=
(C
O
7%
QO
-
(T
7

o
o
©
T
~N
o0 L
)
o m
o
4]
o)
©
fa
~
—
o
N
< 8
v
d
=B
=
~ 0
Az
n
b
[}
Q
£
=
P
<
v
£
=
o
>

www.rsc.org/nanoscale

ISSN 2040-3364

2040-3364(2012)4:5;1-L

RSCPublishing



http://dx.doi.org/10.1039/c2nr90012b
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR004005

Nanoscale

Cite this: Nanoscale, 2012, 4, 1446

WWW.rsc.org/nanoscale

View Online / Journal Homepage / Table of Contents for thisissue
Dynamic Article Links °

FEATURE ARTICLE

Anisotropic photonic properties of III-V nanowires in the zinc-blende and

wurtzite phaset

Christophe Wilhelm,”” Alexandre Larrue,” Xing Dai,* Dmitri Migas? and Cesare Soci

Received 6th January 2012, Accepted 3rd February 2012
DOI: 10.1039/c2nr00045h

«abc

Some critical aspects of the anisotropic absorption and emission properties of quasi one-dimensional
structures are reviewed in the context of I1I-V compound semiconductor nanowires. The unique
optical and electronic properties of III-V nanowires stem from the combination of dielectric effects due
to their large aspect ratio, and their specific crystallographic structure which can differ significantly
from the bulk case. The growth conditions leading to single-crystal nanowires with either zinc blende or
wurtzite phase are first presented. Dipole selection rules for interband transitions in common III-V
compounds are then summarized for the two different phases, and corroborated by ab initio Density
Functional Theory calculations of the oscillator strength. The optical anisotropy is discussed
considering both the effect of refractive index mismatch between the nanowire and its surroundings and
the polarization of the emitting dipoles set by the nanowire crystallographic structure and orientation.
Finite Difference Time Domain simulations are finally employed to illustrate the influence of the
emitting dipole orientation and the nanowire diameter on the distribution of radiation in the far-field.
The importance of the correlation between structural and optoelectronic properties is highlighted in

view of potential applications in future nanowire photonics.

1. Introduction

Semiconductor nanowires are promising components for the
development of innovative functional systems where large
sensitivity,! dense integration,?* and complex polymorphic het-
erostructures®® are desired. Thanks to their direct bandgap,
versatility in bandgap engineering, and high electron
mobility,'*!* TIT-V compound semiconductor nanowires are the
most suitable choice for optoelectronic applications. Following
the tremendous improvement in controlled bottom-up
synthesis,'? the interest in III-V nanowire photonic properties for
3D on-chip integration of compact light sources,’* optical
switches and interconnects is rising quickly.!*¢

Nanowire light absorption and emission properties are
strongly influenced not only by the electronic properties of the
constituent materials, but also by the dielectric contrast with the
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surrounding enhanced by their large aspect ratio and, in the
sub-wavelength regime, by unconventional mechanisms of
light-matter interaction and light propagation. Furthermore, for
sufficiently small radial dimensions or when comprising of
heterostructures on the atomic length scale, nanowires display
characteristic quantum behaviors of low-dimensional structures,
which further enriches the fundamentals of their photonic
behavior.'” It is noteworthy that all these aspects are inherently
anisotropic, hence the emergence of future nanowire applications
in optoelectronics will rely on a deeper understanding of their
interplay in determining the overall spatial and polarization
anisotropy of light absorption and emission.

Recent advances in understanding bottom-up II1I-V nanowire
synthesis have enabled mastering the growth parameters that
determine the crystalline structure and the demonstration of
complex functional architectures, opening up a whole new range
of possibilities in engineering and investigating nanowire-based
photonic elements and their optical anisotropy. The aim of this
article is to identify various sources of anisotropy and their
physical origin in optically active III-V nanowires based on some
of the relevant works appeared in the recent literature. Original
contributions to evaluate the dipole selection rules in common
ITI-V materials as well as diameter-dependent far-field radiation
patterns are also presented with the intent of providing
a complete reference workflow for the analysis of the absorption
and emission properties of specific nanowires. As nanowire
technology progresses rapidly, the comprehensive analysis of
intrinsic (i.e. electronic) and extrinsic (i.e. dielectric) factors
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affecting their photonic properties is becoming crucial to account
for theoretical predictions in actual experiments.

