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Charge-Transport Behavior in Aligned Carbon Nanotubes:
A Quantum-Chemical Investigation™*
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By Xia Yang, Liping Chen, Zhigang Shuai,* Yunqi Liu, and Daoben Zhu

Correlated quantum-chemical calculations are applied to analyze the amplitude of the electronic-transfer integrals that
describe charge transport in interacting carbon nanotubes (CNTs) by investigating the influences of: i) the relative positions of
the CNTs, ii) the size of the CNTs, and iii) their chemical impurities. Our results indicate that the mobility of the charge carrier
is extremely sensitive to the molecular packing and the presence of chemical impurities. The largest splitting for the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels is in the case of perfectly cofa-
cial conformations where hexagons face hexagons in the dimer structure. We found that the diameter of the CNT determines
the type of transporting carrier: for CNTs with large diameters hole transport dominates, while for thin CNTs electron trans-
port dominates. In general, the carrier mobility for the perfect CNTs (n2>3) is less pronounced than that of Cqg due to their
relatively small strain. B- and N-doped CNTs exhibit considerably larger mobilities owing to the possibility of metallic behav-
ior. These results provide a plausible explanation for the high mobility found experimentally in a field-effect transistor (FET)
made from a large-area, well-aligned CNT array. In addition, these hole-rich and electron-rich dopants imply potential applica-

tions in nanoelectronics.

1. Introduction

In recent years, nanomaterials, molecular and polymeric
materials, and biomaterials have been found to possess great
potential in nanoscale electronics.!™! Charge-transport behav-
ior in these materials is the key issue to address both experi-
mentally and theoretically. Difficulties have been encountered
in understanding the transport behaviors in active conjugated-
polymer films!*! and in proteins.”>!

Among the promising candidates as building blocks for mo-
lecular-scale materials, carbon nanotubes (CNTs) and doped
nanotubes offer remarkable potential as active elements in
nanosized electronic and photonic devices, such as CNT field-
effect transistors (CNTFETs)," ! high-current-carrying capa-
bilities, " and logical circuits based on individual carbon nano-
tubes."*?l In particular, two-dimensional (2D) aligned carbon
nanotube films exhibit highly anisotropic physical and chemical
properties that have received increasing attention for their
application in nanodevices."*' Such devices are expected to
be integrated, for instance, into large arrays that show an ON/
OFF switching operation. Moreover, for high-temperature
applications, nanotube films would be superior to organic films
in performance and reliability due to the less significant degra-
dation in nanotube structural properties at high temperatures.
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In all of these applications, control of carrier mobility is a basic
requirement for the design of efficient electronic devices, be-
cause the performance of these devices depends largely on the
efficiency of the charge-transport processes.

Previous investigations!> 7] have shown that the charge-
transport properties depend critically on the degree of ordering
of the chains in the solid state as well as on the density of
chemical or structural defects, which explains why the experi-
mental characterization of transport properties in thin films or
crystals has led to results that vary with sample quality. Re-
cently, thin-film transistors based on aligned carbon nanotubes
have been fabricated by Xiao et al.;"®! they demonstrated an
extremely high charge mobility of about 61.6 cm®*V™'s™!, simi-
lar to heavily doped n-Si.' However, the mechanism of the
tube—tube interaction of aligned nanotube films in field-effect
transistor (FET) behavior is unclear. It is therefore of the ut-
most interest to understand the underlying mechanism for such
a high mobility.

One of the major parameters governing the transport proper-
ties at the microscopic level is the amplitude of the electronic
transfer integrals between “sites”, for example in a Buttiker—
Landauer2-2?! expression for conductivity[23’24] or in the
Marcus formulation® for electron transfer. Cornil et al. have
developed a semi-empirical INDO (intermediate neglect of dif-
ferential overlap) method which can be used to obtain good
estimates of the transfer integrals in van der Waals bonded
molecules.”>?"! The inter-tube transfer integral, ¢, which re-
flects the whole band curvature, expresses the ease of transfer
of a charge between two interacting tubes. It can thus be used
to tailor the transport properties of CNT-based thin films. Here
we exploit a semi-empirical quantum-chemical approach to
characterize the key parameters governing charge transport in
CNTs made of carbon nanotube molecules and their deriva-
tives, and seek to establish structure—property relationships by
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analyzing how these integrals are affected at the molecular
scale by the nature, size, and relative position of the interacting
units, which could serve as a framework to interpret the experi-
mental results.

