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1. Introduction

Nanowires (NWSs) with diameters in the range of few 10s of nanometers and lengths up to
few micrometers long are one-dimensional materials that have attracted a great deal of
interest recently in various fields, including photonics, electronics and medicine. These one-
dimensional materials can offer improvement in the performance of optical and electronic
devices due to their size-induced quantum confinement effects. In addition, their high
surface area to volume ratio makes them potential candidates for various sensor
applications. Several review articles reporting about the properties and applications of NWs
made of different materials have already been published (Tian et al., 2009; Agarwal, 2008;
Schmidt et al., 2009; Agarwal & Lieber, 2006; Laulon et al., 2004). In this book chapter, we
focus on heterostructured 1ll-V semiconductor NWs with increased potential for use in
photonic applications grown by molecular beam epitaxy.

Most optoelectronic devices are fabricated by using various IlI-V materials, because o their
direct bandgap nature. The efficiency of these devices have improved substantially in the
last 5 decades by reducing the dimensions of these materials, reducing defect density and
changing the design using e.g. quantum wells (QW), multiple QWSs, superlattice
heterostructures and quantum dots (QDs) in th e active layers. QWs consist of a very thin
layer of a material with a lower bandgap sandwiched between materials with a higher
bandgap. Such structures not only confine the carriers in the growth direction but also
passivate surface states at the lower bandgap material surface. However, the choice of
materials for the growth of defect free heterostructures is limited by the lattice mismatch of
different materials. This is also one of the main reasons inhibiting the integration of Ill-V
materials on Si. Such problems can be avoidé in the growth of NWs, which provides the
provision to relax in the radial direction with out forming any dislocations. In fact, several
successful NW based heterostructures, including structures with lattice mismatch as large as
7.8%, has been reported (Guo et al., 2006).

1.1 Vapor-Liquid-Solid growth mechanism
Fabrication of NWs by the bottom-up approach was first demonstrated by Wagner and Ellis
in 1964, and the technique was named as vapo-liquid-solid (VLS) growth. This technique
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24 Nanowires

uses a metal particle (often Au) as a catalyst, which forms a liquid-alloy particle on reacting
with source materials supplied in vapor form. On supplying the source material
continuously to this liquid-alloy, the excess mate rial dissolved in it precipitates in the form
of a solid NW at the bottom of the particle (Wu & Yang et al., 2001). The diameter and
position of the NW are defined by the Au particle. As shown i n Fig. 1, the Ga adatoms
hitting the substrate surface diffuse to the Au droplet along the NW sidewall. With this
technique, it is possible to tailor the composition of the NW in both the axial and radial
directions. The different steps involved in th e VLS growth mechanism are shown in Fig. 1.

GROWTH MECHANMISM i Layer by Layar
Growth Growth model

Ga Ac

Vapor-Liquid-solid Epitany
Wagner and Ellis 1264

Saturation/
Eutectc formation nutieation

Catalyst
deposition

GaAs nanowire . Pﬂﬂﬁg b e hice
Gaps(111)B substrate

Fig. 1. Schematic diagram showing the various steps in the VLS growth of a GaAs NW.

As the NWs grow longer, tapering of the NWs is often observed. There are mainly two
arguments explaining the reason for tapering: th e first reason is based on the decrease in
diameter of the Au droplet and hence the NW with its length due to the decrease of
incoming Ga flux to the Au droplet (Harmand et al., 2005), while the second reason is
explained by the (radial) layer-by-layer growth mechanism which would become effective
when the length of the NW exceeds the diffusion length of Ga adatoms on the NW sidewall
(Chen et al., 2006).

NWs have been grown by using the VLS growth technique in most IlI-V materials
combinations, on native substrates as well ason silicon (lhn et al.,, 2007; Tomioka et al.,
2009), and with several epitaxial techniques, including metal organic vapor phase epitaxy
(MOVPE), chemical beam epitaxy (CBE) and mdecular beam epitaxy (MBE). Over the past
decade, there has been considerable interest foused on the growth of heterostructured NWs
(both axial and radial core-shell structures), followed by the first demonstrations of device
prototypes, such as light-emitting diodes (Min ot et al., 2007; Svensson et al., 2008;), high
electron mobility devices (Jiang et al., 2007), laser-diodes (Duan et al., 2003), and
photovoltaic cells (Czban et al., 2009).
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1.2 Molecular beam epitaxial growth of NWs

MBE is one of the most controllable and widely used non-equilibrium growth techniques for
growing thin, epitaxial films of a wide variety of materials. The deposition of material on the
substrate is performed by evaporating the material from the effusion cells in a chamber
maintained under ultrahigh vacuum. The depo sition performed in an ultrahigh vacuum
chamber not only makes it possible to grow highly pure materials but also to install in-situ
characterization technigues such as reflecton high-energy electron diffraction (RHEED) . A
deposition rate as low as 0.1 ML/s can be achieved by changing the temperature of the
effusion cell. In addition, a flux of molecules or atoms towards the substrate can be abruptly
released (or blocked) by controlling the shutters in front of the cell. This allows growing
heterostructures with abrupt interfaces. An other major difference between the MBE growth
method and other growth techniques is that it is far from thermodynamic equilibrium
conditions, i.e., it is mainly governed by the kinetics of the surface processes.

The growth of NWs by the VLS mechanism in MBE was initially speculated to be impossible
due to that the material is supplied in the form of atoms, where no catalytic activity of Au to
decompose the metallic groups to atoms is required as in metal-organic chemical vapor
deposition. However, these speculations were proven to be incomplete since several groups
have demonstrated the growth of GaAs NWs by MBE (Wu et al., 2002; Cirlin et al., 2005;
Harmand et al., 2005; Plante and LaPierre, 2006)Furthermore, remarkable progress has also
been shown in self-catalyst growth of GaAs NWs by MBE (Fontcuberta i Morral et al., 2008).
The Au-assisted process of NW growth in MBE is explained to be a thermodynamic process
due to which the group Il adatoms diffuse from the substrate surface, which is at a higher
chemical potential as compared to the Au droplet, which has lower chemical potential
(Harmand et al., 2006). On the other hand, it has also been shown that the kinetic processes
involved in the NW growth also play an impo rtant role during the NW growth, and are a bit
different than those during the thin-film gr owth. The major kinetic processes involved
during the growth of NWs by Au-assisted MBE are schematically shown in Fig. 2.

The dependence of the (axial) growth rate of NWs in the MBE process on the NW diameter
is found to be different from that of the observations made on the NW growth by the CVD
process (Givargizov, 1975). It is observed that the MBE growth rate of the NWs decreases
with increase in the diameter of NWs (Plante & LaPierre, 2006). This was theoretically
explained by Dubrovskii et al., 2005, attributing the diameter dependence of the NW growth
to the diffusion of group Il | adatoms from the substrate surface to the Au particle.

