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We have investigated the fundamental transport characteristics in carbon nanotubes (CNTs) in order
to realize a high-frequency device. In the present analysis, the electron and hole densities are excited
at each lead and propagate as a wave from the left contact to the right contact in the CNTs. First,
we applied Green’s-function method formulation to CNTs with arbitrary chirality. We then
calculated the basic conductive characteristics in the CNTs. In the metallic and intrinsic CNTs, the
assumption of a linearly varying potential distribution is valid because the electron and hole
densities satisfy the charge neutrality condition, and their distributions become uniform. We
evaluated the /-V characteristics of semiconductive and metallic CNTs. Based on the obtained
results, we can control the differential conductance from a negative value to a value of several times
the conductance quantum by means of chirality, Fermi level, and bias voltage. We evaluated the
GV/I-V characteristics of the zigzag CNT and found that when the group velocity of a mode with
a real wave vector is comparable to that of another mode, GV/I takes a maximum at V, which
corresponds to the transition between these modes. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2169877]

I. INTRODUCTION

Recently, several types of analytical methods for quan-
tum transport in carbon nanotubes (CNTs) have been studied.
Tamura and Tsukada reported a tight-binding method for
conductance calculation of nanotube junctions.1 Ando et al.
evaluated the effective-mass theory for CNTs and showed
that the conductance is quantized into integer multiples of
the conductance quantum e/ 7h.> Anantram showed that the
differential conductance of CNTs is related to the bias volt-
age applied to the CNT and the CNT diameter.” Triozon ef
al. showed a method for discriminating defects in a CNT by
evaluating the Fermi-level-dependent transport.4 Latil et al.
derived the mean free path in CNTs and the conductance by
combining first-principles methods to tight-binding ap-
proaches and took into account the chemical nature of
impulrities.5 We have studied the basic conductive character-
istics in CNTs using a transfer-matrix (TM) method.® Based
on these results, we have previously proposed a ferrite device
that acts as a filter in the terahertz frequency domain. In
order to evaluate the basic conductive characteristics of
CNTs more precisely, we herein report an application of
Green’s-function method (GFM).

For the one-dimensional case, Green’s-function method
has been successfully applied to the analysis of quantum
devices.” Chibotaru et al. treated the GFM for CNTs and
showed that the self-energy matrix has the dimension of the
number of contacted carbon atoms in one lead.® Anantram ez
al. discussed the physics of a CNT side contacted to metal by
using the GFM.’ In order to analyze CNTs, each of which is
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connected to two leads, we will extend the methods applied
to the analysis of quantum transport in semiconductors. '
Since our GFM formulation is applicable to CNTs with arbi-
trary chirality, even those with carbon atom vacancies, we
can evaluate not only metallic CNTs but also semiconductive
and insulating CNTs. In addition, since the proposed method
can be used to evaluate not only current but also electron and
hole densities in CNTs, we can solve Green’s function and
the Poisson equation simultaneously. This GFM can be ex-
tended further to

(1) evaluate alternating current and
(2) evaluate interactions between electronic waves and the
electromagnetic field,

in the analysis of quantum transport phenomena in CNTs.

As a first step, in Sec. II, we derive equations of elec-
tronic transport in CNTs. Next, in Sec. III, we formulate the
retarded Green’s function. In Sec. IV, we apply the formula
to the analysis of quantum transport in CNTs. In the present
study, we focus on

(1) the electron and hole density distributions for a metallic
and intrinsic CNT with (6, 0) chirality,

(2) the multimode effect and evanescent electronic waves in
a semiconductive CNT with (16, 0) chirality,

(3) transitions between the modes in the (16, 0) CNT and
the corresponding experimental data,"!

(4) comparison of the present findings with the experimental
-V characteristics' ' in a CNT with (14, 0) chirality, and

(5) the multimode effect and evanescent electronic waves in
a metallic CNT with (18, 18) chirality.

Our conclusions are summarized in the final section of the
study.

© 2006 American Institute of Physics
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FIG. 1. Schematic models of the CNTs viewed as coaxially rolled graphite
sheets under a biased condition. The left and right CUCs correspond to
zigzag and armchair CNTs, respectively.

