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Pure Carbon Nanoscale Devices: Nanotube Heterojunctions
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Introduction of pentagon-heptagon pair defects into the hexagonal network of a single c
nanotube can change the helicity of the tube and alter its electronic structure. Using a tight-b
method to calculate the electronic structure of such systems we show that they behave as na
metal/semiconductor or semiconductor/semiconductor junctions. These junctions could be the b
blocks of nanoscale electronic devices made entirely of carbon.

PACS numbers: 73.20.Dx, 73.40.Lq, 73.40.Ns
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Helicity has a profound effect on the electronic structu
of carbon nanotubes [1,2]. All nonchiral, armchairsn, nd
tubes are metals. Excepting those of very small rad
[3], all sn, md tubes withn 2 m a nonzero multiple of
three are small gap semiconductors or semimetals
The remaining tubes are semiconductors with band g
roughly proportional to the reciprocal of the tube r
dius [4].

Instead of comparing the electronic structures of tub
with different helicities, we consider changes in heli
ity within a single tube. The chirality of a tube can
be changed by introducing topological defects into t
hexagonal bond network [5]. The defects must indu
zero net curvature to prevent the tube from flaring
closing. Minimal local curvature is desirable to min
mize the defect energy. The smallest topological def
with minimal local curvature and zero net curvature is
pentagon-heptagon pair. A pentagon-heptagon defect
with symmetry axis nonparallel to the tube axis chang
the chirality of a nanotube by one unit fromsn, md to
sn 6 1, m 7 1d. Figure 1 shows an (8,0) tube joined t
a (7,1) tube. The highlighted atoms comprise the defe
We denote this structure by (8,0)/(7,1), in analogy with
terfaces of bulk materials. Within a tight-binding mode
far from the interface the (7,1) half tube is a semime
and the (8,0) half tube is a moderate gap semiconduc
The full system forms a quasi-1D semiconductor/me
junction. Unlike most semiconductor/metal junctions [6
the (8,0)/(7,1) junction is composed of a single elemen

We use a tight-binding model with onep orbital per
atom along with the surface Green function matchi
method (SGFM) [7] to calculate the local density
states (LDOS) in different regions of two archetyp
sn1, m1dysn2, m2d systems. In particular, we examine th
(8,0)/(7,1) semiconductor/metal junction and the (8,
(5,3) semiconductor/semiconductor junction formed w
three heptagon-pentagon pairs. In both cases the unit
of the perfect tubes match at the interface without t
addition of extra atoms.

The unit cells of the perfect (7,1) and (8,0) ha
tubes may be matched uniquely with a single pentag
0031-9007y96y76(6)y971(4)$06.00
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heptagon pair. The interface between the unit cells of
(8,0) and (5,3) half tubes contains three heptagons, th
pentagons, and two hexagons. Two different match
orientations are possible: one with the two hexago
adjacent, the other without. We choose to study
configuration in which the hexagons are separated fr
each other. The sequence ofn-fold rings around the
circumference is then 6-7-5-6-7-5-7-5.

In the tight-bindingp-electron approximation [8], the
(8,0) tube has a 1.2 eV gap [1] and the (7,1) tube
a semimetal. Within tight binding, these tubes form

FIG. 1. Atomic structure of an (8,0)/(7,1) tube. The larg
light-grey balls denote the atoms forming the heptago
pentagon pair.
© 1996 The American Physical Society 971
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archetypal semiconductor/metal junction. We note t
curvature-induceds-p hybridization modifies these ban
gaps. In particular, within the local density approximatio
the gap of the (8,0) tube is 0.62 eV [3] and the (7,
tube is a small-gap semiconductor [4]. For the purpo
of examining the generic, qualitative features of carb
nanotube heterojunctions, we restrict ourselves to
p-electron tight-binding treatment in which (8,0)/(7,1)
a semiconductor/metal junction. Within the same pictu
the band gap of the perfect (5,3) tube is 1.4 eV [9], 0.2
larger than that of the (8,0) tube. The (8,0)/(5,3) juncti
thus provides a prototypical example of a semiconduc
heterojunction.

We examine the local density of states in vario
regions on both sides of the (8,0)/(7,1) and (8,0)/(5
junctions. Ourp-electron tight-binding Hamiltonian is o
the form

H ­ 2Vppp

X
kijl

a
y
i aj 1 c.c., (1)

where i and j are restricted to nearest neighbors, a
Vppp ­ 2.66 eV [10]. The on-site energy is set equal
zero. Within this theory, graphite sheets and defect-f
nanotubes have complete electron-hole symmetry w
their Fermi levels at zero. For simplicity all neares
neighbor hoppings are assumed to be equal, indepen
of the length, location, and orientation of the bonds
the matched tubes. Deviations in bond lengths due
reconstruction near the interface are neglected. Hen
we study the changes in local electronic structure sol
due to changes in theconnectivityof the lattice.

