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We have calculated band structures for strained core-shell nanowires involving all combinations of AIN,
GaN, and InN, as well as all combinations of AlP, GaP, AlAs, GaAs, InP, InAs, AlSb, GaSb, and InSb, as
functions of core and shell radii. This gives 78 combinations, most of which have not been experimentally
realized, and provides a quite complete overview of which interesting structures can be realized in core-shell
zinc-blende III-V nanowires. Both the I'- and the X-conduction-band minima were included in the calculations
in addition to the valence-band maximum. The calculations were performed using continuum elasticity theory
for the strain, eight-band strain-dependent k-p theory for the I'-point energies, and a single-band approxima-
tion for the X-point conduction minima. All combinations of materials having type-I, type-II, and type-III
(broken gap) band alignments have been identified, as well as all combinations for which one material becomes
metallic due to a negative band gap. We identify structures that may support exciton crystals, excitonic
superconductivity, and biomolecular detection. We have also computed the effective masses from which the
confinement energy may be estimated. While graphical presentation of the results helps identify trends, all the

numerical results are also available online.
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I. INTRODUCTION

In recent years it has become possible to grow semicon-
ductor nanowires for fundamental studies as well as for ap-
plications in transport, optics, and biology."> With some fab-
rication methods, such as the vapor-liquid-solid method,? it
is possible to vary the material along the nanowire* and to
cap the wire with a surrounding shell of a different
material,>° resulting in a core-shell nanowire. Different com-
binations of core and shell materials result in different strain
and confinement effects, which have been measured in such
structures.” With the wide choice of materials combinations
available, it is extremely useful to know in advance which
combinations are most promising for experimental investiga-
tion.

In most studies to date, the constituent materials have
been III-V semiconductors or combinations of Si,® Ge, and
C. In III-V systems the crystal structure of the wires may be
either zinc blende or wurtzite with mixtures of both struc-
tures occurring in some wires. Most wires grown by the
vapor-liquid-solid method have a hexagonal cross section
with the axis of the wire oriented along the [111] direction.'®
For core-shell nanowires composed of lattice-matched mate-
rials (e.g., GaAs and AlAs), the electronic structure is trivial.
However, if the core and the shell materials have different
bulk lattice constants, then the nanowire will be strained,
which will affect the band structure.!' Since the strain de-
pends on the relative sizes of the core and shell regions as
well, there are a large number of possible core-shell nano-
wire configurations, all with different electronic structure.

Figure 1 shows the different types of band alignments
possible between the core and shell—type I, type II, and type
III (broken gap). It is also possible for strain to induce a
negative band gap in which the conduction band is below the
top of the valence band. Type III and negative band-gap
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structures provide interesting wires in which metallic con-
ductivity is realized without doping and in some cases the
nanowires support simultaneous hole and electron conduc-
tion. Due to the confinement of electrons and holes to differ-
ent regions, type-II and type-III structures are good candi-
dates for producing exciton crystals.'?

In this paper we consider III-V zinc-blende semiconduc-
tor nanowires oriented along [111] with hexagonal cross sec-
tion (see Fig. 2). We have calculated the energies of the band
edges of core-shell nanowires using all combinations of AIN,
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FIG. 1. (Color online) Different types of band alignments. The
band gap is colored blue in the figure, E. is the conduction-band
minimum, E, is the valence-band maximum, and E; is the Fermi
level. A type I-c structure is a normal quantum well, which can bind
both electrons and holes to the core. A type II-c structure confines
only electrons to the core material or holes for a type II-s structure.
A type-III or broken gap structure has the valence-band maximum
of one material at a higher energy than the conduction-band mini-
mum of the other material. Electrons are transferred between mate-
rials, resulting in one material becoming metallic with electrons and
the other metallic with holes.
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FIG. 2. (Color online) (a) Schematic of a core-shell wire with a
hexagonal cross section. (b) Band edges of a hexagonal core-shell
nanowire as functions of position. The arrow in (a) shows the di-
rection along which the band edges are plotted. (c) Band edges of a
circular wire oriented along the [111] direction. (d) Band edges of a
circular wire oriented along the [100] direction. All wires have an
InAs core and a GaAs shell, with a core radius 1/2 that of the
nanowire. Er is the I' conduction-band minimum, Eyx is the X
conduction-band minimum, and Ey is the valence-band maximum.

