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Carbon nanotube (CNT) arrays were synthesized on the cylindrical waveguide surface of a quartz optical

fiber by chemical vapor deposition (CVD) to serve as field emission cathodes. The roots of CNT arrays

grew vertically on the fiber surface. Importantly, the change of fiber diameter affected the morphology

of CNT tips. With the decrease in the fiber diameter, the gaps between CNT tips enlarged, which greatly

improved the field emission properties of CNTs covered on cylindrical fiber surface. When the fiber

diameter changed from 200 mm to 20 mm, the field enhancement factor (b) of CNT cathodes increased

from 7823 to 11 631. Subsequently, the turn-on voltage (Vto) of CNTs cathodes decreased from 1290 V

to 109 V, and the emission current density increased dramatically. In our work, the approach of

synthesizing CNTs on optical fiber not only provides a route to improve b by simply changing fiber

diameter, but also gives insight for a photo-assisted field emission nano cathode.
1. Introduction

Cold cathode materials of eld emission serving as emitters,
including diamonds,1 micro-tip metals,2 graphene lm,3 and
composite materials,4 have been developed efficiently in the
past decades.5 As one of the most important cold cathode
materials, carbon nanotubes (CNTs) have been widely studied
as an ideal candidate for eld emission emitters due to their
high aspect ratio, high conductivity, good chemical stability
and thermal stability. CNTs have been widely applied in eld
emission displays, electron beam lithography and travelling
wave tubes.6 To improve the eld emission properties of CNTs,
the exploration of novel composites of CNT/graphene hybrids,7

three-dimensional CNTs8 and plasma treatment of CNTs9 have
been reported for optimizing CNTs emitters. In the past few
years, researchers have mainly focused on decreasing contact
resistance or sharpening the tips of cathodes for enhancing
eld emission performance. Herein, we synthesized CNT arrays
on the surface of naked optical ber and improved the eld
emission properties of CNTs cathodes. In the previous
research, CNTs were synthesized on various substrates, such as
Si, Au and transparent substrates,6 and the majority of these
substrates were at substrates. Nevertheless, we present a
method to synthesize CNTs on a cylindrical waveguide of
optical ber substrate. It is demonstrated that the morphology
of CNTs can be changed by simply tuning the ber diameter,
resulting in the improvement of eld emission properties.
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Furthermore, well-aligned CNTs, which were synthesized on
special substrates of functional materials, are a hot topic, in
particular for photo-assisted eld emission cathodes in which
CNTsmay have to be deposited on a waveguide. The fabrication
of a cathode of CNTs covered on the ber surface is a potential
method for constructing a photo-assisted eld-emission
cathode.
2. Experiment

CNTs were synthesized on the ber surface by chemical vapor
deposition (CVD) using a carbon source of iron phthalocya-
nine. The substrate is a quartz optical ber with a polymer
coating layer and a cladding layer. To prepare the ber
substrate before CNTs growth, the polymer coating layer was
removed with acetone, followed by ultrasonic treatment in
ethanol and de-ionized water (DI water). Then, the quartz
optical ber was corroded in dilute hydrouoric acid (�13 wt%
HF). The corrosion rate was approximately 20 mm to 25 mm per
hour. The ber diameter was reduced from 220 mm cladding
diameter to the desired size by controlling the corrosion time.
Aer ultrasonic treatment, the prepared ber was used as
substrate for the growth of CNT arrays. Our synthesis apparatus
is a variable-temperature horizontal furnace (Thermcra). The
growth of CNT arrays followed a typical chemical vapor depo-
sition (CVD) process with the pyrolysis of iron phthalocyanine.
The metal phthalocyanines in this method of growth process
acted not only as a carbon source but also as a metallic cata-
lyst,10 which has been reported in a previous work.11–13 The
growth temperature range was from 800 �C to 900 �C for 15
min. The ow rates of hydrogen and argon were 25 sccm and 60
sccm, respectively. The morphological and microstructure
RSC Adv., 2015, 5, 17049–17053 | 17049
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characterization of synthesized CNTs were investigated using a
JSM-7000F scanning electron microscope (SEM), a Tecnai F30
G2

eld-emission transmission electron microscope (TEM), a
D8 ADVANCE X-ray diffractometer with Cu Ka radiation source
(l ¼ 1.5406 Å) at a scanning rate of 0.5 deg s�1 and a HORIBA
JOBIN YVON Raman Spectroscope with an excitation wave-
length of 514 nm.
Fig. 2 (a) The scanning electron micrograph (SEM) image of carbon
nanotube (CNT) cathodes covered on the surface of a fiber substrate.
(b) A low-magnification TEM image of carbon nanotubes (CNTs) and
(c) a high-resolution TEM image of a carbon nanotube (CNT). (d) The
Raman spectrum of synthesized carbon nanotubes (CNTs), with the
disorder-induced D band at 1352 cm�1, the tangential mode G at 1585
cm�1, and the second-order peak of the 2D band, which is caused by
the double resonant Raman scattering with two-phonon emissions at
approximately 2700 cm�1.
3. Results and discussion

