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Abstract Well-aligned nitrogen-doped carbon nanotube
(N-CNTs) film was fabricated on silicon substrate by ther-
mal chemical vapor deposition process with varying the
growth temperature. The effect of growth temperature on
morphology, microstructure and crystallinity for the growth
of N-CNTs was studied. At all growth temperatures, the
bamboo-like morphology of graphene layers with com-
partments in CNTs were observed in transmission electron
microscope micrographs. The doping level and the type of
nitrogen-related moieties were determined by X-ray pho-
toelectron spectroscopy analysis. The compartment dis-
tance decreases with increase in nitrogen doping level in
hexagonal graphite network. The increase in nitrogen
doping level in N-CNTs will lead to decrease in crystallinity
and in-plane crystallite size. Field emission study of nitro-
gen-doped carbon nanotubes grown at optimum parameters
showed that they are good emitters with a turn-on and
threshold field of 0.3 and 1.6 V/um, respectively. The
maximum current density was observed to be 18.8 mA/cm®
at the electric field of 2.1 V/um. It is considered that the
enhanced field emission performance of doped nanotube is
due to the presence of lone pairs of electrons on nitrogen
atom that supplies more electrons to the conduction band.
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Introduction

Miniaturization of nano-scale devices forced researchers to
discover advanced materials with unique bulk and surface
properties. Carbon nanotube (CNT) is one of the promising
materials having exceptional properties for potential use in
scanning probe sensors (Hafner et al. 1999), cold cathode flat
panel display (Choi et al. 1999), fuel cells (Reddy et al.
2009), supercapacitors (Niu et al. 1997) and vacuum nano-
electronics. Compared to pristine CNTs, the synthesis of
nitrogen-doped carbon nanotubes (N-CNTs) have gained
growing interest to tailor the electronic (Terrones et al. 2002;
Ghosh et al. 2010; Lim et al. 2006), electrical (Ibrahim et al.
2010) and mechanical properties (Ganesan et al. 2010) with
the controlled process parameters aid. The electrical and
electronic properties of the CNTs can be modified to a large
extent by doping the CNTs. It has been predicted that the
N-CNTs have n-type conductivity, low resistance and
excellent electron field emission property (Czerw et al.
2001). Incorporation of N in carbon network will lead to the
shift of the localized state to the Fermi level, and the sig-
nificant contribution of the coupled state near the Fermi level
(Czerw et al. 2001). In wide range of applications of CNTs,
field emission is of paramount interest in which electrons are
emitted from a solid material by quantum mechanical tun-
neling when electric field is applied in high vacuum. CNTs
are considered to be one of the best candidates for the field
emission due to their atomically sharp tips with very high
aspect ratio. The field emission property of the material is
dependent on electronic properties. The electronic property
of the N-CNTs depends on the dopant concentration and it is
a relatively facile method to tune this property by changing
the dopant concentration into the bulk material.

This paper mainly focused on feasible process to
develop the organized growth of highly aligned N-CNT
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arrays with nitrogen content modulated to tailor the field
emission property.

Experimental procedure

Nitrogen-doped CNTs were synthesized by injection
chemical vapor deposition (CVD) on silicon substrate. The
silicon substrate was cleaned with acetone and placed at the
center of the furnace. The chamber was evacuated and then
filled with argon gas to create the inert atmosphere inside
the chamber before injecting the precursors. The precursors
used were acetonitrile (Trident Fine Chemicals and labo-
ratories, 99.8 %) and Ferrocene (Merck, 98 %). Acetoni-
trile was the dual source for carbon and nitrogen while
ferrocene, on pyrolysis, provided iron which acts as the
catalyst for CNT growth. The catalyst and precursor solu-
tion was made with the catalyst concentration of 10 mg/ml
and the solution was injected at the rate of 0.5 ml/min. The
precursor was vaporized at 170 °C and carried towards the
silicon substrate by the carrier gas. The synthesis was
carried out at the three different growth temperatures 800,
850 and 900 °C with argon gas flow rate of 180 sccm.