The demonstrations of the growth of homogeneous binary compound NWs, includ ing GaAs,
InP, InAs and GaP by MBE (Cornet et al., 2007Harmand et al., 2005; Ihn & Song, 2007) were
followed by the growth of heterostructures involving ternary compounds such as AlGaAs,
InGaAs, GaAsSb, InAsP and GaAsP(Chen et al., 2006; Chen et al., 2007; Cornet & LaPierre,
2007, Dheeraj et al., 2008a, Tchernycheva et al., 2007). However, the progress in the MBE
growth of ternary compound NWs involving different group Il elements, such as AlGaAs and
InGaAs, has been inhibited due to difficulties in obtaining uniform composition along the
length of the NW. This problem arises due to the difference in diffusion lengths of different
group Il elements along the NW sidewall. On the other hand, no variation in composition
along the NW has been reported for the ternary compound NWs involving different grou p V
elements such as InAsP and GaAsP. This could bedue to the longer diffusion lengths of group
V elements compared to that of the group Ill elements. The variation in composition could,
however, be quite small in short NWs or inserts involving ternary structures.
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Fig. 2. The model of Au-assisted NW growth by MBE: The different pathways for adatoms
are through; 1) direct impingement, 2) diffusion flux from the side walls to the droplet, 3)
diffusion from the substrate to the sidewalls, 4) diffusion from the substrate along the
sidewalls to the droplet, 5) nucleation on the surface, 6) desaption from the sidewalls, 7)
desorption from the droplet (Dubrovskii & Sibirev, 2007).

Despite the fast progress in the growth of heterostructured NWs by MBE, the understanding
and control of the crystal structure of these NWs is a challenging task. In fact, most of the IllI-
V NWs grown by MBE adapt wurtzite (WZ) cr ystalline structure, even though the IlI-V
materials exhibit zinc-blende (ZB) structure in bulk form. Since the WZ crystalline structure
is not a stable form of these materials, the NWs often exhibit a high density of crystal defects
(stacking faults, twins) irregularly within the NWSs. A stacking fault in a WZ phase
inherently forms a unit cell of ZB segment, while a twin in a ZB phase inherently forms a
unit cell of a WZ segment (Caroff et al., 2009). Itis very important to reduce the density of
such crystal defects since they deteriorate the ogical and electrical prop erties of the NWs.
Due to that the NWs have been found to form with different crystal phases depending on
the growth conditions, this now allows for heterocrystallindband-structure engineering. This
includes crystal phase-modulated as well as canbined crystal phase- and crystal material-
modulated heterostructures. This is because II-V materials in the ZB form have different
band gap and different band offsets compared to that in the WZ form. Therefore,
heterojunctions form in the same material wh erever the material changes its crystalline
phase. Recently, some research groups have shwn the ability to control the crystal structure
in MOCVD grown NWs (Caroff et al., 2009; Algra et al., 2008). Despite of a few successful
attempts in controlling stacking faults in NWs gr own by MBE, it is still a challenging task to
understand the factors influencing the crystal structure (Shtrikman et al., 2009; Patriarche
2008).

Although the WZ crystal phase of GaAs in NWs has been achieved by many groups by now,
little is known about its electronic and optica | properties. Several works have attempted to
determine the band gap in WZ GaAs NWs but th e results are still inconsistent (Zanolli et al.,
2007; Martelli et al., 2007; Moewe et al., 2008). Asnentioned earlier, stacking faults in the
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WZ phase inherently possess the ZB phase. Dpending on the conduction and valence band
offset energies in the ZB crystal structure with respect to WZ, even a low density of ZB
segments could trap most of the photo-excited electrons and/or holes. As a result, one may
observe that the dominating photoluminescence related emission in such NWs occur at
energies close to (type | band offsets) or een below (type Il band offsets) the band gap
energy of ZB GaAs even if the band gap is higher for WZ GaAs.

1.3 Overview of the book chapter

In this book chapter, we will discuss the struct ural and optical properties of axial and radial
heterostructured IlI-V NWs with mixed crystal phases grown by Au-assisted MBE.

Our GaAs NWs are observed to exhibit WZ crystalline structure and often stacking faults
(SFs) are randomly distributed in the NW. Inte restingly, by incorporating Sb in the GaAs
NWs, we have found that GaAsSb NWs form in the ZB crystalline structure with very few
twin defects (Dheeraj et al.,, 2008a). Recety, we have demonstrated the growth and
characterized the optical properties of single and multiple SF-free ZB GaAsSb inserts in WZ
GaAs NWs (Dheeraj et al., 2008b; Dheeraj et al., 2009). The growth of GaAs NWs with
multiple GaAsSb inserts enabled us to conclude that the growth rate of NWs changes with
growth time due to the inclined molecular be am in the growth chamber, and revealed the
growth parameters influencing the formation of SFs as we will demonstrate within this
chapter.

Micro-photoluminescence ( i-PL) characterization of SF-freeWZ GaAs NWs reveals that the
bandgap of WZ GaAs is ~ 29 meV larger than that of ZB GaAs (Hoang et al., 2009). Further,
we demonstrate the growth procedure of GaAs/AlGaAs radial heterostructured core-shell
NWs, with strongly enhanced photoluminescenc e efficiency from the GaAs core due to the
shell passivation of surface states (Zhou et al., 2009). The structural characterization of these
NWs by high resolution transmission electr on microscopy (HRTEM) shows that the shell
copies the crystalline structure of the core NW.

Finally, we discuss the growth of single GaAs/AlGaAs core-shell NWs with axial GaAsSb
core-inserts. We demonstrate that it is possible to change the crystal phase of GaAs at the
upper GaAsSb/GaAs interface by introducing a growth interruption. By changing the GaAs
crystal phase above the insert from ZB to WZ, we observe dramatic changes in the
photoluminescence properties, explained to be due to that the heterojunction band
alignment is changed from type Il to type I.

2. Experimental procedure

The NWs were grown in either a Varian Gen Il Modular or a Riber 32 MBE system equipped
with a Ga dual filament cell, an Sb cracker cell, and an As valved cracker cell, allowing to fix
the proportion of dimers and tetramers. In th e present study, the major species of arsenic
and antimony were As 4 and Shy, respectively. The substrate suface was first deoxidized at
620°C, and then a 60 nm thick GaAs buffer, a 72 nm thick AbssGaps7As film and a 36 nm
thick GaAs film were grown under growth conditions producing an atomically flat surface
(Yang et al., 1992). The AlGaAs film embeddedin the GaAs buffer can be used as a marker
to distinguish between the GaAs buffer and th e 2D GaAs grown during the growth of the
NWs. The GaAs/AlGaAs/GaAs heterostructure was capped with an amorphous As layer to
avoid oxidation during its transfer in ambien t air to an electron-beam evaporation system
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for gold deposition. The As cap was then desorbed at 280°C uncder high vacuum (10-7 Torr)
in the electron-beam evaporation chamber (Berndein et al., 1992). A ~ 1 nm thick Au film, as
determined by a quartz crystal thickness monito r, was deposited on the sample surface. The
sample was then transferred to and loaded into the MBE system. Under an As, flux of 6x10-6
Torr, the substrate temperature was increased to 540°C, a temperature suitable for GaAs
NW growth. At this stage, nanoparticles containing Au alloyed with the substrate
constituents were formed. GaAs NW growth was initiated by opening the shutter of the Ga
effusion cell. The temperature of the Ga effusion cell was preset to yield a nominal planar
growth rate of 0.7 ML/s. The Sb shutter was also opened to supply an Sk flux of 6x10-7 Torr
to grow GaAsSb NWs, whenever needed.