Il. EQUATIONS OF ELECTRONIC TRANSPORT IN
CNTs

Starting from the Schrodinger equation for the wave
function | W) of an electron in a CNT, which is expressed as

A|W) = E[¥), (1)

Fig. 1 shows a schematic model of a CNT with two leads
under an applied bias voltage V,. The CNT consists of N
+1 CNT unit cells (CUCs), a lead connected to the left end
of a CNT that consists of N; CUCs, and a lead connected to
the right end of a CNT that consists of N CUCs. The CUC
of each CNT has 4n carbon atoms. In particular, an (n,0)
nanotube is called a zigzag nanotube and an (n,n) nanotube
is called an armchair nanotube.® The left and right enlarge-
ments in Fig. 1 correspond to the zigzag and armchair CNTs
(n=3), respectively. Blase et al. showed that 7"-¢" hybrid-
ization can occur in small nanotubes which change the elec-
tronic band structure from that obtained by simply folding
the graphite sheet band structure.'” On the other hand, our
formalism assumes a 7r-orbital approximation, which applies
only to tubes with a sufficient radius. The (3, 0) CNT is
considered only for illustration of our theory, while this
theory actually applies to tubes with a larger radius. In Fig. 1,
the wave function |W) is expanded as

J. Appl. Phys. 99, 034307 (2006)

N+Np 4n

wy= > 2<ej,k|q,>|ej,k>? ()

j==Np k=1
with the tight-binding basis,
{|ej,k>’ j=—NL,...,N+NR, k=1,2,...,4l’l}. (3)

Now, we consider the on-site energy E; at the kth carbon
atom in jth CUC, and hopping energies 7y, y;, namely,

<ej,k|1:]|ej’,k’>
Ej (j’k)=(j,’k,)
v (j,k) and (j',k") are nearest neighbors
vy (j,k) and (j',k") are the third-nearest neighbors

0 otherwise,
“4)

where 7y, is 2.31 eV. We consider the third-nearest neighbors,
73, to avoid a matrix singularity, which will be discussed
later. The curved arrows that point toward “V” represent
nearest-neighbor interactions, whereas the straight arrows
represent the third-nearest-neighbor interactions. Taking the
inner products of (1) and (3), we obtain the Schrodinger
equation for the zigzag CNT,

H  7mp 0 ||y U
'y Hp Tor || ¥ |=E| ¥ |, (5)
0 tTDR Hy || ¥r Uy

where ‘1, , and 7, represent the transposed matrices of 7,
and 7pp, respectively, and the matrices H;, Hp, Hg, 71, and
Tpr are defined as

Hy, V 0

H . t. )

L 'V Hy V
0 'V H,
Hy V 0
'V H V

HD_ . .. ) (6)
| 0 'V Hy
Hy V 0
'V Hy V

Hgp= .N ’
| 0 'V Hy

0 0
TLD=|:V }, TDR=|:V }, (7)

where the matrix 7, has N; rows and (N+1) columns, and
the matrix 7pg has (N+1) rows and Ng columns. The matri-
ces H; and V of the zigzag CNT are defined as
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H;y Vig 0 0
H;= ’ , V= . (8)
’ Vint Hj,l Vmut 0
Ej Y Y1
Y Eon 0
n E v
Hjy= L : (%)
i Ej n
0 v E i N
e v Ej |
2y O O O O O
0O 7m 0 29 0 2%
v 0 0 2y¢ 0O 0 O
"L 2y 0y 0 2y
0O 0 0 0 2¢9p O
| 0 2% 0 2y 0y
- . (9b)
n 0 2y 0 2y 0
0 2y 0 O O O
2y 0 v 0 2y O
Vit =
0O 0 0 2935 0 O
2y 0 29 0 5y O
0O 0 0 0 0 2y
¥, ¥p, and Yy are the wave functions, which are defined as
‘/’—NL ',[fo ¢N+1
Uy [1/N%)
Y= . Yp= M Y= : . (10)
Yy : :
¥, Uy ¢N+NR
Wi
Win
Yis
b4
bis
Y6
di=| 0 = (e,
g
Uis
Yo
Y10
Yin
i i J
Jj==N,,—N;.+1,...N+Ng, k=12,...,12. (11)

Similarly, we can easily obtain Schrodinger equations for the
armchair or chiral CNTs.

