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A novel hybrid method combining ASP with PECVD for in-situ low

temperature synthesis of vertically aligned carbon nanotube films

Xiaochao Ji*®, Wei Zhang®, Xiaoying Li% Helong Yu®, Hanshan Dong®"

4 School of Metallurgy and Materials, The University of Birmingham, Birmingham

B15 2TT, UK

" National Key Laboratory for Remanufacturing, AAFE, Beijing 100072, China.

Abstract: In this study, an in-situ low temperature method to cost-effectively grow
vertically aligned carbon nanotube (VACNT) films has been developed by combining
advanced active screen plasma (ASP) technique with plasma enhanced chemical
vapour deposition (PECVD). A novel active screen consisting of 316 stainless steel
cylinder with double top lids was designed for the in-situ low-cost high-efficient
preparation of catalyst films within a PECVD device, and VACNT films were grown
from the catalyst films subsequently at low temperatures (< 500°C). The deposited
catalyst films and the VACNT films were characterised by SEM, AFM, XRD, Raman
and TEM/EDS. The results show that the catalyst films consist of stainless steel
nanoparticles with sizes around 50 nm. The growth of the CNTSs is related to the
PECVD temperature and the density of the CNTs is determined by the status of the
catalyst films. The CNTs are multiwalled with nanoparticles at their tips. The
mechanisms behind the in-situ low temperature synthesis are discussed based on the

plasma physics, growth parameters and physical status of the catalyst films.



Keywords: carbon nanotubes, in-situ, catalyst film, low temperature synthesis,

plasma, PECVD, active screen.

1. Introduction

In the past decades, carbon nanotubes (CNTSs) have received significant attention due
to their extraordinary electrical, thermal, and mechanical properties. Various
deposition methods have been developed to synthesise high quality CNTs such as arc

discharge [1], laser ablation [2] and chemical vapour deposition (CVD) etc.

Among these methods, only CVD is feasible to synthesise vertically aligned CNTs
(VACNTSs) in controlled manner to achieve assembled VACNTs for functional
devices. However, thermal CVD is normally carried out at high temperature which is
barrier for academic studies and practical applications of CNTs, the high growth
temperature (above 600°C) necessary for the deposition of VACNTSs also can cause
significant degradation or even damage to some thermal sensitive substrates, such as

soda lime glass for field emission displays [3, 4].

In addition, the synthesis of VACNT films is a multi-step process consisting of a
catalyst pre-coating step and a CNT growth step. Nano-layers of iron, nickel or cobalt
catalyst are pre-coated on the substrate by physical vapour deposition (PVD) via
sputtering or evaporation methods [5-7] and then the growth of CNTs is carried out
using CVD. The multi-step process carried out in different devices involves the
transfer of the PVD deposited catalyst film to the next CVD equipment. This will lead
to the oxidation of the coated catalyst films and hence reduction in hydrogen
atmosphere is essential for restoring their catalytic function. This will reduce the
production efficiency, increase the deposition costs, cause contamination and make it

difficult to control the growth processes [8, 9]. Consequently, the complicated multi-



step process and the different devices used are main obstacles for the growth of low-
cost high-quality VACNT films. Hence, it is a timely task to develop a new synthesis
process to cost-effectively deposit catalyst film and low-temperature grow VACNTS

in the same apparatus (hereafter named in-situ).

One possible approach for cost-effectively depositing catalyst film for the synthesis of
VACNT films is to employ the principle of advanced active screen plasma (ASP)
alloying technique [10-12]. Recent study of the mechanism of ASP [13] has revealed
that the sputtering of the metal active screen by energetic ions (such as N* or Ar®) led
to the deposition of metal nanoparticles. Our recent work [11, 14, 15] has
demonstrated that when using a 316 austenitic stainless steel screen, catalyst
nanoparticles containing Fe, Ni and Cr can be produced efficiently in a cost-effective
manner, which served as the catalyst for the successful synthesis of VACNTS using
PECVD. The use of ASP could to some extent reduce the cost for catalyst film

preparation but this is not an in-situ process.