Morphological characterization of NWs was pe rformed in a Zeiss Supra field-emission
scanning electron microscopy (FE-SEM) operating at 5 kV. Crystalline structure was
analyzed in either a Philips CM20, Philips CM 30 or Jeol 2010F TEM operating at 200 kV and
equipped with an Oxford instruments INCA energy dispersive X-ray (EDX) spectrometer
for composition measurements. For TEM charaderization, the NWs were scrapped off from
the substrate and transferred to a Cu grid with a lacey carbon film. A more detailed report
on the TEM techniques used for characterization of NWs can be found in Van Helvoort et
al., 2009.

The crystallographic orientation of the NW en sembles on as-grown substrates was checked
by X-ray diffraction (XRD) pole figure measurem ents (Largeau et al., 2008) carried out with
a PANalytical X'Pert Pro MRD diffractometer with a point focus configuration defined by a
poly capillary lens and crossed slits.

[-PL measurements were carried out using an Attocube CFMI optical cryostat. Samples
were placed in a He exchange gas and keptat a temperature of 4.4 K. For temperature
dependent measurements, the sample can be head up to 70 K. Single NWs were excited by
a 633 nm laser line. The laser was defocused onto the NWs with an excitation density of
approximately 1 kWcm -2 using a 0.65 numerical aperture objective lens. The i-PL from
single NWs was dispersed by a 0.55 m focal length Jobin-Yvon spectrograph and detected
by an Andor Newton thermo-electrically cooled Si CCD camera. The spectral resolution of
the system is ~ 200 ieV. For single NW measurements, NWs were removed from their
grown substrate and dispersed on a Si substrae with an average density of ~ 0.1 NW per
Im2.

3. Results

3.1 Growth of GaAsSb NWs

GaAs NWs were grown for 5 minutes and GaAsSb NWs for 20 minutes on GaAs(111)B
substrates. Typical 45° tilted (Fig. 3(a)) ard top-view (Fig. 3(b)) SEM images show the
GaAsSb NWs with their Au catalyst and a grow th axis normal to the GaAs(111)B surface.
Diameters of the NWs range from 30 to 100 nm and are nearly uniform along the NW,
except at the base which is broader than therest of the NW. The top-view image (Fig. 3(b))
shows a hexagonal cross sectional shape of the NWas well as at the base region. The length
and diameter of the NWs was measured from the SEM images. The NW length is observed
to decrease with increase inNW diameter (Dheeraj et al., 2008a). This dependence of NW
length on diameter confirms that growth is to a large extent fed by diffusion of adatoms
from the surface of the substrate to the Au droplet at top of the NWs, as described by
Dubrovskii & Sibirev, 2007.
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Fig. 3. (a) 45° tilted view and (b) top view SEM images of as-grown GaAsSb NWs grown on
a GaAs(111)B substrate by Au-assistd MBE (Dheerajet al., 2008a).

Fig. 4. (a) High resolution TEM image and (b) electron diffraction pattern showing the ZB

structure with twins. (c) Dark-fiel d image obtained by using the 1 1 1 diffraction spot,
marked by a circle in Fig. 4(b) (Dheeraj et al., 2008a).

In Fig. 4, we show TEM images of a typical GaAsSb NW. The most stiking feature of our
experimental results is that our GaAsSb NWs adapt ZB structure, whereas the same growth
conditions (except the Sb flux) produce GaAs NWs with WZ structure, as commonly
observed for [111]B-oriented NWs grown by MBE. Fig. 4(a) shows a [110] zone axis HRTEM
image revealing the ZB structure of the GaAsSb NW, with a twinning plane (indicated by
black arrow) perpendicular to the [111]B growth axis. The crystal planes above the twinning
plane (orientation A) is a rotation by 60° relative to the crystal planes below the twinning
plane (orientation B) about the growth axis. The selected area electron diffraction (SAED)
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pattern in Fig. 4(b) shows additional spots related to the presence of both crystal
orientations. Using the 111 diffraction spot marked by a circle in Fig. 4(b), we obtained the
dark field image as shown in Fig. 4(c), where crystal orientation A appears bright and the
crystal orientation B dark. By investigating the full length of several NWs, single-oriented
ZB segments as long as 500 nm were observedWe have also demonstrated a technique to
determine the average volumes of crystal orientation A and B parts of GaAsSb NW
ensembles by XRD pole figure measurements, aml found the volumes to be of equal ratio.

The XRD pole figure is a convenient characterization tool to obtain average data of NW
ensembles. The pole figures ofa sample with as-grown GaAsSb NWs were first recorded at the
Bragg angles of the 111 and 220 GaAs reflectios (Dheeraj et al., 2008a). We observed a central
diffraction spot in the 111 GaAs XRD pole figure pattern, corresponding to the (111) planes
parallel to the surface, and additional sharp spots located at an inclination angle of 70.5° in a
sixfold symmetry pattern, corresponding to the other {111} planes. In the 220 XRD pole figure,
spots were located at 35.3° in a similar sixbld symmetry pattern, corresponding to {220}
planes. These features confirm that theNW growth axis was aligned with the [ 1 1 1] GaAs
direction. Both pole figures show a sixfold sy mmetry, which must be due to the twinning of
the ZB structure in the NWSs, as a pure and single ZB phase has a threefold symmetry along
<111> directions. E-2 Escans (not shown here) were performed across each spot of the pole
figures and we observed that the GaAsSb diffraction peaks of crystal orientation A and B
parts had equivalent intensities. This means that the average volumes of GaAsSb segments
with crystal orientation A and B, respectively, in the NW ensembles are equal.

In the 220 GaAs XRD pole figure pattern, we also observed a second set of six spots

corresponding to hexagonal WZ {112 0} planes normal to the subgrate surface. It is very
likely that this hexagonal phase corresponds to the bottom part of the NWs, which consists
of GaAs (no Sb) base of the NW as was mationed in the growth procedure described
above. This is consistent with our observation (as mentioned earlier) that pure GaAs NWs
grown under our experimental conditions adop t the WZ structure, in accordance with
previous reports on MBE-grown GaAs NWSs. We should mention that the GaAs NW base of
the present GaAsSb NWs was not observed by TEM. During sample scratching to collect
NWs on the TEM grid, the NWs were probably broken above the GaAs part of the NW.

