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Abstract: We report on the fabrication and characterization of field-effect transistor based on an individual
multiwalled nitrogen-doped carbon nanotube. Our measurements show that the N-doped carbon nanotubes
have n-type properties. The contact properties of the tube and Pt electrodes are also studied in detail.
Temperature dependence of two-terminal transport experiments suggests that transport is dominated by
thermionic emission and tunneling through a 0.2 eV Schottky contact barrier.

Introduction

In recent years, there has been much interest in the investiga-
tion of the electronic properties of carbon nanotubes (CNTs).1

Theoretical work predicted that single-walled carbon nanotubes
(SWCNTs) have semiconducting or metallic properties depend-
ing on their chirality,2-4 suggesting SWCNTs and multiwalled
carbon nanotubes (MWCNTs) as prime candidates for many
applications in nanoelectronics. Thus, the control of the
electronic properties of CNTs is of great technological impor-
tance; for example, doping them with other elements is a
promising way to achieve this goal. Similar to conventional
materials, doped nanotubes are expected to yield nanoscale
devices with interesting properties and functions.5-7 Lee et al.
were the first to study the effect of doping on the conductivity
of bulk samples of SWCNTs. Vapor-phase reaction with Br or
K was found to increase electrical conductivity of SWCNTs
up to a factor of 30 at room temperature.8 These reactions
suggest that the doping is carried out by intercalation, similar
to graphite intercalation compounds. However, this is distinc-
tively different from the substitutional doping, which is inves-
tigated in this article. Boron and/or nitrogen are two of the few
elements that are expected to dope graphitic structures substi-
tutionally and modify the electronic and structural properties.9,10

Boron atoms contain one electron less compared with C;
therefore, the electronic structure contains electronic holes,
responsible for generating a p-type conductor. Wei et al.11

measured the resistivity of an individual B-doped MWCNT and
found reduced room-temperature resistance as compared with
pure C nanotubes and, overall, semiconducting behavior.
Semiconducting properties were also observed by Yu et al.12

through photoluminescence spectra and by Golberg et al.13 in a
modified scanning tunneling microscopy on B-C-N composi-
tions with a significant fraction of BN. Nitrogen atoms, similar
to B atoms, can dope into carbon nanotube and change the
electronic properties of the CNTs. The surface electronic
structure of N-doped MWCNTs has been investigated using
scanning tunneling spectroscopy, which revealed that the doped
tubes have semimetallic properties with vanishing or narrow
band gaps. The observation of two variants of the local density
of states in different areas of the N-doped tubes suggested the
segregation of the dopant into ordered NC3 nanodomains.14

Moreover, the temperature-dependent thermoelectric power of
N-doped carbon nanotube mats has been measured, showing
that such dopant can be used to modify the majority carrier
conductivity.15 Nitrogen, as a donor element, can strongly
modify the electronic behavior and structure of CNTs. Accord-
ing to theoretical calculations, the nitrogen-containing pentagons
can induce strong bending of the nanotubes and affect the
alignment of the CNT lattice, resulting in the creation of donor
states near the Fermi level. This is similar to the doping caused
by “topological” defects, which result in the introduction of
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electronic defect states.16 Electron-rich substitutions in sp2-
bonded graphene lattices could easily lead to “out of plan”
bonding configurations, which may induce curvature and closure
of the system during growth before tubular formation occurs.14

Though many theoretical analysis and experiments have been
devoted to the electronic and thermal properties of N-doped
MWCNTs, there are, to the best of our knowledge, no reports
concerning direct electronic transport measurements of an
individual N-doped nanotube performed at room temperatures
and below. In this article, we introduce nitrogen into the carbon
nanotubes as donor states to the system and study the electronic
properties of the N-doped MWCNTs at different temperatures.

Results and Disscusion

The N-doped MWCNTs (CNx, x e 0.09) used in our
experiments were prepared by chemical vapor deposition.17

Transmission electron microscopy (TEM) observations show
that the average outer diameter is about 50 nm (Figure 1). The
nanotubes were dispersed in chloroform using ultrasonic agita-
tion for 15 min. A drop of the solution was then spread onto a
500-nm-thick thermal oxidized silicon surface with Ti/Au pads
that had already been prepared with the photolithography
method. Pt leads connecting the CNTs to the Ti/Au pads were
fabricated by a probe point extension Focused Ion Beam System
(IDS P2X) using a (CH3C5H4)Pt(CH3)3 carrier gas. Therefore,
we can get a field-effect transistor (FET) device based on an
individual N-doped carbon nanotube. The distance between two
contacting points varied from∼2 to ∼6 µm for the different
patterns (Figure 2). The two terminal resistances was measured
using Keithley 199 multimeter. The temperature-dependence
measurements were carried out in a vacuum at temperatures
ranging from 10 to 300 K. Electronic properties were measured
using a probe station (Wentworth, MP1008) and a semiconduc-
tor parameter analyzer (HP 4140B).