Some studies have been carried out to obtain CNTs at low temperature and to
establish the mechanism involved [4, 16-28]. However, there are still some
uncertainties of the products by low temperature synthesis process, such as the
transition from CNT to carbon nanofiber (CNF) [16], diameter variation, and so on.
The fundamental mechanism of plasma enhanced low temperature growth is also not
clear [29]. A common view is that plasma can reduce the growth temperature because
of the activated ions generated. After all, sufficient energy is required to grow CNTSs,
for the decomposition of hydrocarbon gases and the subsequent diffusion and
precipitation. Researchers attempted to supply activation energy by adjusting the

plasma field under the low temperature growth condition, and several researchers



reported some promising results [18-20, 30]. However, high energy ions can restrict

the growth of CNTs due to the ion bombardment induced etching effect by plasma.

In some cases, researchers achieved the growth of VACNT films at a relatively low
temperature by adding grids [18, 20] connected to an additional electrode. Kojima et
al. indicated that high energy ions can restrict the growth of CNTs and the grid
electrode is helpful to suppress the etching effect of plasma [20], while neutral carbon
atoms can pass through and react with the catalysts [30, 31]. No CNTs or only few
stubby CNTSs can be formed without the use of additional electrode mainly due to the

ion bombardment [18].

Based on the above discussion, a novel concept has been proposed by synergising the
ASP with the PECVD. The aim of this study was to develop a facile route to pioneer
the in-situ low temperature growth of VACNT films using an rf PECVD equipped
with an ASP setting. The stainless steel active screen can be used to prepare catalyst
films, to act as an additional electrode to reduce plasma etching effect and to increase
thermal radiations. Therefore, stainless steel catalyst films will be in-situ deposited by
the ASP setting within the PECVD and VACNT films are subsequently synthesized
from the catalyst films below 500°C. Various methods were used to characterise the
catalyst films and the CNTs and the low temperature growth mechanism was

discussed based on the catalyst status, deposition parameters, and the plasma physics.

2. Experimental

2.1 ASP setting for catalyst films

The catalyst films were prepared by the ASP setting within a commercial rf PECVD
(P500, 13.56MHz, Thin Film Solution Ltd). The schematic of the active screen

settings is shown in Figure 1(a). Two active screen lids were installed above the



samples which are connected to the bottom electrode. The upper lid (Catalyst Lid 1) is
a pure nickel plate and the lower lid (Catalyst Lid 2) and the cylindrical active screen
are made from 316 stainless steel (nominal composition (wt.%) 17.2 Cr, 11.7 Ni, 2.2
Mo, 1.3 Mn, 0.6 Si, 0.06 C, 0.026 P, 0.014 S, balance Fe). The distance between the
two lids is 0.5 cm and that between the lower lid and the bottom electrode is 1 cm.
The hollow cathode formed between the two lids was used to enhance the plasma
density in order to sputter catalyst nanoparticles from the active screen lids. Silicon
wafers (100) were used as substrates which were put on the worktable. The catalyst
film preparation process was conducted under the conditions shown in Table 1. The
temperature was measured by a thermocouple attached to the worktable. After the
deposition of the catalyst film, the plasma was turned off and the catalyst films were
annealed in the ambient of Ar and H, until the temperature reached the setting value.
The procedures of the low temperature in-situ synthesis of VACNT films are
schematically shown in Figure 1(b). All the procedures were carried out within the

PECVD.
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Figure. 1 Schematic diagrams of (a) the PECVD combined with active screen settings
and (b) basic procedures of low temperature in-situ synthesis of VACNTS.

Table 1 Preparation conditions for catalyst films by PECVD.

Substrate  Temperature Time Power Pressure Ar H,
Si 300 °C 10 min 500 W 400 Pa 50 sccm 30 sccm

2.2 VACNTS film growth

After the deposition of catalyst films, the growth of VACNT films was subsequently
carried out. The worktable was heated to 300 °C. Acetylene was introduced as carbon
source together with argon and hydrogen. The processes were conducted at 30W for
100 min under different temperatures, working pressures and gas flow rates and the

details are summarised in Table 2.



Table 2 Growth parameters of VACNT films by PECVD.

Code Temperature Time Pressure C.H, Ar H.
S1 400 °C 100 min 100 Pa 5sccm 50 sccm 30 sccm
S2 450 °C 100 min 100 Pa 5sccm 50 sccm 30 sccm
S3 500 °C 100 min 100 Pa 5sccm 50 sccm 30 sccm
S4 500 °C 100 min 200 Pa 10 sccm 50 sccm 30 sccm

All substrates are Si coated with catalyst film and the working power is 30 W.