3.2 Growth of GaAs/GaAsSb/GaAs axial heterostructured NWs

GaAs/GaAsSbh/GaAs axial heterostructured NW s were grown with 20 minutes, 30 seconds
and 5 minutes growth times for each respective segment. The TEM image of such NW is
shown in Fig. 5. The GaAs NW segment befae the GaAsSb insert exhibited a pure WZ
phase with almost no stacking faults. As can be seen in Fig.5(a) and the HRTEM image of
Fig. 5(c), the transition (marked as T1) from the GaAs WZ phase to the GaAsSb ZB phase
insert is very abrupt. In about 1/3 of th e studied NWs, a short (<5 nm) twinned ZB
transition region is observed at the start of the GaAsSb ZB insert. The second transition,
from the GaAsSb ZB insert to the upper GaAs NW segment (marked as T2), is shown by
HRTEM in Fig. 5(b). In most of the NWs, the defect-free GaAsS ZB insert was directly
followed by a few nanometers of a twinned GaAs cubic phase (ZB/3C). Above this
microtwin, a GaAs 4H polytype phase is formed, before the GaAs NW segment again
returned to a WZ phase. The length of the GaAs 4H polytype phase is varying between 20
and 40 nm depending on the NW diameter. The WZ phase of the upper GaAs NW segment
contains randomly spaced stacking faults, small regions of 4H and twinned ZB, as can be
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Fig. 5. Dark-field (a) and high -resolution (b, ¢) TEM images of a typical heterostructured
GaAs/GaAsSb NW. (d), (e) and (f) are Fast Fourier Transforms (FFT) of HRTEM images of
the GaAs 4H polytype above the insert, the GaAsSb ZB inset and the GaAs WZ phases
below the insert, respectively (Dheeraj et al., 2008b). © 2008merican Chemical Society.

seen in Fig. 5(a). Fast Fourier transforms onHRTEM images of the 4H, ZB and WZ phases
are shown in Figs. 5(d), 5(e), and 5(f),respectively. The appearance of a1/4(0002) reflection

in Fig. 5(d) (indicated by a thick circle) confirms a GaAs 4H polytype phase with the
stacking sequence of ABCBABCB....

The 4H polytype structure is well known in bulk form in wide band gap materials such a s
SiC and AIN. The 4H polytype of SiC is studied in detail due to its superior electron
mobility (Meyer et al., 2000). The understanding of the NW growth conditions favoring the
formation of the 4H polytype in 1llI-V materials that normally grow with a cubic ZB p hase is
thus an intriguing topic. Th e presence of a 4H polytype phase in GaAs and AlGaAs NWs
was shown by Soshnikov et al., 2005. We believethat the 4H polytype is the intermediate
phase between the ZB andWZ phases. As suggestedby Dubrovskii et al., 2008 the gradual
change in the supersaturation conditions could lead to the formation of intermediate
structures such as cubic twins and a 4H polytype phase and delay the formation of the WZ
phase. It is reasonable to believe that the supersaturation is gradually increasing after the
shut off of the Sb flux and that this induces the 4H polytype crystal structure. However, no
Sb was found above the insert, or in the gold particle by EDX, as mentioned above.

3.3 Effect of Sb on the crystal structure of NWs:

The understanding of the effect of Sb on the ciystal structure of these NWs is very crucial.
According to a recent model proposed by Glas et al., 2007, the crystalline structure of NWs
depends on the orientational position (ZB or WZ ) taken by the critical nucleus of each new
monolayer. This is determined mainly by the following parameters: the stacking fault
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energy in the bulk ZB phase, the energy ), (j = ZB or WZ) of the lateral interface between
the NW sidewalls and the vapor (V) phase, and the chemcal potential difference
(supersaturation) ! Iis of the liquid (L) phase with respect to the solid (S) phase. WZ
formation in NWs of a given material requires two conditions: a facet energy lower for WZ
than for ZB and a supersaturation ! is higher than a material-d ependent critical value ! I..
The latter scales with the stacking fault energy, which is about 20% higher in GaSb than in
GaAs (Takeuchi & Suzuki, 1999). Moreover, according to the model of Glas et al., 2007, we
expect | icto increase if the difference %S * decreages. This difference should indeed be
lower in GaAsSh, since the cohesive energy ofGaSb is about 10% less than that of GaAs
(Phillips, 1973). Hence, ! i could be significantly larger in GaAsSb than in GaAs. This could
be enough to offset the balance in favor of ZB nucleation in GaAsSb NWs, even if ! i s does
not change much. On the other hand, the addition of Sb in the vapor phase could induce a
significant change of | i.sin the liquid catalyst. If ! I s decreases, this change would also be
in favor of ZB nucleation. However, for the quaternary system (Au-Ga-As-Sb) considered
here, there is no suitable thermodynamical data from which the change of ! I s induced by
Sb can be predicted. Therefore, at the preent stage, we cannot define which phenomenon
prevails to explain the ZB structure of [111]B-oriented GaAsSb NWs. It can be due to either
an increase of ! i or decrease of ! i s (or both).

Al (meVipair) Ayl (meVipair) Al (meVipair)
A 4 WZ A
4H polytype
ks WZ #Gm e WZ
Aps => Y © Aps P
4H polytype e v ZB : 4H polytype A .
A Auti2y Ap“w-.pm &

ZB s = ZB

(a) GaAs NW growth (h) GaAsSh insert growth {(c) Initial GaAs NW growth just

(Sh valve open) after the growth of the GaAsSh

msert (Sh valve closed)

Fig. 6. Schematic illustrations of the possible configurations of the chemical potential
difference ! I s (red and black arrows) and material -dependent critical supersaturation ! .
(red and black horizontal lines) at different st ages of NW growth (Dh eeraj et al., 2008b).
© 2008 American Chemical Society.

