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Field electron emission characteristics of energetic silicon ion irradiated carbon nanotube arrays were inves-
tigated. SEM, TEM, Raman, XPS and photoelectron spectrometry characterizations were done for comparison
before and after the silicon ion irradiation. Carbon nanorod/nanotube heterostructure is obtained and SiC
compound is formed in the carbon nanotubes after the silicon ion irradiation. Silicon ion irradiated carbon
nanotube arrays with an irradiation dose of 8.6×1016 ions/cm2 show excellent field emission properties,
with low turn-on and threshold fields of 0.726 and 1.164 V/μm, respectively, which are far better than that
of the original and the silicon ion irradiated carbon nanotube arrays with other irradiation doses. We attri-
bute the main reason for this field emission enhancement to the change of microstructures of carbon nan-
otubes, which directly influences the number of emission sites during field emission and additionally, the
formation of low work function SiC compound. However, with further increasing the irradiation dose, the
field emission characteristics of the carbon nanotube arrays deteriorate for the decrease of emission sites in-
duced by severe structural damage. Furthermore, the silicon ion irradiated carbon nanotube arrays with an
irradiation dose of 8.6×1016 ions/cm2 present far better stability than the original carbon nanotubes, provid-
ing a possibility for the application of high-performance field emission devices.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since their discovery [1], carbon nanotubes (CNTs) have aroused
much speculation as field electron emitters due to their high aspect
ratio, eminent chemical inertness and superior electrical conductivity
[2]. Works on improving field electron emission characteristics of
CNTs have been developed widely during the last few years both ex-
perimentally and theoretically [3,4], and one of the research focuses is
improving the field emission (FE) properties of CNTs by using energetic
ion irradiation due to the incomparable controllability of irradiation
doses. A report from Lee et al. revealed that the FE characteristics of
CNTs were enhanced greatly by exposing them to plasma, and they as-
cribed this enhancement to the plasma-induced increase of effective
emission area of the CNTs [5], and the plasma treatment has also been
adopted by some other groups [6,7]. Another study carried out by
Kyung et al. found that an evident drop of turn-on electric field (Eon,
applied field at 10 μA/cm2) from 1.7 to 0.9 V/μm was obtained when
the CNTs were exposed to Ar neutral beam due to less field screening
(J. Deng),
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[8,9]. As well known, longtime stable electron emission is indispensable
in fabricating CNTs-based field devices, and it has aroused much
speculation on this aspect [10,11]. A study from Chen et al. showed a
negligible emission current density drop of CNTs at 1 mA/cm2 in 19 h
after a tip sonication pretreatmentwas carried out, which can effective-
ly cut CNTs short and regulate the length of CNTs [12]. However, re-
searches on promoting the FE properties by forming heterostructure
in CNTs are not so numerous, and the exact relationship between the ir-
radiation doses and the structural change of CNT is still an open
question.

In this study, based on works we have done previously [13–15],
well aligned CNT arrays (CNTAs) were fabricated and consequently
processed by energetic Si ion irradiation. Furthermore, the FE charac-
teristics of the Si ion irradiated CNTAs were measured and the rela-
tionship between the irradiation doses and the FE properties was
discussed.

2. Experimental section

The thermal chemical vapor deposition (CVD) system used for the
synthesis of CNTAs has been previously described in detail [15]. In
brief, a 5 nm-thick iron film was deposited first as the catalyst, and am-
monia gas, hydrogen and acetylene with a flow ratio of 150:87:600
were used as the etchant, the carbon source and the carrying gas, re-
spectively. The growth of CNTAs was carried out in a tubular furnace
at 750 °C in 30 min at the ambient pressure. And then, the prepared
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CNTAs were fixed on a whirling specimen holder and irradiated by Si
ions with an average energy of 28 keV at a base pressure of
5×10−4 Pa, the incidence angle was 45° and the irradiation doses were
4.3×1016, 8.6×1016, 1.4×1017 and 2.1×1017 ions/cm2 respectively.

For the FE measurements, a diode configuration with a moveable
anode was employed. The prepared CNTAs were stuck to a copper
cylinder by conductive tape as the cathode against a stainless steel
plate as the anode, and the distance between them was 2 mm. The
FE measurements were carried out in a vacuum chamber with a
base pressure of 1×10−7 Pa at 288 K (cooled by water). The experi-
mental data was recorded automatically by a computer in terms of
emission current versus applied voltage (I–V) with an own designed
program. Scanning electron microscope (SEM, Hitachi S-4800), high
resolution transmission electron microscope (HRTEM, TECNAI F30),
Raman (LavRAM Aramis, wavelength: 633 nm), X-ray photoelectron
spectroscopy (XPS, PHI Quantera SXM) and photoelectron spectrom-
eter (AC-2 RIKEM KEIKI) were used to characterize the samples be-
fore and after the Si ion irradiation.

