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Current-voltage characteristics of carbon nanotubes with substitutional nitrogen
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(Received 30 November 2001; revised manuscript received 08 March 2002; published 14 May 2002

We reportab initio analysis of current-voltagel {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. Nonline&#VV characteristics set in at high bias and a negative differential resis-
tance region is observed for the doped tubes. These behaviors can be well understood from the alignment/mis-
alignment 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.
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Carbon nanotubes are either metals or semiconductors de- (iii) For an armchair metallic nanotube, doping with a
pending on their helicity and therefore have the capability ofsingle N impurity slightly reduces the current. Finally, all the
forming an all carbon nanotube-based molecular electronicgonequilibrium transport properties can be understood from
system*?As is the case for conventional semiconductor ma-the electronic structure of the doped carbon nanotube de-
terials, doping a carbon nanotube with other atomic specie¥ices, and a simple physical picture emerges for these de-
provides a means of altering its electronic and transporYices from the point of view of alignment or misalignment of
properties™! On the theoretical investigations of transport the current carrying bands of the leads due to the applied bias
through doped nanotubes, almost all analyses so far haw®ltage.
focused on evaluating equilibrium conductance of doped car- We consider carbon nanotubes doped with one or more
bon nanotubes"’~% under various doping conditions and Nitrogen atoms, in the form of substitution of carbon by ni-
models. A more complete understanding of doped nanotubdogen. We neglect the very small structural relaxation due to
also requires investigations ofionequilibrium transport  the substitutior?. A bias voltageV), is applied across the
properties such as the current-voltageV() characteristics, Nnanotube device, which drives a steady-state current flowing
for which the studies were quite limited to dat@. along the tube axis. The entire system can be viewed as a

In this paper, we present a initio self-consistent analy- device scattering regiofwhere the atom substitution resides
sis of nonequilibrium transport through carbon nanotube§onnected to two nanotube leads>Exactly how nanotubes
doped with atomic nitrogen in the form of substitution. The are doped will depend on various experimental conditions,
nonequilibrium condition is provided by a finite external biasand in this work we focus on the simplest model and the
voltage that drives a steady-state current flow. We note thagualitative physics associated with nonequilibrium transport.
existing investigations on transport through doped nanotube@ur investigation is based on a recently developed self-
were based on tight-binding or continuum models forconsistent first-principles technigifethat combines the
dopant$® here we report nonlinear-V characteristics of Keldysh nonequilibrium Green's function formalisti'®
doped nanotubes from first principles. Nitrogen substitutiodNEGP with a real space self-consistent density-functional
has already attracted theoretical attention for its structuraitheory(DFT).** For details of this method we refer interested
and equilibrium transpdt properties. It is interesting struc- readers to Ref. 12. The transmission coeffici&(E, Vy),
turally because replacing a carbon by a nitrogen in an othewhich is a function of energ¥ and biasVy, is calculated
wise pristine nanotube does not cause substantial structuripm Green’s functions>*? and electric current is obtained
relaxation® It is also interesting transport wise as the substi-as
tution disorder provides elastic scattering centers that alter
the steplike equilibrium conductance of pure nanotuidés. | = E Hm
Our calculation further suggests that nitrogen doping can ~h
have a profound nonlinear influence on the transport proper-
ties of semiconducting nanotubes. Our main results are th&/herewmaymin is the maximum/minimum value of the elec-
following. trochemical potential of the two leads afd is the Fermi

(i) The current flowing through zigzag semiconductingdistribution function.
nanotubes is increased by even a single substitutional nitro- Figure 1 plots transport result for (7,0) zigzag semicon-
gen and, for small radius tubes, the current gap is narrowedlucting nanotubes with and without doping of a single nitro-

(i) For periodic doping ba N atom per unit cell of a gen. The equilibrium result, i.e., transmission coefficient at
semiconducting nanotube, transport becomes metallic anzero biasT(E,V,=0), is plotted versus scattering electron
the I-V curve shows a nonlinear behavior and a negativeenergy in Fig. 1a) (Fermi energy is aE=0, dashed ling
differential resistancéNDR). The changes of (E,V,=0) for pure tubegdotted ling cor-

“AE(f,— ) T(E,Vy), )

