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Abstract

We modify multi-wall carbon nanotubes (MWCNTs) by plasma treatment with N2 and Ar for varying durations and measure

their field emission characteristics. The N2 treated MWCNTs showed significant improvement in field emission properties, while the

Ar treated MWCNTs displayed poorer field emission characteristics compared to untreated MWCNTs. X-ray photoelectron spec-

troscopy (XPS), scanning electron microscopy (SEM), Raman spectroscopy and work function measurements are used to investi-

gate the field emission mechanisms after plasma treatments.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

With conventional cathode ray tubes gradually being
replaced by flat panel displays [1], there is an intense

interest in electron field emitters. This can be attributed

to the recent development of cheap and robust field

emitting materials, and carbon nanotubes in particular

have received much attention. Field emission is the pro-

cess whereby electrons are emitted under high field con-

ditions from the surface of a solid by tunnelling through

the surface potential barrier. Early into its discovery, the
potential of carbon nanotubes as excellent field emitters

was evident as the early papers reported extremely low-

turn on fields and high current densities in 1995 [2,3].

Moreover, with the development of the catalytic chemi-

cal vapor deposition method, the controlled deposition
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of carbon nanotubes can take place via catalyst pattern-

ing. The breakthrough for this technology came in 1998

when a crude display using nanotubes as emitters was
first announced [4]. In this paper, we report the en-

hanced field emission characteristics of carbon nano-

tubes by nitrogen plasma treatment.
2. Experiment

Random multi-walled carbon nanotubes (MWCNTs)
were grown on Fe coated Si substrates by hot filament

plasma-enhanced chemical vapor deposition (PECVD)

using acetylene (C2H2) and hydrogen (H2) as inlet gases

[5]. To synthesize random nanotubes, the process tem-

perature was set at 630 �C and the deposition time lim-

ited to 3 min. We subsequently exposed the MWCNT

film to 10 min of N2 plasma treatment in a Denton radio

frequency magnetron sputtering machine set at 100 W
power and 2 mTorr pressure. After treatment, we mea-

sured the field emission characteristics before treating
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the same set of samples for a further 10 min. The sam-

ples were labelled CNT-N10min and CNT-N20min,

respectively.

The anode to cathode distance in the field emission

system is fixed at 150 lm, which is the thickness of the

micro-glass spacer used to isolate the cathode from the
anode. The height of the random MWCNT is negligible

compared to the thickness of the spacer. The role of

the cathode is performed by the MWCNT film on the

Fe/Si substrate, while the anode is a commercially avail-

able ITO glass slide. The applied voltage during the field

emission measurement is swept to a maximum of 450 V

(3 V/lm), and increased in 5 V steps at 1 s intervals. The

field emission measurements were repeated. We also
measured the field emission characteristics of pure

MWCNTs as control, as well as MWCNTs after 10

and 20 min of Ar plasma treatment (referred to as

CNT-Ar10min and CNT-Ar20min, respectively) at pres-

sure 10�7 Torr.
Fig. 1. SEM images of (a) as-grown random MWCNTs; (b) MWCNTs aft

etching (CNT-N20min); (d) MWCNTs after 10 min Ar etching (CNT-Ar10

TEM image of CNT-Ar10min.
3. Results and discussion

The plasma-treated MWCNTs were imaged using a

JEOL JSM 6700F field emission scanning electron

microscope (SEM). Fig. 1 shows a series of SEM images

of the as-grown MWCNTs as well as the MWCNTs
after 10 and 20 min N2 and Ar plasma treatments,

respectively. We observe that the plasma treatment pro-

cess causes morphological changes to the random

MWCNTs. In general, the nanotubes become increas-

ingly shorter with increasing process time. The nanotube

density decreases and the random MWCNTs bundle to-

gether to form arrays of vertically aligned nanotube

bundles, consistent with a recent report [6]. Each bundle
consists of several nanotubes that are joined at their tips.