2.3 Characterisation

The surface morphologies of catalyst films and VACNT films were observed by
scanning electron microscope (SEM, JEOL 7000). X-Ray Diffraction (XRD)
measurement of the catalyst film was detected by a Bruker D8-Advanced
diffractometer with Cu Ko radiation (A=1.54056 A) including small angle X-ray
scattering for thin film analysis. Atomic force microscopy (Nanowizard 3 BioScience
AFM) was used to characterise surface morphologies of the catalyst films. The
chemical states of the VACNT films were investigated by an X-ray photoemission
spectroscopy instrument (XPS, ESCALAB 250Xi), with an Al K, (1486.8 eV) source,
using spot size of 500 um and binding energy step size of 0.05 eV. Transmission
electron microscope (TEM, Oxford JEOL 2100 LaBG6) coupled with EDS was
employed to analyse nanostructure and composition of the CNTs at an acceleration
voltage of 200 kV. TEM specimens were prepared by dispersing CNTs onto a holey
carbon film supported by a Cu grid. Raman measurements of the VACNTSs were
carried out at room temperature using a Renishaw inVia Raman Microscope with a

488 nm excitation and a power of 2mW under ambient condition.

3. Results and discussion

3.1 Microstructure of catalyst films

A series of preliminary screening tests were conducted to identify the optimal



conditions for the deposit of desirable catalyst films with suitable nanoparticles size
and good coverage. The experimental results show that the hollow cathode effect
(HCE) and hence the sputtering of catalyst nanoparticles can be controlled by the
power, the pressure and the distance between two active screen lids. Strong and stable
HCE can be achieved under the optimal working conditions shown in Table 1 and the
produced plasma (Ar" and H") density is high sufficient to sputter nanoparticles from
the active screen lids to the substrates (Figure 2).

The catalyst film deposited was measured to be about 20nm in thickness and the
typical surface morphology is shown in Figure 2(a). Nanoparticles can be clearly
observed which are well distributed on the substrate. The size variation of these
nanoparticles can lead to the shape and diameter change of the CNTs. However, due
to the diffusion and precipitation processes, the extremely large or small sized catalyst
nanoparticles may lead to the formation of the carbon onions. Regular and straight
CNTs can be formed only from the uniformly sized catalyst nanoparticles [32].
Furthermore, atomic force microscope (AFM) was also utilized to analyse the
nanoparticles of the catalyst film (Figure 2(b)). The average roughness of the selected
area is 2.6 nm and the deduced site density of the selected area is approximately
10"/cm?. Magnified roughness curve of the marked line is also shown in Figure 2(b)
and the maximum amplitude is 2.19 nm. Due to the thinness of the film, small angle
XRD was employed to analyse the structure of the catalyst film. As shown in Figure 3,
three major peaks near 43° 51° and 75° are corresponding to y (111), y (200) and y
(220), which matched the profiles of the austenite stainless steel used for the active

screen [15].
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Figure 2 SEM and AFM images of the surface morphology of the in-situ sputtered
catalyst film by ASP technique.
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Figure 3 XRD diffraction patterns for catalyst film on Si and typical FeNi y(111),
v(200) and y (220) peaks can be identified.

3.2 Microstructure of VACNT films

VACNT films were synthesised from the deposited stainless steel catalyst films at
different temperatures. Figure 4 shows the surface morphologies and cross-section
views of the VACNT films grown at 400°C, 450°C and 500°C. The top surfaces of the
films show sparsely and curly ends of the CNTSs in Figures 4 (a) (c) & (e), while the
CNTs are densely packed in the middle and bottom area as a result of the interactions
between the neighbour CNTs by Van der Waals forces. Well-aligned structures of the
VACNT films were observed from the cross-sections and the results are shown in
Figures 4 (b) (d) & (f).

The growth of the CNTs is directly influenced by the catalyst films [33]. The

nucleation efficiency of the catalyst film determines the relationship between



catalyst nanoparticle density and CNT density [34]. Actually, not all the catalyst
nanoparticles are active for the growth of CNTs, while the size and shape of
catalyst nanoparticles are changing during the exposure to the gases. The growth
of the VACNT films is closely related to the working temperature. The corresponding
thickness of the VACNT films formed at 400°C, 450°C and 500°C is about 0.9 pum, 1.5
pm and 6 um. However, no CNTs were formed under the same deposition conditions

when the ASP setting was removed. This indicates that the ASP setting has played a

key role in the low temperature growth of CNTSs.
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|Figure. 4 SEM images of VACNT films deposited at different temperature. (a) & (b)
at 400°C; (c) & (d) at 450°Cand (e) & (f) at 500°C.