According to the HRTEM results, the most likely explanation for the ph ase transitions at the
interfaces (T1 and T2 in Fig. 5) is that they are induced by thechanging of both ! icand ! iis
due to the introduction of Sb flux while growing. It should be noted that the chemical
potential difference (supersaturation) | I sis gradually varying with time when the Sb flux
is opened or closed, whereas the materiatdependent critical supersaturation value ! I is
instantaneously changed between its corresponding values p°**%* and 4 for GaAsSb

and GaAs, respectively. We believe that this is the main reason for forming two different
interfaces at T1 and T2, and the detailed discussion is described in the following. According
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to the NW growth models by Glas et al., 2007, and Dubrowskii et al.,, 2008, the
supersaturation value for the Au liquid droplet (! I s) required to nucleate the 4H polytype
phase is higher than for the ZB phase, and the WZ phase is hgher than for the 4H polytype
phase, as shown in Fig. 6. As the GaAs NW grows, the chemical paential difference | i sis
L in the WZ phase region (indicated with a red arrow in Fig. 6(a)). At the start of the
GaAsSb insert growth, the critical supersaturation value | I instantaneously increases to the
value required for the formation of the GaAsSb ZB phase (%) (black horizontal line in

Fig. 6(b)), whereas the chemicalpotential difference needs some time to gradually decrease
to the equilibrium condition (  x3**%, indicated by a black arrow in Fig. 6(b)) for the
formation of the GaAsSb ZB phase. However, the NWs should have ZB phase after
introducing Sb into the MBE chamber due to that ! s < #°°, and hence a sharp
interface occurs at T1. Reversely, afte turning off the Sb flux, even though | I

instantaneously goes back to 1, as shown by the red horizontal line in Fig. 6(c), ! Iisis

gradually increasing to the supersaturation value  u%*°. This gradual change in the
supersaturation condition could lead to the formation of intermediate structures such as
cubic twins and 4H polytype, and thus delay the formation of the WZ phase. This is,
however, just one possible explanation for why there are two different GaAs/GaAsSh
interface transitions (at T1 and T2) based on our HRTEM observations, and does not yet give

a complete description of the actual variations of ! iisand ! .

3.4 Growth of GaAs NWs with multiple GaAsSb inserts

We further demonstrate the growth of GaAs NW s with 4 GaAsSb inserts at an interval of
growth time of 10 minutes on GaAs(111)B substrates. More than half a dozen of NWs were
investigated by TEM and a typical NW is shown in Fig. 7. We could observe only three
GaAsSb inserts in a NW by TEM. We believe that the first insert could have broken during the
TEM sample preparation. The average growth rates of the three GaAsSb inserts and the
lengths of the GaAs segments between each inse were measured from the TEM image in Fig.
7 and the results are shown in Fig. 8. It is obseved that the average growth rate for the third
insert is higher than for the second insert. TEM investigation on a number of these NWs show
a similar increase in growth rate from the second to the third insert, while the growth rate of
the fourth insert is observed to either increase, remain constant or decrease as comparedo
that of the third. The same trend is observed for the GaAs segments above these inserts.

2 3 4
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Fig. 7. (2) TEM image of a typical GaAs NW with three of four GaAsSb inserts visible
(Dheeraj et al., 2009). © 2009 Elsevier.
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Fig. 8. Average growth rate of each GaAs segment and GaAsSlnsert of the NW shown in
Fig. 7 plotted versus the time at which half of the segment/insert is grown (Dheeraj et al.,
2009). © 2009 Elsevier.

The crystalline structure of the GaAs segments is observed to be dominated by the WZ
phase, whereas the GaAsSb inserts are observed tbe of ZB phase. This result is consistent
with the observations made before (Dheeraj et al., 2008a). The lower part of the GaAs NW
has almost no stacking faults and the transition from the GaAs WZ phase to the GaAsSb ZB
phase is always abrupt. The transition from th e GaAsSb ZB phase of the first insert to the
GaAs WZ phase above, however, exhibits a few nanometres of a 4H polytype phase
followed by some stacking faults up to a few tens of nanometers, before maintaining pure
WZ structure for a couple of hundred nanometers . This is a similar structure as depicted in
Fig. 5. Further, with the increase in length of the NWs, the density of stacking faults was
observed to increase in the GaAs segments. Interestingly, in spite of the higher density of
stacking faults present in the upper GaAs segments, all the upper GaAsSb inserts were pure
ZB without any twinning defects, and in addition the transition from the GaAs WZ phase to
the GaAsSb ZB phase and vice-versa is abrupt (i.eno 4H polytype). It is plausible that the
growth rate of the NWs affects the kinetics of the change in supersaturation levels required
for formation of ZB to WZ. Thus, we speculate that it is the sl ower growth rate near e.g. the
position of the second insert that helps the formation of intermediate phases such as the
GaAs 4H polytype, and as the growth rate of the NW increases, the change in
supersaturation levels instead instantaneously leads to the formation of a WZ GaAs phase
directly after the GaAsSb insert.

EDX investigations on the GaAsSb inserts revealed that the mole fraction of Sb was
increasing with the insert’s po sition along the NW. No signif icant relation between the Sb
mole fraction and either the lengths of the GaAsSb inserts or the diameters of the NWs was
observed. We believe the increase in Sb moldraction with the NW length could be either
due to increase in growth rate of the NW or due to decreasein the NW temperature with its
length. However, further investigation is needed to clarify which mechanisms that are
responsible for the change in Sbmole fraction along the NW.
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3.5 Growth kinetics of GaAs NWs and the formation of stacking faults

According to the VLS growth model proposed by Dubrovskii & Sibirev 2007, the most
predominant Ga adatom diffusion paths fa vouring the growth of NWs by MBE were
considered to be (a) diffusion of Ga adatoms onthe substrate surface to the NW base and (b)
diffusion of Ga adatoms from the NW base to the Au droplet along the NW sidewall. Part of
the Ga adatoms diffusing on the substrate could contribute to the growth of a 2D layer and
part of the Ga adatoms diffusing along the NW sidewall contribute to the radial growth of
the NW. We should point out here that, due to the design of the MBE growth chamber with
the incident angles of molecular beams being typically 57° to the substrate surface in our
case, the number of Ga adatoms hitting the NW sidewall increases proportionally to the
length of the NW until shadowing from adjacent NWSs sets in. This could lead to the increase
in the probability of Ga adatoms either diffusing to the Au droplet or adding to the radial
growth of the NW. As we hardly observed any radial growth of the NWSs, an increase in
axial growth rate of the NWs is quite plausible, which explains the increase in growth rate
from the second to the third GaAsSb insert (and likewise for the GaAs segments above these
inserts) , as was observed in the NW of Fig.7. As mentioned above, after a certain critical
average NW length, the growth rates of NWs were observed to either increase further,
become constant or decrease, which we believas dependent on the amount of shadowing of
the molecular beam from adjacent NWs. The amount of shadowing, which is time-averaged
due to the rotating substrate, will be diff erent from NW to NW due to the random
distribution of NW positions and the variation in length of adjacent NWs. In general,
shadowing will affect the growth rate relatively more for shorter NWs than for longer NWs.

