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Novel cone-shaped carbon nanofiber (CNF)/silicon carbide (SiC)-

coated Si-nanocone (Si-NC) composite structures with excellent

field emission (FE) performance have been fabricated by a simple

microwave plasma chemical vapour deposition process. Trans-

mission electron microscopy analyses reveal that the newly devel-

oped cone-shaped composite structures are composed of bamboo-

like herringbone CNFs grown vertically on the tips of conical SiC

layers with a flat-top Si cone embedded underneath. For this CNF/

SiC-coated Si-NC composite array, a ultra-low threshold field of

0.32 V mm�1 (at 10 mA cm�2), a large emission current density of

668 mA cm�2 at 1.05 V mm�1, and a field enhancement factor as

high as �48 349 are obtained. In addition, the FE lifetime test

performed at a large emission current density of 200 mA cm�2 under

an applied field of 1 V mm�1 shows no discernible decay during a

period of over 260 minutes. We deduce that this superior FE

performance can be attributed to the specific bamboo-like herring-

bone CNFs with numerous open graphitic edges and a faceted top

end, and the conical base SiC/Si structures with sufficient adhesion

to the substrate surface. Such a novel structure with promising

emission characteristics makes it a potential material for electron

field emitters.
Introduction

The unique properties exhibited by carbon nanofibers (CNFs) and

carbon nanotubes (CNTs), such as the large aspect ratio, small tip

radius of curvature, high emission current density, superior electrical/

thermal conductivity, robust mechanical strength, and good chemical

stability, have made these nanomaterials the choice of electron field

emitters such as field emission displays, lighting lamps, X-ray sources,

etc.1 However, owing to the adherence, shielding and shape issues

frequently encountered by the CNTs and CNFs directly grown on

various substrates with or without catalysts, the lifetime and
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reproducibility of the emitters made of CNTs and CNFs still remain

two of the major challenges. To overcome these obstacles and/or

further enhance nanostructure field emission (FE) properties, new

forms of CNTs or CNFs2–7 as well as composite structures with

CNTs/CNFs or carbon nanosheets attached/grown on the tips or

surfaces of conical bases have been proposed.8–17 So far, the reported

synthesis methods about the new type of carbon-based composites

suitable for FE applications typically require multiple-step processes,

time-consuming sample preparation, and/or lithographical

patterning.8–17 It is thus of interest to develop a simple and efficient

method for directly fabricating a new carbon-nanomaterial/nanocone

composite structure with excellent FE performances.

In this paper, we report on the FE properties of a novel cone-

shaped CNF/silicon carbide (SiC)-coated Si-nanocone (Si-NC)

composite structure in situ fabricated by a single step microwave

plasma chemical vapour deposition (MPCVD) method without the

use of any complicated lithography/etching techniques and pre-

patterned templates. Furthermore, the detailed morphological and

structural features of the newly developed cone-shaped composite

structures are analyzed and discussed with respect to their excellent

FE performance in terms of low threshold field, large field

enhancement factor (b), and high emission current density. The

promising FE performances suggest a great potential of the proposed

CNF/SiC-coated Si-NC composite structure as a competitive candi-

date for future field emitters.
Experimental

A10 nm thick Fe filmwas deposited onto Si wafers as a catalyst layer

by sputtering. Prior to deposition processes, the as-deposited Fe-

coated Si substrates were pretreated with hydrogen plasma for 10

minutes in the MPCVD chamber operated at 100 sccm H2 while

keeping the chamber pressure at 9 Torr, and the plasma power at

400W. The CH4–H2 (1–100 sccm–sccm) gas was subsequently intro-

duced into the chamber to ignite theCH4–H2mixed plasma at 750W.

Nanostructures were grown on the Fe/Si substrates biased at�320 V

and the deposition time was varied from 1 to 40 min. The substrates

were not heated intentionally and the growth temperature during

MPCVDprocesses was monitored closely to be around 345 �C at the

first minute and then gradually increased to 630 �C after 10 minutes.

