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ARTICLE INFO ABSTRACT

Article history: A new class of the multi-element catalysis system, Co-Cr-Pt-O, is used for vertically-
Received 11 April 2014 aligned few-walled carbon nanotube (CNT) forest synthesis by a sandwich-growth technol-
Accepted 12 September 2014 ogy in electron cyclotron resonance chemical vapor deposition. The effect of catalyst com-
Available online 19 September 2014 positions on the resulting particle sizes after pretreatment, and the influence of process

parameters on the CNT forest heights and diameters are investigated. Results show that
a plasma pretreatment step reduces the metal oxides present in the as-deposited Co-Cr-
Pt-O catalyst to their metallic states or to mixed metallic/oxidic states, and the co-catalytic
synergistic effect during the reduction process thus leads to the production of uniformly
small particles with a size of 3.3-3.9 nm over the substrate. Moreover, with CH, as the car-
bon source, vertically-aligned CNT forests of ~12 pm in height are achieved, and further
characterizations indicate that the forests consist of dominant triple-walled nanotubes
with an average inner tube diameter of 3.2-3.7 nm mostly. Additionally, field emission mea-
surements show that the turn-on field of the CNT-forest emitters is below 2.6 V/um, and the
emission current density can reach 110 mA/cm? at 4.5 V/um. High reproducibility of field
emission characteristics and Raman signals suggests the regularity of the CNT forests in
structure and size.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction CNT powders or randomly-oriented CNT mats, making them
attractive candidates for a wide range of multifunctional
Carbon nanotubes (CNTs) in the form of vertically-aligned for- applications. For example, vertical assemblies of CNT forests

ests possess many structure advantages compared to bulk can provide a large well-defined surface area and a mesopor-
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ous structure, permitting enhanced interaction and function-
ality among nanotubes, and therefore advancing the develop-
ments of sensitive sensing devices [1,2] and flexible
supercapacitor electrodes [3-5] as well. Besides, the aligned
growth can produce vertical CNTs with fairly uniform height
and a very narrow diameter distribution, making it possible to
use as field emitters in panel display [1,2]. Further, forests of
vertically-aligned CNTs with a high density can result in more
conduction channels per unit area for electrons and heat
along the tubes, which is critical for potential use in elec-
tronic interconnects and thermal management [6-9]. Applica-
tions of CNT forests are also extended to macroscopic scales,
such as nanotube yarn- and sheet-based lightweight data
cables, electromagnetic shielding materials, polarized light
sources, polymer welding, flexible touch screens, incandes-
cent display, transparent loudspeaker, transmission electron
microscopy nanogrids, artificial muscles, or underwater
sound generators [6,10-13]. These emerging CNT applications
can be attributed to the discovery of continuous dry-drawn
CNT yarns by Fan group in 2002 [14], and then to the focus
of intense research efforts to exploit new organizational
structures and capabilities [10-13]. Organized CNT architec-
tures prepared by drawing or spinning of CNT forests into
self-assembled yarns or sheets offer advantages not only of
scaling up the interesting physico-chemical properties of
individual CNTs and reducing the cost of CNT based products,
but also of realizing new functionalities and opening up novel
application areas [6,10-14]. The facts mentioned above reveal
that aligned CNTs in a forest-like morphology are thus prom-
ising for various applications in many fields and, the vertical
orientation of nanotubes to the substrate surface can offer
significant performance advantages and achieve commercial
viability.

There are many synthesis techniques available for forest-
like vertically-aligned CNTs, in which chemical vapor deposi-
tion (CVD) is particularly attractive as it offers many control
parameters and allows for an effective integration of various
CNT forests with different characteristics into certain useful
devices [1,10]. It is generally accepted that in CVD process
for the synthesis of CNT forests, types of catalysts, buffer lay-
ers, carbon feedstocks, as well as various growth conditions
can lead to CNT growth variation. Among all process param-
eters, the size and the number density of catalyst particles
produced on the substrate before growing CNTs are surely
critical to determine the diameter and the density of resultant
nanotubes in a forest. It is being considered important
because these structural features are expected to have signif-
icant influences on some commercial applications domain of
CNT forests [15-19]. Due to these reasons, many efforts in
recent years have been focused on optimizing the catalysts
used in the growth [8,19-23], or on developing a new class
of catalyst systems [24-27] for growing wall-number-selected
CNT forests with maximum length, density, and favorable
alignment and geometry. So far, in addition to the common
iron-group metals (iron, cobalt, nickel), some metal oxides
[24], mixed metal oxides [25], binary metals [26], and triple-
layer thin films [27], have been experimentally demonstrated
to exhibit high activity in catalyzing the growth of high-yield
CNT forests. Accordingly, it promotes the motivation for
exploring new catalysts for CVD growth of forest-like CNT

arrays. Moreover, investigations of different types of catalysts
used and various parameters involved in CVD processes pro-
vide not only more chance to understand the relationship
between the catalyst compositions and the resultant CNT
growth, but also the important insight into rational design
of new catalyst systems enabling the CVD synthesis of CNTs.
These therefore give the possibilities to fine-control over the
characteristics of as-grown CNT forests. Accordingly, in this
paper we will explore the possibility of using a new type of
Co-based oxide species as the catalyst to promote few-walled
CNT forest growth by CVD, and further investigate the effect
of growth conditions on the final nanostructure morphologies
to open new perspectives both for rational catalyst design and
for structural control of vertically-aligned CNTs.

In this work, we report on the use of a new multi-element
catalysis system, Co-Cr-Pt-O, for sandwich growth of verti-
cally-aligned few-walled CNT forests in electron cyclotron
resonance chemical vapor deposition (ECRCVD). The remark-
able capability of the newly-developed oxidized catalyst to
produce densely-packed small particles during pre-growth
stage known as pretreatment is highlighted. The growth
behavior of the CNT forests by varying the substrate preheat-
ing temperature, operating pressure, substrate bias, CHs/H,
ratio, and plasma power is also systematically investigated
and compared. Lastly, the readily available CNT forests are
used as cathode materials for electron field emission without
any post-treatment, and results show a stable and reproduc-
ible emission performance for the fabricated CNT-forest
emitters.