1.1. Theoretical Methodology

In the case of a cofacial dimer built from two CNT chains
and separated by an intermolecular distance, d, the total Ha-
miltonian for such a dimer is

Hlnt:H1+H2+H12 (1)

with H; (H,) the Hamiltonian for the isolated tube 1 (2) and
Hj, the term representing the inter-tube interactions. For two
identical CNT chains

Lty = n2)) (| ey [ vy [ %)) )

where | Y,y and | Y* ) denote the wavefunctions for the ground
state and the ionized state, respectively, and * corresponds to
the symmetric/antisymmetric combination of the equivalent
| %y | w,) and | ®,)| w%) wavefunctions. The molecular geom-
etries for isolated CNTs of different sizes and forms were opti-
mized by means of the semi-empirical AM1 (Austin Model 1)
method®! and the electronic structures for the isolated mole-
cule and the supramolecular systems were calculated with the
semi-empirical INDO Hamiltonian (as developed by Zerner
and coworkers for spectroscopic purposes>?”). In the case of a
symmetric dimer, the energy splitting described by Equation 2
is given to the first order by[SO]

W= (W | Hio | Wy~ (W | Hi | W) =
AW, | Hy v wsy =21t (3)

This expression can be easily generalized to the bandwidth
of a one-dimensional crystal when only nearest-neighbor inter-
actions are retained: W=4/¢| in this case.’” In the framework
of tight-binding models, the total bandwidth for a one-dimen-
sional stack is expressed as 4t x cos[nt/(n + 1)], with n being the
number of molecules in the stack; by extension, the total band-
width can be expressed for any molecular packing from the am-
plitude of the transfer integral ¢ between the various interacting
units. For simple cosine-shaped bands, the higher the HOMO
(LUMO) bandwidth, the higher the expected hole (electron)
mobility (HOMO = highest occupied molecular orbital;
LUMO = lowest unoccupied molecular orbital.

At the microscopic level, the charge-transport mechanism
can then be described as involving an electron transfer from a
charged molecule to an adjacent neutral molecule. According
to the semi-classical Marcus theory,®!l the electron-transfer
(hopping) rate k., can be estimated to a good approximation as

ke = (40%/)E(Amdkp T) 3 exp(-A/dkpT) 4)

where h and kg are the Planck and Boltzmann constants,
respectively. The reorganization energy, A, describing the
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strength of the electron—phonon vibration, can be reliably esti-
mated as twice the relaxation energy of a polaron localized
over a single unit when neglecting the change in polarization of
the surrounding medium during the hopping event; ¢ corre-
sponds to the inter-tube transfer integral that describes the
strength of the interaction between adjacent CNTs. It should
be noted that the presence of ¢ in Equation 4 applies to situa-
tions where the charge transfer between the initial and final
states involved in the hopping process can be described by a
simple consideration of the molecular-orbital levels, i.e., a one-
electron approach —the many-body wavefunction can be repre-
sented by the frontier orbitals within the scope of Koopmans’
theorem. The transfer integral associated with a given electron-
ic level is related to the energetic splitting of that level when
going from an isolated molecule to the dimer. Thus, hole (elec-
tron) transport can be estimated by a transfer integral that cor-
responds to half of the splitting of the HOMO (LUMO) level.
The calculated ¢ value is rationalized by means of an analysis of
the shape of the frontier orbitals of the isolated tubes and the
bonding-antibonding overlap pattern of the HOMO and
LUMO wavefunctions determined by the relative positions of
the interacting tubes in the dimers (visualized by means of the
ZOA v.2.0 program). This methodology has been success-
fully applied to study different model systems, including differ-
ent diameter, length and B,N-doped CNTs to evaluate the in-
fluence on the transfer integral values.