GaN, and InN, as well as all combinations of AlP, GaP, InP,
AlAs, GaAs, InAs, AlSb, GaSb, and InSb. We have ne-
glected some materials, such as boron-containing com-
pounds, as well as the wurtzite form of III-V’s since the
material parameters for these exotic materials are not known.
Combinations of nitride and non-nitride materials were not
included since the lattice mismatch is so large that we do not
expect these combinations to grow in the zinc-blende
structure.'® Furthermore we expect k -p theory in conjunction
with linear deformation-potential theory to be inaccurate
when the lattice mismatch approaches 20%. Our treatment of
nitrides has also been limited by the availability of reliable
material parameters. Even for zinc-blende nitrides, it is dif-
ficult to find reliable parameters, and for most III-V com-
pounds the parameters for the remote extrema, such as the
conduction-band L point, are not known.

We also calculated the strain-dependent mean effective
masses at the I' point, which determines the transport prop-
erties. Structures with a low effective electron or hole mass
and thus a possibly high mobility may be of interest for
devices. The effective mass also allows one to calculate the
confinement energies of the nanowire states in an effective-

PHYSICAL REVIEW B 78, 115319 (2008)

mass approximation (see Fig. 5). Our results provide a com-
prehensive overview of interesting structures that can be re-
alized with core-shell wires, as well as provide constraints on
what structures cannot be obtained.

II. METHOD

For each material combination and core and shell radii,
we first computed the strain using continuum elasticity. The
structure was discretized as 120X 120X 120 cube-shaped
linear finite elements and the strain energy was minimized
using the conjugate gradient algorithm. It is important to
note that the Hamiltonian describing the strain energy is
scale invariant and, therefore, the resulting strain field ap-
plies to any structure with the same proportions regardless of
overall size. Therefore the band structure depends only on
the relative size of the core and shell and we plot all energies
as functions of the core radius divided by the nanowire outer
radius. The spatially dependent strain was used to calculate
the local band edges as well as the I'-point conduction-band
effective mass at each point in the grid. The local band en-
ergies and effective masses are the values one would obtain
for an electron in a bulk material with the same strain as the
local value calculated for the nanowire. The I'-point energies
were calculated using strain-dependent eight-band k-p
theory.!*!> The energy of the X band was calculated in the
single-band approximation,

EX=EM Tre+Edkieijkj, (1)

where =, and =, are the deformation potentials, e;; is the
strain tensor, and k; is a unit vector in the direction of the
particular X valley being considered.

Presenting every band structure we have calculated (such
as Fig. 2) is not feasible nor very useful. Instead, we have
computed spatial averages of the band energies and effective
masses separately over the core and shell regions for each
material combination. This results in a single quantity for
each geometry, which is plotted as a function of the core
size, in order to compare different geometries. In Fig. 2 we
show a nanowire with an InAs core and a GaAs shell, as well
as the band energies within the wire. Due to the large lattice
mismatch this is a highly strained system, and the band en-
ergies vary spatially due to the inhomogeneity of the strain.
However, as can be seen from Fig. 2, even in such a highly
strained system the spatial variation in the band energies is
not very large and, hence, a spatial average of the energies in
the core and shell serves as a useful measure of the band
structure.

We also see in Fig. 2 that the band structure for circular
wires oriented along the [111] or the [100] direction is very
similar to the hexagonal wires in the core, suggesting that
our results apply to circular nanowires as well. Even for the
shell the differences are reasonably small.

We assumed a zinc-blende crystal structure and the wires
were assumed to have a hexagonal cross section and to be
oriented along the [111] direction. We expect that our results
will also be useful even if the constituent materials have a
wurtzite structure since the wurtzite material parameters are
very close to those for zinc blende!'®!” (about 5%-10% dif-
ference) in the known cases.
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FIG. 3. (Color online) The hydrostatic strain in a hexagonal
[111]-oriented InAs/GaAs core-shell nanowire. The core radius is
1/2 the outer radius of the wire. Note that the strain is quite uni-
form, especially in the core.

