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Abstract

Epitaxially grown ternary lll-arsenide-antimonide (III-As-Sb) nanowires (NWs) are
increasingly attracting attention due to their feasibility as a platform for the integration of
largely lattice-mismatched antimonide-based heterostructures while preserving the high
crystal quality. This and the inherent bandgap tuning flexibility of III-As-Sb in the near- and
mid-infrared wavelength regions are important and auspicious premises for a variety of
optoelectronic applications. In this review, we summarize the current understanding of the
nucleation, morphology-change and crystalphase evolution of GaAsSb and InAsSb NWs and
their characterization, especially in relation to Sb incorporation during growth. By linking
these findings to the optical properties in such ternary NW's and their heterostructures, a brief
account of the ongoing development of III-As-Sb NW-based photodetectors and light emitters

is also given.
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1. Introduction

Nanowires (NWs), characterized by nanoscale diameter,
high aspect ratio and large surface-to-volume ratio, are
considered premier building blocks for a variety of future
nanoelectronic and nanophotonic devices with potential
application areas ranging from biomedicine to quantum
information technology. Due to the unique 1D or quasi 1D
geometry with nanoscale footprint, NW's can circumvent the
stringent lattice matching criteria for thin film epitaxial
growth, bringing about a powerful vehicle for monolithical
integration of highly lattice-mismatched materials with high
crystalquality. The direct bandgap of most [II-V materials and
the ability to exercise precise control of the NW morphology
and position on the growth substrate are further critical
advantages that facilitate the successful realization of NW-
based optoelectronic devices. III-As and III-Sb in particular
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are among the most promising semiconductors for NW-based
applications. Utilizing these binary material systems, the most
efficient NW-based solar cell by direct bottom-up growth
method reported to date is made from GaAs [1], and the
fascinating concept of the Majorana fermion has been
explored using InSb NWs [2]. Going beyond binary II-V
and tunability of the NW
properties can be achieved by alloying additional elements.
Ternary and quaternary III-V systems provide an extended

materials, greater flexibility

platform that is a natural choice for the exploration of new
possibilities for III-V NW applications.

II-As-Sb NWs, especially the ternary alloys InAsSb and
GaAsSb, have been the focus of extensive research lately. It
has been shown that InAsSb can have much higher electron
mobility than InAs [3], and the strongest spin-orbit interaction
has been experimentally achieved at intermediate Sb contents
in zinc blende (ZB) InAsSb NWs, exceeding that ofboth InAs
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and InSb binary materials. In addition, GaAsSb-based NW
superlattices have shown single-mode lasing at room
temperature with record-low threshold for III-V NWs [4],
rendering III-As-Sb NWs of great promise for future light
sources and photodetectors.

Ten years has passed since the first explorations in the III-
As-Sb NW growth and quite a few prototype devices have
been reported. Thus, a dedicated and comprehensive review is
needed that specifically summarizes on the growth and
optoelectronic applications of III-As-Sb NWs, especially the
GaAsSb- and InAsSb-based NWs. In this review, we will go
further than previous reviews on III-Sb NWs [5,6], which
mainly described the growth of binary NW's and their physical
characteristics. Here, we will elaborate on the effects induced
by the incorporation of the third element, Sb, and the change
of properties for III-As-Sb ternary NW growth. By further
reviewing the band structures and optical
transitions/properties, we will discuss the current development
of photodetectors and light emitters based on GaAsSb and
InAsSb NWs in the end.

2. The growth of IlI-As-Sb NW's

An essential step in the successfulrealization of III-As-Sb
NW devices is to grow the structure in a controlled manner.
Mostearly results focused on the introduction of Sb based on
the growth conditions of binary III-As NWs.[7-10] This
utilized the fast development of GaAs and InAs NW growth
using metalorganic vapor-phase epitaxy (MOVPE) and
molecular beam epitaxy (MBE) on both HI-V and Si
substrates.[11-15]

Figure 1.(a) 45° tilted-view SEM image of as-grown GaAsSb
NWs grown on GaAs(111)B by Au-catalyzed MBE. (b)
Electron diffraction pattern showing the ZB structure with
twins. (c) High-resolution TEM image of the ZB crystal phase
with a twin plane formed in the center. (d) Dark-field image
obtained by using the (1-11) diffraction spot, marked by a
circle in (b), where the contrast come from different twins.
(Adapted with permission from [7]. Copyright 2008 IOP
publishing.)

The first successful growth of GaAsSb NWs, shown in
figure 1(a), was reported by Dheeraj et al. using MBE and a
Au-catalyzed growth method.[7,8] The electron diffraction,

high-resolution and dark-field transmission electron
microscopy (TEM) images in figure 1(b), (c) and (d),
respectively, show that the GaAsSb NWs exhibit pure ZB
crystal phase, which is surprisingly different from its GaAs
counterpart, which exhibits pure wurtzite (WZ) phase. The
growth of heterostructures was also achieved in the self-
catalyzed growth method by MBE, which presents a trend of
ZB to WZ to ZB crystal phase transition in the
GaAsSb/GaAs/GaAsSb system.[10]

At the pioneering stage, InAsSb NWs were successfully
grown on top of InAs NW stems by MOVPE, covering almost
the entire compositional range from InAs to InSb, as
exemplified in figure 2.[9] Since the Sb can significantly
reduce the contact angle of the catalyst due to the surfactant
effect, growth of InAsSb NWs is better promoted with larger
contact angle of the catalyst on top of an InAs stem on both
InP(111)B and InAs(111)B substrates compared to direct
growth without a stem.[6,9,16-18] Similar to the GaAsSb
inserts in GaAs NWs, the InAsSb segments also show a
tendency to form the ZB crystal phase and the WZ InAs to ZB
InAsSb transition has been consistently observed.[16,17]

Figure 2. SEM images taken at 30° tilt angle of InAs/
InAs1—xSbxNWs grown by MOVPE with increasing Sb molar
fraction, x=0.08, 0.31, 0.53, and 0.77. The scale bar
corresponds to 500 nm. (Reprinted with permission from [9].
Copyright 2011 American Institute of Physics.)

