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We have calculated the band structures for strained segmented nanowires involving all combinations of AlN,
GaN, InN, AlP, GaP, AlAs, GaAs, InP, InAs, AlSb, GaSb, and InSb, as a function of segment length. This was
done for two different growth directions of the wires, �100� and �111�. Both the � and the X conduction-band
minima were included in the calculations as well as the valence bands. Short segments behave like strained
quantum wells and our results thus include strained quantum wells as a subset. We find all material combina-
tions that give metallic segments due to a negative band gap and we find all the band alignments that may
occur. We identify those structures which show spontaneous charge separation as well as those which are
suitable for the optical generation of polarized exciton gases, with their rich phase diagram, theoretically
predicted to include superfluids and supersolids. Some device related ideas are presented. Due to the amount of
data �several hundreds of diagrams� most of our results are presented as a webpage.
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I. INTRODUCTION

Nanowires made from semiconductors are highly versatile
structures.1 They can be made from a wide variety of mate-
rials and they can contain segments of different materials,
that is, heterostructures can easily be made.2 It is also pos-
sible to fabricate core-shell heterostructures by capping a
seed wire with a suitable shell material.3,4 The two tech-
niques can also be combined, allowing the fabrication of
quantum dots within the nanowires. Nanowires are often fab-
ricated by using a metal particle as a catalyst and the wire
grows below the metal particle. It is thus possible to position
the wires in predefined positions if the metal particles are
fabricated by lithography. One cm2 can be made to contain
1011 wires—allowing highly parallel operations. The wires
have applications in biology and optics and are expected to
have interesting transport properties5,6 due to their predicted
low phonon scattering rate.7 There is a large set of materials
that can be combined in heterostructure wires and it is highly
useful if theory can guide the fabrication of interesting struc-
tures and this problem is addressed in this paper. There have
been several theoretical methods applied to calculate the
electronic structure of nanowires; for a review see Ref. 8.
Most theoretical work on heterostructured wires have fo-
cused on one specific materials combination, although for
core-shell wires many materials combinations have been
studied.9

We have calculated the band structure of segmented wires
as a function of segment length. All combinations of AlN,
GaN, InN, AlP, GaP, AlAs, GaAs, InP, InAs, AlSb, GaSb,
and InSb, where one compound is a segment in another, were
calculated. Two geometries of the wires were considered:
wires having a hexagonal cross section oriented along the
�111� direction and wires having a square cross section ori-
ented along the �100� direction. These are the two most com-
mon geometries found in experiments10 and are illustrated in
Fig. 1. The crystal structure of the compounds was assumed
to be that of zinc blende. In our calculations we have in-

cluded the X band minima, the � band minimum and the
valence bands, including the spin-orbit split off band. The
amount of data is too large to include in a paper, so we have
published a webpage that contains all the computed band
structures.11 We have also published tables of the band edge
energies in the supplementary material for this paper.12 Here
we will illustrate the strain situation in segmented wires as
well as give examples of some of the more interesting struc-
tures that can be made. These include wires which have seg-
ments with a negative band gap �i.e., metallic�, wires with
spontaneous charge polarization, and wires in which adjacent
electron and hole gases can be created optically. We also
highlight the combinations with unusually small band gaps
or unusually large band gaps. A table summarizing the ex-
pected band alignments for all the combinations is given
allowing an overview of all possibilities that can be realized.
Since short segments are effectively two-dimensional
strained layers, our results include this case as illustrated in
three overview figures.

II. METHOD

The band structures were determined by first calculating
the strain on a grid of 120�120�120 points, which was

FIG. 1. �Color online� �a� A drawing of a segmented wire with a
square cross section, oriented along the �001� direction, in this pa-
per being defined as the z direction. The dashed line indicates the yz
plane in which was used for the calculations shown in Figs. 2, 3, 5,
and 6. �b� A drawing of a segmented wire having a hexagonal cross
section, oriented along the �111� direction.
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then used to compute energies at points within the structure
using strain-dependent k ·p theory. The strain was numeri-
cally calculated using continuum elasticity by taking a cubic
grid in which each cube corresponds to a material of the
structure. For a zinc-blende material the elastic energy of
such a cube is given by15

F =� 1

2
C11�exx

2 + eyy
2 + ezz

2 � + C12�exxeyy + exxezz + eyyezz�

+ 2C44�exy
2 + exz

2 + eyz
2 � − ��exx + eyy + ezz�d3x , �1�

where the C’s are material-dependent elastic constants, � is a
parameter used to implement the lattice mismatch, and eij

= 1
2 ��iuj +� jui� is the strain tensor where ui is the displace-

ment. The displacement is defined on grid sites and linearly
interpolated within each cube so the energy may be inte-
grated to give F as a function of the displacements.

