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Atomistic modeling and simulations are becoming
increasingly important in the design of new devices at
the nanoscale. Of the myriad of potential application
areas commonly associated with Nanotechnology, sen-
sors based on carbon nanotubes (CNT) and metal-oxide
nanoribbons are one of the closest to commercial reality.
In this work, we review some recent molecular modeling
investigations on: (1) CNT-based electromechanical
sensors, and (2) gas-sensing properties of SnO, nano-
ribbons. Simulation methods include: First-Principles
Density Functional Theory (DFT), classical molecular
mechanics, and Green’s-function-based tight-binding
transport.

Keywords: Nanotubes; Nanoribbons; NEMS; DEFT; Electronic
Transport

INTRODUCTION

Nanotechnology continues to be a rapidly emerging
field in which new ideas are being born and
discoveries being made at a breathtaking pace.
New Materials systems with novel properties are
being designed or invented at an incredible rate in
laboratories throughout the world. Of the nano-
systems, two of the most intensely studied are
carbon nanotubes (CNTs) [1-5] and metal-oxide
nanoribbons [6-8]. CNTs have been a popular area
of research for more than a decade because of the
promise of a host of commercial applications [9],
including: field emission-based flat panel displays
[10-16], novel semiconducting devices in micro-
electronics [17,18], hydrogen storage devices [19],
structural reinforcement agents [20], chemical sen-
sors [21-23], and ultra-sensitive electromechanical
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sensors [21,24]. Metal-oxide nanoribbons, particu-
larly those synthesized from inexpensive SnO, and
ZnO [6-8], have been a materials system of great
current interest because of potential applications as
chemical sensors for pollutant gas species and
biomolecules [25-27].

A number of important advances on the experi-
mental front, including the ability to manipulate
matter at the nanoscale, are pushing various
prototype devices toward commercial reality. At
the same time, the well-characterized atomic
structures of CNTs and nanoribbons as well as
their high degree of structural purity are allowing
accurate computer modeling and in silico property
prediction. This paper is a review of our modeling
endeavor in two application areas: (1) CNT-based
nano-electromechanical sensors (NEMS); and
(2) SnOy-nanoribbon-based gas sensors. A host of
computational techniques are used: density func-
tional theory (DFT)-based first-principles quantum
mechanics, classical forcefield-based molecular
mechanics (MM), and tight-binding transport
based on the recursive Green’s function formalism.
A Dbrief description of these methods, along
with appropriate references, is given in the
Appendix.

CNT-BASED NANO-ELECTROMECHANICAL
SENSORS (NEMS)

Interest in the application of carbon nanotubes as
electromechanical sensors got a significant boost
from the pioneering experiment of Tombler et al.[24],
in which the middle part of the segment of a metallic
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nanotube suspended over a trench was pushed with
an AFM tip. Beyond a deformation angle of ~13° the
electrical conductance of the tube dropped by more
than two orders of magnitude. The effect was found
to be completely reversible, i.e. through repeated
cycles of AFM-deformation and tip removal, the
electrical conductance displayed a cyclical
variation with constant amplitude. An interesting
explanation was put forward by O(N) tight-binding
calculations [28], which show that beyond a critical
deformation several C-atoms close to the AFM
tip become sp’-coordinated. This leads to the
tying up of m-electrons into localized o-states,
which would explain the large drop in electrical
conductance.

The smallest models of CNTs necessary in such
simulations typically involve a few thousand atoms,
which makes first-principles quantum mechanics
simulations unfeasible. Therefore, we carried out
a combination of first-principles DFT and
classical molecular mechanics to investigate struc-
tural changes in a CNT under AFM-deformation.
Bond reconstruction, if any, is likely to occur only on
the highly deformed, non-straight part of the
tube close to the AFM-tip. For such atoms, we
used a DFT-based quantum mechanical description
(~100-150 atoms including AFM-tip atoms), while
the long and essentially straight part away from the
middle was described accurately using the universal
forcefield (UFF) [29,30].