Material parameters were taken from Refs. 18 and 19,
except for the X valley deformation potentials, which were
taken from Refs. 20 and 21. The parameters for the nitrides,
and especially those for the X valleys, are more uncertain
than for the non-nitride materials since they are, in most
cases, obtained from theory alone. In some unstrained mate-
rials the L-point conduction-band minimum is lower in en-
ergy than the X-point conduction-band minimum. However,
under hydrostatic compression both the L and the I' minima
move to a higher energy, whereas the X minimum moves to
a lower energy. As a result, in most strained materials the X-
or I'-point minimum is lowest in energy, and so we have not
computed the L-valley energies. GaSb is an exception, since
its L and I minima are so close, and GaSb should be treated
with some care.

III. RESULTS AND DISCUSSION

Before examining the band structure, we first consider the
strain itself. Figure 3 shows the hydrostatic strain, e=e,,
+e,,+e,, on a cross section of an InAs/GaAs hexagonal
wire oriented along [111]. The hydrostatic strain is quite uni-
form and negative in the core (i.e., compressive since bulk
InAs has a larger lattice constant than GaAs) while the ten-
sile strain of the shell is less uniform. If the GaAs shell is
very thin, it looks like a quantum well grown on a material
with a larger lattice constant and is consequently under ten-
sion. If the shell is infinite, however, the InAs core will be
under compression and will push against the shell resulting
in compressive strain in the shell at least near the core. We
thus have the peculiar situation that for some shell thickness,
the core is under compression while the average hydrostatic
strain in the shell is zero.

We now turn to the band structures. Figure 4 shows a
typical result along with the band diagram for one particular
core radius extracted from it. It is interesting that the energy
of the I' conduction-band minima of both the core and the
shell move together as a function of core radius. The I'
conduction-band minimum responds only to the hydrostatic
part of the strain.?> Thus if the core becomes more com-
pressed then so does the shell. This is true regardless of
whether the shell has a smaller or a larger lattice constant
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FIG. 4. (Color online) Band edges for a wire with a core of InAs
and a shell of GaAs. The dashing of the lines indicates that the
energy corresponds to the I' conduction band (no dash), the X con-
duction band (short dash), or the valence band (long dash). The
lines for the shell energies are black and the lines for the core
energies are red. The example in the figure has a core radius of 0.2
of the total radius. (The radius is defined as the distance from the
center of the wire along the [011] direction.) Reading off the ener-
gies of the various bands at this core radius, we can easily construct
the effective band-edge diagram of this particular core-shell wire as
illustrated in the figure. We see that the InAs core acts as a quantum
well with a direct band gap and that the GaAs shell is a barrier, also
with a direct band gap. The bands are not flat in a real structure but
the variation with position is not very large (see Fig. 2).

than the core and this is born out by the calculations. We
group our results by common core materials and plot the
band energies as functions of core size.

As already mentioned, since the strain is independent of
the overall size of the wire, the band diagrams apply to any
wire with the same proportions. However, the confinement
energy will depend on the overall size. The confinement en-
ergy may be easily calculated if we assume the two-
dimensional potential of the wire to be a hexagonal square
well with a single effective mass throughout the structure.
For different nanowire structures the barrier heights are
found in the band diagrams that follow, while the effective
masses in the core are shown in graphs available online.?>>*
Using these values Fig. 5 gives the confinement energy.
Comparison with full eight-band calculations shows the re-
sults are accurate to within 5%—10%.

All of the results (energies, masses, and confinement en-
ergies) are also contained in text files available online.?>>*

A. Nitride cores

We first consider nanowires with nitride cores shown in
Fig. 6. Bulk AIN has an indirect gap of about 4.9 eV. A shell
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FIG. 5. (Color online) The four lowest confinement energies of
a particle in a hexagonal wire as functions of the barrier height V.
Quantities are in units of the characteristic energy Uy=A2/2m"L?,
where L is the diameter indicated in the figure and m" is the effec-
tive mass. For m*=m, and L=1 nm, we have Uy=38.1 meV. Plots
of the corresponding wave functions are given in the insets. For
small V there is only one bound state. The insets show cross sec-
tions of the wave functions.

