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Variable and reversible quantum structures on a single carbon nanotube
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The band gap of a semiconducting single wall carbon nanotube decreases and eventually vanishes leading to
metalization as a result of increasing radial deformation. This sets in a band offset between the undeformed and
deformed regions of a single nanotube. Based on the superlattice calculations, we show that these features can
be exploited to realize various quantum well structures on a single nanotube with variable and reversible
electronic properties. These quantum structures and nanodevices incorporate mechanics and electronics.

Unusual properties of electrons in the quantum structuresious constructions of SWNT heterostructures or quantum
which were realized by using semiconductor heterostructuregots® where one had to fabricate each time a different junc-
(A,B,,) have initiated several fundamental studig®wing tion or topological defects to satisfy the desired electronic
to the band offsets of the semiconductor heterostructures, theharacter.
energies of the band states of one semicondBtaoray fall First-principles calculations are carried out within the
into the band gap of the adjacent semiconduétoAccord- ~ generalized gradient approximatiofGGA) using plane
ing to the effective mass approximatiéEMA), the height waves(PW) with a cutoff energy of 500 eV and ultrasoft
(depth of the conductior{valence band edge oA from that ~ pseudopotentials:*2Constrained structure optimizations are
of B, AE¢ (AEy), behaves as a potential barrier for elec-performed on the SWNT under transversal compression. The
trons(holes. For examplem layers ofB betweem layers of ~ zigzag(7,0) tube is a semiconductor when it is undeformed,
two A’s form a quantum well yielding confined electronic
states. The depth of the well and the width of the barrier anc'
well (in terms of number of layens andm, respectively are
crucial parameters to monitor the resulting electronic prop-
erties. Multiple quantum well structurd®QW'’s) or reso-
nant tunneling double barrier structur@@TDB’s) can be
tailored from the combination o& andB, and from various
stacking sequence aofandm.

Single wall carbon nanotub26SWNT's) can display me-
tallic or semiconducting character depending on their chirali-
ties and diameters? Similar to the aforementioned idea ex-
ploited extensively in crystafsquantum structures can also
be produced in SWNT’3° It has been experimentally dem-
onstrated that a rectifying behavior can be achieved by the
junction of two different SWNT'$. Furthermore, the trans-
port measurements on the ropesd individual nanotubés
have indicated a resonant tunneling behavior. Recently, thi
quantum dot behavior has been also obsefveike the
semiconductor heterostructures, a different electronic prop
erty requires each time the fabrication of a new device usin¢c—;
SWNT junctions. 201

In this work, we propose a practical and interesting alter- -
native, and show that various quantum structures can easil 0.0
be realized on an individual SWNT, and their electronic
properties can bevariably and reversibly monitored. We
pred_ict and use the feature _t_hat the ba_nd gap of a_semicon- FIG. 1. () Top and side view ofprimitive) unit cells of the
ducting SWNT can be modified by radial deformatidas (7,00 SWNT under different degrees of ellipticircumferential

described in Fig. 8. More importantly, if such a deforma- eformation. Undeformed tube with circular cross section is labeled
tion is not uniform but has different strength at different type 1. (b) Variation of the energy band gd®,, and(c) density of
zones, each zone displays different band gap. Owing to th&ates at the Fermi energp(E;) with deformationa/b calculated
band offsets at the junction of different zones, MQW's or by the first-principles PW methodd) Variation of E4, and(e) first
RTDB’s of the desired electronic character can be formedand second states at the edge of the conduction bands), and
and novel electronic nanodevices can be engineered on fiast and second states at the edge of the valence hand §) with
single nanotube. This scheme is quite different from the prea/b calculated by the TB method.
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but its band gajk, is modified upon introducing an elliptic
deformation, which is quantified by the ratio of the elliptic |
major axis to the minor axia/b. The band gap decreases [**
with increasinga/b, and eventually vanishes ferb~1.28
[see Fig. 1b)]. After the onset of metalization upon the
closure of the band gap, the density of states at the Fermjzgss
energy D(Eg) increases with further increase afb, as .
shown in Fig. 1c). Relatively stronger radial deformations
are required for the closure of the gap @8,0 and
(9,0 tubes. The radial deformatioa/b, the strain energy . o
per atomEg, and the compressive force on the fixed atom FIG. 2. Schematic descriptions of thegBg) supercells of the
F. at the closure of the band gap are calculated to ps&uperlattices ge_nera_ted from tig0) SWNT. Cs is the Iattlce_ pa-
(a/lb=1.28; Ec=18 meV; F.=0.32 eV/A), (@/b=1.54; rameter(a) RegionA is undeformedB has elliptic cross section of
E=38 meV; F.=0.31 eV/A), and &/b=1.36; E;=18 type lll. The interface layer has type-Il deformatidib) Severely
meV; F.=0.25 eV/A) for (7,0, (8,0, and (9,0) tubes, deformedB has type-VI _deformation with two interface layers of
respectively The armchair(6,6) SWNT maintains the me- yPe-Il and -1V deformation.