3.3 Chemical state of VACNTS film

The surface chemical states of the VACNTS film (S2, 450°C) were analysed by X-ray
photoelectron spectroscopy (XPS). The spectra shown in Figure 5 were obtained from
the top surface before and after etching by argon ions for 50s. Etching by argon was
essential for the remove of any contaminates or oxide films from the surface in order
to investigate the intrinsic chemical state of the CNTs. Figure 5(a) is the survey
spectra and the differences between them were caused by the etching process.

The overlapped low resolution spectra were resolved to analyse the components of C,
Fe and Ni. The C-C peak at 284.6 eV appeared in the both spectra. However, a
shoulder peak at 286.2 eV corresponding to C-O is more clearly detected from the as-
deposited surface, which indicates that carbon in the surface interacted with oxygen
when exposed in air after deposition.

Almost no peaks of Fe or Ni were detected from the surface without etching, but
obvious Fe 2p;.,, Fe 2ps;, peaks and a weak Ni 2p peak were detected after etching, as
shown in Figures 5 (c) & (d). The etching process was effective to remove the carbon
coated on the catalyst nanoparticles. The existence of Fe and Ni spectra indicates that
the catalysts were still stainless steel nanoparticles, which is consistence with the

XRD result.
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Figure 5 (a) XPS survey spectra of VACNTS film deposited at 450°C after etching for
0 s and 50 s; (b) high resolution C 1s spectra; (c) high resolution Fe 2p spectra; (d)
high resolution Ni 2p spectra.

3.4 TEM results

CNTs were scratched off from the films and the structural details of the CNTs were
further studied by TEM. Figures 6 (a), (b) & (c) show the TEM images of the CNTs
grown at 400°C, 450°C and 500°C, respectively. Tubule structures with black dots
embedded in the tips of the CNTs can be observed. Judging by the contrast and the
EDX results given Figure 7, these black dots are considered as the catalyst
nanoparticles deposited by ASP in the catalyst preparation stage. The catalyst
nanoparticles were embedded at the tips of the CNTs, and their size and shape have
significant influence on the structure and the diameter of the CNTs. However, it is
also noted by comparing the CNTs shown in Figures 6(a), (b) and (c) that the lower

the growth temperature, the stubbier the CNTs formed. Clearly, growth temperature
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has also played an important role in the growth of CNTSs.

Close observation also found that all the CNTs are multi-walled. Figure 6(d) shows a
high resolution TEM image of a CNT synthesized at 450°C, which clearly presents the
wall structure. The interlayer distance (about 0.34 nm) is consistent with that of the
graphitic layers. It has been reported that the diameters of CNTs are highly related to
the growth temperature, the plasma density and the structure of the catalyst particles
[32]. In this study, the effect of growth temperature on the diameter of CNTs was
studied by using the same plasma density and catalyst films. Figure 6(e) compares the
diameter distribution measured from TEM images of CNTs formed at different
temperatures. It can be seen that the mean diameter of the CNTs decreased with
increasing the growth temperature and the average diameter for the CNTs formed at
400°C, 450°Cand 500°Cis 28 nm, 23 nm and 16 nm, respectively. Due to the relatively
low deposition temperature which was not sufficient to cause catalyst particle
coarsening. Hence, the decreasing of the diameters may be a result of the synergistic
effect from temperature and plasma in a reducing gas environment [35, 36].
Higher deposition temperature in a reducing gas environment can offer more
kinetic energy for the growth of CNTs and can make the catalyst films more dewetted
[37], which will promote the diffusion and precipitation of the carbon atoms, and

make the growth of CNTSs faster and hence thinner.
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Figure 6 TEM images of CNTs grown at temperature of (a) 400°C, (b) 450°C, (c) 500°C,
(d) high resolution image of single carbon nanotube grown at 450°C, and (e) summary
of the diameter distribution of CNTs grown at different temperature.

The chemical composition of the deposited CNTs (S2, 450°C) was measured using
EDS during TEM analysis and results are shown in Figure 7. As expected, it
contained a high amount of carbon content although the experimental error is large for
such light element as carbon. A relatively high amount of Cu came from the Cu grid
used for TEM. Fe, Ni and Cr were detected and the measured Fe/Ni/Cr weight ratio is

14



6/4.4/1 which is different from that of the 316 SS (3.9/0.7/1). The increased Ni/Fe
ratio from 18% for 316 SS to 73% due to the use of a pure Ni lid can improve the

efficiency of the catalysts.