Fig. 1 shows the schematic illustration of carbon nanotube
arrays covered on a ber surface, and Fig. 2(a) is a scanning
electron micrograph (SEM) image showing the densely packed
CNTs that grew on the surface of the ber with a length of 6–8
mm. Detailed structures of CNTs were characterized by TEM.
The synthesized CNTs were multi-walled nanotubes. Fig. 2(b)
and (c) are a low-magnication TEM image and a high-
resolution TEM image, respectively, showing that the diame-
ters of CNTs were 20–100 nm. As shown in Fig. 2(c), the
distance between two lattice fringes is measured to be 0.34
nm, which is close to the spacing of a (002) crystal plane of
graphite (d(002) ¼ 0.34 nm), and no structure defects are
observed. Besides, the Raman pattern of CNTs was obtained by
Raman spectroscopy with an excitation of 514 nm, as shown in
Fig. 2(d). The disorder-induced D band appears at 1352 cm�1,
and the tangential mode G appears at 1585 cm�1. The D and G
bands corresponded to the main Raman feature of multi-
walled CNTs. The ratio of intensities of D and G bands was
less than 1 indicating a high quantity of structure defects,14

which corresponded to the TEM images. The second-order
peak of the 2D band, which is caused by the double resonant
Raman scattering with two-phonon emissions, approximates
at 2700 cm�1. As shown in Fig. 3, the XRD pattern of CNT
arrays on the ber surface exhibited a sharp (002) Bragg
reection at about 2q ¼ 26.2�, which was derived from the
ordered arrangement of the concentric cylinders of graphitic
carbon. Moreover, the peak centered at 2q of about 21.9�

indicates the SiO2 content corresponding to the quartz ber
substrate.
Fig. 1 Schematic illustration of carbon nanotube (CNT) cathodes
covered on a fiber surface.

17050 | RSC Adv., 2015, 5, 17049–17053
Fig. 4(a) is a cross-section SEM image, which presents that
CNTs on the ber surface have uniform length and roots
density. Fig. 4(c) is a high-magnication SEM image of the CNT
roots obtained from the circled area in Fig. 4a. The roots
vertically aligned and got tightly packed on the ber surface.
Fig. 4(b) shows the surface morphology of the CNT tips, and
Fig. 4(d) shows the magnied top view SEM image. Though the
dense roots of CNTs arrays vertically attached on the ber
surface, the tips radiated outward along the radial direction of
ber substrate. The gaps between the CNT tips were clear, in
contrast to the morphology of the roots. Therefore, the change
of ber diameter affected the morphology of the tips of CNTs,
which covered the cylindrical surface of the optical ber
substrate showing uniform lengths and root density. With the
decrease in the ber diameter, the gaps between tips enlarged,
which resulted in the decrease of density of the tips. Thus, the
distance between the neighbouring CNT tips was greatly
Fig. 3 The X-ray diffraction pattern of carbon nanotube (CNT) cath-
odes covered on a fiber surface.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) The cross-section SEM image of CNTs covered on fiber
surface, (b) SEM top view image of the surface morphology of the
CNTs tips, (c) a magnified view of the roots, and (d) a magnified top
view of the tips.
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dependent on the ber substrate. The distance of the tips of
CNTs could be changed by simply tuning the ber diameter, as
shown in Fig. 5. Fig. 5(a) and (b) show the low-magnication
SEM images of CNTs covered on the surface of bers with
diameters of 200 mm and 20 mm. The surface of CNTs had
several remarkable cracks on the ber substrate with diameter
of 20 mm because the gap between tips of nanotubes enlarged
on a smaller diameter curve surface. Fig. 5(c) and (d) present the
magnied top view SEM images of the surface morphology of
the CNTs recorded from the marked area in Fig. 5a and b.
Fig. 5(e) is a cross-section image of CNTs covered on the cylin-
drical surface of a 200 mm diameter ber, and Fig. 5(f) shows
Fig. 5 (a) and (b) show the low-magnification SEM images of CNTs
covering the fiber surfaces with diameters of 200 mm and 20 mm,
respectively. (c) A top view SEM image showing the surface
morphology of CNTs covering the 200 mmdiameter fiber surface. (d) A
top view SEM image showing the surface morphology of CNTs
covering the 20 mm diameter fiber surface; (e) and (f) are the cross-
section images of CNTs covering the surface of fiber substrate with the
diameter of 200 mm and 20 mm, respectively.