Recently, the direct epitaxial growth of III-As-Sb NW's has
been explored on II-V, Si and 2D materials without the use
of binary stems. This facilitates further development into
integrated NW-based optoelectronic devices. Conesa-Boj et
al. used the self-catalyzed method to grow high-yield GaAsSb
NW arrays on Si(111) substrate by MBE.[19] Remarkably, the
crystalphaseis pure ZB down to the first bi-layer on top of Si.
Similar to for GaAsSb, a dominant ZB phase has also been
observed for InAsSb NWs. Du et al. [20] and Anyebe et al.
[21] have grown InAsSb NWs on Si with self-seeded growth
methods by MOVPE and MBE, respectively. Both groups
reported that the lateral growth of NWs was significantly
enhanced with higher Sb flux, and the NW growth could be
ended with a film-like morphology when exceeding a specific
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flux. Du et al. further explored the MOVPE growth window
for InAsSb, and found that the vapor-solid growth mechanism
exists underhigh V/III ratio with low Sb flow rate fraction and
the vapor-liquid-solid growth happens under low V/II ratio
with high Sb flow rate fraction.[22] By optimizing the growth
condition using MBE and MOVPE, Potts et al. [23], Farell et
al. [24], Ren et al. [25], and Yang et al. [26] have shown that
InAsSb NWs can be grown in a catalyst-free regime that
achieves high density on GaAs(111)B, InAs(111)B,
InP(111)B and Si(111) substrates for random and positioned
array growth. In the window for self-seeded growth, Du et al.
explored the planar growth of InAsSb NWs on a Si substrate
and showed thatthe NWs grow along the surface projections
of the <111> family of crystal directions and that there exists
a strong correlation to the substrate orientation.[27] Besides
growth on semiconductor substrates, these NWs can even be
grown on graphitic and metal-induced crystalline Si
substrates. InAsSb NWs on a graphite substrate show a
morphology of aspectratio over 100 with the assistance of In
droplets during nucleation [28], and the growth of GaAsSb
NWs on a metal-induced crystalline Si substrate shows a
higher density of vertical NWs compared to the GaAs ones
[29].

2.1 Sb-induced effects on morphology

A general trend observed with Sb incorporation in III-As-
Sb NWs is that a higher Sb content will lead to an
enhancement of the radial growth. Using MOVPE, Borg et al.
grew a series of Au-catalyzed InAsSb NWs on top of InAs
stems and found that the thickness of the InAsSb segment
increases with higher Sb molar fraction, as shown in figure
2.[9] They attributed this behaviour to an increased In content
in the Au particle thatenlarges the NW diameter. Meanwhile,
Xu et al. observed a conformal shell formed with higher Sb
content over the axial growth of the InAsSb core by the Au-
catalyzed method using MBE, leading to a self-formed core-
shell NW with complex facets, as shown in figure 3(a).[16]
The scanning tunnelling microscopy (STM) images in figure
3(b) and (c) show that there is a surface morphology change
from InAs to InAsSb, as marked from region II to III in figure
3(a). This correlates well with the transition of the NW core
from WZ InAs to ZB InAsSb with rotational twins, which is
illustrated in figure 3(d). The high-resolution STM images in
figure 3(e) to (g) clearly show that there is Sb incorporation
radially for both the WZ nominal InAs and the ZB InAsSb
segments after supplying an Sb flux, and the Sb content is
higher in the ZB InAsSb than in the WZ nominal InAs
segment. This increased NW thickness with Sb incorporation
has also been observed in NWs grown by the self-catalyzed
method, indicating that the presence of Sb facilitates the radial
NW growth.[19,21,23,30] Density functional theory (DFT)
calculations have been performed to reveal the intrinsic
mechanisms of increased thickness in GaAsSb NWs, and

results show that the Ga binding energy to the side facet of
NWs is increased in the presence of Sb adsorbed on NW side
facets.[31] This will increase the chance for the Ga adatoms to
react with group-V elements and crystalize as radial growth.

Figure 3. (a) Tilted-view SEM image of an InAs/InAs;-,Sb,
NW heterostructure. Complex facets change along the NW
axis and are marked with [ and I of WZ nominal InAs and IIT
and IV of ZB InAsSb. (b) and (c) are large-scale and close-up
three-dimensional (3D) STM images of the NWs containing
nominal InAs and InAsSb segments. (d) 3D model close to the
interface between the top InAsSb and bottom nominal InAs
segments, where the high-resolution STM images (e), (f) and
(g) are taken on the NW sidewall of {110}, {11-20} and {1-
100} orientations, respectively. The scale bars are 80 nm in
(b) and (c) and 1 nmin (e) to (g), respectively. (Adapted with
permission from [16]. Copyright 2012 IOP publishing.)

Besides the observation ofan increased NW thickness with
Sb flux during growth, areduction in the axial growth rate has
also been observed. For MBE growth of self-catalyzed InAsSb
NWs on a Si substrate, it has been reported that an increase in
Sb flux causes shorter NWs.[21] Further, benefiting from the
self-catalyzed growth method for GaAsSb NWs, shown in
figure 4, the indirect kinetic influence via the Ga adatom
diffusion induced catalyst geometry evolution and the direct
composition modulation with Sb incorporation have been
proposed to explain the reduced axial growth rate with
increased Sb flux.[31] Larger amount of diffused Ga adatons
on the NW sidewalls were consumed as radial growth under
higher Sb flux thanin GaAs binary NW growth, and fewer Ga
adatoms could reach the catalyst particle. This reduces the
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contact angle of the Ga droplet and indirectly hampers the As
collection efficiency, which slows down the axial growth
rate. In addition, the incorporation of Sb will lead to a
reduction in the supersaturation fornucleation, which reduces
the axial growth rate as well.[31] Notably, the reduction of the
supersaturation with Sb incorporation has been further
corroborated by Li et al. [31] by varying both As and Sb fluxes
for self-catalyzed GaAsSb NWs and by Potts et al. [22] by
varying the Sb flux in the growth of catalyst-free InAsSb
NWs.

Figure 4. 45° tilted-view SEM images of MBE grown
GaAsSb NW arrays grown at 625 °C with Sb2 flux of (a) 2 x
10-7 Torr, (b) 4 x 107 Torr, (c) 6 x 10~7 Torr, and (d) 8 x 107
Torr. (Adapted with permission from [31]. Copyright 2016
American Chemical Society.)

Not only during the axial growth but as early as in the
nucleation stage can Sb incorporation play an important role
for the NW morphology. An Sb-induced reduction of the
catalyst contact angle has been proposed by Anyebe et al. that
correlates well with the thin film-like growth, instead of NW
formation, once the Sb content reaches 14.5 % using
MBE.[21] For MOVPE growth, Yuan etal. flushed the surface
of GaAs(111)A substrate with trimethylantimony (TMSb)
precursorat 420 °C, which helps to adjust the contact angle of
the Au catalysts and promote the vertical growth of GaAsSb
NWs in (111)A direction, instead of forming crawling surface
NWs or tilted NWs in the (111)B direction.[32] Hence, Sb has
a pronounced role on the nucleation, the morphology and the
catalytic growth of III-As-Sb NWs.

