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Abstract

Over the past decades, the progress in the growth of materials which can be applied to cutting-edge
technologies in the field of electronics, optoelectronics and energy harvesting has been remarkable.
Among the various materials, group III-V semiconductors are of particular interest and have been
widely investigated due to their excellent optical properties and high carrier mobility. However, the
integration of III-V structures as light sources and numerous other optical components on Si, which is
the foundation for most optoelectronic and electronic integrated circuits, has been hindered by the large
lattice mismatch between these compounds. This mismatch results in substantial amounts of strain and
degradation of the performance of the devices. Nanowires (NWs) are unique nanostructures that induce
elastic strain relaxation, allowing for the monolithic integration of II1I-V semiconductors on the cheap
and mature Si platform. A technique that ensures flexibility and freedom in the design of NW structures
is the growth of ternary I1I-V NWs, which offer a tuneable frame of optical characteristics, merely by
adjusting their nominal composition. In this review, we will focus on the recent progress in the growth
of ternary III-V NWs on Si substrates. After analysing the growth mechanisms that are being employed
and describing the effect of strain in the NW growth, we will thoroughly inspect the available literature
and present the growth methods, characterization and optical measurements of each of the III-V ternary
alloys that have been demonstrated. The different properties and special treatments required for each of
these material platforms are also discussed. Moreover, we will present the results from the works on
device fabrication, including lasers, solar cells, water splitting devices, photodetectors and FETs, where
ternary III-V NWs were used as building blocks. Through the current paper, we exhibit the up-to-date

state in this field of research and summarize the important accomplishments of the past few years.
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1) Introduction

The application of electronic and optoelectronic technologies in numerous aspects of daily life has
been growing immensely over the past decades. The underlying platform on which most of the
electronic and optoelectronic circuits and devices are founded is Si due to its low cost, good thermal
conductivity, abundant availability and high-level maturity.!"! On the other hand, group III-V
semiconductors are particularly advantageous for optoelectronic devices, owing to the optical-active

characteristics, which benefit optical applications including lasers,'*?! light emitting diodes (LEDs)™*!

and energy harvesting devices such as solar cells,*”)

while another equally important feature is the
small carrier mass and the consequent high carrier mobility, rendering them ideal compounds for high-
speed FET fabrication.®*! Ergo, I1I-V on-chip integration with Si would enable the fabrication of
circuits based on this material platform, which can provide the vital light source for Si photonics.
Nevertheless, group III-V semiconductors exhibit a significant lattice mismatch with Si thus their
combination induces a large amount of strain, which in turn causes severe problems such as the
formation of threading dislocations that penetrate the III-V films and hinder the performance of the
devices based on these materials.'”) As a result, techniques that enable the integration of III-V
semiconductors with Si are in high demand but challenging.

A solution that has been suggested is employing a sophisticated growth technique of buffer layer
between the Si substrate and the III-V structure.!"!! Several materials have been attempted as buffer
layers for the growth of III-V structures on Si, the most popular of which are GaAs,!"*! Ge,!"*! GeSil'¥
and GaP,!"*! while InGaP/GaP!'®! and GaAsP/GaP!"" buffer layers with composition gradient have also
been used. Another method that has been developed is the non-epitaxial growth of GaAs on Si, via the
so-called ‘wafer bonding’, which includes the attachment of bulk or thin film III-V semiconductors on
Si substrates. This technique can be implemented at room temperature, assuming that the surface
roughness is minimized and the surfaces are flat and ideally clean.!'") With the careful operation of the
bonding procedure, the surfaces are bonded to each other via van der Waals forces.'

A novel method to achieve III-V growth on Si is to employ semiconductor nanowires (NWs), an
emerging and promising platform that is being thoroughly investigated and rapidly developed mainly
during the past two decades. The small contact area between the substrate and the NW along with the
large surface to volume ratio leads to elastic strain relaxation, which allows for the monolithic growth
of III-V NWs on Si substrates and thus renders the direct integration of III-V semiconductors on the Si
platform feasible.!"”! Due to this high strain tolerance, the buffer layer, which requires sophisticated
growth techniques, is no longer necessary.