2. Experimental

A newly-developed oxidized catalyst of Co-Cr-Pt-O with 2 nm
thickness was directly deposited onto Si wafers by reactive
direct current sputtering. The Si wafers were precleaned in
an ultrasonic bath with acetone, isopropanol, and deionized
water for 15 min in each liquid followed by careful blow-dry-
ing with a nitrogen gun before being loaded into the sputter-
ing chamber. A Co-Cr-Pt alloy target (Co: 57.08 at%, Cr:
10.97 at%, Pt: 31.95 at%) was employed for reactive sputtering.
The sputtering chamber was initially evacuated to a base
pressure of less than 10™*Pa and then pre-sputtering of
20 min was carried out in a pure Ar ambient at a constant
flow rate of 30 sccm and a sputter pressure of ~107*Pa to
remove any contaminants and/or impurity on the target sur-
face. After pre-sputtering, a mixture of Ar/O, with a fixed flow
ratio of 10/30 sccm/sccm was introduced through mass flow
controllers to keep a working pressure of ~10~* Pa. The purity
of the gases was 99.9995% in each case. The thickness of the
Co-Cr-Pt-O layer was controlled from 0.5 to 20 nm by the
deposited rate determined transmission electron microscopy
measurement of a test Co-Cr-Pt-O film deposited in a known
time. Catalyst layer thicknesses were determined using a
combination of X-ray photoelectron spectroscopy and atomic
force microscopy techniques.

Catalyst pretreatment followed by CNT growth was per-
formed in an ECRCVD system, in which a sandwich-like sub-
strate stack configuration shown in Fig. 1(a) was utilized to
prevent the catalyst from being directly exposed to the
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Fig. 1 - (a) Schematic illustration of the sandwiched
specimen stack structure used in this work for vertically-
aligned CNT forest synthesis in ECRCVD. (b-e) SEM images
of 10 nm Co-Pt-O, Co-Cr-0, and Co-Cr-Pt-O, and 2 nm Co-
Cr-Pt-O deposited on Si wafers after being heated to ~560 °C
in an ECRCVD system, and then followed by a 10 ' Pa
hydrogen plasma pretreatment with a flow rate of 50 sccm,
plasma power of 560 W, and substrate bias of —30 V for

10 min. (A color version of this figure can be viewed online.)

plasma so that severe ion bombardment of the growing sur-
face can be suppressed. The catalyst-coated substrates were
first heated to ~560°C and then pretreated by hydrogen
plasma at ~10 ' Pa pressure, with a hydrogen flow rate of
50 sccm, plasma power of 560 W, and substrate bias of
—30V for about 10 min to produce nanoparticles for subse-
quent growth of CNTs. In order to examine the correlation
between different combinations of the cobalt-based oxide
catalysts and the resulting particle sizes after pretreatment,
oxidized Co-Pt-O and Co-Cr-O layers deposited on Si wafers
were also employed as reference samples during the pretreat-
ment process for comparison. The subsequent growth of
CNTs was carried out from the oxidized Co-Cr-Pt-O catalyst
under the CH4/H, environment for 45 min. The substrate
preheating temperature (350-680°C), operating pressure
(107*-10° Pa), negative substrate bias (30-400 V), CH,/H, ratio
(1/50-50/50 sccm/sccm), and plasma power (115-750 W) were
varied to evaluate their effects on the as-synthesized CNT for-
est heights and the average diameter of the nanotubes in
each forest.

The morphology and microstructure of the obtained cata-
lyst particles and CNTs were examined by scanning electron
microscopy (SEM, JEOL-6500; FEI Nano SEM, Nova 200) and
transmission electron microscopy (TEM, JEOL JEM-2100).

Energy dispersive X-ray spectrometry (EDS) coupled to SEM
and TEM was applied to identify the elemental compositions
of the as-grown CNT forest samples and individual catalyst
particles before and after the CNT forest growth process.
X-ray photoelectron spectroscopy (XPS, VG Scientific, Micro-
lab 350) was employed to characterize the bonding energy,
chemical state, and composition distribution along the depth
of the Co-Cr-Pt-O catalyst in the as-deposited state and after
hydrogen plasma pretreatment. The degree of graphitization
of the CNT-grown samples was further determined by micro-
Raman spectroscopy (Renishaw RM-1000) with an excitation
of 514.5nm. To obtain averaged spectra, for each sample,
more than five different locations were examined by Raman
spectroscopy using an approximately 5pum diameter laser
spot. The field emission properties of the CNT forests were
measured in a vacuum chamber at a pressure of less than
10*Pa using a simple diode configuration. The distance
between the anode and the emitting surface was kept at
~200 pm defined by a precision screw meter, and the effec-
tive emission area was about 3.2mm?’ A Keithley 237
high-voltage source-measure unit was utilized to supply
the voltage between the electrodes and to collect the emitted
current.

3. Results and discussion

It is known that densely-packed small catalyst particles after
pretreatment are generally required for aligned growth of sin-
gle or few-walled CNTs by CVD method. Therefore, we inves-
tigate in the first part the effect of catalyst compositions on
the resulting particle sizes after hydrogen plasma pretreat-
ment. Here, Si wafers, respectively, coated with 10-nm-thick
Co-Pt-O, Co-Cr-O and Co-Cr-Pt-O layers, and 2-nm-thick
Co—Cr-Pt-O layer are subject to hydrogen plasma pretreated
for 10 min at a hydrogen flow rate of 50 sccm, plasma power
of 560 W, substrate bias of —30V, operating pressure of
~107! Pa, where the substrate temperature can be increased
to ~595 £ 5°C by plasma heating, as shown in Fig. 1(b—e).
One can see that after pretreatment the Co-Pt-O layer
becomes discontinuous with a broad distribution of particle/
island sizes (Fig. 1(b)), while the particles obtained from the
Co—Cr-O catalyst reveal a relatively uniform size, as displayed
in Fig. 1(c). However, the Co-Cr-Pt-O layer, pretreated by this
process, gets broken into particles with apparently smaller
sizes and greater density than those obtained from the Co-
Pt-O and Co-Cr-O layers. Moreover, as its thickness decrease
from 10 to 2 nm, both the as-produced nanoparticle size and
size distribution are reduced, as shown in Fig. 1(d and e). The
results indicate that in our performed experiments the addi-
tion of Cr and Pt to the Co-based oxide catalysts can induce
the production of extremely small and uniformly distributed
particles after a plasma pretreatment step. In the case of suf-
ficiently small catalyst particles created aligned growth of
CNT forests with a rather small diameter and narrow diame-
ter distribution is thus favored. The promoting effect of Cr
and Pt in the oxidized Co-Cr-Pt-O catalyst will be discussed
further in the following sections. Since the multi-element
catalysis system, Co-Cr-Pt-O (2nm), tends to produce
densely-packed small catalyst particles during the plasma
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pretreatment, hereinafter, the behavior and chemical profil-
ing of the catalysts, the factors affecting the surface morphol-
ogy created, the optimized conditions to grow vertically-
aligned few-walled CNT forests, as well as the CNT structural
and electronic properties are analyzed only for those form on
the Co—Cr-Pt-O (2 nm)/Si substrates.