Mmin
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FIG. 1. For pure and single N doped (7,0)
nanotubes(a) The equilibrium transmission co-
efficient versus energyb) The band structure of
the lead versus energy wheka is the Bloch
number: solid line is the hybridization band. The
Fermi level is atE=0. (c) Thel-V curves.(d),

(g) Evolution of the total transmission coefficient
T(E,Vp) under increasing bias voltage for pure
tube (dotted ling and single N-doped tubgsolid
line). The transmission coefficient for each con-
ducting band for doped tube are also shov@h (
and>>). (e), (h) Band structures of the left lead
and(f), (i) for the right lead. The bands that con-
tribute to conduction are indicated by symbols
(@ andP>). The states in right lead are raised by
bias voltage. The unit for energy is eV, for bias
voltage is V, and for current igA.

current

0.5 0 1 0 1
TEV,) ka ka

relate perfectly with the corresponding nanotube bandhe presence of impurity, and@(E,V,) becomes nonzero
structuré’ shown in Fig. 1b): T(E,V,=0) jumps in steps of when any bands of left and right leads are aligned. Hence
2 because the bands are doubly degenerate; an excepti®QE,V,) starts to be nonzero for doped tubes 4
being the “hybridization band” shown by the solid lifiEig. ~ ~0.81 V due to the starting of alignment of the left hybrid-
1(b)], which comes from hybridization of graphitic states duejzation band to the right valence band. For the pure tube,
to nanotube curvaturé. T(E,V,=0) with the single nitro-  conduction only starts whev,~1.20 V at which the right
gen substitutior{solid line, Fig. 1a)], while following the \a1ence band starts to align with the left conduction band.
same general trend, is somewhat reduced in value due tpe significance of these results is that current becomes non-
backscattering of electrons by the nitrogen imputtiam- oo atV,~0.81 V for doped tubes while remains zero until
mert et al® showed that dopim a N impurity gives rise to V,~1.20 V for pure tubes, shown by thev curves of Fig.

impu_rity levels having energies within the energy gap of the1(c) Therefore, even a single nitrogen doping has narrowed
semiconductor nanotube. These impurity levels do not align,” " '

with bands of the pristine nanotube leads and therefore dgwe current gap for (7,0) tubes.by a S|gn|f|ca.nt amount, aqd
not contribute to conduction in any appreciable way, i.e., th e can make the same conclusion for other zigzag tubes with

doping does not introduce a resonance transmission at 4Adil 1ess than that of the (9,0) tube because all these small
energy within the gap. More interesting is the result underadil tubes have a h)igmdlzatmn band withpoint lower than
nonequilibrium condition, shown in Figs(d) and Xg). Fig- that of their* band.® The conclusion also has implications
ure Xd) plots T(E,Vp,=1.14) versusE in range GKE<V, 0N the magnitudes of current and transmission coefficients
[according to Eq(1), only the bands inside this range can T(E,Vp). For example, atv,~1.63 V [Fig. 1(g)], both
contribute to conductiop For pure tubel (E,V,=1.14)=0, doped and pure (7,0) tubes are conducting. However, for
but for doped tubd (E,V,=1.14)#0 and it appears differ- doped tubes both the left* and hybridization bands con-
ent as compared to the equilibrium result. This behavior catribute to transport, while only ther* contributes for the

be understood qualitatively from the point of view of band pure tubes. For doped tubes the individual transmission
alignment of the nanotube leads. Xg (applied to the right through the hybridization bandriangles and thew* band
lead is increased from zero, the bands in the right Igaid.  (solid circleg are also shown fov,=1.63 V[Fig. 1(g)]: the
1(f)] are shifted upwards by amouxf, relative to those of contribution from thez* band is only slightly smaller than
the left lead® [Fig. 1(e)]. Therefore, atV,=1.14 V, the the total transmission through the pure tultetted ling.
valence band of the right lead aligin energy with the  This is why current and total transmissidE,V,) take
hybridization band of the left lead, aAdE,V,) is nonzero larger values for the doped tubjgsg. 1(c)]. Finally, we have