of GaN will form a type-I quantum well for all radii as
shown in Fig. 6. Due to the small lattice mismatch between
AIN and GaN, there are only small strain shifts as the core
radius is varied. A shell of InN will also form a type-I quan-
tum well. For this material combination there is a substantial
difference in lattice constant and the core radius is an impor-
tant parameter. If the shell is thin then the band gap of InN
will be almost zero. Due to the uncertainty in the materials

FIG. 6. (Color online) Band edges of core-shell wires

radius.
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parameters, InN could in fact have a negative band gap and
be a metal when grown as a thin shell on AIN. Bulk GaN has
a direct gap of about 3.3 eV and will form a type-I quantum
well when capped with a shell of AIN. A shell of InN on a
core of GaN will form a type-I quantum well for almost all
radii. For a very small core radius the valence-band maxima
of InN and GaN will have the same energy. Bulk InN has a
direct band gap of about 0.8 eV. InN will form a type-I
quantum well in AIN unless the shell is very thin, in which
case a type-II structure is formed with holes in the AIN and
electrons in the InN. A similar phenomenon occurs for a GaN
shell on an InN core.

B. AIP core

The results for nanowires with AIP cores are shown in
Fig. 7. AIP has an indirect gap of about 2.5 eV and is usually
thought of as a barrier material, however, AlAs and AISb
shells both form conduction-band barriers when surrounding
AIP. Shells of GaP are essentially lattice matched to AIP and
the band offset is type II. That is, the conduction-band mini-
mum of AIP is below the conduction-band minimum of GaP
and the valence-band maximum of AlP is below the valence-
band maximum of GaP. A plot of the band edges is shown in
Fig. 8, showing that photoexcited charge carriers will sepa-
rate electrons to the core and holes to the shell.

We expect long-lived excitons in this system for two rea-
sons: the indirect character of the conduction band and the
spatial separation of the electrons and the holes. This is an
ideal situation for an exciton crystal predicted by Ivanov and
Haug.!> The separation of charges causes the excitons to re-
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with nitride cores and different nitride shells (indicated) as functions of core
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FIG. 7. (Color online) Band edges of core-shell wires with a
core of AIP and different (indicated) shells as functions of core
radius.

pel each other. In a finite wire with the proper exciton den-
sity, the excitons will tend to form a correlated state with
excitons lying side by side in a row, unable to change places
with each other, as illustrated in Fig. 8. A high melting point
for this crystal of about 50 K has been predicted.

Shells of AlAs, GaAs, InP, InAs, AISb, and GaSb have a
positive band gap for all thicknesses, whereas InSb attains a
negative band gap when grown on a thick AIP core. The case
of InSb is especially interesting (Fig. 9). The shell is metal-
lic, thus forming an epitaxial metal-semiconductor system,
which is difficult to obtain using conventional metals.

The offset between the Fermi level of the metal and the
semiconductor band edges in these epitaxial metal-
semiconductor systems should be very reproducible and of
higher quality than in a normal Schottky barrier or Ohmic
contact. We propose that such systems could be used for
contacting wires used for electronic and optical applications.
The contact to the external world can be done using a normal
metal contacting the epitaxial metal. This removes the fluc-
tuations usually present in normal-metal semiconductor
junctions? from the active region of a device based on wires.

PHYSICAL REVIEW B 78, 115319 (2008)

(a) (b)

FIG. 8. (Color online) (a) Band edges of a wire having an AIP
core and a GaP shell. Photoexcited charge carriers will separate
electrons to the core and holes to the shell. (b) Excitons will repel
each other due to the separation of charges and may form an exciton
crystal, in which the excitons lie in a row and cannot easily pass
each other. Since the conduction-band minima are indirect, the ex-
citons will be long lived.

In addition, the metallic shell will shield the core from ex-
ternal electric fields with potential application for devices
operating under adverse electrical environments. A thin core
of AIP in a shell of InSb has a direct band gap in contrast to
bulk AIP, which has an indirect gap.

InSb AlP InSb
Ec
Ev ~ - -- - - ---
Ec (X-band) -----------eeeol 0 pemeemeeeeeeees
Ev - T 7~

FIG. 9. (Color online) (a) Band edges of a wire having an AIP
core and an InSb shell. The valence-band maximum of the shell has
a higher energy than the conduction-band minimum. Consequently
the shell will be metallic, having a Fermi level in the band gap of
the AIP core.
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FIG. 10. (Color online) Band edges of core-shell wires with a
core of GaP and different (indicated) shells as functions of core
radius.

