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Chapter 5 

 

“Cactus” top-decorated aligned carbon nanotubes 
 

5.1 Introduction 

Since their discovery in 1991, carbon nanotubes (CNTs) have attracted great interest due to 

their outstanding structural, electrical and mechanical properties [1-3]. CNTs with different 

morphologies [4-6] have been reported by using different synthesis methods. Among them, 

plasma-enhanced chemical vapor deposition (PECVD) [7, 8] is a commonly used technique 

for the synthesis of aligned carbon nanotube array films on a substrate that is coated with a 

catalyst metal thin film. The growth process involves the dissociation of hydrocarbon 

molecules on the metal nanoparticle surface, the dissolution and saturation of carbon atoms in 

the catalytic particles, and the precipitation from the particles [2]. Generally, the metal film is 

pretreated by ammonia or hydrogen gas in order to form catalytic particles in nanometer size, 

which produce effective catalysts for the nanotube growth. The size of these particles is 

related to the diameter of CNTs. A previous study showed that carbon nanotubes could not be 

grown, using a recipe whereby C2H2 was introduced first, followed by NH3 via plasma 

enhanced hot filament chemical vapor deposition (PE-HF-CVD) method [7]. Amorphous 

carbon produced in the C2H2 plasma coated on the catalyst surface and inhibited the catalytic 

role of catalyst particles [7]. Recently, it was found that multi-walled carbon nanotubes 

(MWNTs) can be grown with pure C2H2 by thermal CVD method with H2/N2 mixed gas 

pretreatment [9]. However, the density of the as-grown MWNTs is low, and the length is 

shorter compared with those grown with C2H2/H2, C2H2/Ar, or C2H2/N2 mixture gas. 
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Here we report “cactus” top-decorated aligned carbon nanotubes grown without NH3 or H2 

gas pretreatment by the PECVD method. It is found that C2H2 gas not only acts as a carbon 

source but also activates the catalysts for nanotube growth under the plasma. The “cactus” 

morphology appears only on the top part of nanotubes while the lower body of the nanotubes 

retains the multi-walled structure. Surface wettability of such kind of “cactus” decorated CNTs 

were studied. The purpose here is to investigate the effect of surface nanostructures on surface 

wettability. 

5.2 Experimental 

In this work, “cactus” nanotubes were grown in a rf (13.56 MHz) plasma-enhanced chemical 

vapor deposition (PECVD) system. An iron film with a thickness in the range 5-100 nm was 

deposited on the silicon/quartz substrate by rf magnetron sputtering. The iron coated 

substrates were heated up to 700oC gradually at a base pressure of 10-6 Torr. After that, C2H2 

gas (15 sccm) was then introduced into the PECVD system. The working pressure and rf 

power were maintained at 60 mTorr and 100 W, respectively. In this same PECVD system, 

normal multi-walled carbon nanotubes are grown by using the same PECVD under a mixed 

reactant gas flow (C2H2/NH3, 15sccm/30sccm) at around 700oC for 1h. Scanning electron 

microscopy (SEM JEOL JSM-6400F), high-resolution transmission electron microscopy 

(HRTEM, JEOL JEM-2010F operated at 200kV), and Micro-Raman spectroscopy (Jobin 

Yvon T64000 system; Ar ion laser with wavelength of 514.5nm) were used to study the 

formation of “cactus” decorated aligned nanotubes. X-ray photoelectron spectroscopy (XPS) 

measurements were performed at the soft X-ray beamline at the Singapore Synchrotron Light 

Source (SSLS) [10]. The energy of the incident X-rays used is 700 eV. To evaluate the third 
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order nonlinearities as well as the relaxation dynamics of these MWCNTs on quartz, open 

aperture and close aperture Z scan as well as the degenerate pump probe experiments were 

performed at 780 nm. The laser pulses have 220 fs full width at half maximum (FWHM) 

temporal pulse width and 1 kHz repetition rate generated by a Ti: sapphire regenerate 

amplifier (Quantronix, Tian) which is seeded by a mode locked Ti: sapphire regenerate laser 

(Quantronix, IMRA). 

