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Select Applications of Carbon Nanotubes: Field-Emission Devices and
Electromechanical Sensors
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Abstract:  Atomistic modeling and simulationsare be-
coming increasingly important in the design of new de-
vices at the nanoscale. In particular, theoretical mod-
eling of carbon nanotubes have provided useful insight
and guidance to many experimental efforts. To thisend,
we report simulation results on the electronic, structural
and transport properties for two different applications of
carbon nanotube-based devices: (1) effect of adsorbates
on field emission; and (2) effect of mechanical deforma-
tion on the electronic transport. The reported simulations
are based on First Principles Density Functional Theory
(DFT), classical molecular mechanics, and tight-binding
transport based on the recursive Green's function formal -
ism.

1 Introduction

Realistic application potentials and a steady growth of
knowledge following the insightful work of a number
of researchers have powered carbon nanotubes [lijima
(1991); lijimalchihashi, Ando (1992); Ebbesen, Ajayan
(1992); Bethune et a. (1993); lijima, Ichihashi (1993)]
into a field of intense activity. A handful of commer-
cial applicationsappear feasible in the not-too-distant fu-
ture, including: Field Emission-based Flat Panel displays
[W.A. de Heer, Charelain, Ugarte (1995); Rinzler, et a.
(1995); Callins, Zettl (1996); Gulyaev et al. (1997); Fan
et a. (1997); Kiittel, Groenig, Emmenegger, Schlapbach
(1998); Fransen, van Rooy, Kruit (1999); lijima (1991)],
novel semiconducting devices in microelectronics[Tans,
Verchueren, Dekker (1998); de Heer Martel (2000)], hy-
drogen storage devices [Liu, et a. (1999)], structural re-
inforcement agents [Wong et al. (1997)], chemical sen-
sors [Dai (2000)], and ultra-sensitive electromechanical
sensors [Dai (2000)]. A number of important advances
on the experimental front, including ability to manipu-
late matter at the nanoscal e are pushing various prototype
devicestoward commercial redlity. At the sametime, the
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simple atomic structure of carbon nanotubes and the high
degree of structural purity are allowing accurate com-
puter modeling using a variety of theoretical techniques.
This paper is a review of our modeling endeavor in two
application areas of carbon nanotubes: (1) effect of ad-
sorbed molecules on the field emission from a metallic
nanotube tip, and (2) effect of mechanical deformation
on the electrical conductance of nanotubes.

2 Theoretical Techniques

2.1 First-Principles Density Functional
(DFT)

Theory

First-Principles methods of solving a many-electron
Schrodinger 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 (1964),
which states that all ground state properties are functions
of the total electronic charge density p(r). The total en-
ergy of an electron gas can be formalistically written asa
sum of thekinetic, 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 (1965), 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
developmentson gradient correctionsto the LDA and the
exchange-correlation functional have increased the accu-
racy of DFT significantly. There are several different
DFT codes available commercialy, differing primarily
in the choice of the basis functions in which the elec-
tronic wave functions are expanded, and the scheme of
integration. For the work reported here, we used the DFT
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code DMol? distributed by Accelrys Inc. In the present
work, the electronic wave functions were expanded in a
double-numeric polarized (DNP) basis set with a real-
space cutoff of 4.0 A. Such a cutoff reduces computa-
tional requirements without significantly sacrificing ac-
curacy, as has been explicitly verified in this and many
other numerical experiments. An al-electron calcula-
tion was carried out on a “medium” integration grid us-
ing a gradient-corrected exchange-correlation functional
due to Perdew, Burke, and Ernzerhof (1996). A thermal
smear of 0.01 Hartree was applied to obtain faster SCF
convergence, without affecting the structure and energet-
icsto any significant degree.

2.2 Classical Molecular Mechanics

Some of the applications discussed here involve some-
what long nanotube structures with several hundred to
a few thousand atoms. Performing first-principles DFT
calculations on systems of such size is prohibitively ex-
pensive, and often unnecessary. In such situations we
used classical molecular mechanics (MM) with accurate
interatomic potentials describing the C-C interactions.
The MM engine used was the Open Force Field (OFF)
available through Accelrys Cerius? interface®. The in-
teratomic C-C potential was described by the Universal
Forcefield (UFF) [Rappe, et a. (1992)], which has pre-
viously been used to study the mechanical properties of
carbon nanotubes[Yao, Lordi (1998)].