2.2 Sbinfluence on the crystalphase

One of the most promising features of the NW geometry
for applications is the flexibility to tune the crystal phase,
which brings about new degrees of freedom to create
heterostructures.[33] Different from the binary NWs, whose

crystal phase has been suggested and confirmed to be
determined by the contact angle of the catalyst [34-36], the
incorporation of Sb can lead to a WZ to ZB phase transition,
as shown in figure 5(a) and (b) for Au-catalyzed [8] and self-
catalyzed growth [10], respectively. Since the incorporation of
Sb should lead to a reduction in both the surface energy and
the contact angle of the catalyst, resulting in a phase transition
in the opposite direction, ie. ZB to WZ,J[31,32,37] the
commonly observed WZto ZB phase transition by adding Sb
into binaries should originate from the change in
supersaturation.[7,8] With the advent of the self-catalyzed
growth method, the crystal phase complexity for quaternary
alloys (Au-Ga-As-Sb) in the catalyst can be simplified into
ternary systems (Ga-As-Sb), which could further help to
figure out the Sb-induced crystal phase effects.[10,31] As
documented in the literature, the Ga-As-Sb liquidus isotherm
is quite insensitive to the compositional change in Sb
compared to As near the self-catalyzed growth condition.[38]
Considering an increased chemical potential of the solid phase
with Sb incorporation into GaAs, DFT calculations have
shown that the supersaturation will be reduced with Sb
incorporation, which is in accordance with the composition-
dependent pseudobinary liquidus and solidus lines for GaAs-
GaSb under equilibrium conditions.[31,39] Besides Sb
incorporation, the supersaturation could be further reduced by
the enhanced radial growth in the presence of Sb. This results
from the radial growth induced contact angle reduction of the
catalystdroplet, which causes areduction in the As collection
efficiency and is discussed in Section 2.1. Since a low
supersaturation favors ZB formation, this indirect kinetic
influence via the Ga adatom diffusion induced catalyst
geometry evolution can also facilitate the ZB formation with
Sb incorporation. By further applying these effects into the
crystal phase diagram between WZ and ZB shown in figure
5(c), the arrow indicates the crystal phase evolution with Sb
incorporation into for example GaAs.[31] To further exclude
the influence of the contact angle, Sb has been incorporated
into very short WZ GaAs stems. This can exclude the Ga
diffusion influence due to a very short catalyst to substrate
distance, and it indeed shows a WZ to ZB crystal phase
transition with a relatively sharp interface from GaAs to
GaAsSb, as shown in figure 5(d). We note that the
thermodynamic influence on the growth of NWs with ternary
or even quaternary material systems can be further studied
using computational methods, e.g. the CALPHAD method in
combination with DFT calculations.[40,41] Meanwhile, the
influence of surface energy can also be exploited using DFT
calculations with detailed information on the surface
reconstruction, which could be attained by in-situ STM
characterization.[42]
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Figure 5. (a) Dark-field STEM of a GaAs/GaAsSb/GaAs
heterostructure NW. (Adapted with permission from [8].
Copyright 2008 American Chemical Society.) (b) HRTEM
image of the axial GaAsSb/GaAs/GaAsSb heterostructure
taken in the <-110> zone axis. Inset FFTs are given for each
material, indicating the cubic ZB structure of the GaAsSb and
hexagonal WZ structure of the GaAs in the center. Stacking
faults are visible at the GaAsSb-GaAs interface but the switch
back to GaAsSb is abrupt. (Adapted with permission from
[10]. Copyright 2010 American Institute of Physics.) (c)
Crystal phase equilibrium diagram, indicating a transition
from WZ to ZB by Sb incorporation in GaAs NWs. (d) False-
color dark-field image showing a sharp transition from the
bottom WZ GaAs, with length around 100 nm, in red, to the
top ZB GaAsSb in green. (Adapted with permission from [31].
Copyright 2016 American Chemical Society.).

1.0

WZ to ZB transition due to the
supersaturation/compositional influence was discussed in the
last paragraph. However, the addition of Sb during growth can
also change the contact angle of the catalyst and the surface
energy at the growth frontier. This can induce a reverse crystal
phase transition, i.e. from ZB to WZ.[43] Hence, fine-tuning
the Sb flux, to affect supersaturation, surface energy and
contact angle of the catalyst, can be an efficient way to
engineer the crystal phase for both WZ and ZB growth in
NWs. It has been well accepted that the growth of GaAsSb or
InAsSb is one of the most effective methods to acquire stable
7B crystal structure.[8,19,23,26,31,44,45] However, WZ NW
growth can be desirable, e.g. in engineering the polarization of
light emitted from the GaAs/GaAsSb heterostructured NWs
[46]. Due to the difficult controllability of the catalyst, it was

A dominant

for a long time a challenge to grow stable WZ GaAs NWs by
the self-catalyzed method. By growing a ZB GaAsSb
segment, the contact angle of the catalyst can be reduced such
that the growth of WZ GaAs is promoted.[47] This provides
an effective way to achieve WZ GaAs NWs without
introducing foreign catalysts. Except for the above-mentioned
influential factors, the change of surface energy by Sb
incorporation could also correlate with the crystal phase
evolution. By increasing the Sb flux for self-seeded InAsSb
NW growth, the NW's shift preference from ZB to WZ to ZB
prevailing crystal phase during the growth.[45] The first ZB
to WZ transition can be well explained by the change of the
surface energy from ZB to WZ, which can be drawn as a
horizontal arrow from right to the left in figure 5(c). In
addition, the polarity of the substrate can play an important
role in the crystal phase purity of GaAsSb NW growth due to
surface energy variations. This can change the contact angle
of the catalyst and further influence the possibility of stacking
fault formation. By growing GaAsSb NWs on an A-polar
GaAs(111) substrate and further controlling the dynamic
movement of the Au catalyst to incline on the NW sidewall,
kinked Au-catalyzed GaAsSb NWs with ultra-pure ZB crystal
phase can be grown.[18,32,43] Notably, also epitaxially
grown InSb NWs with WZ phase and even ZB twinning
superlattice have been demonstrated and show the possibility
of obtaining other crystal phase than ZB and crystal phase
superlattices in NW's with high-Sb content.[48-50]

2.3 Core-shellstructures

As was discussed in section 2.1, the presence of Sb adatoms
on the NW sidewalls causes enhanced radial growth for III-
As-Sb NWs as compared to the growth of IlI-As NWs. Due to
different growth modes of radial vapor-solid and axial vapor-
liquid-solid, it is expected that there exists a composition
variation radially in the self-formed core-shell structure,
especially considering the different diffusivity of As and Sb.
Xu etal. [16] reported that during the growth of Au-catalyzed
InAsSb nanowires, a conformal InAsSb shell with higher Sb
content than the core was formed. This radial growth of self-
formed InAsSb shell should follow the nucleation and step-
flow mechanism proposed in the growth regime of the vapor-
solid method.[17] However, it is not always true that the radial
growth has a higher Sb content. Due to the polarity-driven 3-
fold symmetry, similar to what was observed in the AlGaAs
system [51,52], the self-catalyzed GaAsSb NWs can have a
relatively inhomogeneous GaAsSb shell with a lower average
Sb content and a homogeneous GaAsSb core of higher Sb
content,as shown in figure 6.[19] This quite distinct variation
of the Sb contentin the self-formed core-shell structure is
growth condition-dependent and should be specifically
considered in relation to the catalyst composition and the
specific growth window.[53]
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(a) (c)

Figure 6.(a—d) Cross-section TEM image in the [-1-1-1] zone
axis and associated energy dispersive X-ray spectroscopy
(EDS) maps taken at the bottom (a,b) and top regions (c,d) of
an MBE grown self-catalyzed core-shell GaAsSb NW. The
composite EDS maps showthe signal for As (green color), Ga
(red color), and Sb (blue color); the yellow/green regions at
apexes and interfaces are Sb-poor, with about 10% less Sb
than in the violet regions. (Adapted with permission from [19].
Copyright 2014 American Chemical Society.).