The corresponding cross-sectional TEM images and EDS
analysis of the catalyst particles displayed in Fig. 1(e) are
shown in Fig. 2. It can be seen from Fig. 2(a) that the nanopar-
ticles are uniformly distributed on the native oxide surface of
the silicon wafer, and are well separated from their nearest
neighbors. The average diameter of the nanoparticles is esti-
mated to be about 3.3-3.9 nm on the basis of counting more
than 100 individual particles via TEM analysis. High-resolu-
tion TEM (HRTEM) further reveals good crystallinity of the
nanoparticles (Fig. 2(b)). EDS analysis of these nanoparticles
(Fig. 2(c)) shows the presence of O, Co, Cr, Pt, Si, and Cu.
The O signal should be attributed to the oxidized species in
the nanoparticles and/or the oxygen present in the substrate
native oxide, and the Si signal should be due to the substrate
effect. The Cu signal observed in the EDS spectrum comes
from the TEM copper grid.

In order to understand the chemical information of these
nanoparticles, we perform XPS to examine the differences
in the bonding energy, chemical state, and composition distri-
bution along the depth of the oxidized Co-Cr-Pt-O catalyst
before and after pretreatment. Detailed XPS measurement
results of the oxidized Co-Cr-Pt-O catalyst in the as-depos-
ited state and after hydrogen plasma pretreatment are shown
in Fig. 3. In each case, the spectra are calibrated to a charge

e
L

Intensity (arb. units)

reference of adventitious carbon with a core level binding
energy of 284.6 eV, and for curve fitting we use published val-
ues of binding energies and a Shirley background [28]. The
XPS spectra given in Fig. 3 show that in the case of the as-
deposited sample (top curves) all components are in oxidized
forms. In the Co 2p core level spectrum, two main peaks
located at about 780.8 and 796.5 eV are assigned to Co 2p3/2
and Co 2p1/2, respectively. The Co 2p3/2 peak can be deconvo-
luted into two peaks centered at 780.15 and 781.39 eV, which
can be attributed to the oxidation states of cobalt species
(CoO and CoSiOy). In the Cr 2p spectrum, the peaks corre-
sponding to the Cr 2p3/2 and Cr 2p1/2 are observed at around
577.4 and 587.1eV. The Cr 2p3/2 peak at 577.4eV can be
deconvoluted into three peaks centered at 576.37, 577.54,
and 578.66 eV, suggesting the existence of chromium oxide
species (Cr,0O3 and CrOy). In the Pt 4f spectrum, the couple
of peaks at around 74.17 and 77.46 eV correspond to the Pt
4f7/2 and Pt 4f5/2, respectively. The Pt 4f7/2 peak can be fitted
with two major peaks centered at binding energies of 73.92
and 74.79 eV, which can be assigned to PtO,, species. The pres-
ence of oxygen peaks between 529.83 and 532.88 eV gives
additional confirmation for the existence of metal oxides in
the sample. However, in the case of the hydrogen plasma-pre-
treated sample (the bottom curves of Fig. 3), it can be
observed that the metal oxides present in the as-deposited
Co-Cr-Pt-O catalyst are reduced to their metallic states and/
or to a mix of metal and metal oxide systems. The dominant
Co 2p3/2 peak at 778.18 eV can be associated to metallic Co.
The Pt 4f7/2 region also shows a metallic component at
70.95 eV. Whereas the Cr remains in its oxidized form with

Energy (keV)

Fig. 2 — (a) TEM and (b) HRTEM images, and (c) EDS spectrum of the resulting catalyst particles after 10 min hydrogen plasma
pretreatment on Co-Cr-Pt-O (2 nm)/Si substrates. (A color version of this figure can be viewed online.)
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Fig. 3 - XPS spectra of Co 2p, Cr 2p, Pt 4f, and O 1s with curve fittings for the oxidized Co-Cr-Pt-O catalyst in the as-deposited
state (top curves) and after hydrogen plasma pretreatment (bottom curves). (A color version of this figure can be viewed

online.)

the 2p3/2 peaks between 575.75 and 577.04 eV, presumably
mixed with partially reduced Cr metal (574.68 eV). A corre-
sponding relationship can also be observed in the O 1s spec-
trum that shows peaks at binding energies between about
529.96-531.50 eV for chromium oxides. All the peak positions
closely match the standard results in the Handbook of X-ray
Photoelectron Spectroscopy [28]. The XPS measurements
indicate that the potential benefit of the oxidized Co-Cr-Pt-O
catalyst is the reduction of the metal oxides present in the
as-deposited sample during the hydrogen plasma pretreat-
ment to result in the production of extremely small and
uniformly distributed catalyst particles, while the particles
remain in good dispersion without coalescing into larger
agglomerates. That is to say, after hydrogen plasma pretreat-
ment the initial cobalt oxide species can be reduced to active
cobalt metal particles which are the known effective catalyst
species for the CVD growth of CNTs. Furthermore, with
respect to the function of Cr in a mixed metallic/oxidic state
obtained after a plasma pretreatment step, it can be deduced
that, from the reports by Shaijumon et al. [29] and Bult et al.
[30], the mixed chromium species can play the role as a stable
passivation diffusion barrier in stabilizing the reduced parti-
cles in dispersion and preventing agglomeration and aggrega-
tion of individual particles. Such assumption can be further
supported by the SEM images shown in Fig. 1(b-d), where
well-defined particles instead of large particle agglomerates/

aggregates can be obtained when Cr is added as a co-catalyst
composition. Moreover, in the case of Pt species the reduction
and/or decomposition of the platinum oxide through a ther-
mal/plasma process are described in various studies. In good
agreement with these results [31-35], we find that during
pretreatment of the oxidized Co—-Cr—Pt-O catalyst by hydrogen
plasma, a special reductive decomposition process of PtOy to
Pt and O, due to thermal decay facilitates the production of
very fine metallic platinum nanoparticles in our case. One
consistent trend that can be also observed in Fig. 1(b—d) is that
much smaller nanoparticles are created in the cases of cata-
lysts with Pt content after pretreatment. The above results
demonstrate the feasibility of our oxidized Co-Cr-Pt-O
catalyst to produce tiny particles with homogeneous sizes
around 3.3-3.9nm after pretreatment, which is considered
to be beneficial for the growth of aligned CNTs in forest-like
uniform arrays with fewer walls and a narrow tube size
distribution.

