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ABSTRACT

The chemical sensitivity of electronic transport in carbon nanotubes under the physisorption of molecular species is investigated using a
tight-binding scheme, parametrized by first-principles calculations. Such a computational method enables tackling of the complex electronic
properties of chemically grafted conducting nanotubes. Our calculations demonstrate that the impact of physisorption on the transport regime
critically depends on the HOMO —LUMO gap of the attached molecules. In addition, the electronic mean free path exhibits a downscaling law
with a lower dependence on the coverage density of grafted molecules than for conventional substitutional doping or homogeneous disorder.

The science of carbon nanotubes (CNTs) is a rapidly m-stacking interactions and corresponding to a weaker
developing field due to the spectacular combination of binding energy!~1® The main interest in noncovalent func-
molecular and mesoscopic scale phenomena and theirtionalization stems from the negligible charge-transfer in-
relevance for both fundamental research and technologicalvolved within the z-stacking interactions. The induced
perspective$.Nanotube-based electronics is probably one scattering is thus expected to be low and molecular dependent
of the main potential uses of nanotubes. The elastic meanin opposition to the electrochemical covalent functionaliza-
free path in metallic nanotubes is exceptionally long and tion.!® Consequently, a good knowledge of the CNT's
further upscales with the diameter at a given disorder reactivity and of the impact of the physisorption on the
strength?® Transport measurements have confirmed quasi- quantum transport is needed to guarantee their potential
ballistic transport using field effect transistors in the low bias application as chemical sensors.

regime®® _ . Recently, the effect of physisorption of small six-
In addition, chemical sensing capabilities of carbon mempered ring moleculessBz, with n = 3, 4, 6, adsorbed
nanotube based devices appear very promisingdeed, onto the CNTs has been investigated experimentally, through

functional groups can specifically pe att_ached to the carbon thermopower measuremenfsSuch an approach indirectly
nanotube surface either by physisorptiar by covalent  4qqresses the effect of molecular physisorption on quantum
bonding?1° Conventional covalent functionalization signifi- transport since the thermopower can be related to the

cantly perturbs the atomic structure of the CNTs and its conductance modulations close to the Fermi level through
corresponding electronic properties. On the other hand, theihe Mott formulat® However, to date, no theoretical works
physisorption of organic molecules on the nanotube sidewallsp, 5,6 accurately studied the issue of charge conduction
is an example of noncovalent functionalization involving properties in long carbon nanotubes with random coverage
of physisorbed molecules.
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Figure 1. The electronic structures of a graphen& % supercell with one adsorbedconjugated molecule. (left) the HOMO eigenstate
of the isolated benzene {8s) molecule (shown with a dashed line in the left-hand frame) mixes up with the band structure of the graphene
layer, to form a complex band structure (central frame). (right) an azulenkld/dnolecule is physisorbed on the graphene sheet.

