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Current-voltage characteristics of carbon nanotubes with substitutional nitrogen
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We report ab initio analysis of current-voltage (I-V) characteristics of carbon nanotubes with nitrogen
substitution doping. For zigzag semiconducting tubes, doping with a single N impurity increases current flow
and, for small radii tubes, narrows the current gap. Doping a N impurity per nanotube unit cell generates a
metallic transport behavior. Nonlinear I-V characteristics set in at high bias and a negative differential resistance region is observed for the doped tubes. These behaviors can be well understood from the alignment/misalignment of the current carrying bands in the nanotube leads due to the applied bias voltage. For a armchair
metallic nanotube, a reduction of current is observed with substitutional doping due to elastic backscattering by
the impurity.
DOI: 10.1103/PhysRevB.65.205416

PACS number共s兲: 72.80.Rj, 73.22.⫺f, 73.61.Wp, 73.63.Rt

Carbon nanotubes are either metals or semiconductors depending on their helicity and therefore have the capability of
forming an all carbon nanotube-based molecular electronics
system.1,2 As is the case for conventional semiconductor materials, doping a carbon nanotube with other atomic species
provides a means of altering its electronic and transport
properties.3–11 On the theoretical investigations of transport
through doped nanotubes, almost all analyses so far have
focused on evaluating equilibrium conductance of doped carbon nanotubes3,4,7–10 under various doping conditions and
models. A more complete understanding of doped nanotubes
also requires investigations of nonequilibrium transport
properties such as the current-voltage (I-V) characteristics,
for which the studies were quite limited to date.5,6
In this paper, we present an ab initio self-consistent analysis of nonequilibrium transport through carbon nanotubes
doped with atomic nitrogen in the form of substitution. The
nonequilibrium condition is provided by a finite external bias
voltage that drives a steady-state current flow. We note that
existing investigations on transport through doped nanotubes
were based on tight-binding or continuum models for
dopants,5,6 here we report nonlinear I-V characteristics of
doped nanotubes from first principles. Nitrogen substitution
has already attracted theoretical attention for its structural3
and equilibrium transport4,8 properties. It is interesting structurally because replacing a carbon by a nitrogen in an otherwise pristine nanotube does not cause substantial structural
relaxation.3 It is also interesting transport wise as the substitution disorder provides elastic scattering centers that alter
the steplike equilibrium conductance of pure nanotubes.4,10
Our calculation further suggests that nitrogen doping can
have a profound nonlinear influence on the transport properties of semiconducting nanotubes. Our main results are the
following.
共i兲 The current flowing through zigzag semiconducting
nanotubes is increased by even a single substitutional nitrogen and, for small radius tubes, the current gap is narrowed.
共ii兲 For periodic doping of a N atom per unit cell of a
semiconducting nanotube, transport becomes metallic and
the I-V curve shows a nonlinear behavior and a negative
differential resistance 共NDR兲.
0163-1829/2002/65共20兲/205416共5兲/$20.00

共iii兲 For an armchair metallic nanotube, doping with a
single N impurity slightly reduces the current. Finally, all the
nonequilibrium transport properties can be understood from
the electronic structure of the doped carbon nanotube devices, and a simple physical picture emerges for these devices from the point of view of alignment or misalignment of
the current carrying bands of the leads due to the applied bias
voltage.
We consider carbon nanotubes doped with one or more
nitrogen atoms, in the form of substitution of carbon by nitrogen. We neglect the very small structural relaxation due to
the substitution.3 A bias voltage V b is applied across the
nanotube device, which drives a steady-state current flowing
along the tube axis. The entire system can be viewed as a
device scattering region 共where the atom substitution resides兲
connected to two nanotube leads.12,13 Exactly how nanotubes
are doped will depend on various experimental conditions,
and in this work we focus on the simplest model and the
qualitative physics associated with nonequilibrium transport.
Our investigation is based on a recently developed selfconsistent first-principles technique12 that combines the
Keldysh nonequilibrium Green’s function formalism14 –16
共NEGF兲 with a real space self-consistent density-functional
theory 共DFT兲.13 For details of this method we refer interested
readers to Ref. 12. The transmission coefficient T(E,V b ),
which is a function of energy E and bias V b , is calculated
from Green’s functions,15,12 and electric current is obtained
as
I⫽