Formulations of characteristic equations

The wave function is expanded in the plane wave (PW)
basis as

J. Appl. Phys. 99, 034307 (2006)

6

Y= (KPT'+ NERY),
i=1

j=.nm 10, k=12,..12, (12)

at the left lead, where T’X is the amplitude of waves propa-
gating from left to right, and Rl* is that of waves propagating
in the opposite direction. We deﬁne Ki© as P, whose waves
propagate from left to right, and N\ is ;. whose waves
propagate in the opposite direction, where k=1, 2,...,12, i,
=1, 2,...,6, that is, the impinging and outgoing waves at the
interface between the left electrode and the CNT. In the left
lead, making use of the periodic nature or Bloch’s theorem,
we can relate the amplitudes of the waves with wave vectors

k’f (i,=1,2,...,6) as follows:
T' = MSTY, (13a)
Tl = ST, (13b)
Rix = e SRiy, (14a)
Rir= e* SR, (14b)

where S is the length of a CUC along the CNT. At the left
lead, using Eq. (13) and (14) and the following conditions:

Ty = i) (15a)
Rix=0, (15b)
9, j Kronecker’'sdelta (j=-1,0,1 j,=12,...,6).

A characteristic equation of the plane wave with wave vec-
tors k" can be obtained as follows:

[—vim EI—HOQT{ Vou 0 M'ﬂ
0 = Vinut HO,I_EI Vint K;ét

i
it K/{
=e kS| (16a)
Kg
X iX
K] K7
s s
I P N
1 1
KAX = i | Ké‘ = i | (16b)
Ky Kio
K KT
Kg K

where [ is the identity matrix. Similarly, we can obtain the
characteristic equations at the right lead.

lll. FORMULATIONS OF THE RETARDED GREEN’S
FUNCTIONS

To evaluate the waves excited from the left and right
leads, we make use of the retarded Green’s functions defined
from Eq. (5) as

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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G, Gp O
Gpr Gp Gpr
(E+inl-H, - Tip 0 -
= -7 (E+in)l-Hp — TDR )
0 - "Trr (E+in)l-Hg

(17)

where Gp, G, and Gy, are the retarded Green’s functions in
the CNT, the left and right leads, respectively, G;p, Gpy,
Gpg, and Gpp are the retarded Green’s functions at the
boundaries of the CNT and the leads, and # is the imaginary
part of the energy, which is a positive infinite decimal. From
Eq. (17), eliminating G;, Gg, G1p, Gpr, Gpg, and Ggp, we
obtain

Gp=[(E+iml-Hp-3,-3x]™", (18)
where

3. ="7p81 D (19)

g =[E+inI-H]". (20)

3, is referred to as the “self-energy,” which represents the
influence of the left lead to the CNT. Now, we let g; be

8-N,-N;,  8-N-N,+1 8-N, -1
8-N,+1,-N, 8-N,+1,-N,+1 8-N,+1,-1
L™ L L™ L L™
8L= . . 5 (21)
8-1-N, 8-1,-N;+1 8-1.-1
811 8j1yr2 8j.13".12
8j2:' 1 822 8j.2:5".12
8jj'= : : ’
812,71 8j12;7 2 8j,12;5",12
.
Js] :—NL,—NL+],"',—]. (22)

Then, from Egs. (7), (19), (21), and (22), we obtain

> =[ V‘g‘i‘vlo} (23)

- 0o |o

For the zigzag CNT, 'Vg_, |V is expressed as

7%8 %,7 0 7%8 %,9 0 7’%8 % n O
0 0 0 0 0 0

%8%,7 0 7’%&’%,9 0 %85,11 0 0
’Vg_l’_1V= 0 0 0 0 0 0
Y5, 0 nehe 0 ¥k, 0
0 0 0 0 0 0

0 0

(24)

Equation (24) means that 3, can be expressed in terms of
only nine equilibrium Green’s functions gtk,(k,k’:7,9,11)
for n=3. We can obtain 3 in a similar manner. For armchair

J. Appl. Phys. 99, 034307 (2006)

and chiral CNTs, we can obtain similar equations by follow-
ing the above derivation.