The paper is organized in three sections: Section 2 summarizes
the crystalline properties of III-V nanowires grown by common
bottom-up methodologies and the correlation between crystal-
line phase (i.e. zinc blende or wurtzite) and growth parameters.
The bulk optical properties (i.e. the origin of the lowest optical
transitions and dipole selection rules) of common I1I-V materials
in the zinc blende or wurtzite phase are presented in Section 3.
The optical anisotropy of III-V nanowires is finally considered in
Section 4, where the effects of refractive index mismatch and
crystalline structure on the spatial (i.e. radiation pattern in the
far-field) and the polarization anisotropy of the emission are
presented for specific III-V nanowire materials and structures.

2. TII-V nanowire growth and crystal structure

While bulk ITI-V materials usually crystallize in the zinc blende
(ZB) cubic structure, with the exception of ionic III-nitride
compounds which normally exhibit wurtzite (WZ) hexagonal
structure, III-V nanowires commonly display ZB and WZ
polymorphism.*'*1¥2° Fig. 1a and 1b show the atomic arrange-
ment of ZB and WZ structures along the <111> and <0001>
nanowire growth directions: while the ZB structure results
from the stacking of monoatomic layers in the sequence
of ...cAaBbCcA... in the <111> direction, the WZ structure
shows a stacking sequence of the kind ...bAaBbA... in the
<0001> direction. Since the two structures are very similar,
polymorphism is manifested by the appearance of small segments
of ZB in WZ when a stacking fault misplaces an “Aa” plane with
a “Cc” plane, or in the appearance of small WZ segments in ZB
after the introduction of two sequential twin planes.”'®?! The
fraction of these “faulty” segments within the primary phase is
often regarded as the likelihood of nucleating seeds and
growing single crystal nanowires in either of the two phases
(Fig. 1c-1e).%%25

Bottom-up methods for the growth of III-V nanowires include
Metal Organic Chemical Vapor Deposition (MOCVD),?6*"
Molecular Beam Epitaxy (MBE),? and Chemical Beam Epitaxy
(CBE),*® which commonly rely on the Vapor-Liquid-Solid (VLS)
mechanism.? The VLS method is based on the formation of
a supersaturated alloy inside a liquid seed nanoparticle (typically
Au) from gaseous precursors. Nanowires grow in a layer-by-layer
fashion atop the (111) low-energy surface, where nucleation is
believed to occur at the vapor-liquid-solid interface.*® Notably,
both the supersaturation of the liquid nanoparticle and the
interface energies at the triple phase boundary have strong influ-
ence on the nucleation process and the resulting crystallographic
phase.' The appearance of a certain structure can therefore be
controlled by tuning relevant VLS growth parameters such as
temperature, V/III ratio, and radius. For a given material system
and crystal orientation, the surface energy of WZ lateral facets is
generally lower than those of ZB, favoring the appearance of WZ
phase in small diameter nanowires where surface-to-volume ratio
is high.'®31-3% Moreover, the Gibbs-Thomson effect is also
believed to affect the energetic of nanowires with small radii above
the critical thickness and also favor the formation of WZ struc-
ture.**3¢ It is generally accepted that high supersaturation favors
the appearance of a WZ crystalline phase.’**-7 Thus, growth

(a)

L+ B - (oI,

»w

Fig.1 Polymorphism in I1I-V nanowires. Ball-and-stick model of (a) the
ZB structure in the <I11> growth direction, showing the sequence of
monoatomic stacking planes...cAaBbCec... and (b) the WZ structure in the
<0001> growth direction with stacking plane sequence...bAaBb... (c—€)
High resolution TEM images of: (c) GaAs nanowire grown on GaAs (111)
B surface. The electron diffraction pattern in the inset shows a pure ZB
phase.** (d) GaAs nanowire grown on Si (111) exhibiting a mixture of ZB
and WZ phases. Reprinted from ref. 12, with the permission from Elsevier.
(e) Stacking fault free GaAs nanowire displaying pure WZ phase.
Reprinted with permission from ref. 46 (Copyright 2009, American
Institute of Physics).

