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Carbon nanotubes (CNTs) were implanted with thermally decomposed oxygen (O+
2 ) and nitrogen

(N+
2 ) ions at an acceleration voltage of 20 V. With a low dose of oxygen ions, the CNT-FET exhibited

p-type behaviors with substantial changes in threshold voltage and in the slope of the source–
drain current (Isd). However, at high dosages, the device exhibited metallic behaviors. After nitrogen
doping, we did not observe the effects of electron doping. Instead, nitrogen doping significantly
increased Isd with no gating effect. Our theoretical results showed that the metallic behavior of
nitrogen-doped CNTs arose from the impurity conduction band, which results from the overlapping
wave function of the nitrogen impurity.
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1. INTRODUCTION

Continuously improving device performance in the silicon
industry has been largely achieved by downsizing device
dimensions. However, this approach will soon meet sci-
entific and technical limitations. CNTs are attractive as a
solution to the forthcoming fabrication barrier. They are
about 1 nm in diameter, a few micrometers in length, and
are attractive semiconducting materials with a band gap of
0.5–1.0 eV, high mobility and large current carrying capa-
bility, and a direct band gap.1–4

However, CNTs have shown p-type behavior in air due
to the adsorption of oxygen onto the metal-CNT junction.5

In addition, although the implantation of electron carri-
ers into the CNT-FET is essential to fabricating comple-
mentary metal-oxide semiconductor (CMOS) circuits, it
has been achieved only with certain approaches, such as
the use of alkali metals, polymers, and low work func-
tion metals like Ca.6–8 Some doping techniques have been
adapted to enhance the electrical conductivity of CNT
networks.9�10 However, these techniques raise issues of sta-
bility and processability. For instance, potassium may not
sustain in the chemicals used for micro-processes and air
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operation.6 In addition, control of the doping concentration
is not feasible in some methods.8

Ion implantation is used for Si devices, since it allows
a precise control of carrier concentration and doping area.
However, the use of ion beams in the MeV range may not
be suitable for nanostructures like CNTs. Therefore, we
used a low acceleration voltage of around 20 V with Ar,
O2, and N2 gases. These gases were decomposed using a
W hot filament and then accelerated toward the CNTs. The
degree of doping was monitored in-situ with gas pressure,
ion current, and exposure time.
We observed that at low doping concentrations, oxygen

contributed to p-type behavior of the CNT-FET, whereas at
high doping concentrations, it gave rise to metallic behav-
ior. Under nitrogen irradiation, on the other hand, no dis-
tinctive n-type characteristics were observed at low ion
dosages, whereas at high ion dosages strong metallic char-
acteristics were seen with a significant increase in the
source–drain current (Ids) of five orders of magnitude. Our
calculations suggest that such a large increase in Ids was
presumably caused by the formation of metallic channels
through the impurity conduction band.

2. EXPERIMENTAL DETAILS

We grew CNTs using water-plasma chemical vapor
deposition (CVD).11 For selective growth between the
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source–drain electrodes, catalyst particles were mixed with
e-beam resist, spin coated on Si substrate, and selectively
removed using e-beam lithography. The oxide thickness on
the Si substrate was about 500 nm. The CVD-grown CNTs
were mostly single-walled with a diameter of 2–3 nm.
Ti/Au electrodes were deposited onto the CNTs using a
thermal evaporator. Prior to doping, the I–V characteris-
tics of each CNT-FET were examined in air and then in a
vacuum system at a base pressure of about 1× 10−7 torr.
Electrical feedthroughs allowed us to monitor the effect
of in-situ doping. Before exposing the CNTs to energetic
ions, degassing of the sample was performed using a W
filament. A filament temperature of about 3000 �C was
measured using an optical pyrometer. Radiation from the
W filament caused the substrate temperature to increase
to approximately 150–200 �C for the 30 minute degassing
process. After releasing the gas adsorbates from the CNT-
FET, Ids was measured at room temperature using Keithley
236 and 237 source-measure units.
Argon, oxygen, and nitrogen gases with purities of