Figure 3a shows a set of typical current versus source-drain
voltage (I-Vd) curves obtained from an individual CNx MWCNT
FET at different gate voltages (Vg) in a vacuum. The conductiv-
ity of the nanotube increases with increasing positiveVg. The
transfer properties of the CNx NT FET have also been examined
(Figure 3b). The current versus gate voltages (I-Vg) for a CNx

NT device recorded at different source-drain voltages are
characteristic of an n-channel metal oxide semiconductor FET.

We attribute this n-type behavior to the nitrogen-doping based
on previous studies of nitrogen-doped materials. The threshold
voltage necessary to completely deplete the nanotube is about
-0.6 V at 5 V bias. The carrier concentration along the nanotube
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Figure 1. TEM image of the N-doped carbon nanotubes.

Figure 2. Scanning electron microscope image of an individual N-doped
carbon nanotube device.

Figure 3. Output (a) and transfer (b) characteristics of an N-doped carbon
nanotube FET in the vacuum.
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of the carriers can be deduced to be 895 cm2/Vs from the slope
dI/dVg ) ∼4.5× 10-7 A/V at Vd ) 0.5 V as determined from
the linear portion of theI-Vg curves. The mobility greatly
exceeds the earlier one reported for semiconducting MWCNTs.18

However, the on/off ratio is less than 100 due to structural and
chemical defects. The electronic properties of N-doped carbon
nanotubes, such as carrier density and mobility, will vary
drastically depending on the doping level since the conductivity
of undoped nanotube is dominated by the lattice. N doping can
enter into the lattice of carbon nanotube and form the covalent
bonding with C (N coordinated to three C atoms in a sp2-like
fashion) and change the lattice structure of nanotubes. The
addition electrons will be injected into the structure, which
induces higher carrier density in N-doped carbon nanotube.
However, it will also introduce many chemical and structural
defects while generating additional electron as a donor element.
Therefore, the carrier density and mobility of nanotubes depend
on the doping level, the number of N atoms, the number of
removed C atoms within the hexagonal sheet, and the defects

in the tube. The electronic properties of nanotube would be also
affected by the diameter of NTs. If we want to observe the
genuine quantum effects in doped CNTs, dopants must be
present in NTs with small diameter (<1-2 nm). Thus far, many
methods have been exploited to synthesize CNx nanotubes, such
as arc discharge method,19 laser ablation,20 chemical vapor
deposition,21 and pyrolysis.22 Despite these efforts, the control
over N content and diameter viability is still beyond reach.

To further understand the energy-band structure in the n-type
CNx NT FET, we investigated the contact condition between
the tube and Pt electrodes. Figure 4 shows a plot of the typical
current versus voltage curve of an individual N-doped nanotube
in a vacuum condition. These devices typically exhibit nonlinear
behavior, which might be induced by Fermi level pinning at
the nanotube Pt electrode interface. When a tube contacts with
Pt electrodes, a Schottky barrier will be formed due to the
different work functions of the tube and Pt. To further explore
the electronic properties of the CNx nanotube device, we
measured theI-V curves as a function of temperature, as shown
in Figure 5. A temperature dependence on the forward and
reverse bias current was observed. An Arrhenius plot of the
conductance is shown (inset), in which the thermionic and
tunneling contributions could be identified.23 The tunneling
current dominated at low temperatures. A clear thermionic
regime was observed in carrier transport at temperatures above
T ) 130 K (Figure 5 inset). Determination of the barrier height
(φb) and barrier width (db) is essential in understanding the
electronic transport properties through the Schottky barrier
junction (SBJ). TheI-V characteristics of devices often deviate
from ideal SBJ behavior. In this case, the generalized diode
equation can be applied:24

whereq is the electronic charge,V is the voltage across the
junction,Isatis the reverse bias saturation current, andn is known

Figure 4. Current-voltage (I-V) characteristic of an N-doped carbon
nanotube in a vacuum at room temperature.

