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Converting carbon nanofibers to carbon nanoneedles: catalyst splitting and
reverse motion
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Carbon nanoneedles (CNNs) were grown using a plasma-enhanced chemical vapor deposition process

in which the source gas (C2H2) was turned off 10 min before the NH3 flow and plasma were turned off.

It is demonstrated that tubular carbon nanofibers (CNFs) grow while the source gas is on. However,

once the source gas is turned off, the Ni catalyst at the top of each CNF splits to form a small catalyst

that remains at the top of the tube and a larger catalyst that travels down the interior of the tube. We

postulate that the motion of the bottom (larger) catalyst is driven by etching of the graphitic walls and

‘cups’ inside the CNF. This process, combined with slowing growth of the CNFs and etching of the

material above the bottom catalyst, converts the carbon nanofibers to the final nanoneedle shape.
1. Introduction

Carbon nanotubes (CNTs) are promising candidates for a wide

range of applications due to their good electrical,1 thermal2 and

mechanical properties.3 Chemical vapor deposition (CVD) is

commonly used for synthesis of CNTs. Of the various CVD

methods available, plasma-enhanced chemical vapor deposition

(PECVD) is widely used to grow aligned CNTs. It should be

noted, however, that a different type of carbon nanostructure,

carbon nanofibers (CNFs), with unique structures and properties

can also be synthesized using this method.4,5 The growth of

carbon nanotubes is catalyzed by particles of materials such as

Fe and Ni, and the size and location of these catalyst particles

control the size and location of the resulting tubes. The most

common technique for creating metallic nanoparticle catalysts

over a wide area is to simply allow dewetting of thin solid metal

films on a flat substrate.4 Inevitably, the nanotubes that are

subsequently grown exhibit a very wide distribution of size and

spacing, due to the poor control of the size and spacing of the

catalysts resulting from the simple dewetting method. To exercise

good control over the size and location of metal catalysts for the

growth of CNTs, various patterning techniques have been used,

including: electron beam lithography,6 nanosphere lithography,7

nanoimprint lithography8 and the use of porous anodized

aluminum oxide templates.9,10 Among these techniques, some

provide very good control of the catalyst geometry and location,

but are costly and provide only small-area coverage (e.g. electron

beam lithography). Others provide relatively large-area coverage,

but suffer from restrictions on the catalyst geometry and location

(e.g. nanosphere lithography and anodized aluminum oxide
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templates) or they involve relatively complicated processes to

change the geometry parameters (e.g. new masks for different

spacings in the case of nanoimprint lithography). On the other

hand, there is research focussed on the preparation of nano-

structure arrays using masks obtained from lithographic tech-

niques and catalytic etching,11,12 self-organized masks and without

any masks, via plasma-controlled self-organization.13,14

We have recently15 developed a patterning technique that

combines ‘top-down’ interference lithography (IL) and ‘bottom-

up’ dewetting of Au or Ni particles to control particle location

and to tune the diameter of the particles. We have used this

technique to grow arrays of carbon nanofiber (CNF) needles with

locations, diameters, and aspect ratios that are precisely controlled

on silicon substrates. We were able to carry out a systematic study

of the field-emission properties of the CNFs as a function of the

geometric characteristics of the CNFs themselves and of the CNF

array.16 While synthesizing the CNFs for the field-emission study,

we noticed various intriguing phenomena that we believe have not

been reported in the literature. These observations include:

a reproducible method to synthesize either normal (round-topped

tubular) CNFs or sharp-tipped carbon nanoneedles (CNNs), and

an interesting movement of the Ni catalyst that is unique to our

method of synthesis. In this paper we present the results of

a detailed study of the growth mechanism of CNNs. We examine

the influence of: the plasma power, the composition of the C2H2

and NH3 in our PECVD system, and variations in the presence of

both the growth gases and the plasma on the geometry of the

CNFs. We also show that catalyst splitting and reverse motion

controllably produces CNNs from CNFs. From these results, we

develop a mechanistic understanding that provides guidance on

how to synthesize normal or sharp-tipped CNFs using PECVD.
2. Experimental methods

To pattern the catalyst we used a technique reported earlier that

combines top-down and bottom-up approaches to provide

precise in situ production and placement of metallic nano-

particles on a silicon surface.15 The top-down component of this

method uses interference lithography17 (IL), while the bottom-up

process involves agglomeration (dewetting) of solid metallic thin
This journal is ª The Royal Society of Chemistry 2010
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films18 (AF). This method, denoted here as IL-AF, allows posi-

tioning of metal nanoparticles at predetermined locations on

a silicon surface and, further, allows accurate control the size of

the nanoparticles. In the present work, we adopted this approach

with slight improvements.