The lattice mismatch is implemented by taking one mate-
rial �with lattice constant aR� as a reference. For each cube
we set �= �C11+2C12��aL−aR� /aR where aL is the lattice
constant of the material for that cube. With this value of � an
isolated cube would relax so that the length of each edge
changed by a factor �aL−aR� /aR reflecting its different lattice
constant relative to the reference material. Under such a re-
laxation the strain of the cube would be eij

0 =�ij�aL−aR� /aR,
which is a fictitious strain from straining the coordinate sys-
tem. The physical strain is found by minimizing the total
elastic energy using the conjugate gradient algorithm and
then taking eij −eij

0 for each cube. While this method works
for any grid spacing, the case in which the grid spacing is set
to the crystal lattice constant is appealing because each cubic
block is a unit cell. Because the minimum of the strain is
scale invariant �i.e., invariant under x→ax� the calculated
strain field applies to any structure of the same shape that
may be obtained by rescaling.

The zone-center energies were found by computing the
eigenvalues of the k=0 strain-dependent k ·p Hamiltonian
�from Ref. 16� as a function of the spatially dependent strain
field. The energy of the conduction-band minimum at the X
point was calculated in the single band approximation using

EX = �d Tr e + �ukieijkj , �2�

where �d and �u are the deformation potentials, eij is the
strain tensor, and ki is a unit vector in the direction of the
particular X valley being considered. The materials param-
eters were taken from Refs. 17 and 18 except for the
X-valley deformation potentials, which were taken from
other sources and are given in Table I. We assumed a tem-
perature of 0 K. We have not calculated the L-band energies

since the deformation potentials are not generally available.
However, with the possible exception of GaSb,19 we do not
expect the L band to be the conduction-band minimum for
any material combination and segment length.

Although the wurtzite crystal structure is commonly seen
in nanowires,1 we have assumed zinc-blende structures since
material parameters are not generally available for the wurtz-
ite forms. The band energies and elastic constants of those
few wurtzite materials that have been measured are close to
the corresponding zinc-blende materials, so we expect our
results to be useful for wires having the wurtzite structure as
well.

III. STRAIN

In this section we consider segmented wires in which the
segment is under compression followed by wires in which
the segment is under tension. The general behavior of the
strain is very similar for all wires with a segment in com-
pression �or a segment in tension� since the elastic compli-
ances of the III-V semiconductors are quite similar. The
magnitude of the strain effects depend on the lattice mis-
match of course, but this gives only quantitative changes.
The general influence of the strain on the conduction-band
and the valence-band edges will also be illustrated. Here we
encounter a second important parameter, the valence band
offset which is not very sensitive to strain but affects the
overall band structure. At the end of the section we will show
that the differences between segmented wires grown along
the �001� direction and the �111� direction occur mainly in
the X conduction-band minima.

A. Segments in compression

We have chosen to illustrate the case of segments in com-
pression with an InAs segment in InP, which is a popular
choice for experiments. In Fig. 2 we show plots of the hy-
drostatic pressure, Tr e=exx+eyy +ezz, in such a wire. The
wire is in this case elongated along the �100� direction and
has a square cross section. Since InAs has a larger lattice
constant than InP we expect positive hydrostatic pressure in
the segment �which corresponds to Tr e�0� and this is borne
out in the calculations. The compression in the segment oc-
curs immediately at the interface and is largest at the center
of the segment. For longer segments the compression in the
center becomes zero. In InP we observe, as expected, nega-
tive hydrostatic pressure and the pressure decreases on a
similar length scale as the segment thickness. Somewhat
counterintuitively we find that there is also a region of posi-
tive hydrostatic pressure in the InP. This region is located

TABLE I. Deformation potentials used for the X conduction-band minimum. The values were taken from Refs. 13 and 14.

Barrier material

Segment material

AlN GaN InN AlP GaP AlAs GaAs InP InAs AlSb GaSb InSb

�u 6.6 7.1 7.0 6.75 6.5 5.1 6.5 3.3 3.7 5.4 6.46 4.53

�d −7.5 −3.11 −3.13 2.72 1.13 2.77 1.0 1.7 1.36 1.8 0.67 1.41
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outside the region of negative hydrostatic pressure.
The � conduction-band minima of the III-V semiconduc-

tors considered here are affected by the hydrostatic pressure
alone and will be discussed below. The X conduction-band
edges and the valence bands are also affected by the shear
strain tensor elements, exy, eyz, and ezx as well as by inequali-
ties among the diagonal elements. For a segment of InAs in
InP, exx and ezz behave very differently �Fig. 2�. exx has a
strong variation along the z direction but very small depen-
dence on y. exx switches sign in the InP, being positive close
to the interface and negative further out. The behavior of ezz
is very different, being more complex and depending on both
y and z. In Fig. 3 we have plotted the conduction-band mini-
mum and the valence-band maximum. The conduction-band
minimum is at the surface of the InAs segment and is close
to the bulk value. Electrons will be located there for wires
sufficiently large that confinement can be neglected. In the
valence band the situation is the same: the holes will have
their lowest energy at the surface of the InAs segment where
the band edge energy is close to the bulk value. This may be
significant for optical recombination of excitons which is
negatively affected by surface states.