99.999% were introduced into the chamber for doping,
then thermally cracked using a W filament, and accel-
erated under 20 volts between the W filament and the
substrate. During the process, the chamber pressure was
4.0×10−5 torr. First, Ar ion bombardment was employed
to remove impurities and catalyst particles, and to enhance
the doping by creating defect sites on the CNT. Then,
oxygen and nitrogen were introduced into the vacuum sys-
tem. During doping, the ion dosage was monitored by
detecting the ion current at the substrate. The CNT-FET
was characterized every few minutes at room temperature
and at the base pressure of the vacuum system. Finally,
the environmental stability of the device was examined
in air.
To understand the effect of nitrogen gas, first-principles

electronic structure calculations were carried out based on
density functional theory.12 Wave functions were expanded
in the pseudo-atomic orbital basis set implemented in
the OpenMX package. We employed norm-conserving
Troullier–Martins pseudopotentials.13 For the exchange–
correlation term, the Ceperley–Alder type local density
approximation was employed, and the energy cutoff for
real space mesh points was 130 Ry.14 The semiconducting
(8,0) CNT was chosen with a N2 substitutional impurity.
We chose two model structures with periodic boundary
conditions. The supercell size in the lateral direction
was 20 Å to avoid interactions between the neighboring
CNTs, and the sizes in the axial direction were 17.04
and 34.08 Å for high and low doping, respectively. The
atomic positions were relaxed until the forces on the
atoms were reduced to 0.05 eV/Å. This clearly shows that
the band structure and the Fermi level can be modified
depending on the doping concentration of substitutional N2

dimers.

3. RESULTS AND DISCUSSION

Figure 1(a) shows CNT networks and catalyst particles
from a CNT-FET with a 10 �m source–drain electrode
gap. In a vacuum, the device exhibits p-type behavior
(Fig. 1(b)) with an on/off ratio of about 10 that indi-
cates the existence of metallic tubes in the channel. After
measuring the I–V curves, the devices were degassed at
150–200 �C for 30 minutes and characterized again at
room temperature under vacuum. Figure 1(c) shows that
Isd increased significantly under a positive gate bias, agree-
able with n-type behavior of degassed CNTs in a vacuum
system.15 Yet, metallic tubes undermine the gate bias effect
in our case.
We conducted Ar ion bombardment on the FET at

a beam current of 0.13 �A, corresponding to 1.9 ×
1012 ions/sec-cm2. We examined the I–V characteristics of
the transistor at room temperature at intervals of 5 min-
utes. Figure 1(d) shows the I–V curves obtained after
30 minutes of exposure, which are not different from those
acquired at 5 minutes (not shown). After 30 minute expo-
sure, the on/off ratio of the device jumped from 10 to
about 1000. The improved on/off ratio is not because of
the increase in the on-current at negative bias, but because
of the suppression of the off-current at positive gate bias.
Therefore, the enhanced device properties may have been
responsible for the deterioration of the electrical conduc-
tivity of the metallic nanotubes.
Figure 1(e) shows the morphology of CNT networks

exposed to Ar ions for 30 minutes. The catalyst parti-
cles between the electrodes were clearly removed. This
shows that our results were not influenced by impuri-
ties. Although some tubes were found to be truncated due
to energetic ions (indicated by arrows), the CNTs main-
tained networks between the electrodes. The generation of
defects by low energy Ar ions can be seen using elec-
tron energy loss spectroscopy (EELS) (Fig. 1(f)). A �
plasmon peak at 5 eV was attributed to unexposed CNTs
that disappeared after Ar ion irradiation. In addition, the
overall curve slightly shifted toward lower energies. The
shift in the � plasmon implies the growth of non-sp2 car-
bon contents in the graphene layers.16 As can be seen in
Figure 1(e), Ar ions kicked out catalyst particles, e-beam
resist, gas adsorbates, and even host carbon atoms. Nev-
ertheless, since it restored the uni-polarity and range of
CNT-FETs observed in air, Ar ion cleaning was employed
as a preliminary step for oxygen and nitrogen doping.
To introduce hole carriers to the CNTs, we irradi-