for doped tubes while is still zero for pure tubes. For a purechecked numerically that the individual channel transmission
tube, T(E,V,) becomes nonzero only when th& band of ~(vv,), wherev, ,=(1/)(JE/JK) is the group velocity of
left lead (conduction band, not the hybridization band left (right) lead (the slope of the band® a result that is
aligned with therr band of right leadvalence bang because consistent with the well known Fisher-Lee relationsHip.
these bands have the same rotational symmietfy® How- Next we consider (7,0) tubes periodically doped with a
ever, atvV,=1.14 V, these bands have not been aligned yetpitrogen atom per nanotube unit cell, the results shown in
thereforeT(E,V}) remains zero at this voltage. For doped Fig. 2. At equilibrium, i.e.,V,=0, there are three bands
tubes, on the other hand, rotational symmetry is broken bgrossingEr so thatT(E;,V,=0)=3 indicating a metallic
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T(E,V,=0) ka v,
0 2 4 6 0 1 2 -2 0 2
- +—s disorder ‘ 160
s order 1 30 E
1o 3
/ 4 -30 FIG. 2. For periodic N-doped (7,0) nano-
1 260 tubes. In(a),(c),(d),(g), the solid line is for peri-
= = odic doping but with one N atom located at a
| £ () disordered position; the dotted line is for perfect
N # L - L
J periodic doping.(a) The equilibrium conduc-
B right lead tance;(b) the band structure of the leatt) the
1-V curve;(d), (g) the evolution of total transmis-
L P:f . sion coefficientT(E,Vy); and(e), (h), (f), (i) are
N & (') for band structures of the left and right leads.
L yf Units are the same as in Fig. 1.
right lead
V,=1.63 / N
1 1 2 0 1 2 3
T(EV,) ka ka

behavior[Fig. 2(a)]. One of the bands that cuE:, labeled duces equilibrium transmission coefficieM{E,V,=0) as

by N, is derived primarily from the nitrogen atomic state andcompared with that of periodic doping. In nonequilibrium
this band is roughly half filledsee Fig. 2b)]. Again, the situation (under a finite bias shown in Fig. 2c), for V,
steplikeT(E ,Vp,=0) curve[Fig. 2(a)] can be perfectly cor- <1.3 V the disorder reduces current where the main con-
related with the band structure. Since each band is nondegeguction comes from the N band that is metallic. This reduc-
erate,T(E,V,=0) increases in steps of one unit. Figéd)2  tion of current is consistent with the reduction of transmis-
and 2g) (dotted ling show nonequilibrium results of sjon coefficientT(E,V,=1.14) of Fig. 2d) (solid ling). On
T(E,Vp) for V,=1.14 Vand 1.63 V, respectively. A% IS he other hand, fon/,>1.3 V, the disorder slightly in-
increased from zero to 0.74 Vapplied to the right lead  ¢1ea5es the current, similar to that happens in semiconduct-
currentl increases from zero to maximum value because th'f"ng nanotubes. where the main conduction comes from the
band edge of the right N band is raised to align with e fther bands. I;wdeed, as shown in Figg)2 T(E,V,=1.63)

of the_ left lead, and the overlap betwe_e_n the_ N bands of le solid line) is reduced for N band but increased for the other
and right leads becomes maximum giving rise to the maxi-

mum current,” shown in thel-V curve of Fig. Z). When bagisa'sc ssed above, we expect the transport results ob-
V}, increases furthel, starts to decrease a little, because the . Iscu Ve, We exp P uits o
tained from (7,0) nanotubes to hold for other small radii

2(e)], NDR therefore appears. Whaf, increase to 1.16 V, zigzag t_ubes, and we confirmed this expectation by explici_t
the N-band edge of left lead aligns with tEe of right lead, calculations on doped (8,Q) nanotubes: Furthermore, w_hat is
and the overlap of the N bands starts to decreases, as a resfi¢ ffect of nitrogen doping on metallic nanotubes? Figure
the current decreases further. Although there are some oth&fc) shows a lineaf-V curve for (10,10) armchair nanotubes
bands(box, solid diamond, and solid circles, see Figh)2 With or without doping, as expected for metallic tudé3he

and Zi) that can contribute to conduction, they cannot com-equilibrium transmissiofT (E,V,=0) is shown in Fig. &)
pensate for the loss of conduction due to the misalignment dogether with the band structuf&ig. 3(b)], and they are
the N bands. The overall result is thiatakes a minimum consistent with known resulfsin particular, tubes with one
value atV,~1.48 V. This way, largely by the alignment or substitutional nitrogen have two dips T(E,V,=0), which
misalignment of the N bands of the leads, NDR occurs in theare due to resonant backscattering by quasibound defect
doped nanotubes as shown by th¥& curve of Fig. Zc).  states as investigated beféré&igures 3d) and 3g) show
Finally, whenV,, is increased to-1.63 V, the contribution nonequilibriumT(E,V,) in the range of &CE<V,, for V,

of these other bands becomes larger and current increase).76 V and 1.09 V, respectively, for pristine tubiestted
after the NDR. line) and with single N impurity(solid line). Up to V,