2. Results and Discussion

A series of armchair (n,n) single-walled carbon nanotubes
(SWCNTs; n=2-9) consisting of different carbon layers were
used as model systems. The dangling bonds at the ends of the
tubes were saturated with H atoms. We considered perfectly
cofacial dimers made of two CNTs molecules in which the
hexagons of one CNT are exactly superimposed on top of those
of the other one. The interaction between the two aligned
tubes leads to a splitting of the HOMO/LUMO level, which is
either fully bonding, leading to a very stabilized level (e.g. the
dimer H-1/L), or fully antibonding, leading to a very destabi-
lized level (e.g., the dimer H/L+1), as illustrated in Figure 1.

2.1. Influence of CNT Relative Positions

In many instances, cofacial packing affects the relative posi-
tions of adjacent molecules. Here we have chosen (5,5)
SWCNT as our model system for some basic operations such as
separation, translation and rotation. Figure 2 describes the
evolution of the transfer integrals between the frontier elec-
tronic levels in a perfect hexagon-to-hexagon dimer formed by
two eight-layered (5,5) models, as a function of the intermolec-
ular separation between 3.0 and 6.0 A. The HOMO splittings
are calculated to be slightly larger than the LUMO splittings
whatever the inter-tube separation. This suggests that a hole is
more mobile than electrons in well-ordered one-dimensional
stacks. The magnitude of the splitting is found to decay expo-
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Figure 1. Schematic representation of the one-electron structure of a sin-
gle nanotube and that of a cofacial dimer formed by two tubes with a sepa-
ration distance d. The ZINDO-calculated energy splittings of the HOMO
and LUMO levels when going from the isolated nanotube molecule to the
dimer are also shown.
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Figure 2. ZINDO-calculated splitting of the HOMO and LUMO levels in
dimers as a function of the inter-tube distance.

nentially with the inter-tube distance, which mainly results
from the exponential decay in intermolecular overlap of the n
atomic orbital when the two molecules are pulled apart.

The overlap of the molecular orbitals is made up of the sum
of many atomic overlaps with a product of linear combination
of atomic orbitals (LCAO) coefficients. The more nodal sur-
faces, the more cancellation of terms is possible due to the signs
of the products of the coefficients. Hence, a simple way to
rationalize the fact that the HOMO levels have a larger over-
lap than the LUMO levels for the (5,5) CNT dimer is that there
are more nodal surfaces in the LUMO wavefunction than in
the HOMO.

We then performed a translation operation in which one
tube is translated along its longitudinal axis while keeping the
planes of the units parallel, with the inter-tube distance fixed at
3.5 A (which is close to the interlayer distance in graphite).
The result, illustrated in Figure 3, shows a clear oscillatory
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Figure 3. ZINDO-calculated electronic splittings of the HOMO and LUMO
levels in a dimer formed by two molecules separated by 3.5 A as a func-
tion of the degree of translation of one molecule along its long tube-axis.

nature, with a general trend of decreasing splitting with in-
creasing translational shifts, indicating that glided molecules in-
troduce a significant resistance to charge transport along the
tube axes. The magnitude of the splitting decreases progres-
sively as the spatial overlap between the wavefunctions of the
two neighboring tubes is decreased. The local maxima in the
course of the translation are dominated by a high degree of
bonding or antibonding overlap between the six-membered
rings of the two CNTs.

In addition to the perfectly cofacial dimer situation, we also
investigated the impact of rotational disorder on the transport
properties by rotating one molecule in the stacking plane
around its long tube-axis (with the inter-tube distance fixed at
3.5 A), thus breaking the face-to-face ordering of the hexagons
of the two units. The calculated splittings illustrated in Figure 4
display strong oscillations as a function of the rotational angle
between the two CNTs. The carrier mobilities are expected to
be maxima in the cofacial conformations. The HOMO and
LUMO splittings show a synchronous periodicity at a regular
angle of 72° as a result of the Ds4q symmetry of the (5,5) tube.
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Figure 4. ZINDO-calculated evolution of the HOMO and LUMO splittings
in a dimer (inter-tube distance fixed at 3.5 A) as a function of the rotation
of one molecule around the long tube-axis. (The range between 0 and 72°
is spanned, the rest of the data are the same due to the Dsy symmetry of
the (5,5) tube.)
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A dramatic change for a small rotational disorder is asso-
ciated with the extent of overlap between the wavefunctions of
the two molecules. The large splitting at 36° in an oscillation
period is dominated by full bonding or antibonding interac-
tions between the m-atomic orbitals localized in geometries
where the carbon—carbon double bonds of one tube are super-
imposed over the center of the six-membered rings of the other
tube. In contrast, the minima—the HOMO splittings decreas-
ing to about 0.05 eV and the LUMO splittings down to even
less—are observed for such configurations where the carbon
atoms of one molecule are superimposed over the center of the
hexagons of the other molecule, thus reducing the global over-
lap considerably.