In addition to the over growth-induced core-shell structure
formation, a near-surface depletion of Sb in the radial
direction of self-catalyzed GaAsSb NWs grown by MBE has
been observed.[54,55] By making two electrical contacts to
top and bottom sections, respectively, of a single GaAsSb
NW, reproducible rectifying behavior has been observed for
Sb molar fractions below 0.5.[44,54] This shows promise for
applications based on single NW devices, e.g. photodetectors,
without complex doping or post-growth fabrication. Low-
frequency noise measurements have been performed on such
a single NW device with self-induced compositional
gradients, and the noise has been found to follow a typical 1/f
behavior with the Hooge's noise parameter and an interface
trap density of ~ 22x102and ~ 2x102eV!cm?2,
respectively.[56]

In comparison to the self-formed core-shell structure,
intentionally grown core-shell structures bring about new
possibilities for fine tuning the composition in a wider range
with better control. In self-catalyzed growth, the catalyst can
be easily solidified by only supplying group-V flux, which
further benefits radial growth without unwanted axial growth,
in contrast to the Au-catalyzed growth. The schematic
illustration of the growth of a GaAsSb shell over a GaAs NW

core, can be seen in figure 7. Using this scheme, a wider range
of Sb incorporation, up to an Sb molar fraction of 0.3, has been
realized in self-catalyzed GaAs/GaAsSb core—shell NWs
directly grown on Si(111) substrates by MBE, covering the
miscibility gap of the GaAsSb ternary alloy.[57] In addition,
a WZ GaAsSb shell can be formed by copying the core crystal
phase, and this can help torealize the WZ crystal phase, which
is challenging to achieve with significant amount of Sb used
for the axial growth.[57,58] Efforts have been made using
core-shell structured GaAsSb NWs to achieve optical
emission in the telecom wavelength band, and
photoluminescence (PL) emission at ~1.3 um has been
observed by tuning the growth temperature and V/III ratio for
both GaAs/GaAsSb and GaAs/GaAsSbN systems.[59,60] By
further growth of a double-shell configuration, the optical
emission intensity can be further enhanced.[60]

Ga droplet

(a) (b)

Figure 7. Schematic illustration of (a) a self-catalyzed GaAs
core NW directly grown on Si(111) substrates. (b) A
GaAs/GaAsx Sbi—xcore-shell NW where the GaAsxSbi— shell
is grown after a Ga-solidification process. Magnified SEM
images of (c) a self-catalyzed GaAs NW directly grown on the
Si substrate and (d) a GaAs/ GaAsx Sbi— core-shell NW. The
scale bar for (c) and (d) is 100 nm. Cross sectional (e) top and
(f) side schematic view of the GaAs/ GaAsx Sbi— core-shell
NWs. (Reprinted with permission from [57]. Copyright 2013
IOP publishing.)

Other than the GaAs/GaAsSb core-shell structure,
GaSb/InAsSb and GaAsSb/InAs systems have also attracted a
lot of attention due to their interesting electrical behavior. An
InAsSb shell grown overthe GaSb NW core has been reported
to lower the barrier for carrier injection and further enhance
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the room temperature field-effect mobility from 42 for GaSb
bare core to 200 cm?/(V-s) with InAsSb shell at room
temperature.[61] This further facilitated low-temperature
quantum transport with quantum dots and large spin-orbit
interaction in these materials.[62] Another interesting feature
of these material systems is the controllability of intrinsic
doping. Since nominally intrinsic InAs and GaSb NWs are
unintentionally n-type and p-type semiconductors,
respectively, the transport characteristics can be tuned by
varying the composition and shell thickness and natural p-n
junctions can be formed for infra-red applications.[63—65]

2.4 Bandgap tunability

The strong dependence of the III-As-Sb bandgap on the Sb
content, which will be discussed in greater detail in section 3,
opens up the possibility of tailoring the band alignment of NW
heterostructures through precise compositional control for the
purpose of a specific application. Due to an existing
miscibility gap in the III-As-Sb material systems, it is thus
both theoretically interesting and practically useful to explore
the growth of III-As-Sb NWs in a wide compositional
range.[66]

It is most convenient to tune the composition of III-As-Sb
NWs by the Au-assisted growth method due to the wider
growth window and stable Au catalyst particles. Sb nominal
molar fraction from 0.08 to 0.75 has been demonstrated by
directly growing InAsSb NWs on an InAs(111)B substrate
using MOVPE.[53] It was found that the Sb content does not
significantly vary with growth temperature between 435 and
480 °C, and the NW length decreases with increasing
temperature, indicating that the axial growth rate is rather
insensitive to Sb precursor flow whereas supersaturation has
an important influence on the axial growth. In Au-catalyzed
growth, the Sb content in the solid phase does not change with
In precursor flow. Interestingly, there is a transition from Au-
catalyzed growth to In-seeded growth with increasing the
TMIn flow and for V/III ratios less than 50. This change from
a Au-catalyzed mechanism to an In-catalyzed growth can help
achieve high Sb contents, e.g. of the order of 0.75. [53]

There is a specific interest for tuning the bandgap of
GaAsSb NWs in the near infrared to cover the wavelengths of
1.3 and 1.55 pm, which are in high demand for telecom
applications. Self-catalyzed GaAsSb NW arrays have been
grown using MBE with both high yield and good
morphological uniformity.[31] The room-temperature PL
demonstrates that the emission energy can be tuned from
1.422 to 1.219 eV by only adding Sb flux under the growth
condition of GaAs NWs, which corresponds to Sb molar
fraction of up to 10 %.[31] In comparison to the low-Sb
content NW growth, which is compatible with the GaAs NW
growth window, the growth of high-Sb content NW's is much
more challenging for the self-catalyzed growth method.
Growth of self-catalyzed GaAsixSbx NWs with Sb molar

fraction x of 0.6 has been demonstrated directly on Si, but
further increasing the Sb flux and reducing the As flux results
in thin film morphology rather than NW growth, as shown in
figure 8. This is attributed to a surfactant effect of the Sb atoms
that impedes the successful formation of Ga catalyst droplets
with preferential contact angle suitable for NW growth. To
address this, Li et al. [44] grew a GaAs stem prior to the
growth of a GaAsSb segment. This helps increase the contact
angle of the catalyst and promotes axial NW growth under
high-Sb content conditions, preventing the formation of a thin
film-like morphology.

Increase Sb content by increasing Sb flux

Increase Sb content by reducing As flux

Figure 8. Side-view SEM images of self-catalyzed GaAsi-
xSbx NW's grown on Si(111) substrates by MBE. (a—c) GaAs1-
xSbx NWs with different Sb content were obtained by
increasing the Sb flux and corresponding x values are 0.18,
0.27, and 0.35, respectively. (d—f) GaAsi—xSbx NWs with
different Sb content were obtained by reducing the As flux and
corresponding x values are 0.30, 0.60, and 0.75, respectively.
(Adapted with permission from [44]. Copyright 2014
American Chemical Society.)