temperature is arguably the most effective parameter to
control the nanowire crystallographic structure. For a given
precursor molar fraction, supersaturation increases at
higher temperatures promoting WZ;'%27:36 however, temperature
influences significantly the thermodynamic stability of sidewall
facets (nanowire surface reconstruction), and may increase
structural uncertainties and defects.*” Precursor V/III ratio also
affects supersaturation, together with surface and interfacial
energies, which in turn affect the formation of twins at the triple
phase contact line.** Consequently, structure can be tuned by
different precursor molar fractions with a fixed V/III ratio”*® as
well as varying the V/III ratio by changing group V or group 111
molar fractions independently.?3-* Since the solubility of group V
in the liquid seed particle is typically lower than group III,
decreasing the V/III ratio will increase supersaturation and favor
the WZ phase.** However, large group V molar fractions tend to
decrease surface and interfacial energies, hence to favor the ZB
phase. Large relative fractions of WZ are therefore obtained at

This journal is © The Royal Society of Chemistry 2012

Nanoscale, 2012, 4, 1446-1454 | 1447


http://dx.doi.org/10.1039/c2nr00045h

View Online

small V/III ratios and small group V molar flows. These trends
have been generally observed for different material systems,
including GaAs,'®*** InAs* and InP'2%*° nanowires grown
either homoepitaxially or heteroepitaxially on Si substrates.*!+** It
is also worth noting that similar growth conditions for the
synthesis of pure WZ phase (i.e. high growth temperature, low V/
III ratio and small radii) apply to the case of Selective Area (SA)
nanowire growth, which does not rely on the use of metal seed
particles.***® For reference, some of the reported growth condi-
tions leading to preferential crystallization in the ZB or WZ phase
are reported in Table 1. Note that InAs seems to constitute an
exception to this general trend, where the proportion of WZ phase
was found to increase by decreasing growth temperature.®3*

The remarkable advances in controlling the crystallographic
properties of III-V nanowires by the VLS mechanism have
enabled the realization of axial periodic structures, such as
polytypic superlattices made of alternating segments with
different phases® or twinning superlattices based on the repe-
tition of segments with constant length between twin planes.
Such structures are extremely interesting for the engineering of
unique optoelectronic properties by the introduction of crys-
tallographic inhomogeneities in otherwise homogeneous mate-
rials. Quasi-periodic twinning superlattices have been first
demonstrated in GaP and InP nanowires grown by pulsed laser
assisted CVD growth.? The formation of twinning superlattices
has been further investigated in the growth of InAs,® InP,% and
GaP”* nanowires by MOCVD, and quantitatively explained
by a model based on two-dimensional nucleation and defor-
mation of the liquid droplet during the VLS growth.®*
According to this model, twinning superlattices are naturally
occurring at specific growth temperatures and nanowire diam-
eters (the larger the diameter, the longer the spacing between
twin planes).” Impurity dopants, such as Zn, have also been
used to further decrease the activation barrier for two-dimen-
sional nucleation growth of ZB and produce long-range
ordered twinning superlattices in InP and GaP nanowires. In
this case the spacing between twin planes was also proportional
to the Zn doping concentration in addition to the nanowire
diameter.®’

3. Structural and optoelectronic properties of
common III-V semiconductors

Since the optoelectronic properties of III-V crystals in the ZB
and WZ phase are significantly different, the co-existence of both
phases in nanowire systems raises the issue of distinguishing and
identifying specific contributions from the two structures. On the
other hand, the availability of two phases with distinct electronic
and optical properties within the same material system,
combined with the wide variety of I1I-V materials covering the
entire spectral range from visible to medium infrared, offer
unprecedented flexibility for bandgap engineering toward the
design of novel light detection and emission systems. Theoretical
calculations of the band structure of the most common III-V
binary compounds (except for GaP) predict the persistence of the
direct character of the energy gap situated at the I" point when
transitioning from the stable (primary) to the energetically
unfavorable (secondary) structure. As a reference, literature
values of direct bandgap energies of the two phases at room and
low temperature are summarized in Table 2, and a schematic of
the energy levels involved in the lowest energy optical transitions
at the I point are depicted in Fig. 2. At the highly symmetric T’
point, each band has numerous possible symmetries for the
wave-function. For convenience, here we adopt the so-called
“BSW” notation that labels the combination of all possible
symmetries for a given band with a single number (for example,
in the case of ZB with no spin-orbit, the transition occurs
between I'y. and I's,, where 1 and 15 identify the symmetries,
and ¢ and v stand for conduction and valence band respec-
tively).*” Without spin—orbit interaction, the transition from ZB
to WZ structure causes the valence band to split at the I" point,
with a crystal-field splitting denoted by Acys. As a result, one
transition (I";—I';s,) and two transitions (I'y.—gy, and T'1—T'y)
are generally possible in the case of ZB and WZ, respectively.
The symmetry of the crystalline structure manifests in the
polarization of the dipole transitions by introducing anisotropy in
optical properties such as the dielectric function or the absorption
coefficient. These parameters are generally represented by a second
order tensor, where the number of components depends on the