C. GaP core

The band edges for nanowires with GaP cores are shown
in Fig. 10. A shell of AIP will form a type-II structure con-
fining electrons to the shell and holes to the core. This is also
a possible system for investigations of an exciton crystal as
shown in Fig. 8. A negative aspect is that AIP is sensitive to
water and the inverted structure is likely more promising for
experiments. A shell of AlAs will also form a type-II struc-
ture with electrons confined to the shell and holes to the core.
The GaP core will have a direct band gap for the thinnest
cores but will otherwise have an indirect band gap. A shell of
GaAs will form a type-I well and so will a shell of InP. For
a shell of InP there will be a transition of the band gap of
GaP from direct to indirect at a core radius of about 0.7. A
shell of InAs will form a type-I quantum well. Both AISb
and GaSb will go from a type-II structure with electrons
confined in the core and holes in the shell to a type-I struc-
ture (with an indirect gap) when the radius of the core in-
creases. A shell of InSb will—for small cores—be a broken
gap (type III). The valence band of InSb will donate elec-
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FIG. 11. (Color online) Band edges of core-shell wires with a
core of AlAs and different (indicated) shells as functions of core
radius.

trons to the core of GaP, leading to a metallic system in
which both electrons and holes contribute to the conductiv-
ity. The charge carriers are separated however and this me-
tallic wire is thus somewhat different from the metals occur-
ring when negative gaps are present in the wire as illustrated
in Fig. 9. When the core is larger, then the band edges of
InSb will be in the gap of GaP. However the InSb shell will
have a negative band gap and will thus still be metallic. This
is an especially rich system for experimental investigation.

D. AlAs core

The band edges for nanowires with AlAs cores are shown
in Fig. 11. AlAs with a shell of AIP will be a type-I quantum
well with a very small offset in the conduction band. A shell
of GaP will form a type-II structure with the core confining
electrons and the shell confining holes. GaAs is very closely
lattice matched to AlAs (as evidenced by the lack of depen-
dence on core size) and will form a type-I quantum well. A
shell of InP behaves very similarly to a shell of GaAs and is
a type-I quantum well and the same is true for a shell of
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FIG. 12. (Color online) Band edges of core-shell wires with a
core of GaAs and different (indicated) shells as functions of core
radius.

InAs. A very thick shell of AISb forms a weakly type-II
structure with the core attracting electrons and the shell
holes. For thinner shells of AISb we have a type-I structure
with the shell attracting the charge carriers. A shell of GaSb
will form a type-I quantum well. However there is a transi-
tion from a direct band gap to an indirect band gap as the
core radius increases. A shell of InSb will initially be a
direct-gap type-I quantum well, then an indirect-gap type-I
quantum well, and finally have a negative band gap as the
core radius increases.

E. GaAs core

The band edges for nanowires with GaAs cores are shown
in Fig. 12. GaAs is the most important III-V semiconductor
and has received considerable attention as a wire material. A
thick shell of AIP forms a type-II structure with the shell
attracting electrons and the core attracting holes. When the
shell is thin the GaAs core forms a type-I quantum well. A
core of GaAs is a type-I quantum well when a shell of GaP
or AlAs is grown. AlAs is nearly lattice matched to GaAs so
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FIG. 13. (Color online) Band edges of core-shell wires with a
core of InP and different (indicated) shells as functions of core
radius.

there are only weak strain effects. A core of GaAs is also a
type-I quantum well in a shell of InP although the band offset
in the conduction band is very small. A shell of InAs is a
type-I quantum well, whereas shells of AlSb and GaSb are
both type-II quantum wells with electrons confined to the
core and holes to the shell. A thick shell of InSb forces a
GaAs core to have a negative band gap and become metallic.
A thinner shell of InSb forms a type-III structure with the
added twist of a negative band gap for the InSb. A very thin
InSb shell has a negative band gap, where the band edges are
within the band gap of the GaAs. As usual InSb forms very
interesting structures.