It has been shown that the WZ phase is favoured above a certain critical liquid
supersaturation and that the ZB phase is prevailing below (Glas et al., 2007). The liquid
supersaturation is quite sensitive to the rate of incoming adatoms to the Au droplet and to
the rate of NW formation under the Au drople t, which could vary during the formation of
every monolayer of the NW, leading to fluctuations in supersaturation levels. If the
supersaturation is close to the critical supersaturation, these fluctuations could lead to the
bistable conditions favouring both WZ and ZB phase, leading to the formation of stacking
faults. The formation of the high density of st acking faults in the GaAs segment after the
third and fourth GaAsSb insert could be attr ibuted to fluctuations in the levels of
supersaturation caused by turning on and off the Sb flux. However, this argument is not
sufficient to explain the reason for the increase in the density of stacking faults with the
length of the NW.

Cornet et al., 2007, suggested thata decrease in the rate of itoming In adatoms to the Au
particle after a certain length of the InP NWs, lead to the formation of stacking faults due to
the decrease in supersaturation to bistable conditions where both WZ and ZB exists.
Conversely, we noticed an increase in the growth rate and density of stacking faults in GaAs
NWs with its length, indi cating that the formation of stacki ng faults is possible due to the
increase in growth rate of NWs. This is further corroborated by the presence of a high
density of stacking faults in the GaAs NWs grown under higher Ga flux equivalent to a
nominal planar growth rate of 1.8 MLs -1 (not shown here). Although little can be said about
the effects of increase in growth rate of NWs on change in supersaturation levels, these
results suggest that the formation of stacking faults introduced in the GaAs segment after
the third and fourth GaAsSb insert could be due to the coincidence of a change in
supersaturation conditions by turning on and off the Sb flux and the increase in t he growth
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rate of the NW. These results suggest that long and defect-free WZ GaAs NWs can be
obtained at a lower growth rate of NWs.

3.6 Growth of GaAs/AlGaAs radial heterostructured NWs

Here, we demonstrate the growth procedure of GaAs/AlGaAs radial heterostructured core-
shell NWs, with strongly enhanced photolumines cence efficiency from the GaAs core due to
the shell passivation of surface states (Zhou et al., 2009). GaAs NWs were first grown for 25
minutes in the MBE chamber at the growth conditions mentioned earlier. The growth o f
AlGaAs was initiated by introducing the Al flux towards the substrate by opening the
shutter in front of the effusion cell. The temperature of the Al effusion cell was preset to
what would yield an Al GaixAs layer with x equal to 0.3 or 0.6 on a GaAs(001) substrate.
The V/III flux ratio was kept constant for both Al fluxes used by adjusting the As, flux. For
the (nominal) Al ¢3Gao7As shell samples, the shell growth times were 1 min, 5 min and 15
min, whereas for the (nominal) Al ¢¢GagsAs shell samples, the shell growth times were 0.5
min, 2 min and 7 min. The Al, Ga and As4 fluxes were shut down simultaneously at the end
of the AlGaAs shell growth and the substrate temperature immediately ramped down to
room temperature. The as-grown NWs were characterized by SEM to systematically
investigate the morphology of the GaAs core NWs and GaAs/AlGaAs core-shell NWs with
different growth times and Al contents. 45°-tilted view SEM images of the GaAs core NWs
and the GaAs/AlGaAs core-shell NWs are shown in Figs. 9 (a-c). For determination of the
geometric sizes of the as-grown NWs, 40 NWsfor each growth condition were randomly
chosen from the SEM images.

&

Fig. 9. 45°-tilted SEM images of the GaAscore NWs grown for 20 min (a), with Al ¢3Gap 7As
shell grown for 15 min (b), and with Al ¢¢Gap 4As shells grown for 7 min (c). Scale bar is 200
nm (Zhou et al., 2009).

The GaAs core NWs grew predominantly perp endicular to the substrate surface ([111]B
direction) with a constant diameter over its length. The length of the NW is defined fro m the
GaAs surface of the buffer to the tip of the NW. The diameters of the GaAs core NWs are
varying from 10 nm to 25 nm and the lengths of the NWs are ranging from 240 nm to about
1.2 um. The lengths of the GaAs core NWs wee observed to decrease with increasing
diameter. It confirms that growth of the NWs is fed by diffusion of adatoms from the s urface
of the substrate and/or from the sidewalls to th e Au droplet at top of the NWs, as described
by Dubrovskii & Sibirev, 2007. However, this behavior did not retain after the initiation of
AlGaAs shell growth, which could be due to th e deposition of Ga and Al adatoms directly
on the NW sidewalls by a vapor solid (VS) growth mechanism.

No tapering was observed in any of the investigated GaAs NWSs, whereas tapering was
observed in the GaAs/AlGaAs core-shell NWs. Tapering is often observed when the length
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of the NWs exceeds the diffusion length of group Ill adatoms impinging on the NW sidewall
as mentioned in 1.1. It is well known that Al is very reactive. Consequently, the effective
surface diffusion barrier is higher for Al adat oms (~1.74 eV for AlAs grown on AlAs (001))
than for Ga adatoms (~1.58 eV for GaAs grown on GaAs (001)) (Shitara et al., 1993). This
results in a shorter adatom diffusion length fo r Al compared to Ga, whereby radial sidewall
deposition becomes more pronounced leading to a tapered morphology for GaAs/AlGaAs
core-shell NWs. The tapering of the core-shell NWs becomes much more pronounced with
increasing shell growth time and higher Al content. Also, we observed that both the mean
diameter and the mean length of the NWs are increasing with increasing shell growth time,
which shows that the AIGaAs shell grows in both axial and radial directions.

Comparing the Al ¢ 3Gap 7As and Al o 6Gap 4As shell growth, we find an increasing radial and a
decreasing axial growth rate of the AlGaAs shell with an incr eased Al content. At the same
time, the mean volume of the GaAs/AlGaAs core-shell NWs quickly increases when the
AlGaAs shell is formed, e.g. about 90 and 60 times for samples with 30% Al and 60% Al,
respectively, compared to the mean volume of the NWs without AlGa As shell. This is
consistent with an observed decrease in the growth rate of the 2D layer with increase in shell
growth time, where the 2D layer height is measured by the distance between the
Alo3Gap7/As marker layer in the buffer and the to p surface of the sample in the cross-
sectional SEM image.

The observed rapid increase ofthe NW volume with the AlGa As growth time could be due
to the shorter diffusion length of the Al adatoms as well as to the increasing collection area
of the sidewalls of NWs with the increasing shell growth time. NWs collect Ga and Al
adatoms in three different ways; (1) diffusion from the substrate surface, (2) direct
impingement on the NW sidewa lls, and (3) direct impingement on the gold droplet. A
larger area of the NW sidewalls (effective collection area = length x diametéris obtained
when NWs get longer, whereby th e NWs can collect more Al and Ga adatoms. At the same
time, the shorter diffusion length of the Al also contributes to trap more and more Al and Ga
adatoms migrating on the sidewalls of the NW s. Both of these two factors enhance each
other, which results in a very fast increase of the NW volume. After the AlGaAs shells start
to grow, the total flux impinging on the sample surface should remain constant. The
AlGaAs either deposits on the NWs or on the substrate surface. Once NWSs can capture more
AlGaAs with a larger area of NW sidewalls, a slower growth ra te of the 2D layer should be
expected. A decrease in the growth rate of the 2D layer with th e increase in growth time of
the AlGaAs shell is also indeed what is observed (Zhou et al., 2009).

