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Summary
Electron transport in macroscopic carbon nanotube structures is poorly under-
stood both experimentally and theoretically. Using recent developments in linear-
scaling density functional theory, we are able to accurately study this problem 
theoretically.

We present a preliminary calculation testing a model suggested in the literature. 
Promising results are reported, suggesting that previous studies of over-idealised 
nanotube systems have been unable to capture important interactions present in 
more realistic structures.

We outline our intended study to better our knowledge of electron transport in 
carbon nanotube networks.

Attempts to construct macroscopic wires from carbon nanotube bundles have so far 
failed to achieve even close to the remarkably high current densities and conductivities 
observed in individual nanotubes.

It is known that interactions between neighbouring nanotubes occurs through weak 
dispersion interactions which is assumed to render intertube conduction weak, thus 
severely inhibiting electron transport through macroscopic networks of nanotubes.

Little accurate study of this problem and techniques to combat it have been performed 
to date, largely a consequence of unfavourably-scaling ab initio techniques and the large 
system sizes required for the study of realistic nanotube structures. Recent 
developments in local orbital and linear scaling density functional theory (DFT) now 
permit this study and forms the basis of this work [1].

4. Case study conclusions
●  Water causes only weak scattering in the transmission spectrum at energies corresponding to 
eigenstates of the water, lying several eV from the Fermi level.

●  For higher surface water concentrations, scattering becomes more significant and occurs in the 
close vicinity of the Fermi level. No enhancement of the transmission spectrum is observed 
however.

●  Adsorbed water leaves the band gap unchanged and the nanotube local density of states are only 
weakly perturbed. Conclusions comparing Fermi levels are difficult in DFT calculations and further 
work is required to analyse this trend.

●  Charge transfer shows that at low water concentrations, charge is transferred to the nanotube in 
agreement with previous studies. At higher concentrations, natural bond orbital and Mulliken 
analyses disagree: the latter suggests that each water molecule continues to donate charge at a rate 
mostly independent of current water concentration; the former demonstrates that charge transfer 
is reversed at higher concentrations with charge withdrawn by the water cluster. This is in direct 
disagreement with the assumption by Zahab et al. at high water concentrations.

●  Should charge transfer be reversed at high concentrations, the observations of Zahab et al. may 
be explained without recourse to a p-type to n-type doping transition.

We conclude that the nanotube electronic structure is only weakly affected and 
conductance  is only reduced by the presence of the water molecules. Further, we 
find no evidence for the model by Zahab et al., however further study is required of 
the influence of hydration region size and nanotube chirality.
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3. Case study: transport in a hydrated nanotube 

5. Our direction

1. Background and motivation

Experimental studies disagree on the effect of water vapour on 
nanotube conductivity, with both increases and decreases reported.

A model proposed by Zahab et al. [2] suggested that it is charge 
transfer from water molecules to the nanotube that is responsible 
for increases and decreases in conductivity. Charge donation  
initially compensates p-type semiconducting nanotubes, reducing 
conductivity; on higher water concentrations, further charge 
transfer dopes the nanotube n-type with higher carrier density, 
increasing the conductivity.

Figures from [2] 

We note several problems with this model:
 

● No account is made of the scattering due to the adsorbed water 
molecules.
● The water-to-nanotube charge transfer conclusions for high 
water concentrations use results extrapolated from idealised DFT 
studies of a single water molecule on a short nanotube section.
● The Mulliken charge transfer analysis is known to be sensitive to 
basis set choice and some doubt has been cast on the state of 
convergence of the reported charge transfer [3].
● No experimental observation of the change from p-type to n-type 
has been reported.

The system
We calculate the charge transfer and electron transport through a 68.48Å length (10,0) nanotube segment with 
increasing numbers of water molecules adsorbed onto a central region of the nanotube. Charge transfers were 
calculated via both Mulliken analysis and Natural Bond Orbital (NBO) analysis [4]; the latter  is less sensitive to 
choice of basis set improving reliability. Presented here are preliminary results.
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• Mulliken analysis to 
assign ionic partial 
charges

• Water net positive

• CNT net negative
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Table 1. Equilibrium height (h, defined by the distance between
molecule mass centre and the centre of six-member carbon ring on
graphite), adsorption energy (Ea) of various molecules on the
graphene sheet. LDA denotes current LDA calculations, exp. is the
‘best estimated’ experimental data [25].