To determine the LDOS of two joined semi-infinit
tubes, we calculate the Green function using the SG
method. Details about this formalism can be found el
where [7]. The SGFM technique allows us to calc
late the Green function of a composite system form
by joining two semi-infinite media from the Green func
tions of the two infinite constituent systems. Thus, kno
ing the Green functions of the puresn1, m1d and sn2, m2d
tubes, we can easily construct the Green function
the system formed by joining two semi-infinite tube
sn1, m1dysn2, m2d. Knowledge of the Green function al
lows us to extract the local density of states at any site
the matched structure.

The results for the (8,0)/(7,1) matched tube are plot
in Figs. 2 and 3. Figure 2 shows the unit-cell averag
LDOS for three unit cells of the (8,0) half of the matche
tube, and for comparison, the DOS of a perfect (8
tube. The unit cells are numbered beginning from t
junction, so cell 1 of (8,0) is at the interface, in conta
with cell 1 of (7,1). We average the LDOS over each c
because quantum interference effects distort the LDOS
individual atomic sites. The unit cell of the (8,0) tube is
circumferential ring of hexagons containing 32 atoms.
the unit cell of the (7,1) tube has 76 atoms, we choose
Fig. 3 to plot the LDOS on the (7,1) side averaged ov
972
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FIG. 2. Results for the (8,0)/(7,1) metal/semiconductor tu
From top to bottom, LDOS at cells 1, 2, and 3 of the (8,0) sid
and DOS for a perfect semiconducting (8,0) tube. Cell 1 is
the interface.

32-atom rings. In this way the local densities of states
either side of the system can be directly compared a
function of distance from the interface.

In Fig. 2 we see that the LDOS on the (8,0) semico
ducting side of the junction is most distorted in cell
the region nearest the interface. A coincidental alignm
of the bands farthest from the Fermi level in the asym
totic regions on either side of the junction implies that t
difference from the perfect-tube DOS is biggest for en
gies near the gap for this specific junction. In particul
cell 1 shows allowed states in the energy range of the
of the infinite (8,0) tube. These metal-induced gap sta
[11] are characteristic of a metal-semiconductor junctio
These states swiftly disappear as we move into the se
conductor, as shown in the plots for cells 2 and 3. Movi
away from the interface, the perfect-tube DOS features
recovered: in cell 3, all the Van Hove singularities of th
infinite tube can be clearly identified.

Unlike the semiconductor side of the system, the LDO
around the Fermi energy (0 eV) in the metallic (7,1) h
tube remains largely unchanged. In ring 1, most of t
Van Hove singularities present in the perfect (7,1) tu
DOS are smeared out, with the exception of those at
highest and lowest energies. As expected, the featu
of the infinite (7,1) tube are gradually recovered wh
moving away from the defect region. All the features
the perfect (7,1) system are identifiable in ring 3.
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FIG. 3. Results for the (8,0)/(7,1) metal/semiconductor tu
From top to bottom, LDOS at rings 1, 2, and 3 of the (7
side, and DOS for a perfect metallic (7,1) tube. Ring 1 is
the interface.

The results for (8,0)/(5,3) semiconductor/semicond
tor heterojunction are plotted in Figs. 4 and 5. As for t
previous case, we plot the LDOS on the (5,3) side av
aged over 32-atom closed rings, instead of unit cells. T
defect states appear in the gap near the interface.
geometric distortions due to the three pentagon-hepta
pairs in the matching region create states in the gap
a manner similar to that seen in bulk semiconductor
terfaces. As we have not changed the bond distance
the matching region, we attribute the appearance of th
states to the changes in the lattice connectivity, that is
the alteration of the network topology. These interfa
states may pin the Fermi energy of the system [12].

The interface states have maximal local density
states in cell 1 of the (8,0) tube, the narrow-gap semic
ductor of the junction. Their amplitudes are apprecia
in five consecutive 32-atom rings, a 12 Å length along
tube axis. The amplitudes decay faster in the (5,3) s
of the system. This behavior is to be expected, for (5
is the wide-gap semiconductor of the junction. As
ready seen in the previous system, the LDOS in the in
face region is the most distorted; the pure (5,3) and (8
features appear when moving far from the defect reg
The prominence of the interface states in this junction
consequence of the presence of three pentagon-hept
defects. Other, less calculationally convenient junctio
with comparable band offsets can be obtained with on
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FIG. 4. Results for the (8,0)/(5,3) semiconductor/semicond
tor tube. From top to bottom, LDOS at cells 1, 2, and 3 of t
(8,0) side, and DOS for a perfect semiconducting (8,0) tu
Cell 1 is at the interface.

single defect and consequently a much reduced densit
interface states.