This journal is © The Royal Society of Chemistry 2015
CNTs on the surface of the ber with a smaller diameter of 20
mm. Compared to the several voids of CNT tips on the 200 mm
diameter ber surface, separated CNT tips distinctly covered on
the curve surface of the 20 mm diameter ber substrate.

Fig. 6 shows the eld emission measurement results of
CNTs covering the ber substrates with diameters of 200 mm,
100 mm, 40 mm, 30 mm and 20 mm. Field emission measure-
ments were performed in a vacuum chamber with pressure less
than 5 � 10�5 Pa. The anode-to-cathode spacing was 400 mm. A
DC bias voltage with an increasing step of 50 V was applied
between the anode and the cathode to establish an electrostatic
eld. Fig. 6(a) is the current density versus voltage (J–V) curves.
For the ber substrate with the diameter of 20 mm, the CNT
cathode performed the minimum turn-on voltage Vto (dened
as the applied voltage required to generate an emission current
density of 1 mA cm�2), yielding the maximum emission current
at a lower applied voltage compared to the others. When the
diameter of ber substrate decreased from 200 mm to 20 mm,
the turn-on voltage Vto was decreased and the emission current
density increased at the same applied voltage with the decrease
in ber diameter; the eld enhancement factor b of CNTs
increased from 7823 to 11 631, and the turn-on voltage Vto
decreased from 1290 V to 109 V; corresponding data is shown
in Table 1.

It is a well-known fact that the eld enhancement factor (b)
of nano cathodes has a signicant effect on eld emission
properties. Actually, if the cathode surface has a high point or a
protrusion, electrons may be extracted at a considerably lower
applied eld. This is because the electric lines of force converge
Fig. 6 The field emission properties of CNTs covered on the surfaces
of the fibers with diameters of 20 mm, 30 mm, 40 mm, 100 mm and 200
mm. (a) Plots of emission current density (J) vs. applied voltage (V), and
(b) is the corresponding Fowler–Nordheim (F–N) plots.

RSC Adv., 2015, 5, 17049–17053 | 17051
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Table 1 The turn-on voltage (Vto) and the field enhancement factor (b)
of CNTs cathodes covered on the surfaces of the fibers with diameters
of 20 mm, 30 mm, 40 mm, 100 mm and 200 mm

Diameter (mm) 20 30 40 100 200

Vto 109 190 270 730 1290
b 11 631 11 338 10 562 9247 7823
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at a sharp point and the physical geometry of the tip provides
a eld enhancement, which is expressed as a eld enhance-
ment factor (b).5 However, the dense individual tips are very
close to each other, and there will be a screening effect on the
top of the tips. The screening effect can weaken the eld
enhancement factor b resulting in a high applied eld to
extract electrons into vacuum, which is a drawback for the
eld emission properties of cathodes. Thus, the eld
enhancement factor b is greatly dependent on the surface
morphology of the cathodes. Our approach for fabricating a
cylindrical structure of CNT cathode can change eld emis-
sion properties by simply tuning ber diameter. Vertically
aligned CNTs, which covered the cylindrical surface, radiated
outward along the radial direction of the ber. When the ber
diameter changed, the morphology of the CNTs tips would be
changed. The gaps between tips enlarged while the ber
diameter decreased. The eld enhancement factor b

increased subsequently. It is benecial for improving the eld
emission properties resulting from a decreased screening
effect, as shown in Fig. 6 and Table 1. The eld enhancement
factor b was calculated from the slope and intercept of the
Fowler–Nordheim (F–N) plots in Fig. 6(b). The turn-on voltage
Vto and the eld enhancement factor b of CNTs covered on
different diameter ber surfaces are listed in Table 1. The
eld enhancement factor b of CNTs increased from 7823 to
11 631 and the turn-on voltage Vto decreased from 1290 V to
109 V when the diameter of ber substrate decreased from
200 mm to 20 mm.
4. Conclusion

Cylindrical cathodes of carbon nanotubes (CNTs) were
successfully synthesized on a quartz ber surface by a chemical
vapor deposition (CVD) method. The vertically aligned CNTs on
the ber surface were multi-walled nanotubes, with the length
of 6–8 mm and the diameter of 20–100 nm. The morphology of
CNT cathodes on the ber surface can be controlled by tuning
the size of the diameter of the quartz ber. With the ber
diameter decreased, the gaps between CNT tips enlarged,
resulting in the change of the surface morphology of CNTs on
ber surface. Field emission investigation revealed that the eld
enhancement factor (b) greatly depended on the diameter of
ber substrate. When the ber diameter decreased from 200 mm
to 20 mm, the eld enhancement factor of the CNT cathodes
increased from 7823 to 11 631, and the turn-on voltage Vto
decreased from 1290 V to 109 V subsequently. The novel high-
performance cylindrical CNT cathode on the waveguide
17052 | RSC Adv., 2015, 5, 17049–17053
surface could simply improve eld emission properties by
tuning ber diameter.
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