CO2 CH4 N2 H2 Ar

hLDA (Å) 3.11 3.34 3.31 2.92 3.31
Ea

LDA (meV) 151 154 110 92 97

hexp (Å) 3.2 3.45 3.34 2.87 3.1
Ea

exp (meV) 178 126 104 42 99

calculated by a SCF plane-wave pseudopotential technique
(CASTEP)4 [23]. The ion–electron interaction is modelled
by Troullier–Martin norm-conserving nonlocal pseudopoten-
tial [24]. The energy cutoff of the plane wave basis is chosen
up to 760 eV.

To check the validity of the present theoretical scheme,
we have studied several well-known cases of gas molecule
adsorption on the graphene sheet. In table 1, we compare
our LDA results with those ‘best estimated’ experimental
data given in [25]. We find that both the equilibrium
distance and the adsorption energy are well reproduced by
our present DFT scheme. It is well known that LDA
is normally inaccurate in describing the van der Waals-
like interaction. In our studies, we have also performed
some nonlocal density functional calculations at generalized
gradient approximation (GGA) level. As compared with
the experimental results of gas adsorption on graphene, the
inclusion of GGA somehow underestimates the molecule–
surface interaction. Accordingly, the binding energy and the
amount of charge transfer of molecule adsorption on SWNTs
by GGA are also smaller than the prediction from LDA. For
example, the adsorption energy and charge transfer of NH3

molecule on a (5, 5) SWNT by GGA calculation are 54 meV
and 0.01 e respectively, which is smaller than those from LDA
(see table 2). The equilibrium tube–molecule distance 3.5 Å
by GGA is also larger than LDA value as 3.0 Å. Therefore
we argue that the real interaction intensity of the molecule–
tube interaction might be intermediate between the LDA and
GGA predictions and our major conclusions should be valid
regardless the adopted approximation.

In this work, we studied both zigzag (10, 0), (17, 0)
and armchair (5, 5), (10, 10) tubes. A one-dimensional
periodic boundary condition is applied along tube axis. For
(10, 0) and (17, 0) zigzag tubes, we use one molecule per
unit cell in tube axis direction. Using one molecule per two
unit cells shows no significant difference. For (5, 5) or (10,
10) tubes, due to the short unit cell length, reliable results
are obtained by using one molecule per two unit cells. For
individual SWNTs, intensive static calculations are carried
out to obtain the binding curve (see figure 2) and to find the
equilibrium tube–molecules distance for each system. Full
geometrical minimizations are then performed to determine
the optimal molecular orientations and distance. Different
possible adsorption sites, T (top of an carbon atom), B (top
of the centre of the C–C bond), C (top of the centre of the
carbon hexagon) have been considered. The deformation

4 CASTEP is a density functional theory (DFT) package based on plane-wave
pseudopotential technique distributed by MSI.

Figure 1. Geometric structure and total electron density (slice at
(100) direction) of H2O attached to an individual (10, 0) tube. No
significant overlap of the electron density is found between the
molecule and tube.

of the nanotube structure upon relaxation is relatively small
and does not significantly modify the electronic properties.
In addition to individual SWNTs, we have also investigated
the gas adsorption in the SWNTs bundle. For the (10, 10)
tube bundle, we use a lattice constant 16.8 Å for the two-
dimensional hexagonal lattice [26].

3. Results and discussions

3.1. Interaction between gas molecule and an individual
SWNT

Table 2 summarizes our results on the equilibrium tube–
molecule distance, adsorption energy, and charge transfer for
various molecules on (10, 0), (17, 0) and (5, 5) SWNTs [18].
In general, all these gas molecules are weakly binded to the
nanotube and the tube–molecule interaction can be identified
as physisorption. Most molecules studied (with exception of
NO2 and O2) are charge donors with small charge transfer
(0.01 ! 0.035 electron per molecule) and weak binding
(!0.2 eV). For O2 and NO2, both of which are charge
acceptors, the charge transfer is not negligible. This is also
reflected in their larger adsorption energies.

