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We compute the structural and electronic properties of 具111典-oriented InAs/ InP nanowire heterostructures
using Keating’s valence force field and a tight-binding model. We focus on the optical properties 共exciton
energies and polarization兲 of InAs quantum dots embedded in InP nanowires and on the height of InP and
InAsP tunnel barriers embedded in InAs nanowires. We show that InAs quantum dots exhibit bright optical
transitions, at variance with the highly mismatched InAs/ GaAs nanowire heterostructures. The polarization of
the photons is perpendicular to the nanowire for thin InAs layers but rotates parallel to the nanowire for thick
enough ones, as a result of the increasing light-hole character of the exciton. As for tunnel barriers, we show
that the residual strains can significantly reduce the conduction band discontinuity in thin InAsP layers. This
must be taken into account in the design of nanowire tunneling devices.
DOI: 10.1103/PhysRevB.77.115316

PACS number共s兲: 73.21.Hb, 78.67.Lt, 73.43.Cd

I. INTRODUCTION

The recent breakthroughs made in the catalytic growth of
semiconductor nanowires1–3 have allowed the synthesis of
high-quality heterostructures with outstanding optical and
transport properties.4 The composition of the nanowires can
actually be modulated along the growth axis5–7 共axial heterostructures兲, as well as radially8 共core-shell structures兲. Nanowire heterostructures are very attractive because they can
accommodate much larger misfit strains than quantum well
heterostructures.9,10 They are, indeed, able to relax very efficiently by distorting the surface of the nanowire.11 The critical thickness hc for plastic strain relaxation is therefore expected to increase with decreasing wire diameter and to
eventually become infinite below some critical radius Rc depending on the materials. This would allow the epitaxial
growth of arbitrary and unprecedented heterostructures. As a
matter of fact, various Si/ Ge 共Refs. 7, 8, 12, and 13兲 and
III-V 共Refs. 14–16兲 nanowire heterostructures have now
been successfully synthetized and appear to be promising
building blocks for future nanoelectronics.17 The InAs/ InP
system has, in particular, attracted much attention.6,18–21
Resonant tunneling diodes,22 field-effect transistors,23 Coulomb blockade devices,24–26 and quantum dot memories27,28
for example, have been realized with InAs nanowires split by
InP tunnel barriers. Light emission has also been demonstrated from single InAsP quantum dots 共QDs兲 embedded in
doped InP nanowires 共nanowire light-emitting diodes兲.29
The residual strains in nanowire heterostructures might,
however, have a significant impact on their electronic and
optical properties. In Refs. 30 and 31, we have investigated
the case of InAs/ GaAs nanowire heterostructures
共NWHETs兲 and core-shell structures as the prototypes of
highly mismatched systems 共lattice mismatch 储 = −6.69%兲.
We have shown that the strains and piezoelectric fields could
be large enough to separate the electrons from the holes in
the InAs layers, which strongly reduces the oscillator
strength of the excitons. In this paper, we compute the structural and electronic properties of the more widespread
InAs/ InP NWHETs 共储 = −3.13% 兲. We show that the strains,
1098-0121/2008/77共11兲/115316共12兲

though still having sizeable effects, do not alter the qualitative behavior of these heterostructures 关when compared to
unstrained systems such as GaAs/ AlAs 共Refs. 32 and 33兲兴.
As a consequence, the InAs quantum dots exhibit bright optical transitions. This is consistent with the experimental results, the spectroscopy of InAs/ InP nanowires21,29 being
more successful than the spectroscopy of InAs/ GaAs
NWHETs34,35 up to now. Interestingly, the luminescence of
InAs/ InP NWHETs is polarized perpendicular to the nanowire for thin InAs layers but parallel to the nanowire for
thick ones, as a result of the increasing light-hole character
of the exciton. We have also computed the height of InP and
InAsP tunnel barriers embedded in InAs nanowires.36 We
show that the strains can significantly reduce the conduction
band discontinuity in thin layers, which might increase, e.g.,
the leakage through InAs/ InP nanowire memory
elements.27,28
The paper is organized as follows: The computational
methods are briefly reviewed in Sec. II; then, the optical
properties of InAs QDs in InP nanowires are discussed in
Sec. III; the height of InAsP barriers in InAs nanowires is
finally discussed in Sec. IV.
II. NANOWIRE STRUCTURES AND METHODOLOGY

We consider 具111典-oriented, cylindrical InAs/ InP nanowires with the zinc-blende structure. They are characterized
by their radius R and by the thicknesses tInAs and tInP of the
InAs and InP layers, respectively 共periodic boundary conditions being applied along the nanowire axis兲. The optical
properties of InAs quantum dots in InP nanowires were, on
one hand, investigated in the range 4 艋 tInAs 艋 16 nm and for
R = 10– 16 nm. The period of the heterostructure, L = tInAs
+ tInP ⯝ 40 nm, was chosen long enough to avoid significant
elastic or electronic interactions between the dots. The
heights of InP barriers in InAs nanowires were, on the other
hand, computed in the range 2 艋 tInP 艋 96 nm and for R
= 10– 30 nm. The dangling bonds at the surface of the nanowires are saturated with hydrogen atoms. The reference
frame is x = 关11̄0兴, y = 关112̄兴, and z = 关111兴.
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III. InAs QUANTUM DOTS IN InP NANOWIRES

In this section, we discuss the strains and piezoelectric
fields in InAs quantum dots embedded in InP nanowires
共Sec. III A兲, and their electronic and optical properties 共Secs.
III B and III C兲. The similarities and differences with the
highly mismatched InAs/ GaAs NWHETs30,31 are outlined.