 

5.3 Results and discussion 

5.3.1 Scanning electron microscopy SEM study 

SEM images of “cactus” nanotubes grown for 1h are shown in Figure 5.1. “Cactus” knob 

morphology is observed from the top view image in Figure 5.1(a). The side-view image in 

Figure 5.1(b) shows that the “cactus” morphology appears only at the top, while the lower 

part of the nanotubes retain the aligned structure. The length of nanotubes is about 10 µm. 

The side-view image in Figure 5.1(c) shows that the “cactus” structures are bundled together. 

Figure 5.1(d) reveals the “cactus” morphology is composed of a large quantity of small 

nano-sheets with thickness about 1-2 nm. The diameter of the “cactus” part is about 300 nm, 

while the diameter of the as-grown normal MWNT is about 20-40nm. 
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(a) 

100 nm 

(b) 

1 μm 

 

Figure 5.1 (a) SEM image of “cactus” carbon nanotubes from the top view. (b) Side-view 

picture shows that the cactus structure on the top part of nanotube while the underneath part 

still remain the aligned structure. (c) Close view of the “cactus” structure on the top part. (d) 

HRSEM picture of “cactus” nanotubes shows the rough “cactus” surfaces is composed of a 

large quantity of nano-sheets. 

 

5.3.2 Raman spectroscopy study 

Figure 5.2 shows the Raman spectra of “cactus” top-decorated nanotubes and multi-walled 

nanotubes. In this case, the normal multi-walled carbon nanotube sample was grown on a Si 

substrate using PECVD under a reactant gas flow (C2H2/NH3, 15sccm/30sccm) at around 

700oC for 1h. Previous studies show that for multi-walled CNTs, the G-band corresponds to 

graphite or ordered carbon, while the D-band indicates disordered or amorphous carbon [11]. 

In addition, the line width of D-band is related to the amount of amorphous carbon [12]. 

(c) (d) 

100 nm 500 nm 

 64



                                                                   Chapter 5 

Based on the curve fitting results, we obtained the ratio (ID/ IG) of “cactus” nanotube is about 

0.75, while the ratio is only 0.43 for normal multi-walled CNT. In addition, a larger line width 

of D-band is obtained for “cactus” nanotube. This Raman study indicates a higher amorphous 

carbon content in “cactus” nanotubes compared with C2H2/NH3 grown multi-walled CNT.  

Figure 5.2 Raman spectra for “cactus” nanotube and MWNT grown for 1h.  

1200 1300 1400 1500 1600 1700 1800
1300

1350

1400

1450

1500

1550

1600

1650

1700

1750

1800

 

 

 wavenumber (cm-1)

In
te

ns
ity

 (a
.u

.)

 "cactus" CNTs
 Multi-walled CNTs

 

.3.3 Transmission electron microscopy TEM study 

s lying on the carbon film 

5

Figure 5.3(a) shows a typical TEM image of the “cactus” nanotube

of a TEM Cu grid. Close-up views at three regions in Figure 5.3(a) are shown in Figure 5.3(b) 

to (d). Figure 5.3(b) shows the amorphous structure of the top “cactus” part: The layers are 

not regular and do not have specific orientations. Figure 5.3(c) shows the intermediate part 

between the top amorphous carbon and the nanotube. It can be seen that some of the graphite 

layers are broken, and this could be attributed to the strong ion bombardment under plasma 

during the growth process. These broken layers provide a rich source of dangling bonds for 

the covalent absorption of activated carbon atoms from the dissociated C2H2 precursor. Figure 
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5.3(d) clearly shows that some outer graphite layers of a nanotube are peeled and only thinner 

inner layers are left. The electron diffraction pattern further reveals the disordered graphite 

structure of these “cactus” top-decorated nanotubes. The calculated spacing between different 

layers of nanotubes is 3.41nm, matching the layer spacing in graphite. The XRD pattern (not 

shown here) is similar to that of graphite, but the main peak (002) is much weaker and 

broadened. 