Because of known differences in electronic
response of zigzag and armchair tubes to mechanical
deformation, we studied a (12,0) zigzag and a (6,6)
armchair tube, each consisting of 2400 atoms.
The AFM tip was modeled by a 6-layer deep
15-atom Li-needle normal to the (100) direction,
terminating in an atomically sharp tip. To simulate
AFM-tip-deformation, the Li-needle was initially
aimed at the center of a hexagon on the bottom-side
of the middle part of the tube. The Li-needle tip was
then displaced by an amount & toward the tube
along the needle-axis, resulting in a deformation
angle 6=tan '(2§/L), L being the unstretched
length of the tube. At each end of the tube, a contact
region defined by a unit cell plus one atomic ring
(a total of 36 and 60 atoms for the armchair and the
zigzag tube, respectively) was then fixed and
the whole tube relaxed with the UFE. The whole
tube was then relaxed by UFF keeping the needle
atoms and the end contact regions of the tube fixed.
The contact region atoms were fixed in order to
simulate an ideal undeformed semi-infinite carbon
nanotube lead, and to ensure that all possible
contact modes are coupled to the deformed part of

the tube. Following the UFF relaxation, a cluster of
132 C-atoms for the (6,6) tube, and a cluster of
144 C-atoms for the (12,0) tube were cut out from
the middle of the tubes. These clusters, referred to
below as the QM clusters (plus the 15 Li-tip atoms
in tip-deformation simulations) were further relaxed
with Accelrys” DFT-code DMol® [31-34]", with the
end atoms of the cluster plus the Li-tip atoms fixed at
their respective classical positions. In order to cut
down on CPU requirements, the DFT calculations
were performed using the Harris functional [35,36]
and the local exchange-correlation potential due to
Vosko, Wilk and Nusair [37].

Figure 1 displays the tip-deformed QM-cluster
for the (6,6) and the (12,0) tubes at the highest
deformation angle of 25° considered in these
simulations. Even under such large deformations,
there is no indication of sp® bonding, and the
structure was very similar to what was observed
for the (5,5) tube in Ref. [38]. The absence of sp’
coordination is inferred based on an analysis of
nearest-neighbor distances of the atoms with
the highest displacements, ie. the ones closest
to the Li-tip. Although for each of these atoms the
three nearest neighbor C—C bonds are stretched to
between 1.45-1.75A, the distance of the fourth
neighbor, required to induce sp> coordination, is greater
than 2.2A for all tubes in our simulations. The
electronic charge density in the region between a
C-atom and its fourth nearest neighbor is
negligibly small, and none of the C-C-C angles
between bonded atoms in the vicinity of the tip
deviates by more than a few degrees from 120°,
suggesting that the C-atoms near the AFM-tip
essentially remain sp*-coordinated.

Following structural relaxation of the CNTs, we
computed the transmission and conductance using
the formalism outlined in the Appendix. Our results
indicate that the conductance remains essentially
constant for the (6,6) armchair tube up to defor-
mation as large as 25°. However, for the (12,0) tube
the conductance drops by a factor of ~0.3 at 15°, two
orders of magnitude at 20°, and 4 orders of
magnitude at § = 25°. Since sp° coordination could
be ruled out, what could be the cause for such a large
conductance drop in the experiment of Ref. [24], as
well as in our simulation on the metallic zigzag tube?
Also, why did the armchair tube display no
significant drop in conductance even up to large
angles of deformation?

A simple explanation emerges if one zooms
out from the middle of the tube and looks at the
profile of the whole tube under AFM-deformation.
One immediately discovers an overall stretching of

*See URL: http:/ /www.accelrys.com/mstudio/dmol3.html for information on the latest version of DMol°.
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FIGURE1 DMol’-relaxed Li-tip-deformed QM clusters for: (a) the (6,6) armchair (132 C-atoms); and (b) the (12,0) zigzag (144 C-atoms),
in side views. The deformation angle is 25° for both tubes; (c) and (d) are respective views along the tube length, with the Li-tip hidden for

clarity.

FIGURE 2 Schematic diagram representing deformation with
an AFM tip. The tip-deformed tube undergoes a tensile strain.
The deformation angle 6 is related to the tip displacement ()
and non-deformed tube-length (L) by 0 = tan™1(25/L).

the tube under AFM-deformation, as indicated
schematically in Fig. 2*. Figure 3 compares a drop
in conductance in the (12,0) tube subjected to: (1)
AFM-deformation, and (2) uniform stretching. Such
a comparison makes it clear that tensile strain is the
main reason behind the conductance drop in an
AFM-deformed metallic zigzag tube. We have also
verified that the (6,6) armchair tube does not
undergo any significant conductance drop upon
stretching.