Finally, lower density of NWs was also found with increasing AlGaAs shell growth  time,
e.g. it is about 90 NWs/um 2 for the GaAs core NW sample and roughly 50 NWs/um 2 for the
sample with Al ¢3Gag 7As shell grown for 15 minutes. When the AlGaAs growth takes place,
there is a possibility that some of the shorter NWs (e.g. the GaAs core NWs ~250 nm) might
be buried by the 2D layer at the AlGaAs shell growth stage. We observed that both the
radial growth rate of the AlGa As NW shell and the growth rate of 2D AlGaAs increase with
increased Al flux, whereas the NW axial AlGaAs growth rate is not significantly changed for
average size NWs. The ratio beween the NW axial AlGaAs growth rate and the 2D AlGaAs
growth rate, of importance for NW burial, thus reduces with increase in Al flux. The ratio
will be even further reduced for shorter NWs by the fact that shorter GaAs/AlGaAs core-
shell NWs will get less Ga and/or Al adatoms compared to longer NWs due to both the
smaller sidewall collection area and the shadowing effect. The shadowing effect is induced
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by the inclined molecular beam with respect to the substrate normal (here ~37°). Due to this
effect, shorter NWs will be shadowed by longer neighboring NWs, which will also lead to a
reduced growth rate. Shorter NW's may therefore be completely buried by the 2D layer,
leading to a decrease in NW density.

Fig. 10(a) shows the [110] zone axis HRTEMimage of a typical GaAs core NW (14 nm
diameter). A HRTEM image of a typical GaAs/AlGaAs core-shell NW (Al (3Gap7As shell
grown for 15 minutes) is shown in Fig. 10(b). SAED patterns in Fig. 10(a) and 10(b) reveal a
wurtzite (WZ) crystal structure both in th e GaAs core and in the AlGaAs shell. By
comparing the HRTEM (Fig. 10(c)) and scanning-TEM images (zZhou et al., 2009) of the same
NW, it indicates that apart from radial AlGaAs growth, an axial AlGaAs is also grown on
top of the GaAs core. It can also be seen from HRTEM image (Fig 10(c)), that stacking faults
appear at the region where the axial AlGaAs starts to grow (by VLS) on top of the GaAs
core. At the same time, it also shows that theradial AlGaAs shell exactly follows the crystal
structure (including stacking faults) of the Ga As core. The interface between the GaAs core
and the radial AlGaAs shell is relatively sharp and the thickness of the radial shell along the
NW axis is highly uniform until the tapered AlGaAs NW region at the top. We have no
indication that Al is diffusing into the GaAs NW core for neither of the two studied shell
compositions. For the core-shell NW shown in Fig. 10(b) (Alp3sGao7As shell grown for 15
minutes), the diameter of the GaAs NW core is ~15 nm and for the whole core-shell NW ~
60 nm, which is consistent with the observations from SEM.

In addition, a high angle annu lar dark field STEM characterization performed on these NWs
(see Zhou et al., 2009) revealedhat the AlGaAs NW grown on the top of the GaAs NW is a
long (~ 800 nm) AlGaAs “core” with a radial Al GaAs “shell”, with different Al compositions

in the “core” and “shell”, respectively. The observation of forming self organized core-shell
structures is consistent with previous published results by Chen et al., 2007.

Fig. 10. HRTEM images of (a) GaAs coe and (b), and (c) a typical GaAs/Al ¢ :Gap 7As core-
shell NW, together with the sele cted area electron diffraction patterns (inset of image (a) and
(b) (Zhou et al., 2009).
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O

Fig. 11. a) Side view SEM image of the as-grown GaAs NWs. TEM (left) and HRTEM (right)
image of a GaAs NW with (b) and without (c ) stacking faults (Hoang et al., 2009). © 2009
American Institute of Physics.

3.7 Band gap of WZ GaAs

The newly observed WZ phase of the GaAs NWs raises questions about fundamental physical
parameters such as the band gap energy, ex¢on binding energy, carrier effective masses and
phonon energies. As mentioned earlier, it is necessary to grow the NWs without any stacking
faults to determine the bandgap energy of WZ material. The SEM image of the GaAs NWs
shown in Fig. 11 (a) depicts that there are two typical sets of wires: short wires (~ 2 im, and
large diameter ~ 60 nm) and long wires (~ 4 im, and smaller diameter ~ 30-40 nm). This is in
agreement with the model proposed by Dubrovskii & Sibirev, 2007, which shows that the
NWs with smaller diameter grow faster than NWSs with large diameter at the same flux.

From HRTEM characterization, it appears that the narrow and long NWs are associated
with stacking faults while the wide and sh ort NWs are free of stacking faults. These
observations are in agreementwith our previous report where we attributed the formation
of stacking faults to the faster growth rate of NWs (Dheeraj et al., 2009). Figs. 11(b) and 11(c)
show TEM images of a GaAs NW with and with out stacking faults, respectively. The right
panel in Fig. 11(b) shows a magnified image of a small portion of the same NW shown in the
left panel with clear appearance of stacking faults and is complemented with the electron
diffraction pattern shown in th e inset of Fig. 11(b). The right panel in Fig. 11(c) shows a
magnified image of the stacking fault free NW, indicating a pure WZ crystal structure for
this NW. From the TEM images of these two representative NWs and several others studied,
we conclude that narrow (and long) NWs appear to have a low density of stacking faults
associated with short ZB segments (~ 2 nm) sandwiched in between a dominating WZ
structures while wide (and short) NWs show a pure WZ crystal structure free of stacking
faults or ZB segments.
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Low temperature [-PL measurements from single WZ GaAs NWs show a PL emission band
at an energy of ~ 29 meV higher in comparison with the ZB GaAs free exciton emission
energy (1.515 eV). Some NWs exhibited PL ernssions from both ZB and WZ phases, at
~1.515 and 1.544 eV, respectivlg. The results are consistent with the HRTEM observation
that short ZB segments appear in the GaAs NWs that contain stacking faults.