F. InP core

The band edges for nanowires with InP cores are shown in
Fig. 13. An AIP shell goes from a type-II structure to a type-I
structure as the radius of the core increases with holes con-
fined to the InP core. With a GaP shell, an InP core forms a
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FIG. 14. (Color online) Band edges of core-shell wires with a
core of InAs and different (indicated) shells as functions of core
radius.

type-I structure unless the shell is very thick or very thin. In
these cases the structure is weakly type II. A core of InP is a
normal type-I wire if surrounded by a shell of AlAs, but a
GaAs shell forms a type-I quantum well in the shell. A shell
of InAs forms a type-I quantum well, whereas a shell of
AlSb is type II with holes confined to the shell and electrons
to the core. The same is true if the shell is GaSb. A thick
shell of InSb forms a broken gap structure, and the shell
donates electrons to the conduction band of the core, giving
a metallic system with electron conduction in the core and
hole conduction in the shell. If the InSb shell is thin, it will
obtain a negative gap and be metallic, which will give rise to
interesting plasmonic effects.’® The InP will remain semicon-
ducting though.

G. InAs core

The band edges for nanowires with InAs cores are shown
in Fig. 14. InAs is an interesting material for devices requir-
ing small band gaps such as infrared detectors. However,
strain can increase the 0.4 eV band gap substantially. A core
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of InAs capped with AIP is highly strained. The InAs core
forms a type-I structure, which is indirect for thick AIP shells
but otherwise direct. The same behavior is seen when the
shell is GaP and AlAs with the exception that for AlAs, there
is no indirect-direct transition in the core. If the shell is
GaAs, we initially have a type-I structure for small InAs
cores, which becomes a type-II structure confining holes in
the shell for thick InAs cores. A shell of InP forms a barrier
for all thicknesses. AlSb forms a type-II structure with the
core forming a well for electrons. A shell of GaSb forms a
type-III structure with the GaSb valence band donating elec-
trons to the conduction band of InAs. We thus have a metal-
lic structure. Transport studies of such wires should be inter-
esting since the current will be due to both electrons and
holes, making it an ideal system for the study of Coulomb
drag effects.?’” A small InAs core in an InSb shell has a nega-
tive band gap. A shell of InSb forms a type-III structure with
the InAs core donating holes to the InSb shell. We have here
a system that should be tested for excitonic
superconductivity.”® The electrons in the core of the wire
may cause an attractive interaction between the holes in the
shell, allowing Cooper pairs to form. The mechanism for
pairing can also be viewed as electron-mediated pairing in-
stead of exciton-mediated pairing.

H. AISb core

The band edges for nanowires with AISb cores are shown
in Fig. 15. A core of AISDb in a shell of AIP is a marginal
type-I structure where the conduction bands of the core and
shell are almost degenerate for all core radii. A core of AISb
in a shell of GaP is a type-I quantum well for small radii of
the core but there is a transition to a type-II structure, with
electrons attracted to the shell and holes to the core, for
larger core radii. The case of a shell of AlAs is very similar
to the case with a shell of AIP such that the conduction-band
offset is almost zero for all core radii. AISb in a shell of
GaAs, InP, or InAs forms a type-II structure with holes at-
tracted to the core and electrons to the shell. A shell of GaSb
or InSb forms a type-I quantum well. A shell of InSb has a
transition from a direct gap to an indirect gap with increasing
AlSb-core radius.

1. GaSb core

The band edges for nanowires with GaSb cores are shown
in Fig. 16. A core of GaSb in a shell of AIP is a type-I
quantum well, but only weakly so, due to a very small
conduction-band offset. For a shell of GaP we have a transi-
tion from a type-I structure to a type-II structure with in-
creasing core radius. A shell of AlAs gives a type-I quantum
well with the core attracting both electrons and holes. With a
shell of GaAs we have a type-II structure again with elec-
trons attracted to the shell and holes to the core. The same
situation occurs for shells of InP. A shell of InAs however
forms a type-III structure with the GaSb core donating elec-
trons to the conduction band of InAs. A GaSb core in a shell
of AISb forms a type-I quantum well. If the shell is InSb, we
have a very complex behavior with two transitions between
type-1I and type-II structures as functions of core radius.
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FIG. 15. (Color online) Band edges of core-shell wires with a
core of AISb and different (indicated) shells as functions of core
radius.