The alignment and microstructure of as-grown CNTs
were characterized using scanning electron microscope
(SEM, Model S-4300S E/N, Hitachi, Japan) and trans-
mission electron microscope (TEM, Model FEI Technai G?
S-Twin). Raman spectroscopy (Lab Ram HR 800 Raman
spectrometer) was carried out using 514.5 nm green line of
Ar+ ion laser to study the crystallinity and the disorder in
CNTs. The measurement of elemental composition was
carried out using X-ray photoelectron spectroscopy (XPS,
Omicron with Al K, 1,486.8 eV radiation source). N-CNTs
arrays thin film deposited on silicon wafer was used as the
cold cathode and stainless steel plate as counter electrode
was placed at a distance of 1 mm for field emitters. The
field emission properties of the deposited N-CNTs were
characterized in high vacuum environment with a base
pressure of about 6.3 x 10~ mbar. Programmable Keith-
ley 248 high voltage power supply with low output ripple
for precision sourcing and flexible operation was used for
sourcing the voltage (up to 3,000 V) and measuring the
current (with pA sensitivity), allowing the characterization
of the current—voltage (I-V) behavior.

Results and discussion
Microstructure analysis
Figure 1 shows the SEM and TEM images of N-CNT

arrays grown at different growth temperatures. It can be
observed that the average diameter of the N-CNTs grown
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at 800, 850 and 900 °C are 28, 65 and 33 nm, respectively.
N-CNT arrays grown at the growth temperature 850 °C are
well aligned having the length up to 50 um. At 800 and
900 °C the CNTs are short and not highly aligned. It
indicates that the carbon source that decomposed at 850 °C
was able to provide the more amount of precursor for the
nucleation of the carbon nanotubes leading to the increase
in length as compared to other growth temperatures. Sim-
ilar phenomenon was observed by other groups (He et al.
2005). The change in their microstructure by nitrogen
incorporation was investigated by TEM studies. Nitrogen-
doped CNTs exhibit very distinct morphologies, signifi-
cantly different from undoped counterparts. The undoped
CNTs are continuously hollow throughout their length.
Doped CNTs exhibited bamboo-shaped morphology and
each carbon nanotube is separated into a series of com-
partments with corrugated walls (Jang et al. 2004). This is
caused by nitrogen atoms embedded in graphitic lattice,
including the curvature of nanotubes due to the different
bond length of C-N and C-C. The difference in the bond
length will induce the strain in the hexagonal graphite
network and the graphene sheets will try to bend due to
pulsating effect. The introduction of such defects disrupts
the planar hexagonal arrangement of carbon atoms in
CNTs and results in the rough surface of doped CNTs. The
increased nitrogen concentration induces more defective
graphene sheets. As a result the graphene sheets are easily
buckled, facilitating cross-linking between the graphene
planes through sp” coordinated carbons. Through the N-sp*
C bond, nitrogen is incorporated in the graphene sheets
without changing the graphitic structure. TEM micrographs
depicted that the length of the compartment in N-CNTs
keeps on decreasing as the nitrogen content in hexagonal
network increases. As the nitrogen content increases, the
buckling of the graphene sheets will take place and try to
stabilize themselves by framing the curved layers, i.e.,
internal capping. The distance between internal capping of
CNTs grown at 800, 850 and 900 °C was found to be 43,
60 and 20 nm, respectively.

X-ray photoelectron spectroscopy

The composition and the functional moieties present in
N-CNTs were analyzed by using the XPS. It provides
detailed information on the occupied electronic levels and
chemical binding states of individual atoms. The Gaussian
multi-peak reveals the individual nitrogen moieties bonded
to the carbon atoms in CNTs. XPS-wide spectrum showed
strong peak at 285, 401 and 530 eV which can be assigned
to Cls from sp” hybridized carbon in the nanotubes; the
carbon atoms on the edge plane can be easily oxidized to
oxygen-containing functionalities and nitrogen incorpo-
rated in carbon network, respectively. The asymmetric N1s
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Fig. 1 Typical SEM and TEM micrographs of NCNT arrays grown at different growth temperatures at 800 °C (a, b), at 850 °C (¢, d) and at