An essential aspect of NWs research that is being under substantial investigations and is employed

for applications is the use of ternary NWs, where, for III-V semiconductors, two group III and one

group V or two group V and one group III elements are combined. This offers a high degree of freedom



in material design owing to their fully tuneable bandgap depending on the elemental composition of the
alloy. Generally, the elemental composition of the alloy is determined by the growth conditions and
growth methods that are used and can be tuned to great extents by altering the growth parameters. Due
to this flexibility that can be approached via the optimization of the growth, ternary NWs have been
implemented in multiple applications such as energy harvesting, for example, solar cells'***!! and water
splitting devices.'””! Moreover, they have been used for the realization of lasers'*>** and LEDs**%) with
a controlled emission, which is determined by the rational design of the composition of the alloy. The
tuneable bandgap is also crucial for ternary NW-based photodetectors with comparable or even
enhanced figures of merit when compared to devices based on binary NWs.?”**) Another benefit in
some ternary NWs is that the addition of an element can significantly improve the material quality, by
reducing the number of defects. A specific category of these NWs is antimonides that promote a pure
ZB crystal phase, due to the surfactant properties of Sb.[**°! This factor is of importance, as crystal
purity can enhance the intensity of radiative recombination and eliminate losses in the devices. Finally,
the high carrier mobility of group III-V semiconductors indicates an extra advantage of III-V ternary
NWs for high-speed FETs, which exhibit optimal electron transport properties.’*' !

In this review, we will present the recent advances in the growth and characterization of ternary II1-
V NWs grown on Si substrates. By examining the rich literature on this vibrant field, we have
summarized each III-V ternary alloys that are available in the literature in terms of the growth methods,
characterization and optical properties of each ternary alloy. In the first section, we will briefly discuss
the different growth mechanisms, namely the vapour-liquid-solid (VLS) growth mode, selective area
growth (SAG) and catalyst-free technique and the characteristics of each of them. Then, we will
describe the effect of the strain for the growth of axial heterostructures or core/shell ternary I1I-V NWs,
which is inevitably considered due to the essential of the heterostructure growth. A thorough description
of each of the ternary alloy NWs will be demonstrated in the third section, including GaAsP, AlGaAs,
GaAsSb, InAsSb, InGaAs and InGaP. Particular emphasis will be given to the aspects of the growth,
the crystal purity of the NWs, as well as to the optical and electrical properties of the NWs. For some
of these cases, growth on substrates other than Si is briefly included for comparison or for
supplementary information, which includes the description of the growth of four rare III-V alloys of
InGaSb, GaPSb, InPSb and AlInP, in the third section as well. Finally, we will briefly describe the
various devices that have been implemented on the ternary III-V, such as lasers, solar cells,
photodetectors, water splitting and FETs and their performance and potential optimizations are

discussed.



2) Growth mechanisms

Ternary I1I-V NWs can be grown via epitaxial techniques available such as Molecular Beam Epitaxy
(MBE), Metal-Organic Vapour Phase Epitaxy (MOVPE) also known as Metal-Organic Chemical
Vapour Deposition (MOCVD), Chemical Beam Epitaxy (CBE) and Chemical Vapour Deposition
(CVD). In each of the growth systems, there are two major growth modes that are being used
extensively, namely the selective-area growth (SAG) and the vapour-liquid-solid (VLS) growth mode.
The progress on these fundamental growth modes for ternary NW growth is remarkable. Nevertheless,
there are still several challenges met in each of them and their exact solution has not been fully
unravelled yet.