Chirality-changing pentagon-heptagon defects prov
a wide range of device possibilities for doped an
undoped carbon nanotubes. By arranging these def
along the length of a carbon nanotube one could modu
the electronic structure and generate a variety of carb
based quasi-1D quantum wells and superlattices w
band offsets of,0.1 eV. Assuming a suitable third
terminal could be introduced adjacent to a semiconduct
barrier within a metallic nanotube, one can easily envisi
a gated conductive channel. The Fermi level of
metallic pure carbon nanotube lies within the gap of
similar semiconducting tube. As such, eithern-type or
p-type doping of the semiconducting side of a met
semiconductor interface should yield a device similar
a Schottky barrier.

The experimental signature of a pentagon-heptagon
fect is an abrupt bend between two straight sections
nanotube. We used a tight-binding molecular dynam
scheme [13] on finite systems to determine the bend
gles. For a junction with a single pentagon-heptagon p
we obtained angles of roughly,0 15±, the exact value
depending on the particular tubes involved. We have
cently become aware of an experimental observation o
localized,14± bend in a multiwalled pure carbon nano
tube [14].
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FIG. 5. Results for the (8,0)/(5,3) semiconductor/semicondu
tor tube. From top to bottom, LDOS at rings 1, 2, and 3 of th
(5,3) side, and DOS for a perfect semiconducting (5,3) tub
Ring 1 is at the interface.

In summary, we have proposed a new type of met
semiconductor or semiconductor/semiconductor junctio
made of a single element, and based solely on the introd
tion of topological defects in the hexagonal graphite ne
work of the carbon tubules. We have calculated the LDO
within the tight-binding approximation for two arche
typal systems. If produced, these junctions could be
building blocks of nanoscale semiconductor devices.

This work was supported by National Science Fou
dation Grant No. DMR-9520554 and by the Directo
Office of Energy Research, Office of Basic Energy Sc
ences, Materials Sciences Division of the U.S. Departm
974
c-
e
e.

l/
n,
c-

t-
S

e

-
,
i-
nt

of Energy under Contract No. DE-AC03-76SF-0009
L. C. acknowledges the support of the Spanish Minis
rio de Educación y Ciencia and S. G. L. acknowledg
the support of the Miller Institute for Basic Research
Science.

*Present address: Instituto de Ciencia de Materiales
Madrid, Consejo Superior de Investigaciones Cientı´ficas,
Cantoblanco, 28049 Madrid, Spain.

[1] R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dress
haus, Appl. Phys. Lett.60, 2204 (1992).

[2] N. Hamada, S. Sawada, and A. Oshiyama, Phys. Rev. L
68, 1579 (1992).

[3] X. Blase, L. X. Benedict, E. L. Shirley, and S. G. Louie
Phys. Rev. Lett.72, 1878 (1994).

[4] J. W. Mintmire, D. H. Robertson, B. I. Dunlap, R. C
Mowrey, D. W. Brenner, and C. T. White, Mater. Res. So
Sym. Proc.247, 339 (1992).

[5] T. W. Ebbesen and T. Takada, Carbon33, 973 (1995).
[6] A metal-semiconductor junction composed of two diffe

ent structures of SiC has been described by F. Bechs
and P. Käckell, Phys. Rev. Lett.75, 2180 (1995).

[7] F. Garcia-Moliner and V. R. Velasco,Theory of Single and
Multiple Interfaces(World Scientific, Singapore, 1992).

[8] The four orbital per atom Slater-Koster parametrized tigh
binding theories of [2,3] also give gaps for the (8,0) tub
comparable to those derived within the one orbital p
atomp-electron approximation. See [3] for details.

[9] For (5,3), the four orbital per atom tight binding of [3
predicts a gap roughly equal to that of the one orbitalp-
electron tight binding.

[10] We use thep-p nearest-neighbor hopping parameter
Ref. [3].

[11] V. Heine, Phys. Rev.138, 1689 (1965); S. G. Louie and
M. L. Cohen, Phys. Rev. B13, 2461 (1976).

[12] Relaxation of atomic coordinates near the interface
expected to slightly shift these interface states.

[13] C. H. Xu, C. Z. Wang, C. T. Chan, and K. M. Ho, J. Phy
Condens. Matter4, 6047 (1992).

[14] N. Koprinarov, M. Marinov, G. Pchelarov, M. Konstanti
nova, and R. Stefanov, J. Phys. Chem.99, 2042 (1995).