2.2. Influence of CNT Size

We then investigated the evolution of the splitting of the
HOMO and LUMO levels as a function of the CNT sizes, in-
cluding length and diameter. Figure 5 shows the evolution of
the transfer integrals, calculated at the ZINDO (Zerner’ inter-
mediate neglect of differential overlap) level, between the
frontier electronic levels in perfect hexagon-to-hexagon dimers
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Figure 5. ZINDO-calculated evolution of the HOMO and LUMO splittings
in dimers formed by two hexagon-to-hexagon nanotubes (with a fixed dis-
tance of 3.5 A) as a function of the number of carbon layers of the CNT.

formed by two (5,5) SWCNTs with a separation of 3.5 A as a
function of the nanotube length. We found that the HOMO
and LUMO splittings begin to decrease with the tube length,
then the HOMO splittings tend to saturate, while the LUMO
splittings slightly increase until they saturate at a value lower
than that for the HOMO splittings. This indicates that hole mo-
bility can be favored over electron mobility for (5,5) armchair
CNTs.

This result can be rationalized by the fact that, according to a
qualitative rule, the lower the number of nodes in the wave-
function of a given frontier level of an isolated molecule, the
larger the splitting of that level in the case of a perfectly cofa-
cial dimer. From eight layers to twelve layers, the HOMO and
LUMO splittings decrease because of the appearance of an
increasing number of antibonding interactions between two
molecules in the dimer. When the tube length increases to
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more than twelve layers, the bonding—antibonding character of
the electronic interaction at the LUMO level begins to
strengthen, which contributes to an increase of the LUMO
splitting. The relative difference in the number of nodes at the
HOMO and LUMO levels becomes less and less as the tube
length continues to increase, hence the HOMO and LUMO
splittings also work up to the saturated value.

The evolutions of the HOMO and LUMO splittings for CNT
dimers with a tube diameter going from n=2 to n=9 are given
in Figure 6 (inter-tube distance fixed here at 3.5 A). It can be
seen that the computed HOMO and LUMO splittings decrease
with increasing diameter for n>3, and converge to a value of
about 0.12 eV for tubes with large diameters (n>6). It is most
interesting to note that there are three distinct regions: i) for

Splitting (eV)

0.02, ; . ; ;
2 3 4 5 6 7 8 9
(n,n) SWCNT

Figure 6. ZINDO-calculated electronic splittings of the HOMO and LUMO
levels in dimers made of two nanotubes (with a fixed distance of 3.5 A) as
a function of the tube diameters.

the thin tubes, the electron transport dominates the hole trans-
port (n=2,3), i.e., the LUMO splitting is larger than that of the
HOMO, ii) the hole transport dominates the electron transport
for n=4.5, namely, the HOMO splitting is larger than the
LUMO splitting, and iii) the carrier transport is ambipolar for
n=6 because the HOMO and LUMO splittings are the same.
Thus, by controlling the diameter of the CNT, the transport be-
haviors can be tailored.

For the sake of comparison, the relatively large splitting for
the different (n,n) tubes is listed in Table 1, along with the pyr-
amidalization angle, 6, which is defined as the angle between

Table 1. Pyramidalization angle 6, [] and relative large splitting [eV] for
(n,n) CNTs with different diameters [A].