To illustrate the tube–molecule interaction, figure 1 shows
the atomic structure and total charge density of valence
electrons for a H2O molecule adsorbed on (10, 0) SWNT.
No substantial electron density overlap is found in the region
between the gas molecule and nanotube, indicating that no
chemical bond is formed. This result agrees well with a
recent DMol calculation [13], which shows that the water-
tube interaction is weak without electric field and can be
significantly enhanced by applied field. The binding curve for
H2O and NO2 molecules adsorbed on (10, 0), (17, 0) and (5, 5)
SWNTs are shown in figure 2. The tube–molecule interactions
are comparable to the van der Waals-like interactions between
these molecules and graphite surfaces [25]. Our results show
that there is no clear dependence of adsorption on the tube size
and chirality (table 2 and figure 2).
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representative positions of water molecule are shown in Fig.
1. Between the optimized geometry where one hydrogen
atom points toward the bridge of the C–C bond !Fig. 1"a#$
and that where the oxygen atom is more attracted toward the
center of the carbon hexagon !Fig. 1"b#$, both the LDA and
GGA calculations find that the former geometry is slightly
more stable. It is noteworthy that the PBE functional, which
is used in the present work, has proved to be accurate in the
hydrogen-bonded systems.23,24

The electronic band structure of pristine "10,0# nanotube
and that of the H2O-adsorbed "10,0# nanotube are shown in
Figs. 2"a# and 2"b#, respectively. We note that the band struc-
ture near the top of the valence bands or bottom of the con-
duction bands is negligibly changed within the computa-
tional accuracy upon the molecular H2O adsorption. The
highest occupied molecular orbital "HOMO# level of H2O
molecule is located about 2.5 eV below the Fermi level of
the carbon nanotube, as indicated by the blue leftward arrow
in Fig. 2"b#. The lowest unoccupied molecular orbital
"LUMO# level of H2O molecule sits at about 4 eV above the
Fermi level, as denoted by the red arrow. We find that the
LUMO-derived band is more or less dispersive. This should
be attributed to the smallness of the supercell length, and the

resulting interactions of water molecule with its periodic im-
ages. Besides small splitting of the doubly degenerate nano-
tube bands near the HOMO level of H2O molecule, there is
no noticeable change in the nanotube electronic structure.
This implies that the charge-transfer-induced doping is not a
relevant mechanism of the physisorption of H2O molecule.

Quite a few experimental and theoretical studies have
considered the effect of humidity or water adsorption on the
CNTFET.14,15,21,22 A few of them claimed the electron trans-
fer from the CNT to the adsorbed H2O molecule based on
the Mulliken population analysis. However, it is well docu-
mented in quantum chemistry textbooks that the Mulliken
population analysis should be taken with caution because it
is not unique and sensitively depends on the quality of basis
sets.25 A mere overlap between the tails of the molecular
charges could result in a trace of charge transfer in the Mul-
liken charge analysis. However, if the adsorption states in a
semiconductor induce a true charge transfer, it should be
accompanied with electron depletion in the valence bands
"hole doping# or electron accumulation in the conduction
band "electron doping#. Simple molecular physisorption may
induce a small overlap between the tails of the overall charge
densities. This could slightly affect the electronic structure
deep in the valence bands, as shown in Fig. 2"b#, but should
have negligible effect on the electronic structure near the
Fermi level.

For explicit demonstration, we calculate the Mulliken
charge for the H2O-adsorbed carbon nanotube at different
levels of Gaussian basis sets. We use the SeqQuest program
in which the contracted Gaussian basis sets for the corre-
sponding PBE norm-conserving pseudopotentials are opti-
mized for both molecules and bulk solids and thus more
balanced than those for the standard quantum chemistry
codes.26 As noted in Table I, the calculated Mulliken charge
transfer within our computational scheme indeed converges
to zero as the completeness of the basis set increases, i.e.,
from the single zeta "SZ# and single zeta polarization "SZP#
to double zeta polarization "DZP# level. This obviously indi-
cates that the previously alleged charge transfer should have
been cross-checked with variable basis sets.