Another important measure for growing high-Sb content
NWs with the self-catalyzed MBE growth method is
decreasing the growth temperature in order to increase the
supersaturation. As is shown in the GaAs-GaSb binary phase
diagram, the solid-liquid equilibrium temperature drops with
higher Sb content.[39] This suggests that the supersaturation
inside the Ga catalyst will be reduced significantly with higher
Sb flux. Since the supersaturation is the driving force for NW
nucleation and growth, reducing the NW growth temperature
would be a reasonable means to compensate for the
supersaturation loss with Sb incorporation.[31,67] Both Li et
al. [44] and Ahmad et al. [68] adopted a two-step growth
method to facilitate Sb incorporation. At ~ 500 °C with high
VI flux ratio, axial GaAsSb NW segments were grown on
GaAs NW stems with an Sb molar fraction of 0.93 by using
background As pressure inside the MBE chamber. By
exploring the growth windows, almost full composition range
from GaSb to GaAs has been covered using self-catalyzed
MBE growth.[44,68,69]
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Instead of using a two-step growth strategy with higher Sb
content, the formation of dilute-nitride GaAsSbN can tune the
bandgap of ternary NWs with only minor nitrogen
incorporation, as explained by the band anticrossing
theory.[70] However, the areal density of NWs has been found
to be reduced with higher Sb content. This is correlated with
the consumption of the Ga flux into parasitic crystals formed
on the substrate due to the presence of a higher group-V flux
background. By measuring the PL at low temperature, the
bandgap of dilute-nitride GaAsSbN has been found to be
reduced to 1.1 eV.[71]

Due to random variations of the local environment during
growth of self-assembled NWs, it is advantageous to have NW
arrays with identical growth conditions for each NW. This is
best achieved by growing ordered NW arrays with a well
defined inter-NW separation, or pitch. Compared to binary
NWs, an extra compositional variation could also exist for
ternary NWs due to different elemental characteristics, e.g. the
diffusion distance along the NW sidewalls. Sharma et al. [72]
found that the re-emission from NW side-facets is dominant
for small pitch morphology, and the surface re-emission from
the substrate plays a major role in patterns with larger pitch,
following a mass-continuity model developed by Gibson et al.
[73]. This also correlates with a red shift of the PL emission
for patterns with larger pitch length. Meanwhile, a lower
contact angle will decrease the As collection efficiency, which
takes place in patterns of small pitch length.[30,72]
Considering that Sb has a longer diffusion distance than As,
this leads to a higher Sb composition with smaller droplet
contact angle, which has been confirmed by PL measurements
on position controlled NW samples.[30]

2.5 Compositional characterization

To understand the growth and properties of III-As-Sb NW's
as discussed above, compositional characterization is of
significant importance. X-ray diffraction has been widely used
for thin film characterization, and it is applied to evaluate the
composition of III-As-Sb NWs in general as well. Although
this macroscopic characterization technique is powerful and
robust enough for the purposes of obtaining an overview,
localized characterization is preferable due to the microscopic
inhomogeneity of the NW composition.

Energy dispersive X-ray spectroscopy (EDS) in scanning
transmission electron microscopy (STEM), ie. STEM-EDS,
is the most commonly used analytical tool for compositional
characterization. It can provide localized compositional
information by focusing the electron beam to a very tiny spot,
usually around 1 nm, and scanning it over a targeted area.
However, there are drawbacks. For example, the accuracy of
k-factors used in the composition calculations is limited, the
signal-to-noise ratio is often low and there are orientation-
dependent effects that can influence the results [74]. The
spatial resolution is also dependent on the TEM specimen

thickness and overlap between regions with different Sb-
content. By making a cross-section slice perpendicular to the
axial axis from a III-As-Sb NW, the axial compositional
variation can be identified. For example, using this technique
on a core-shell GaAsSb NW, an Sb-poor shell over an Sb-rich
core structure could be visualized, and for several axial
positions, as depicted in figure 6(b) and (d).[19] More accurate
but labor intensive than STEM-EDS is quantitative high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). This quantitative method for evaluating the
Sb distribution inside NW structures is based on normalizing
image contrast relative to the incoming beam and comparing
the results to simulations.[75,76] The better sensitivity and
improved spatial resolution and accuracy allowed identifying
an out-diffusion induced near-surface depletion of Sb in axial
GaAsSb segments and GaAsSb NWs, which matches very
well the developed diffusion model [46] and explains the
rectifying  behaviour from  as-grown single NW
devices.[54,55]
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Figure 9. Tunneling spectraacquired on (i) the pure GaAs top
segment and (i) the shell surrounding the GaAso.siSbo
segment of a GaAs/GaAso.81Sbo.19/GaAs heterostructured NW,
as well as (iii) a GaAso.50Sbo.soNW.All spectra were acquired
at 77K with tunneling conditions of (i) 1.6V, 0.8nA, (i)
1.6V, 0.8nA, and (ii)) —1.0V, 0.5nA. Spectra (ii) and (iii)
have been shifted for clarity. The conduction (Ec) and valence
(Ev) band edges are indicated by vertical line segments, while
AEc and AEv correspond to the band offsets between GaAs
and the GaAsos1Sbo.19core. Inset: Energy band diagram of the
radial GaAs/GaAso31Sbo.19 heterostructure, the arrows
indicating the tunneling of electrons from or into the
GaAso.81Sbo.19 core through the GaAs shell. (Reprinted with
permission from [77]. Copyright 2015 American Institute of
Physics.)
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STM and p-Raman are also feasible tools for detailed
investigation of the composition of I[II-As-Sb NWs. It has been
found that the bright protrusions of atomic size in STM images
from the InAsSb NW side facets, see e.g. figure 3(e) to (g),
correlate with the presence of Sb, i.e. the Sb content, which
matches the EDS measurement.[16] In addition, the tunnelling
conductance, measured from the GaAsSb NW side facets, as
shown in figure 9, has shown quantitative values for the
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bandgap of the materials and even the band alignment in
GaAsSb/GaAs core-shell and axial heterostructures. The
bandgap and type-I band alignment agree well with the EDS
analysis and are consistent with theoretical calculations.[77]
In addition to STM characterization with atomic resolution
and single atom precision at or close to the surface, Raman
scattering can also provide localized compositional
information, whose resolution depends on the laser spot size
and penetration depth. Confocal p-Raman measurements are
capable of providing spatial information on the Sb
composition along the axial direction of the NWs by
correlating each shift of the optical phonon energy with the Sb
content.[54,78] Beside the analytical techniques discussed so
far, compositional analysis is also often based on optical
analysis, and this will be discussed in detailed in the next
chapter.

3. Optical properties of IlI-As-Sh

Both the optical
cathodoluminescence

characterization (by photo- or
spectroscopy) and the successful
realization of some of the most promising device applications
(i.e. light emitters and absorbers) of III-As-Sb NW's require a
detailed understanding of the relevant light emission and
absorption processes in such NWs, which will be elucidated
in this section. For a discussion of the III-As-Sb dielectric
constant/indexof refraction dependence on the Sb content, we
refer the reader to other works.[79,80] The transient carrier
dynamics and photoconductivity due to photoexcited carriers
can be further studied with optical techniques,such as
Terahertz  spectroscopy and Transient Absorption
Spectroscopy which have lately attracted considerable
attention in the nanowire research community [81-84].
However, so far no studies have come out where these
techniques are applied to better understand III-Sb nanowire
systems.