The surface morphology and microstructure of the as-grown

samples were characterized by using field-emission scanning electron

microscopy (FESEM, JEOL-6500) and high-resolution transmission
This journal is ª The Royal Society of Chemistry 2012
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electron microscopy (HRTEM, JEM-2100F). A micro-Raman

spectroscope (JobinYvonLabRamHR)with 514.5 nm (2.41 eV) and

632.8 nm (1.96 eV) laser line excitation sources was employed to

identify the characteristics of as-grown nanostructures. The FE

properties of as-grown samples were determined in a vacuum

chamber at a pressure of less than 10�6 Torr using a simple diode

configuration. The distance between the anode and the emitting

surface is about 100 mm, which is controlled by a precision screw

meter, and the emission measurement area is estimated to be about

3.2mm2. A high voltage source-measure unit (Keithley 237) was used

to provide variable dc voltages and collect electric current across

tested samples.
Results and discussion

Synthesis and characterization

Fig. 1(a)–(f) are the SEM images showing the morphological evolu-

tion of the nanostructures formed at various deposition stages cor-

responding to different deposition durations. As shown in Fig. 1(a),

within the first minute of deposition, only nano-sized islands,

resulting from the fragmentation of the Fe catalyst layer, with

irregular shapes and different sizes are formed, while no apparent

cone-shaped structures are observed at this stage. As the deposition

time is prolonged to 3 min (Fig. 1(b)), densely packed nanocones of

�97 nm in length, �49 nm in base-diameter, �10 nm in tip radius

and �2.0 in aspect ratio (defined as a ratio of the as-produced

nanostructure’s total length to its base-diameter) are formed with

catalytic Fe-based nanoparticles sitting on their tips. It is noted that at

these stages theRaman spectra (not shown here) display only a broad

plateau covering the range between 1200 and 1700 cm�1, indicating
Fig. 1 SEM images of the nanostructures synthesized on Fe/Si

substrates at the deposition times of (a) 1 min, (b) 3 min, (c) 5 min, (d) 10

min, (e) 20 min, and (f) 40 min, respectively.

This journal is ª The Royal Society of Chemistry 2012
that the nanocones would be mainly Si-containing structures masked

by Fe-based nanoparticles and no discernible CNFs or CNTs are

formed. This is quite different from those reported previously9,10

wherein the nanocones were suggested to result from the coalescence

of CNF bundles originally formed on Co/Al/Si substrates pretreated

with hydrogen plasma. On the other hand, as pointed out by Chen

et al.11 that, at a bias voltage of above 550 V during a dc plasma

enhanced CVD process, nanocones were formed due to sputtering-

induced continuous reduction in the size of Ni catalyst particles,

which eventually limited the vertical growth while lateral coarsening

occurred continuously at the expense of neighboring nanocones.