2.3 Transport modeling

Computing conductance through anarrow wireis aways
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 transmission and conductance using
the recursive Green's function formalism [Datta (1997),
Svizhenko, Anantrara, Govindan, Biegel, Venugopa
(2002)] within the framework of a nearest-neighbor sp3-
tight-binding Hamiltonian in a non-orthogonal basis.
The parameterization scheme explicitly accounts for ef-
fects of strain in the system through a bond-length-
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dependence of the Hamiltonian and the overlap matri-
ces Hj; and S, asin Papaconstantopoul os, Mehl, Erwin,
Pederson (1998). First, the retarded Green's function GR
of the whole nanotube was determined by solving thefol-
lowing equation:

(E-Sj— Hij —ZLij — Zrij) G =&, (1)
where 3| r are the retarded self-energies of the left and
the right semi-infinite contacts. The transmission at each
energy were then found* [Lohez, Lanco (1983)] from the
equation:

T(E) = GRIr jkxGMrgyi, )
where I g = i(ZRg — Zf') are the couplingsto the left
and right leads. Finally, thetotal conductance of the tube
was computed using the Landauer-BUttiker formula:

©)

where fo(E) isthe Fermi-Dirac function.

3 Application Examples

3.1 Effect of adsorbateson thefield emission from the
tip of a metallic nanotube

Of al the application areas that carbon nanotubes are po-
tentially useful for, the one closest to commercial real-
ization are fiel d-emission-based flat panel displays. Nan-
otubes with length-to-widith ratio as large as 10 ° have
been synthesized and advanced fabrication methods have
been devised for generating self-aligned or patterned
nanotube films on glass [Ren, et a. (1998)] or silicon
[Fan et a. (1999)] substrate. Prototype displays have al-
ready been demonstrated by several companies and aca
demic research groups [Wang et al. (1998); Saito, Ue-
mura, Hamaguchi (1998); Choi et al. (1999)]. Oneof the
main concerns of a field-emission-based flat-panel dis-
play device isto reduce the operating voltage. One way

41n the Egs (1-3), summation is performed over the repeating ro-
man indices. The lower and upper indices denote covariant and
contravariant components of atensor.
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to achieve this is to introduce adsorbates that might ef-
fectively lower the ionization potentia (1P) and facilitate
the extraction of electrons. An important experimental
work in thisregard was done at Motorola[Dean, von Al-
imen, Chalamala (1999)], which studied changesin field
emission behavior in the presence of various gases, i.e.,
0O, H, and water vapor. While O, and Hy, did not affect
the field emission behavior appreciably, adsorbed water
was found to significantly enhance the emission current.
The effect of water on field emission current was more
pronounced at low emission currents, and there was ev-
idence of stability of water molecules on the nanotube
tip at temperatures as high as 900 K. In addition, the en-
hancement in field emission current wasfound to be more
pronounced with an increase in the amount of water va-
por.

In order to understand the difference between H , and wa-
ter on the field-emission properties of carbon nanotubes,
we carried out first-principles electronic structure calcu-
lations using the DFT code DMol 3. The nanotube tip
was represented by a Cgp half capping athree-layer stem
of a(5, 5) armchair tube, known to be metallic from sim-
ple electronic structure arguments. The dangling bonds
a the stem end were not saturated with H because the
difference in electronegativities between H and C intro-
duces an artificial dipole moment in the nanotube® . A
uniform external field Erg, directed toward the tube from
above, was chosen to represent the electric field close to
the tube tip under field emission conditions. For al cal-
culations a magnitude of Erg = 1 eV/A was used as a
ballpark figure around which field emission is known to
occur for these systems. In order to be consistent withthe

51f the stem-end C-atoms of our 60-atom tip are H-saturated, each
H-atom gainsa positive charge of around 0.14 €l, which leadsto an
intrinsic dipole moment of 3.7 a.u. in the nanotube. The resulting
water-nanotube interaction is significant even at E =0, aresult not
consistent with experimental observations(ref. [26]). Inredlity, the
carbon nanotubes are much longer than the small tip we have been
ableto consider. A morerealistic model would involve avery long
tube (~ 1 micron or longer) with the end C-atoms at the stem-end
being saturated with H (or perhaps ametal cluster from which the
tube isgrowing catalyticaly). The net charge transfer to the whole
tube would still be of the order of 1.4 el (0.14 el x 10 H atoms).
However, most of this charge would reside close to the stem-end,
i.e., far avay from thetubetip where the adsorbateresides. There-
sulting adsorbate-nanotube interaction would, therefore, be small
at E = 0. Snce we are limited to a small tip due to: (1) com-
putational restrictions, and (2) consistency requirementswith the
uniform E-field model, we do * not* saturate the stem C-atoms with
H.

uniform field representation, the length of the nanotube
tip was constrained to be of the order of the tube diame-
ter. The C-atoms at the stem end were frozen during al
simulationsin order to mimic the presence of along stem
in actua experiments.