Fig. 1 outlines the procedure for synthesis of large-area CNF

arrays on Si substrates using the IL-AF method and PECVD

growth with Ni catalysts. First, a 200 nm layer of photoresist

(Ultra-i 123) was spin-coated on an n-type Si (100) wafer and

baked at 90 �C for 90 s. The photoresist was then patterned using

a Lloyd’s mirror type IL set-up with a He-Cd laser source (l ¼
325 nm). The creation of periodic square patterns in the photo-

resist was achieved using two perpendicular exposures of 200 s

each. The unexposed photoresist was etched away using Shipley

Microposit MF CD-26 developer, leaving behind an array of

circular-shaped photoresist dots on the Si wafer surface (see

Fig. 1(a)). Next, a 20 nm thick Cr layer was evaporated onto the

entire sample using an e-beam evaporator. The Cr layer on top of

the photoresist was removed by lifting-off the photoresist. The

photoresist lift-off and KOH anisotropic etching of the Si were

achieved simultaneously by dipping the samples in a 30 wt%

KOH solution at 50 �C for around 300 s (see Fig. 1(c)). The Cr

served as an etching hard mask, so that beneath the holes in the

Cr, arrays of 4-fold symmetric inverted pyramids were produced.

We then used the Cr as a deposition mask to evaporate a 10 nm

silicon oxide layer and a 30 nm Ni film (at a base pressure of 10�6

Torr) onto the patterned sample. This resulted in an oxide layer

that was sandwiched between the silicon substrate and the Ni

film in the pits (Fig. 1(d)). The oxide layer serves as a diffusion

barrier to prevent nickel silicide formation during the growth of

CNFs. Finally, the Cr, oxide, and Ni layers above were lifted off
Fig. 1 Process flow for the synthesis of arrays of carbon nanofibers

(CNFs) using Ni nanoparticles as catalysts. Appropriate scanning elec-

tron micrographs are shown in Fig. 2.

This journal is ª The Royal Society of Chemistry 2010
using Chromium Cermet Etchant, revealing Ni in the centers of

the inverted silicon pyramids. The period of the inverted pyramid

pattern was 500 nm and the Ni in the pits was around 200 nm in

size. These samples were then used for the growth of large-area

arrays of isolated vertically aligned CNFs synthesized using the

PECVD technique. The CNF growth conditions were fixed at

700 �C at a pressure of 7.5 mbar in a 5 : 1 mixture of NH3 and

C2H2 (NH3: 50 sccm and C2H2: 10 sccm) with Ar as the plasma

source and the dc voltage fixed at 462 V. We varied the plasma

current such that a half and full plasma power were obtained

with the plasma current fixed at 37.5 and 75 mA, respectively. We

controlled the length of the CNFs by varying the time of the flow

of the NH3 and C2H2 gases into the PECVD system. This tech-

nique enabled growth of single CNFs in most pits.

3. Results and discussion

Fig. 2(a) shows a scanning electron micrograph of a large-area

array of isolated CNFs synthesized using the process described

above. As pointed out in the previous section, with our patterning

technique, even though the catalysts are initially different from the

usual spherical-shaped catalysts commonly reported in the liter-

ature, we still obtained normal tubular-shaped CNFs with

spherical-shaped Ni catalysts at the tip of the CNFs, as shown in

the Fig 2(a). A high-resolution transmission electron micrograph

of an individual tubular CNF (see, Fig 2(b)) exhibits a ‘cup-in-cup’

feature that is indicative of graphitic cups and walls. Fig. 2(d), (e)

and (f) show EDX results obtained at the bottom, the top, and far

away from a CNF, as shown in Fig. 2(c). These data show no Ni at

the bottom of the CNF, a strong Ni signal at the top of the CNF,

and only a carbon signal far away from the CNF. This is in

agreement with the normal CNT tip growth mechanism

commonly reported in the literature.4,6,9,10

Fig. 3 shows SEM images of CNNs synthesized in the same

PECVD system as that used to produce the CNFs in Fig. 2. The

growth conditions were generally the same as those for Fig. 2,

except that the CNNs were synthesized by keeping the heater and
Fig. 2 (a) An SEM image of a CNF array grown at 700 �C at a pressure

of 7.5 mbar in a 5 : 1 mixture of NH3 and C2H2 gases (NH3: 50 sccm and

C2H2: 10 sccm). Note that the SEM image was taken at a 45� tilted angle.