random coverage ofi-conjugated hydrocarbon molecules Py £=+0.760 eV
(benzene (6Hs) and azulene (EHs)) and acting on the wave _ L) D £=+0.842 eV
packet propagation along the tube axis. The value of thg d ‘
HOMO—-LUMO gap of the attached molecules and the
energy of charge carriers are shown to be crucial parameter
for determining the generic transport length scales (such a
mean free path), and contribution of quantum interference
effects, yielding weak localization. A combination of ab initio
and semiempirical description of the system energetics is Figure 2. (a) Schematic view of the graphenmolecule interaction
used to compute the transport coefficients in the Kubo d€scribed by eq 2. The distandand the anglep are drawn. (b)
formalism in real spact:2° The modlfled Hiekel mo.del for the azulene molecule. Thg on-site
h . . .. energies are corrected in order to account for the screening effect,
To adjust the parameters of the semiempirical Hamiltonian, while the hopping integrals age= —2.63 eV and/’ = —2.08 eV,
and since the interaction between the CNT and each moleculeespectively.
is geometry-dependent, an ab initio study of the adsorption
has been carried out prior to the TB analysi¥ Assuming system, containing the interaction between CNT &hd,
that the adsorption on a CNT or on graphene are equivalent,molecules, reads
the atomic model is simplified when using a<55 graphene
supercell with one adsorbed benzene or azulene molecule, o Nol A
instead of the cylindrical structure. H=Hgt+ AZ [Ho(M) + V(M)] (1)
Electronic calculations have been performed on such =1
system using the density functional theory within its local A
density approximation (LDA) to predict the optimal geometry Where Henr is the usual zone folding Hamiltonian, and
and extract its electronic structure. The AIMPRO cBdes ~ Hmo(M) is the Hickel Hamiltonian related to thevith
been used, with standard norm-conserving pseudopotéatials molecule. TheV(M) term in eq 1 corresponds to the
and a 3x 3 x 1 k-points sampling for the Brillouin zone  interaction between th&ith molecule and the CNT and is
integrations. The basis used is sufficient to obtain correct expressed as follows
adsoption curve4!5(C atoms contain five s- and p-like and
three d-like orbitals, and H atoms contain fouagd p-like V(M) = ; ZA B cosgp)e " |nmm| 2)
orbitals). néCNT i
From the optimized geometri€{displayed in the center
of Figure 1), the LDA band structures are plotted for both Such a coupling term was optimized to accurately reproduce
isolated and interacting systems. The interaction acts as ahe interaction between shells in a multiwalled CRTn
mixing of the molecular single states with the underlying eq 2,d corresponds to the distance between sites, whike
band structure, resulting in hybrid eigenstates, with low group the angle defined in Figure 2a. The parameters related to
velocity. However, due to the relatively large gaps of the the interaction aré = 3.34 A,| = 0.45 A, ands = —0.36
isolated molecules (5.217 and 2.089 eV for benzene andeV.
azulene, respectively) only weak disturbance is induced The tight-binding parameters (on-site energiesand
around the Fermi energy, and the linear band dispersion ishopping integralsy) are adjusted to reproduce the band
preserved. structure of a graphene sheet and the energy levels of isolated
Since the electronic properties of CNTs are well described benzene and azulene molecules, calculated within LDA. A
by the so-called zone-folding model, a TB approach that standard procedure has been used to set the parameters for
safely neglects the weak effects of curvature is Uséde the graphene or the CNTecnt = 0 eV, yenr = —2.56 eV,
m-conjugated molecules are treated by thaeckél modeP* as well as for the benzene moleculé;en, = +0.411 eV,
Finally, the tight-binding Hamiltonian of the complete ypen,= —2.61 eV.

v)

graphitic wall () £=+0.308 eV

£=+0.026 eV
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Due to an inhomogeneous charge distribution along th

azulene molecule, the TB model has to be refined to properiy@

account for screening effects. By adding an electrostatic cor
rection, proportional to the net charge on each carbon ato
(calculated with LDA), renormalized on-site energies for the

azulene molecule have been deduced. The on-sites and tf

adjusted hopping integrals are given in Figure 2b. Within
this approach, the TB value of the azulene HOMQJMO

gap is 2.198 eV. Finally, the band structure computed with
this modified TB model is compared to the previous ab initio
results. As presented in Figure 1, this reparametrized semi
empirical model gives an excellent description of the elec-

tronic states for both benzene and azulene adsorption case
The next step is the implementation of these parameters

into an orderO(N) TB calculation to studying both the
electronic structure (density of states) and the charge transpo
in a CNT with a random coverage of noncovalently attached
moleculeg® The computations of the conduction properties
have been performed within the Kubo formalism using the
linear response regime in real spa®&.This method consists
of computing the energy-dependent diffusion coefficients of
propagating electrons
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whose time dependence fully determines the transport
mechanism and the typical elastic transport length scaleHove singularity of the CNT. Although the total DOS

remains basically unaffected around the Fermi energy, the
In eq 3, X(t) is the Heisenberg representation of the azulene adsorption turns out to impact more significantly
on the intrinsic electronic current. Indeed, as shown in Figure
= n(E) is the normalized density of states. The computations 3d, the diffusion coefficients of propagating electrons at the
Fermi level depart more strongly from the ballistic regime.

The nonlinear time dependencel®i(t) allows extraction
mented to investigate the boron and nitrogen doping in of the elastic relaxation time and, knowing the Fermi
velocity vg, the corresponding electronic mean free path

The density of states (DOS) of a (10,10) carbon nanotube, Figure 4 presents the evolution of the elastic mean free path
with random coverage of adsorbed molecules is calculatedas a function of the azulene coverage density, at the Fermi
within this framework. Figure 3a presents the DOS for a level (charge neutrality point) and for an energy closer to
nanotube with benzene coverage density of 16.3% (suchthe HOMO resonancé = —0.2y, = —0.54 eV).
density corresponds to the ratio of adsorbed mass of the The energy-dependent behaviors for two different cover-
molecule over CNT mass) whereas Figure 3b illustrates theages of 2% and 25% are shown in the inset of Figure 4. At
DOS for the nanotube with azulene coverage density of the charge neutrality point, such an increase of coverage
density yields a decrease &f by a factor of 3. Such

Since the coupling intensity is weak, the DOS plotted in downscaling is found to be much slower than expected from
Figure 3 displays the reminiscent discrete molecular levels, a conventional Fermi golden rule (FGR).Indeed, in
contrast, the effect of substitutional chemical impurities
investigated within the FGR approd&thwas shown to
produce a linear decreasing lefwith the impurity density.