Y ; =@~ uniformly stretched
10 i :| = +- AFM-deformed
5 .
107 b H9200 5
@ .
810° |-
c .
§ e
Q -7
2107 ki
2 B
8 8 £
107 52
%::
Ll i
107 by A PP e=10% Do
S EneRyev T — emB2T% @=25° | ¢
-10
10 1 1 1 1 1
0 2 4 6 8 10

% of strain

FIGURE 3 Conductance of an AFM-tip-deformed (12,0) tube as
compared to the same tube under a uniform stretch. Actual angles
of tip-deformation are indicated. The % strain for the AFM-
deformed tube is computed from the average C—C bond-stretch in
the middle of the straight portion of the tube [40]. The inset shows
transmission in the vicinity of the Fermi surface (E =0) for a
uniform strain of 10% and a tip-deformation angle of 25°, as
compared to the non-deformed tube.

For a tube with a very large length-to-diameter ratio, the length L stretches to ~ L sec 6§, 6 being the tip-deformation angle [see Fig. 2].
However, for moderately long tubes used in our simulations, the average tensile strain in the straight part of the tube is slightly lower than

(sec — 1).
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In order to explain the differences in conduc-
tance drops of the armchair (6,6) and the zigzag
(12,0) tubes as a function of strain, we turn to the
literature where a considerable amount of theo-
retical work already exists [39-44]. An important
result [42] is that the rate of change of bandgap as a
function of strain depends on the CNT chiral angle
6, more precisely as proportional to cos(36). Thus,
stretched armchair tubes (6 = 30°) do not open any
bandgap, and always remain metallic. On the other
hand, a metallic (3n,0) zigzag tube (0#=0) can
open a bandgap of ~100meV when stretched by
only 1%. This bandgap increases linearly with
strain, thus transforming the CNT into a semi-
conductor at a strain of only a few percent.
In general, all metallic tubes with 1y — n, = 3n will
undergo the above metal-to-semiconductor tran-
sition, the effect being most pronounced in metallic
zigzag tubes. An experiment as in Ref. [24] is,
thus, expected to show a decrease in conductance
upon AFM-deformation for all nanotubes except
the armchair tubes.

In addition to the above results for metallic
CNTs, theory also predicts that [42] for semi-
conducting tubes (n; — ny # 3n), the bandgap can
either increase (for n; —mnp, =3n —2) or decrease
(for n1 —np, =3n —1) with strain. These results
have recently prompted more detailed experiments
on a set of metallic and semiconducting CNTs
deformed with an AFM-tip [45], as well as on CNTs
under experimental tensile stretch [46]. Commercial
applications from such work could lead to novel
pressure sensors, transducers, amplifiers, and logic
devices [47].

CHEMICAL SENSORS BASED ON METAL-
OXIDE NANORIBBONS

Recent experiments with SnO, nanoribbons [48]
indicate that these are highly effective in detecting
even very small amounts of harmful gases like
NO,. Upon adsorption of these gases, the electrical
conductance of the sample decreases by several
orders of magnitude. More interestingly, it is
possible to get rid of the adsorbates by shining
UV light, and the electrical conductance is
completely restored to its original value. Such
single-crystalline sensing elements have several
advantages over conventional thin film oxide
sensors: low operating temperatures, no ill-defined
coarse grain boundaries, and high active surface-to-
volume ratio.

The experimental nanoribbons were synthesized
using a novel approach based on a simple thermal-
deposition process [6]. Field-emission scanning
electron microscopy (FE-SEM) and Transmission
Electron microscopy revealed that the ribbons:

[101]

10-30

so-m ‘%Oum.

FIGURE 4 Schematic diagram of a SnO, nanoribbon, showing
typical dimensions, exposed planes, and growth direction.

(1) possess a highly crystalline rutile structure;
(2) grow tens of microns long in the (1 0 1)
direction; (3) display a uniform quasi-rectangular
cross-section perpendicular to the growth direc-
tion; and (4) present the (1 0 1) and (0 1 0) rutile
planes as surface facets along the growth axis,
with dimensions ranging between 80-120nm by
10-30nm (Fig. 4). Rutile SnO, is a wide-bandgap
(3.6eV) n-doped semiconductor, with the intrinsic
carrier density determined by the deviation from
stoichiometry, primarily in the form of oxygen
vacancies [49].

Electron withdrawing groups like NO, and O; are
expected to deplete the conduction electron popu-
lation in the nanoribbon, thereby leading to a
decrease in electrical conductance. To investigate
this, we have carried out a first-principles DFT
investigation of the adsorption process of NO,, O,
and CO on the exposed (1 0 1) and (0 1 0) surfaces,
as well as the edge atoms of a SnO, nanoribbon.
The DFT code used was DMol®" [31]. We performed
all-electron calculations with a double numeric
polarized (DNP) basis set, and the gradient-
corrected PBE functional [50]. Nanoribbon surfaces
were represented in periodic supercells (Fig. 5), and
accurate Brillouin zone integration was performed
by careful sampling of k-points chosen according to
the Monkhorst-Pack scheme [51] with a k-point
spacing of 0.1A™'. In order to estimate charge
transfer to adatoms, we computed partial charge
on each atom using the Mulliken population
analysis [52].