3. Results and discussion

Energetic ion irradiation on CNTs introduces structural changes,
such as electron/atom collision induced defect generation and atom
sputtering [16], excessive energy deposition induced defect annealing
[17], nonself element irradiation induced element doping and com-
pound formation [18], phase change [19], and so on. Structural
changes of the CNTs are greatly dependent on the irradiation doses.

Fig. 1 shows SEM images of the original and the Si ion irradiated
CNTAs at different doses. Fig. 1(a–e) shows the side view images
and Fig. 1(f–j) shows the top view images of the CNTs, corresponding
with the irradiation doses of (a, f) 0, (b, g) 4.3×1016 ions/cm2, (c, h)
Fig. 1. SEM images of the original and the Si ion irradiated CNTAs at different doses. (a–e)
(b, g) 4.3×1016 ions/cm2, (c, h) 8.6×1016 ions/cm2, (d, i) 1.4×1017 ions/cm2 and (e, j) 2.1
8.6×1016 ions/cm2, (d, i) 1.4×1017 ions/cm2 and (e, j) 2.1×1017 ions/
cm2, respectively. Evident structural changes are observed at the top
of CNTAs. For convenience, the structural changes of CNTs are described
as an evolution from separate to coalescent and then to welding with
increasing the irradiation dose. For the original CNTAs, as shown in
Fig. 1(a, f), the tips are separate from each other. While for the CNTAs
irradiated at low doses shown in Fig. 1(b, c, g, h), coalescence emerges.
With further increasing the irradiation dose,welding appears as a signal
of excessive energy deposition, as shown in Fig. 1(d, e, i, j). It's worth to
mention that there is no such a determinate definition about these
three morphologies, for instance, coalescence is just the beginning of
welding, but the structural evolution of the Si ion irradiated CNTs
from separate to welding with increasing the irradiation dose is
undoubted. Furthermore, some extruded CNTs are straightened by the
energetic ions, as shown in Fig. 1(b–f), and this straightening effect
has been widely studied previously [20,21]. The action range of the
incident particles is confined at the top of CNTAs due to the shielding
of densely packed CNTs since the incidence angle is 45°.

We employed TEM to observe the fine structures of the Si ion irra-
diated CNTAs. Fig. 2 shows the TEM images of the Si ion irradiated
CNTAs at an irradiation dose of 8.6×1016 ions/cm2. Fig. 2(a, b)
shows a low-resolution panoramic view of the CNTs. The tips and
the sections near the tips of CNTs have been transformed into
nanorods, as clearly seen from the HRTEM image shown in Fig. 2(c),
revealing that the nanorod is amorphous. While the amorphization
in the upper section of CNTs, about 3–5 μm away from the CNT tips,
is not hundred-percent, as shown in Fig. 2(d), the layered structure
disappears but the hollow core remains, and the closer to the tips of
CNTs, the thinner the hollow core is. However, for the under sections,
6–8 μm away from the CNT bottom end, the CNTs almost remain
unchanged. Therefore, a quasi-one-dimensional heterostructured
Side view and (f–j) top view images, corresponding with irradiation doses of (a, f) 0,
×1017 ions/cm2, respectively.



Fig. 2. TEM images of the Si ion irradiated CNTAs with an irradiation dose of 8.6×1016 ions/cm2. (a, b) Panoramic view images. (c) HRTEM image focusing on the tip of CNTs, marked
by a circle in image (a). (d) HRTEM image of the upper section of CNTs, marked by a circle in image (b). (e) HRTEM image of the under section of CNTs.
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nanorod/nanotube array is obtained by using energetic Si ion irradia-
tion on a CNT array.

The relationship between the structural changes and the irradia-
tion doses was studied by Raman spectroscopy. Fig. 3 shows the
Raman spectra of the Si ion irradiated CNTAs with different irradia-
tion doses. The peaks centered at 1335 cm−1 and 1586 cm−1 are typ-
ical defects related D band and crystal graphite related G band,
respectively [22]. The intensity ratio of ID to IG increases (from 2.77
to 8.15) with increasing the irradiation dose, suggesting that the
amorphization of CNTs strongly depends on the irradiation doses
and the formation of defective CNTs is at the cost of crystal graphite.