Table 1 Growth parameters favoring the ZB or WZ structure in typical III-V nanowires. All nanowires were grown by the VLS method except for

those in ref. 43 grown by SA-MOCVD

Parameters
Structure Material T/°C V/III ratio Diameter/nm Ref.
Waurtzite (WZ) GaAs 550 42 — 18
InAs 420-480 130 14-75 9,34
500 2.9 60 27
InP 430 8.26 — 18
400-510 700 30 40
480-510 44-110 30 40
660 18 105 43
Zinc-blende (ZB) GaAs 450 93 50 24,39
350 42 — 18
430 14.25 40 45
InAs 420480 130 75-137 9,34
400 46 60 27
InP 380 8.26 30 18
400-450 44-110 30 40
600 55 220 43

1448 | Nanoscale, 2012, 4, 1446-1454

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2nr00045h

View Online

Table 2 Comparison of the bandgap and valence band splitting energies of common III-V materials in ZB and WZ phase

Material InP InSb InAs GaAs GaSb GaN
Zinc blende (Cubic) Primary Primar Primar: Primarsy Primary Secondary (B-GaN)
EJeV @0 K 1.4022:48-50 0.0445.51.52 0.4250-53.54 1 5050.52,55-57 0.81_0 8250.52.55 3 3505258

EJeV @ 300 K

0.1 770.1850,51,5559

0.35-0.36%%-33-59

1.42-1.44%6:5759

0.72-0.75%3235%9

3'250,52,55,58

Agpin_orbi/meV 108>° 810 390%° 3415032 760°° 17°°
114%2% 8702 430 780°%° 16.3%2%
Waurtzite (Hexagonal) Secondary Secondary Secondary Secondary Secondary Primary («-GaN)
EJeV @0 K A - 1.47-1.507>4849:60.61 og760 0.47-0.485062  1.50-1.556:60-63:65 5095 A- 3.48-3.51°0:6
B - 1.54% B- 3.49%¢
C-1.67% C-3.51%
E,/eV @ 300 K 1.43% -4 - 1.39% - A- 3.430:6667
B- 3.42%¢
C- 3.46%
Acrystal/meV 822? 15990 19590 24450 23960 .252~b50 w
52 9.8-19%
Aspin orbi/meV 1080-60 787%° 379%° 35190 777%° 15.5%2%
14-1 6.850’55

“ No data available to our knowledge. ® Mean value over several references.
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Fig. 2 Schematic of the band energies at the I" point in WZ and ZB
structures with and without the inclusion of spin—orbit interaction. The
values of 4go and Ac,y for different materials are reported in Table 2.
The transitions labeled A, B and C correspond to those in Table 2.
Adapted from ref. 60, 68 & 69.

crystalline structure. Cubic structures (such as ZB) do not present
anisotropy in optical transitions,®®* hence the tensor has only one
component, whereas in hexagonal crystal structures (such as WZ)
the tensor has two components that depend on the polarization
state being either parallel (E)z) or orthogonal (£ z) to the z axis.
Consequently, the oscillator strength of a direct transition depends
on the chosen orientation of the crystal. Moreover, in the case of
nanowires, symmetry breaking leads unavoidably to the increase
of the number of tensor components, thus at least two components
(Ejz and E |, z, where z indicates the wire axis) are always present.
The square values of the dipole matrix elements, which allow
estimating the oscillator strength of direct transitions, have been
calculated by the full-potential linearized augmented plane wave
method” within the generalized gradient approximation™ for the
first direct transition in the I" point, namely I';—I"; 5, in the ZB and
IN'¢Te in the WZ structure. The results for some III-V
compounds are presented in Table 3. In these calculations the spin—
orbit interaction was neglected. Because of the sizable underesti-
mation of bandgap energies typical of the generalized gradient
approximation, in the case of GaSb in the WZ phase the bandgap

in the " point vanished and calculation of the corresponding dipole
matrix element was not possible.