A. Strain relaxation and piezoelectric fields

The InAs layers, which tend to be compressed by the
majority material 共InP兲, can relax strains by expanding outward, thereby distorting the surface of the nanowire. They
transfer tensile strains that way to the InP layers around the
interfaces. The normalized strain distributions ij / 储 共where
储 is the lattice mismatch兲 actually look quite close in
InAs/ InP and InAs/ GaAs heterostructures.30,31 They are, in
particular, very inhomogeneous in thin InAs layers, the axis
of the nanowire being still significantly compressed, while its
surface is 共over-兲relaxed. The strains in thick InAs layers are
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The methods used to compute the structural and electronic
properties of these nanowires have been discussed in detail
in Ref. 30. The strain distribution and actual period L of the
heterostructures are calculated with Keating’s valence force
field 共VFF兲 model.37 In this atomistic approach, each material is characterized by a “bond-stretching” and a “bondbending” elastic constant, which are fitted38 to the bulk
modulus and Poisson ratio 111. The strains displace the anions with respect to the cations, which give rise to a piezoelectric field in the heterostructure. The piezoelectric polarization density P = 2e14共y⬘z⬘ , x⬘z⬘ , x⬘y⬘兲 is, to first order,
proportional to the shear strains in the cubic axis set 兵x⬘
= 关100兴, y ⬘ = 关010兴, z⬘ = 关001兴其 关e14 = −0.045 C / m2 in InAs
and e14 = −0.035 C / m2 in InP 共Ref. 39兲兴. Poisson’s equation
for the piezoelectric potential is solved with a finite difference method.40
The one-particle electronic structure of the InAs QDs is
computed with a sp3d5s* tight-binding41–43 共TB兲 model
based on the parametrization of Jancu et al.44 Onsite couplings between the p and between the d orbitals have been
added to reproduce the conduction and valence band deformation potentials.45,46 Spin-orbit coupling and self-energy
共image charge兲 corrections are taken into account. The latter
arise from the dielectric mismatch between the nanowires
共with dielectric constant in兲 and their surroundings 共with
dielectric constant out兲 and have been discussed in detail in
Refs. 30 and 47. Unless otherwise stated, we assume out
= 1 共vacuum兲.48 The eigenstates of the supercell 共1 333 280
atoms for R = 16 nm and L ⯝ 40 nm兲 are computed with a
preconditioned Jacobi-Davidson algorithm.47,49
The exciton energies are last calculated assuming uncorrelated electron-hole pairs 共strong confinement regime兲. The
electron wave function e is optimized in the average potential Vh created by the hole, while the hole wave function h
is optimized in the average potential Ve created by the electron. The electrostatic potentials Ve and Vh are again computed with a finite difference method.
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FIG. 1. 共Color online兲 The strain ratio strain as a function of
tInAs / R in InAs/ GaAs and InAs/ InP nanowire heterostructures. The
dashed line is Eq. 共2兲.

much more homogeneous, noticeable only near the interfaces.
The residual strains in the InAs QDs can be characterized
by the average hydrostatic deformation ⌬⍀ / ⍀0 = 共⍀
− ⍀0兲 / ⍀0, where ⍀ and ⍀0 are, respectively, the actual and
unstrained volumes of the InAs layer. It would be
共⌬⍀ / ⍀0兲QW = −4.50% in an InAs/ InP quantum well 共QW兲
biaxially strained to a 具111典-oriented InP buffer.50 For the
sake of comparison with InAs/ GaAs heterostructures
关共⌬⍀ / ⍀0兲QW = −9.56% 兴, we can define a normalized average strain in the InAs layer,51

strain =

⌬⍀
⍀0

冒冉 冊
⌬⍀
⍀0

.

共1兲

QW

The strain ratio strain would be 100% in a QW 共R → ⬁兲 and
0 in a fully relaxed NWHET, and would only depend on
tInAs / R in a linear elasticity approximation52 共at least in the
L → ⬁ limit兲. It is plotted in Fig. 1 for InAs/ InP and
InAs/ GaAs NWHETs with different radii.53 As expected,
strain rapidly decreases with increasing tInAs / R, being only
⯝50% for tInAs = R / 4. InAs/ InP and InAs/ GaAs heterostructures, moreover, follow the same trends, although the InAs
layers are slightly more relaxed in InP than in GaAs. The
elastic constants of InP are, as a matter of fact, smaller than
those of GaAs. The small deviations from the expected
tInAs / R dependence arise from nonlinearities in Keating’s
VFF model and from finite L effects. In InAs/ InP heterostructures, strain can be fitted 共for 0 艋 tInAs / R 艋 2兲 by

strain =

1
,
1 + 3.01共tInAs/R兲 + 1.41共tInAs/R兲2

共2兲

which is plotted as a dashed line in Fig. 1.
The piezoelectric potential induced by these strains is
plotted in Fig. 2 along the axis of InAs/ InP NWHETs with
radius R = 10 nm. As discussed in Ref. 30, the piezoelectric
polarization density P = Pzz = 共2e14 / 冑3兲共zz − 储兲z is nonzero
even in biaxially strained, 具111典-oriented InAs QWs. Such a
homogeneous polarization is equivalent to a transfer of sur-
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FIG. 2. 共Color online兲 The piezoelectric potential in an
InAs/ InP quantum well 共tInAs = 4 nm兲 and along the axis of
InAs/ InP nanowire 共NW兲 heterostructures 共R = 10 nm, tInAs = 4 and
16 nm兲. The vertical dash-dotted lines delimit the InAs layers.