The scale bar is 1 mm; (b) HRTEM image of a CNF, the scale bar is

50 nm; (c) locations at which EDX analyses were carried out; (d) EDX

signal at the CNF bottom; (e) EDX signal at the CNF top; (f) EDX signal

far away from the CNF.

Nanoscale, 2010, 2, 2180–2185 | 2181
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Fig. 3 A large-area ordered array of carbon nanoneedles. The diameter

of each CNN at the base was �200 nm, the length was �1 mm (45� tilt).

The inset is a magnified view of a portion of the CNF array, with a scale

bar of 500 nm.
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dc plasma on for another 10 min after shutting off the C2H2

supply.

Fig. 4(a) and (b) show TEM images of one CNN. Lattice

fringes can be seen in the image of the Ni catalyst in Fig. 4(b), but

fringes cannot be seen in the CNN. This indicates that the CNN

was amorphous near the tip. We have also carried out EDX

measurements focused at the bottom of the CNNs, as shown in

Fig. 4(c). The EDX experiments show a strong signal for Ni at

the bottom of the CNNs, indicating the presence of a Ni catalyst.

This is in contrast with the EDX results for the tubular CNFs in

Fig. 2, for which no Ni signal was found at the bottom of the

CNFs. This indicates that the growth mechanism of CNNs is

different from that of tubular CNFs, and is distinct from the

common observation of either a tip or base catalytic growth. It

should also be noted that the limited further growth and the

formation of the sharp CNN tips may be related to the

decreasing supply of C2H2 after it is shut off in the last 10 min of

the CNN growth process. We have also carried out EELS

experiments to probe the chemical composition of the CNNs. As

the CNNs were formed with only the supply of C2H2 eliminated,

we expected species containing nitrogen to exist in the environ-

ment during growth and to be incorporated into the CNNs. We

have, in fact, detected nitrogen in some of the CNNs. It should be

noted, however, that nitrogen and nitrogen compounds would be

volatile during growth and this might explain the fact that we did

not manage to detect nitrogen in some other CNNs.
Fig. 4 (a) TEM image of a CNN. The scale bar is 100 nm; (b) HRTEM

image of the tip of the CNN shown in (a), the scale bar is 5 nm. (c) SEM

image (45� tilt) of part of a CNN array with CNN lengths of 1 mm and

base diameters of 100 nm, the scale bar is 1 mm. The inset is an EDX

signal obtained from the bottom of one of the CNNs.

2182 | Nanoscale, 2010, 2, 2180–2185
We next experimented with a sample of tubular CNFs which

were subjected to a treatment in NH3 with the plasma turned on

(plasma current fixed at 75 mA) at 700 �C for 5 min. Fig. 5(a) and

(b) show SEM images of samples before and after this treatment.

Fig. 5 (c) and (d) show SEM images of CNFs that were subjected

to a treatment in NH3 at 700 �C without the dc plasma turned on.

Comparing the SEM images of Fig. 5(b) and (d), we note that

with the plasma turned on, the CNFs have been converted to

shorter CNNs. This shows that the plasma has a pronounced

effect on the sharpening of the tips of the CNFs. Another

interesting observation is that the original top Ni catalysts (in

Fig. 5(a)) seem to have moved downwards inside the CNNs. It

can be seen from Fig. 5(c) and (d) that without the plasma turned

on, there appears to be no evolution of the CNFs in NH3 at

700 �C. Also, in this case, all the Ni catalysts remain at the top of

the CNFs.

It is important to point out the key difference in the growth

process that leads to the CNNs with sharp tips in Figs. 4(b) and

5(b). In Fig. 4(b), the formation of sharp-tipped CNNs could be

due to: (i) the dwindling supply of C2H2, and, (ii) etching of the

CNFs in the presence of NH3 with the plasma turned on. As the

CNNs in Fig. 4(b) continue to grow, albeit with shaper tips,

the etching process must be less efficient than the growth at the

top of the CNNs. The growth environment in the case shown in

Fig. 5(b) was completely devoid of C2H2, and therefore only

etching of the CNFs took place.

We will discuss the mechanism by which the top Ni catalysts

move down into the CNNs in Fig. 5(b) by investigating the effect

of plasma power on CNN formation. Fig. 6 shows HRTEM

images of a CNN that had been subjected to a plasma treatment

with the plasma current fixed at 75 mA in NH3 for 3 min.