Element Weight % Atomic %
C 75.32 93.98
Cr 0.6 0.17
Fe 3.62 0.97
Ni 2.62 0.67
Cu 17.84 4.21
Cu

cr Cr/Fe\ji/Ni\J\ﬁ‘ A

05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
Full scale 5030 cts Cursor: 9.529 (3 cts) keV

Figure 7 TEM/EDS of the CNTs deposited at 450°C

3.5 Raman results

Raman spectroscopy was used to evaluate the structure and quality of the CNTs
produced by the novel in-situ low-temperature plasma process. The Raman spectra of
as-deposited VACNT films are shown in Figure 8. Typical D, G, 2D, D+G and 2D’
bands can be detected from all these samples, but the peak intensities varied with the

synthesis conditions.

D band at around 1350 cm™ is referred as the disorder band which originates from the
defects [38]. G band at around 1600 cm™ was caused by the vibration of graphitic
carbon atoms. Band at around 2700 cm™ is known as 2D or G’ band, which is
indicative of the stacked graphene layers and their intensity is correlated to the
thickness of the walls. D bands and 2D bands are proportionately increasing with the
walls of the nanotubes. The positions and intensities of these bands are affected by the
features of the CNTSs, such as defects, impurities, wall thickness and element doping
[39].

15



In this study, it can be seen from Figure 8 that D band drift to left with the increasing
of deposition temperature. The intensity ratios of the D band to the G band (Ip/lg) for
the CNTs formed at different temperatures are around 0.7. When the hydrocarbon gas
flow raised from 5sccm to 10sccm (S4), the Ip/lg ratio increased to 0.97 and the

intensity of 2D band became higher.

Intensities of D+G bands and 2D’ bands in all spectra are similar. D+G bands have
similar information and behaviour to that of the D bands [40]. 2D’ bands are too small
to evaluate their variations, which have little help in distinguishing the CNTs [40]. No
peaks were found in the low frequency areas and the absence of the radial breathing
mode (RBM) also verify that the as grown CNTs are MWCNTSs. Outer layers of
MWCNTS can restrict the breathing mode, which is the primary difference of Raman

spectra between SWCNTs and MWCNTSs [17].

16



T T T T 7T L
sS4 |
1./1,=0.97

! i ! [ Y I B |

S3

- f 11605
I,/1,=0.68 1333 |
b H
‘0
[
(O]
E : :
- * L . 1 7 |
< | 7/
£ |32 | 1 |
g |1n=071 1338 | 1607
o : ‘ ‘
. L L L L PN
s1 |
|D/|G:0.67 j 1607

1200 1500 ! 3000
Raman Shift /cm™

Figure 8 Raman spectra of the VACNT films synthesised at different conditions.

4. Discussion

As reported above, the combination of ASP technique with PECVD has provided a

novel approach for in-situ cost-effective low temperature synthesis of VACNT films.

4.1 Reduced CVD temperature

The growth of CNTSs in this study is believed to be still based on the vapour-liquid-
solid mechanism [41]. CNTs formed principally by continuous precipitation of
supersaturated carbon atoms which are released from decomposed hydrocarbons and
then diffuse into the surface of the catalytic metal particle. The driven force for the

diffusion of carbon atoms is ascribed to a temperature gradient. Therefore, sufficient
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energy is required for the continuous diffusion of carbon atoms. Typical growth
temperature for thermal CVD (T-CVD) is above 600°C, and thermal energy is the
single source for the decomposition and diffusion processes [42].

In this study, CNTs were successful synthesised at temperatures between 400 and
500 °C. This could be mainly attributed to the plasma effect brought from PECVD and
ASP. First, plasma is effective to ionize the gases which can promote the dissociation
of hydrocarbons by increasing the density of ions. Second, plasma has heating effect
which can provide more kinetic energy for the diffusion of carbon atoms [21, 43].
Therefore, the growth temperature in PECVD can be much lower than in T-CVD [21,
44].

However, plasma also has an etching effect which can restrict the growth of CNTSs.
The active screen installed in the PECVD facility between the two electrodes and
connected to the bottom electrode has acted as a shield grid to filter or slow down the
high-energy ions. This can lead to a desirably balanced function of the plasma, which
is necessary for activating the growth process but without causing undue ion etching.
In addition, the thermal radiation from the active screen has contributed to the
homogenous heating of the substrate surface [45].