The calculations clearly show that in the WZ phase, the values
of the oscillator strength of the I'i.—TI's, transition differ by
orders of magnitude for Ejz and E,z light polarization, in
agreement with the strong anisotropy expected from symmetry
considerations and previous predictions.®®¢*7> Moreover, the
strength of the I';—T'¢, transition with electric field orthogonal to
the z axis is comparable to the I'|.—T'ys, transition in the ZB
structure for all materials considered. The I'y—I";, transition in
the WZ phase is expected to be polarized parallel to the z
direction,%®¢>72 however our computation code did not allow
quantitative evaluation of its oscillator strength.

Slightly different band symmetries and polarization selection
rules for the transitions are expected when considering spin—orbit
interaction. Under the effect of spin-orbit coupling 4gso (see
Table 2), the I's, valence band in WZ splits into a higher (Iyy)
and a lower (I'7,) energy band. Consequently, the I'7cTg,
transition (labeled A in Fig. 2) maintains the same orthogonal
selection rule as the I';—Tg, transition in the absence of spin—
orbit interaction. The second and third higher valence bands
have the same I'; symmetry as the conduction band, thus two
additional I';.-T";, transitions (labeled B and C in Fig. 2) appear.
These transitions, however, do not exhibit any preferential
polarization. In the case of GaAs nanowires the symmetry of the
lowest conduction band is still controversial. Theoretical works
have demonstrated that both I'; or I's symmetries exist,**¢* while
recent micro Raman measurements attribute a I'; symmetry to
this band.%*" In general, under the quasicubic approximation,
the differences in energy between the valence bands induced by
spin—orbit interaction in the WZ structure are given by:7*

A4 Acy
E(TF) - By - S0t Ao

2 8
\/(ASO + ACrysl) - §ASOACrysl
2

+ M

Similarly, the I'ys, valence band of the ZB structure splits into
a higher (I'y,) and a lower (I'7,) energy band, therefore two

This journal is © The Royal Society of Chemistry 2012

Nanoscale, 2012, 4, 1446-1454 | 1449


http://dx.doi.org/10.1039/c2nr00045h

View Online

Table 3 Calculated square values of dipole matrix elements for the lowest energy transition in ZB and WZ structure for different I1I-V materials
(without considering spin—orbit). The last column indicates the preferred polarization of a given transition

Structure Transition InP GaN GaAs GaSb Polarization selection rule®’
ZB T Tisy 7.4 x 1072 6.2 x 1072 0.10 0.11 All polarizations allowed
wz I'Tg (E 2) 0.10 9.0 x 102 0.13 — Allowed

T (E2) 1.1 x 1077 1.6 x 10'¢ 8.5 x 107" — Forbidden

“ Values could not be obtained.

transitions (I'¢c—I'gy and I'g—I"7,) are possible. However, even by
considering spin—orbit interaction, these transitions remain
unpolarized.5®¢°

From these general considerations it is apparent that detailed
knowledge of the correlation between structure and dipole selec-
tion rules (and their polarization anisotropy) is a fundamental
step in unraveling the intrinsic emission and absorption properties
of nanowire crystals. The following Section will focus on addi-
tional complications introduced by extrinsic effects related to
refractive index mismatch in high aspect ratio structures.

4. Anisotropic optical properties of III-V nanowires

4.1. Refractive index mismatch

The high aspect ratio of III-V nanowires combined with a large
refractive index contrast with the surrounding environment
induce strong polarization anisotropy of the absorbed and
emitted radiation. Polarized optical absorption and emission of
individual III-V nanowires have first been observed by Wang
et al. in photoluminescence and photoconductivity measure-
ments of individual InP nanowires.”” The large polarization
anisotropy of the absorption is typically manifested in the strong
dependence of photoluminescence intensity and photo-
conductance of single nanowires on the polarization of the
excitation beam relative to the nanowire axis. Similarly, for
a fixed polarization of the excitation, the polarization of the
emission is strongly anisotropic and photoluminescence intensity
depends on the angular orientation of the analyzer. This was
observed in both individual (GaAs, GaN) nanowires’®”” and
(InP) nanowire ensembles.”®