 

(a) (d) 

(c) 

(b) 

(b) (c) (d) 

 

igure 5.3 (a) Typical HRTEM picture of “cactus” top-decorated nanotube bundles. (b) 

morphous carbon on the top part with no encapsulated catalytic particles. (c) The 

F

A

intermediate part between the amorphous carbon and the lower nanotube body. It shows that 

the nanotube surface is destroyed and linked with some amorphous carbon. (d) For the lower 

body of the nanotube, it can be seen that some graphite layers are broken (marked by the 
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arrow), but the absorption of C atoms become less compared with part (c). ED pattern (Inset) 

reveals the disordered graphite structure of “cactus” nanotube, the calculated spacing between 

different layers is 3.41nm, matching the layer spacing in graphite. 

 

5.3.4 X-ray photoelectron spectroscopy (XPS) study 

XPS study was carried out to investigate the surface chemical states on the surface of “cactus” 

a butions of photoelectrons from the nd normal multi-walled carbon nanotubes. The contri

diamond-like SP3 component and graphite SP2 component can be separated by peak fitting the 

XPS spectra as shown in Figure 5.4. The C 1s spectra of both samples were fitted with the 

component peaks at 284.7, 285.2 and 286.5 eV, which correspond to SP2, SP3, and C=O or 

C-O bonds respectively [13, 14]. The SP3/SP2 ratios (calculated from the ratio of the areas of 

the SP3 and SP2 peak [15]) for the “cactus” nanotube and MWNTs are 1.59 and 1.13 

respectively. Although a higher SP3 component is obtained for “cactus” nanotubes, no 

crystalline diamond particle has been observed. Generally, SP3 C could be bonded to either C 

or H. A previous study has shown that the hydrogen termination plays an important role in 

diamond crystallization and growth [16]. In this case, most of the SP3 carbon bonds are 

terminated by C atoms due to the lack of H atoms, leading to the formation of amorphous 

carbon instead of diamond crystalline. 
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Figure 5.4 XPS spectra of C 1s peak for Multi-walled and “cactus” CNTs. Both samples were 

fitted with component peaks at 284.7, 285.2 and 286.5eV, which correspond to SP2, SP3, and 

wth mechanism of “cactus” decorated nanotubes 

----------- Bottom up root growth and top down strong plasma induced carbon covalent 

absorption 

During the growth process of CNT, the first requirement is the active catalyst. Generally, a 

f iron oxides will be formed on the catalyst surface. Although no NH3 or H2 gas 

C=O or C-O bond. 

 

5.3.5 Proposed gro

small layer o

is introduced in the growth, C2H2 could still be partially decomposed into carbon and 

hydrogen ions under plasma irradiation at high temperature (700oC). Previous studies showed 

that the absorption process of C2H2 molecules on the catalyst surface would produce C-H, C 
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and H components [9]. The active H ions produced would reduce the iron oxides to form 

effective catalysts for the nanotube growth. It is well accepted that the growth of carbon 

nanotubes follows the bottom to up root-growth model [17]. The question is whether the 

“cactus” appears at the beginning stage or the final stage of the growth process.  

In order to resolve this issue, an as-grown normal MWNT sample [SEM image is shown in 

Figure 5.5(a)] was placed into the PECVD chamber for regrowth according to the growth 

recipe of “cactus” nanotube for 1h. Similar top-decorated “cactus” morphology is obtained, as 

shown in Figure 5.5(b). This indicates that the “cactus” does not form bottom-up at the 

beginning stage. Instead, a top-down strong-plasma induced carbon covalent adsorption 

mechanism is proposed. Firstly, carbon nanotubes grow following the root growth model. 