B. Electronic structure

The lowest single-electron and single-hole energies in
InAs/ InP NWHETs with radius R = 10 nm are plotted as a
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face charges  = ⫾ Pz from one interface to another,54 making the InAs QWs look like parallel plate capacitors. Thin
InAs layers embedded in InP nanowires still behave like parallel plate capacitors, the electric field being almost uniform
along the axis of the nanowire, as evidenced in Fig. 2. The
magnitude of the electric field in the 4 nm thick layers, Ez
⯝ 6.73 MV/ m, is, however, much smaller than in the equivalent QW, Ez = 17.1 MV/ m, due to strain relaxation and finitesize effects. At variance with QWs, the piezoelectric polarization density is also sizeable in InP close to the interfaces.
The polarizations in InAs and InP have, however, opposite
directions; the piezoelectric field therefore decreases rapidly
in the InP layers that screen the InAs QDs.
The structure of the piezoelectric field is much more complex in thick InAs layers. The piezoelectric polarization density indeed remains significant only near the InAs/ InP interfaces. Therefore, the 16 nm thick InAs layer behaves 共in a
first, very crude approximation兲 as two ⯝4 nm thick parallel
plate capacitors in series 共one on the inner side of each interface兲. This notably results in a reversal of the piezoelectric
field at the center of the QD 共see Fig. 2兲.
In average, the piezoelectric field is much smaller in
InAs/ InP than in InAs/ GaAs NWHETs.30 This is mostly due
to the lower lattice mismatch between InAs and InP and to
the smaller piezoelectric constant of InP. The maximum difference of potential across the InAs layers hardly exceeds
⌬V p = 40 meV for R = 10 nm 共instead of ⌬V p ⯝ 300 meV in
InAs/ GaAs NWHETs55兲. It, however, reaches ⌬V p
⯝ 70 meV for R = 16 nm due to reduced finite-size effects
共larger cross-sectional area兲. The second-order model of Ref.
56 for the piezoelectric polarization density 共whose parameters are, however, only known for InAs兲 yields slightly
higher ⌬V p’s. The impact of strains and piezoelectric fields
on the electronic structure of the NWHETs will be discussed
in the next paragraph.
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FIG. 3. 共Color online兲 Single-electron 共a兲 and single-hole 共b兲
energies in InAs/ InP nanowire heterostructures with radius R
= 10 nm. Circles 共stars兲 are single-particle states with symmetry
E1/2 共E3/2兲. The lines are just guides to the eyes. The valence band
structure down to E ⯝ −0.1 eV has been computed for tInAs = 4, 8,
12, and 16 nm.

function of tInAs in Fig. 3. The reference of energies is the
valence band edge of bulk, unstrained InAs. The singleparticle states have been sorted into the irreducible representations E1/2 共circles兲 and E3/2 共stars兲 of the double group
共C3v兲 of the nanowire. They are all twofold 共spin兲 degenerate. The squared envelopes of selected electron 共Ei兲 and hole
共Hi兲 wave functions are plotted in Figs. 4 and 5.57
Let us discuss the single-electron levels first. The ground
state, E1, exhibits a clear s-like wave function. Its energy
rises from E = 0.566 eV for tInAs = 16 nm to E = 0.778 eV for
tInAs = 4 nm due to the increase of quantum confinement and
strains 共see discussion below兲. It is well separated from the
nearly degenerate E2 and E3 levels. The E2 and E3 wave
functions are 共mainly兲 linear combinations of px- and py-like
envelopes.58 The splitting between E1 and E2/E3 essentially
depends on R 共and not much on tInAs兲 since these states
mostly differ by their radial behavior. In thin InAs layers
共tInAs ⱗ 10 nm兲, the nearly degenerate E4 and E5 states are
linear combinations of dx2−y2- and dxy-like envelopes, while
E6 is again s-like. In thicker InAs layers, however, E4 is a
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FIG. 4. 共Color online兲 Isoprobability surfaces of selected electron wave functions in InAs/ InP nanowire heterostructures 共R
= 10 nm, tInAs = 4 and 16 nm兲 共Refs. 57 and 58兲. Only one quarter of
the nanowire is shown for clarity. As atoms appear in dark gray 共in
red in the color online figure兲.

pz-like state that will ultimately cross the px,y-like levels E2
and E3 共when tInAs ⲏ 20 nm兲, as lateral confinement by the
nanowire becomes stronger than longitudinal confinement by
the heterostructure.
As discussed in Refs. 30 and 31, compressive strains tend
to rise the conduction band of InAs and make a significant

FIG. 5. 共Color online兲 Isoprobability surfaces of the groundstate hole wave function in InAs/ InP nanowire heterostructures
共R = 10 nm, tInAs = 4 and 16 nm兲. Only one quarter of the nanowire
is shown for clarity. As atoms appear in dark gray 共in red in the
color online figure兲.