To explain the humidity-induced hysteresis, instead of
the direct charge transfer from the CNT to the neutral water
molecule, we note that the actual CNTFET has various com-
ponents, including metal electrode, metal-CNT interface, and
the gate dielectric surface. The effect of water adsorption on
such device parts could have substantial effect on the trans-
port properties of the CNTFET. For example, the metal-CNT
interface may have an increased chemical activity, and the
molecule adsorption on the metal-CNT interface region
could result in the modification of the Schottky barrier.

FIG. 1. "Color online# Two optimized geometries for the "10,0# carbon
nanotubes with the adsorbed H2O molecule. The hydrogen atom is directed
to the bridge of the C–C bond in "a#, and the oxygen atom is directed to the
hexagonal center of the carbons in "b#. The C–O and C–H distances and the
total energy difference between the two geometries are shown. The results
from the GGA and LDA calculations are written out of and in parentheses,
respectively.

FIG. 2. "Color online# Electronic band structures for "a# the bare and "b# the
H2O-adsorbed "10,0# carbon nanotubes. The blue short arrow and the red
long arrow indicate the HOMO and LUMO states of H2O molecule,
respectively.

TABLE I. Charge of the water molecule adsorbed on CNT calculated by
various basis sets.

Method and basis set Q"H2O# "%e%#

Ref. 14 +0.019
Ref. 21 +0.03
Ref. 22 +0.035

SZ "present work# !0.004 39
SZP "present work# !0.005 16
DZP "present work# !0.000 89

243110-2 Sung et al. Appl. Phys. Lett. 89, 243110 !2006"

Downloaded 13 Feb 2013 to 128.232.143.249. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

App. Phys. Lett 89 243110 (2006)
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band "electron doping#. Simple molecular physisorption may
induce a small overlap between the tails of the overall charge
densities. This could slightly affect the electronic structure
deep in the valence bands, as shown in Fig. 2"b#, but should
have negligible effect on the electronic structure near the
Fermi level.

For explicit demonstration, we calculate the Mulliken
charge for the H2O-adsorbed carbon nanotube at different
levels of Gaussian basis sets. We use the SeqQuest program
in which the contracted Gaussian basis sets for the corre-
sponding PBE norm-conserving pseudopotentials are opti-
mized for both molecules and bulk solids and thus more
balanced than those for the standard quantum chemistry
codes.26 As noted in Table I, the calculated Mulliken charge
transfer within our computational scheme indeed converges
to zero as the completeness of the basis set increases, i.e.,
from the single zeta "SZ# and single zeta polarization "SZP#
to double zeta polarization "DZP# level. This obviously indi-
cates that the previously alleged charge transfer should have
been cross-checked with variable basis sets.

To explain the humidity-induced hysteresis, instead of
the direct charge transfer from the CNT to the neutral water
molecule, we note that the actual CNTFET has various com-
ponents, including metal electrode, metal-CNT interface, and
the gate dielectric surface. The effect of water adsorption on
such device parts could have substantial effect on the trans-
port properties of the CNTFET. For example, the metal-CNT
interface may have an increased chemical activity, and the
molecule adsorption on the metal-CNT interface region
could result in the modification of the Schottky barrier.

FIG. 1. "Color online# Two optimized geometries for the "10,0# carbon
nanotubes with the adsorbed H2O molecule. The hydrogen atom is directed
to the bridge of the C–C bond in "a#, and the oxygen atom is directed to the
hexagonal center of the carbons in "b#. The C–O and C–H distances and the
total energy difference between the two geometries are shown. The results
from the GGA and LDA calculations are written out of and in parentheses,
respectively.

FIG. 2. "Color online# Electronic band structures for "a# the bare and "b# the
H2O-adsorbed "10,0# carbon nanotubes. The blue short arrow and the red
long arrow indicate the HOMO and LUMO states of H2O molecule,
respectively.

TABLE I. Charge of the water molecule adsorbed on CNT calculated by
various basis sets.