Longitudinal compositions of the catalyst-coated sub-
strates before and after pretreatment are characterized by
XPS with an etching depth about 2 nm, and the results are
summarized in Table 1. It is observed that the oxygen concen-
tration of samples dramatically decreases after hydrogen
plasma pretreatment, whereas the atomic percentages of
the Co, Cr, and Pt elements in the plasma-pretreated sample
increases around 65%, 29%, 74%, respectively. These results



CARBON 80 (2014) 808-822

813

Table 1 — The atomic concentrations of the elements O, Co, Cr, Pt, and C present in the target, as-deposited sample, and

plasma-pretreated sample, obtained from XPS analysis with an etching depth about 2 nm.

Elements (at%) (0] Co Cr Pt C
Target = 57.08 10.97 31.95 =
As-deposited sample 50.08 37.66 5.41 5.66 1.18
Plasma-pretreated sample 14.94 62.16 6.97 9.83 6.10

are in agreement with the XPS spectra shown in Fig. 3 that
after exposure to hydrogen plasma, the Co and Pt are reduced
from the oxide states to metallic Co and Pt clusters, while the
chemical state of the plasma-pretreated Cr is probably mix-
ture of metal and oxide.

Subsequent CNT growth steps with H, and CH, gases are
performed using the plasma-pretreated sample shown in
Fig. 1(e). In order to establish a relationship between the
growth conditions and the resultant CNT forests, in the sec-
ond part of this study, we analyze the influence of substrate
preheating temperature, operating pressure, substrate bias,
CH4/H, ratio, and plasma power on the CNT forest heights
and the average tube diameters (which is estimated from
SEM images recorded at magnifications of greater than
250,000x of measuring over 100 CNTs grown at each set of
processing conditions), while keeping the deposition time of
45 min. Fig. 4(a) shows the height and diameter dependence
of the ECRCVD-synthesized CNTs on the substrate preheating
temperature, in which the insets show the top-view SEM
images of the CNT forests synthesized at 560, 590, and
680 °C, respectively. It should be noted that the final substrate
temperature can increase approximately 30+ 10°C higher
than the set temperature by averaging the steady-state
growth due to the heating effect of the plasma. As shown,
when the substrate preheating temperature is below 460 °C,
the CNT forest heights remains below 100 nm, with an aver-
age tube diameter of about 8.1+0.5nm. However, above
510 °C a rapid increase in the CNT forest heights and a signif-
icant enhancement in vertical alignment are observed for
small increases of the substrate preheating temperature. For
example, the average height of the CNT forests for the sub-
strate preheated to 510 °C is about 4 pm, while to 560 °C the
forest height reaches almost 12 ym. Moreover, we observe
that the variation in the CNT forest heights is smaller than
3% for the substrate preheating temperatures between 560
and 680 °C, suggesting that the average height of the CNT for-
ests reaches a plateau at about 560 °C under the applied
growth condition. Further, we find that between 460 and
560 °C, a decrease of average tube diameter with increasing
temperature is found, while for higher temperatures of
560-680 °C, the average diameter of the CNTs in the forests
tends to be around 5.1-5.3 nm with significantly good size
uniformity between the forests grown in this temperature
range. We consider that the main reason for the diameter
reduction is probably due to the decrease of catalyst particle
sizes, particularly between 560 and 680 °C, a special reductive
decomposition process during pretreatment as mentioned in
the above paragraph contributes to the production of suffi-
ciently small and catalytically active particles, whose size in
turn determines the CNT diameter and growth uniformity.

Although a further increase of the substrate preheating tem-
perature from 560 to 590 °C or to 680 °C gives rise to the CNT
forests with similar heights and tube diameters, the CNT
“fused” regions on the top end of the forests, which is similar
to the top crust of entangled nanotubes on the vertically-
aligned CNT forests of Zhang et al. [36], are obviously
increased for the 590 and 680 °C samples, as indicated by
the arrows in the insets of Fig. 4(a). Several previous studies
have also shown similar SEM images that evidence the
presence of an entangled crust structure at the top of CNT
forests [37,38]. The formation of the top crusts is due to the
self-organization of individual CNTs and/or CNT pillars in a
forest at the early stages of a growth process [36-38]. Further
experiments are being performed to understand the forma-
tion and influence of the entangled crusts residing on top of
the CNT forests obtained by our ECRCVD plasma system.
Concerning the height of the CNTs increases with increasing
the substrate temperature, it is generally accepted that a
higher temperature on the catalyst surface resulting from a
higher substrate temperature can enhance the dissolving,
diffusing and precipitating rates of carbon species through
catalyst particles. Consequently, the growth rate of CNTs will
increase and as-synthesized CNT yield will become larger
within a certain period of deposition time [39,40]. On the basis
of the above statement, we suggest that for the substrate tem-
perature lower than ~500 °C during the steady growth in our
case, the result of no observable or low-yield nanotubes is
caused by the low dissolution and diffusion rates of carbon
species required for graphite-like structure precipitation to
form CNTs [41]. A further increase of the substrate tempera-
ture gives rise to the increase in the amount of dissolved car-
bon species and their diffusion rate, leading to significantly
enhanced CNT growth [41], as observed in the cases of the
CNT forests synthesized at the substrate preheating tempera-
ture of 510-680 °C. This part of the study demonstrates that
CNT forests with an uniform height close to 12 ym can be
synthesized by our ECRCVD using an oxidized Co-Cr-Pt-O
catalyst in the substrate preheating temperature range of
560-680 °C. Although a maximum nanotube height is
obtained at 680 °C, the temperature of 560 °C is the optimum
one for the synthesis of the smallest-diameter CNT forests
with less aggregation of tube ends, and is therefore being
selected for the following experiments.

The operating pressure in an ECRCVD chamber is one of
the important factors in determining the aligned growth of
CNT forests. Fig. 4(b) shows the variation in the height and
diameter of CNT forests with the operating pressure. It can
be observed that there is almost no growth at 107'Pa,
whereas at 10° Pa the height and diameter of the CNT forests
are about 0.7 pm and 9.2 + 1.5 nm, respectively, indicating a
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Fig. 4 - Plots showing the influence of (a) substrate preheating temperature, (b) operating pressure, (c) substrate bias, (d) CH4/
H, ratio, and (e) plasma power on the CNT forest heights and diameters, with ECRCVD process time fixed to 45 min. The
insets in (a) show the top-view SEM images of the CNT forests synthesized at 560, 590, and 680 °C, respectively, and the
arrows indicate the CNT “fused” regions on the top end of the forests. (A color version of this figure can be viewed online.)