ated a p-type CNT-FET with an on/off ratio of about
100 (Fig. 2(a)) at a doping rate of 2× 1012 ions/cm2

oxygen ions per second. Figure 2(b) displays the progres-
sive changes of the I–V curves measured during the dop-
ing. Isd was obtained at a source–drain bias (Vsd) of 3 V.
The CNT-FET that showed p-type behavior initially exhib-
ited a dramatic drop in Isd at a negative gate bias after 3
and 6 minutes, while no substantial change was seen in
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Fig. 1. (a) SEM image of CNT networks between source–drain electrodes. I–V curves of CNT-FET obtained (b) in vacuum, (c) after degassing, and
(d) after Ar ion bombardment for 30 minutes. (e) SEM image of CNT networks after exposure to Ar ions for 30 minutes. (f) Electron energy loss
spectroscopy before and after Ar ion bombardment.

the positive polarity. Together with the current drop, both
the slope of the Isd curves and the threshold voltage after 3
and 6 minutes changed substantially compared to those of
the pristine sample. In previous study, the slope increase
of Isd curves was observed as a CNT-FET was exposed
to O2, whereas no shift of threshold voltage was seen.15

This implicated undoping of CNTs. Therefore, it was sup-
posed that the gas adsorbates changed the work function

of metal such that Fermi level may line up at the top
of valance band of CNTs. As a consequence, the Schot-
tky barrier height at the interface became more favorable
for hole conduction.15�17�18 This also applies in a present
study. The significant decrease of Isd slope may reflect the
interfacial barrier change due to incoming molecular oxy-
gen. However, in addition to the slope change, a notice-
able increase of threshold voltage concurrently occurred.
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Fig. 2. I–V curves measured (a) before, and (b) during oxygen ion bombardment. Raman spectra of CNTs obtained (c) before, and (d) after oxygen
ion bombardment. The insets show the G-band with Fano line fit at 1545 cm−1. The wavelength of the laser was 514.4 nm.

Our circumstance is somewhat different from transport
study in ambient air. Thermal dissociation of oxygen gen-
erated mostly O+

2 ions. Although oxygen molecules did
not dope the CNTs, there were abundant O+

2 ions that were
more chemically reactive and kinetically energetic than
molecular oxygen due to the acceleration voltage. There-
fore, it is possible that O+

2 ions would dope the CNTs
through adsorption, interstitial, and vacancy defects.19 Evi-
dence of CNT doping can be seen in Figure 2(b). The
increase in threshold voltage after 3 and 6 minutes could
be interpreted from the increasing concentration of hole
carriers. More evidently, p-type behavior disappeared after
9 minutes with considerable Isd, even at zero Vgs, indicating
heavy doping of the CNTs. Further exposure contributed
to a gradual increase in Isd, but the current saturated at
30 minutes (Fig. 2(b)). These results led us to conclude
that at low oxygen dosages, the variation in Schottky bar-
rier height caused by O+

2 ions and/or O2 dominated the
transport properties, whereas at higher dosages, the bulk
doping by O+

2 ions overwhelmed the band-bending at the
CNT-metal junction.
After exposing the CNT-FET to oxygen ions, the CNT

networks between the source and drain were character-
ized using Raman spectra. Figures 2(c) and (d) present the
D- and G-bands of the CNT networks before and after

doping. The G-band near 1600 cm−1 comprised six peaks:
four from semiconducting tubes, and two from metallic
tubes.20 The peak at 1545 cm−1 was designated as a Fano
line, which has an intensity associated with the num-
ber of metallic tubes in the ensemble. The G-band near
1600 cm−1 (Fig. 2(c)) became broader after oxygen dop-
ing (Fig. 2(d)). A comparative study of the underlying area
of the Fano line at 1545 cm−1 in the G-band between the
insets of 2(c) and (d) revealed an increase of 5% after
oxygen ion bombardment. This indicates that the metallic-
ity of the CNT networks was enhanced by oxygen dop-
ing, which is consistent with the metallic behaviors seen
in the I–V curves in Figure 2(b). It is also important to
note that oxygen exposure increased the intensity of the
D-band at 1333 cm−1 (Fig. 2(d)) and gave rise to a new
peak at 1411 cm−1 which was composed of sp2 and sp3