Two equilibrium Green’s functions g; and g are evalu-
ated as the limits when Ny and N; go to infinity. For the
one-dimensional case, the equilibrium Green’s function can
simply be calculated in semi-infinite electrodes at both ends
of the device.” For CNT models, on the other hand, it is
difficult to express the equilibrium Green’s function in a
simple form. Therefore, we use the following procedure.

(1) Transform the wave functions on the tight-binding (TB)
basis into the corresponding wave functions on the PW
basis.

(2) Find solutions to the PWs in semi-infinite electrodes at
both ends of the device, at which the periodic nature of
electrodes in thermal equilibrium can be exploited.

(3) Inverse transform the wave functions on the PW basis
into those on the TB basis.

Then, from Egs. (5), (12), (13a), and (14a), the equation
for the plane waves propagating to one direction with real
wave vectors should satisfy the following equation:

Egy="VU,PLU; thy + Hothy + Vi . (25)

In Eq. (25), P is the following matrix comprised of the
factors e =exp(—iky*S)(i,=1,2,...,n):

ert 0
0
Pi=
o e (26)

L o o]

where 7, is the number of plane waves propagating in one
direction along with the real wave vectors, and U, is the
following unitary matrix that is comprised of the character-
istic vectors of the characteristic equation, Eq. (16a):

1 2. 6 1 2. 6
Ky Ky Ki | NN Ay
Ky K SERSERY: A
U, = . ) . . S @7
1 2 ... 6 1 N
Ko Ko Kiz | N AP Ajy

Using Eq. (25), the equilibrium Green’s function g_; _; is
expressed as

g ={(E+inI-Hy-"VUP;U;'}", (28)

and we can then obtain the equilibrium Green’s function at
the left end lead: gi o =8-1k-1,4- Similarly, we can obtain
the equilibrium Green’s function at the right lead: gf o

= 8N+1,kN+1,k'-

IV. CHARGE DENSITY AND CURRENT IN CNTs

The left and right spectral functions A; and Ay can be
defined as

A =Gl Gy, (29a)

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Ar=Gpl'rG,', (29b)
where A; /2 and Ag/2 correspond to the local density of
states.” We use Gp, in Eq. (18) to obtain these spectral func-
tions. I'; and 'y in Eq. (29) are expressed using Eq. (23) as

Iy =il3,-3]], (30a)

Tr=i[Sg-21]. (30b)
We can express the transmission coefficient T as

T= FLGDFRGDT ) (31)

which is typically interpreted as the probability that an elec-
tron will transfer from the left contact to the right contact.”

Next, we calculate the charge density as incoming carri-
ers from the left and the right leads. Since the left lead ex-
cites electrons with E=E;~ %, we can obtain the electron
density entering from the left lead by integrating the product
of {A;}; .« and the Fermi-Dirac function within the energy
range. On the other hand, since the right lead excites elec-
trons with E=Ey~%, we fill the right spectral function
{AR}; k. according to the right Fermi-Dirac function from
E) to o in the right lead. Now, electronic density n;; can be
expressed as

“dE
njx= f ;T{AL}j,k;j,kf(E - )

Ep

“ dE
+ J ;T{AR}j,k;j,kf(E - M) (32)

Ey

which is interpreted as the sum of the two incoming waves,
where f is the Fermi-Dirac distribution function expressed as

1
1 +exp[(E — w)/kgT]’

fE-p) = (33)

where T is the temperature, kp is the Boltzmann factor, and
My and up are the microseconds shown below in the left and
right leads, respectively.

wy =Eq+Ep, (34a)

g =Ey+Ep, (34b)

where Ep is the position of the Fermi level. {A;};.;, and
{AR}kjx in Eq. (32) represent diagonal components of the
left and right local density of states, respectively. In the same
way, hole density p;, can be expressed as