Fig. 6(a) shows that the top catalyst splits into two parts, with

one remaining at the tip and the other travelling downward

inside the CNN (we will call this the ‘‘body catalyst’’). As the

body catalyst moves downwards inside the CNN, two distinct

regions develop in the CNN above and below it. As shown

in Fig. 6(b), the region below the body catalyst retains the
Fig. 5 (a) and (c) SEM images of as-grown tubular CNFs, (b) the same

tubular CNFs heated in NH3 at 700 �C for 5 min with the plasma turned

on at a current flow of 75 mA, and (d) the same tubular CNFs as in (c)

heated in NH3 at 700 �C for 5 min without the plasma turned on. The

scale bars in (a) and (b) are 600 nm and in (c) and (d) are 300 nm.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 6 (a) HRTEM image of a CNF that was subjected to a plasma

treatment (plasma current fixed at 75 mA) in NH3 for 3 min after the

C2H2 was turned off, showing that the top Ni catalyst splits into two

parts, with one remaining at the tip of the CNF and the other travelling

down into the CNF. Note the hollow interior of the upper part of the

CNF through which the bottom catalyst has passed, (b) magnified image

of the body catalyst, and (c) magnified image of the top catalyst. The scale

bars are (a) 100 nm, (b) 25 nm, and (c) 25 nm, respectively.

Fig. 7 Schematic diagram of the mechanism responsible for the Ni

catalyst splitting and the reverse motion observed in CNNs.
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cup-in-cup structure of the original CNF. However, there is

a striking reduction in the number of cup-shaped features in the

region above the body catalyst, with only an amorphous sheath

remaining to define the CNN wall. Fig. 6(c) shows a tail on the

top Ni catalyst. This suggests that a pinch-off process is occur-

ring, and that a process like this might have led to the formation

of the larger body catalyst, presumably as a result of the splitting

of the original top catalyst into two parts.

Carbon nanoneedles similar in appearance and structure to

those we have observed have been observed previously.19

However, catalyst splitting has not been observed previously, so

an associated mechanism has not been presented. A model for the

mechanism of formation of single-crystal carbon cones composed

of planar stacked graphene sheets has been discussed by Deny-

senko et al.,20 who considered the effects of ion-assisted precursor

dissociation and surface diffusion. However, the mechanism we

have observed is clearly different, in that our fibers have cup

structures, and cone formation occurs when only the plasma is on

but no precursor gas is present. However, there may be similar

roles for plasma-assisted etching and diffusion in our case.

Helveg et al. carried out TEM experiments in which in situ

observations of CNF growth were made.21 They observed

a liquid-like oscillation in the shape of the Ni catalysts at the
This journal is ª The Royal Society of Chemistry 2010
CNF tips, and found that this oscillation was associated with the

formation of cup-in-cup structures. They demonstrated that

these shape oscillations occurred even though the Ni remained

crystalline, and argued that the Ni catalysts elongated as they wet

the tube at both the top cap and the cup. The energy of the Ni/

graphene surface held them in contact until the energy cost of the

increased interface area exceeded the cost of breaking the contact

between the Ni and the bottom cap. We suggest that when the

C2H2 is turned off, but the NH3 and plasma are left on, the Ni

particle etches the cup at the bottom, and that this etching drives

the continued extension of the Ni catalyst until it pinches-off to

form two particles (see the schematic illustration in Fig.7). A Ni

particle (usually a smaller one) remains at the tip to continue to

wet the top cap.

In this mechanism, once the C2H2 flow is eliminated (but the

NH3 and plasma remain on), the Ni catalyzes etching of the

graphitic walls inside the tube structure. The mechanism for etching

would be similar to that discussed in refs. 22 and 23, in which the Ni

catalyzes the reaction of NH3 with the graphene to form volatile

hydrocarbon products.

We further prepared three samples with tubular CNFs and

subjected them to different plasma powers and durations at

700 �C in ambient NH3. Fig. 8 shows SEM images of the as-

grown CNFs and the three sets of CNNs subjected to the

different plasma powers and durations.

If one compares Fig. 8(b) and (c), as is reasonable to expect,

more significant etching of the CNNs has occurred at the higher

plasma powers in (c) than (b) for a fixed duration of 3 min. With

a fixed plasma power (fixing the plasma current a 75 mA), an

increase in the time of the plasma from 3 to 5 min also resulted in

more etching of the CNFs, as shown in Fig. 7 (c) and (d). It is also

clear from Fig 8 that when the plasma power was at half and the

treatment time was 3 min (Fig. 8(b)), the catalyst broke into two

particles, with one particle being relatively small and remaining

at the top of the CNN (the top catalyst) and the other one being

bigger and starting to migrate downward into the body of the

CNN (the body catalyst). By increasing the plasma to full power

for 3 min (Fig. 8(c)), the top catalyst still remained at the top

while the body catalyst reached the middle of the CNN. Keeping

the plasma power at full power (i.e. keeping the plasma current
Nanoscale, 2010, 2, 2180–2185 | 2183
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Fig. 8 SEM images of: (a) an as-grown round-topped tubular CNF that

has been annealed at 700 �C in ambient NH3 without plasma treatment.