contribution to the opening of the band gap in thin, weakly
relaxed layers. This is evidenced in Table I, which gives the
contributions of strains, piezoelectric fields, and self-energy
corrections to the E1 共and H1兲 energies. As expected, the
strain-induced shifts ⌬s are much lower in InAs/ InP than in
the highly mismatched InAs/ GaAs NWHETs 共see Ref. 30
for a comparison兲. More importantly, the inhomogeneous
strain distribution in thin InAs layers was shown to dig a
well at the surface of the nanowires. This well is actually
able to trap the electrons in InAs/ GaAs NWHETs, which is
not desirable for most practical applications. Figure 4 shows
that this is not the case in InAs/ InP heterostructures. The
strain-induced surface well is, as a matter of fact, about twice
less deep in InAs/ InP than in InAs/ GaAs heterostructures.
The above conclusions also hold when the self-energy corrections, which tend to repel the electrons from the
surface,30,47 are zero 共i.e., when in = out兲 and at least up to
R = 20 nm. The electrons are, however, very light in InAs
共m* = 0.023m0兲 and, therefore, a little sensitive to the straininduced potential. They might be trapped by the strains even
at a moderate lattice mismatch in other materials with larger
effective masses.
The hole level structure is more intricate. The density of
states is much larger on the valence band side 共and rapidly
increases with R兲, as shown in Fig. 3共b兲. There is, interestingly, a crossover 共around tInAs ⯝ 8 nm for R = 10 nm and
around tInAs ⯝ 11 nm for R = 16 nm兲 between a ground state
with symmetry E3/2 and a ground state with symmetry E1/2.
This crossover is driven by the increasing light-hole character of H1, which is a heavy-hole state in thin InAs layers but
an almost light-hole state in homogeneous InAs nanowires.
This is evidenced in Table II, which gives the heavy- and
light-hole band contributions to H1 as a function of tInAs.59
As discussed in the next paragraph, this crossover between
the E3/2 and E1/2 symmetries has important consequences on
the strength and polarization of the optical transitions. It results from strain relaxation and from the balance between
lateral and longitudinal confinements. Indeed, compressive
strains and longitudinal confinement by the heterostructure
tend to favor a heavy-hole ground state in thin InAs layers
共like in quantum wells60兲. However, their influence decreases
with respect to lateral confinement when increasing tInAs. The
hole therefore tends to get heavier along x and y 共which
become the main directions of confinement兲, and thus lighter
along 关111兴 关since heavy holes along x and y are mostly light
along z 共Ref. 61兲兴. The increase of the light-hole character of
H1 is also reflected in the spread of the wave functions in
Fig. 5. The above trends should be qualitatively 共if not quantitatively兲 valid in the hexagonal phase62 共commonly encountered in III-V nanowires63兲, provided that the crystal field
splitting in bulk wurtzite InAs is not too large with respect to
the confinement energies.
The overall behavior of the holes is very different in
InAs/ GaAs and InAs/ InP NWHETs. In particular, the piezoelectric field is large enough in InAs/ GaAs nanowires to
separate the holes from the electrons and to squeeze the
former against one of the interfaces.30 At variance, the holes
seem a little sensitive to the 共much weaker兲 piezoelectric
field in InAs/ InP heterostructures. This is evidenced by the
low expectation values of the piezoelectric potential 共具V p典兲
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TABLE I. Energy 共E兲, strain-induced shift 共⌬s兲, expectation value of the piezoelectric potential 共具V p典兲,
and self-energy correction 共⫾具⌺典兲 as a function of tInAs and R for the lowest-lying hole 共H1兲 and electron
共E1兲 state 共Ref. 57兲.

10.0

4.0
16.0

16.0

4.0
16.0

E
共eV兲

⌬s
共meV兲

具V p典
共meV兲

⫾具⌺典
共meV兲

H1
E1
H1
E1

−0.060
0.778
−0.047
0.566

12.1
89.6
6.5
18.0

0.9
−1.3
0.9
−1.0

−37.5
41.0
−35.9
40.9

H1
E1
H1
E1

−0.018
0.764
−0.027
0.545

24.8
108.8
11.2
39.7

3.4
−2.9
5.3
−0.9

−22.5
26.2
−25.9
25.9

given in Table I. The effects of the piezoelectric field are
somewhat stronger, though, at larger R’s due to the increase
of strains and decrease of finite-size effects discussed in Sec.
III A.

C. Optical properties

In this paragraph, we discuss the optical properties 共exciton energies, oscillator strengths and luminescence polarization兲 of InAs/ InP NWHETs.
The exciton energy E0 is plotted as a function of tInAs in
Fig. 6. Data for InAs/ InP NWHETs with radius R = 10 nm
and R = 16 nm and for InAs/ GaAs NWHETs with radius R
= 10 nm are shown.30 As expected, the exciton energy, which
follows the trends of the E1 level, steadily decreases with
tInAs. The optical band gaps of InAs/ InP NWHETs with radius R = 10 nm and R = 16 nm are surprisingly close. This
results from various cancellations between the different contributions to E0: The decrease of the confinement energy with
increasing R is partly compensated by the enhancement of
the strain shifts ⌬s 共see Table I兲, while the decrease of the
self-energy corrections is compensated by a decrease of the
exciton Coulomb energy W 共see discussion below兲. The optical band gap is, on the other hand, lower in InAs/ InP than
in InAs/ GaAs NWHETs, at least for thin InAs layers. This is
due to the larger lattice mismatch and 共unstrained兲 conduction band offset in the latter system.
TABLE II. Heavy-hole 共HH兲 and light-hole 共LH兲 band contributions to the H1 wave function as a function of tInAs 共the axis of
quantization being z = 关111兴兲. The tInAs → ⬁ data correspond to a
homogeneous InAs nanowire with the same radius R = 10 nm.
tInAs
共nm兲