In order to further understand the structural changes in the for-
mation of carbon nanorod/nanotube heterostructure, we employed
XPS to determine the chemical structure of the irradiated CNTs.
Fig. 4(a) shows the decomposed C1s peaks of the irradiated CNTAs
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Fig. 3. Raman spectra of the Si ion irradiated CNTAs with different irradiation doses.
Wavelength: 633 nm.
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with an irradiation dose of 8.6×1016 ions/cm2, peaks centered at
282.8 eV, 284.1 eV, 285 eV and 288 eV are corresponding with SiC
compound [23], SP2-hybridized graphite carbon [24], SP3-hybridized
diamond-like carbon [25] and organic contaminated carbon [26], re-
spectively. The formation of SiC compound can also be evidenced by
Fig. 4(b), the decomposed Si2p peak centered at 100.8 eV reveals
the existence of SiC compound [27]. The inset of Fig. 4(a) shows the
content change of SP2- and SP3-hybridized bonds with increasing
the irradiation dose. The increase of SP3-bond (from 30.8% to 60.4%)
is found to be at the cost of the decrease of SP2-bond (from 69.1% to
38.2%), suggesting the amorphization of CNTs, which is in conformity
with the Raman analysis. Therefore, the Si ion irradiated CNTAs we
obtained can be defined as: SiC compound assisted carbon nanorod/
nanotube heterostructured arrays.

Fig. 5(a) shows the FE characteristics of the original and the Si ion
irradiated CNTAs with different irradiation doses, given in terms of
emission current density versus applied field (J–E). Prior to FE mea-
surements, an aging process was taken when the emission current
density was about 10 mA/cm2 for 5 h to weaken the influence of
absorbates induced promotion and Joule-heating induced degrada-
tion on the FE characteristics [28–30]. The J–E curves shift to the left
(lower applied field) when the irradiation doses are less than
8.6×1016 ions/cm2 and to the right (higher applied field) with fur-
ther increasing the irradiation dose. This irradiation dose dependent
FE of the CNTAs can also be evidenced by the changes of Eon and Eth
(threshold field, applied field at 10 mA/cm2) shown in Fig. 5(b). The
FE properties of the CNTAs are improved (Eon from 1.076 to
0.726 V/μm and Eth from 1.717 to 1.164 V/μm) by the Si ion
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Fig. 5. Field emission characteristics of the original and the Si ion irradiated CNTAs with diffe
changes of Eon and Eth. (c) The changes of work function (Φ) and field enhancement factor
irradiation dose of 8.6×1016 ions/cm2 (Si 8.6).
irradiation when the irradiation doses are less than 8.6×1016 ions/
cm2 but are deteriorated (Eon from 0.726 to 1.145 V/μm and Eth
from 1.164 to 1.828 V/μm) with further increasing the irradiation
dose. The inset of Fig. 5(a) is the corresponding FN plots [31], the
nearly linear relationship between ln(J/E2) and 1/E reveals that the
emitted electrons are extracted by the applied fields.

In FN model [31], work function (Ф) and field enhancement factor
(β) are two important parameters used for characterizing the FE
properties of emitters. In our study, the values of Ф are measured
by using photoelectron spectrometer, as shown in Fig. 5(c). The
values of Ф are quite different between the original (4.89 eV) and
the Si ion irradiated CNTAs (4.67–4.70 eV), and this Ф drop is attrib-
uted to the increased state density of defects during ion irradiation in-
duced promotion of the Fermi level [32] and the formation of the low
work function material: SiC compound (3.5 eV) [33]. By adopting the
FN equation [31], the values of the field enhancement factors (β) are
obtained, as shown in Fig. 5(c). The β increases from 4386 to 6139
when the irradiation dose increases from 0 to 8.6×1016 ions/cm2,
and then the β decreases from 6139 to 4069 with further increasing
the irradiation dose to 2.1×1017 ions/cm2. Comparing the change of
β with the variation of FE characteristics of the CNTAs, we find that
they both have the same changing trends, and the irradiation dose
of 8.6×1016 ions/cm2 is the very watershed, in other words, the
ever-changing microstructures of the CNTs are the main reason for
the irradiation dose dependent FE properties. β is a parameter strong-
ly dependent on the number of emission sites. When irradiation
doses are less than 8.6×1016 ions/cm2, defects, especially vacancy-
related defects [34], increase with increasing the irradiation dose,
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Table 1
Stability behavior of the original and the Si ion irradiated CNTAs with an irradiation
dose of 8.6×1016 ions/cm2 (Si 8.6). E: applied field during, Jmean: mean emission cur-
rent density, Jdrop: emission current density degradation during stability tests, Sd: stan-
dard deviation of the emission current density.