slow increase in the CNT forest heights and the generation of
larger diameter nanotubes at relatively low operating pres-
sures. Furthermore, when the operating pressure is increased
to 10* Pa the CNT forest height increases correspondingly to
3.2pm with a decrease in the average tube diameter of
6.1+1.0nm. Further increasing the operating pressure to
102 Pa gives rise to a dramatic increase in the CNT forest
height to 11.6 pm, while the mean diameter of nanotubes
becomes smaller to 5.1+ 0.4 nm. However, as the operating
pressure is raised from 10 to 10° Pa, the height of the CNTs

decreases down to 6.1 um, wherein the nanotubes have an
average diameter of about 5.6 + 0.9 nm. It is known that when
the operating pressure decreases, the number density of CH,
molecules decreases, which reduces the probability of their
reaction with the catalyst particles [39,42-44|. Consequently,
no/fewer CNTs are generated at a low operating pressure, as
occurred for the cases of 10-’-10° Pa. With an increase of
the operating pressure from 10° to 102 Pa there is a consider-
able increase in the CH, density, as a result, the number of
collisions between reaction products and the catalyst surface
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is increased, leading to more catalyst particles becoming acti-
vated within a certain period of deposition time. This there-
fore promotes greater nucleation and growth of CNTs, and
thus resulting in the generation of CNTs with a relatively high
yield as vertically-aligned forests [39,42-44]. Nevertheless,
beyond this value (such as 10° Pa), the concentration of the
reaction products during the growth process is too high and
the dissolving rate is likely to be higher than diffusing and
precipitating rates, giving rise to the saturated coverage of
carbon species on the surface of activated catalyst particles.
This saturation suppresses the catalytic activity of the
particles and thus the yield/height of the CNTs is reduced
[39,42-44]. Despite the changes in height, however, slight dif-
ferences in the mean diameter of the nanotubes (5.1-6.1 nm
on average) are observed at gas pressures between 10 and
1000 Pa. The investigations of the effect of operating pressure
on the CNT forest growth process provide useful information
in designing ECRCVD processes for manipulating the average
height of as-synthesized CNT forests with good uniformity on
diameter for various desired device applications.

In order to grow vertically-aligned CNT forests, in an
ECRCVD plasma system the bias is always applied on the sub-
strate. It is known that by applying a negative bias to a Si sub-
strate, the substrate potential can be changed, and thus the
energy of ion species landing on the catalyst surface will be
changed, which further results in the variation of the growth
rate and number density of carbon products [45]. Accordingly,
investigations on the CNTs synthesized at various substrate
biasing will be of interest. Fig. 4(c) shows the effect of the neg-
ative substrate bias on the CNT forest heights and diameters.
The height of the CNTs increases from 3.6 to 11.6 ym with
increasing the negative substrate bias voltage from —30 to
—300V. The increase of the CNT forest heights with the
applied substrate bias toward larger negative voltages can
be as a result of higher ion energies and larger carbon fluxes
provided for nanotube growth via the catalyst particles with
surfaces being heated up effectively at higher negative sub-
strate bias. In other words, within a certain period of deposi-
tion time, large negative bias conditions can accelerate more
ion species to bombard the catalyst surfaces with higher
kinetic energies due to large momentum gains, leading to
effective ion-induced dissociation and much larger produc-
tion of carbon atoms on the catalyst surface. This can
therefore result in a higher catalyst particle temperatures,
and consequently in a higher CNT growth rates and increased
forest heights. Our results are consistent with the experimen-
tal observations reported by Mao et al. [39] and Mehdipour
et al. [45], which all demonstrate that high negative bias
voltage conditions are suitable for CNT growth.

The application of a high negatively biasing voltage to the
substrate during the growth process leads not only to an
increase in the CNT terminal height and vertical alignment,
but also to the emergence of smaller diameter nanotubes in
the forests. A continuous decrease of the average tube diam-
eters with increasing negative substrate bias at levels of —30V
(6.5+ 0.6 nm) to —300 V (5.1 + 0.4 nm) can be explained by the
sputter-etching of catalyst particles by energetic ion species,
resulting in smaller individual particles and CNTs. However,
as the substrate bias voltage is increased continuously from
—300 to —400 V the CNT forest heights decrease significantly

from 11.6 to 0.5 pm, and conversely the average tube diame-
ters are increased from 5.1 + 0.4 to 8.1 + 1.3 nm, thereby yield-
ing a relative low density of CNTs. This is possibly because
that severe bombardment resulting from over-biasing of the
substrate makes the molecular re-sputter from the nanotubes
already deposited on the substrate, leading to a lower growth
rate and, in turn, a decrease in the terminal height of the CNT
forests. Moreover, in the case where the substrate is nega-
tively biased with a voltage up to —400V, a significant rise of
substrate temperature induced by more and stronger bom-
bardment of ions or radicals is expected, which can result
in the coalescence of catalyst particles into large agglomer-
ates by an enhanced surface mobility, and consequently
nucleate larger diameter CNTs. From these facts, our results
demonstrate that the ionic flux and kinetic energy of the
growth species are apparently significant factors both in
CNT growth rates, terminal forest heights, and average tube
diameters during the growth process, care must, however,
be taken as over-potential can induce catalyst particle
agglomeration/coalescence, and can destroy the original
morphology/structure of CNTs.

The influence of the CH4/H, flow ratio on the height and
diameter of the CNT forests is depicted in Fig. 4(d). As shown,
the upper limit of the CNT forest height, with smallest-
diameter nanotubes is obtained at the CH,/H, ratio of 10/
50 sccm for 45-min deposition time. By keeping the flow rate
of the H, constant at 50 sccm, the increase of the CH, flow
rate (from 10 to 50 sccm) results in the decrease of the CNT
forest heights, while the average diameter of the CNTs in
the forests increases gradually. We deduce that the height
of the CNT forests decreases, but the diameter increases with
the flow rate from 10 to 50 sccm of CH, due to a faster poison-
ing of catalyst particles by amorphous carbon on the catalyt-
ically active surfaces, caused by the weak etching effects of
the hydrogen species in carbon-rich environments
[39,41,46]. That is to say, for CH, flow rate beyond 10 sccm,
an excessive supply of carbon sources causes the accumula-
tion of amorphous carbon that reduces the activity of catalyst
particles and the speed of CNT growth. This, in turn, leads to
a decrease in the height of grown CNT forests within a certain
period of deposition time. Furthermore, formation and larger
amount of amorphous carbon deposition on nanotube outer
wall surfaces is probably responsible for increment in the
average diameter of the CNTs in the forests under conditions
of relatively higher CH, flow rates of 20-50 sccm [47].

