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Functionalization of carbon nanotubes through the chemical binding of atoms and molecules
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We present a proposal for altering the electronic properties of single wall carbon nanotubes~SWNT’s!
through the chemical binding of atoms and molecules. This binding would be performed at Si substitutional
defect sites, which would guarantee a high stability to the system. We argue that, by appropriately choosing the
atom or radical bound to the Si atom, one can have a greater doping flexibility than has been achieved so far,
and can, in principle, engineer transport, optical, or other properties of SWNT’s. These conclusions are based
on detailed first-principles calculations for a Si-X doped semiconducting~10,0! SWNT, forX5$F, Cl, H, CH3,
and SiH3%.
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I. INTRODUCTION

Carbon nanotubes1 have attracted a lot of attention as
promising form of nanoscale material with possible appli
tions in nanoscale devices.2–5 In particular, the possibility of
modifying their properties through doping has become a fi
of growing interest, both from an experimental6–15as well as
a theoretical16–21 point of view. One of the reasons for th
interest in doping is the possibility of altering the transport
optical properties of the nanotubes, which is usually a nec
sity in device engineering. If one considers semiconduct
nanotubes, the natural way to introduce either accepto
donor levels would be through substitutional boron or nit
gen doping, respectively. However, it could be useful to ha
other options. Here we suggest that complexes formed f
a Si substitutional atom plus another atom or molec
chemically bonded to it can be used to alter, with grea
flexibility, the transport properties of semiconducting nan
tubes. We show that all these systems introduce a half fi
level close to the top of the nanotube’s valence band. Mo
over, the specific position of this level in the gap depends
which species is bonded to the Si atom. Therefore one
now modify the transport properties of nanotubes not only
changing the concentration of dopants, as could be don
the case of N and B doping, but also by choosing wh
species is attached to the Si atom.

The main criticism that can be raised about our propo
is the difficulty, in principle, of doping a nanotube with S
given that it would prefer ansp3 rather than ansp2 hybrid-
ization. In fact, we have studied such doping in a previo
paper,19 and we have shown that its formation energy
somewhat high,22 of the order of 3.1 eV. However, there
by now vast experimental evidence23–27about the possibility
of substitutional doping of fullerenes by Si atoms, whi
indicates that it should also be possible to similarly do
nanotubes with Si. Moreover, different routes can be use
incorporate the Si atom, or the Si-X complex~e.g., radially
deforming the nanotubes20!. Once inserted, this defect shou
be quite stable, and could then be used as the trapping
for the chemisorption of other atoms or molecules. Finally
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might be easier to insert the Si-X complex at once, using
appropriate chemical routes.

We have previously19 presented predictions about th
electronic and structural properties of silicon-doped carb
nanotubes. In particular, for a semiconducting~10,0!
SWNT’s it was demonstrated that Si substitutional dop
introduces an empty level in the gap at approximately 0.2
below the bottom of the conduction band. The presence
this empty level is intimately related to the structural rela
ation that happens around the Si atom.28 As the Si substitu-
tional atom has now a moresp3-like character, we
suggested19 that the silicon impurity could be used as a
effective center to capture other atoms or molecules, sinc
this way the Si atom would be fourfold coordinated.

Therefore we present a study of the interaction of this s
with atoms and molecules that have different binding en
gies to the Si atom in order to establish general trends
particular, we will present results for F, Cl, H, CH3, and
SiH3.

II. METHOD

The calculations are similar to what was done before
Si on SWNT’s.19 They are based on first-principles densit
functional theory calculations29 using numerical orbitals as
basis sets. We have used theSIESTA code,30 which performs a
fully self-consistent calculation solving the standard Koh
Sham equations. For the exchange and correlation term
use the local-density approximation with the parametrizat
of Perdew and Zunger.31 In all calculations we have used
split-valence double-zeta basis set with polarizat
function.32 Standard norm-conserving Troullier-Martin
pseudopotentials33 are used. A cutoff of 120 Ry for the grid
integration was utilized to represent the charge density.
calculations were all performed using a~10,0! semiconductor
SWNT ~diameter of 8.14 Å!. We use periodic-boundary con
ditions and a supercell approximation with lateral separat
of 18 Å between tube centers to make sure that they do
interact with each other. The supercell had 120 atoms
both the doped and undoped nanotubes, which results in
©2003 The American Physical Society05-1
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value of 12.78 Å for the distance between a Si atom and
image in the next supercell. We have used three Monkho
Pack k points for the Brillouin-zone integration along th
tube axis, and the structural optimizations were perform
using the conjugate gradient algorithm until the resid
Hellmann-Feynman forces were smaller than 0.05 eV/Å.