In bulk rutile SnO,, the Sn-atoms are octahedrally
coordinated with six O-neighbors, while each
O-atom is a threefold bridge between neighboring
Sn-centers. At both (1 0 1) and (0 1 0) surfaces the
Sn-atoms lose an O-neighbor, thereby becoming
fivefold coordinated, Fig. 5(a,b). The surface
O-atoms become twofold-coordinated bridges con-
necting neighboring surface Sn-atoms, Fig. 5(a,b).
Both surfaces were represented by three layers of
Sn, each layer being sandwiched between two
O-layers. The bottom SnO, layer was fixed in order
to simulate the presence of several bulk-like layers
in the actual sample. In order to reduce interaction
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with periodic images, the surface unit cell was
doubled in the direction of the smaller surface
lattice constant, and a vacuum of 15A was placed
normal to the surface. To simulate nanoribbon
edges (i.e. lines of intersection of (1 0 1) and (0 1 0)
planes), a structure as in Fig. 5(c) was embedded in
a periodic supercell with the smallest repeat period
(5.71A) along the length of the ribbon, and a
vacuum of 15A normal to both the (1 0 1) surface
(y-axis) and the (0 1 0) surface (x-axis). At the
nanoribbon edges the Sn-atoms can be either
threefold- or fourfold-coordinated, Fig. 5(c).

Details of the results on binding energy and charge
transfer are published elsewhere [53]. We summarize
the important results below:

(i) All adsorbate structures involve one or more
bonds to surface Sn-atoms. The binding energy
increases in the sequence (0 1 0) < (1 0 <
3-fold edge < 4-fold edge.

(if) NO, adsorption displays a very rich chemistry
because it can either form a single bond to a
surface Sn, or can adsorb in the bidented form
through two single bonds to neighboring

(c)

FIGURE 5 Simulation supercells representing exposed surfaces of a SnO, nanoribon: (a) (1 0 1) surface; (b) (0 1 0) surface; and
(c) nanoribbon edge. For clarlty, the periodic cell is not shown in (c), and the interior atoms are represented by polyhedra. Surface atoms in
(a) and (b), and edge atoms in (c) are shown in ball representation. Yellow (larger) balls and Red (smaller) balls represent Sn and O-atoms
respectively. Sn' and Sn” are neighboring Sn-atoms connected with a bridging O. (Colour version available online.)
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Sn-atoms. The doubly bonded NO, is
2-3kcal/mol more stable than the single--
bonded NO,, and the binding energies are in
general 4-5kcal/mol higher on the (1 0 1)
surface than on the (0 1 0). Activation barrier
between the doubly-bonded and single--
bonded structures is expected to be low,
which should make the NO, species mobile
on the exposed faces by performing a series of
random walk steps along well-defined rows of
Sn-atoms on the surface.

(iii)) When two NO, molecules meet on the surface,
either through random walk as described
above, or through the incidence of a second
NO, from gas phase in the vicinity of an
already chemisorbed NO,, there is a transfer of
an O-atom from one NO, to the other, thus
converting it to a surface NOj species. The
bidented NO; group has a substantially higher
binding energy, especially on the (1 0 1)
surface, and should not, therefore, be mobile.
The net disproportionation reaction NO, +
NO, — NO; + NO is well known in chemistry.
The resulting NO species is only weakly bound
to the surface and should desorb easily.
Synchrotron measurements using X-ray
absorption near-edge spectroscopy (XANES)
have recently confirmed the abundance of NO;
species on the nanoribbon surface following
NO, adsorption [53].

(iv) A CO likes to adsorb in the following
manner: the C forms two single bonds to the
surface—one with a surface Sn and another
with a bridging O, while the O of the CO forms
a double bond to the C and sticks out of the
surface. This way, the C-atoms attains its
preferred 4-valency and the O has its bivalency
satisfied.

(v) On a defect-free surface (i.e. surface with no
O-vacancies), the O, molecules can only
weakly physisorb. In this configuration,
there is no charge transfer to the O, and
therefore a nanoribbon surface without surface
O-vacancies should be insensitive to atmo-
spheric oxygen. However, at O-vacancy sites,
the O, molecule has a strongly bound chemi-
sorbed structure in the form of a peroxide
bridge.