Eo 4E
Djk= f ;{AL kel (g, — E)

Ex dE
+ f_w ;T{AR}j,k;j,kf(luR -E). (35)

On the other hand, we can obtain the current / as

J. Appl. Phys. 99, 034307 (2006)

4n N

20 (*
= ZqJ dEY, X 1T} e j sl fF(E = pup) = fE — /LR)],

k=1 j=0
(36)

where we integrate the product of {7 i kej and the Fermi-
Dirac function. Since we have assumed that the electrostatic
potential U; in the jth CUC is constant, as shown in Fig. 1,
we can obtain

Ej= U]‘+€0, (37)
where €, is the on-site energy of the carbon atom: ¢,
=-2.18 eV."”

A. Transport characteristics in zigzag CNTs

Figures 2(a) through 2(c) show the electron density dis-
tribution, the hole density distribution, and the I-V character-
istics, respectively, for a metallic and intrinsic CNT with (6,
0) chirality. The distributions 7; and p; are obtained from

4n
1
=, 38a
nj 27TCOrCNTSg nj’k ( )
1 4n
Dj ij,k, (38b)

‘ 2mcorentS (=1

where rony 1 the radius of the CNT, § is \an for the zigzag
CNT, aq and ¢, are the lattice constants of the hexagonal
glraphite,]“’15 ay=0.246 12 nm,'®  and cp=0.6707 nm."”
We chose 5 to 1073 times 7, for the zigzag CNT, which was
adjusted in order to show the almost same transport charac-
teristics as those for y;=0. Figures 2(a) and 2(b) indicate that
no significant difference exists between n; and Djs the distri-
butions of which are uniform. Because Figs. 2(a) and 2(b)
show that charge neutrality throughout the CNT is satisfied,
the assumption of the linearly varying potential is found to
be valid for our calculation. The I-V characteristics of Fig.
2(c) agree sufficiently with those obtained by the transfer-
matrix method.’

The complex E-k dispersion curves are shown in Fig. 3,
in which the thick lines correspond to the dispersion curves
for the Bloch waves and the thin lines correspond to those
for the evanescent modes or decaying waves in the elec-
trodes. In Fig. 3, the labels bl, b2,..., b5, al, a2, a3 indicate
the dispersion curves with real wave vectors (Bloch waves).
The two “|’s” show the energy ranges of carriers excited at
the left and right leads when the applied bias V|, is 1.5 V. The
length of each arrow corresponds to each applied bias volt-
age, where the transport or transition bl —bl, b2—bl,...,
b5—bl, or bl —al occurs.

Figures 4(a) and 4(b) show the I-V and G-V characteris-
tics of the (16, 0) CNT, respectively, where the position of
the Fermi level is assumed to be Ey=-0.26 eV and G is the
differential conductance defined by dI/dV. The G-V charac-
teristics are classified into the following three regions with
respect to the bias voltage V.

()  The transition bl —bl contributes primarily to the
current /, which increases as V, increases.

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 2. (Color online) Characteristics of the (6, 0) CNT. (a) electron density
distribution, (b) hole density distribution, and (c) I-V characteristics. Ey
=0 eV, y;=1073y,, N=20, and T=300 K.

(I)  The transition bl — b1 dominates the current /, which
is approximately constant. In a part of this region, G
is found to be negative because the transmission co-
efficient decreases as the difference in the group ve-
locities between the incoming and outgoing waves be-
comes large with the increase of the applied bias (see
Figs. 3 and 4).

(IIT)  In addition to the transition bl —bl, the transfer bl
—al begins to contribute to /. The conductance G
in this region is found to decrease as the length N
of the CNT becomes longer because the electronic
wave of the transition bl—al is an evanescent
mode and attenuates drastically as it propagates in the
CNT.