Several large particles cap the top of each bundle, which

can be identified as the bright particles in the SEM

images. These particles have been identified as iron cat-

alyst particles using transmission electron microscope
er 10 min N2 etching (CNT-N10min); (c) MWCNTs after 20 min N2

min); (e) MWCNTs after 20 min Ar etching (CNT-Ar20min) and (f)
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(TEM) with EDX capability. It is clear that the rate of

etching is greater for Ar than N2 as the MWCNTs trea-

ted with Ar plasma has lower density and are shorter in

length compared to that treated with N2 after equivalent

treatment times.

Fig. 2a shows the results of the field emission mea-
surements made on pure MWCNTs, CNT-N10min,

CNT-N20min, CNT-Ar10min and CNT-Ar20min to

the maximum applied voltage of 450 V. Fig. 2b shows

the Fowler–Nordheim plot for the field emissions of

pure MWCNT, CNT-N10min and CNT-N20min. Both

N2 treated MWCNTs samples show improved field

emission compared to the unmodified MWCNTs, with

CNT-N20min showing the best characteristics. CNT-
N20min displays the lowest turn-on voltage (1.73

V/lm) and highest emission currents (450 lA/cm2) at

450 V applied voltage. On the other hand, both CNT-

Ar10min and CNT-Ar20min show poorer field emission
Fig. 2. (a) Field emission of random MWCNTs, CNT-N10min, CNT-

N20min, CNT-Ar10min and CNT-Ar20min. CNT-N20min shows the

best field emission properties. (b) F–N plots of field emission of

MWCNT, CNT-N10min and CNT-N20min.
characteristics compared to the untreated MWCNTs. In

fact, both Ar treated MWCNTs show only negligible

field emission currents at 450 V.

The enhancement of field emission after N2 treatment

is attributed to both physical and chemical changes that

occur during the etching process. In terms of physical
changes, the N2 plasma causes the nanotube density to

decrease and the nanotube length to be shortened. There

have been several reports that show that the density and

orientation of the nanotubes affect the emission charac-

teristics [7,8]. A high-density film shows poorer emission

quality compared to one that has medium density due to

screening effects. Electrostatic calculations have shown

that the field amplification factor optimizes once the
intertube distance is twice the height of the carbon nano-

tubes and drops rapidly with decreasing distances [4].

However, the nanotubes cannot be too far apart as well

since the number density of emitters decrease with

increasing intertube distance. If there are too few emit-

ters then the nanotube film becomes an ineffective cath-

ode. Following this argument, field emission can be

enhanced by properly reducing the surface density of
the nanotubes. This partially explains why CNT-

N20min shows better emission than CNT-N10min since

the density and length of CNT-N20min are both less

than for CNT-N10min.

However, the optimal surface morphology is not the

only reason for the enhanced field emission since the Ar

plasma-treated MWCNTs gave poorer results. Thus,

micro-structural effects due to plasma treatment were
also studied by Raman spectroscopy. Fig. 3 shows the

Raman spectra for the five samples under study. In this

study, we utilized a Renishaw Raman Scope 2000 Sys-

tem with an attached Olympus microscope. The excita-

tion source used was the 514 nm line of an argon-ion

laser. The G peak (1593 cm�1) indicates crystalline
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Fig. 3. Raman spectra for MWCNTs, CNT-N10min, CNT-N20min,

CNT-Ar10min and CNT-Ar20min.



