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Current-carrying capacity of carbon nanotubes
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The current carrying capacity of ballistic electrons in carbon nanotubes that are coupled to ideal contacts is
analyzed. At small applied voltages, electrons are injected only into crossing subbands, the differential con-
ductance is 4e2/h. At applied voltages larger thanDENC/2e (DENC is the energy level spacing of first
noncrossing subbands!, electrons are injected into noncrossing subbands. The contribution of these electrons to
current is determined by the competing processes of Bragg reflection and Zener-type intersubband tunneling. In
small diameter nanotubes, Bragg reflection dominates, and the maximum differential conductance is compa-
rable to 4e2/h. Intersubband Zener tunneling can be non-negligible as the nanotube diameter increases, be-
causeDENC is inversely proportional to the diameter. As a result, with increasing nanotube diameter, the
differential conductance becomes larger than 4e2/h, though not comparable to the large number of subbands
into which electrons are injected from the contacts. These results may be relevant to recent experiments in
large diameter multiwall nanotubes that observed conductances larger than 4e2/h.
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INTRODUCTION

Most experimental1–3 and theoretical work of electron
transport in individual nanotubes deals with single w
nanotubes~SWNT!. In these experiments, the spacing b
tween subbands is typically larger than the applied volt
and thermal energy kT. Recent experiments4–6 on multiwall
nanotubes~MWNT! are fundamentally different in that th
subband spacing is comparable to the applied voltage
only a few times larger than the room temperature kT. I
further believed that transport in these experiments prima
takes place along individual layers, with little interlayer co
pling. From the viewpoint of molecular electronics, the re
tively small low bias resistance of 500V in multiwall nano-
tube wires reported in Ref. 6 is very promising. In additio
Ref. 4 found that the increase in differential conductan
with applied voltage was not commensurate with the
crease in number of subbands in large diameter nanotu
On the theoretical side, Ref. 7 found long tails in the scre
ing properties of metallic nanotubes. Motivated by the abo
work, we study the ballistic current carrying capacity of ele
trons injected into a nanotube by including the noncross
subbands.

CENTRAL IDEA AND BASIC PROCESSES INVOLVED

The central idea of this paper is that an applied bias ac
the nanotube results in atransport bottleneckdue to Bragg
reflection. This results in a smaller than expected increas
differential conductance with an increase in applied bias

In a defect-free nanotube connected to ideal conta
there are three possibilities for an electron injected from
left contact~Fig. 1!: ~i! Direct transmission, where an ele
tron is transmitted in the injected subband~solid line of Fig.
1!, ~ii ! Bragg reflection, which occurs when the wave vec
~k! of an injected electron evolves to a value where the
locity in subbandn, vn(k)5(1/\)@dEn(k)/dk#50 ~subband
extrema!. In Fig. 1, an electron injected from the left conta
into a noncrossing subband undergoes Bragg reflection a
PRB 620163-1829/2000/62~8!/4837~4!/$15.00
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location of the arrow~dotted line!, and ~iii ! intersubband
Zener-type tunneling, which involves tunneling between s
bands induced by an electric field. The spacing between n
crossing subbands (DENC of Fig. 1! decreases inversely with
increase in nanotube diameter (D), DENC}1/D. So, we sur-
mise that Zener tunneling becomes more important in de
mining the I-V curve with an increase in nanotube diamet
The relative importance of these three phenomena dep
on the energy, potential profile, and nanotube diameter
discussed in this paper.

METHOD

The current is computed using the Landauer-Buttiker f
mula,

I 5E dE T~E!@ f L~E!2 f R~E!#, ~1!

FIG. 1. Each rectangular box is a plot of energy versus w
vector, with the subband bottom equal to the electrostatic poten
Only a few subbands are shown for the sake of clarity. The th
processes shown are direct transmission~solid line!, Bragg reflec-
tion ~dotted line!, and intersubband Zener tunneling~dashed line!.
R4837 ©2000 The American Physical Society
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whereT(E) is the total transmission~single particle trans-
mission probability summed over all subbands!, and f L(E)
and f R(E) are the Fermi factors in the left (mL) and right
(mR) contacts, respectively. We calculate the total transm
sion within the context of thep-orbital approximation,
where the hopping parameter is assumed to be 3.1 V.
method to calculate the total transmission is the same a
Ref. 8. The calculation of the I-V curve requires the poten
drop across the nanotube. The potential drop should in p
ciple be determined by the self-consistent solution of Po
son’s equation and the nonequilibrium electron density. T
is a difficult problem for nanostructures. So, to convey
essential physics illustrating the role of Zener tunneling,
assume analytical profiles to simulate different values of
electric field, as discussed below. Finally, the nanotube
assumed to be coupled to ideal contacts, which means s
infinite nanotube leads. So, a work function mismatch
tween the nanotube and real contacts, and the accompan
electrostatics is neglected.