J. InSb core

The band edges for nanowires with InSb cores are shown
in Fig. 17. A core of InSb in a shell of AIP has a negative
band gap for not too large core radii and is thus metallic. The
shell is semiconducting though. At large core radii the band
gap becomes positive and the InSb core forms a type-I quan-
tum well. Also for shells of GaP, AlAs and GaAs the InSb
core is metallic with a negative band gap if the core radius is
sufficiently small. If the shell is InP, then the InSb core forms
a type-I quantum well with a very small band gap for small
core radii. For larger radii the structure becomes type III with
the core donating electrons to the shell. A shell of InAs forms
a type-III structure for small core radii. The InAs shell at-
tains a negative band gap and becomes metallic for large
core radii. A core of InSb is a type-I quantum well if the shell
is AISb and there is a transition from an indirect band gap to
a direct band gap in the core with an increasing core radius.
If the shell is GaSb we have a complex behavior with a
transition from InSb being a type-I quantum well to GaSb
being the type-1 quantum well.

PHYSICAL REVIEW B 78, 115319 (2008)
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FIG. 16. (Color online) Band edges of core-shell wires with a
core of GaSb and different (indicated) shells as functions of core
radius.

IV. APPLICATIONS IN PHYSICS AND TECHNOLOGY

From this exhaustive set of band diagrams we identify a
few structures with especially interesting physical properties.
Tables I and II summarize the band alignments in the struc-
tures shown in Figs. 6-17. The GaP/AIP system with GaP as
the core and AIP as the shell has long-lived excitons that
repel each other and should be a candidate for studies of
exciton crystals in wires. The inverse system AIP/GaP is
probably a better candidate in practical experiments since the
Al-containing compound is in the core. It is not likely that a
shell of AIP will survive long in a humid atmosphere. There
are a few other type-II systems that can also be investigated
(see Table I) but the GaP/AIP system has the advantage of
emitting in a very suitable range for spectroscopy, i.e., with
an energy of about 2 eV, which perfectly matches CCD de-
tectors. Such wires may also form excitonic insulators since
the charge carriers pair forming neutral excitons. In this case,
the excitons would dissociate beyond a certain applied volt-
age or temperature, allowing a current to then flow. However
for sufficiently low temperature, a one-dimensional exciton
crystal would form'? (see Fig. 8).
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Er shell Er core TABLE II. A table of the band alignments in different nitride
---------------- Ex shell sssseeseessessss Ey core core-shell systems. The notation is the same as in Table I.
—————— Ey shell ==== == Eycore
Shell material

Core material AIN GaN InN

InSb core
3 AIN I-s I-s

AP GaP AlAs GaAs GaN I-c I-s

InN I-c I-c

There are several wire systems having a semiconducting
core and a metallic shell due to a negative band gap of the
shell. Two such systems are the GaP/InSb and GaAs/InSb,
which would have epitaxial metal-semiconductor junctions
allowing precise measurements of Schottky barrier heights,
and the possibility of contacting wires by ordinary metals.
GaAs/InSb forms an inverse system with a metallic core sur-
- rounded by a semiconductor. In this case the shell will shield

0.50 0.50 0.50 0.50 the core from the surroundings, acting as an epitaxial clad-
ding, which may be of technical use. Since metallic wires
can be made with a finite length, these are good systems in
which plasmonic effects can be studied.?” Wires having me-
tallic segments, which are situated some distance apart, will
allow precise studies of the coupling of plasmons. Further-
more the metallic segments will enhance Raman scattering
from the semiconductors, analogous to surface and tip-
enhanced Raman scattering®® as illustrated in Fig. 18. In fact,
it may be possible to use wires that are partially metallic to
- detect biomolecules, where the Raman signal is measured.

7 —~ |} --- The wire is then coated with suitable molecules that bind the
- target molecule for selective detectors.