SAG for ternary NWs is a growth method where the NW growth occurs through holes patterned on
the substrate by the use of a mask and a lithography technique (i.e. nanoimprint lithography, electron
beam lithography (EBL) etc.*) SAG has been frequently employed for NW growth, with the most
prominent advantage being the high level of homogeneity in the position and the size distribution of the
NWs, leading to the realization of highly uniform NW arrays (Figs. 1).** Furthermore, the lack of a
catalyst droplet leads to the benefit of avoiding the reservoir effect, which can cause non-abrupt
interfaces between different sections of the NW structure. The reservoir effect will be further described
later. The principles that lie beneath SAG are similar to the ones in thin film epitaxy. In this case,
however, the use of a patterned pitch on the substrate suppressed growth in the lateral dimensions and
allows only for perpendicular elongation of the NW. Despite this fact, parasitic growth may occur,
which can hinder the applicability of the NWs in large scale. It is noted that this challenge is encountered
for the rest of the growth techniques, as well. Additionally, the common use of lithography techniques
such as EBL greatly enhance the cost of the growth, making SAG an economically unfavored growth
method.> Despite these challenges, the position controlled merit of SAG has led to many advances
over the past years. NW arrays grown via SAG have been successfully used for device fabrication, such

as the surround-gated FETs" and LEDs.”
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Figure 1: a-c) Scanning Electron Microscopy (SEM) images of InAsSb/GaSbh core/shell NWs grown via
MOCVD following SAG mode. The arrays of the grown NWs have a high level of homogeneity. NWs



were grown with different Sb compositions, as indicated in each image. (Figs. la-c: Reprinted with

permission from ref. 34. Copyright (2016) American Chemical Society)

VLS growth is the most popular method for the growth of ternary NWs. The growth is induced by a
catalyst droplet, which can be either a foreign metal seed or an element which is also a component of
the ternary NW. For ternary NWs of group III-V, group III elements can be used, for instance, Ga and
In. Al can also be used as a catalyst droplet,”™ even though there are no current reports on its use for
the growth of III-V ternary NWs. VLS for III-V NWs can be, thus, subcategorized in two groups,
extrinsic metal-assisted growth and intrinsic-metal-catalysed growth. In extrinsic metal-assisted
growth, the growth is initiated by metal droplets (most usually Au) which act as the collector, while
adatoms introduced in the reactor are the suppliers.””’ To form the metal droplets, metal nanoparticles
are deposited on the substrate, which are liquefied via thermal annealing (Fig. 2a). After the group III
or group V adatoms reach the droplet, they form a liquid alloy with it. With the continuous supply of
the adatoms, this alloy becomes supersaturated and in order for the chemical balance to be restored, an
island nucleates at the liquid/solid interface which rapidly expands and forms a monolayer covering the
entire interface and the NWs grow axially (Fig. 2b).*”) There are two main paths for the group III-V
adatoms to reach the droplet, either via direct impingement or by diffusion over the substrate and the
NW sidewalls (Fig. 2¢). The growth is terminated after the sources are not supplied any more in the
reactor (Fig. 2d). It is noted that group V atoms, have a low solubility in Au and need to be continuously
supplied with a sufficiently high flux in the reactor to reach the droplet and maintain the amount of
group V adatoms soluted in the droplet for the axial elongation of the NW.I'" Au is suggested to be
superior to other metal seeds because of some of its properties, including the thermal stability, chemical
inertness and the fact that most used alloys are soluble in Au."*” Despite its advantageous properties,
the presence of Au introduces some difficulties in the growth and applicability of the structures. First
of all, it can diffuse into the NW and form deep trap levels that deteriorate the optical and electrical
performance of the structures.[*'! Additionally, it can be alloyed with the Si substrates and form mid-
gap states, a phenomenon which is detrimental as it renders the NWs incompatible with CMOS
technology applications./*!! Au is also hard to remove and is considered a significant contaminant for
the growth system. Another difficulty is the reservoir effect, according to which some elements are not
entirely consumed in the Au droplet. As a result, they can diffuse and incorporate in the NW even after
the corresponding supply of elements is terminated. Therefore the abruptness of the interfaces between
the different sections of the NWs is jeopardized.”) Alternatively, other metals, such as Ag has also
been employed as a catalyst for the growth of InGaAs NWs via MOVPE.[*! However, the metal-

catalysed growth with alternative metal seeds other than Au is far from being understood.
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Figure 2: a) Droplet is deposited on the Si substrate. b) Elements are supplied in the reactor. The
adatoms are alloyed with the liquid droplet and, after supersaturation, a monolayer is formed covering
the liquid/solid interface. c) The continuous supply of elements leads to the elongation of the NW. The
adatoms reach the droplet either via direct impingement or after diffusion on the substrate and the NW

sidewalls. d) After the supply of elements is terminated, the axial growth stops.