Nonetheless, the energy dispersive X-ray spectroscopy analysis

revealed that such nanocones did contain some Si,11 indicating that

the early stage growth mechanism of the nanocones in the proposed

structures may be more complex than previously conceived.9,10

A further increase of the deposition time, however, results in

apparent morphology evolutions in as-produced nanostructures. As

displayed in Fig. 1(c)–(e), the average length of the underneath

nanocones increases from 139 nm to 344 nm with increasing deposi-

tion time from 5 min to 20 min; meanwhile their base size is found to

increase from76 nm (5min) to 130 nm (20min).Moreover, it is noted

thatfilament-like structuresof�36nmindiameter commence togrow

vertically upward from the tips of the nanocones to develop a ‘‘fila-

ment-on-nanocone’’ configuration after 5 min deposition time

(Fig. 1(c)). Thefilaments continue toevolvewith increasingdeposition

time, becoming longer and denser, and furthermore they start to

assemble into straightbundles, as shown inFig. 1(d).As thedeposition

time is increased to 20 min (Fig. 1(e)), these bundles grow longer to

reach�350 nmwith the number density being increased to�3� 1010

cm�2 and only minor variation in the diameter compared to their

length. Additionally, for the nanostructures deposited at 5minutes up

to 20 minutes an improved filament aspect ratio from �2.7 to�10.9

and a ‘‘filament-on-nanocone’’ aspect ratio from �3.1 to �5.4 are

obtained, which is expected to further improve the FE characteristics

of the newly developed cone-shaped composite structures. However,

byprolonging thedeposition time to 40min,most of thefilaments and

underneath nanocones appear to be subjected to significant plasma

etching, giving rise toa structuralmorphology consistingof sharpened

nanocones and residual filaments sparsely existing on the tips of some

severely damaged nanocones, as exhibited in Fig. 1(f). The morpho-

logical features of the representative nanostructures are given in

Table 1. The above results suggest that appropriate manipulation of

the deposition time could lead to ‘‘filament-on-nanocone’’ composite

structures with different combinations of dimensions and densities,

which is desirable for various electronic device applications.

In order to elucidate the detailed structural features of the filaments

grown on the tips of the nanocone arrays, TEM analyses are per-

formed on the 20 min sample (Fig. 1(e)). Although the samples

obtained with specifically selected synthesis parameters practiced in

our MPCVD system are chosen for this purpose, the features

revealed should be representative in general. It can be seen from

Fig. 2(a) that filament bundles are formed on the top of nanocones, as

schematically indicated by the orange circle (vide infra). The nano-

cones, on the other hand, appear to consist of two parts, namely a

flat-top cone embedded in a more sharpened cone, as schematically

depicted by the blue lines and red lines in Fig. 2(a), respectively. The

selected area electron diffraction (SAED) pattern and the HRTEM

image taken from the underneath flat-top cone indicate that it is

essentially single crystal Si with a clear Si (111) lattice spacing
Nanoscale, 2012, 4, 7362–7368 | 7363
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Table 1 The geometrical characteristics and the field emission properties of the samples under investigation

Sample IDa

Carbon nanofiber (CNF)
average properties

Nanocone (NC)
average properties

CNF-on-NC
aspect ratiob

Field emission properties

Length (l, nm)/
diameter (2r, nm)

Aspect
ratio

Density
(� 109 cm�2)

Length
(L, nm)

Base-diameter
(D, nm) Eth

c (V mm�1) Jd (mA cm�2) be bFN
f

1 min n/a/n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
3 min n/a/n/a n/a n/a 97 49 �2.0 n/a 4 � 10�7 �10 �1622
5 min 97/36 2.7 7.4 139 76 �3.1 0.61 185 �13 �25 277
10 min 163/33 5.0 15.6 285 105 �4.3 0.35 273 �27 �33 197
20 min 349/32 10.9 28.8 344 130 �5.4 0.32 >668 �43 �48 349
40 min n/a/n/a n/a n/a 1439 405 �3.5 10 4 � 10�5 �86 �1231

a Nanostructure deposition time. b The ratio of the as-produced nanostructure’s total length to its base-diameter, (l + L)/D. c Threshold electric field for
an emission current density of 10 mA cm�2. d Emission current density at an electric field of 1.05 V mm�1. e Field enhancement factor calculated using b
z nanostructure’s total length/tip radius. f Field enhancement factor derived from F–N plots.

Fig. 2 (a) Cross-sectional TEM image for the CNF/SiC-coated Si-NC

composite structures obtained with our MPCVD system. SAED patterns

and lattice images taken from the (b) lower base part and (c) upper part of

the nanocones displayed in (a).

7364 | Nanoscale, 2012, 4, 7362–7368

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 o

n 
28

/0
4/

20
14

 2
3:

04
:0

6.
 

View Article Online
of�3.14�A, as displayed in Fig. 2(b).Nevertheless, the SAEDpattern

taken from the outer part of the nanocones exhibits the typical ring

pattern of polycrystalline structures (Fig. 2(c)). The three diffraction

rings shown in Fig. 2(c) can be indexed to the reflections of (101),

(107) and (201) planes of 6H-SiC according to the Joint Committee

on Powder Diffraction Standards (JCPDS) data (Card Files, no.72-

0018). Furthermore, their HRTEM image shows a lattice spacing

of�2.62�Awhich is very close to the spacing of the (101) plane for the

hexagonal lattice of 6H-SiC structures. However, the phases and

compositions of the obtained SiC nanocones need further detailed

investigations.