E共H1兲
共eV兲

HH
共%兲

LH
共%兲

4.0
8.0
16.0
⬁

−0.060
−0.066
−0.047
−0.045

93.9
56.4
31.2
16.4

2.5
41.1
67.4
83.0

The exciton Coulomb energy W = e具e 兩 Vh 兩 e典 =
−e具h 兩 Ve 兩 h典 is plotted in the inset of Fig. 6. As discussed in
Ref. 30, W is dominated by the image charge contributions
共interaction of the electron with the image charges of the
hole and vice-versa兲, at least when in Ⰷ out. It therefore
cancels the self-energy corrections, the net effect of the Coulomb interactions 共self-energy plus exciton兲 being a decrease
of one-particle band gap by a few meV. W behaves as 1 / R
but depends very little on tInAs 共like the self-energy corrections兲. Moreover, the self-consistent calculations show that
the electron-hole interaction does not mix the single-particle
states very much in the investigated range of dimensions.
From now on, we will therefore approximate the energy of
the optical transition between the single-particle states Hi
where
Wij
and
Ej
by
Eij = E共Ej兲 − E共Hi兲 − Wij,
= e具Ej 兩 Vh关Hi兴 兩 Ej典 and Vh关Hi兴 is the average potential created by the hole.
In practice, the InAs layer is often alloyed with phosphorus. To investigate the effects of alloying on the optical
properties of NWHETs, we have simulated InAs0.5P0.5 quan0.9
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FIG. 6. 共Color online兲 Exciton energies E0 in InAs/ InP nanowire heterostructures with radii R = 10 and R = 16 nm and in
InAs/ GaAs heterostructures with radius R = 10 nm. Inset: exciton
Coulomb energies W.
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K⬜ =

储

共4兲

储

共5兲

The bare oscillator strength f ⬜
ij is thus heavily reduced by
2
= 1 / 42.25 for
local-field effects 共LFEs兲 in vacuum or air 共K⬜
in = 12 and out = 1兲.
For a given polarization, the average radiative recombination rate at temperature T can finally be written as70
具典 ⬀ K2

兺i,jE2ij f ije−Eij/共kT兲
.
兺i,je−Eij/共kT兲
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The polarization anisotropy will be characterized by the linear polarization ratio,
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FIG. 7. 共Color online兲 Perpendicular 共a兲 and parallel 共b兲 E1H1
oscillator strengths in InAs/ InP nanowire heterostructures with radii R = 10 and R = 16 nm and in InAs/ GaAs heterostructures with
radius R = 10 nm.

pola =

Fij = K2储 f ij = f ij ,
2 ⬜
F⬜
ij = K⬜ f ij .
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The effective parallel and perpendicular oscillator strengths
are therefore
储

0.20

6

0
4

(a)

polarization,

2out
in the ⬜ polarization.
in + out

储

8

0.25

12

where p is the momentum operator and e is the polarization
共direction of the electric field兲 of the photon with energy Eij
共and wavelength ij = hc / Eij Ⰷ R兲. We focus on parallel and
储
perpendicular polarizations65 and, therefore, define f ij
储
⬜
⬜
= f ij共z兲 and f ij = f ij共x兲 ⯝ f ij共y兲. f ij and f ij account for the intrinsic sources of polarization anisotropy 共i.e., band structure
and symmetry related兲. In particular, parallel-polarized transitions are allowed only between states with the same symmetry 共E1/2 or E3/2兲, while perpendicular-polarized transitions are forbidden between the E3/2 states. There is, in
addition, an extrinsic source of polarization anisotropy: The
far field Eout outside the nanowire might indeed differ from
the electric field Ein = KEout inside the nanowire due to the
dielectric mismatch with the environment 共local-field
effects兲.66–69 Namely,
K储 = 1 in the

InAs/InP R = 10 nm
InAs/InP R = 16 nm
InAs/GaAs R = 10 nm

10

f

2 兩具Ej兩e · p兩Hi典兩2
f ij共e兲 =
,
m0
Eij

12

f

tum dots embedded in InP nanowires 共R = 10 nm兲 using a
random distribution of As and P atoms. The optical band gap
of such nanowires ranges from E0 = 1.106 eV for tInAs
= 4 nm
to
E0 = 0.979 eV
for
tInAs = 16 nm,
i.e.,
⯝350– 450 meV above the optical band gap of pure InAs
quantum dots. This follows from an increase of the band gap
energy of the bulk material 关Eg共InAs0.5P0.5兲 ⯝ 0.91 eV while
Eg共InAs兲 = 0.418 eV兴 and from a decrease of strains and
quantum confinement. The exciton binding energy W is little
affected by alloying.
We will now discuss the polarization of the light emitted
by the NWHETs. In the electric dipole approximation, the
rate of absorption or emission between the single-particle
states Hi and Ej can be characterized by the dimensionless
oscillator strength,43,61,64