Because of the absence of pretreatment, the decomposition rate of C2H2 molecules on the 

catalytic particle surface is slower, resulting in a higher C2H2 concentration in the chamber. 

Since the plasma can dissociate the hydrocarbon and create a lot of reactive radicals [8], the 

strength of ion bombardment should be enhanced greatly, destroying the outer graphite layers 

and producing a lot of dangling bonds, as shown in Figure 5.3(c) and (d). Moreover, the size 

effect makes the tip more reactive and enhances atomic absorption, deposition, and 

reconstruction, thus favoring the formation of the amorphous “cactus”. At the same time, the 

carbon nanotubes continue to grow from bottom to up, since the top “cactus” morphology 

shields most of the ion bombardment from the lower part. Correspondingly, the covalent 

absorption of carbon atoms would decrease from top to bottom, producing the different 

diameters observed in the different parts of the nanotubes. The proposed detailed schematic 

growth process is illustrated in Figure 6. It was also observed that the length of nanotubes is 
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reduced after the re-growth process [shown in Figure 5.5(b)]. This can be explained by the 

termination of the catalytic activity during the re-growth process and the strong ion 

bombardment effect.  

 

Figure 5.5 (a) is the SEM picture for the as-grown MWNT sample 1(C2H2/NH3, 20 mins), the 

ngth of  for 1h 

 

 

le  the nanotube is about 20 µm. (b) Re-grown MWNT under C2H2 plasma

followed the growth procedure of “cactus” nanotube. “Cactus” morphology is observed on the 

top part, while the length of re-grown nanotube is slightly shorter than the as-grown one. 
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Figure 5.6 (a) C2H2 is dissociated under the plasma effect at high temperature (b) Iron oxide 

yer on the iron particles surface is reduced by the dissociated H atoms (c) nanotubes grow 

5.3.6 Surface wettability of “cactus” nanotubes 

 order to investigate the effect of surface morphology on the surface wettability of CNTs, CA 

ctus” nanotube surface. Previous works of 

 
 
 
 

la

follow the base growth model, and the dangling bonds are produced under the strong plasma 

(d) covalent absorption of carbon atoms on the top part. 

 

In

measurements were carried out on the as-grown “ca

Jiang et al. reported that the nanostructures on a solid surface are important for 

super-hydrophobicity, which can induce a high CA. [18] However, in our experiments, we did 

not find any enhancement of surface hydrophobicity for the “cactus” top-decorated CNTs. 

The average CA is around 148.0 ± 5.0o , which was obtained from the measurements of around 

20 droplet images. A typical microscopy image is given in Figure 5.7 

 

Figure 5.7 s. A typical microscopic image of a water droplet on “cactus” CNT
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One poss ly and 

e surface chemical composition may be different from the C2H2/NH3 grown MWNTs. More 

orphous components were observed based on the Raman studies. Thus, the change of 

surface morphology is not the dominant factor here. 

 

dynamic of this 

tz substrate, open aperture, closed 

aperture Z scan as well as the degenerate pump probe experiments were performed at 780 nm. 

The sample with 2.5 µm in thickness is prepared for this optical nonlinearities measurement. 

Figure 5.8 displays the Z Scan signals. It can be seen from Figure 5.8 (a) that the nonlinear 

absorption appears as photo-bleaching signal (increased transmittance with increasing laser 

intensity) while the refractive index is negative in sign. The photo-bleaching is observed in 

many SWCNTs [19，20] and is believed to due to the state filling effect [18]. It is also 

observed for MWCNTs [21, 22]. To quantify the observed nonlinear signals, we assume that 

the nonlinear absorption can be expressed as Δα = βI, and Δn = n2I, where β is the third-order 

nonlinear absorption coefficient, n2 the Kerr-type refractive nonlinearity, and I the laser 