In addition, as shown in Fig. 3(a)–(c), the HRTEM images taken

from a single filament on nanocone tips reveal that the plane of

graphite sheets is at an angle with respect to the filament axis

comprising of bamboo-like compartments, and a faceted catalyst

particle with sharp corners is encapsulated inside the filament’s top

end. The average lattice spacing of the filament walls is about 3.35 �A

which is close to that of the single crystal graphite. This type of

filaments is generally referred to as bamboo-like fishbone or

herringbone CNFs grown by the catalysis-driven tip-growth mech-

anism.18 Furthermore, it should be noted that there are many open

ends of graphite sheets existing on the surface of the CNF as indi-

cated by black arrows in Fig. 3(b) and (c). This open-end graphite

surface structure is expected to play a significant role in determining

the unusual electrical properties of these nanofibers. The above TEM

analyses thus indicate that the entire cone-shaped composite struc-

tures obtained by the present process are composed of vertically

oriented CNF bundles and SiC/Si nanocones, as schematically

depicted in Fig. 3(d). Although it has been proposed in the litera-

ture6,19,20 that, during a plasma CVD process, the evolution of conical

base structures is most likely caused by the competition between the

growth rate (associated with carbon-containing species) and the

sputter-etching effect (associated with ionic and neutral species

bombardment) of growing nanostructures, our results seem to indi-

cate otherwise. In our case, the particle size of the catalyst may be still

too large at the early stages to initiate the CNF growth, and hence it

may serve as the mask for plasma etching on the Si substrate, which

may be also accompanied by SiC formation and give rise to SiC/Si-

nanocone structures. As the size of catalyst particles reaches some

critical size after prolonged plasma bombardment, CNFs can thus

commence to grow on the tips of the SiC/Si nanocones via the tip-

growth mechanism with the assistance of the Fe-based nanoparticles
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a–c) HRTEM images of a single filament indicating a bamboo-

like herringbone CNF with a faceted catalyst particle encapsulated inside

its top end. Numerous open ends of graphite sheets existing on the CNF

surface (indicated by black arrows). (d) Schematic diagram for the cone-

shaped composite structure of vertically oriented CNF bundles grown on

SiC/Si-nanocones in our experiment.

Fig. 4 Field emission J–E curves of the samples prepared at different

deposition times.
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remaining on the tips. The details of the mechanism behind the

formation of the unique CNF/nanocone combined structures though

may still need further experiments to verify, such as varying the initial

size of the catalyst particles, the CNF/SiC-coated Si-NC composite

structures, nevertheless, represent a structure which has never been

reported before. Thus, it should be interesting to further investigate

the FE properties exhibited by these newly developed cone-shaped

composite structures.
Field electron emission J–E characteristics

Fig. 4 displays the typical current density versus electric field (J–E)

curves of the samples prepared at different deposition times. The
This journal is ª The Royal Society of Chemistry 2012
threshold field (Eth), defined as the applied field required for

obtaining an emission current density of 10 mA cm�2, of the nano-

structures grown for 5, 10 and 20 min is 0.61, 0.35 and 0.32 V mm�1,

respectively, which is much lower than other carbon-related nano-

structured emitters reported in the literature.2–17 Moreover, for the

sample with the best FE performance (20 min), a high emission

current density of over 668 mA cm�2 is achieved at the applied field

of merely 1.05 V mm�1. On the other hand, the insets of Fig. 4 show

the FE properties of the 3 min and 40 min samples with the applied

electric field ranging from 0 to 10 V mm�1, indicating that in these

cases their Eth are substantially higher and J are much lower than

those described above. Besides, for the 1 min sample (Fig. 1(a)),

presumably due to the absence of desired geometry, there is no sign of

emission within the maximum field range available to our facility.

The comparison of the geometrical characteristics and the field

emission properties of these samples are presented in Table 1.

