi-wall structure
and the high purity.

The VACNT/substrates (cathodes) are subject to field emission tests to understand their field
emission properties. For the FE testing, the VACNTS cathode with 2-mm in diameter was used. The
anode to the VACNT top-surface distance of ~1500-1700 pm, depends on the particular samples.
Figure 4(a) showed I-E curve, net current (mA) versus electric field (V/um), of the VACNT cathodes.
The emission-current density was estimated from the surface area of 3.14x1072 cm? Table 2
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summarizes the field emission results; showing quite good emission (turn-on field and high-current
emitting capability) from three VACNT cathodes. One can obtain a turn-on field < 0.7 V/pum, 1-mA
emitting currents at the applied field < 1.7 V/um from the as-fabricated VANCTS. In addition, it can
be seen that the VACNTS/AI/Si shows the lowest turn-on field (0.57 V/um), significant better
compared to those of the VACNTSs/bare silicon and the VACNTS/AI/Ti. Previously individual CNTs
are confirmed to be good emitters due to their high aspect ratio in shape. However, the CVD growth
produced the CNTs as a “carpet”, nanotubes are entangled each other. This results in the screen effect
that is reduced the enhanced field effect of carbon nanotubes [16,17]. Because of the well-aligned
carbon nanotubes on the VACNTS/AI/SI, the screen effect may impact lesser and therefore is assumed
to contribute to the electron extraction at the lower applied voltage.
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Figure 4. (a) 1-V characteristics of the VACNTS/Ti structure
and (b) Corresponding F-N plots; inset: F-N plot in a shorter range of 1/V values.

A Fowler-Nordheim (FN) plot, In(1/V?) versus 1/V, is shown in Figure 4(b). Generally, a linear F-
N plot is attributed to a quantum tunneling process through a potential barrier that is thinned because
of electric field. It can be observed the linearity of the F-N plots in Figure 4(b), so the measured
electron currents obey the field emission law. Theoretically, F-N equation is given in terms of the
emission current | in ampere, emission area A in square-meter, applied bias voltage V in volt, cathode-
anode gap d in meter, work function ¢ (5 eV) in eV as following:

_41.42x10° (VY 10.4 B ¢°d
I_A—¢ yij (d) exp£ﬁ}exp( A j
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where £ is the field enhancement factor, and B = 6.44x10° VeV°m is a constant. Therefore, the
plot of In(1/V?) with respect to 1/V becomes linear, and the slope is given by —B¢"°d/f . Using the

slope that was deduced by fitting the linear segment of the F-N plot to a straight line together with the
known values for d and B, we estimated the field enhancement factor p (Table 2). The VACNTS/AI/Si
shows the largest value of the field enhancement (4635). However, the field enhancement calculation
by the F-N plot fitting is tricky. It depends on the segment to be fit that is graphic influenced, the
value can deviate correspondingly. Further, inset in Figure 4(b) demonstrates the F-N plot in 1/V
range of 0-0.012. It shows some sections other than a single linear segment. The multi-section in the
F-N plots is complicated and may originate from multiple causes, for example, space charge, contact
resistance, thermionic emission. These issues are being studied further.

Table 1. The experimental parameter and the resulting VACNTS.

Catalyst/ Substrate Pretreatment* Substrate CNT length Growth rate
(°C) temp. (°C) (um) (um/min)
Fe-3nm/Si 500 750 180-200 20-22
Fe-3nm/Al-10nm/Si 500 750 850-1150 95-125
Fe-4nm/Al-30nm/SS 450 700 95-120 10-13
Fe-4nm/Al-40nm/Ti 450 700 85-120 9-13
Fe-4nm/Al-50nm/Cu 450 700 105-150 11-16
* Pretreatment: 10 minutes
Table 2. FE testing results
Catalyst/ VACNT Turn-on Applied Field to Field
Substrate thickness field* extract 1-mA current enhancement
(nm) (V/pm) (V/pm) (t)
Fe-1nm/Si 185 0.67 1.52 3976
Fe-3nm/Al-10nm/Si 950 0.57 1.46 4635
Fe-4nm/Al-30nm/SS 105 0.65 1.61 3852

* Turn-on field: Necessary field to extract 100-nA emitting currents

4. Conclusions

We herein presented the VACNTSs growth on some support substrates by using hot-filament CVD.
The Aluminum underneath layer is important to the good growth. For the metal substrates, Fe-4nm/Al-
40nm thin films and pretreated at 450°C lead to the best growth of the VACNTS with a thickness of
about 180 um. For the silicon substrates, Fe-3nm/Al-10nm and 500°C pretreatment are the proper choice,
the VACNT growth of about 1100 pm in thickness. The as-fabricated VACNTSs show good field emission,
the turn-on fields < 0.9 V/um, 1-mA emitting currents can be obtained at applied fields < 1.8 V/um.

Obtained results of the VACNT samples demonstrated a promising application in the field electron
emitters in terms of the high emitting currents and good stability.
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