Light emission and absorption processes are first and
foremost governed by the electronic band structure, including
defect states within the band gap due to doping. In
heterostructures, the energy band alignment between the
constituent materials, quantum confinement, band bending
effects and strain also play an important role. GaAs (1.52/1.43
eV), GaSb (0.813/0.726 eV), InAs (0.415/0.350 eV), and InSb
(0.235/0.175 eV) are all direct band gap materials, with their
respective band gap at low/room temperature indicated in
brackets. Thus, III-As-Sb will also have a direct band gap. For
the band gap width, it has been most common to rely on
empirical expressions describing the variation of the
composition-dependent band gap of thin films, usually at
room temperature, as afunction ofthe Sb molar fraction (xg,).
Here, we cite the model for the unstrained GaAsSb band gap
E, at 300 K by Teissier et al. obtained by a quadratic fit to data
points from multiple literature sources, valid for Sb molar
fractions x g, < 0.4.[85]

Ey(xgp) = 1.43 — 2.24x ), + 1.97x5, 1)

It should be noted that this model is considered by the authors
to be an improvement to the existing and commonly used
model by Nahory et al. [86], which has the same functional
shape, however different coefficients. The model by Teissier
et al. was verified experimentally by Ahtapodov et al., using
quantitative HAADF-STEM as an independent means for
accurate determination of the Sb content.[55,87] A more
recent theoretical work, covering the full range of Sb molar
fractions and referencing experimental data for GaAsSb at
room temperature has been published by Mezrag et al.[79] The
band gap of InAsSb is commonly described by an equation
similar to (1), taking the general shape:[88]

Eg (be) = EgITLbeSb + EglnAS(l - be) - Cbe(l - be)

@

The most frequently cited value for the bowing parameter C
of 672 meV dates back to the paper by Fang et al. [§9],
although a more recent study by Svensson et al. [88] concludes
that a value of 0.87 eV describes experimental data better.
Interestingly, while the band gap reduction with increasing Sb
molar fraction for As-rich IlI-As-Sb described by Eqgs. (1-2) is
approximately linear, the variation becomes non-monotonous
at the Sb-rich end of the scale and the ternary compound
attains a band gap width lower than both constituent binaries.
This was reported by Nahory et al. [88] and Alberi et al. [90]
for GaAsSb, and the situation is much the same with InAsSb
(see figure 10), where the lowest attainable band-gap of any

III-V material is achieved at an Sb molar fraction of 0.634
(145 meV at 10 K)[89].
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Figure 10. The model variation of the conduction and valence
band edges of InAsixSbx in meV in relation to InAs as a
function of the Sb molar fraction x (Reprinted with
permission from [92]. Copyright 1995 American Physics
Society.)

There is a wide consensus that as Sb is added to GaAs/InAs,
the III-As-Sb conduction band shifts downwards while the



Journal XX (XXXX) XXXXXX

Authoretal

band offset remains rather small. However, the dependence on
Sb content is non-monotonous, as exemplified for InAsSb in
figure 10. Asreported by Johnsonet al. for GaAsSb [91] and
by several authors for InAsSb [92,93], as the Sb molar fraction
increases, the conduction band offset passes through a
maximum, after which it decreases until the cross-over point
where it vanishes. This point is around a molar fraction of x =
0.34 and 0.5 for GaAsixSbx[91] and InAsi-xSbx[92],
respectively. Meanwhile, the valence band offset is
monotonously increasing with Sb content. Thus, at higher Sb
molar fractions, the band alignment becomes type-II with the
Sb bands lying higher (sometimes termed type-IIb).

As regards to both the band gap width of III-As-Sb and their
energy band alignment to the associated III-As binaries, little
NW-specific research has been done. However, the main
results for bulk materials cited above have been found to
describe well the optical properties of ZB NWs containing
radial III-As-Sb shells oraxial inserts. Still, in NWs, GaAs and
InAs do also commonly occur in a WZ crystal structure,
especially when Au-catalyzed growth is employed. The WZ
phase has different symmetry and hence, generally speaking,
different band gap and different band offsets to III-As-Sb
materials. It has been established that the band alignment
between ZB and WZ GaAs is type-Il (with WZ band egdes
lying higher) whereby the WZ band gap is approximately the
same at low temperature, but possibly slightly larger at room
temperature.[94] Both Vainorius et al. [95] and Ahtapodov et
al. [87] arrive at values in the range 100-120 meV for the
ZB/WZ GaAs band offsets at low temperature, and Ahtapodov
et al. [87] observe only a small variation as temperature is
increased up to 150 K. Thus, the heterojunction between WZ
GaAs and ZB GaAsSb is type-II at low Sb concentration, and
is expected to turn into type-I above a certain Sb molar
fraction where the GaAsSb valence band rises above that of
WZ GaAs. Dueto the steep decrease of the (ZB) GaAsSb band
gap with increasing Sb content, this transition is expected to
occur at very low Sb molar fraction, which was estimated to
be around 0.05 at cryogenic temperatures, based on
refs.[85,87] For Sb-rich GaAsSb in strained heterostructures,
the band alignment will become type-Il again once the
GaAsSb conduction band edge rises higher than that of WZ
GaAs.

The band gap of WZ InAs is also higher than that of ZB
InAs at low temperature, however by a relatively much larger
margin as compared to GaAs. Mdéller et al. [96], report a band
gap value of 488 meV at low temperature obtained by PL
spectroscopy of WZ InAs NWs with relatively few stacking
faults while Hjort etal. [42] have obtained a value of 390 meV
at room temperature by combining STM on single NWs and
DFT calculations, as compared to the corresponding ZB band
gap of 350 meV. It is widely agreed that the band offsets
between WZ and ZB InAs are similar to the GaAs case, i.e.
the band alignment is type-II with the WZ band edges lying
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higher in energy. However and interestingly, Hjort et al. found
thatin practice, due to the inherent n-type doping of InAs, the
conduction band edges in an actual crystal phase
heterojunction are aligned, which places the WZ valence band
edge below the ZB one, contrary to popular belief. The
variation of the WZ InAs band gap and offsets to ZB InAs,
excluding doping-related effects, means that, similar to the
GaAs case, the heterojunction between WZ InAs and ZB
InAsSb will be type-I through a significant part of the Sb
molar fraction range, except below about 0.1 when the InAsSb
valence band is still below that of WZ InAs, and above about
0.7 when the conduction band rises higher than that of WZ
InAs. It is however unclear how this band alignment would be
affected by unintentional n-type doping and the consequent
Fermi level pinning between the two materials.

As both GaAs and InAs NWs can presently be grown in a
nearly defect-free WZ crystal phase, and since the shell copies
the crystal structure of the core, it is possible to fabricate core-
shell NW's containing WZ III-As-Sb shells.[57] However, the
band alignment in such a heterostructure is still a largely
uncharted territory from an experimental point of view.