Sample E (V/μm) Jmean (mA/cm2) Jdrop (%) Sd/Jmean (%)

Original 1.70 11.29 16.32 4.34
Si 8.6 1.24 12.77 0.83 1.04
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resulting in the increase of emission sites and thus leading an im-
provement to the FE characteristics of CNTAs. However, with further
increasing the irradiation dose, severe structural damage like
welding, as shown in Fig. 1(i, j), may decrease the number of emission
sites and deteriorate the FE characteristics of CNTAs. In a word, both
the change of microstructures (β) and the change of the Fermi level
(Ф) exert influences on the FE properties of the Si ion irradiated
CNTAs, but the former is dominative.

Longtime stable field electron emission is essential for the applica-
tion of FE devices. In this study, 50-hour stability tests of the original
and the Si ion irradiated CNTAs with an irradiation dose of
8.6×1016 ions/cm2 (Si 8.6) were carried out, as shown in Fig. 5(d)
and Table 1. The mean emission current densities (Jmean) of the
original and the Si 8.6 CNTAs are 11.29 and 12.77 mA/cm2, respec-
tively. The applied field (E), the emission current density drop (Jdrop,
(Jfisrt− Jlast)/Jmean, Jfirst and Jlast are the first and the last mean emission
current density during stability tests, respectively), and the ratio of
the standard deviation (Sd) and the Jmean (Sd/Jmean) of the Si 8.6
CNTAs are 1.24 V/μm, 1.83% and 1.04%, respectively, which are
much lower than that of the original CNTAs (1.70 V/μm, 16.32%,
4.34%, respectively). The great decrease of applied field (from 1.70
to 1.24 V/μm) is due to the improved FE characteristics of the Si 8.6
sample, as shown in Fig. 5(a). For the other two parameters, Jdrop
and Sd/Jmean, which directly reflect the degradation and the fluctua-
tion of the emission current density, the changes are impressive ei-
ther. As is known to all, ion bombardment introduces structural
damages to targets and deposits energy. In this study, great structural
changes are observed on the Si ion irradiated CNTAs, as shown in
Figs. 1 and 2, some extruded and defective CNTs, which contribute
the vast majority of the current degradation during stability tests,
are broken off by the incident ions and additionally, the excessive en-
ergy deposition induced by ion bombardment anneals part of the un-
stable defects and stabilizes the emitters, resulting in the decrease of
Jdrop. The fluctuation of emission current density exists during the
whole stability tests, as shown in Fig. 5(d). Since a fluctuation is
formed by the vanishing of an emission site and the emerging of a
new emission site surrounding it, it's thus reasonable to weaken the
fluctuation of emission current density by preventing it from degra-
dation. In a word, the bombardment effect on CNTAs induced by Si
ion irradiation can effectively strengthen the CNT array and weaken
the emission current density degradation and fluctuation, and there-
fore improve the stability behavior of CNTAs.

4. Conclusions

SiC compound assisted carbon nanorod/nanotube heterostructure
has been synthesized by using energetic Si ion irradiation on CVD
fabricated CNTAs. Si ion irradiated CNTAs with an irradiation
dose of 8.6×1016 ions/cm2 show excellent FE properties, with
Eon=0.726 V/μm, Eth=1.164 V/μm, which are far better than that of
the original CNTAs and CNTAs irradiated with other irradiation
doses. We attribute the great improvement of the FE characteristics
of Si 8.6 CNTAs to the formation of low work function SiC compound
and the structural changes induced by the energetic Si ion irradiation,
as evidenced by the increase of the field enhancement factors from
4386 (original) to 6139 (Si 8.6). However, severe damage is brought
to CNTAs with further increasing the irradiation dose, which largely
decreases the number of emission sites and pose negative influences
on the FE characteristics of CNTAs. In addition, 50-hour stability tests
of the original and the Si 8.6 CNTAs reveal that energetic ion irradia-
tion is beneficial for realizing stable field electron emission. The Jdrop
of Si 8.6 is only 0.83%, far smaller than that of the original CNTAs
(16.32%), suggesting a very promising prospect in the application of
CNTAs-based FE devices.
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