III. RESULTS AND DISCUSSION

For all the systems considered the final relaxed structu
are rather similar. They all present an outward local str
tural distortion along the radial direction~‘‘bump’’ !, a feature
that was already observed in the Si-only doped tube.19 This
bump is clearly related to two factors:~i! a tendency of Si to
have ansp3 hybridization; and~ii ! the larger Si-C bond
when compared to the C-C bond. The bump in the Si-o
doping was equal to 0.78 Å. For all the systems conside
this number increased to values between 0.84 and 1.0
except for SiH3, where it decreased to 0.65 Å. The ang
betweenX-Si-C, whereX is any one of the atoms or mo
ecules considered, is always between 114° and 11
whereas the angle between C-Si-C is always between 1
and 103°. The Si-C distances are all between 1.7 and 1.
a feature already observed for the Si-only doping.19 Finally,
the Si-X distances are all very similar to what is obtained
organosilicon compounds,34 with deviations between 1% an
3%.

In Fig. 1 we present the band structures around the na
tube energy gap for the pure Si doping system@Fig. 1~a!# and
all the Si-X systems considered@Figs. 1~b!–~f!#. As men-
tioned above, once a Si atom has been inserted into the
network, it is expected that it will be highly reactive becau
~i! it prefers a tetra-coordinated configuration (sp3 hybrid-
ization!; ~ii ! studies of organic silicon compounds indicate35

that Si usually forms stronger bonds than C with other e
ments. We indeed obtain that all the species considered
strongly bonded to the Si site~our estimatedab initio bind-
ing energies give values larger than 3.5 eV for all bonds!. As
can be seen comparing Fig. 1~a! with Figs. 1~b!–~f!, a con-
sequence of the formation of these strong bonds is the
appearance of the empty level above midgap, for all ca
considered.

In order to better understand this universal behavior, le
consider a simple three level model, where we have:~i! a
pure nanotube orbital, calleduT&, which corresponds to a
situation where we~theoretically! removed onepz orbital
~for an sp2 carbon atom, we call thep orbital perpendicular
to the threesp2 hybrid orbitals apz orbital! from the system.
Both a simple tight-binding calculation and anab initio cal-
culation where we removed a C atom from the~10,0! nano-
tube~with the threes bonds that were created saturated w
H atoms! show that thisuT& orbital is positioned close to th
middle of the gap;~ii ! the Si atomsp3-like orbital, which we
call uSi&; ~iii ! the ligandX orbital, calleduX&. When we have
simply the Si-doped nanotube, the somewhat weakp-like
interaction, between theuT& and theuSi& orbitals result in the
above midgap level shown in Fig. 1~a!. However, with theX
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FIG. 1. Band structures~from theG to thep/a point! around the
band gap, and electronic-charge densities for the half filled lev
close to the top of the valence band for all the systems~nanotube
1Si1X), except in the case of a~nanotube1Si!, where the charge
density is for the orbital at.0.6 eV above the top of the valenc
band. ~a! nanotube1Si; ~b! X5F; ~c! X5Cl; ~d! X5H; ~e! X
5CH3; ~f! X5SiH3. The circles are guides to the eye.
5-2
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atom or molecule present, the Si atom forms a much stron
bond with the ligandX ~a s-like bond!, resulting in a bond-
ing (uB&) level and an antibonding (uA&) level, which will be
resonant in the valence and conduction bands, respecti
The resulting bondinguB& level will couple very weakly to
the tube uT& orbital. Therefore the final situation can b
viewed as a coupling between the tube leveluT& and the
antibonding leveluA&, resulting in the appearance of a ha
filled level (uL&) in the gap, somewhere between midgap a
the top of the valence band.