tallic behavior despite the radial deformation. Remarkably,

the Iinduced clieformz_;\t_ions, in p)lartipulacr) those lcausin?_ rt]f?)redictedEgzo.OQ eV. Our TB calculations using transfer-
insulator-metal transition, are elastic. Our results confir L .
that the atomic structure and hence the electronic propertieable parameters predidiy—~0.5 eV and hence relatively

return to the original, undeformed state when the compres§Stronger deformation is required to reduce the TB Bgpto

sive stress is lifted. 0.1 eV. Earlier TB calculations founl;~1.0 eV for unde-
- ; formed tube"* Comparison of band gaps measured by STM

Normally, as the radiuR—  the electronic structure of a omp gaps n y
SWNT near the band edges becomes similar to that obtainegPectroscopfy with those calculated by different methods,
by folding the 7#* and = bands of graphene. However, a and an extensive analysis for their variation with the radial
singlet state at the band edge ofra@) SWNT with smallR deformation applied on different SWNT's will be presented
involves significanto*-7* hybridization® This state occurs elsewheré? Nevertheless, both method®W and TB pre-
above ther* band (=9), but falls in the gapr{=7,8) and  dict here similar overall behavior for the band gap variation
eventually closes the gam€6) asn decreased!? Appar-  Wwith the radial deformation. We will use the TB method to
ently, the estimate oEy based on the simple extrapolation study MQW's, since it allows us to treat a large number of
using the experimental gaps of SWNT with relatively largercarbon atoms, which cannot be treated easily with the
radiug is not valid for the(7,0) tube. In the present case, present first-principles PW method. We will treat tf#%&0)
introducing radial deformation and hence increasing the curtube as a prototype system.
vature at both ends of the elliptic major axis reduces the band ReducingE, and eventually the onset of insulator-metal
gap of the(7,00 SWNT owing to the enhanced*-#* hy- transition, and further metallization of certain SWNT's with
bridization. increasing radial deformation, and the reversible nature of all

We also perform tight bindingTB) total energy and elec- these sequence of physical events incorporate important in-
tronic structure calculations for the undeformed and uni-gredients suitable to form quantum structures and nanode-
formly deformed (7,00 SWNT by using transferable vices. We investigate MQW'’s as a generic system and dem-
parameters related to carbon € and 2y, Orbitals. The onstrate that one can generate electronic properties
radial deformation has been induced by approaching two atsonvenient for various device applications. To start, we con-
oms of the unit cell at one end of the diameter to two similarsider a(7,0) zigzag nanotube, that is pressed to squash only
atoms at the other end indicated by dark atoms in Figl. 1 at certain regions. We assume that the undeformed refion
Once the transversal strain is set by fixing these four atom®f n unit cells’® and adjacent deformed regi@of m unit
the rest of the atoms are relaxed by the conjugate gradiewells (one interface atomic layer at both side has intermedi-
method. We consider undeformed/b=1) and five differ- ary deformationrepeat periodically, so that the translational
ent degrees of radial deformatioa/p>1). The variation of periodicity along the axis of the tube involvest m=16
Eq. first and second states of the conduction baod,and  cells and 448 carbon atoms. This tube formsAqR;,) su-
c,) and those of the valence band, (andv,) are illustrated perlattice of semiconductor heterostructure, where the band
in Figs. Xd) and Xe). Data points on the curves shown in gap of A is larger than that ofB. Since E4(A;a/b=1)
these figures correspond to different degrees of elliptic de>Ey(B;a/b>1), a band offset shall occur at the junction.
formations from | to VI as described in Fig(d. We note  The (h=8, m=8) supercells of the superlattices are sche-
deviations between the first-principles PW and empirical TBmatically described for two different degrees of deformation
results perhaps due to the differences in the details of thi Fig. 2. Note that at low degree of deformation the junction
deformations and limitations of the empirical method. It iscan be formed by using one interface layer, while more in-
also known that the band gdf, is usually underestimated terface layers may be necessarifs severely deformed or
by local density approximatiofLDA) calculations. On the a graded junction is aimed.
other hand, as discussed before, tWe-7* hybridization Experimental and theoretical methods have been proposed
effect is crucial for settinde,, and first-principles PW cal- in the past to determine the band offsets, and hence to reveal
culations described it better. While the present GGA calcuthe band diagram perpetuating along the superlattice axis.
lations for the undeformed7,0) tube findsE,=0.242 eV, For the present situation ambiguities exist in calculating
an earlier LDA calculatioh alignments of the band edges and to determine band diagram
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Wy o.50 phcn, but it is indigenous to the r_'nethod and hence the con-
) fined states shall be obtained directly from the present TB
. 0-30 guperlattice calculationS.
5 0.10 We performed calculations on three different superlattices
- described in Fig. @), i.e., (AgBsg); (A4B12); (A1B,), and
; S —— (b) calculated the electronic statel; ,(r) with band energy
0.10 | ®c, (E=3.94 eV) . E; . Here,i andk are the band index and wave vector of the
n.on BB ELITEN ] superlattice along its axis. Because of flat superlattice bands,
“;.o.os we considered only th€ point in the superlattice Brillouin
== zone. Figure 3 illustrates the loc@r cell) density of states,
0.04 1 Vv, (E=3.44 eV) L(E,j)=2 Jdr|¥; (r)|?6(E—E; ) and the state density
0.02 FRERERE L .| ®v (=339 eV) |V k(i) 2= [;dr|¥; (r)|? both integrated at each cgllin
the supercell.£(E,j) with higher density near the band
3 edges ofB (i.e., small gap regionis due to quantum well
3 states and hence is consistent with the discussion presented
3 at the beginning. Second peak 6¢E,j) in the conduction
§ 3 band occurs irA, and becomes well separated from the first
w3 peak in the superlatticeA(;B;,). The well known behavior
3 of MQW's is apparent with the confinement of states at the
. band edges. The first states at the band edge; o€, c,
3 andv, are confined inB suggesting a normal band offset.
= The confinement of the second state in the valence hand,
0.10 | mc, (E=3.91 eV) e ot is rather weak. On the other hand, the second state of the
o.0n EEE (E=3.86 eV) conduction bandg, is not confined in the well oB, but is
o localized at the barrier oA. It appears that the energy of
0,08 occurs above the well iB, andc, cannot match with the
0.04 - Vv, (E=3.44 &V) next high.er energy state @. Similar Fo that pbsgrvepl in
002 , ®v, (E=3.38 eV) short periodicity AlGa _,As superlatticed® this situation