具  储 典 − 具  ⬜典
,
具  储 典 + 具  ⬜典

共7兲

which is +1 共−1兲 when the light is fully parallel polarized
共perpendicular polarized兲. The matrix elements of the momentum operator p are computed along the lines of Ref. 71.
The bare 共f 11兲 and effective 共F11兲 E1H1 oscillator
strengths are plotted in Fig. 7 for the same nanowires, as in
Fig. 6. The photons emitted by this transition are clearly
polarized perpendicular to the nanowire in thin InAs layers.
Indeed, as discussed in the previous paragraph, the hole
ground state has the E3/2 symmetry when tInAs ⱗ 8 nm 共R
= 10 nm兲 or tInAs ⱗ 11 nm 共R = 16 nm兲, while the electron
ground state always has the E1/2 symmetry. The parallel polarization is therefore symmetry forbidden in these ranges.72
⬜
The effective oscillator strength F11
is, nonetheless, rather
weak in vacuum or air due to local-field effects. All polarizations become, at variance, allowed beyond the crossover
between the E3/2 and E1/2 hole ground states. The heavy-hole
part of the H1 wave function does not, however, contribute
储
⬜
nor to f 11 in the E1/2 symmetry.73 As a consequence,
to f 11
储
⬜
f 11 ⯝ 4f 11, as expected for pure light-hole transitions 共pola
→ 0.6 at T = 0 K without LFEs兲.61,67 The parallel oscillator
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strength is much smaller for R = 16 nm than for R = 10 nm, as
a result of the larger piezoelectric fields that tend to separate
the electron from the hole—although not as much as in
InAs/ GaAs NWHETs.30 In the latter case, the E1H1 transition remains polarized perpendicular to the nanowire because
the piezoelectric field, which flattens the hole against one of
the interfaces, prevents the E3/2 to E1/2 crossover evidenced
in InAs/ InP NWHETs. InAs0.5P0.5 quantum dots embedded
in InP nanowires with radius R = 10 nm follow the same
trends as pure InAs insertions, with a crossover between perpendicular and parallel polarizations still around tInAs
= 8 nm. Although alloying breaks the symmetry of the nanowire, it does not, therefore, significantly mix the highestlying E1/2 and E3/2 hole states. The parallel and perpendicular
oscillator strengths are, however, reduced by almost ⯝30%.
To gain further insight into the optical properties of the
NWHETs, the parallel and perpendicular oscillator strengths
of InAs/ InP nanowires with radius R = 10 nm are plotted as a
function of energy in Fig. 8 共tInAs = 4 nm兲 and Fig. 9 共tInAs
= 16 nm兲. They are roughly proportional to the absorption
共up to a 1 / E factor兲. In the 4 nm thick layers, the f ⬜ spectrum is dominated by the E1H1 transition at E = 0.747 eV

||

-0.5

0.84

FIG. 8. 共Color online兲 Oscillator strength spectrum 共parallel and
perpendicular polarizations兲 of InAs/ InP nanowire heterostructures
with R = 10 nm and tInAs = 4 nm.
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FIG. 9. 共Color online兲 Oscillator strength spectrum 共parallel and
perpendicular polarizations兲 of InAs/ InP nanowire heterostructures
with R = 10 nm and tInAs = 16 nm.
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FIG. 10. 共Color online兲 Polarization ratio as a function of the
temperature T for InAs/ InP nanowire heterostructures with R
= 10 nm and tInAs = 4, 8, and 16 nm, with 关solid 共red兲 line兴 and without 关dotted 共blue兲 line兴 local-field effects.

and by the E2H3 and E3H2 transitions at much higher energy 共E ⬎ 0.81 eV兲. There is no oscillator strength at low
energy in the f 储 spectrum, except for a deep hole transition
共E1H7兲 around E = 0.792 eV. We might therefore expect a
robust perpendicular polarization at low temperatures. The
spectrum of the 16 nm thick layers is somewhat richer. As
discussed earlier, the E1H1 transition 共E = 0.528 eV兲 is now
mostly polarized along the axis of the nanowire, while the
perpendicular-polarized transitions have sunk deep into the
valence band 关E共E1H12兲 = 0.553 eV兴. Like the E1H1 transition, the bright E2H3 and E3H2 transitions are mostly polarized along z.
The linear polarization ratio pola is finally plotted as a
function of the temperature T in Fig. 10, for three different
InAs/ InP NWHETs, with and without 共K⬜ = 1兲 LFEs. In the
latter case, the light is, as expected, polarized perpendicular
to the nanowire in thin InAs layers 共tInAs = 4 nm兲 up to room
temperature. Local-field effects, however, almost kill the perpendicular oscillator strength, which results in a smooth decrease of pola as the H7 and E3 levels get occupied 共and in
a strong reduction of the intensity兲. In the 16 nm thick layers,
the linear polarization ratio is close to 0.6 at low temperature
共without LFEs兲, as expected for a light-hole-like E1H1 transition 共see above discussion兲. The emission is, however, almost completely polarized along z once local-field effects are
taken into account. The 8 nm thick layers provide an interesting intermediate case around the E3/2 to E1/2 symmetry
crossover: The E1H1 transition is still polarized perpendicular to the nanowire,72 but lies very close 共⬍2 meV兲 to a
fairly bright E1H3 transition polarized along z. Therefore,
the linear polarization ratio decreases much faster with T
than in the 4 nm thick layers. The light is indeed strongly
polarized along the nanowire above 20 K once LFEs are
included. This clearly identifies the local-field effects as the
main source of polarization anisotropy in InAs/ InP
NWHETs, as already evidenced for homogeneous InP
nanowires.67–69
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IV. InP BARRIERS IN InAs NANOWIRES