2e
h

冕

 max

 min

dE 共 f l ⫺ f r 兲 T 共 E,V b 兲 ,

共1兲

where  max/min is the maximum/minimum value of the electrochemical potential of the two leads and f l,r is the Fermi
distribution function.
Figure 1 plots transport result for (7,0) zigzag semiconducting nanotubes with and without doping of a single nitrogen. The equilibrium result, i.e., transmission coefficient at
zero bias T(E,V b ⫽0), is plotted versus scattering electron
energy in Fig. 1共a兲 共Fermi energy is at E F ⫽0, dashed line兲.
The changes of T(E,V b ⫽0) for pure tubes 共dotted line兲 cor-
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FIG. 1. For pure and single N doped (7,0)
nanotubes. 共a兲 The equilibrium transmission coefficient versus energy. 共b兲 The band structure of
the lead versus energy where ka is the Bloch
number: solid line is the hybridization band. The
Fermi level is at E F ⫽0. 共c兲 The I-V curves. 共d兲,
共g兲 Evolution of the total transmission coefficient
T(E,V b ) under increasing bias voltage for pure
tube 共dotted line兲 and single N-doped tube 共solid
line兲. The transmission coefficient for each conducting band for doped tube are also shown (䊉
and 䉯). 共e兲, 共h兲 Band structures of the left lead
and 共f兲, 共i兲 for the right lead. The bands that contribute to conduction are indicated by symbols
(䊉 and 䉯). The states in right lead are raised by
bias voltage. The unit for energy is eV, for bias
voltage is V, and for current is  A.

relate perfectly with the corresponding nanotube band
structure17 shown in Fig. 1共b兲: T(E,V b ⫽0) jumps in steps of
2 because the bands are doubly degenerate; an exception
being the ‘‘hybridization band’’ shown by the solid line 关Fig.
1共b兲兴, which comes from hybridization of graphitic states due
to nanotube curvature.18 T(E,V b ⫽0) with the single nitrogen substitution 关solid line, Fig. 1共a兲兴, while following the
same general trend, is somewhat reduced in value due to
backscattering of electrons by the nitrogen impurity.10 Lammert et al.8 showed that doping a N impurity gives rise to
impurity levels having energies within the energy gap of the
semiconductor nanotube. These impurity levels do not align
with bands of the pristine nanotube leads and therefore do
not contribute to conduction in any appreciable way, i.e., the
doping does not introduce a resonance transmission at an
energy within the gap. More interesting is the result under
nonequilibrium condition, shown in Figs. 1共d兲 and 1共g兲. Figure 1共d兲 plots T(E,V b ⫽1.14) versus E in range 0⬍E⬍V b
关according to Eq. 共1兲, only the bands inside this range can
contribute to conduction兴. For pure tube T(E,V b ⫽1.14)⫽0,
but for doped tube T(E,V b ⫽1.14)⫽0 and it appears different as compared to the equilibrium result. This behavior can
be understood qualitatively from the point of view of band
alignment of the nanotube leads. As V b 共applied to the right
lead兲 is increased from zero, the bands in the right lead 关Fig.
1共f兲兴 are shifted upwards by amount V b relative to those of
the left lead5,6 关Fig. 1共e兲兴. Therefore, at V b ⫽1.14 V, the
valence band of the right lead align 共in energy兲 with the
hybridization band of the left lead, and T(E ,V b ) is nonzero
for doped tubes while is still zero for pure tubes. For a pure
tube, T(E ,V b ) becomes nonzero only when the  * band of
left lead 共conduction band, not the hybridization band兲 is
aligned with the  band of right lead 共valence band兲, because
these bands have the same rotational symmetry.2,5,6,19 However, at V b ⫽1.14 V, these bands have not been aligned yet,
therefore T(E ,V b ) remains zero at this voltage. For doped
tubes, on the other hand, rotational symmetry is broken by