FromTable 1, it can be seen that the values of theEth and J among

these samples are closely related to the average length, aspect ratio

and density of the vertically oriented CNFs residing on the tips of

nanocones, but onlyweakly depend on the geometrical characteristics

of the underneath nanocones. This statement is based on the obser-

vations that significant changes in the Eth and J are obtained as the

nanostructure deposition time increases from 3 to 5 min and 20 to

40min, respectively, and furthermore the 20min sample showsmuch

better FE performance in terms of lower Eth and higher J than 5 min

and 10min samples. In other words, the absence of the straight CNFs

should be one predominant factor that results in the relatively poor

emission characteristics with high Eth and low J values from the

samples with only nanocone arrays (3 min and 40 min), even if the

nanocones from the 40 min sample have a largest dimensional size

and a comparable CNF-on-NC aspect ratio as indicated in Table 1.

In the next section, we will discuss potential reasons behind the

improvement of FE characteristics of the proposed CNF/SiC-coated

Si-NC composite structures.

It has been shown recently that materials with elongated geom-

etry,21 increased emission sites,22 sharp/protruded edges,23 defective/

disordered structures,24 or lower local work function25 can greatly

enhance their FE properties. For our CNF/SiC-coated Si-NC

composite structures prepared by 5–20 min, the samples contain

bundles of CNFs on nanocone tips, where each nanofiber may be

considered as an individual field emission site. Therefore, one of the

reasons for the best emission characteristics obtained from the 20min

sample could be the optimized and/or maximized CNF aspect ratio
Nanoscale, 2012, 4, 7362–7368 | 7365
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Fig. 5 (a) Corresponding F–N plots for the samples under investigation.

(b) Emission current stability test performed on the 20 min sample at a

constant applied electric field of 1 V mm�1.
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and the total number of emission sites on the sample surface