Due to the detrimental effects of Au on the applicability of the NWs, the need for an alternative route
was emerging. This route could be the self-catalysed growth, where catalyst droplets that initiate the
growth are also one of the components of the ternary NW. The growth mode is similar to the case of
the foreign metal catalyst. The fact that the material of the droplet is already a component of the NW
eliminates the contamination, as mentioned earlier.*"! Apart from the different catalyst droplet, the
growth procedure is similar to the Au-catalysed growth (Fig. 2b-d). It is noted that the growth of III-
III-V ternary alloys is considered much more challenging via the self-catalysed VLS growth mode when
compared to the growth of III-V-V alloys. It is due to the high solubility of group III atoms in the
droplet, any alterations between group III elements would signify substantial chemical differentiation
in the droplet and even modify the chemical and physical properties of droplet itself since it mainly
consists of group III atoms. VLS growth of ternary NWs is rendered challenging due to the commonly
observed inhomogeneous elemental distribution along the entire NW structures in both self-catalysed
and Au-catalysed approaches.*>% Despite its complexity and sensitivity, the self-catalysed VLS
growth mode is compatible with MBE well, which is one of the most advanced epitaxial tools and can
be employed for the growth of sophisticated structures. As a result, large amounts of effort have been
devoted to fully unravelling its mechanism and potential in the field of MBE research.

As stated earlier, the reservoir effect which appears in VLS growth of ternary NWs hinders the
abruptness of the interfaces.!*>*”] Another alternative that is currently under investigation is the catalyst-
free mode. In catalyst-free mode, no droplet initiates the growth of the NW.1****] The driving force of
the NW growth, in this case, could be the surface roughness of the substrate that affects the kinetics of
the materials or strain, which is induced by a significant lattice mismatch between the NW compounds

and the substrate.”” That way, the NW is grown without any contamination and non-abrupt interfaces.



Despite its advantages, this growth technique is not entirely understood yet, and the literature based on
the catalyst-free approach is relatively less when compared to SAG or VLS growth.

Ternary I1I-V NWs have been grown via all three of the described techniques. It is highlighted,
however, that due to the disadvantages of the Au droplet, self-catalysed and catalyst-free methods are
particularly suitable for the growth of ternary NWs on Si substrates. In the next chapter, we will briefly
describe the role of strain in NW structures, before continuing with the central part of our literature

review.

3) Effect of strain

The integration of group III-V semiconductor structures with the cost-effective and mature Si
platform has been hindered by the significant lattice mismatch between them, which induces high
amounts of strain. The existence of strain would give rise to defects such as misfit dislocations and more
importantly, threading dislocations that are formed in III-V structures. Threading dislocations are
considered non-radiative recombination centres, which severely affect the intensity of the PL emission,
thus degrading the performance of the resulting optoelectronic device. Other defects that may emerge
include stacking faults, rotational twins, and grain boundaries. Due to the profound influence that these
crystal defects have on the performance of the structures, intense efforts have been devoted to the
optimization of their material quality and consequently, their optical performance.

NWs are unique compared with other nanostructures or thin films because of their large strain
tolerance. Owing to their geometrical features, such as the large surface to volume ratio and the small
contact area between the NW and the substrate, there is a critical radius below which the strain is
elastically relaxed.’" This enables the monolithic integration of group I1I-V NWs on the mature Si
platform and ternary NWs on binary NW stems. Notably, the latter is extensively applied in cases where
monolithic growth of NWs on Si is impractical and allows for the NWs to adopt unique properties and
features.**!