Theoretical electromagnetic modeling conducted by Ruda
et al. highlighted the importance of the dielectric constant
mismatch between freestanding nanowires (with dielectric
constant ¢) and their surrounding media (with dielectric constant
&o) to their absorption and emission properties.”*® The absorp-
tion (emission) anisotropy is generally defined as the ratio
between absorbed (emitted) light intensity with polarization
parallel (/}) and orthogonal (/ , ) to the nanowire axis. In the case
of absorption, /j and I, can be evaluated by calculating the
electric field inside an infinitely long cylindrical nanowire illu-
minated by an incident plane wave. Ruda e a/. have shown that,
for a nanowire with considerably smaller diameter than the
incident wavelength (typically smaller than 20 nm), light polar-
ized in the parallel direction is absorbed more effectively than
light with perpendicular polarization, and the absorption
anisotropy depends exclusively on the ratio &/eo.” This result is
obtained in the case of a thin nanowire where the continuity of
the tangential component of the electrical field at the boundary

with the sidewalls imposes that Ejjj, = Ejjou (Where Ej, and Eqy
are the electric field inside and outside the wire, respectively), but
the perpendicular component of the electric field is attenuated
inside the wire leading to the relationship:

E Lout (2)
€0

However, the previous formalism is no longer valid for
nanowires with larger diameter since the inner electric field can
no longer be considered uniform. Indeed, as the diameter
increases, the distribution of the electric field becomes more
complex due to the coexistence of guided modes with different
spatial profiles. Notably, the appearance of transverse guided
modes with large transverse electric field amplitude reduces the
absorption anisotropy.®***

For emission, Ruda et al. have also showed that the emitting
dipole moment of the entire nanowire dy = (dox.doy.do-) can
be modeled by an effective emitting dipole moment d = (d,.d, =
d.,d.) with the following components:3

T, (ka)H (ka) — J, (ka) H"" (ka)
Ve (ka) B (koa) — /& (ka) HY (koa)
3)

dx = de\/E X

Ji(ka)H" (ka) — Jo(ka)H!" (ka)
Ve Iy (ka)HY" (koa) — /& * Jo (ka) H" (koa)

where a denotes the nanowire radius, and k = /e*w/c and
ko = Jeo*wlc are the wavevectors in the dielectric (nanowire) and
air, respectively. J;, (H",,) stands for the Bessel (Hankel) func-
tion of the first kind, and the primes denote their first derivative
with respect to the argument. The ratio of emitted light intensity
in the two polarizations is then described by:

d. = dy.\/e X )

Iy a2+ 242

1T ©

Fig. 3 shows the dependence of the emission anisotropy
derived from eqn (3)—(5) as a function of nanowire radius in
common ITI-V materials (the curves were calculated at energies
below bandgap and using the dielectric constants from ref. 83).
In the case of very thin nanowires (with diameter smaller than
20 nm) the emission with parallel polarization is predominant
and eqn (5) tends to the static value:”

ﬁ = (8 + 80)2+2€é (6)

Is 662
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Fig. 3 Polarization anisotropy of the emitted light versus the radius of
the nanowire for different III-V materials.

For small diameters, only the HE;; mode of the cylindrical
waveguide can exist due to the absence of a cut-off
frequency.®*® However, for larger diameters, guided modes
start playing a major role in determining the emission polari-
zation, similar to the case of absorption. Upon reaching the cut-
off radius of the first transverse TEq; mode (for instance, above
r = 110 nm in GaAs), the total electric field inside the wire is
primarily oriented perpendicularly to the wire axis, hence forces
the emission polarization in the perpendicular direction.”** At
even larger diameters, TMy; and additional hybrid modes
intermix and the resulting polarization returns parallel to the
nanowire axis.