Similarly, when we decrease the CH, flow rate from 10 to
1sccm, we observe that the height of the CNT forests
decreases, but increment in the diameter of grown CNTs. In
this case, two possible reasons have been proposed for the
observed trends. The first reason is probably that under the
hydrogen-rich atmosphere (i.e. CH4/H, ratio of 1/50 sccm in
our case), the excess of hydrogen supply causes the catalyst
particle coarsening (size increase) or deforming during the
heating and growth stage, making them to generate large-
diameter CNTs and/or less active for nanotube growth
[39,41,46,48]. Another may be because that the etching effect
during the growth process is perhaps too strong, causing
rapid removal of the needed carbon species amount for nano-
tube formation on the catalyst particles; as a result, carbon
deficiency limits the CNT forest height for further growth
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[39,41,46]. Further experiments are being performed to inves-
tigate the changes in catalyst particle morphology, size, com-
position, structure, and activity as a function of the CH4/H,
ratio in the feed gas mixture and in the plasma. Our results
show that the maximum height of the CNT forests with
smallest-diameter nanotubes is yielded at the CH4/H, ratio
of 10/50 sccm, indicating that an optimal amount of carbon
supply exists for efficient CNT growth, and the catalyst
particle size is kept small and active throughout the growth
process. Therefore, we optimize the growth conditions of
the ECRCVD system at the CH4/H, flow ratio of 10/50 sccm
during all the experiments.

Finally, we study the effect of the plasma power on the
growth of the CNT forests. As shown in Fig. 4(e), the height
of the CNT forests increases accordingly with the increase
in the forward power (115-750 W) to the top plasma. However,
the average diameter of the CNTs in the forests exhibits an
opposite trend. It is well known that a higher plasma power
can facilitate the dissociation and ionization capability of car-
bon source gas, giving rise to the production of more carbon
radicals and ions [39,49-51]. The increase of carbon supply
for nanotube growth at higher plasma powers therefore
results in the faster growth of CNTs, and hence forms CNTs
with relatively higher yield and longer terminal length
[39,49-51]. Meanwhile, the raised plasma temperature result-
ing from increased power intensity also generates higher
temperature on the substrate surface, which can lead to an
increased numbers of dissolved and precipitated carbon
atoms for significantly enhanced CNT growth rates. Moreover,
as plasma power increases, an increase in the amounts of
atomic hydrogen through electron impact dissociation of
hydrogen feedstock can lead to the enhanced etching effect
of atomic hydrogen upon effective removing of amorphous
carbon on catalyst surfaces, which is essential for continued
growth of CNTs with a well-arranged structure [39,49,50]. As
a result, the terminal height of CNT forests can be increased
notably when the plasma power is high enough. Further, from
the viewpoint of the decreasing nanotube diameter with
plasma powers, it is also likely that an increased production
of atomic hydrogen does not cause direct damage of the
grown CNTs, but may slightly etch nanotube outer surface
to result in CNTs with smaller diameters imaged by SEM at
high levels of plasma power [52].

From the above discussions it can be inferred that the
average height of the CNT forests synthesized on the oxidized
Co-Cr-Pt-O catalyst by ECRCVD is strongly influenced by pro-
cess parameters. However, the CNT forests obtained under
different process parameters exhibit only slight variations in
the average tube diameters, mostly in the range of about
5.1-9.2nm measured by high magnification SEM images.
The reason behind such small tube diameters and narrow dis-
tribution is probably that the synergistic effects of the multi-
element catalysis system enhance the overall catalyst particle
stability and reliability for being able to maintain a small aver-
age size throughout the growth process. A more detailed
study is underway to elucidate the exact mechanism respon-
sible for the growth uniformity in our case. Based on the
results of the experiments presented, the optimum growth
condition is achieved at a substrate preheating temperature
of 560 °C (corresponding to ~590 + 10 °C during the steady

growth), a operating pressure of 10° Pa, a substrate bias volt-
age of —300V, a CH4/H, ratio of 10/50 sccm/sccm, and a
plasma power of 750 W for aligned growth of CNTs with the
maximum forest height, smallest tube diameter, consistent
vertical alignment, as well as less aggregation of tube ends
at the ECRCVD process time fixed to 45 min. Accordingly, in
the sections below, we will focus on studying the morpholog-
ical features and structural properties of the CNT forests
synthesized under the optimum growth condition.

Fig. 5 show the SEM and TEM images, EDS spectrum, and
selected area electron diffraction (SAED) pattern for the

Fig. 5 — Electron microscopy images of the vertically-aligned
CNT forests synthesized by ECRCVD using an oxidized Co-
Cr-Pt-O catalyst under growth conditions of: a CH4/H, ratio
of 10/50 sccm, a substrate preheating temperature of 560 °C,
an operating pressure of 10? Pa, a substrate bias voltage of
—300 V, a plasma power of 750 W, and a deposition time of
45 min. (a) Top-view, (b) side-view, and (c) cross-sectional
SEM images showing dense, vertical growth of the CNTs
with height uniformity. (d) High magnification SEM image
showing the alignment of the CNTs in the forest side-wall.
Inset: EDS spectrum of the upper part of the CNT forests,
taken from the area marked by the rectangle in (c). () Low
magnification TEM image of the CNTs placed on a copper
TEM grid coated with holy-carbon film. The inset is the
corresponding SAED pattern revealing the presence of
graphite (002), (100), and (110) reflection rings. (A color
version of this figure can be viewed online.)
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maximum highest of the CNT forests synthesized via our
ECRCVD process of 45min deposition time, i.e. CHs-H,=
10-50 sccm/560 °C/10? Pa/—300 V/750 W. The top-view SEM
image of the CNT forests is given in Fig. 5(a), where it can
be seen that the substrate surface is widely covered with
the dense growth of CNTs. The side-view and the cross-sec-
tional SEM images of the forests given in Fig. 5(b-d) further
reveal the vertical growth behavior of the CNTs, where it is
evident that the CNTs exhibit a good vertical alignment and
have a uniform height of close to 12 pum. The inset of
Fig. 5(d) presents the EDS spectrum of the top layer of the
as-grown CNT forest samples, taken from the area marked
by the rectangle in Fig. 5(c). It reveals that the upper part of
the CNT forests consists mainly of carbon element, implying
that a large portion of the catalyst particles remains rooted on
the substrate surface (base of the CNTs). Consistent with the
EDS result, from the SEM observations, we hardly observe
catalyst particles clinging at the outer surface of the CNTs,
indicating that the as-grown CNT forests possess a clean
and smooth surface. This claim is also being verified by the
TEM characterization results shown in Fig. 5(e), of which we
observe long and thin CNTs, while hardly any catalyst parti-
cles are found either inside or outside the CNTs in the TEM
imaging area. The SAED pattern (the inset of Fig. 5(e)) taken
from the CNTs shows diffraction rings which correspond to
graphite (002), (100), and (110) layer planes, respectively.