As a result of the above, it is clear that axial NWs are free of strain. It is noted that misfit dislocations
can still be observed at the NW/substrate interface.”>>) Nevertheless, threading dislocations are
commonly absent in the case of axial NWs. That is not the case, however, in core/shell NWs. The strain
induced by the lattice mismatch between the core and the shell is relaxed inelastically, with potential
formation of dislocations between the lattice-mismatched core and shell.’*"! Strain residues can still
alter the morphology and properties of NWs in many cases. An example of this phenomenon is the
occasional bending and kinking of NWs in the presence of some non-negligible amounts of strain
attributed to the formation of a lopsided shell surrounding the NW cores."*>*! There are mainly two
types of strain in epitaxial growth, namely tensile and compressive strain. It is noted that the case of
tensile-strained NW core has been examined in the past.”®>”) After an initial bending occurring due to

the strain, adatom incorporation is preferential at the convex side, leading to the NW bending towards



the thinner side of the shell (Figs. 3a-b).>” The behaviour of the compressively-strained core should be
opposite. Unfortunately, the existing literature on compressively strained core NWs is much more
limited and as a result, the anticipated behaviour cannot be distinctly observed.!®” This indicates that
there is the need for further investigations regarding this topic to unambiguously confirm the different
distortions induced under the influence of compressive and tensile strain. The vital role of strain in the

properties of core/shell NWs along with the complexity regarding its relaxation has led to several works

61-63]

being conducted for the evaluation and calculation of strain in these structures.

a Al,:IngsAs  GaAs

Figure 3: a-b) Top view and front view schematic representations respectively for a GaAs NW cladded
with a 20 nm thick AlInAs shell. The strain that is induced by the lattice mismatch between the core and
the shell causes a severe bending of the NW. The convex side is more appropriate for adatom
accommodation, further increasing this phenomenon. (Figs. 3a-b: Reprinted with permission from ref.

59. Copyright (2018) American Chemical Society)

Based on the above results found in the literature, the strain can give rise to detrimental effects on
the core/shell NW morphology and composition. A direct path to circumvent this obstacle is the
combination of lattice-matched materials in core/shell structures. The minimum amount of strain
between the core and the shell has been exploited to realize not only III-V core/shell NWs but even
hybrid I1I-V/IV NW structures, with vast potential for optoelectronic applications.!*"! Nevertheless, this
solution limits the possible alloys that can be combined.

Despite the types of strain that can be induced in the core/shell structures or intentionally applied in
the NWs, the unique axial NW geometry allows for efficient, elastic strain relaxation which in turn
enables compatibility of ternary I1I-V NWs with the mature Si platform. That property renders the NWs
particularly appealing for a wide range of applications, where Si plays a crucial role such as electronics,
optoelectronics and solar cells. Due to the effective elastic relaxation, strain plays a less significant role
in the growth of axial NWs. The detailed investigation of core/shell architecture and the effects of strain
is beyond the scope of this review. In the rest of the current report, we will focus on the growth and

analysis of NWs with ternary cores.



In the following section, we will investigate the rich literature of each type of NWs that has been
successfully grown, and some of them have already been applied to the prototypical devices. Particular
emphasis will be given to the different aspects of the growth and to the characterization of NWs
regarding their crystal structure to conclude on their material quality. A description of the optical and
electrical properties of the ternary NWs will also be included. These features enable us to evaluate the
suitability of these nanostructures for the fabrication of devices, which will be later analysed in the fifth
section. Through this procedure the growth, characterization and device performance of ternary NWs

will be discussed and clarified.