Fig. 1 displaysthe minimum energy structuresof asingle
hydrogen, a single water molecule, and a cluster of five
water mol ecules adsorbed onto the nanotubetip. TheH »
molecule has two stable structures, i.e. flat or upright as
indicated in Figs. 1(a) and 1(b). The water molecule in
Fig. 1(c) has its dipole moment p aong the nanotube
axis, pointing down toward the tube, referred to below
as down water. There is also an up water structure in
which p pointsin the opposite direction. At E = 0 up wa-
ter has nearly the same energy as down water, but under
field emission conditions it becomes unstable and spon-
taneoudly flipsinto adown water. Thisstructureisthere-
fore, not considered further. Table 1 liststhe binding en-
ergies of the various adsorbates, with the binding energy
at E = 0 being defined as:

Ebinding[E = 0] = Enanotube[E = 0] + Eadsorbate[E - 0]

(4)

- Enanotube+adsorba1e[E = 0]

Therefore, positive binding denotes an exaothermic pro-
cess. It isclear that binding for both H, and water is
small at E=0, and that no adsorbate would be stable
at the tube tip even at room temperature. Orbital anal-
ysis showed that the highest occupied molecular orbital
(HOMO), and several levels below HOMO, al belong
to the nanotube and are delocalized for the metallic tip,
resulting in some electron transfer to the adsorbates.

The above picture of weak interactionin zero fields dras-
tically changes under field emission conditions when
large electric fields Erg are present at the tubetip. Since
such a field is strongly focussed very close to the tube
tip [Maiti, Brabec, Roland, Bernhole (1994)], a sensible
definition of binding energy at Erg isasfollows:

Epinding|E = Erg] = Enanotube[E = EFEg]

()

+ Eadsorbate[E = 0] — Enanotube+adsorbate|E = EFE]



592 Copyright (© 2002 Tech Science Press CMES, vol.3, no.5, pp.589-599, 2002

(@ (b)

TN

(©) (d)

Figure1: Optimized structuresfor adsor-
bates on nanotube tip at E = 0: (a) H»
(flat); (b) H2 upright; (c) a single down
water; (d) a cluster of 5 water molecules;
(e) Fig. (d) viewed from top. Some struc-
tural parametersand bonding energiesare
indicated in Table 1.
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Table 1 : Binding energies, spatial separation, and charge transfer for optimized adsorbate structures on nanotube
tip. Epinding @ E=0 and E=Erg are computed according to Equations4 and 5.

Epinding (kca/mol Distance of bottom | Charge transfer to adsorbate (el)
Adsorbates o : HI from tip (A) ’
E=0 E=E|:E E=0 E=E|:E E=0 E=E|:E
H, (flat) 0.0 1.1 3.02 3.03 - 0.020 -0.054
H» (upright) | 0.1 35 2.90 2.88 -0.023 -0.071
1 Water 0.7 20.3 3.08 3.01 - 0.039 -0.116
5 Water — | 65.0%,101.4** | — 2.68 — -0.340

* w.r.t arelaxed five-water complex at E=0
** w.r.t fiveisolated water moleculesat E=0

Eninding N equation (2) can be interpreted as the energy
required to detach the adsorbate from the tube tip. This
places the adsorbate away from the tip, where thefield is
negligible compared to Ere. According to the above def-
inition, the binding of the water molecule with the nan-
otube becomes more than 20 kcal/mol (at Erg = 1 eV/A),
nearly the strength of a chemical bond. The H , molecule
has a much weaker binding, more so in the flat config-
uration, and would not be stable on the tube tip even at
room temperatures. Thisexplainswhy they do not affect
the field emission behavior from the tube tip.