In Fig. 4 we show line traces of all the bands that we have
calculated. It can be seen that the strain effects are largest for
short segments, which behave as a strained quantum well.
For short segments we find that the X band minima are split,
as is the valence-band maximum, which is a well known
result for strained quantum wells. At a segment length of
about 100 �where the wire width is 100� we observe that the
situation in the center of the segment is bulklike and only at
the interfaces do we observe strain affecting the band edges.
The splitting of the X band minima and the valence-band
maximum is small and this is also true at the interfaces.

B. Segments in tension

If the segment is under tension, �i.e., it has a smaller lat-
tice constant than the rest of the wire�, the situation is nearly
the inverse of a wire with a segment in compression. The
details depend or course on the values of the elastic compli-
ances, which however are fairly similar among the III-V
semiconductors. We illustrate the situation with an InAs wire
containing an InP segment. The wire has a square cross sec-
tion and is oriented along the �001� direction. The segment

(b)(a)

(c)

FIG. 2. �Color online� �a� A surface plot of exx+eyy +ezz in a �001� oriented wire in the yz plane indicated in Fig. 1�a� consisting of an
InAs segment in InP. The length of the InAs segment is 50 and the width of the wire is 100. The InAs segment is under hydrostatic pressure
which is largest at the center of the segment and smallest at the surface of the segment. The InP is under tension close to the segment but
is under weak compression further out before equilibrium is established. �b� A surface plot of exx in the wire. This strain tensor component
has only weak variation across the wire. �c� A surface plot of ezz in the wire. The behavior is quite complex and very different from that of
exx.
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length is 50 and the wire width is 100. Figure 5 shows the
hydrostatic pressure, as well as exx and ezz as a function of
position in the wire within the plane shown in Fig. 1�a�. We
find that the tension is largest in the center of the segment
and decreases toward its surface. In the InAs the hydrostatic
pressure can be both compressive �as expected� as well as
slightly tensional close to the surface of the wire. exx has
only a weak dependence on y, but varies strongly with re-
spect to z. ezz has a more complicated behavior and depends
strongly on both y and z. Figure 6 shows the conduction-
band minimum and the valence-band maximum as a function
of position. Since InP has a larger band gap than InAs the
segment forms a barrier. The conduction-band barrier is
highest at the surface of the wire. This could be an advantage
for tunneling devices since the tunneling will take place in
the center of the wire, away from the possibly deleterious

effects of the surface. In the valence band we find that the
barrier is quite flat in the transverse direction. We also see
that there is a weak quantum well formed close to the seg-
ment within the InAs layer.

In Fig. 7 we show line traces of the � conduction band,
the X conduction band and the valence bands, at k=0, for
different segment lengths. A segment of length 2 behaves
almost like a strained layer, similarly to the case where the
segment was in compression. Also in a similar vein, a seg-
ment of length 100 behaves like bulk InP at its center. The �
conduction band does not change very much with segment
thickness. The X band is split when the segment is thin but
for longer segments the splitting only persists at the inter-
faces. In the valence band we observe a quite strong splitting
between the heavy and light holes for thin segments which
becomes small for longer segments. The value of the
valence-band barrier changes by several hundred meV de-
pending on the segment length illustrating the importance of
this parameter.

In Fig. 8 we show the conduction and valence bands of an
InAs/InP junction in a heterostructure wire oriented along the
�001� direction, which can be viewed as an infinitely long
segment of InAs in InP. The behavior of the conduction band
is fairly smooth and approaches the bulk value in a distance
which is less than the wire width. In the valence band there is
a shallow quantum well close to the interface on the “com-
pressive side,” i.e., in the InAs. No such well exists in the
InP.