Another phenomenon to which semiconductor/metallic
core-shell nanowires are well suited is excitonic
2 ! ! ! ! superconductivity.”® In such a superconductor, the electrons

0.50 0.50 0.50 0.50 from a metal tunnel into the semiconductor, where they ex-
perience a pairing interaction via virtual excitons. This
mechanism was first proposed for semiconductor/metal sys-

FIG. 17. (Color online) Band edges of core-shell wires with a  tems but has not been experimentally realized. Because the
core of InSb and different (indicated) shells as functions of core  electrons must tunnel into the semiconductor, the pairing is
radius. sensitive to the quality of the metal/semiconductor junction.

Energy (eV)

core radius/total radius

TABLE 1. Band alignments in different core-shell systems, indicating the type (I, II, or III) followed by a letter indicating whether the
core (c) or shell (s) has a lower conduction band. For metallic materials, ¢ or s indicates whether the core or shell is metallic.

Shell material

Core material AlP GaP AlAs GaAs InP InAs AlSb GaSb InSb
AlP II-c I-s I-s, II-c I-s, II-c I-s II-c, I-s I-s I-s, metallic-s
GaP 1I-s 1I-s I-s I-s I-s II-c, I-s  II-c, I-s  IIl-c, metallic-s
AlAs I-c II-c I-s I-s I-s I-s I-s I-s, metallic-s
GaAs 1I-s, I-c I-c I-c I-c I-s 1I-c 1I-c III-c, metallic-s
InP 1I-s, I-c I-c I-c I-s I-s 1I-c 1I-c III-c, metallic-s
InAs I-c I-c I-c I-c, ll-c I-c 1I-c Il-c Metallic-c, II-c
AlSb I-c I-c, II-s I-c II-s 1I-s 1I-s I-s I-s
GaSb I-c I-c, II-s I-c II-s 1I-s III-s I-c I-c, I-s
InSb Metallic-c,  Metallic-c ~ Metallic-c,  Metallic-c, I-c, III-s 1II-s, I-c I-c, I-s

I-c I-c metallic-s metallic-s
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FIG. 18. (Color online) Illustration of a semiconducting wire
containing two metallic segments, which enhance the Raman scat-
tering from a molecule.

Core-shell nanowires are ideal since they will have well-
formed epitaxial structure. Excitonic superconductivity also
depends on the semiconductor having a resonant frequency
tuned to give the maximal pairing interaction. This is some-
what difficult to engineer for a metal deposited on a semi-
conductor substrate. In a nanowire system, however, the core
size can be chosen to tune the strain-induced properties of
the semiconductor region.

V. EFFECTIVE MASSES

The I'-point effective masses for the different quantum
wires are given in additional figures available online?® as
well as in a website.?* The effective masses for electrons in
the X band are not dependent on the strain in our model and
are thus not plotted. We give here one example of a mass
figure (Fig. 19), showing the masses for an InP core with
different shells. Due to its strain dependence, the effective
mass may be varied considerably by the choice of materials
and core radius. The masses for both electrons and holes
generally increase when the band gap increases as they do
for bulk materials. There are some exceptions to this rule
particularly in the valence band. Due to the lifting of the
valence-band degeneracy by shear strain, some systems have
large shifts in the hole effective masses for even very thin
shells or cores. In Fig. 19 it can be seen that both the electron
and hole masses in the InP core can change by a factor of
four depending on the thickness of an InSb shell. The nor-
mally very low effective masses in InSb can be increased
considerably by growth on a thick core of InP. As another
example, a GaP core in an InSb shell has an electron effec-
tive mass ranging from 0.015 to 0.1 m, depending on core
radius. The hole effective mass of InN can be changed from
about 0.01 to about 0.2 m, when grown as a shell on AIN or
GaN. Also, some semiconductors with a quite large bulk
electron effective mass obtain a very small effective masses
in wires. For example, an InP shell grown on InSb has an
electron effective mass of 0.01 m, compared to a bulk value
of about 0.08 m,. The notion of effective masses is quite
useless and ill defined when we have a negative band gap
and, in these cases, we recommend that they are not used.

VI. SUMMARY

We have computed the gross electronic structure of most
combinations of III-V semiconductors when they form core-
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FIG. 19. (Color online) Effective masses of core-shell wires
with a core of InP and different (indicated) shells as functions of
core radius.

shell wires. This allows the identification of a large set of
structures that are of physical interest such as intrinsically
metallic wires and wires having very small or very large
band gaps.
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