In actual photoluminescence experiments, the measured light
intensity further depends on the numerical aperture of the
collection setup and on the distribution of the emitted radiation
in the far-field. Therefore, to properly evaluate the anisotropy,
one must consider the far-field radiation pattern. The details of
the angular distribution of guided and free space modes of
a vertical nanowire have been previously given by Maslov
et al.82#536 However, the overall radiation pattern in the far-field
depends also on additional parameters such as the position and
the polarization of the source, and the diameter of the nanowire.
Thus three dimensional Finite Difference Time Domain
(3D-FDTD) simulations of the far-field distribution of the
emitted intensity in freestanding GaAs nanowire have been con-
ducted to draw a more realistic picture. Fig. 4 shows the results for
the two extreme cases of small (25 nm) and large (300 nm) diam-
eter nanowires. For near-field calculations,®” the emitting source
was a single dipole placed at the center of the 3pum long nanowire
and was modeled by a continuous current source emitting at
a fixed wavelength of 870 nm. The polarization of the source was
fixed either in the parallel (E.) or in the perpendicular (E,) direc-
tion with respect to the nanowire axis to illustrate the effect of the
source polarization on the angular distribution of the radiation.
The far-field patterns were obtained using the approach outlined
in ref. 85, 88 & 89. The intensities in Fig. 4 are normalised with
respect to the maximum of each pattern.

For small diameter nanowires the far-field patterns in Fig. 4
exhibit lateral emission in the case of parallel excitation,
while emission is collinear to the nanowire axis when

NW orientation Side View Top View
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Fig. 4 Top and side views of the far-field radiation patterns from
a freestanding GaAs nanowire obtained with excitation polarized parallel
and perpendicular to the nanowire z-axis and for different nanowire
diameters. The dashed green circle represents the ideal collection angle of
an objective with numerical aperture of 0.4.

the source has perpendicular polarization.®>® For larger
diameters, the appearance of higher-order guided modes
may shape the longitudinal profile of the emission. In the
particular case considered here of a 300 nm GaAs nanowire,
the far-field radiation patterns calculated with parallel and
perpendicular sources are fairly similar, except for the
appearance of collinear emission lobes in the case of perpen-
dicular excitation.

Given the strong spatial anisotropy of the radiation
patterns, the light intensity collected from the nanowire is
strongly dependent on the measuring configuration and the
collection angles. Optical properties of individual nanowires
are usually measured with nanowires lying horizontally on
a host substrate and collection normal to it. This configura-
tion corresponds to the side-view panels in Fig. 4. For
intrinsically isotropic systems (e.g. ZB structures) or unpo-
larized excitation, the resulting distribution of the emission
would then result from the superposition of the radiation
patterns obtained for the two polarizations of the source,
whereas for anisotropic systems (e.g. WZ structures) or
selectively polarized excitation the far-field radiation pattern
can be tuned between the two configurations of the source
polarization. For a given radiation pattern, the emission
anisotropy in eqn (5) and Fig. 3 determines the relative
intensity of the two polarizations. The experimental observa-
tion of the optical anisotropy of III-V nanowires is discussed
in the following Section in view of the interplay between
intrinsic crystalline properties, dielectric effects, and measuring
configuration.

This journal is © The Royal Society of Chemistry 2012
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4.2. Experimental observation of optical anisotropy

Direct observation of the correlation between crystalline struc-
ture and polarization anisotropy in III-V nanowires was first
reported by Mishra et al.*®* Low-temperature photoluminescence
measurements of individual InP nanowires crystallized in either
of the two phases have shown strongly polarized emission with
opposite polarizations upon excitation with circularly polarized
light (Fig. 5a). While nanowires with ZB structure were found
to emit preferentially with parallel polarization, WZ nanowires
showed stronger emission intensity with perpendicular polari-
zation. As mentioned previously, the parallel polarized emission
in otherwise isotropic ZB structure is induced by the dielectric
effects in high aspect-ratio nanowires. In the case of WZ, the
polarization selection rules summarized in Table 3 are mainly
responsible for the orthogonally polarized emission. Moreover,
in this case dielectric effects due to the refractive index
mismatch (favoring parallel emission) and the intrinsic anisot-
ropy due to the crystalline structure (favoring perpendicular
emission) have opposite trends and compete with each other.
Interestingly, a clear manifestation of the effect of refractive
index mismatch can be seen at zero polarization angle,
where the emission does not vanish despite of the polarization
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Fig. 5 Low-temperature (7' = 15 K) photoluminescence of single InP
nanowires with pure ZB and WZ structure. (a) Polarized photo-
luminescence. (b) Emission spectra. Reprinted with permission from ref.
48 (copyright 2007, American Institute of Physics).

selection rules. The low-temperature photoluminescence spectra
of three different nanowires with single crystal structure
(either pure ZB or WZ) have shown a clear shift in emission
energy between the two phases (Fig. 5b), in agreement with
the bandgap energies predicted by ab initio calculations
(Table 2).