C. Wires oriented along the [111] direction

Nanowires are not limited to growth along the �001� di-
rection but may also be grown with �111� orientation. It is
thus important to know how the crystallographic orientation
of the wire affects the band structure. Figure 9 shows line
traces of the conduction bands and the valence bands for an

(b)(a)

FIG. 3. �Color online� �a� A surface plot of the conduction-band minimum for a �001� oriented wire in the yz plane defined in Fig. 1�a�,
consisting of an InP wire with an InAs segment. The length of the InAs segment is 50 and the width of the wire is 100. �b� A surface plot
of the valence-band maximum for the same wire.
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FIG. 4. �Color online� The band edges in an InAs/InP wire plot-
ted along the �001� direction and through the center of the wire. The
wire is the same as in Fig. 3. The length of the InAs segment was
varied from 2 to 100, where the width of the wire �along the x
direction� was 100. The blue trace is the � conduction band, black
traces are the X conduction bands, and red traces are the valence
bands.
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InP wire with an InAs segment, oriented along the �111�
direction and having the hexagonal cross section illustrated
in Fig. 1�b�. The symmetry assures there is no splitting of the
X band minima in the center of the wire. Apart from this we
find the band structure to be very similar to that of wires
oriented along the �001� direction shown in Fig. 4. The on-
line results include both wire orientations, since for some
orientations and material combinations the conduction-band
minimum is at the X point.

IV. BAND STRUCTURES

In this section we comment on different materials combi-
nations and point out some interesting structures, concentrat-
ing on the band alignment. In Fig. 10 we illustrate the dif-
ferent band alignments that are possible at the interface
between two semiconductors. Tables II–IV summarize the
different band alignments that may occur in the wire systems
we have calculated and also gives the character of the small-
est band gap: direct or indirect. Some materials combinations

give interesting structures with a negative band gap which
are thus metallic. We have not included nitrides on non-
nitrides in the tables since they usually cannot be classified
into particular band alignments due to the very strong modi-
fications to the band structure caused by the large lattice
mismatch between nitrides and non-nitrides. Many interest-
ing structures involve antimonides and it is fortunate that
antimonide-containing wires can also be grown in
heterostructures.20 It is important to realize that the same
materials combination can have different band alignments
depending on segment thickness and the wire orientation
may also play a role. We give figures for the band structure
of short segments, which are equivalent to strained layers,
allowing easy identification of, for example, interesting band
gaps.

A. Type I-s

Type I-s structures are maybe the most conventional,
where the segment is a quantum well, between barriers
formed by the wire material. Figure 4 shows a typical ex-

(b)(a)

(c)

FIG. 5. �Color online� �a� A surface plot of exx+eyy +ezz in a �001� oriented wire in the plane indicated in Fig. 1�a�, consisting of an InAs
wire with an InP segment. The length of the InP segment is 50 and the width of the wire is 100. The InP segment is under hydrostatic tension
which is largest at the center of the segment and smallest at the surface of the segment. The InAs is under compression close to the segment
and then is under weak tension further out before equilibrium is established. �b� A surface plot of exx in the wire. This strain tensor
component has only a weak variation across the wire. �c� A surface plot of ezz in the wire. The behavior is quite complex and very different
from that of exx.
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ample. These structures are often used in light emitting de-
vices such as lasers, where it is advantageous if the band gap
in the well is direct. There is a large amount of work being
done to make homogeneous and segmented wires into effi-
cient light emitting devices. The materials combinations that
give type I-s structures are �GaN, InN�/AlN, InN/GaN,
�AlAs, InP, InAs, AlSb, GaSb, InSb�/AlP, �GaAs, InP, InAs,
AlSb, GaSb, InSb�/GaP, �GaAs, InP, InAs, AlSb, GaSb,
InSb�/AlAs, �AlP, InAs, GaSb, InSb�/GaAs, �GaAs, InAs,
InSb�/InP, �GaAs, GaSb, InSb�/AlSb, InSb/GaSb, and AlP/
InSb. The materials before the slash are in the segment and
the material after the slash forms the barrier. In our calcula-
tions we find that InAs in GaAs can be made to emit at a
wavelength of 1.55 �m, which is technically important.
InSb can either be type I-s or have a negative band gap if
grown between barriers of InP. Consequently arbitrarily low
band gaps �albeit indirect� can be obtained in this system. A

quantum well with a high band gap is GaN in AlN, which
has a band gap of 3.5 eV and still has barrier heights of about
0.5 eV for both electrons and holes, giving the possibility of
strong confinement. InN in AlN has barrier heights of several
eV which might allow high-temperature operation of lasers
based on quantum wells in these wires.

B. Type I-b

In type I-b structures the segment forms a barrier for both
electrons and holes. Figure 7 shows a typical example. The
material combinations giving type I-b structures are AlN/
GaN, �AlN, GaN�/InN, �GaP, AlAs�/GaAs, �AlP, GaP, AlAs�/
InP, �AlP, GaP, AlAs, GaAs, InP�/InAs, �GaP, AlAs, AlSb�/
GaSb, and �AlP, AlAs, InP, AlSb, GaSb�/InSb. These
structures may thus be of use in tunneling devices, which has
been demonstrated, for example, in InP/InAs nanowires.21

InP/InAs has a predicted direct gap barrier height of about
0.5 eV for electrons, in fair agreement with somewhat indi-
rect measurements.2 The barrier is smaller for holes.