4) Ternary III-V NWs on Si

4.1) ITII-V-V Nanowires

4.1.1) GaAsP Nanowires

One of the most explored ternary NWs is GaAsP. The interest in this alloy is mainly due to the
considerable frame of tunability of its bandgap, which can theoretically range between 1.43 eV (GaAs)
and 2.24 eV (GaP) at room temperature. Even though GaP, as one of its edge alloys, has an indirect

1 which has an ideal band

bandgap, GaAsP exhibits an indirect to direct transition at 44% P content,!
alignment for water splitting devices and a chemical stability that allows it to be used as a
photocathode,**! rendering it ideal for energy applications such as tandem solar cells on Si. It is
interesting to mention that the growth of GaP on Si has been realized, which signifies that the entire
coverage of the bandgap range between GaAs and GaP is possible.l® Furthermore, GaP can have a
direct bandgap once crystallized into the WZ phase, which has already been realized on ZB GaP
substrates successfully.[”) As a result, it can be safely assumed that obtaining WZ GaP on Si substrates
would allow the emission coverage reaching a wide range from the green to the near-infrared region of
the spectrum. The growth of GaAsP NWs has been achieved via different epitaxy techniques such as
Metal-Organic Vapour Phase Epitaxy (MOVPE)®®! and Molecular Beam Epitaxy (MBE).[?>%-71]

One of the most crucial tasks during the growth of ternary NWs is defining the appropriate parameters
that will determine the morphological features and the consequent properties of the structures. Among
the growth parameters, the most critical one in ternary NW growth is the V/III ratio, owing to the
different incorporation rates of group III and group V adatoms. By altering the V/III ratio, the
morphology of the NWs can be entirely altered from uniform, standing NWs to tapered or cluster-like
structures, due to changes in the geometry of the Ga droplets that initiate the growth. In the case of
GaAsP NWs, at a relatively low V/III beam flux ratios of 50, the droplets are fully formed and clearly
define the boundaries for the growth of the NWs (Fig. 4a).[”! As a direct result, most of the resulting
NWs are standing on the Si substrate, with a high degree of homogeneity. With increasing V/III ratio



at 75, the droplets shrink during growth which causes a severe tapering at the NW tip (Fig. 4b).
Eventually, at an excessive V/III ratio of 100, the group V flux is so much increased that the droplets
are rapidly consumed and no VLS growth takes place (Fig. 4¢).) Changes in the V/III ratio also affect
the crystal structure of the NWs. GaAsP NWs grown under optimized V/III ratio adopt a pure ZB crystal
phase in their middle part. It is interesting to observe that the NW tip and base exhibit defects (Fig. 4d),
because of the high group V flux and instability of the growth, respectively.®) On the contrary, GaAsP
NWs grown under enhanced V/III ratios exhibit a polytypic nature and are crystallized into the mixed
WZ/ZB phase (Fig. 4¢).1! This differentiation in the crystal structure of the NWs has a profound effect
on their optical properties, as well.

The phosphoric content of GaAsP NWs is of great importance for the optical properties of the
structures and is directly related to the bandgap of GaAsP. The UV visible diffuse reflectance spectrum
presented in Fig. 4f analyses the photon absorption for NWs with a different nominal composition of P.
The onset value of the absorption band is determined as the value of the bandgap of the
semiconductor.!® Two NWs were measured with different thickness of 60 nm (dotted lines) and 120
nm (solid lines). It is noted that the tuning range of the bandgap was different, ranging between 1.48 eV
and 2.28 eV for narrow NWs and 1.35 eV and 2.23 eV for wide NWs (Fig. 4g) thus it concludes that
the bandgap of narrow NWs is larger than that of wide NWs. However, with increasing P content these
two values approach each other. That is attributed to the narrower bandgap of the multiple WZ segments
when compared to ZB segments, the presence of which is increasing at higher P content.