demonstrates that the description of the superlattice elec-

tronic structure in terms of one-dimensiondD) multiple
square well states obtained within the simple EMA can fail
owing to the band structure effects. The confinement of
and v, states increases with, i.e., with the length of the
barrier region. This is an expected result, since the longer
in real space including band bowing due to the charge tran®arrier prevents the tunneling of these states throughlso

fer betweenA andB. Even if the band diagram were known, the energy ofc, raises with decreasing. This is a direct

it is not obvious whether EMA is applicable for an indi- consequence of the uncertainty principle.

vidual, non uniformly deformed SWNT. Therefore, instead Figure 4 shows the MQW'’s behavior of the superlattice
of applying EMA to the 1D band diagram, we directly cal- described in Fig. (), whereB is strongly deformed. The
culate the electronic structure of th& B,,) superlattice on state density and local density of states indicate that the con-
an individual (7,00 SWNT. The band alignment is not ex- fined stateg, andv, display relatively higher localization at

FIG. 3. Upper panel: local density of stateXE,j); lower
panel: the state densidplfi,k(j)|2 at the cellj of the superlattices
which display MQW'’s behavior(a) (AgBsg); (b) (A4B1); (0
(A1Ba).
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the interface. This situation originates from the interfacemation and size oB. Strain or pressure nanogauges or vari-
atomic structure connecting to strongly deformed. Dif- able nanoresistors can be developed based on the fact that the
ferent band offsets can also be realized by setting up differmetalization and hence the conductance ¢7,8) nanotube
ent level of deformations at both andB. Again, depending can be changed with the applied deformation. Also a junc-
on the level of the deformatioky(B;a/b>1) can even be tion A, B,, with metallicB is expected to show a rectifying
zero that makes a metal-semiconductor superlattice structurgehavior. We also note that a 3D grid of MQW’s can be
Furthermore, from the junction of two metalized SWNT's constructed by periodic stacking of tubes where quantum
having differentD(Er) one can form a metal-metal super- \yg|is occur at crossing points. The electronic properties of
lattice. , _ this system can be varied with the stacking sequence and
In MQW's, the truly 1D states are normally propagating 5, jied pressure. Finally, we point out that the recent experi-

\k’)\"th dthg wave \f/le(t:ttom, _f;]m_j form a bar:jd strui:tuzle. t'lr;he mental work’ which showed that the controlled local defor-
ands become flatter with increasingand eventually the .00 o o chieved.

band picture breaks down and states become totally localized In conclusion, we showed that the electronic properties of

in the quantum wellor in B). This way the superlattice is a semiconducting SWNT can be modified by introducing

expected to experience a Mott metal-insulator transition._ . . . ) .
Furthermore, a randomly deformed SWNT can be an inter_radlal deformation which can be used to produce interesting

esting system to investigate electron localization in 1D. Th guantum structures a_nq de_\nceg on a smglg tube, such as

modulating ord doping of a MOW’s or QW's(also quantﬁm q\/'IQW’s,_ RTDB’.s, rectifying junction, anc_i varlable.nanore-
U : sistor with continuously tunable electronic properties.

dots may exhibit interesting effects on the transport

properties’® It is interesting to note that the resonance con- This work was partially supported by the National Sci-

dition of a RTDB's withA,,;'BA, having contacts to metal ence Foundation under Grant No. INT97-31014 and

reservoirs from both ends shall be monitored by the deforTUBITAK under Grant No. TBAG-166@97 T 116.
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