C. Type II-s

In type II-s structures the segment forms a well for elec-
trons and a barrier for holes. The material combinations giv-
ing type II-s structures are �AlP, AlAs�/GaP, AlP/GaAs, AlP/
AlAs, �AlP, InP�/GaAs, �AlP, GaP, AlAs, GaAs, InP, InAs�/
AlSb, and �AlP, GaP, GaAs, InP�/GaSb. These structures
may be of use in devices based on hole tunneling. Further-
more, if the wire is excited with light having an energy larger
than the band gap, electron-hole pairs will be created. They
will separate spontaneously, electrons to the segment and
holes to the barrier, until equilibrium is established. When
the situation is in equilibrium we have a gas of electrons
adjacent to a gas of holes, which will be discussed in Sec. V.
In Fig. 11 we show the band structure of InP/GaAs wires.
For long segments the structure is type II-s, but for short

(b)(a)

FIG. 6. �Color online� �a� A surface plot of the conduction-band minimum for a �001� oriented wire defined in Fig. 1�a� consisting of an
InAs wire with an InP segment. The length of the InP segment is 50 and the width of the wire is 100. �b� A surface plot of the valence-band
maximum for the same wire.
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FIG. 7. �Color online� The band edges in a �001� oriented wire
consisting of InAs with an InP segment. The plots are along the
center of the wire. The length of the InP segment was varied from 2
to 100, where the width of the wire �along the x direction� was 100.
The blue trace is the � conduction band, black traces are the X
conduction bands, and red traces are the valence bands.
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segments we find that the InP is a barrier for both electrons
and holes. GaP/AlSb is calculated to have a hole barrier of
close to 1 eV for quite wide segments, although the electron
well is quite shallow. AlP/GaP is more symmetric having
barriers of about 300 meV for holes and forming a quantum
well with about the same barriers for electrons. This is thus a
good system for creating dipolar bilayers, although it will be
necessary to cap the AlP segment to avoid decomposition by
humid air.

D. Type II-b

In type II-b structures the segment forms a barrier for
electrons and a well for holes. The material combinations
giving type II-b alignments are �GaP, AlAs, GaAs, InP, AlSb,
GaSb�/AlP, �GaP, AlSb�/AlAs, �AlSb, GaSb�/GaAs, �GaP,
GaAs, AlSb, GaSb�/InP, and �GaAs, AlSb�/InAs. These
structures may be of use in devices based on electron tunnel-

ing. Often it is better to use electrons as the active charge
carrier in tunneling devices rather than holes because of their
lower effective mass. Similarly to the type II-s structures we
can create a gas of dipoles in the wires.

E. Type III-s

In type III-s structures the conduction-band minimum of
the segment is below the valence-band maximum of the bar-
rier. The material combinations giving type III-s alignments
are InAs/GaSb, �GaP, InP, InAs, GaSb�/InSb. In these struc-
tures we have a spontaneous charge separation, where elec-
trons will transfer from the top of the valence band in the
barrier into the conduction band of the segment, leaving

(b)(a)

FIG. 8. �Color online� Surface plots of the band edges in a wire consisting of a heterostructure of InAs and InP. The wire is oriented along
the �001� direction. InAs is to the left of the interface.
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FIG. 9. �Color online� The band edges in a �111� oriented InP
wire with an InAs segment. The plot is through the center of the
wire. The length of the InAs segment was varied from 2 to 100,
where the width of the wire �along the x direction� was 100. The
blue trace is the � conduction band, black traces are the X conduc-
tion bands, and red traces are the valence bands.
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FIG. 10. �Color online� Different band offsets that may occur at
a segment. The letters s �for segment� or b �for barrier� indicate
which material has the lowest energy conduction-band minimum.
Type I-s is a normal quantum well, confining both electrons and
holes to the segment. Type II-s confines electrons to the segment
and holes to the wire or barrier. Type III-s is metallic and the
conduction-band minimum of the segment is below the valence-
band maximum of the barrier, giving rise to transfer of electrons to
the segment and holes to the barrier. The inverted structures may
also occur denoted by type I-b, type II-b, and type III-b.
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TABLE II. Band alignments in different segmented wires when the wire is grown in the �100� direction. The notation of the alignment
is explained in Fig. 10. We have also indicated whether the lowest conduction band is direct �labeled “dir”� or indirect �labeled “ind”�. met-s
or met-b indicates that the structure has a negative gap in the segment or barrier, respectively. The notation follows the thickness of the
segments, i.e., “II-s, I-b” means that the band alignment is type II-s for short segments and type I-b for long segments.