Fig. 12 shows PL spectra from four single WZ GaAs NWs at 4.4 K. The 633 nm cw excitation
laser was defocused (spot size ~ 5im) so that individual NWs were entirely excited. The PL
emissions from all these NWs exhibited strong emission bands centered at ~ 1.535 eV. The
PL spectra display a broad emission range with several features which we now discuss in
detail. All NWs (wires 1 - 4) show an emission peak at 1.544 eV\(in wire 2 the peak appears
as a shoulder), 29 meV higher in comparison with the ZB GaAs free exciton emission energy
(1.515 eV). We suggest that this is the free esiton emission for WZ GaAs. There exist a few
recent results on the PL emission for WZ GaAs nanostructures but the results are
inconsistent. Martelli et al., 2007, reported the free exciton emission peak in WZ GaAs NWs
to be at an energy 7 meV higher compared with the ZB GaAs free exciton energy, while
Moewe et al., 2008, reported a 10 meV lowerenergy for WZ GaAs nano-needles. Our result
(~ 29 meV higher), however, is close to the resuts reported in some earlier theoretical works
(Mujica et al., 1995; Murayama & Nakayama, 1994; Yeh et al., 1992) where the WZ GaAs
band gap energy was predicted to be ~ 30 - 33 meV higher than for ZB GaAs.

- WZ GaAs NWs
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Fig. 12. [-PL spectra from four different NWs la beled 1-4 (Hoang et al., 2009). © 2009
American Institute of Physics.

Wires 1 and 2 exhibit narrow emission lines at ~ 1.54 eV, while a broader peak at lower
energy (~ 1.532 eV) is observed in all wires 1 -4. The origin of these emission bands are not
clear at the moment, but the emissions most probably result from excitons bound to defects
such as morphological irregulariti es or are impurity related. We note that in the PL spectra
of wires 1 and 2 there are also emission paks at 1.505 and 1.515 eVrespectively. These
peaks are close to the excitonemission energies in ZB GaAs NWs (Titova et al., 2006).
However, in wires 3 and 4, there are no indications of emission in this energy range. We
suggest that these weak emissions are associated with the ZB GaAs segments that are
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observed in the WZ GaAs NWs with stacking faults. Again, this result is consistent with
HRTEM results shown in Figs. 11 (b) and (c), where some GaAs NWs exhibit pure WZ free
of stacking faults (and ZB segments), while other NWs exhibit a low density of stacking
faults, which inherently possesses ZB phase.

In order to gain further insight of the observ ed emission peaks from these WZ GaAs NWs,
we have measured the temperature dependence ofthe PL spectra of wire 1 from 4.4 K to 70
K. Several observations were obtained from the temperature dependence of the various
peaks. The sharp emission peakat 1.54 eV (labeled 2) dominates at low temperature while
the GaAs WZ free exciton emission peak (labekd 1) only appears asa shoulder. As the
temperature increases, the sharp peak (2) dereases in intensity and disappears by 40 K,
above which only the free exciton emission peak remains.

The temperature dependence of the emission energies of peakd and 2 is plotted in Fig. 13,
and is compared with the emission energy of a ZB GaAs/AlGaAs core-shell NW as reported
by Titova et al., 2006. The solidlines are fits to the data of peaks 1 and 2 as well as the ZB
NWs from Titova et al., 2006, usng a modified form of the Vars hni equation (Cardona et al.,
2004). We note that the emission energies of the WZ free exciton (peak 1) and defect-related
(peak 2) peaks have a similar temperature dependence as the exciton emission energy of the
ZB GaAs NW. The defect-related emission erergy closely follows the free exciton energy
and quenches at ~ 40 K, suggestig that the emissions are not related to deep levels but are
rather excitonic in nature.

1.55
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Fig. 13. PL energies of peaks 1 and 2 (see texfis a function of temperature (Hoang et al.,
2009). © 2009 American Institute of Physics.

Hence, we conclude that PL measurements onsingle NWs at low temperatures reveal a
peak related to the WZ GaAs free exciton emission at an energy ~ 29 meV higher in
comparison with the free exciton emission energy in ZB GaAs. The WZ/ZB GaAs band
alignment is believed to be type Il with the ZB conduction band edge energy lower than for
WZ, in which case PL emission can be expecéd anywhere in the energy range from the WZ
GaAs band gap to even below the ZB GaAs band gap depending on the density, size and
distribution of the ZB segments. Our observatio n of weak emission peaks at energies close
to the free exciton energy in ZB GaAs for some NWSs, in combination with our HRTEM
images of some of the WZ NWs where stacking faults (inherently possessing ZB phase) are
observed, corroborates this view.
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Fig. 14. Room and low (4.4 K) temperature i-PL emission spectra from a single
GaAs/AlGaAs core-shell NW (Zhou et al., 2009).

3.8 Optical properties of GaAs/AlGaAs core-shell NWs

Fig. 14 shows RT and low temperature (4.4 K) i-PL emission spectra from the same
GaAs/Al (3Gap7As core—shell NW. For the investigated bare GaAs core NWSs, there is no
detectable PL signal at RT. The RT spectrum of the core-shell NWshows only GaAs related
emission at 1.431 eV (full width at half maximu m (FWHM) is ~49 meV). In contrast, at 4.4 K,
the spectrum of the core-shell NW shows both GaAs emission at 1.489 eV (FWHM is ~12
meV) and several PL peaks above 1.6 eV.

We note here that the emission energy (1.489 ey for the GaAs core is lower than the free
exciton energy (1.515 eV) of ZB GaAs. This isprobably due to the recombination from the
type 1l band alignment that can occur due to stacking fault created GaAs ZB segments
sandwiched in between a dominating GaAs WZ structure (Pemasiri et al., 2009; Hoang et al.,
2009). It is important to note that no PL emission was observed from bare GaAs core NWs at
RT. As has already been reported by several athors (Titova et al., 2006 Chen et al., 2007),
the shell in the GaAs/AlGaAs core—shell NW helps to increase the radiative recombination
efficiency by approximately two orders of magnitude through the suppression of non-
radiative surface recombination at the GaAs surface. As can be seen in Fig. 14, PL emissions
from both GaAs and AlGaAs are observed at low temperature.

The PL peaks above 1.6 eV are most likely related to recombination from carriers localized
in the AlGaAs region (~1 Im) at the top of the NW. The occurrence of several PL peaks is
believed to be due to some local composition variations (10-15%) in this AlGaAs region. It
has already been reported that for the axial VLS growth of AlGaAs on top of GaAs, a self-
formed AlGaAs core—shell structure is formed with a radial variation in the Al composition
(Chen et al., 2007). The existence of AlGaAselated PL peaks from the GaAs/AlGaAs core—
shell NWs suggests that there is room for improvement of the growth, especially by
reducing the axial growth of AIGaAs

3.9 Optical properties of GaAs/AlGaAs core-shell NWs with GaAsSb insert

The GaAs/GaAsSb/GaAs axial heterostructured NWs are very interesting due to that band-
structure in these materials is engineered not just by changing the crystal material but also
by the crystal phase. Here, we show that the crystal structure of the GaAs barrier on the
upper interface of GaAsSb insert can be alteed by introducing a growth interruption (GI)
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