irradiance. Following a Z-scan analytical procedure similar to the one reported in ref [21] to 

fit the experimental curves, we obtain the 

ible reason here is that the “cactus” CNTs were grown by using C2H2 gas on

th

am

 
5.3.7 Third order nonlinearities of “cactus” nanotubes 

To evaluate the third order nonlinearities as well as the relaxation 

“cactus” top decorated carbon nanotubes grown on quar

β  and n2-values to be  and 

, respectively. These two parameters give the value of third-order 

120 −− cmGW

124102.3 −−×− GWcm

nonlinear susceptibility )3(χ of , which is very close to our previous 

measured result for MWCNTs film [21] despite the different growth condition and outlook of 

esu11102.2 −×
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the two batches of sample rements with different irradiance from 23 

GWcm

s. Further Z Scan measu

-2 to 80 GWcm-2 [Figure 5.8(b)] show that both β  and 2n  are independent on the 

laser intensity, indicating the pure third order nonlinearity origin to our Z Scan observations.  

For pump probe measurement, the intensity of the pump is varied from 5.4 GWcm-2 to 24 

GWcm-2 while the intensity of the probe beam keeps at 0.15 GWCm-2. Figure 5.9 shows the 

rela

ed with Z Scan and pump probe experiments. There is no photobleaching signal for it 

up 

xation process of this sample. Two processes can be identified. Fitting the curves with two 

exponential components, we obtain relaxation time of 260 fs for the faster process and 

relaxation time of 1ps for the slower process. The faster decay process is believed to be the 

autocorrelation of the laser pulses while the slower decay process is associated with the 

electron – phonon interaction as proposed in ref [23]. Figure 5.9 also shows that though the 

probe signal will increase with the increase of laser beam, the relaxation time remained the 

same. 

To check the effects of the substrate to the measurement results, the substrate was also 

examin

to the laser intensity of 80 GWcm-2, which indicates that the obtained open aperture and 

pump probe signals are solely from the “cactus” top decorated nanotube film. The closed 

aperture Z Scan shows that the substrate has a third-order nonlinear refractive index of 

positive sign, but its magnitude is less than 10% of the n2 value for the substrate-MWCNT 

composites so that it can be neglected.  
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Figure 5.8 (a) At I0 =79 GWcm-2, open aperture (filled circles), close aperture (open circles) 

 Scan results. The open triangles are obtained from close aperture curve divided by open 

            

Z

aperture curve. The lines are fitting results. (b) Open aperture Z Scan curves at different laser 

intensity.  
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Figure 5.9 Degenerate pump probe signal of “cactus” nanotube at 780 nm. 
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5.4 Conclusion 

he morphology of “cactus” top-decorated aligned carbon nanotubes is reported. HRSEM 

 “cactus” is composed of a large quantity of nano-sheets. Raman studies 

bout 1.8ps, 

T

shows that the top

reveal a strong defect component in the “cactus” nanotubes compared with that of C2H2/NH3 

grown MWNTs. TEM images show the amorphous carbon nature of the top “cactus” 

morphology. XPS data reveals a higher SP3 component, which could be attributed to the 

bonds between SP3 C and C atoms. The possible growth mechanism is also investigated. The 

activity of catalyst is turned on by the dissociation of C2H2 on the nanoparticle surface; while 

the formation of “cactus” morphology is attributed to plasma induced carbon covalent 

absorption. No enhancement of surface hydrophobicity was observed from CA measurements. 

The third order nonlinearities are determined with femtosecond Z scan and pump probe 

techniques at 780 nm. The nonlinear absorption is found to be photo-bleaching type, and the 

nonlinear absorption coefficient is 120 −− cmGW up to the intensity of 80 GWcm-2. The 

third-order nonlinear refractive index is 124102.3 −−×− GWcm . The nonlinear dynamics shows 

the relaxation process takes place in a which is a characteristic relaxation time for 

MWCNTs. 
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