Barrier material

Segment material

AlP GaP AlAs GaAs InP InAs AlSb GaSb InSb

AlP II-b I-s, II-b II-b II-b, I-s I-s I-s, II-b I-s, II-b met-s, I-s
ind ind ind ind, dir dir ind ind ind

GaP II-s II-s I-s I-s I-s I-s I-s met-s, I-s
ind ind ind, dir dir dir ind ind ind

AlAs II-s II-b I-s I-s I-s I-s, II-b I-s met-s, I-s
ind ind dir dir dir ind ind ind

GaAs II-s, I-b I-b I-b II-s I-s II-b I-s, II-b met-s, I-s
ind, dir dir dir dir dir dir ind, dir ind

InP I-b II-b, I-b I-b I-s, II-b I-s II-b II-b met-s, I-s
dir dir dir dir dir dir dir dir

InAs I-b I-b I-b II-b, I-b I-b II-b III-b III-b
dir dir dir dir dir dir dir dir

AlSb II-s II-s II-s I-s, II-s II-s II-s I-s I-s
ind dir ind dir dir dir dir ind, dir

GaSb II-s II-s, I-b I-b II-s II-s III-s I-b I-s
ind dir dir dir dir dir dir ind, dir

InSb I-s, I-b, met-b III-s, met-b I-b, met-b met-s, met-b III-s met-s, III-s I-b III-s, I-b
ind, dir dir dir dir dir dir dir dir

TABLE III. Band alignments in different segmented wires when the wire is grown in the �111� direction. The notation is the same as in
Table II.

Barrier material

Segment material

AlP GaP AlAs GaAs InP InAs AlSb GaSb InSb

AlP II-b I-s, II-b II-b, I-s II-b, I-s I-s I-s, II-b I-s, II-b met-s, I-s
ind ind ind, dir ind, dir dir ind ind dir

GaP II-s II-s I-s I-s I-s I-s, II-b I-s met-s, I-s
ind ind ind, dir dir ind ind ind, dir ind, dir

AlAs I-b, II-s II-b I-s I-s I-s I-s, II-b I-s met-s, I-s
ind ind dir dir dir ind ind, dir dir

GaAs I-b I-b I-b I-b, II-s I-s II-b II-b met-s, I-s
dir dir dir dir dir dir dir dir

InP I-b II-b, I-b I-b I-s, II-b I-s II-b II-b met-s, I-s
dir dir dir dir dir dir dir dir

InAs I-b I-b I-b II-b, I-b I-b II-b III-b III-b
dir dir dir dir dir dir dir dir

AlSb II-s I-s, II-s II-s I-s, II-s II-s II-s I-s I-s
dir, ind dir, ind dir, ind dir dir dir dir ind, dir

GaSb I-b II-s, I-b I-b II-s II-s III-s I-b I-s
dir dir dir dir dir dir dir ind, dir

InSb I-b, met-b, I-b III-s, met-b, I-b I-b, I-s met-s, III-s, I-b III-s, I-b met-s, III-s I-b I-s, I-b
dir dir dir dir dir dir dir dir
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holes behind. In Fig. 12 we show the band structure of InAs/
InSb wires grown along the �111� direction. This materials
combination is unusually interesting. For short segments the
InAs has a negative band gap and is thus metallic. For longer
segments the structure is type III-s, which is metallic by
charge transfer. It is thus possible to make the InAs into a
metal in two different ways simply by tuning the length of
the segment. Such wires have been fabricated.22

F. Type III-b

In type III-b structures the conduction-band minimum of
the barrier is below the valence-band maximum of the seg-
ment. The material combinations with III-b alignments are
�GaSb, InSb�/InAs. In these structures we again have spon-
taneous charge separation where holes will accumulate in the
segment leaving electrons in the barrier. We have the oppor-
tunity to have a stable hole gas in a confined volume, which
is interesting. Figure 13 shows the band structure of InSb/
InAs wires. The wire is oriented along the �111� direction.
For all segment lengths the structure is type III-b. These
systems have been proposed as a means to manipulate elec-
tron spins.

G. Negative band gaps

InSb wires with segments of GaAs or InAs have negative
band gaps in the segments. The segments are then metallic. It
is also possible to have a metallic barrier close to the seg-
ment in the case of �AlP, GaP, AlAs, GaAs�/InSb. This situ-

ation is quite remarkable since it is then possible to have a
wire with a homogeneous stoichiometry that starts out as a
metal close to the segment interface and then transforms to a
semiconductor further away from the interface. This cer-
tainly should be regarded as a metal-semiconductor transi-
tion without disturbance from interface defects. The systems
InSb/�AlP, GaP, AlAs, GaAs, InP� involve metallic segments
of InSb.