To investigate the structure of the CNT forests in detail, we
then perform HRTEM observation. It is obvious from the
HRTEM images displayed in Fig. 6(a and b) that the CNTs
obtained are mainly composed of triple-walled graphene
structures, with an inner tube diameter mostly in the range
of 3.2-3.7nm and an average interlayer spacing is about
0.34 nm. The results are obtained from several samples, of
which more than 100 CNTs are observed for each sample.
Note that nanotube diameters measured by TEM are typically
less than the limit of what can be accurately obtained from
SEM images due to the better resolution of TEM. The HRTEM
results indicate that the average diameters of the CNTs in
the forests is in good agreement with those of the as-pre-
treated catalyst particles (3.3-3.9 nm). In other words, the pri-
mary catalyst particles can be responsible for the final CNT
forest growth in our case. Although a close correlation
between average diameters of the catalyst particles and CNTs
is observed, a few CNTs with an inner tube diameter

somewhat smaller than the initial sizes of the catalyst parti-
cles are also found in some of the HRTEM images. Analysis of
HRTEM images shown in Fig. 6(c) indicates a triple-walled
CNT with an average diameter of ~2.5nm for inner tubes,
which do not clearly correspond to the initial sizes of the
as-pretreated catalyst particles. Schiffel et al. [53] indicates
the result is probably attributed to the size reduction of some
catalyst particles during hydrogen treatment prior to nano-
tube growth; hence a few CNTs with diameters smaller than
those of the particles can be obtained. They further claim that
coalescence-induced particle coarsening occurs after CNT
nucleation, and therefore produces CNTs with diameter dis-
tributions similar to those of the primary catalyst particles.
Our experimental results seem to be consistent with
Schiffel’s findings, confirming that the majority of the as-pre-
treated catalyst particles nucleate and grow the final CNT for-
ests. In order to further observe the morphological change
and elemental compositions of the catalyst particles after
the CNT forest growth process, we conduct a cross-sectional
TEM study particular emphasis on characterize the samples
obtained at the optimum, i.e. the SEM images in Fig. 5(a—d),
and results are shown in Fig. 7.

The cross-sectional TEM image in Fig. 7(a) indicates that a
high distribution of the catalyst particles remains anchored
along the substrate surface implying the predominant growth
mechanism is root growth mode. There are a few instances
where catalyst fragments seem to either move into the CNT
length or distribute randomly within the CNT forests, away
from the substrate surface (indicated by red circles in
Fig. 7(a)). Moreover, we observe that the catalyst particles
residing along the substrate surface are rather irregular and
have an increase in the average particle spacing with a wide
particle size distribution (~2.1-7.8 nm) compared to those
obtained before the CNT forest growth (Fig. 2(a)). Previous
reports have documented that catalyst particles can undergo
deformations and break apart as a result of being subjected
stresses to cause shape change and to yield particles at the
tip and base of the carbon tubes before and during nanotube
formation [54-56]. Furthermore, a continuous heating process
can promote catalyst particle migration/coalescence and
Ostwald ripening, thus modifying the final distribution of cat-
alyst particles [53,56-59]. From these facts, we infer that our
catalyst particles are probably involved in a series of re-
arrangement events in the course of the CNT forest growth,

Fig. 6 - HRTEM images of the vertically-aligned CNT forests showing in detail triple-walled graphene structures: (a and b)
CNTs with an inner tube diameter mostly in the range of ~3.2-3.7 nm; (c) a CNT with an inner tube diameter of ~2.5 nm
somewhat smaller than the initial sizes of the catalyst particles. (A color version of this figure can be viewed online.)
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Fig. 7 - (a) Cross-sectional TEM image of the vertically-aligned CNT forests revealing the CNTs with a high distribution of the
catalyst particles anchored to the substrate, embedded in gel. (b) Magnified view of the anchored particles taken from three
different positions along the substrate surface showing that the catalyst particles maintain crystalline structure after growth
has terminated. (c) EDS composition analysis of the catalyst particles residing along the substrate surface. (A color version of

this figure can be viewed online.)

which is evidenced by visually apparent changes in the cata-
lyst particle diameter distribution and morphology occur after
the CNT forest growth process. Despite a high potentiality of
particle re-arrangements in the course of our CNT forest
growth, the consistent correlation between primary catalyst
particle sizes and final CNT diameters observed indicates that
it is the size of the as-pretreated catalyst particles which
approximately determines the final diameters of the triple-
walled CNTs in our case.

Further HRTEM examination of the anchored catalyst
particles at different positions along the substrate surface is
presented in Fig. 7(b). The HRTEM images reveal that the cat-
alyst particles remain crystalline with clear lattice planes
after growth has terminated. Furthermore, it is interesting
to note that no obvious layers of graphene sheets are found
around these particles. The features seem crucial because
our recent experiments suggest that the successful regrowth
of vertically-aligned CNT forests from a recycled catalyst layer
is likely tied to the state and active sites of the catalyst. A sub-
sequent paper will be aimed at our ability to recycle the thin

oxidized Co-Cr-Pt-O catalyst for multiple CNT forest
regrowth cycles, emphasizing the role and activity of the cat-
alystin each of repeated processes. These samples are further
analyzed using EDS to determine if any change in catalyst
particle composition occurs after the CNT forest growth pro-
cess. Fig. 7(c) shows a representative EDS spectrum collected
from the catalyst particles residing along the substrate sur-
face. The EDS result reveals a mixed composition of the ele-
ments C, O, Co, Cr, Pt, Si, and Cu. The presence of Co, Cr,
and Pt indicates that our CNT forest growth process does
not cause all of the Co, Cr, and Pt element diffusion/migration
to leach out of the as-pretreated catalyst particles, suggesting
the retention of co-catalytic functionality within the particles.
This fact can be supported by our recent work which demon-
strates that after removal of the CNT forests, the substrate is
still catalytically active to grow another CNT forests again,
with an overall morphology similar to the first growth. The
alteration in the concentration and the composition distribu-
tion of the mixed multi-element catalyst particles obtained
after the CNT forest growth process, however, still need
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further experiments to verify. The peaks for C, Si, and Cu
come from the CNTs, the Si substrate, and the TEM copper
grid, respectively, while the O peak can be attributed to the
existence of oxide species in the particles and/or the native
oxide on the Si substrate.