RESULTS

The total transmission~and hence current! is determined
by two physical parameters:

~i! DENC , the energy level spacing between the first no
crossing subbands~Fig. 1!. DENC depends on diameter, an
for a (N,N) nanotube,

DENC52t0 sinS p

ND , ~2!

wheret0 is the hopping parameter between nearest neigh
carbon atoms. At applied voltages smaller thanDENC/2e,
there is net injection of electrons only into the two cross
subbands. When the applied voltage is larger thanDENC/2e,
electrons are injected into the noncrossing subbands.
electrons injected into the noncrossing subbands can in p
ciple contribute to the current only if final states into whi
they can be transmitted are available. As can be seen f
Fig. 1, whenVa>DENC /e, electrons incident into the firs
noncrossing subband below the band center~in the left con-
tact! can tunnel into states of the first noncrossing subb
above the band center~in the right contact!. DENC /e is the
equivalent of the barrier height for this tunneling process

~ii ! The length over which an applied bias drops. Th
corresponds to the barrier length@the distance across whic
an electron should tunnel to reach a right moving state~Fig.
1!# for electrons injected into the first noncrossing subba

As DENC varies with diameter, we consider nanotub
with diameters varying from 6.8 to 27.2 Å. They are the~5,5!
@3.64 eV#, ~10,10! @1.92 eV#, ~13,13! @1.48 eV#, ~16,16! @1.22
eV# and ~20,20! @0.98 eV# nanotubes (DENC is given in the
square brackets!. The barrier length~and so the electric field!
is varied by considering the potential to drop linearly in se
tions that are 10, 30, and 60 Å long. We have also calcula
the effect of Zener tunneling by taking the applied poten
(Va) to drop across the nanotube as,

V~x!5
Va

2 H 11
11eLt/Lsc

eLt/Lsc2e2 Lt/Lsc
e2 x/Lsc

2
11e2 Lt/Lsc

eLt/Lsc2e2 Lt/Lsc
ex/LscJ , ~3!
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whereLt is the length of the nanotube, and a typical value
Lt52500 Å.Lsc is a parameter that determines the nature
the voltage drop andx is the nanotube axis.Lsc.L corre-
sponds to a linear voltage drop.Lsc,L corresponds to a
scenario with large potential drops near the left and ri
ends, and a flat potential in between. As a result, for
applied voltage, the maximum electric field is smaller wh
Eq. ~3! is used instead of a linear potential drop. With t
potential profile in Eq.~3!, while there is a change in th
form of transmission versus energy, the essential physics
mains unchanged.

The results for the 60 Å case is discussed first. At appl
voltages smaller thanDENC/2e, there is net injection of elec
trons only into the two crossing subbands. As a result,
I-V curve is linear, with the differential conductance equal
4e2/h ~Fig. 2!. This is true more or less independent of t
distance over which the voltage drops. ForVa.DENC/2e,
electrons are injected into the higher subbands. Yet the m
mum differential conductance in Fig. 2~a! is approximately
4e2/h. This is because electrons injected in the noncross
subbands are primarily reflected, and so do not carry an
preciable current. To see this more clearly, consider the c
of Va52.5 V, where electrons are injected from the left in
twenty subbands. In Fig. 3, we show that for the 60 Å ca
all noncrossing subbands~solid and dotted lines! are almost
fully Bragg reflected, and the crossing subbands are fu
transmitted. Hence, the maximum differential conductance
Fig. 2~a! is approximately equal to 4e2/h. Alternately, elec-
trons incident in thenoncrossingsubbands have to traverse
spatial region with only thecrossingsubbands, before tun
neling into the right contact. Hence, in the absence of s
nificant intersubband tunneling, they are reflected. The ab
picture changes at voltages above 3.1 V, which correspo
to a subband extrema of the crossing subbands. WhenVa
.3.1 V, there is almost no increase in current with appl
voltage, in the voltage regime considered. This regime
explained by using a~20,20! nanotube atVa53.5 V ~Fig.
4!. When Va53.5 V, electrons are injected into thirty-fiv
subbands from the left contact atE52Va . However, in a
small energy range near