Figures 14–16 summarize the band structures that occur
for short segments which behave like two-dimensional
strained layers. Since long segments have the same band
structure as the bulk material it is possible to estimate the
band structure for intermediate length segments using these
figures. The figures on the website give a fuller picture.11

Reference 33 gives the effective masses for many of these
quantum well systems, along with a graph for estimating the
confinement energy.

V. APPLICATIONS IN SCIENCE AND TECHNOLOGY

There are applications in science for which segmented
wires are more suited than strained layers and quantum dots.
In some cases this is due to the greater flexibility in materials

TABLE IV. Band alignments in different segmented nitride-
based wires, which is independent of the growth direction of the
wire. The notation is the same as in Table II.

Barrier material

Segment material

AlN GaN InN

AlN I-s, dir I-s, dir

GaN I-b, dir I-s, dir

InN I-b, dir I-b, dir
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FIG. 11. �Color online� The band structure of �111� oriented
wires consisting of an InP segment in GaAs. Blue trace is the �
conduction band, black traces are the X conduction bands, and red
traces are the valence bands.
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FIG. 12. �Color online� The band structure of �111� oriented
wires consisting of an InAs segment in InSb. For short segments we
have a negative band gap in the InAs. For longer segments the InAs
conduction-band minimum is below the valence-band maximum of
the InSb. As a result electrons will accumulate in the InAs segment
and holes in the InSb barrier. The blue trace is the � conduction
band, black traces are the X conduction bands, and red traces are the
valence bands.
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FIG. 13. �Color online� The band structure of �111� oriented
wires consisting of an InSb segment in InAs. The blue trace is the �
conduction band, black traces are the X conduction bands, and red
traces are the valence bands.
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FIG. 14. �Color online� Overview of the band structure of segmented wires oriented along the �001� direction where the segment length
is 2 and the wire width is 100. Such short segments behave like strained two-dimensional layers. The blue trace is the � conduction band,
black traces are the X conduction bands, and red traces are the valence bands.
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FIG. 15. �Color online� Overview of the band structure of segmented wires oriented along the �111� direction where the segment length
is 2 and the wire width is 100. Such short segments behave like strained two-dimensional layers. The blue trace is the � conduction band,
black traces are the X conduction bands, and red traces are the valence bands.
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combinations that wires allow compared with the other sys-
tems. In other cases the lateral confinement can be used to an
advantage. The precise control over segment position that
can be obtained in wires can be used to tune interesting prop-
erties. We will in this section describe a few applications
using segmented wires in science and technology that we
hope will inspire experimental work. This includes some ap-
proaches to the notoriously difficult problem of obtaining
Ohmic contacts to nanowires.

A. Exotic dipole phases

There are many wire systems that are interesting from a
basic physics point of view. The type II and type III systems
will allow the creation of exciton gases which are polarized,
as illustrated in Fig. 17. This is often called a dipole gas and
in our case it will be a gas of aligned dipoles. In the type II
systems the concentration �or equivalently rs which measures
the interparticle distance� of the dipole gas can be externally
tuned by an exciting laser. In the type III system no laser is
needed since the dipole gas is the ground state. Due to Cou-
lomb repulsion between the excitons or dipoles there is a
strong tendency for correlation between the dipoles. There
are several theoretical studies predicting that dipolar layers
have rich physics involving interesting phases such as dipole
liquids, dipole solids, Coulomb liquids, Coulomb solids, and
Wigner supersolids.23,24 The dipole liquid is a superfluid.
Most of these phases have not been observed experimentally.
The advantage of using wires instead of layers with a type II
band alignment is that the dipole gas is confined in the trans-
verse direction so that the dipoles cannot diffuse away, al-
lowing the creation of a high-density dipolar gas. Another
advantage is that the distance between the electron and hole
layers can be tuned during growth. It is known that the
electron-hole separation is a very important parameter in the
phase diagram of dipolar systems. Furthermore it is possible
to couple several dipole layers and such coupled dipolar lay-
ers should have their own very interesting elementary exci-
tations, very likely at low energies.

B. Transport physics

Type III-b structures are interesting for transport studies.
We have the curious situation that under applied bias, elec-
trons will carry the current in the barriers but inside the seg-
ment the current is passed by holes, given suitable doping.
Effects arising from the change in sign of the effective mass
when passing the barrier should be interesting to study, in
particular for superlattice studies where there are cases where
only the mass is modulated. Effective mass superlattices are
an old idea of Sasaki.25 We here view the difference between
electrons and holes as merely being having different signs
for the effective mass. Holes experience strong spin-orbit
interaction in the segment which might be used to manipu-
late the spin of the electrons.26 One idea is to inject electrons
into the segment, manipulate the spin of the hole using an
external electric field, and to collect the spin-manipulated
electrons at the collector.