Although our understanding of the co-catalytic interactions
and mechanisms of the working multi-element oxide catalyst
used for the CNT forest growth by the ECRCVD processes is still
in a preliminary stage, it is proved on the basis of our experi-
mental results that the Co-Cr-Pt-O material indeed has high
and stable catalytic activity, and can act as a new type of cata-
lyst for the synthesis of vertically-aligned CNT forests with a
majority of triple-walled tubes. Further studies are clearly
needed to investigate the root causes of the synergistic effect
in the multi-element catalysis system and to further elucidate
the mechanism(s) underlying their catalytic activities.

The graphitization degree and field emission characteristics
of the vertically-aligned triple-walled CNT forests are also
examined, as shown in Fig. 8. By using Raman spectroscopy,
crystallization and defects in the grown CNTs can be analyzed.
The Raman spectra in Fig. 8(a) are obtained from the CNT for-
ests synthesized by different experimental runs with the same
given growth condition, for which each measurement is aver-
aged over six different regions of the same sample. The peaks
around 1340 and 1578 cm " are attributed to the characteristic
D-band (disorder) and G-band (graphite) vibration modes of
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Fig. 8 - (a) Raman spectra and (b) field emission J-E curves of
the CNT forests synthesized by different experimental runs
with the same given growth conditions. The inset in (b)
shows corresponding F-N plots. (A color version of this
figure can be viewed online.)

carbon, respectively [60]. The intensity ratios of the G and D
Raman peaks in the spectra (Ig/Ip ratios) of the samples vary
in a narrow range from 1.42 to 1.44, indicating a similar degree
of wall graphitization among theses CNT forests, even through
they are prepared from different experimental runs. Addition-
ally, in order to realize the possible applications of the
vertically-aligned triple-walled CNT forests in the area of
nanoelectronics, the CNT-forest samples are then electrically
characterized in terms of their field emission behaviorin a high
vacuum system at a pressure of less than 107* Pa. It is worth
mentioning that for obtaining reproducible and stable emis-
sion characteristics, high currents are initially generated
between the anode and the CNT-forest sample to remove any
possible adsorbates on the nanotubes prior to field emission
measurements. Fig. 8(b) shows the results of the field emission
measurements performed on the CNT forests, averaged over 10
repeated measurements on different regions of the same sam-
ple. As shown, the fabricated CNT-forest emitters exhibit a low
turn-on electric field (defined as the applied field required for
obtaining an emission current density of 10 uA/cm?) around
2.53-2.60 V/um and a low threshold field (defined as the applied
field required for obtaining an emission current density of
10 mA/cm?) around 3.67-3.72 V/um, which are similar to other
reported values for as-grown CNTs in forest-like arrays [61-64].
Moreover, a high emission current density of ~110 mA/cm? is
achieved at the low applied field of 4.5 V/um, suggesting that
the forest-like CNT arrays have potential for use in energy-effi-
cient displays and/or lighting devices. Additionally, it can be
found that almost identical current density-applied field (J-E)
characteristics are obtained, even for the samples from differ-
ent experimental runs, indicating that the emission from the
CNT forests is stable and reproducible. Electron-emission
behavior of the CNT-forest samples is further analyzed using
Fowler-Nordheim (F-N) model [65] which follows the relation:

J = [(1.54 x 10-°)fE /o] exp[(~6.38 x 10°¢2) /E] (1)

where J, 8, E, and ¢ are denoted as the emission current den-
sity, the geometric field enhancement factor of the emitter,
the applied electric field, and the work function of the emitter,
respectively. The inset in Fig. 8(b) is the corresponding F-N
plots of In (//E?) vs. 1/E from the J-E curves of the fabricated
CNT-forest emitters. One can see that each plot can be fitted
with a linear line shape at higher electric field region, indicat-
ing that the CNT forests follow the F-N model reasonably
well, i.e. the measured currents are generated by field emitted
electrons. Moreover, from the F-N model, it is possible to
obtain the values of § for the CNT forests by using the
expression:

B = —(6.38 x 10°)d¢*?/Sry (2)

where S is the slope of the linear region in the F-N plots, and d
is the electrode separation distance, which is 200 ym in this
study. Accordingly, by taking the work function of CNTs of
~5 eV, the p values obtained for the CNT forests are about
2727-2881 from the fitting curves, which is comparable to
other reported values on as-grown CNT forests [63,64].

CNTs with a forest morphology are reported to be employed
in many applications such as in field emitters, electrochemical
and biosensors, supercapacitors, vias and interconnects, or
thermal interface materials [1-6]. Consequently, developing
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new catalysts and optimizing growth conditions to synthesize
vertically-aligned CNT forests with improved controllability,
reproducibility, and homogeneity of the tube structures and
size characteristics can be helpful for quite a few applications
based on forest-like CNT arrays, it also has broader implica-
tions for greatly improving the performance and efficiency of
these forests in most applications.

4, Conclusions

In summary, we present in this paper the use of a new oxi-
dized Co-Cr-Pt-O catalyst for synthesizing vertically-aligned
triple-walled CNT forests by an ECRCVD sandwich-growth
process. Itis found that in the multi-element catalysis system,
the addition of Cr and Pt as co-catalysts can create a synergis-
tic effect for producing extremely small and uniformly
distributed particles (~3.3-3.9nm in size) after a plasma
pretreatment step. XPS core-level analysis reveals that the
pretreatment process reduces the metal oxides present in
the as-deposited Co-Cr-Pt-O catalyst to their metallic states
or to mixed metallic/oxidic states. By adjusting the process
parameters, different heights of the CNT forests with slight
variations in tube diameters can be prepared. Under an opti-
mal growth condition, the forest height close to 12 pm CNTs
is reached, and HRTEM analyses confirm that most of the
CNTs have a triple-walled structure, with a clear inner
channel mostly of 3.2-3.7nm inner diameter. Moreover,
cross-sectional TEM images clearly reveal that the CNTs grow
upwards from the catalyst particles that remain attached to
the substrate, indicating a predominantly root growth mode
of our CNT forests. Additionally, the field emission measure-
ments are performed on the as-grown CNT forests. The fabri-
cated CNT-forest emitters show a stable and reproducible
emission performance with a turn-on electric field of
~2.53 V/um, a threshold field of ~3.67 V/um, an emission cur-
rent density over 100 mA/cm? at 4.5 V/um and a field enhance-
ment factor of ~2881, suggesting promising applications as
field emitters. Results of this work provide in-depth under-
standing of how the newly-developed oxidized Co-Cr-Pt-O
catalyst facilitates the production of densely-packed small
catalyst particles for vertically-aligned few-walled CNT forest
synthesis by ECRCVD, as well as explore the properties and
potential applicability of the CNT forests as field emitters.
These understanding will help overcome the existing limits
to growth of wall-number-selected CNT forests with well-
controlled properties effectively for desired applications.
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