(Mn) CNT  (22) GCeo® (3.3) (44) (55 (66) (7.7) (88) (99)
Diameter [A] 2.75 710 412 550 687 825 9.62 11.00 12.37
0, [a] 13.96 11.64 11.50 7.95 597 499 427 374 333
Relative large 0.24 021 018 016 015 032 012 011 0.1
splitting [eV] (L) H O (H) (H) (H=L) (H=L) (H=L) (H=L)

[a] The pyramidalization angles 0, are defined by the angle between the
n-orbital and adjacent o-bonds, which were determined by m-orbital axis
vector (POAV) analysis [33,34]. [b] The ZINDO-calculated LUMO splitting
of Cgp is 0.082 eV.
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the m-orbital and adjacent o-bonds, which can be determined
by a m-orbital axis vector (POAV) analysis.[33’34] The pyramida-
lization angle, 6y, is used to characterize the strain. It can be
seen that the larger the strain in the CNT, the greater the
carrier mobility. One can also note that (n,n) CNTs in general
possess a lower mobility than that of Cg. In addition, the hole
transport in Cg, with a diameter close to that of a (5,5) tube, is
more favorable, in contrast to the highly pyramidalized
CNTs—the (2,2) and (3,3) tubes. These suggest the strain is
likely to be the major driving force for mobility, while the di-
ameter plays an important role in determining the transport
type, hole or electron.

From the above examination of the transport properties of
CNTs, it can be further understood that the splittings of the
frontier electronic levels in a dimer are directly related to both
the spatial overlap and the nature of the electronic wavefunc-
tions’ interaction. The stronger the bonding character of the
electronic interaction in the dimer, the stronger the antibond-
ing character of the interaction for the dimer, and the larger
the splitting. These are in agreement with the theoretical inves-
tigations on m-conjugated oligomers and polymers previously
made by Brédas, Cornil, and co-workers.?>30

2.3. Influence of Chemical Impurities

Modifications of the electronic structure due to the introduc-
tion of boron and nitrogen into the CNT have been studied by
scanning tunneling spectroscopy.”**! To obtain a better under-
standing of the carrier-transport properties of well-aligned
doped CNTs, we investigated the effects of an impurity by
introducing one and three boron or nitrogen atoms into an
eight-layered metallic (5,5) carbon nanotube. The dopant
atoms were located at the tube’s center for individual substitu-
tion and at the straight sections of the nanotubes along the
wall, resulting in a bamboo-like structure, for triple substitu-
tions. Table 2 presents a range of HOMO and LUMO splittings
due to B- and N-atom substitution, which were obtained by
performing the same rotational operation as the above un-
doped CNTs. It is clearly seen that the HOMO splittings of the
incorporation of B-atoms within a single CNT, or the LUMO
splittings of the embedding of pyridine-like N units within a
single CNT, are one order of magnitude larger than that of
pure CNT, which indicates that the hole and electron mobilities

Table 2. The HOMO and LUMO splittings [eV] for pure CNTs and the
range of the HOMO and LUMO splittings for doped CNTs obtained by ro-
tating one molecule in the stacking plane around its long tube-axis from
0° to 360°.

Pure (5,5) B-doped CNT N-doped CNT
CNT 18 38 N 3N
HOMO 0.152 2.280-2.308 2.300-2.543 0.150-0.157 0.100-0.326
splitting
LUMO 0.125 0.123-0.130  0.120-0.466  2.228-2.300  1.580-2.302
splitting
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are strongly influenced by the introduction of B- and N-atoms
into the carbon lattice. This is consistent with the fact that
B- and N-doping correspond to acceptor states (p-type doping)
and donor states (n-type doping), respectively. Such large mo-
bilities for the doped CNTs can be ascribed to the half-filled
band (formed by the singly occupied MO of doped CNT, if
packed regularly) that is responsible for metallic behavior.

We also investigated the rotation-dependence of the splitting
for the doped CNTs. No oscillation similar to Figure 4 is found
when one molecule is rotated around the tube axis from 0° (N
atoms to N atoms in cofacial hexagons of the two units) to
360°. The main reason is that the HOMO and LUMO orbitals
are largely localized near the dopant atoms instead of being
symmetrically distributed in a manner similar to the perfect
CNT. The splittings of the HOMO and LUMO thereby exhibit
a decrease with increasing separation between the N atoms of
the two molecules owing to the decrease of the orbital overlap.