900 °C (e, )

peak in narrow spectrum centered at 401 eV can be
deconvoluted into four peaks at 398.5, 401, 403 and
405 eV (Liu et al. 2010). They are ascribed as pyridine-like
nitrogen (pN), graphitic-like nitrogen (gN), oxidized
nitrogen and molecular nitrogen. 398.5 eV peak is assigned
to a tetragonal nitrogen phase bonded to a sp> hybridized
carbon, 401 eV assigned to a trigonal nitrogen phase
bonded to a sp® coordinated carbon, 403 eV is assigned to
oxidized N species or oxygen molecules physisorbed onto
the rough surface and 405 eV is assigned to molecular

nitrogen molecules adsorbed or intercalated at the carbon
walls or trapped in the compartments.

With decreasing the growth temperature, the XPS peak
intensities for the N-sp2 C bond decreased, whereas those
for the N-sp® C bond increased, accounting for the deteri-
orated crystallinity of the graphene sheets. The N-sp> C
bonds were found to be more abundant than the N-sp? C
bonds around 4 % nitrogen concentration. The percentage
of nitrogen in CNTs was calculated by taking into account
the individual areas of Cls and Nls. The formula used is
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N % = [N x 100/(C + N)]. The nitrogen content was
found to decrease from 4.30 to 3.44 % when the growth
temperature was increased from 800 to 850 °C, whereas,
the N % was increased to 12.34 % at 900 °C growth
temperature. The abnormal behavior in increase in nitrogen
content was observed as the growth temperature increased
and the reason for this is yet to be understood. The graphite
type nitrogen (N-sp> C) was found to be more abundant
than the pyridine type (N-sp® C bonds) bonds at higher
growth a temperature was showed in Fig. 2b, d, f.

Raman spectroscopy

Raman spectroscopy is a frequently used technique to
characterize the carbon nanomaterials. It is a non-destruc-
tive tool applied to the identification and characterization
of a wide variety of carbon nanomaterials, and the tech-
nique has been shown to be an excellent tool to investigate
the crystallinity and graphitic nature of CNTs. Raman
spectra of CNTs showed a strong band around 1,585 cm_l,
originating from the Raman active E2 g mode which is
referred to as the G band and a D band at about 1,350 cm™!
which is normally explained as a disorder-induced feature.
The D band originates from defects in the curved graphene
sheets. In N-CNTs, the formation of pentagons and hep-
tagons due to the doping of N atoms leads to a distortion in
the graphite sheets. Thus, the intensity ratio of the D to G
band in the N-CNTs will be affected by the number of
defects originating from nitrogen atom incorporation in
hexagonal network. As the concentration of the N atoms
increases, the D band becomes stronger and broader.

The intensity ratio I4/l, is thus useful in estimating the
defect concentration of N in the N-CNTs; as the 14/1, ratio
decreases the CNTs will have a more ordered structure.
The relative intensity ratio of the D band to G band (i.e., I/
I,) can be used as a rough measure of N-CNTs quality.
Nitrogen content will have the profound effect on the G
band (Liu et al. 2010; Yang et al. 2005). Raman analysis of
N-CNTs grown at different growth temperature was illus-
trated in Fig. 3a, b showed the ratio of D and G band and
the in-plane crystallite size of the samples. N-CNTs, dif-
ferences in chemical bond lengths and atomic masses as
well as the formation of pentagons due to the doping of N
atoms lead to local distortion in the graphite sheets. The 14/1,
ratio gives the measure of crystallinity of the CNTs. The
lower its value, higher is the crystallinity. The in-plane
crystallite size strongly depends on [4/I, ratio (Cancardo
et al. 2006) and it will decrease with the increase in I4/1,
ratio. In-plane crystallite size can be calculated as

L, = (2.4 x 1071 2%/ (14/1,)

where L, = in-plane crystallite size (nm), 4 = wavelength
of the laser source (nm).
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Field emission study