Method and basis set Q"H2O# "%e%#

Ref. 14 +0.019
Ref. 21 +0.03
Ref. 22 +0.035

SZ "present work# !0.004 39
SZP "present work# !0.005 16
DZP "present work# !0.000 89

243110-2 Sung et al. Appl. Phys. Lett. 89, 243110 !2006"
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67.5 Angstrom

5

is insu�cient. RB: Possible ‘reference’ comment: Whilst the
periodic arrangement of water molecules in the
minimum energy position on the nanotube is
physical, it is unlikely at ambient temperatures.
It is therefore most sensible to isolate the e↵ect
of an individual water molecule on the surface.

With local charge transfer methods, it is not easy to
distinguish the di↵erence between actual charge trans-
fer and charge redistribution. Furthermore there is no
exact method to partition charge between atoms. We
instead determine charge transfer through electronic
density-di↵erences which, under the Kohn-Sham DFT
formalism, is exact for the interacting system (aside
from limitations of the exchange-correlation function-
als). Such a calculation requires use of a large-scale DFT
code, whilst retaining high accuracy to represent high
spatial-resolution density changes. RB: Blatant advertising... could do with reword-

ing!A single water molecule was placed on a periodic 16
unit cell (10,0) nanotube supercell (length ⇠ 68 Å). We
consider the density di↵erence, averaged over planes per-
pendicular to the nanotube axis:

��(z) =

Z
�n(~r) dx dy (1)

=

Z h
nCNT+H2O(~r)� nCNT (~r)� nH2O(~r)

i
dx dy.

(2)

where nCNT+H2O, nCNT and nH2O are, respectively, the
electronic densities for the composite system, the pristine
nanotube and the water molecule. To remove the under-
lying periodicity of the nanotube we smear this quantity
with a top-hat function with width equal to the nanotube
unit cell length.

Shown in figures figures is this density di↵erence per
unit unit length for three water orientations: dipole away
from nanotube, towards and inclined at 45 degrees to the
nanotube axis. The water molecule is adsorbed above a
carbon atom at the centre of the supercell (z ⇠ 34 Å), po-
sitioned at a constant carbon–oxygen separation of 3.2 Å.

We observe that the orientation of the water dipole in-
fluences the sign of the local charge redistribution with
attraction/repulsion (positive/negative ��) for the posi-
tive/negative end of the dipole closest to the surface. At
large distances from the water molecule, the density dif-
ference decays indicating that no charge is transferred to
the nanotube. RB: The fact that this decay is not to zero is

possibly a finite supercell e↵ect which is di�-
cult to converge against due to the slow decay of
dipole fields. Conversely, assuming this non-zero
value is due to transfer, an upper bound can be
set at ⇠ 10�5 e per nanotube unit cell per water
molecule.

Adjusting the water-nanotube separation by ±0.4 Å
changes the magnitude, but crucially not the direction, of
the charge redistribution. The local charge analyses pre-
sented in figure 1 are insu�cient to determine even the
charge redistribution as a change in sign is observed. We
discuss further issues with the use of local charge transfer
methods in the appendix.

We find that a classical electrostatic model for the sys-
tem is able to well describe this charge redistribution.
Treating the dipole as two classical point charges, ±q,
and the nanotube as an infinite conducting cylinder of
radius a with axis lying along the z-axis, the charge re-
distribution per unit length in the nanotube, equivalent
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+q
–q

1

�V
loc

(~r) =
q

|~r � ~r
+

| �
q

|~r � ~r�|

�V
loc

(~g) = q
hei~g·~r+

g2
� ei~g·~r�

g2

i

•No electrons added

•Exact long-range interaction

•Parameter free 
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Single water molecule:
dipole away
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• Mulliken analysis has been consistently 
misinterpreted in the literature

• Electrostatic effects may be isolated 
through the use of classical charges

• There exists no charge transfer between 
water and CNTs

Summary
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FIG. 2. Charge transfers calculated using Mulliken and natu-
ral population analysis (NPA), compared to electron density
di↵erence per nanotube unit length.

FIG. 3. Comparison of density of states for pristine nanotube
and carbon local density of states for nanotube with a single
adsorbed water molecule. The curves are indistinguishable in
the vicinity of the Fermi level.
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4.3 Angstrom
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4.3 Angstrom

~ 40 meV
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