A further important feature of III-As-Sb NWs are the
polarization properties of light absorption and emission. In
part, these are governed by the energy band symmetry near the
center of the Brillouin zone (i.e. at the I' point) through the
selection rules. Axial III-As-Sb segments exhibit a stable ZB
crystal phase, which means that polarization along and
perpendicular to the NW growth axis is dipole-allowed for
both light emission and resonant absorption. In this case the
preferential polarization for both light emission and resonant
absorption, as well as non-resonant absorption, will be along
the NW growth axis due to the dielectric mismatch effect
between the high-index NW (e.g. n ~ 3.6 for GaAs) and its
low-index surroundings (e.g. air, n = 1).[97] This is contrary
to WZ materials (such as e.g. a III-As-Sb shell around a WZ
NW core), where polarization directions along the
crystallographic c-axis (which coincides with the growth axis )
are forbidden.[98]

GaAs is notorious for the occurrence of defect-related
surface states within the band gap, Fermi level pinning and
strong non-radiative recombination of photoexcited carriers at
unpassivated surfaces.[81,99] However, Alarcon-Llado et al.
[78] reported that the addition of Sb boosts the luminescence
intensity significantly and hence passivates the material
surface to an extent. Still, surface passivation by fabricating a
conformal radial shell of a wider-gap material is a common
approach to improve the optical quality of semiconductor
NWs and has been successfully applied also to III-As-Sb.
Yuan et al. [100] have employed InP to passivate the GaAsSb
NW core. Due to a surfactant effect that changes the surface
energy of NW facets, a triangular shell over-growth was
formed with predominant {112}A facets on the hexagonal
NW geometry. A significant enhancement of the PL intensity
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was observed with an InP shell The PL lifetime of
photoexcited carriers was also improved from 31 to 127 ps and
25 to 824 ps at room temperature and 10 K, respectively,
indicating a significant reduction of the non-radiative
recombination.[100] Ren et al. [31] used an AlGaAs shell and
a GaAs capto passivate the GaAsSb core. In a follow-up study
by the same group which will be presented in more detail later
in this review, GaAsSb-based superlattices in a GaAs-core
NW, clad with an AlGaAs shell and GaAs cap were shown to
exhibit optically excited lasing at record low thresholds for III-
V NWs, indicating an efficient surface passivation in the
studied structure.[4]

4. 11l-As-Sb based optoelectronicdevices

Since epitaxially grown NWs can be monolithically
integrated on the substrate without complex post-growth
processing, e.g. wafer bonding, it is evident that NW -based
devices, especially monolithically integrated on a III-V or Si
platform, are viable candidates for various applications.[101—
104] Based on the present level of understanding of the
epitaxial growth, structuraland optical properties of III-As-Sb
NWs,discussed in the preceding, we will here elaborate on the
state-of-the-art development of using epitaxially grown
GaAsSb and InAsSb NWs as light detectors and emitters in
the near- and mid-infrared wavelengths, and potentially into
the far-infrared.

4.1 Photodetectors

NWs can exhibit strong light absorption once the diameter
becomes comparable with the bandgap wavelength and
external light can couple into waveguide modes of the NW. In
addition, due to their (quasi) 1D geometry, NWs can form
high-quality heterostructures accommodating for large lattice
mismatch, resulting in a much better material quality than thin
films. This should further enhance the performance of light
absorbers, e.g. photodetectors. Through judicious tuning of
the wire diameter by enhanced radial overgrowth, as discussed
in section 2.3, Svensson et al. [105] showed that the absorption
in InAs/InAsSb NWs can be increased by more than one order
of magnitude at a specific wavelength compared to a thin
planar film with the same amount of material. Due to
enhanced coupling of light into the NW resonant modes, the
absorption peak red-shifts for thicker NWs. Svensson et al.
demonstrated a 20% cutoff wavelength of 5.7 pm at 5 K for
InAso38Sbo.s-photodetectors, which highlights the potential
of InAsSb-based NW photodetectors in the far-infrared.

For as-grown vertical NW devices, a position controlled
NW array geometry is preferred due to easier device
fabrication, less variation between individual NWs and better
flexibility to tune the light trapping capability by modulating
the interwire distance as compared to randomly grown NWs.
A far-infrared photodetectorbased on an ordered InAsSb NW
array has been grown by MBE on a Si(111) substrate with
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SiO2 mask.[106] The array pattern was defined by using
electron beam lithography, and the atomic force microscopy
(AFM) image in figure 11(a) shows the etched holes in the
oxide layer on the Si substrate. By using catalyst-free
selective-area epitaxy, InAs/InAsSb NWs can be nucleated
and grown from the holes on the oxide mask with good
uniformity and high yield, as illustrated in figure 11(b) and (c).
After growing a p-InAs segment for nucleation, the p-
InAsSb/i-InAsSb/n-InAsSb structure, shown schematically in
figure 11(d), has been grown axially to form an active medium
in the array, and it exhibits an exceptionally low leakage
current density of less than 2 mA/cm? at 300 K, as shown in
figure 11(e). This value is almost two orders of magnitude
lower than the best InAs(Sb) thin film-based photodiodes with
leakage current densities around 100 mA/cm?.[106)
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Figure 11. (a) AFM image of the etched holes in the oxide
layer on the Si(111) substrate. (b) SEM image at 30° tilt of
InAs/InAsSb NWs grown in the holes in the oxide layer. The
square and circular outlines indicate regions of uniform and
nonuniform growth, respectively. (c) Top-view SEM image of
an array of InAs/InAsSb NWs with highly uniform NW
diameter. (d) Schematic of a p—i—n InAsSb NW photodiode in
the array. The NW consists of a 200 nm Be doped InAs stub
followed by 500 nm Be doped InAsSb, 500 nm undoped
InAsSb, and 500 nm Te doped InAsSb. The NW is
encapsulated by cross-linked SU-8 with Ti/Au forming the top
contact. (¢) Semilog current—voltage characteristic of an
InAs0.93Sbo.07p—i—n photodiode at 300 K with a NW diameter
of 80 nm and a length of 1.7 um. The black and red plots show
the leakage current and photocurrent density, respectively, for
200 contacted NWs. The scale bars for (a), (b) and (c) are 390
nm, 2 um and 2 pm, respectively. (Adapted with permission
from [106]. Copyright 2016 American Chemical Society.).