In order to explore the effect of more than one water
molecule at the nanotube tip, we considered a H-bonded
cluster of five water molecules (Fig. 1(d, €)). Thesize 5
was chosen because of the fivefold symmetry of the nan-
otube tip about its axis, which made it easy to determine
the global minimum of such a structure. As indicated
in Table 1, the total binding energy of this complex to
the nanotubeis 65.0 kcal/mol with respect to an isolated
five-water complex, and 101.4 kcal/mol with respect to
five isolated water molecules. These numbers divided
by 5 suggest that each water molecule has a net bind-
ing of ~ 20.3 kcal/mal, of which about 13.0 kcal/mol is
dueto direct water-nanotube interaction and 7.3 kcal/mol
arises out of H-bonding interactions among the water
moleculesthemselves. Thus, thelossin individual water-
nanotube binding (as compared to the case of a single
water on nanotube) is exactly compensated by the gain
in water-water binding. Thus, the formation of a water
complex should not lower the temperature at which an
individual water moleculein the cluster desorbs from the
tip.

Structural changes are rather small even under large elec-
trostatic forces at E = Ere. In particular, the distance

between the adsorbate and the nanotube changes by less
than 0.07 A, and the bond-lengths change by less than
0.01 A. The most significant geometrical changeisin the
H-O-H angle in water, which decreases from 103.7° in E
=0to98° onthetubetipat EFg =1 eV/A. Such achange
in angle leads to only a 0.02 a.u. increase in the dipole
moment of water. It should also be noted that even at
Erg, the adsorbatesare ~ 3 A above the tubeti p, and the
computed charge density in the middle of this separation
islessthan 0.004 el/A3. Thisis consistent with the bind-

ing being primarily electrostatic in nature. In fact amore
detailed analysis of the dipole moment of the nanotube
and the adsorbates in the presence and absence of elec-
tric field suggests that the nanotube gains a large dipole
moment in the presence of Erg, and thisinduced dipole
interactsstrongly with theintrinsic dipolemoment of wa-

ter. The water dipole also gains asignificant energy from
Ere being parallelly aligned with the electric field.

Finally, we attempt an explanation of why water adsorp-
tion enhances field emission. To this end, we have com-
puted the ionization potential for three systemsat Erg =
1eV/A i.e., nanotube, (nanotube + 1 adsorbed water), and
(nanotube + 5 adsorbed water). The lonization Potential
isdefined in astandard way, i.e. the energy difference be-
tween a system with a +1 charge (i.e. one less electron)
and the original system with zero charge. The lower the
IR, easier it isto extract an electron, and higher the ex-
pected Field emission current at a given operating volt-
age. In metallic nanotubes, the “hole” left by an emitted
electron recombines almost instantaneously with an in-
coming electron from the stem side. Therefore, the struc-
ture with a +1 charge was frozen at the relaxed geome-
try for the neutrally charged system. Our resultsindicate
that the presence of asinglewater molecule lowersthe IP
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by 0.1 eV and the presence of five water molecules low-
ers the IP by 0.6 eV, as compared with the isolated nan-
otube. In addition, wefind that the position of theHOMO
becomes unstable by 0.1 eV and 0.6 eV respectively in
the presence of one water and the five-water cluster on
the nanotube tip (at E = Egg). This correlates perfectly
with the corresponding lowering of the ionization poten-
tial. Thus, it appears that a polar adsorbate like water
exerts an electrostatic field, which makesthe HOMO un-
stable, thereby making it easier to extract electrons out
of nanotubetipsand enhancing the field-emission current
[Maiti, Andzelm, Tanpipat, Von Allmen (2001)].

3.2 Carbon nanotubes as nano-electromechanical
sensors (NEMS)

Interest in the application of carbon nanotubes as elec-
tromechanical sensors got a significant boost from the
pioneering experiment of Tombler et al.[ Tombier, et al.
(2000)], in which the middle part of the segment of a
metallic nanotube suspended over a trench was pushed
with an AFM tip. Beyond a deformation angle of ~ 10°

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 el ectrical conduc-
tance displayed a cyclical variation with constant ampli-
tude.

The drop in conductance in the AFM-deformed tube
was much higher than the computationally predicted val-
ues for tubes bent under mechanical duress. Such cal-
culations, using both tight-binding [Nardelli, Bernholc
(1999)] and semi-empirical Extended-Hiickel type ap-
proaches [Rochefort, Avouris,Lesage, Salahub (1999)]
concluded that even under large bending angles the re-
duction in electrical conductance was less than an order
of magnitude. For AFM-deformed nanotubes, in con-
trast, O(N) tight-binding calculations [33] show that be-
yond a critical deformation several C-atoms close to the
AFM tip become sp3-coordinated. The sp® coordination
ties up delocalized T-electrons into localized o-states.
This would naturally explain the large drop in electri-
cal conductivity, as verified by explicit transport calcu-
lations.