primarily due to the increase in both length and density of the CNFs

with the deposition time. Furthermore, it is worth noting that the

present Fe-based catalyst particles encapsulated inside the top ends of

the CNFs exhibit clearly defined facets with sharp edges, which also

lead the cap of the CNFs to appear correlatively sharply faceted, as

can be observed in Fig. 2(a) and 3(a). Earlier studies of diamond

particles26 and bamboo-like SiC nanowires27 have demonstrated that

nanostructures with fine facets may have ideally large curvatures and

their sharp cornersmay serve as emitting centers as well. As a result, it

is suggested that for our samples the existence of the faceted catalyst

particles on the CNF top ends not only clearly indicates the tip

growthmechanism for the CNFs, but also provides the sharp corners

with extremely small radius of curvature, which may act as efficient

electron emitting sites due to the strong local field enhancement at

their surfaces, thereby greatly improving the FE efficiency. In order to

have better agreement, FEmeasurement has also been carried out for

the samples with the catalyst particle removed from the CNFs via

plasma treatments and acid oxidation. However, discordant results

are obtained from our preliminary tests among various morpholog-

ically and structurally reproducible samples as shown in Fig. 1(e).We

attribute the instable and inconsistent FE performances to the diffi-

culty in precise positioning treatment through these two processes,

leading to the cone-shaped composite structures being damaged to

some extent or broken/lost in some cases. In addition to these

undesirable impact on the final cone-shaped structures, the serial

treatment processes may cause the formation of chemical groups on

the surface of the nanostructures and/or a drastic change in their

electronic structure, which would significantly alter the work function

of the samples and thus give rise to a large variation of the FE

parameters between the samples tested.28 Although there are still

many challenges in the removal of the encapsulated catalyst particle

from our CNFs, while still retaining the sample’s general structural

integrity, it is certainly necessary to clarify the correlation between the

faceted catalyst particles and the performance improvement in our

case. Continuing work on this topic and on fine-tuning the post-

processing is underway in our group. Finally, as mentioned earlier, in

this work the CNFs on nanocone tips are shaped into a herringbone

structure, consisting of a number of bamboo-like compartments,

which are believed to play a significant role in the improvement of FE

properties.29–37 This is because both herringbone-type and bamboo-

type carbon fiber/tube structures contain many edge-plane-like

defects/sites, where graphite sheets terminate on the outer walls of the

fibers/tubes to formnumerous open graphitic edges, and are therefore

thought to contain more active sites at the surface, in addition to the

area of the fiber/tube ends.29–37 More precisely, since these open

graphitic edges are very sharp and thin, they could generate strong

local electric fields at their apexes, and would also account for

substantial emission currents measured from nanostructures at rela-

tively small local fields, thereby a superior FE performance could be

expected.29–37 Accordingly, we suggest that the open edge/defect

emission mechanism is another dominant factor which results in the

ultra-low threshold field and high emission current density obtained

from our CNF/SiC-coated Si-NC composite structures. For this

reason, it is also reasonable to expect that the 20 min sample with

higher CNF density and larger fiber length on nanocone tips has

more open graphitic edges and defects, and thus electron emission

with a relatively low turn-on/threshold fields and a significantly

improved emission current density can be achieved.
7366 | Nanoscale, 2012, 4, 7362–7368
Estimation of field enhancement factor (b) values

In order to further delineate the emissionmechanism prevailing in the

CNF/SiC-coated Si-NC composite structures, the J–E curves are

further analyzed on the basis of the classical Fowler–Nordheim

(F–N) theory38 with the following expression:

J ¼
�ð1:54� 10�6Þb2E2

4

�
exp

�
� ð6:83� 109Þ43=2

bE

�
(1)

where J, b, E, and 4 are denoted as the emission current density, the

geometric field enhancement factor of the emitter, the applied electric

field, and the work function of the emitter, respectively. The F–N

plots [ln(J/E2) versus 1/E] corresponding to the samples under

investigation are depicted in Fig. 5(a). The linear relationship between

ln(J/E2) and 1/E in the low applied electric field region implies that the

electron emission from these samples follows F–N behaviour. In

addition, by considering awork function of CNFs of 5 eV,12 the value

of bFN, estimated by fitting the linear part of their corresponding

F–N plots, is found to be 1622, 25 277, 33 197, 48 349, and 1231 for

3, 5, 10, 20 and 40 min samples, respectively, as presented in Table 1.

The obtained bFN values for the 5, 10 and 20 min samples are

substantially higher than most of the results obtained from various

new forms of CNF/CNFs or carbon-based composites previously

reported.2–17 In an attempt to find possible explanations of such high

bFN values obtained here, a two-stage model is employed.40–43 In a

two-stage model the total field enhancement factor of emitters with

the combination of two different sorts of nanostructures (one fol-

lowed by another) is a product of the enhancement factors for indi-

vidual stages.40–43 Accordingly, b for our CNFs on the nanocone tip

system can be presented as40

btot ¼
Y2
i¼1

bi ¼ bCNFbnanocone ¼
l

ðl þ dÞ
�
1þ d

r

�
L

0

L0 þ d

�
1þ d

R0

�

(2)
This journal is ª The Royal Society of Chemistry 2012
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where l and r are the length and radius of theCNFs,whileL andR are

the length and radius of the underneath nanocones, and d is the inter-

electrode spacing.L0 ¼L+ landR0 ¼R+ lare the effective lengthand

radius of the emitter, i.e.CNFs and nanocones in our case. Here, it is

necessary to note that in this study the top CNF length is larger than

the underneath nanocone radius (i.e. l > R). Therefore, based on the

theoretical analysis of Huang et al.,39 eqn (2) can now be simplified to

btot z L0/r (3)

Consequently, the calculated btot value is �13, �27 and �43 for

the case of the 5, 10 and 20min sample, respectively. Obviously, these

values are much smaller than those derived from F–N plots. We

consider that this significant discrepancy may be partly due to the

existence of multi-stage units in our CNFs on the nanocone tip

system rather than of only two-stage. That is, additional field

enhancement may be generated by the very thin and sharp edges of

the graphitic sheets terminating on the surface of the bamboo-like

herringbone CNFs, as well as by the sharp corners at the top end of

the faceted CNF/catalyst particles. As a result of the multi-stage field

enhancement effect for the CNF/SiC-coated Si-NC composite

structures with very fine, final stage edges, the total geometric

enhancement factor becomes exceedingly high according to eqn (2).