Efforts have also been made to enhance the absorption by
growing densely packed InAsSb NW clusters that can act as a
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collective photonic waveguide in order to compensate for the
difficulty of growing NWs with hundreds of nm thickness,
which is required for a photonic waveguide in the mid-
infrared.[107] It has been found that the mid-IR light
absorption of InAsSb NW clusters with 1.6 um inter-cluster
separation can be 200 times larger at the resonant wavelength
of 5.6 pm than for NWs placed in an equidistant pattern. This
significant enhancement should result from a collective mode
formed by optically coupling neighboring NWs and the
transmission can be strongly reduced based on a cluster size-
wavelength dependency.[107]

Although achieving thick NWs for efficient mid-IR
absorption is challenging for bottom-up growth synthesis,
current catalyst-free selective-area epitaxy can achieve NWs
suitable for short-wavelength IR (SWIR) absorption.[108]
Recently, large diameter InAsSb NW arrays have been
epitaxially grown on a Si(111) substrate using MBE. By
tuning the period of the inter-wire distance on the hole mask,
the diameter, length and composition of the NW's can be tuned
accordingly. This results in different absorption of the SWIR
light into the dominant HE;1 mode of NW cavities in different
arrays. By making a variety of arrays of different inter-wire
separation on the same substrate in one single epitaxial
growth, multispectral absorbance in SWIR photodetectors can
be achieved, which provides an example solution for NW-
based multispectral IR photodetectors and sensors.[108]

Most recently, as-grown InAsSb nanowire array
photodetector has been integrated with plasmonic metal
grating, which enhances the absorption of light with long
wavelength using relatively thin and small volume NWs. With
excellent surface passivation using Al2O; by atomic layer
deposition, the device with optimized pitch and diameter
shows room-temperature
detection signatures up to 3.4 pm.[109] These array devices
have the great potential to be integrated even with Si
platform.[110]

Compared to as-grown NW-based photodetectors, single
NW devices have much smaller dimensions, which attracts
great attention for high-resolution sensing applications. Both
self-induced rectifying GaAsSb [54] and non-rectifying
GaAso56Sbo.asa NWs [111] have been demonstrated as single
NW infrared photodetectors operating at room temperature.
The self-induced rectifying NWs exhibit a state-of-the-art
photoresponsivity of around 1463 A/W under reverse bias (-3
V) and under an illumination intensity of 20.7 mW/cm?. This
value is 48000 and 2500 times higher than thatfora GaAs NW
photodetector and for a GaAs/AlGaAs core—shell NW
photodetector, respectively, which was attributed to the higher
local electric field for a reverse biased Schottky barrier.[54]
By further increasing the Sb content, the self-induced
rectifying behavior vanishes [44], and single NW
photodetectors using MOVPE grown GaAsos6Sbo4s NWs
with good ohmic contact have been developed.[111] A field-
effect transistor has also been made using MOVPE grown
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GaAso.56Sboas NWs on p+-type Si substrate with 300 nm
thermal SiOz dielectric at the surface.[111] The peak field-
effect mobility was shown to be ~ 12 cm?/(V-s) with a
calculated hole carrier concentration of 3.2 x 10'7 cm3.[111]
Temperature-dependent measurements were performed to
understand the photocurrent properties of the NW
photodetector. A decreased photocurrent was observed once
the temperature was reduced, which indicates that a large
number of trap centers and a high density of surface states
exist. At room temperature, the trapped -carriers were
thermally excited and the NW photodetector showed a
broadband infrared photo response from 1.1 to 1.66 xm with a
responsivity of 2.37 and 1.44 A-W! at the wavelength of 1.3
and 1.55 um, respectively.[111]

4.2 Light emitters

Apart from efficient light absorbers, III-As-Sb NWs can
also act as efficient, miniaturized light emitters operating in
the infrared with practical application importance, e.g. for
optical communications and gas sensing.

As a direct bandgap material, covering the wavelength
range between 1.3 and 1.55 pm, GaAsSb has been considered
for applications in optical telecommunications. By utilizing
quantum confinement effects, the emission efficiency can be
significantly =~ enhanced.  GaAsSb/AlGaAs  core-shell
heterostructures have been grown by MOVPE, and shown to
reach internal quantum efficiencies as high as 90%.[112]
Under pulsed optical excitation, the spontaneous emission can
be coupled to the TEp1 mode of the NW Fabry—Perot cavity,
enabling strong amplified spontaneous emission at room
temperature.[112]
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Figure 12.Schematic of an optically pumped single NW laser
with GaAsSb-based superlattice gain structure. The left inset
shows the optical image of the lasing NW laser and the right
inset presents a wide range of lasing wavelengths from the
lasers of different Sb composition profile. (Reprinted with
permission from [4]. Copyright 2018 American Chemical
Society.)

Apart from radial heterostructures, efforts have also been
made towards efficient lasing emission using axial structures
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with quantum confinement. A NW consisting of GaAsSb-
based multiple superlattices, schematically depicted in figure
12, each superlattice containing ten GaAsSb-rich quantum
wells, has been grown on a Si(111) substrate by a position-
controlled self-catalyzed method.[4] The compositional
analysis shows that the GaAsSb-based quantum wells are
quite consistent from the second superlattice onwards, which
results in a uniform cathodoluminescence emission from the
GaAsSb quantum wells along the NW. Optically pumped
single-mode lasing (optical image shown in the left inset in
figure. 12) was observed from 890 to 990 nm (spectra shown
in right inset of figure 12) by adjusting the Sb content of the
NW quantum wells, delivering a lasing quality (Q) factor as
high as 1250 with a high characteristic temperature of 129 K.
Moreover, by increasing the Sb content, which results in
deeper quantum wells in the superlattice, the lasing threshold
was reduced from ~12 to ~6 kW/cm? (75 pJ/cm? per pulse),
which is among the lowest values for any III-V nanolaser
reported so far.

Compared to otherinfrared light emitters, mid-infrared NW
emitters suffer from strong non-radiative Auger and surface
recombination, which requires the incorporation of low-
dimensional structures with enhanced efficiency.[113] Type-
II InAsSb/InAs multi quantum wells (MQWs) have been
integrated inside InAs NWs using catalyst-free selective area
epitaxy on a Si(111) substrate.[114,115] These InAsSb
MQW:s exhibit mid-infrared emission up to room temperature.
The conical QWs can efficiently confine the electron-hole
recombination, suppressing the surface non-radiative
recombination. In comparison to bare InAsSb NWs, the
emission from InAsSb MQWs presents significant blue shift
with increased excitation power, and the PL intensity at low
temperature is more than four times higher. Further benefiting
from the specific type-II band alignment, the QWs can
spatially separate the electrons and holes, which helps to
suppress the Auger recombination. By stronger excitation, the
overlap of the electron and hole wavefunctions was improved
from approximately 40% to 70%, while the suppression of the
Auger recombination remains efficient, enabling PL emission
up toroom temperature.[114]

We should note here that there is still no report of a robust
II-As-Sb NW-based laser device with an efficient p-n
junction. This certainly requires more detailed studies on the
doping behaviour in these ternary NWs, linking the current
understanding on morphologies, crystal phases and band
structures control.[116] In addition, the optical emission in
these ternaries suffers from a peak broadening effect. This
phenomenon mostly comes from a compositional fluctuation
and should be suppressed for high-performance lasers and
photodetectors.[31,44,117]

5. Summary

In this review, the state-of-the-art of III-As-Sb, i.e. GaAsSb
and InAsSb,NW growth and properties has been discussed in
detail. It has been demonstrated that these ternary NW's can be
epitaxially grown on a variety of substrates with the flexibility
to tune the bandgap, covering a wide range of important
wavelengths. The incorporation of Sb into InAs and GaAs
NWs brings about new phenomena that are crucial and
advantageous for designing high-efficiency optoelectronic
devices, such as photodetectors and optically pumped lasers in
both near-infrared and mid-infrared wavelength ranges.
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