FIG. 2. Current versus applied voltage for three different leng
across which the applied voltage drops,~a! 60 Å, ~b! 30 Å, and~b!
10 Å. The results for tubes with five different diameters are sho
Zener tunneling is negligible in~a!. For a given nanotube, the im
portance of Zener tunneling increases with an increase in the e
tric field strength, as in~b! and~c!. For a given applied voltage, th
importance of Zener tunneling increases with an increase in na
tube diameter.
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E50 and2Va , the total transmission is approximately on
This is because electrons injected into one of the two cro
ing subbands nearE50 are Bragg reflected~at E50, only
one of the two crossing subbands has a right moving sta
the right contact!. Similarly, nearE5mL , only one crossing
subband has a right moving state at the left contact. In
tween these energy windows with unity total transmissi
both crossing subbands are transmitted. The electrons
jected into the noncrossing subbands are almost fully Br
reflected, as discussed in the case ofVa52.5 V. Upon in-
creasing the applied voltage, the energy ranges whe
single crossing subband carries current broadens, and
central energy range in between where both crossing
bands carry current~Fig. 3! becomes narrower. The curren
which is approximately the integral of the area under
curve betweenE50 and2Va does not increase much wit
further applied voltage, as shown in Fig. 2. The explanat
for the other nanotubes in Fig. 2~a! is no different except tha
the larger value of the barrier heightDENC makes Bragg
reflection only more important when compared to the~20,20!
nanotube.

The I-V characteristics in Fig. 2~a! are primarily deter-
mined by the crossing subbands because all other subb

FIG. 3. The left and right columns are the nanotube band structure c
to the left and right contacts, respectively. The central column is the t
transmission versus energy for three different lengths~60, 30, and 10 Å!
over which the voltage drops. The current~Fig. 2! is the integral of the total
transmission frommR to mL . The Zener tunneling probability is negligibl
for the noncrossing subbands in the case ofL560 Å. For L530 and 10 Å,
the opening and closing of a transmission window due to the first noncr
ing subband~solid line marked NC1! is seen. ForL510 Å, the opening and
closing of a transmission window due to the second noncrossing sub
~dotted line marked NC2! is also seen.Va52.5 V.

FIG. 4. The total transmission versus energy forVa53.5 V. The total
transmission is equal to one in energy ranges near the band centers
left and right contacts, where crossing subbands are absent at either th
or right ends. The total transmission in between is approximately two,
responding to the transmission of both crossing subbands.
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are almost completely Bragg reflected. This picture chan
when intersubband Zener tunneling or defect induced in
subband scattering are non-negligible. To elucidate their
fect on the I-V curve, we study their effects independent

Zener tunneling, in principle, begins to occur whenVa
5DENC /e ~Fig. 1!. At this voltage, electrons incident in th
first noncrossing subband belowE50 ~in the left contact! are
able to tunnel into states of the first noncrossing subb
above E50 ~in the right contact!, as shown in Fig. 1.
DENC /e, which is the barrier height, decreases invers
with an increase in nanotube diameter@the diameter is di-
rectly proportional toN for a (N,N) nanotube#, DENC}1/N
@Eq. ~1!#. So, we expect Zener tunneling to become mo
important with an increase in nanotube diameter. Figu
2~b! and 2~c! show that the calculated I-V deviates signi
cantly from Fig. 2~a! as a result of intersubband Zener tu
neling. The main points are that Zener tunneling and he
deviation of current from Fig. 2~a! increases,~i! at smaller
applied voltages, as the nanotube diameter increases an
corresponding barrier height decreases@Figs. 2~b! and 2~c!#,
and~ii ! with increasing electric field@Figs. 2~a!–2~c!# as the
distance over which an electron has to tunnel is smaller
plot of the total transmission versus energy throws furt
light on the physics involved. When the bias drops over
Å, the opening and closing of a transmission window due
the first noncrossing subband~solid line marked NC1! is at
energies of about 0.5 and 2.0 eV, respectively. These e
gies correspond toDENC/2 below ~0.5 eV! and above~2.0
eV! the nanotube band centers near the left and right c
tacts, respectively. In the case ofL510 Å, the opening and
closing of a second transmission window due to the sec
noncrossing subband~dotted line marked NC2! at energies
of about 1 and 1.5 eV, respectively, is seen. Also, the tra
mission probability of NC1 is larger in comparison to the
Å case because of the smaller barrier length. While the
ferential conductance atVa52.5 V is not comparable to the
twenty injected subbands, the contribution to current due
Zener tunneling cannot be neglected.

Franket. al. reported a constant conductance for appl
voltages smaller than an estimate ofDENC /e for their large
diameter nanotubes, and a modest increase in conduct
with applied bias for larger applied voltages.4 This increase
in conductance did not reflect the large increase in the n
ber of subbands with bias. The transport bottleneck discus
in this paper offers a possible physical mechanism that qu
tatively explains the small increase in conductance with
plied voltage in Ref. 4.