the presence of impurity, and T(E ,V b ) becomes nonzero
when any bands of left and right leads are aligned. Hence
T(E ,V b ) starts to be nonzero for doped tubes at V b
⬇0.81 V due to the starting of alignment of the left hybridization band to the right valence band. For the pure tube,
conduction only starts when V b ⬇1.20 V at which the right
valence band starts to align with the left conduction band.
The significance of these results is that current becomes nonzero at V b ⬇0.81 V for doped tubes while remains zero until
V b ⬇1.20 V for pure tubes, shown by the I-V curves of Fig.
1共c兲. Therefore, even a single nitrogen doping has narrowed
the current gap for (7,0) tubes by a significant amount, and
we can make the same conclusion for other zigzag tubes with
radii less than that of the (9,0) tube because all these small
radii tubes have a hybridization band with ⌫ point lower than
that of their  * band.18 The conclusion also has implications
on the magnitudes of current and transmission coefficients
T(E ,V b ). For example, at V b ⬇1.63 V 关Fig. 1共g兲兴, both
doped and pure (7,0) tubes are conducting. However, for
doped tubes both the left  * and hybridization bands contribute to transport, while only the  * contributes for the
pure tubes. For doped tubes the individual transmission
through the hybridization band 共triangles兲 and the  * band
共solid circles兲 are also shown for V b ⫽1.63 V 关Fig. 1共g兲兴: the
contribution from the  * band is only slightly smaller than
the total transmission through the pure tube 共dotted line兲.
This is why current and total transmission T(E ,V b ) take
larger values for the doped tubes 关Fig. 1共c兲兴. Finally, we have
checked numerically that the individual channel transmission
⬃( v l v r ), where v l,r ⫽(1/ប)(  E/  k) is the group velocity of
left 共right兲 lead 共the slope of the band兲,20 a result that is
consistent with the well known Fisher-Lee relationship.21
Next we consider (7,0) tubes periodically doped with a
nitrogen atom per nanotube unit cell, the results shown in
Fig. 2. At equilibrium, i.e., V b ⫽0, there are three bands
crossing E F so that T(E f ,V b ⫽0)⫽3 indicating a metallic
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FIG. 2. For periodic N-doped (7,0) nanotubes. In 共a兲,共c兲,共d兲,共g兲, the solid line is for periodic doping but with one N atom located at a
disordered position; the dotted line is for perfect
periodic doping. 共a兲 The equilibrium conductance; 共b兲 the band structure of the lead; 共c兲 the
I-V curve; 共d兲, 共g兲 the evolution of total transmission coefficient T(E,V b ); and 共e兲, 共h兲, 共f兲, 共i兲 are
for band structures of the left and right leads.
Units are the same as in Fig. 1.

behavior 关Fig. 2共a兲兴. One of the bands that cuts E F , labeled
by N, is derived primarily from the nitrogen atomic state and
this band is roughly half filled 关see Fig. 2共b兲兴. Again, the
steplike T(E ,V b ⫽0) curve 关Fig. 2共a兲兴 can be perfectly correlated with the band structure. Since each band is nondegenerate, T(E ,V b ⫽0) increases in steps of one unit. Figs. 2共d兲
and 2共g兲 共dotted line兲 show nonequilibrium results of
T(E,V b ) for V b ⫽1.14 V and 1.63 V, respectively. As V b is
increased from zero to 0.74 V 共applied to the right lead兲,
current I increases from zero to maximum value because the
band edge of the right N band is raised to align with the E F
of the left lead, and the overlap between the N bands of left
and right leads becomes maximum giving rise to the maximum current,5,6 shown in the I-V curve of Fig. 2共c兲. When
V b increases further, I starts to decrease a little, because the
slope of the left N band decreases at large energies 关see Fig.
2共e兲兴, NDR therefore appears. When V b increase to 1.16 V,
the N-band edge of left lead aligns with the E F of right lead,
and the overlap of the N bands starts to decreases, as a result
the current decreases further. Although there are some other
bands 共box, solid diamond, and solid circles, see Fig. 2共h兲
and 2共i兲 that can contribute to conduction, they cannot compensate for the loss of conduction due to the misalignment of
the N bands. The overall result is that I takes a minimum
value at V b ⬇1.48 V. This way, largely by the alignment or
misalignment of the N bands of the leads, NDR occurs in the
doped nanotubes as shown by the I-V curve of Fig. 2共c兲.
Finally, when V b is increased to ⬃1.63 V, the contribution
of these other bands becomes larger and current increases
after the NDR.
The above results of periodic doping are somewhat altered by disorder. As a simplest model, we investigated the
effect by shifting position of one of the N impurities to a new
position that is 51.43° along the nanotube circumference
from the periodic N-impurity line. Such a disorder lowers the
symmetry of periodically doped tubes. As shown in Fig. 2共a兲
共solid line兲, the disorder introduces backscattering that re-