J. Appl. Phys. 99, 034307 (2006)
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FIG. 3. (Color online) Dispersion curves at the left and right leads of the
(16, 0) CNT. The labels “]” indicate the energy range of the electrons or
holes excited in the leads when V(j=1.50 V and E;=-0.26 eV. The labels
bl, b2,... b5, al, a2, a3 indicate the dispersion curves with real wave vectors
(Bloch waves).

Figures 5(a)-5(c) show the GV/I-V characteristics of a
(16, 0) CNT. The solid, dash-dotted, and dashed lines corre-
spond to the GV/I-V characteristics with N=5, 10, and 20,
respectively. The label “1” or “|” in Figs. 5(a)-5(c) indicates
the onsets of the transitions bl —bl, b2—bl, b3—bl, b4
—bl, and b5 —Dbl, respectively.

GV/I takes maximum values at V=0 and 1.27 V, inde-
pendent of the length N, as shown in Figs. 5(a) and 5(b).
GV/I takes a maximum value at V;=0.68 V when N=20 in
Fig. 5(c). When N=35 and 10, the maximum value of GV/I at
Vi, is 0.6 V, which obscures that occurring at V;=0.68 V.

100 : ;
— N=5
-—N=10
==N=20
S s
" 0.05V 0.50v1 0.60v
> ,
e S o =
0 0.5 1
@ V. V]
2 :
—N=5
-—N=10
==N=20 region II
Q)o 1 7region' h i
N I ‘
3 i region I
-
0 0.5

(b)

FIG. 4. (Color online) Characteristics of the (16, 0) CNT. (a) I-V character-
istics and (b) G-V characteristics. N=>5 (solid lines), 10 (dash-dotted lines),
20 (dashed lines), Ey=-0.26 eV, and T=300 K.
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FIG. 5. (Color online) GV/I-V characteristics of the (16, 0) CNT. (a) V,
=0-14V, (b) V,=1.2-1.35V, and (c) V;=0.6-0.8 V. N=5 (solid lines),
10 (dash-dotted lines), 20 (dashed lines), Er=-0.26 eV, and T=300 K.

However, when N=20, the maximum of 0.6 V almost van-
ishes. This maximum appears to be contributed to the current
due to the transition bl —al, because transition bl —al is
an attenuating electronic wave. The characteristic applied
voltages of 0, 0.68, and 1.27 V correspond to the voltages of
the onsets of the transitions bl —bl, b3—bl, and b5 —Dbl,
respectively. On the other hand, GV/I does not show a maxi-
mum at the start of the transitions b2—bl or b4—bl be-
cause whether GV/I takes a maximum at the opening of the
transition bi —bl (i=1,2,3,4,5) depends on the magnitude of
the difference between the group velocities of bi and bl.
Because the group velocities are proportional to the slopes of
the dispersion curves (Fig. 3), and because those of b3 and
b5 are comparable to that of bl in Fig. 3, the transitions
bl —bl, b3—bl, and b5S—bl contribute considerably to
the current. In contrast, the transitions b2—bl and

J. Appl. Phys. 99, 034307 (2006)

theoretical value experimental value
/
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1
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FIG. 6. (Color online) I-V characteristics of the (14, 0) CNT. Theoretical
value (gray solid line) and experimental data (black solid line). Ep=
-0.2 eV, N=5, and T=300 K.

b4 —bl contribute less to the current, for the same reason
described above for the transitions b3 —bl and bS5 —bl.

It has been reported that the GV/I characteristics take
maximum values at Vy=0.7 and 1.2 V in the experiment
applied to the zigzag CNT." These two voltages can be as-
cribed to the transitions bl —bl and b3 —bl, respectively,
because these two values are comparable to those of the on-
sets of the transitions. This agreement indicates that the ap-
plication of our simulation to the analysis of the transport in
CNTs is appropriate.

Figure 6 shows the I-V characteristics of a (14, 0) CNT.
The black solid line indicates the experimental characteris-
tics reported in Ref. 11 and the gray solid line indicates the
theoretical values of the present study. The experimental cur-
rent [ is of nanoampere dimension, which is much smaller
than the theoretical value, which is of microampere dimen-
sion. The difference between the experimental and theoreti-
cal values is due to possible existence of contact resistances
between the CNT and the leads. The I-V characteristics have
two bends in the positive and negative bias regions, respec-
tively. In the negative bias region, both the experimental and
theoretical values are —0.8 V. In the positive V|, area, the
experimental and theoretical values are +1.2 and +0.8 V, re-
spectively. The difference between these values may be as-
cribed to the voltage rectifying characteristics of the contact,
such as those of the Schottky junction between the CNT and
the leads.