Finally, we discuss the role of defect assisted inters
band scattering. From a physical viewpoint, Bragg reflect
is weakened because defect scattering produces a non
probability for an electron incident in a noncrossing subba
to reach the right contact, by scattering into right movi
states of other subbands. To model defects, we follow s
tion III A of Ref. 8, where the on-site potential is varie
randomly. We consider a 2500 Å long nanotube section w
defects, and the applied voltage drops linearly. So, Ze
tunneling is not important here, and all intersubband tunn
ing is defect induced. The I-V curve is shown for two diffe
ent strengths of defect scattering in Fig. 5. The numbers
the legend correspond toe random of Ref. 8, of which a larger
value corresponds to larger defect scattering. In Fig. 5
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voltages, only the crossing subbands determine the phy
Hence, the reflection of electrons in the crossing subba
causes a diminished current and differential conductanc
comparison to the defect-free case. At higher applied v
ages, the differential conductance is larger than in the def
free case because the noncrossing subbands are pa
transmitted. Transmission of electrons incident in the n
crossing subbands is illustrated in the inset of Fig. 5, wh
is a plot of total transmission versus energy with and with
defect scattering (e random50.25 eV) at Va54 V, for
2Va,E,0. Defect scattering enhances the total transm
sion nearE50 and2Va to values larger than in the defec
free case. Thus, showing that electrons injected in the cr
ing subbands are transmitted in noncrossing subbands a
right end~inset of Fig. 5!.

While both Zener tunneling and defect scattering enha
the differential conductance at large applied voltages,
following features differentiate them. At biases smaller th
DENC /e, defects cause a reduction in current in comparis
to the Zener tunneling case, which continues to yield a c
ductance of 4e2/h. At biases larger thanDENC /e, electrons

FIG. 5. Current versus applied voltage for a~10,10! nanotube in
the presence of defects. ForVa,3.1 V, the differential conduc-
tance decreases with increase in the defect scattering strength
Va.3.1 V the differential conductance with defects is larger th
the defect-free case. This is because intersubband scattering
channels for transport involving the noncrossing subbands.
strength of defect scattering increases with an increase ine random.
Inset: Total transmission versus energy with and without de
scattering, whenVa54 V. Note that in comparison to the defec
free case, the total transmission is larger than one in energy
dows near 0 and2Va .
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are injected into many subbands. The differential cond
tance in the case of Zener tunneling is larger than 4e2/h.
Defect scattering alone, on the other hand, produces a di
ential conductance that is smaller than 4e2/h. This is be-
cause electrons incident in thenoncrossingsubbands have to
traverse a spatial region where only thecrossingsubbands
are present, before being transmitted to the right contact

In conclusion, we have investigated the current carry
capacity of carbon nanotubes by including transport throu
noncrossing subbands. This study considered ballistic tra
port and neglected electron-phonon interaction.9 We showed
that due to the unique band structure of carbon nanotu
Bragg reflection of electrons incident in the noncrossing s
bands is an important mechanism for the reduction of diff
ential conductance. The differential conductance of na
tubes will be diameter dependent from purely ballis
processes due to competition between Bragg reflection
Zener-type intersubband tunneling. The importance of Ze
tunneling was studied by varying both the nanotube diam
and the length over which the voltage drops. The bar
height for Zener tunneling is equal to the intersubband
ergy level spacingDENC of Fig. 1, which decreases in
versely with an increase in nanotube diameter. As a con
quence, for small diameter nanotubes, the differen
conductance cannot be larger than 4e2/h for voltages smaller
than 3.1 V, and is close to zero at larger applied voltag
Zener tunneling becomes more important with increas
nanotube diameter becauseDENC} 1/Diameter. Also, Zener
tunneling is stronger when the voltage drops across a sm
length. We show that, for increasing nanotube diameter,
noncrossing subbands carry current in certain energy w
dows ~Fig. 3!. As a result, the differential conductance
biases larger thanDENC /e is larger than 4e2/h ~Fig. 2!. It
should be emphasized that the differential conductance
however, not comparable to the large number of subba
into which electrons are injected from the contacts. The r
of defect scattering in the absence of Zener tunneling is a
discussed. It is shown that at biases smaller than 3.1 V,
fect scattering leads to a differential conductance tha
smaller than 4e2/h. For biases larger than 3.1 V, defec
increase the differential conductance when compared to
defect-free case.
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