Field emission consists in the extraction of electrons from a
conducting solid under the application of an electric field
and the mechanism for the emission of electron was
illustrated in Fig. 4a. Unlike thermion emission, no heat is
required for obtaining field emission. Very high electric
fields are, however, required for the electrons to tunnel
through the surface potential barrier. When the solid is
shaped as the tip, the electric fields lines are concentrated
around the tip and the local electric field is enhanced. This
geometrical enhancement of the electric field is used in
field emitters to allow extraction of electrons from sharp
tips at relatively low macroscopic electric fields. Maxi-
mizing the current output for a given applied voltage
requires a material with a low work function that is shaped
as sharp as possible to offer the highest field enhancement
factor. The emission characteristics of emitters are strongly
dependent on the tip radii, and preservation of the emission
characteristics requires the tip sharpness remain unaltered.
Figure 4b showed the measured /-V characteristics of the
carbon nanotube pillar arrays. It indicated that the emission
current increases monotonically with the applied field and
the turn-on field value required to obtain 2 pA current for
cold cathode was observed at ~500 V. Good field emis-
sion from the doped CNTs is attributed to the presence of
nitrogen atoms in the hexagonal graphite network. In
doping mechanism, the nitrogen substitutes the carbon
atom on the graphite layer and modifies the conductance
property of N-CNTs by donating electrons. The iron par-
ticles were used as the catalyst for the growth of the CNTs
and were encapsulated. These catalyst particles may also
contribute additional electron density that leads to
improved field emission current. Field emission study of
as-grown nitrogen-doped carbon nanotubes suggests that
they are good emitters with a turn-on and threshold field of
0.9 and 1.6 V/um, respectively. The maximum current
density was observed to be 18.8 mA/cm? at electric field of
2.1 V/pm. The Fowler-Nordheim model was used to
describe the field emission effectiveness. Figure 4b shows
the corresponding Fowler—Nordheim (F-N) plots. The F-N
plots of the N-CNTs arrays almost straight line, showing
that the electron emission is due to the tunneling effect.
According to the F-N theory, the slope of the F-N plot is
—6.83 x 10°6** d/f, where ¢ is the work function of the
emitter and d is the electrode distance and f is the geo-
metrical enhancement factor. The field amplification factor
is defined as F = BV/d, where F is the field just above the
surface of the tip, and V the applied voltage. It is consid-
ered that the good field emission performance of doped
nanotube is due to the presence of lone pairs of electrons on
nitrogen atom that supplies more electrons to the conduc-
tion band and also the increased local density of states in
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Fig. 2 XPS wide spectrum and N1s narrow spectrum for NCNT arrays grown at different growth temperature at 800 °C (a, b), at 850 °C
(¢, d) and at 900 °C (e, f)
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the conduction band close to the Fermi level through
nitrogen incorporation.

The nitrogen incorporation into the nanotubes hexagonal
network enhances the electrical conductance of nanotube
films which in turn lowers the turn-on field and threshold
fields in the field emission study. When the graphite sheet
of CNTs bends (internal capping), which resulted in the
deterioration in crystallinity of CNTs, the atomic bonding
must lose some of its sp> character and gain some sp°
character. The transformation of sp> into sp® characteristics
will enhance the emission properties by lowering of the
effective work function, increase of the field enhancement
factor and the number of the emission sites. Along with the
lone pairs of electrons supplied by the nitrogen atom, the
curve at the tip of the N-CNTs consist of defects respon-
sible for the concentration of degree of states (DOS) at the
tip and are the prime source to improve the field emission.
The disordered structure of the tip and the high defect
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density may also have an influence on the field emission
properties.

Conclusions

Nitrogen-content-modulated growth of CNTs was devel-
oped by controlling the growth temperature to tailor the
field emission properties. The additional lone pair of
electrons on nitrogen atom that acts as a donor with respect
to the delocalized © system of the hexagonal framework
which can enhance the conducting property of doped CNTs
in turn will enhance the emission properties by lowering
the effective work function. The maximum current density
was observed to be 18.8 mA/cm? at 2.1 V/um electric field
and linear Fowler—Nordheim plot verifies that such field
electron emission characteristics can be mainly caused by
the quantum tunneling effect.
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