The above results of periodic doping are somewhat al=0.76 V, there are onlyr, =* bands inside the window
tered by disorder. As a simplest model, we investigated thetmax— tmin [S€€ Eq(1) and Figs. 8e), 3(f)] which contrib-
effect by shifting position of one of the N impurities to a new ute to current. The total nonequilibrium transmission
position that is 51.43° along the nanotube circumferencd (E,V,=0.76), Fig. d), for the pure tube is therefore 2,
from the periodic N-impurity line. Such a disorder lowers theand it is less than 2 for the N doped tubes due to backscatter-
symmetry of periodically doped tubes. As shown in Fi@2 ing. The symbols give transmission coefficientzof and =
(solid line), the disorder introduces backscattering that re-band separately for the doped tube and they are reduced from
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current

FIG. 3. For pure and single N-doped metallic

= - 7 ; & (10,10) tubes(a) The equilibrium conductance;
05 . @ Yoo @O ignt ¢ @ (b) the band structure of the lead;) the I-V
w ® V076 lead # % curves;(d), (g) the evolution of the total trans-
*r left % mission coefficient (E,V,); and (e), (h), (f), (i)
» lead bé $ 3 .
0 ‘ - / ‘ for band structures of the left and right leads.
3 % -k r? r Units are the same as in Fig. 1.
- (@ g Ao
w5 - f' _ ‘C,’Q :‘ L
. V,=1.09 left  y 4
» lead b4
0 ] » ) b
0 1 2 1 2 1 2 3
T(EVy) ka ka

unity away fromE=0. The backscattering reduces the cur-ing of rotational symmetry by the impurity which allows
rent, as shown by thé-V curve [Fig. 3(c)]. When V,  current to be carried from the hybridization band to the
>0.76 V, higher nanotube bands of the left lead start tdband of the two nanotube leads. Periodical substitution
align with that of the right lead. For a perfect nanotube thesenakes zigzag semiconducting tubes metallic, while the band
higher bands cannot conduct with* and 7 bands due to alignment and dispersion effects induce a NDR in the non-
different rotational symmetr§> They do contribute to cur- [inearI-V curve. For an armchair metallic nanotube, doping
rent for doped tubes because the rotational symmetry is brQgith a single impurity reduces current due to elastic back-
ken by the impurity. For example, at,=1.09 V the tri-  gcattering. These results show that breaking the symmetry by
angles in Fig. &) indicate transmission between the higher;mnrities can raise the current flow for semiconducting
band of the left leadindicated by triangles in Fig.B)] and  heg and reduce current for metallic tubes. In this regard, we

thes* () band of the right leafiFig. 3(i)]. However, while o6 that symmetry breaking can be achieved by different
the current reducing dueta N doping in(10,10 tubes is  neans, in addition to impurity doping, other effects including
small (~2% atV,=1.09 V),zlglrge_r effectis found for (4,4) - gyryctural imperfection, surrounding one nanotube by other
tubes (~9% atV,=1.09 V)™ This is reasonable since in y,nes?3 or applying a gate voltage, can lower the symmetry
the (4,4) tube, the impurity density is higher providing more ot 4 nanotube device thereby influencing its charge transport

scattering. _ _ _ _ properties.
To summarize, we have investigated nonequilibrium

transport properties of nitrogen doped carbon nanotubes us- We gratefully acknowledge financial support from the
ing ab initio techniques in the model of substitutional dop- Natural Science and Engineering Research Council of
ing. The doped zigzag nanotubes show interesting, an@anada and le Fonds pour la Formation de Chercheurs et
somewhat surprising, result that even a single atom substitdAide a la Recherche de la Province du @ee. C.C.K.

tion has increased the current flow and, for small radii tubeswould like to thank A. McFee McGill Foundation for finan-
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