When grown side by side, ZB and WZ phases form a polytypic
junction with the energetic shown in Fig. 2, where the energy
difference between the lowest conduction bands and the highest
valence bands is denoted by AT V4 #® and AT \W* %%, respec-
tively. Murayama et al. have found that both these differences
are positive in various I1I-V semiconductors, indicating a type-11
band alignment (Table 4).5

As outlined in Section 2, it is possible to induce ZB/WZ
polytypism by controlling the nanowire growth parameters,
hence to promote the formation of type-II heterojunctions
between segments in the ZB and WZ phase within a single
material system.>**® When stacks of alternating segments
with WZ and ZB phases are formed along the nanowire axis,
discreet energy levels appear in the lowest conduction band
and in the highest valence band due to the creation of
multiple quantum wells. Holes will then tend to be confined in
sections with predominance of WZ phase, while electrons to
aggregate in ZB dominant segments.?3#93% Ag a result, optical
transitions may occur between the lowest conduction band of
the ZB phase and the highest valence band of the WZ
phase, and different emission energies may then be obtained
depending on the length and the periodicity of the stacking
fault.?*** Fig. 6 shows cathodoluminescence images of a GaAs
nanowire with predominant ZB structure and a varying
percentage of WZ phase along its axis.?* While the primary ZB
structure displays the expected emission at 1.51 eV, additional
emission energies are observed at different positions along the
nanowire due to different concentrations of WZ phase and the
different widths of the wells. As a result, the overall absorption
and emission spectra of the nanowire are broadened by the
presence of stacked quantum wells, which may be useful in
some light harvesting or lightning applications.*** Further-
more, the periodic alternation of WZ and ZB phases along the
nanowire axis has been proposed to realize polytypic
superlattices.’

Recently, there has been considerable interest in III-V
nanowire twinning superlattices, where the spontaneous occur-
rence of twin defects introduces a periodic spatial modulation of
the primary ZB phase (see Section 2). Mini-bands and the
opening of zero energy gaps at the superlattice Brillouin zone
boundary have been predicted in such structures, but the
resulting optical properties and dipole selection rules are yet to
be defined.””

Table4 Energy difference between the valence and conduction bands in
ZB and WZ III-V semiconductors at 7= 0 K. The values are extracted
from ref. 65

Material InP InSb InAs GaAs GaSb GaN
AT W2=28/meV 45 57 46 84 89 34
AT WV~%B[meV 129 86 86 117 102 154
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Fig. 6 Cathodoluminescence of a heterostructured GaAs nanowire. (a)
SEM image of a composite ZB nanowire with 30 + 10% WZ phase. (b—d)
Cathodoluminescence images recorded for different emission energies. (e)
Composite cathodoluminescence image. Reprinted with permission from
ref. 23 (copyright 2009 by the American Physical Society).

5. Conclusion and perspectives

Although extensively studied in the past few years, the funda-
mental phenomena leading to the optical and spatial anisotropy
of the absorption and emission properties of quasi-one dimen-
sional systems, particularly III-V nanowires, are a research topic
of ongoing interest from both fundamental and applied
perspective. An overview of the intrinsic and extrinsic effects
known from the literature to determine the strong anisotropy of
optical absorption and emission is presented, together with
a general workflow that points to the understanding of the
detailed crystalline structure, dielectric effects of specific mate-
rials, and the spatial light distribution in the far-field is outlined
to facilitate future comparisons between experimental observa-
tions and theoretical expectations. It is shown how current
advances in controlled growth of bottom-up III-V nanowires
enable the synthesis of nanowire heterostructures of increasingly
greater complexity and abruptness (e.g. single polytypic junc-
tions, stacks of polytypic quantum wells, and twinning super-
lattices) and the realization of optical experiments of increasingly
higher accuracy and predictability (e.g. FDTD modeling,
polarized micro-photoluminescence and cathodoluminescence),
opening up new windows on the fundamental interaction of light
with low-dimensional systems. The strong optical anisotropy
should be accounted in proposed applications of III-V nano-
wires, and conversely could be exploited in emerging optoelec-
tronic devices such as polarization memory devices,’®
polarization sensitive photodetectors,! or polarized light-emit-
ting diodes.®® A bright future lies ahead for III-V nanowire
photonics.
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