C. Contacting technology

It is usually very difficult to make reliable Ohmic and
Schottky contacts to semiconductors27 such as nanowires us-
ing normal technologies, such as depositing a suitable metal
on the wire. This is due to poor surface quality of the semi-
conductor and the fact that the metal is never epitaxial to the
wire. By using segments that are metallic it may be possible
to alleviate this problem since metal-metal contacts are much

FIG. 16. �Color online� Overview of the band structure of seg-
mented nitride wires, where the segment length is 2 and the wire
width is 100. Such short segments behave like strained two-
dimensional layers. Blue trace is the � conduction band, black
traces are the X conduction bands, and red traces are the valence
bands.
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FIG. 17. �Color online� �a� A drawing of a dipole gas in a wire.
�b� It is possible to separate the electron and hole gases by using a
spacer layer. �c� Periodic arrays of dipole gases can be contem-
plated. �d� Schematic of electrically contacting a wire device using
negative gap semiconductors for the contacting regions.
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more forgiving than metal-semiconductor contacts, with re-
spect to contact resistance. Figure 17 shows a basic illustra-
tion how this could be done. The contacting segments could
have a negative gap and this segment could have the Fermi
level close to the conduction or valence band of the semi-
conducting wire giving an Ohmic contact. Alternatively the
segment may have the Fermi level in the middle of the gap
of the semiconducting wire, giving a Schottky type of con-
tact with a diode-type behavior. For example, a thin InSb
segment in InP has a negative gap and is calculated to have
the Fermi level close to the conduction-band minimum of
InP, thus giving an Ohmic contact to n-type InP. The band
structure for this system is given in Fig. 18, with a wire
oriented along the �001� direction. We also predict a negative
gap if the wire is oriented along the �111� direction. We also
find that a thin InSb segment should give an Ohmic contact
to n-type GaAs although the Fermi level of the InSb is a bit
deeper than when InSb is a segment in InP. For InSb in GaP
we predict metallic InSb where the Fermi level of InSb is in
the middle of the band gap of GaP, thus giving a Schottky
type of junction. There are no non-nitride segments with a
negative gap and a Fermi level close to the valence band of
the technically important wire materials InP and GaAs.

D. Plasmonics

The metallic systems will be plasmonically active, if they
have a negative gap or are metallic due to the presence of a
dipole gas system. Since it is possible to fabricate the wires
very precisely it will be possible to tune the separation of the
plasmonically active segments allowing very reproducible
coupling between them. This is advantageous if, for ex-
ample, the wires are to be used to enhance Raman
scattering.28 Usually surface enhanced Raman scattering suf-
fers from the random placement of metal particles on a sur-

face and most particles do not form a pair with the appropri-
ate distance between them.

E. Strain engineering

Due to their limited cross section, nanowires allow het-
erojunctions that are not stable in large planar structures. For
example, InSb has a negative gap close to the interface of
GaAs but becomes semiconducting away from the interface
where the strain is less. We thus have a continuous transition
from a metal to a semiconductor within the same material.
Finally we would like to mention a possibility which is quite
unique for segmented nanowires. Since the segments are al-
lowed to relax as well as to strain the barrier, when grown on
a barrier of a different lattice constant, it is possible to grow
segmented wires with a large lattice mismatch between the
segment and the barrier.29 This is especially true for narrow
wires. Suppose we have a segment in compression. By cap-
ping the segmented wire with the barrier material the com-
pression will increase and there is a possibility that the seg-
ment �now a dot� will undergo a phase transition to a new
crystal structure. Phase transitions in III-V semiconductors
typically occur at a hydrostatic pressure of a few hundred
kbar30 which can easily be obtained in the more highly
strained systems. External hydrostatic pressure has previ-
ously been shown to cause phase transitions in quantum
wells.31 This fairly simple method also allows the study of
materials under higher hydrostatic tension than can be ob-
tained in strained layers. We note that Stranski-Krastanow
dots never form if they are under tension.32

VI. SUMMARY

By computing the band structure of all combinations of
AlN, GaN, InN, AlP, GaP, AlAs, GaAs, InP, InAs, AlSb,
GaSb, and InSb where one compound is a segment in the
other, we have identified a large set of interesting structures.
These structures include metallic segments and segments
which support dipole gases. All combinations have been
classified with respect to band alignment, except nitride non-
nitride combinations which behave too wildly to be classifi-
able. Using this information it is also possible to verify that
certain combinations of, e.g., band gap and band alignment
do not occur among the investigated material combinations.
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FIG. 18. �Color online� Band structure of �001� oriented wires
consisting of a segment of InSb in InP. Short segments have a
negative band gap with a Fermi level close to the conduction band
of InP, assuming that the Fermi level is between the valence-band
maximum and the conduction-band minimum. Blue trace is the �
conduction band, black traces are the X conduction bands, and red
traces are the valence bands.
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