4.2 Cost-effective in-situ preparation of catalyst film

As reported, the key to the successful cost-effective in-situ synthesis of VACNT films
Is to innovatively introduce the principle of ASP into PECVD and the novel design of
ASP double lids to enhance the deposition of catalyst film using the hollow-cathode
effect.

Basic knowledge of the glow discharge between two plain electrodes is helpful to
understand the in-situ low temperature growth process of CNTs. Physical appearance

of a glow discharge can be mainly divided into cathode dark space, negative glow,

18



Faraday dark space and positive column [46]. Paschen’s Law (Equation 1) presents a
relationship for the glow discharge between the breakdown voltage, the pressure and
the electrode separation distance [47]. The in-situ preparation of the catalyst films was
realized by the hollow cathode effect between the two catalyst lids used for the ASP
screen, which were controlled by power, pressure, and the distance between two lids.
Paschen’s Law below provides a basic route to achieve the hollow cathode effect with

high density of plasma, which is sufficient to sputter nanoparticles from the lids.

_ Bpd
Vp = In(Apd/In[1+(1/y)]) (1)

where V,, is the breakdown voltage, p is the pressure inside the chamber, d is the

distance between two electrodes, A, B, and y are constants.

The growth of CNTs are carried out in the dark space where contains a strong electric
field [46]. lons are accelerated to bombard the cathode and secondary electrons are
emitted, which accelerate through this space away from the cathode. The settings of
the electrodes have a critical effect on the distribution of the plasma field. In this
study, the active screen can be counted as an additional electrode, which can expand
the cathode dark space to support the growth of CNTs. Besides, the lids also can
retain heats by limiting the direct thermal transition from the sample surface to the gas
flow, and their thermal radiation effects can promote the low temperature growth of
CNTSs.

Fe, Co and Ni are common elements used for the growth of CNTs due to their high
activity. However, some researchers indicated that some binary or multimetal alloy
catalysts are more efficient for the growth of CNTs by increasing the rate of diffusion
and reaction [48]. Novel carbon materials like nanocoils or branched CNTs can be
deposited from modified composite catalysts [49, 50]. The deposition method in this

study has provided a cost-effective way to adjust the composition of the catalysts by
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changing the catalyst lids.

In this study, TEM examination has revealed tip growth mode of CNTs, which may
be related to the separation of catalyst nanoparticles. It is known that base growth
mode happens when there is a strong adhesion between the catalyst particles and the
substrates. In some cases, metallic silicide can be generated between the catalysts and
the Si substrate [51, 52], which can increase the adhesion. However, these interactions
will cause deterioration of the catalysts and typical solution is to add buffer layers,
such as SiOy, Ti, Al [53]. Gohier et al. [54] have indicated that the growth modes are
determined by the size of the catalyst particles, which is related to the thickness of the
catalyst film and they can cause a transition from the base growth few-wall CNTs to
the tip growth multi-wall CNTs [33]. For the tip growth mode, catalyst particle was
pulled out from the catalyst film by the growth force of CNTs [55]. However, the pull
out process cannot happen when the catalyst particles are too large, thus resulting in a
base growth mode [56]. Song et al. [24] reported that the CNT growth mode is not
determined by the growth method, even though most PECVD synthesis presented tip
growth mode. This is because the strong bombardment effect of the plasma could
generate the isolated catalyst particles, which are suitable for the tip growth mode.
After all, the growth modes are not only influenced by condition of the catalyst
nanoparticles, but also impacted by synthesis parameters such as pressure,

temperature, power, etc.

5. Conclusions

In this study, in-situ cost-effective low temperature synthesis of VACNT films has
been successfully achieved by innovatively introducing the principle of active-screen

plasma (ASP) into rf PECVD and the design of novel active screen with double
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catalyst lids. Fe-Ni-Cr catalyst thin films were in-situ prepared by enhanced sputtering
based on hollow-cathode effect from both 316 austenitic stainless steel and pure Ni
active screen lids, and VACNT films were synthesised subsequently at relatively low
temperatures (<500°C). The active screen set in the PECVD apparatus can be used for
high-efficient low-cost catalysts deposition. More importantly, the active screen can
also play a key role in the low temperature synthesis of VACNT films by reducing or
avoiding undesirable plasma etching effect and providing additional thermal radiation
effect. The facile route for the economical and efficient in-situ low temperature
synthesis of VACNT films developed from this study makes it feasible to cost-

effectively fabricate VACNT films on other thermal sensitive materials.
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