B. Transport characteristics of armchair CNTs

We have evaluated the I-V and G-V characteristics of the
(18, 18) CNT, as shown in Figs. 7(a) and 7(b), respectively,
where Ep=-0.4 eV. We chose y; to 107 times 7y, for the
armchair CNT, which was adjusted in the same manner as
the zigzag CNT. In this case, the I-V and G-V characteristics
consist of the following three regions.

() I increases with the increase of the bias voltage V,,
due to the transitions bl — b1l and b2 — b2, as shown
in Fig. 8. Since the differential conductance G con-
sists of the components from the transition bl —bl
and that contributed by the transition b2 —b2, G ex-
ceeds 2G, in this region, where G is the conductance
quantum.
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FIG. 7. (Color online) Characteristics of the (18, 18) CNT. (a) I-V charac-
teristics and (b) G-V characteristics. Ep=—0.4 eV, T=300 K, and 73
=107*y,.

(I)  The contribution from the transition b2 — b2 dimin-
ishes, and the transition bl —bl dominates the cur-
rent, which results in the constant conductance 2G,,.

(III) In addition to the transitions bl —bl and b2 —b2,
since the transition b2 — a2 starts to contribute to the
current, the current increases in this region. The con-
ductance G, however, approaches 2G, as the length of
the CNT N increases because the electronic wave of
the transition b2 — a2 is the evanescent mode, which
attenuates in the CNT.

We have not compared the theoretical characteristics of
the (18, 18) CNT obtained in the present study with the
experimental characteristics because, thus far, there has been
no corresponding report. The GFM has been successfully

o
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I

b2 } 1 Yb2—b2
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Energy range of carriers
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Wave Number  [units of 4n/a]

FIG. 8. (Color online) Dispersion curves at the left and right leads of the
(18, 18) CNT. The labels “]” indicate the energy range of electrons and

holes excited in the leads as V,=1.0 V and Ez=-0.4 eV. Labels bl, b2, b3,
b4, al, and a2 indicate the dispersion curves with real wave vectors.
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applied to the analysis of quantum transport in the zigzag
and armchair CNTs and is applicable to the analysis of
chiral-type CNTs.

V. CONCLUSION

We have formulated and applied Green’s-function
method to the analysis of quantum transport in the CNTs.
The simulation revealed that the assumption of a linearly
varying potential distribution is valid for metallic and intrin-
sic CNTs because the electron and hole densities satisfy the
charge neutrality condition. We evaluated the /-V character-
istics of the semiconductive (16, 0) and metallic (18, 18)
CNTs. Based on these characteristics, we can control the
differential conductance G from a negative value to a value
several times the conductance quanta by means of chirality,
position of the Fermi level, and bias voltage. More signifi-
cantly, when the group velocity of a mode b; with a real
wave vector is comparable to that of another mode b;, GV/I
takes a maximum at the specific bias voltage that corre-
sponds to the transition between these modes.

Since the GFM formulation described herein is appli-
cable to CNTs with arbitral chirality and defects of carbon
atoms or other impurity atoms, we can evaluate not only
metallic CNTs but also semiconductive and insulating CNTs
as well. Because this method can evaluate electron and hole
densities as well as current in CNTs, we can simultaneously
solve the transport and Poisson equations. This GFM formu-
lation can be further extended to

(1) evaluate alternating current and
(2) evaluate interactions between electronic wave and elec-
tromagnetic fields

in CNTs.

In the future, we plan to develop the above-mentioned
method for analyzing CNTs used as nanoelectrodes in ferrite
devices, which act as a filter in the terahertz domain.® The
GFM method described herein may be applicable to a wide
variety of device designs and applications.
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