In this work, we carried out a combination of first-
principles DFT (DMol®) and molecular mechanics (U
FF) to investigate both forms of deformation, i.e., bend-
ing and AFM-deformation. Under either form of de-
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formation bond reconstruction, if any, is likely to occur
only in the highly deformed, non-straight part of the tube
in the middle. This prompted us to use a DFT-based
guantum mechanical description of the middle part of the
tube (~ 100-150 atoms), while the long and essentially
straight part away from the middle was described accu-
rately using the Universal Forcefield (UFF).

Because of known difference in electronic response of
zigzag and armchair tubes to mechanical deformation,
we studied a (12, 0) zigzag and a (6, 6) armchair tubes,
each consisting of 2400 atoms. For bending simulations,
two halves of thetube were rotated by equal and opposite
angles about an axis perpendicular to the tube and pass-
ing through the center of mass of theinitial straight tube.
At each end of thetube, a contact region defined by aunit
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 UFF. The AFM
tip was modeled by a 6-layer deep 15-atom Li-needle
normal to the (100) direction, terminating in an atomi-
caly 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 tube. The Li-
needle tip was then displaced by an amount & toward the
tube along the needle-axis, resulting in a deformation an-
gle® = tan—1(25/L), L being the unstretched length of the
tube. 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 nan-
otube 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) and a cluster of 144 C-atoms for the (12, 0) 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 DMol3, with the end atoms of the
cluster plusthe Li-tip atomsfixed at their respective clas-
sical positions. In order to cut down on CPU require-
ments, the DFT calculations were performed using the
Harris functional [Lin, Harris (1992); Li, Andzelm, Har-
ris, Chaka(1995)] and the exchange-correlation potential
due to Vosko, Wilk and Nusair (1980).

Fig. 2 displays the tip-deformed QM-cluster for the (6,
6) and the (12, 0) tubes at the highest deformation an-
gle of 25° considered in these simulations. Even un-
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Figure 2 : DMol3-relaxed Li-tip-deformed QM clustersfor: (a) the (6, 6) armchair (132 C-atoms); and (b) the (12,
0) zigzag (144 C-atoms), in side views. The deformation angleis 25° for both tubes. Figs. (c) and (d) are respective
views along the tube length, with the Li-tip hidden for clarity.

der 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 Maiti (2001). Al-
though not explicitly shown here, resultsfor bending also
yield sp?-coordinated all-hexagonal tubes, and the results
wereisgood agreement with previously simulated results
[lijima, et a. (1996)]. The absence of sp* coordination
isinferred based on an analysis of nearest neighbor dis-
tances of the atoms with the highest displacements, i.e.,
the oneson thetop of the kink inabent tube, and the ones
closest to the Li-tip in a tip-deformed tube. Although
for each of these atoms the three nearest neighbor C-C
bonds are stretched to between 1.45-1.75 A, the distance
of the fourth neighbor, required to induce sp® coordina-
tion is greater than 2.2 A for all tubesin our simulations.
The main difference between atip-deformed tube versus
abent tube isthat thereisan overall stretchingin the for-
mer, whereas in the latter case there is no net stretching,
asindicated schematicaly in Fig. 3. In the bending case,

the extra compressive strain on the bottom side of the
tubeis relieved through the formation of a kink beyond a
critical bending angle.

Following structural relaxation of the nanotubes, we
computed the transmission and conductance using the
formalism outlined in section 2.3. Fig. 4 displays the
computed room temperature conductance for the (6, 6)
and the (12, 0) tubes as a function of bending and tip-
deformation angles. The conductance remains essen-
tially constant for the (6, 6) tube in either bending or tip-
deformation simulations. However, for the (12, 0) tube
the conductance drops by a factor of 1.9 under bending
at 8=40°, and much more significantly under tip defor-
mation: by ~ 0.3 at 15°, two orders of magnitude at 20°,
and 4 orders of magnitude at 6=25° .