(vi) Both NO3 groups and chemisorbed O, (at
O-vacancy sites) accept a significant amount
of electronic charge from the surface. Therefore,
such adsorbates should lead to the lowering of
electrical conductance of the sample. CO, on the
other hand, donates a moderate amount of

electrons to the surface, and is, therefore,
expected to increase the electrical conductance.
All these results are consistent with direct
experimental measurements of sample conduc-
tance [26,48,54].
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APPENDIX: SUMMARY OF COMPUTATIONAL
TECHNIQUES

First-principles Density Functional Theory (DFT)

First-principles methods of solving many-electron
Schrédinger equation can be broadly classified into
two types: those based on the Hartree-Fock method,
and those based on the density functional theory
(DFT). Due to better scaling with the number of
electrons, DFT is quickly becoming the First-
Principles technique of choice in technologically
important problems. DFT is based on a theorem due
to Hohenberg and Kohn [55], which states that all
ground state properties are functions of the total
electronic charge density p(r). The total energy of an
electron gas can be formalistically written as a sum of
the kinetic, potential (electrostatic), exchange and
correlation energies. A practical implementation of
this formalism into computer programs was made
possible by the local density approximation (LDA) of
Kohn and Sham [56], which recast the many-electron
problem into a problem of single electrons moving
in an average field of the other electrons and ions.
The basic formalism has stood the test of time,
although important subsequent developments on
gradient corrections to the LDA and the exchange-
correlation functional have increased the accuracy of
DEFT significantly. There are several different DFT
codes available commercially, differing primarily in
the choice of the basis functions in which the
electronic wave functions are expanded, and
the scheme of integration. For the work reported
here, we used the DFT code DMol® [31—34]+,'"
distributed by Accelrys Inc, in which each electronic
wave function is expanded in a localized atom-
centered basis set defined on a numerical grid.

ISee http: //www.accelrys.com/doc/life/insight2K/dmol /2_Theory.html#193994 for details of DFT implementation in DMol°.
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In the present work, the electronic wave functions
were expanded in a double-numeric polarized
(DNP) basis set with a real-space cut-off of 4.0 A.
Such a cut-off reduces computational requirements
without significantly sacrificing accuracy, as has
been explicitly verified in this and many other
numerical experiments. A thermal smear of 0.01
Hartree was applied to obtain faster SCF conver-
gence, without affecting the structure and energetics
to any significant degree.

Classical Molecular Mechanics

Simulations on the AFM-deformed nanotubes
involved fairly long structures with several
thousand atoms. Performing first-principles DFT
calculations on systems of such size is prohibitively
expensive, and often unnecessary. In such situations,
we used a combination of DFT and classical
molecular mechanics (MM) with accurate inter-
atomic potentials describing the C—C interactions.
The interatomic C—-C potential was described by the
universal forcefield (UFF) [29], which has previously
been used to study the mechanical properties of
carbon nanotubes [30]. The Accelrys MM engines
used in this work includes the open force field (OFF)
module® available with the Cerius? interface, and the
Forcite module! available with the materials studio
interface.

Transport Modeling

Computing conductance through a narrow wire is
always tricky because contact effects can often
overshadow the intrinsic molecular conductance of
the wire. However, under the assumption of ideal
semi-infinite contacts, we computed the trans-
mission and conductance using the recursive Green'’s
function formalism [57,58] within the framework
of a nearest-neighbor sp’-tight-binding Hamiltonian
in a non-orthogonal basis. The parameterization
scheme explicitly accounts for effects of strain in
the system through a bond-length-dependence of the
Hamiltonian and the overlap matrices H;; and S;;, as
in Ref. [59]. First, the retarded Green’s function G ®
of the whole nanotube was determined by solving
the following equation:

(E-Sij —Hjj — 27 — ERJ]’)GRJ]{ =&, D

where % r are the retarded self-energies of
the left and the right semi-infinite contacts.
The transmission at each energy were then

SSee http: //www.accelrys.com /cerius2/off.html

Isee http: /www.accelrys.com/mstudio/ms_modeling/forcite html

found [60]" from the equation:
T(E) = G} FL,jkGA’leR.li, 2

where I' g = i(EER - EﬁR) are the couplings to the
left and right leads. Finally, the total conductance
of the tube was computed using Landauer-Biittiker
formula:

_?

=7

0 of,
| 1T ®

where f,(E) is the Fermi-Dirac function.
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