In this section, we discuss the properties of InP and InAsP
barriers embedded in InAs nanowires. Their height indeed
determines the tunneling and thermionic currents through,
e.g., nanowire resonant tunneling diodes,22 or the retention
time of nanowire memories.27,28 The actual shape of these
barriers depends on the piezoelectric and self-consistent electronic potentials, hence on the bias voltage and details of the
tunneling device 共doping profile, etc.兲.36 These potentials
will be neglected in the present work, which focuses on the
effect of strains on the height of In共As兲P conduction band
barriers.
The conduction band offset between bulk unstrained InAs
45
and InP is ⌬bulk
c ⯝ 0.60 eV. In an InAs/ InP heterostructure,
the InP barriers are put under tensile strain by the InAs layers, which tends to lower the conduction band energy Ec. The
first-order shift ␦Ec is actually proportional to the hydrostatic
strain,45,74

␦Ec = ac共xx + yy + zz兲,

共8兲

where ac = −5.2 eV is the conduction band deformation potential of InP. In an InAs/ InP planar 关two dimensional 共2D兲兴
heterostructure biaxially strained to InAs 共xx = yy = 储
= 3.23%, zz = ⬜ = −2.04%兲, the conduction band barrier
height would therefore be
bulk
⌬2D
+ ac共2储 + ⬜兲 = 0.38 eV.
c = ⌬c
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c

FIG. 11. 共Color online兲 Conduction band energy Ec共r兲 in an
InAs/ InP nanowire heterostructure with R = 10 nm and tInP = 4 nm.
Ec is measured with respect to the conduction band edge of bulk
unstrained InAs. The dots are the As/ P atoms in the 共yz兲 plane of
the plot. The vertical dash-dotted lines delimit the InP layer. The
spacing between isolevel curves is 50 meV, the white dashed line
being Ec = 0 and the white solid line Ec = 0.5 eV.

共9兲

The tight-binding model, which includes nonlinear effects
beyond Eq. 共8兲, yields ⌬2D
c = 0.40 eV. This is significantly
smaller than the unstrained band offset ⌬bulk
c .
The conduction band barrier height in InAs/ InP NWHETs
is expected to range between the 2D 共⌬2D
c = 0.4 eV兲 and bulk
共⌬bulk
=
0.6
eV兲
limits.
The
strains
are,
however,
much more
c
inhomogeneous in nanowire heterostructures, especially in
thin InP layers 共the situation being symmetric to the one
discussed in Sec. III A兲. As an illustration, the local conduction band energy Ec共r兲 in an InAs/ InP NWHET with R
= 10 nm and tInP = 4 nm is plotted in Fig. 11. Ec共r兲 has been
computed as the TB conduction band energy of the underlying bulk material with the same strains as in the nanowire. It
is measured with respect to the conduction band edge of bulk
unstrained InAs and, therefore, tends to zero far away from
the InP layer. The latter is almost completely relaxed at the
surface of the nanowire but is still significantly dilated
deeper inside. As a consequence, the barrier is lower along
the axis of the nanowire than at its surface. In thick InP
layers, which are almost free of strains, the conduction band
energy is close to the unstrained value Ec共r兲 ⯝ 0.6 eV everywhere except around the interfaces.
To get a better understanding of tunneling in NWHETs,
we can define an effective one-dimensional potential profile
Vc共z兲 in the spirit of the effective mass approximation.61 Let
c共kz兲 and ⌿c,kz共r兲 = eikzzuc,kz共r兲 be the confinement energy
and wave function for the lowest conduction subband of a
homogeneous InAs or InP nanowire, where kz is the longitudinal wave vector and uc,kz共r兲 is periodic along the nanowire.
The subband minimum at kz = 0 can be characterized by its
effective mass m*共R兲,

0

c共kz兲 ⬃ 0c 共R兲 +

ប2kz2
.
2m*共R兲

共10兲

Analytical expressions for the confinement energy 0c 共R兲 and
effective mass m*共R兲 in InAs and InP nanowires have been
given75 in Ref. 47. Neglecting intersubband couplings in an
effective mass-like approximation, the wave functions of the
NWHET can be written ⌿共r兲 = 共z兲uc,0共r兲, where the envelope function 共z兲 satisfies the equation
−

d ប2 d
共z兲 + 关0c 共z兲 + ⌬共z兲 + ␦Vc共z兲兴共z兲 = 共z兲.
dz 2m*共z兲 dz
共11兲

0c 共z兲

and m*共z兲 are the conduction band edge energy and
effective mass of a homogeneous InAs or InP nanowire,
in InP are the unstrained
⌬共z兲 = 0 in InAs and ⌬共z兲 = ⌬bulk
c
conduction band profile in the heterostructure, and ␦Vc共z兲
⬃ 具uc,0兩␦Ec共r兲兩uc,0典 is the strain potential, the expectation
value of ␦Ec共r兲 being computed in a unit cell centered
around z. Intersubband couplings 共that would mix uc,0 with
higher-lying modes兲 are expected to be small for energies 
close to the conduction band edge of the InAs nanowire.
The effective potential Vc共z兲 = 0c 共z兲 + ⌬共z兲 + ␦Vc共z兲 is plotted in Fig. 12 for InAs/ InP NWHETs with radius R
= 10 nm and various tInP. The reference of energies is the
0
共R兲 of a homogeneous InAs
conduction band edge c,InAs
nanowire, so that Vc共z兲 → 0 when z → ⫾ ⬁. As expected, the
barrier height is close to the 2D limit 共0.4 eV兲 in thin layers
and tends to 共but does not reach兲 the bulk value 共0.6 eV兲 in
thick ones. The barrier is, moreover, rounded by strain relaxation around the interfaces. There is, interestingly, a small
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barrier on the InAs side of the interfaces due to the transfer
of 共compressive兲 strains from the InP layer 共arrows in Fig.
12兲. This additional barrier might hinder the transport of lowenergy electrons at small bias in tunneling devices.
As pointed out before, Vc共z兲 never reaches the bulk limit
in thick layers 共and actually falls below the 2D limit in the
thinnest ones兲. Indeed, lateral confinement rises the conduction band energy 0c 共R兲 faster in InAs than in InP, which
lowers the effective barrier. We might therefore split the barrier height ⌬c 关computed as the maximum of Vc共z兲兴 into two
parts,
⌬c =