As expected from the above argument, the characte
this level is basically the same, independently of what at
or molecule is bound to the Si site. Plots of charge den
for all the systems considered~see Fig. 1! show that they
have a strong tube character, being somewhat delocalize
with the stronger weight on the C atoms nearby the Si at
If we write for the uA& level uA&5auSi&2buX& (a, b.0),
one can show that the position of the leveluL& depends ona2

approximately as«L5«T2(bTSi
2 a2)/(«A2«T), where«S is

the level position for the stateuS&, for S5A, T, or L, and
bTSi is the effective coupling betweenuT& and uSi&. For a
stronger bond between the ligandX and the Si atom, the
weight of the uSi& orbital in the antibondinguA& state is
larger, i.e., thea coefficient defined above is larger. As
consequence, the«L level will be closer to the top of the
valence band. On the other hand, for a weaker bond betw
X and Si we expect the half filled gap level to move aw
from the top of the valence band, closer to midgap.

Hence, based on the above argument, we expect the i
esting feature for the Si-X doping that, even though the ove
all characteristics are the same for all the systems conside
the specific position of the leveluL& depends on which atom
or molecule is bound to the Si atom. In Fig. 2 we show
position of this level relative to the top of the valence ban

FIG. 2. Position of the half filled level in the band gap, relati
to the top of the valence band. The dots are the calculated valu
a function of the experimental Si-X binding energies for Me3Si-X
molecules, where Me is a methyl group andX5$F, Cl, H, CH3,
and SiH3%. The curve is a fitting to the data points, and correspo
to the equationy50.0227(x26.86)2, wherex is the Si-X binding
energy andy the level position, both in eV.
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as obtained in ourab initio calculations,36 as a function of
the experimental binding energies38 betweenX and the Si
atom for the molecules of the type Me3Si-X, where Me is a
methyl group. As can be seen, the higher the binding ene
the closer the level is to the top of the valence band, whic
in accord with our previous argument. In this way, one c
design the system of interest by picking the appropri
group to bind to the Si sites.

Therefore the picture that we propose for the electro
structure of atoms and molecules bound to a Si substitutio
site in SWNT’s is the following:~i! if we have the Si-only
doping, due to the relaxation of the Si atom, there is
appearance of an empty state ‘‘close’’ to the bottom of
conduction band;~ii ! upon chemisorption of an atom or rad
cal to the Si site, there is the formation of a strong bo
between the Si and the chemisorbed species, with the for
tion of bonding and antibonding states, which will be res
nating in the valence and conduction bands, respectiv
~iii ! this leaves in the gap the tube leveluT&, which will
couple mostly to the antibonding leveluA&. As a conse-
quence there is the presence of a half filled level in the g
with a strong nanotube character. Even though the gen
features of this level are independent of the ligandX, its
specific position depends on the binding energy between
andX.

IV. CONCLUSIONS

In conclusion, we present a theoretical suggestion for c
trolled doping of SWNT’s through a system formed by
substitutional atoms bound to other atoms or molecules.
greatest experimental difficulty is probably the insertion
Si atoms in the SWNT. However, both the previous expe
mental results about Si doping in fullerenes,23–27 plus the
vast knowledge on organic silicon compounds,34,35,38give us
great confidence that this problem is perfectly surmounta
Once the Si atom is inserted in the SWNT, the binding
other elements to it will be very strong. This is a very ni
property, since most atoms and molecules that have rece
been shown to alter the electronic properties of SWN
~e.g., O2) adsorb weakly on tubes. It is important to stre
the fact that, even though we are here presenting a scen
for a larger flexibility of doping when compared to B atom
the actual possibilities are far reaching. For example, one
think about control of optical properties, quantum dots en
neering by alternating the Si-X complex along the
nanotube,21 or tube-tube interactions through Si-X-Si
bridges.
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