At the same time, we investigated the effect of a pair of B- or
N-atoms at different substitution positions on the transfer inte-
gral. For a pair of B- or N-doped (5,5) nanotubes, the splittings
range from 0.060 eV to 0.180 eV for the HOMO splitting and
from 0.016 eV to 0.124 eV for the LUMO splitting, suggesting
that mobility is similar or even lower than that of the pure (5,5)
CNT (0.152 eV for the HOMO splitting and 0.125 eV for the
LUMO splitting). This large difference in the splittings from
the above single and triplet dopants can be rationalized by a
change in the electronic structure of the single tube (illustrated
in Fig. 7).

From Figure 7 it is clear that the electronic structures of
these doped nanotubes are strongly modified by including elec-
tron-donor or -acceptor states near the conduction- or valence-
band edge. The introduction of an odd number of N atoms into
a carbon framework provides an additional electron at the
SOMO (singly occupied MO) level whose energy is closer to
that of the LUMO level than to the HOMO-1 level due to the
electron-rich character of an N atom. It is thus easier to excite
this additional electron to the LUMO than from the complete-
ly filled levels to the SOMO level, consequently providing an
electron carrier for the conduction band (n-type conduction).
In contrast, odd-numbered B-doping of a SWCNT provides an
additional electron in the SOMO level close to the HOMO-1
level instead of the LUMO level on account of the electron
deficiency of the B atom, which creates a hole-carrier in the va-
lence band (p-type conduction). In the case of an even number
of dopants, electron excitation from the occupied orbitals to
the unoccupied orbitals requires a relatively large energy in
comparison with CNTs containing an odd number of B or N
atoms. An increase in the number of defects is likely to reduce
the mean-free path of the electrons, thus resulting in a some-
what increased resistance for transport, i.e., relatively small
splittings.

Therefore, such hole-rich and electron-rich dopants can be
used to modify the majority carrier conduction from p-type to
n-type, which could again pave the way to realize molecular
heterojunction devices. These doped CNTs will show large mo-
bilities, although the ON/OFF current ratio of these thin-film
transistors (TFTs) is likely to decrease to a great extent due to
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Figure 7. Schematic illustration of the energy levels of CNTs doped with one, two, and three B and

N atoms.

the increasingly metallic behavior of the nanotube film. Thus,
we can conclude that the low ON/OFF current ratio (about 64)
of the TFTs with a very high mobility (ca. 61.6 cm*V~'s™) in
the experiment of Xiao et al.l® s probably caused by a dopant
such as pyridine-like N units.

3. Conclusion

In this work, we have performed correlated quantum-chemi-
cal calculations to illustrate, at the molecular level, how the
amplitude of the transfer integrals that govern charge transport
is highly sensitive to various aspects of nanotube molecular
packing. The largest splittings for the HOMO and LUMO lev-
els are found in perfectly cofacial configurations in which the
hexagons of one of the tubes face the hexagons of another
tube. In this case, electron mobility is found to be larger than
the hole for small tubes (n=2,3); the situation is opposite for
n=4,5. For n>6, the splitting difference for the HOMO and
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LUMO levels is very small. We believe that the strain is likely
to be the major driving force for mobility, while the diameter
plays an important role in determining the transport type (hole
or electron). It is expected that the transport behaviors can be
tailored by controlling the diameter of the CNT.

Our results show that the mobility of the charge carriers in
pure (n,n) CNTs (n23) could be less pronounced than that of
a well-ordered Cg crystal. However, B- or N-doping of carbon
nanotubes can cause a considerably larger mobility due to their
possibly metallic behavior. This provides a plausible explana-
tion for the behavior of the high-mobility TFTs based on a
large-area, well-aligned carbon nanotube array with a relative-
ly low ON/OFF current ratio in a previous study.!""!

At the same time, this novel doping scheme supplies us with
a road map for the insertion of other electron rich or defect
impurities into the carbon lattice for the creation of donor or
acceptor states, and may well suggest a way to achieve full p-n
junctions in carbon nanotubes.
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