To uncover the cause of conductance drop under tip de-

formation, we have performed electronic density of states
(DOS) anaysisfor various parts of the tube. This anal-
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Figure 4 : Computed conductance (at T = 300K) for the (6, 6) and (12, 0) nanctubesas afunction of: (top) bending;
and (bottom) tip-deformation. Under 40° bending conductance of the zigzag tube drops by a factor of 1.9, while
for the armchair tube it drops by only 1.01. Under 25° tip-deformation, conductance of the zigzag tube drops by 4
orders of magnitude, whilefor the armchair tube it drops only by a factor of 1.05.
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Figure 5 : Conductance (in milli-Siemens) for the (12, 0) nanotube as a function of the nanotube size at a constant

tip-deformation angle of 15°. The saturation value for experimentally long tubes at this deformation angleis ~ 0.08
mS.
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Figure 3 : Schematic diagrams representing: (a) bend-
ing; and (b) deformation with an AFM tip. The bent
tube does not undergo an overall change in length, while
the tip-deformed tube suffers a tensile strain. The tip-
deformation angle O is related to the tip displacement ()
and non-deformed tube-length (1) by 8 = tan—1(28/1).

ysis points to the fact that the drop occurs not only
in the most highly deformed region in the middle, but
also across the whole stretched (straight) section of the
nanotube. This picture is consistent with the fact that
the drop is much more significant in AFM-tip-deformed
tubes where there is a net stretching. Interestingly, the
fraction of the straight stretched part of the tube is small
in shorter tubes (due to the presence of contact regions)
than in longer tubes (with the same size for the contact
region). Thisleads to a conductance drop as a function
of increasing tube length, as indicated in Fig. 5. Asa
further exploration, we have also computed the drop in
conductanceinthe (12, 0) tube as afunction of auniform
stretching. The resulting drop in conductance compares
remarkably well with theresultsfor tube deformed witha
Li-tip[39]. Thishasimportant implicationsfor the appli-
cation of nanotubes as electromechanical sensors: given
a metallic zigzag nanotube, one could induce a signifi-
cant conductance drop simply upon uniform stretching.

In order to explain the differences in conductance drops
of the armchair (6, 6) and the zigzag (12, 0) tubes as

a function of strain, we have analyzed the bandstruc-
tures of a metallic zigzag and an armchair nanotube un-
der strain. The magnitude of the strain-induced bandgap
decreases monotonically with increase in chiral angle
[Maiti, Svizhenko, Anantram (2002); Heyd, Charlier,
McRae (1997)], being maximum for a chiral angle of 0°
(zigzag) and gradually reducing to zero at a chiral angle
of 30° (armchair). An experiment as in Tombler, et al.
(2000) is, thus, expected to show a decrease in conduc-
tance as the nanotube is deformed with an AFM tip, for
all nanotubes except the armchair tube. The decrease in
conductance should be large for the metallic zigzag nan-
otubes, and small for nanotubeswith achiral angle closer
to armchair.

4  Futurework

Both nanotube-based application areas discussed above,
i.e., flat panel displays and nano-electromechanical sen-
sors hold out promise for commercialization in the not-
too-distant future. Further modeling and experimental
work in these areas are, therefore, of great technological
importance.

For the flat panel displays, one could possibly lower op-
erating voltages even further by lowering the work func-
tion of the nanotube through suitable functiona groups.
Computing the IP in presence of a functional group
should be straightforward, except for large functional
groups on wider nanotubes, which makes the compu-
tation CPU-intensive. A bigger chalenge is to com-
pute the field-emission current itself. One would have
to take recourse to some sort of a tunneling descrip-
tion, e.g., a Bardeen Transfer Hamiltonian formalism
[Bardeen (1961)]. Thiswould likely involve integration
of a DFT code (like DMol3) with an appropriate elec-
tronic transport code.

For the NEMS, there are also alot of possibilities. Low-
ering conductance based on stretching of tubes is al-
ready an attractiveideaand relevant experimentsare soon
expected to be underway. There could also be other
forms of deformation. Recent calculations at NASA al-
ready suggest that in the case of torsional deformation,
bandgaps open up for armchair tubes and not for zigzags,
thusreversing the picture obtained in section 111.2. There
also have been experiments in several groups in which
the deformed nanotubes are not suspended, but rather
pushed against a fixed substrate. We are looking into
such simulations as important differences are expected
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dueto different boundary conditions. Another area of in-
terest is to study the effect of tip-nanotube interaction,
in particular that of charge transfer, on the conductance
properties.
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