In the case of the benzene adsorption, the DOS is weaklyDifferent from substitutional impurities, in the case of
affected at charge neutrality point, and the computed dif- physisorption, the underlying carbon lattice is only disturbed
fusion coefficient shows almost no deviation from the linear as a second-order process, and as confirmed by our numerical
scaling in time (ballistic regime). Elastic backscattering in- results, corresponding backscattering behavior turns out to
duced by benzene molecules is thus vanishingly low at Fermibe much weaker.

Another remarkable feature is the strong asymmetry of
backscattering with respect to the charge neutrality point.

In contrast, in the case of azulene molecules, the HOMO Indeed, the effect of the molecules on transport is much more
level is located in the close vicinity of the last occupied Van pronounced in the vicinity of the HOMO resonance for which

(mean free path).
position operator along the nanotube axis @and(E — H)]

of the traces are performed in real space, using an @¢r
recursion techniqu&;?° that has been successfully imple-

carbon nanotubeX.

11.5%.

slightly enlarged by the mixing with the underlying con-
tinuum of & or 7* bands. Peaks arising from molecular
HOMO and LUMO levels are labeled.

level (Figure 3c) and does not produce sufficient deviation
to determine an elastic mean free path bete®00 xm.

2218

Figure 3. (a) DOS of the (10,10) CNT with a ¢Es density
coverage of 16.3%. The HOMO molecular state is located by an
arrow. (b) Same as in (a) but for agHg density coverage of 11.5%.
HOMO and LUMO levels are identified by arrows. (c) Time-
dependent diffusion coefficient (at Fermi level) for thgHg@CNT
system, showing quasi-ballistic behavior (solid line). Ballistic
conduction for the pristine CNT case is also reported (dashed line).
(d) Time-dependent diffusion coefficient for the;JHs@CNT
structure, showing saturation at large times (diffusive regime).
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100 1 T — o reversible elastic disorder by a simple adsorption/desorption
= g - of molecules covering the nanotube surface opens interesting
501 EN a perspectives for experimental studies and potential applica-
40 k- T tions in nanotechnology.
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Figure 4. Electronic mean free path of alg@CNT nanostruc-
ture versus the density of physisorbed molecylgs and for two
different Fermi level positions. The origin of the error bars is the
expectation of the traces in eq 3. (inset) Energy-dependenke of
for pmol = 2% (bold curve) angme = 25% (solid curve).

we estimate (Figure 4, inset) a mean free path in the
nanometer range. The main part of Figure 4 shows the
downscaling law forl, at two chosen energies. F& =
—0.2y,, the mean free path is roughly divided by a factor of
6 for a coverage increase 6f20%. At low coverage the
initial values ofle for both energies are similar, but the
downscaling ofle with respect to the impurity coverage
density turns out to be different. This remarkable feature
demonstrates the unconventional effect of physisorption on
the scaling behaviors of the elastic length scales.

In the diffusive regime, it is possible to estimate the
relative conductance change upon Fermi level shift. Indeed,
the conductance scales linearly withso that the ratio of
the conductance at two different energies is related to the
inverse ratio of corresponding mean free paths. For instance,
comparing the situation of a Fermi level at HOMO resonance
with the charge neutrality point one gets

G(Er~€nomo) = le(Er~€romo)/|(Er=0)G(E-=0)  (4)

so that a quantitative measure of conductance changes upon

Fermi level shift is possible.

In conclusion, physisorption effects on electronic conduc-
tion have been shown to critically depend on the nature of
molecular species and their HOMQUMO gap positioning
with respect to the Fermi level. Benzene molecules yield
vanishing modulations of the intrinsic conductance, whereas
azulene molecules (with HOMOLUMO gap of about
~2.07 eV) produce substantial elastic backscattering in the
nanotube, resulting in mean free paths on the order of a few
micrometers for large coverage. Other small gaponju-
gated hydrocarbon molecules such as fulvene should yield
similar effects. Such a possibility of creating/removing a
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