Table 1

Relative intensities of the D and G bands from Raman spectroscopy

Sample ID/counts IG/counts ID/IG

MWCNT 139 158 0.880

CNT-N10min 190 203 0.936

CNT-N20min 235 239 0.983

CNT-Ar10min 291 292 0.996

CNT-Ar20min 346 345 1.002
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graphite while the D band (1368 cm�1) is associated

with disordered carbon [9]. Hence, an increase in the

ratio of the intensity of the D peak (ID) to the intensity

of the G peak (IG) indicates an increase in the density of

structural defects. Moreover, the ratio is related to the

size of disordered graphite clusters during the amorph-
ization process of MWCNTs induced by ion bombard-

ment during plasma treatment [10]. Table 1 shows the

ID/IG values for all five samples. Obviously, after the

treatment with chemically inert Ar plasma, the ID/IG
values increase, indicating the higher concentration

of disordered graphite clusters. Since the graphite clus-

tering suggests a shorter correlation length [11], the

electron scattering by such disorder would increase,
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Fig. 4. XPS N 1s spectrum for (a) CNT
resulting in reduced conductivity and field emission

properties, even though screening effects are reduced.

Previous reports also show that excessive exposure to

Ar plasma results in the degradation of nanotube field

emission [11]. In contrast, the N2 plasma treatment
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-N10min and (b) CNT-N20min.
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would have more complicated effects on MWCNTs

since plasma treatment not only induces structural de-

fects [12] but creates chemical doping sites, which will

be discussed in the following XPS study.

The XPS measurements of CNT-N10min and CNT-

N20min are shown in Fig. 4a and b, respectively. The
experiments were performed at the soft X-ray beamline

at the Singapore Synchrotron Light Source (SSLS). The

energy of the incident X-rays used is 700 eV. The N 1s

spectra of both samples can be fitted with component

peaks at 398.2, 398.6, 399.7 and 400.8 eV, which corre-

spond to CAN, C„N (sp3 bonding), C@N (sp2 bond-

ing) and NO [13]. There is also a high binding energy

peak at 402.5 eV in both spectra, which we attribute to
interstitial N. This peak has been observed in previous

reports of nitrogenated carbon but not identified [14].

The XPS spectrum for CNT-N20min has an additional

low binding energy peak that corresponds to nitrided

Fe at 396.1 eV. From the XPS spectra, we observe that

nitrogen has been doped into the MWCNTs during the

N2 plasma treatment process. It is believed that nitrogen

doping can effectively improve the field emission proper-
ties of carbon nanotubes and diamond films [15,16]

which is also consistent with our field emission

measurements.

Using the same synchrotron beamline, we performed

photoelectron spectroscopy (PES) measurements with

0.02 eV step-size to investigate the work function U of

MWCNTs, CNT-N10min, CNT-N20min and CNT-

Ar10min. The photon energy used is 45.12 eV. A thin
gold reference film deposited on a Si(100) wafer was

used to calibrate the Fermi level, which is clearly evident

in a pure metal PES spectrum. Since all samples were in

electrical contact, their Fermi levels would be aligned.

The work function of MWCNT and CNT-N10min

were measured to be 4.20 ± 0.02 and 4.14 ± 0.02 eV,

respectively. The work function of CNT-N20min,

however, was measured to be slightly higher than
MWCNT, which is unexpected. A possible explanation

could be that the PES measurement also picked up sig-

nals from the Fe particles at the tips of the nanotube

bundles and the exposed Fe/Si substrate. Signal from

the treated MWCNTs is correspondingly reduced as

the density of the MWCNTs decreased. The work func-

tion of CNT-Ar10min was 4.20 ± 0.02 eV, which is the

same value as for MWCNT, indicating that there is
no chemical change in the MWCNT after Ar plasma

treatment.
4. Conclusion

We have successfully demonstrated that nitrogen

plasma treatment can be an effective process for enhanc-
ing the field emission characteristics of carbon nano-

tubes. Using N2 plasma, we observe lower turn-on
fields of up to 1 V/lm and increase in emission current

density by almost 30 times compared to untreated

MWCNTs. This is attributed not only to the shortening

of the nanotube length and reduction in nanotube den-

sity, but also to nitrogen doping in the treated

MWCNTs. The reduction of work function by nitrogen
doping contributes to better field emission properties.

However, the same improvement is not observed when

using Ar plasma under the same conditions. This is

due to the much higher etching rate of Ar compared

to N2, which resulted in more defects being formed.
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