0
关c,InP
共R兲

−

0
c,InAs
共R兲兴

+

⌬str
c ,

共12兲

⌬str
c

0.45

bulk = f共tInP/R兲 = 1 −

0.34
,
1 + 0.92共tInP/R兲 + 4.15共tInP/R兲2.41

2D
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2.5
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FIG. 13. 共Color online兲 Conduction band barrier height ⌬str
c in
InAs/ InP nanowire heterostructures as a function of tInP / R. The
bulk and 2D barrier heights are reported in the figure. The dashed
line is Eq. 共13兲.

Alloying InP with InAs provides further control over the
barrier height. Thin InP barriers might, moreover, be nonintentionally alloyed with the InAs nanowire. We have, therefore, also computed the conduction band height of InAsxP1−x
tunnel barriers embedded in InAs nanowires as a function of
their thickness tInAsP and as a function of the As mole fraction x. As evidenced in Fig. 14, ⌬str
c nicely scales with the
conduction band offset ⌬bulk
c 共x兲 ⯝ 0.6共1 − x兲 eV between bulk,
unstrained InAs and InAsxP1−x. As a matter of fact, the bowing parameters of the alloy are small,77 and the conduction
band deformation potentials ac of InAs and InP are close
enough to limit nonlinear effects,
bulk
⌬str
c ⯝ ⌬c 共x兲f共tInAsP/R兲,

共14兲

where f is defined by Eq. 共13兲. As discussed previously
around Eq. 共12兲, the actual barrier height ⌬c will be slightly
lower than ⌬str
c due to the imbalance between lateral confine1.05
1.00

Bulk

0.95

str

accounts for the strained band offset and is free of
where
quantum confinement effects. The maximum barrier height is
0
0
bulk
thus ⌬max
c ⯝ c,InP共R兲 − c,InAs共R兲 + ⌬c , i.e., about 0.57 eV
for R = 10 nm and about 0.59 eV for R = 20 nm. This value
lies in the experimental range 共0.57– 0.60 eV兲 deduced from
the temperature dependence of the thermionic current
through InAs/ InP nanowire heterostructures.6,18,76
⌬str
c is finally plotted in Fig. 13 for InAs/ InP NWHETs
with different radii. Like strains, it shows a clear dependence
on tInP / R. It can therefore be fitted for 0 艋 tInP / R 艋 3.5 by

⌬c

InAs/InP R = 10 nm
InAs/InP R = 20 nm
InAs/InP R = 30 nm
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FIG. 12. 共Color online兲 Effective potential Vc共z兲 in an InAs/ InP
NWHET with radius R = 10 nm. The bulk and 2D barrier heights are
reported in the figure. The vertical dotted lines delimit the 16 nm
thick InP layer, and the arrows point to the small barrier that appears on each side in InAs.

⌬str
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0.55
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-40

Bulk

0.90
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0.85
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0.65

共13兲
which is plotted as a dashed line in Fig. 13. The effects of the
residual strains on the conduction band barrier are negligible
when tInP ⲏ 1.5R. However, most tunneling devices are in the
tInP Ⰶ R range where the height of the barrier can be reduced
by ⯝30%. This should be taken into account in the assessment and optimization of the performances of these
devices.22,27,28
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~2D
0.5

1

1.5

2

tInAsP/R
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FIG. 14. 共Color online兲 Normalized conduction band barrier
bulk
height ⌬str
c / ⌬c 共x兲 in InAs/ InAsxP1−x nanowire heterostructures as
a function of tInAsP / R for various As mole fractions x 共R = 10 nm兲.
The bulk and 2D 共x = 1兲 barrier heights are reported in the figure.
The dashed line is Eq. 共13兲.
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ment in the InAs and InAsxP1−x segments. A linear interpolation between the confinement energies of pure InAs and
0
0
共R兲 − c,InAs
共R兲兴 + ⌬str
InP nanowires,47,75 ⌬c ⯝ 共1 − x兲关c,InP
c ,
though crude, is nonetheless a reasonable approximation in
the R ⲏ 10 nm range.
V. CONCLUSION

We have investigated the electronic and optical properties
of InAs quantum dots embedded in InP nanowires, as well as
the height of InP tunnel barriers in InAs nanowires. We have
shown that the residual strains did not trap the electrons and
holes as in the highly mismatched InAs/ GaAs nanowire
heterostructures,30,31 though the piezoelectric potential still
tends to separate the electrons and holes in thick InAs layers.
The InAs quantum dots, therefore, exhibit bright optical transitions. The absorption and luminescence are polarized perpendicular to the wire in thin InAs layers and parallel to the
wire in thick ones. This rotation results from the increasing
light-hole character of the exciton. Indeed, the ground-state
hole wave function has a clear heavy-hole character in thin,
quantum-well-like InAs layers, but gets lighter with increasing thickness as lateral confinement by the nanowire overcomes longitudinal confinement by the heterostructure. The
parallel polarization is also favored by the local-field effects
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