A high b value is favorable for electrons to overcome the surface

potential barrier at relatively low applied electric fields, which in turn

determines the total emission current. Hence, the highest field

enhancement factor gives rise to the lowest threshold field and the

largest emission current density of the 20 min sample, as can be

observed in Fig. 4 and 5(a) and Table 1. A relatively larger bFN is also

observed even in the case of the 3min and 40min samples, suggesting

the existence of smaller field enhancing sites on the structures.

However, a relatively high threshold field and a low emission current

density obtained indicate that the subsequent growth of CNF

bundles on nanocone tips is surely advantageous to provide more

atomically sharp emission sites for electron emission.

From the above results, we see that the b value for our CNF/SiC-

coated Si-NC emitters is determined not only by the geometrical

characteristics of the emitters, but also by the spatial density and the

bamboo-like herringbone structure of the CNFs grown on the

nanocone tips. Although it is difficult from our experiments to

identify the exact distribution of individual emission centers, the b

value provided by eachmultistage step, and the actual localized states

of the emitting regions, the systematic and comparative analyses of

the obtained experimental data have provided some qualitative

information with respect to the remarkable improvement in FE

characteristics, as evident from the ultra-low threshold field,

enhanced emission current densities and high field enhancement

factor, for the novel cone-shaped CNF/SiC-coated Si-NC composite

structures. Further experiments are being performed to understand

the cause of the high enhancement factor.
Emission current stability tests

The stability of the FE current over time is crucial for practical device

applications, particularly for employing as cold cathode electron

sources. Emission current for the best performing 20 min sample has

been monitored over a long period of continuous operation at a fixed

field of 1 V mm�1, as shown in Fig. 5(b). It is clear that the emission
This journal is ª The Royal Society of Chemistry 2012
current density reaches 200 mA cm�2 and is stable for over 260

minutes without discernible degradation. This good emission stability

has also demonstrated that a strong adhesion of the CNF/SiC-coated

Si-NC composite structures to the bottom Si substrate is achieved as

a result of the conical base SiC/Si structures, which is a prerequisite

for an excellent field emitter. The slight fluctuation of emission

current density observed may be due to the absorption and desorp-

tion of molecules to nanostructure tips in a vacuum chamber during

electron emission.44 The high emission current density obtained at

relatively lower applied fields as well as the good long term stability

achieved make the proposed cone-shaped CNF/SiC-coated Si-NC

composite structures a promising candidate material for high

performance field emitting devices.
Conclusions

In summary, we have demonstrated a novel cone-shaped composite

structure consisting of bamboo-like herringbone CNFs grown verti-

cally on the tips of SiC-coated Si nanocones, and investigated their FE

properties. The unique CNF/nanocone combined structure is directly

fabricatedontoSi substrates by a simpleMPCVDprocesswithout the

use of any complicated lithography/etching techniques and pre-

patterned templates. Their FEmeasurement results reveal that the as-

produced CNF/SiC-coated Si-NC composite structures possess

remarkable FE characteristics with a ultra-low threshold field of

�0.32Vmm�1, a large emission current density (over 668mAcm�2 at

an applied field of 1.05 V mm�1), and a high field enhancement factor

(over 48 349).Moreover, theFEstability of thebest behaved sample is

tested at a constant electric field of 1 V mm�1, and no obvious degra-

dationof anemissioncurrentdensityof 200mAcm�2 is observedover

260 minutes. The specific bamboo-like herringbone CNFs with

numerous open graphitic edges and a faceted top end, as well as the

conical base SiC/Si structures with sufficient adhesion to the substrate

surface, are considered to account for the excellent FE characteristics

of the CNF/SiC-coated Si-NC composite arrays. Our results indicate

that considerable improvement in the performance of electron field

emitters couldbeachievedby incorporating thenewlydevelopedcone-

shaped composite structures into devices.
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