CNFs annealed under the same conditions but with (b) the plasma power

set at half the normal power (plasma current fixed at 37.5 mA) for 3 min,

(c) full plasma power (plasma current fixed at 75 mA) for 3 min and

(d) full plasma power for 5 min. The scale bars are 100 nm for all images.

D
ow

nl
oa

de
d 

on
 1

4 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
0 

A
ug

us
t 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0N

R
00

26
5H

View Online
fixed at 75 mA) and increasing the treatment time to 5 min, the

body catalyst almost arrives at the bottom of the CNF

(Fig. 8(d)). This is almost the situation shown in Fig. 3. Hence,

we conclude that at higher plasma powers and/or for longer

plasma treatment times, the top catalyst becomes smaller while

the body catalyst continuously migrates downward through the

CNN. Note that when the carbon source is turned off with the

plasma on, carbon can be etched and re-deposited on the CNN24

resulting in the shape change in Fig. 8. With a higher plasma

power for a longer duration, the etching of carbon becomes

increasingly pronounced. Therefore, the CNNs become shorter

and thinner and the tips becomes sharper, as a result of pro-

longed plasma etching. Sharp tips are crucial for optimal field

emission. It is also clear from Fig. 8 that the sizes of the top and

body catalysts of a CNN are closely related to the plasma power

and duration used for the growth process. Typically, the top

catalyst is less than 10 nm and the body catalyst depends on the

initial catalyst size and is of the order of tens of nm.

We have carried out a set of experiments with CNNs that have

body catalysts embedded approximately midway down the CNNs.

We placed these samples in the PECVD system and re-started the

growth process at the original CNF growth conditions (i.e. at

700 �C at a pressure of 7.5 mbar in a 5 : 1 mixture of NH3 and

C2H2 (NH3: 50 sccm and C2H2: 10 sccm)). Fig. 9(a) and (b) show

representative SEM images of the samples before and after the

second growth. It is interesting to note that under our standard

growth conditions, the body catalyst manages to ‘‘break through’’
Fig. 9 SEM images of: (a) as-grown CNNs, and (b) the same CNNs

subjected to a second growth which causes branching to form a second

tube. The second growth was carried out at 700 �C at a pressure of 7.5

mbar in a 5 : 1 mixture of NH3 and C2H2 (NH3: 50 sccm and C2H2: 10

sccm).

2184 | Nanoscale, 2010, 2, 2180–2185
the side wall of the CNN and branch out to form a second CNF,

with the body catalyst now being the top catalyst of the new

branching CNF. The original CNN remains the same except that

it becomes slightly thicker due to carbon deposition on its side

wall. This branching was observed in almost all the CNNs.

Branching, instead of reversible growth, might be the result of the

needle-like shape of the tube above the body catalyst.

It should be noted that, in a number of the cases described

above, the CNFs or the CNNs were exposed to an ambient

atmosphere (e.g. for SEM examination) and subsequently placed

back in the PECVD system for further processing. We have

carried out a set of experiments to confirm that the conversion of

CNFs to CNNs is reproducible and is not due to extraneous

phenomena resulting from exposure to air. We carried out the

normal CNF growth for 3 min under our standard growth

conditions, after which we maintained the flow of NH3 but

purged the remaining C2H2 in the PECVD system and let the

system cool down to room temperature. The PECVD system was

then again set at 700 �C with the plasma turned on with

a constant supply of NH3 throughout. We obtained very similar

CNNs to those shown in Fig. 3. This established that the

conversion of CNFs to CNNs is not related to exposure to air.

There exists a wide range of potential applications for the

CNN and CNF arrays discussed in this work. For example:

similar structures have been used as enzymatic glucose biosen-

sors25, they are a candidate for making sharp probes for scanning

probe nanolithography, and they could be used as building

blocks for field-emitting tips or photodetectors in electronic/

optoelectronic applications.
4. Conclusions

In summary, we have examined the effects of plasma power,

temperature and ambient gas on the formation of CNFs and

CNNs during PECVD growth and plasma-enhanced etching. We

find that nanoneedles form during etching when the Ni catalysts

at the top of the CNFs split into two particles. One particle

remains at the top of the CNF, and continues to wet the top cap,

while the other, larger, particle travels down the interior of the

CNF to etch graphitic walls and cups.
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