Figure 5. Current voltage characteristics of an N-doped carbon nanotube in a vacuum at different temperatures. Inset: Arrhenius plot of electronic transport
in a vacuum.

I ) Isat[exp(qV/nkT) - 1] (1)
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as the ideality factor.Isat is given by24

whereS is the diode area,A is the Richardson constant, andφb

is the effective barrier height of the junction. Using eq 2, we
constructed a plot of ln(Isat/T2) versus 1/T (Figure 6).

The slope of the plotted data was used to extractφb, yielding
an average value ofφb ) 0.2 eV. The barrier width,db, can be
estimated usingdb ) x2εε0/eNA(WPt-WCNT-kBT/e),25 where
NA is the electron concentration that can be estimated to be equal
to the electron density in the tube,Ne. Electron density is
calculated asNe ) CgVg

t /eL whenCg ) 2πεε0L/ln(h/d),18 Cg is
the capacitance of the tube with respect to the gate,Vg

t is the
gate voltage required to deplete holes in the tubes,ε is the
average dielectric constant of the transistor, andh is the
thickness of the insulating layer between the tube and the gate.
For the CNT FET studied here,Vg

t is determined to be∼-0.6
V using the assumption that electrons are sufficiently depleted.
Using WPt ) 5.7 eV,26 WCNT ) 4.5 eV,26 ε ) 2.5,18 h ) 500
nm, andL ) 3 µm, we estimatedb andNe to be∼50 nm and
∼1.4× 106/cm, respectively. A largedb indicates that the barrier
width cannot be neglected compared with the tube length
between the drain and source. Therefore, the energy band in
the tubes should be bent between the drain and source when no
gate voltage and drain-source bias are applied.25 This is
contrary to the semiclassical band-bending model.26 On the basis

of the above analysis, the band structure of a tube transistor is
determined and presented in Figure 7, in which the energy band
of the tube becomes bent along the tube and where the Fermi
levelEF lies below the conduction band edge of the tube due to
the Fermi level pinning by the metal electrodes.

The Schottky barrier height and width of the Pt electrode
and the tube are greatly influenced by the gate voltage, because
the tube is coupled from the drain and source. By sweepingVg,
the energy band of the tube can be moved up and down.
According to the Derycke and Avouris model,27,28 carrier
transport in the CNT FET is determined by tunneling through
the metal-semiconductor Schottky barrier. The electrostatic field
of the gate can strongly modulate the effective barrier height
and thickness of the metal and CNx nanotube interface. In the
presence of negative gate bias, no current passes through the
higher and thicker Schottky barrier. With positive gate bias,
however, the band bends strongly downward and the barrier
becomes increasingly thinner because of the increased screening.
Hence, the electrons can tunnel easily through the barrier. As a
result, the devices show n-type characteristics FET.

Conclusions

In conclusion, field-effect transistors were fabricated using
an individual multiwalled N-doped carbon nanotube. The
transistors showed a clear n-type behavior and high mobility
(895 cm2/Vs). The Schottky barrier is formed between the
nanotubes and Pt electrodes. The barrier height and barrier width
are about 0.2 eV and 50 nm, respectively. Temperature
dependence of two-terminal transport experiments suggested that
transport was dominated by thermionic emission and tunneling
process over 0.2 eV Schottky contact barrier. As a result, CNTs
doped with N exhibit novel electronic properties that are not
found in their pure carbon counterparts. Therefore, the N-doped
carbon nanotubes would be extremely useful in the development
of field-emission sources, nanoelectronics, sensors, and com-
posite materials in the future.
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Figure 6. Extraction of the Schottky barrier height by a linear fit of the
ln(Isat/T2) versus 1/T plot. The slope of the linear fit is used to determine
the barrier height, and the intercept on theIsat/T2 axis gives the value ofA.

Isat) SAT2 exp(-qφb/kT) (2)

Figure 7. Schematic energy band diagram in the region of the junction
between an N-doped carbon nanotube and the electrodes at different gate
biases.W denotes the barrier thickness for electron injection.Ec, Ec

/ and
EV, EV

/ represent the conduction and valence band energy of nanotube,
respectively. * denotes the effects of gate bias.
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