carbon structures.21 When we brought the FET into air,
the I–V curves showed no noticeable changes in device
performance.
Following Ar ion cleaning, nitrogen gas was utilized as

an n-doping agent. The dosage of N+
2 ion was about 1.9×

1012 ions/sec-cm2. Figure 3(a) shows the Isd of a CNT-FET
at a Vsd of 3 V as a function of exposure time. The FET
showed an on/off ratio of about 20 before N2 ion bom-
bardment. An exposure for 5 minutes resulted in a slight
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Fig. 3. I–V characteristics measured after nitrogen ion bombardment in (a) a vacuum. (b) Wave functions of the N2-doped (8,0) CNT, and
(c) associated band structures at a low dosage (left panel) and a high dosage (right panel). The Fermi level was set to zero. (d) I–V characteristics
measured in air after nitrogen ion bombardment.

increase in Isd, although the increase was more noticeable
at a positive gate bias. It may not be clear whether the
uneven increase of Isd can signify possible n-type dop-
ing by nitrogen gases because of the low on/off ratio of
the CNT-FET. However, following exposures of 10 and
15 minutes, it became more obvious that an increased N+

2

ion dosage endowed the CNTs with stronger metallicity.
As a consequence, Isd grew 100,000 times to a few mA
after 15 minutes of exposure. Together with an immense
current increase, more noticeable growth of Isd at positive
gate bias leads us to conclude that N+

2 ions doped CNT
with n-type carriers, which is not be agreeable with the
case of ammonia.22

Using first-principles calculations, we investigated the
electronic structure of an N2-doped (8,0) CNT. For the
calculation, we choose two model structures with the peri-
odicities of 17.04 Å (a heavily-doped case) and 34.08 Å
(a lightly-doped case) in the axial direction. By the
geometry optimization, the N–N bond length becomes
1.50 Å. Figure 3(b) shows the wave functions of an N2-
doped (8,0) CNT. States A and D are the conduction band

minimum and the valence band maximum, respectively.
States B and C are localized N2 defect states within the
band gap. In Figure 3(c), the lightly-doped CNT exhibits
the upshift of the Fermi level by ∼0.3 eV (left panel)
and the n-type behavior. Here, the two flat bands (local-
ized states) come from substitutional N2 defect states. This
could explain the larger increase of Isd at positive gate
in Figure 3(a). At a high doping rate, the CNT exhib-
ited metallic properties due to the overlap of the wave
function of the N2 impurity, which produces two new
dispersive bands (States B′ and C′) near the Fermi level
(right panel of Fig. 3(c)). The metallic property of CNTs
after 10 minute exposure in Figure 2(a) can be appreci-
ated from impurity conduction band by substitutional N2

dimers.
After doping, the device was brought into air for the

stability test, and was characterized at the same Vsd. As
seen in Figure 3(d), our transistor failed to preserve the
large current gain in air. After 24 hours, Isd returned to its
level before nitrogen doping. This is probably due to the
ambient oxygen and water in air that take up charges from
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the CNTs. It also indicates the weak binding of N+
2 ions

on the CNT surface.

4. CONCLUSIONS

In this study, we created defects using Ar ions and
implanted CNTs with oxygen and nitrogen ions at a low
acceleration voltage. At low dosages, oxygen ions affected
the I–V characteristics of the CNT-FET by substantially
changing the threshold voltage and slope of Isd. However,
at high dosages, the CNT-FET exhibited metallic behav-
iors. Under nitrogen ion irradiation, we did not observe
electron doping of the CNTs at low dosages, but saw a
significant increase in Isd of five orders of magnitude at
high dosages. Our theoretical calculations showed that the
immense increase in Isd was due to the impurity con-
duction band from substitutional N2 dimers. Our results
showed that oxygen and nitrogen doping affected the
increase in the electrical conductivity of the CNT network
by removing metal-semiconductor barriers.
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