duces equilibrium transmission coefficient T(E,V b ⫽0) as
compared with that of periodic doping. In nonequilibrium
situation 共under a finite bias兲, shown in Fig. 2共c兲, for V b
⬍1.3 V the disorder reduces current where the main conduction comes from the N band that is metallic. This reduction of current is consistent with the reduction of transmission coefficient T(E,V b ⫽1.14) of Fig. 2共d兲 共solid line兲. On
the other hand, for V b ⬎1.3 V, the disorder slightly increases the current, similar to that happens in semiconducting nanotubes, where the main conduction comes from the
other bands. Indeed, as shown in Fig. 2共g兲, T(E,V b ⫽1.63)
共solid line兲 is reduced for N band but increased for the other
bands.
As discussed above, we expect the transport results obtained from (7,0) nanotubes to hold for other small radii
zigzag tubes, and we confirmed this expectation by explicit
calculations on doped (8,0) nanotubes. Furthermore, what is
the effect of nitrogen doping on metallic nanotubes? Figure
3共c兲 shows a linear I-V curve for (10,10) armchair nanotubes
with or without doping, as expected for metallic tubes.12 The
equilibrium transmission T(E,V b ⫽0) is shown in Fig. 3共a兲
together with the band structure 关Fig. 3共b兲兴, and they are
consistent with known results.4 In particular, tubes with one
substitutional nitrogen have two dips in T(E,V b ⫽0), which
are due to resonant backscattering by quasibound defect
states as investigated before.4 Figures 3共d兲 and 3共g兲 show
nonequilibrium T(E,V b ) in the range of 0⬍E⬍V b for V b
⫽0.76 V and 1.09 V, respectively, for pristine tubes 共dotted
line兲 and with single N impurity 共solid line兲. Up to V b
⫽0.76 V, there are only  ,  * bands inside the window
 max ⫺  min 关see Eq. 共1兲 and Figs. 3共e兲, 3共f兲兴 which contribute to current. The total nonequilibrium transmission
T(E,V b ⫽0.76), Fig. 3共d兲, for the pure tube is therefore 2,
and it is less than 2 for the N doped tubes due to backscattering. The symbols give transmission coefficient of  * and 
band separately for the doped tube and they are reduced from
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FIG. 3. For pure and single N-doped metallic
(10,10) tubes. 共a兲 The equilibrium conductance;
共b兲 the band structure of the lead; 共c兲 the I-V
curves; 共d兲, 共g兲 the evolution of the total transmission coefficient T(E,V b ); and 共e兲, 共h兲, 共f兲, 共i兲
for band structures of the left and right leads.
Units are the same as in Fig. 1.

unity away from E⫽0. The backscattering reduces the current, as shown by the I-V curve 关Fig. 3共c兲兴. When V b
⬎0.76 V, higher nanotube bands of the left lead start to
align with that of the right lead. For a perfect nanotube these
higher bands cannot conduct with  * and  bands due to
different rotational symmetry.2,5 They do contribute to current for doped tubes because the rotational symmetry is broken by the impurity. For example, at V b ⫽1.09 V the triangles in Fig. 3共g兲 indicate transmission between the higher
band of the left lead 关indicated by triangles in Fig. 3共h兲兴 and
the  * (  ) band of the right lead 关Fig. 3共i兲兴. However, while
the current reducing due to a N doping in 共10,10兲 tubes is
small (⬃2% at V b ⫽1.09 V), larger effect is found for (4,4)
tubes (⬃9% at V b ⫽1.09 V).22 This is reasonable since in
the (4,4) tube, the impurity density is higher providing more
scattering.
To summarize, we have investigated nonequilibrium
transport properties of nitrogen doped carbon nanotubes using ab initio techniques in the model of substitutional doping. The doped zigzag nanotubes show interesting, and
somewhat surprising, result that even a single atom substitution has increased the current flow and, for small radii tubes,
narrowed the current gap. The physical reason is the break-
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l’Aide à la Recherche de la Province du Québec. C.C.K.
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