Most applications require a highly homogeneous array of NWs, which is particularly challenging,
especially in the case of ternary NWs. A potential solution is the patterning of the Si substrates via
lithography techniques. This method is costlier due to the additional processing steps but it is also
instrumental in defining the exact position and dimensions of the NWs that form the array. The size of
the holes is a vital parameter to be considered. When the size of the hole is equal or smaller than the
diameter of the droplet, the latter covers the hole in its entirety, causing all of the Ga adatoms to reach
the droplet and participate in the axial growth of the GaAsP NWs (Fig. 4h). On the contrary, when the
size of the holes is larger than the diameter of the droplet, a vacant, oxide-free Si area is exposed and
the Ga, P and As adatoms would cover this area and giving rise to lateral vapour-solid (VS) growth.
That phenomenon reduces the number of Ga adatoms migrating to the droplet, leading to the formation
of NWs with very narrow tips and mostly wide bases.[’" In case the size of the hole is much larger than
the diameter of the droplet, the aforementioned phenomenon is more pronounced and the NWs take the

form of short nanopillars (Fig. 4i)."")
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Figure 4: a) SEM image of GaAsP NWs grown under V/III ratio of 50. Uniformity and vertically aligned
NWs are observed. b) SEM image of GaAsP NWs grown under V/III ratio of 75. The growth rate is
reduced due to shrinkage of the droplet, causing a severe tapering in the NWs. ¢) SEM image of GaAsP
NWs grown under V/III ratio of 100. Large group V flux rapidly consumes the droplets and no VLS
growth takes place. d) Transmission Electron Microscopy (TEM) image of the overall and section views
of a NW grown under V/III ratio of 50. In the middle of the structure, no defects are observed and the
crystal adopts a pure ZB phase. The only defects are located at the top and bottom parts of the NW. The



SAED pattern, a higher magnification on the droplet and a higher magnification of the part indicated
by the white arrows are given in the insets. ¢) A TEM image of a NW grown under V/III ratio of 75.
Multiple defects are viewed in the image due to the increased flux of group V elements. The defects
appear as regions of different brightness and three typical examples are shown with black arrows.
(Figs. 4a-e: Reprinted with permission from ref. 69. Copyright (2013) American Chemical Society) f)
UV visible diffuse reflectance spectrum (absorption) of both narrow NWs (dashed line) and wide NWs
(solid line) at different P contents. g) Dependence of the bandgap on the nominal composition of P, for
narrow and wide NWs. (Figs. 4f-g: Reprinted with permission from ref. 68. Copyright (2014) American
Chemical Society) h) SEM of NWs grown on patterned substrate, where the diameter of the holes is 50
nm and is smaller than the diameter of the droplet. A highly homogeneous NW arrays is formed. In the
inset, a higher magnification of a single NW is depicted, confirming the homogeneous shape of the
structure. i) SEM image of NWs grown on patterned substrate where the diameter of the holes is 135
nm. The promotion of lateral VS growth leads to the structures taking the form of short nanopillars, as
viewed in the inset. (Figs. 4h-i: Reprinted with permission from ref. 70. Copyright (2014) American
Chemical Society. Further permissions related to the material excerpted should be directed to the ACS.)

Interesting morphological and optical features can be observed after embedding a single GaAs QD
axially in the GaAsP NWs.!"!! The resulting structures are a popular alternative for QD fabrication,
allowing for a potentially enhanced intensity of the emission and optimum optical properties. In ref. 71,
the presence of the QD is confirmed via the Transmission Electron Microscopy (TEM) image of Fig.
Sa, where the brighter segment circled, reveals the higher As content of the dot. The above were also
corroborated via Energy Dispersive X-ray (EDX) mapping along the length of the GaAsP NW (Fig.
5b). The map of P presents a darker region, corresponding to a brighter region in the As map, illustrating
the axial stacking of a narrow GaAs segment. Emission deriving from the dot is sharp and are located
around 1.66 eV (Fig. 5¢). The linewidth is as narrow as 130 peV. It is noted that carriers can still escape
the QD region and recombine radiatively in the NW section, thus causing the appearance of a weaker

GaAsP peak (Fig. 5¢).["!
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Figure 5: a) TEM image of a GaAs QD embedded in a GaAsP NW. The brighter region, revealing the
presence of the dot, is marked by the red circle. b) EDX mapping of the structure. The QD section
exhibits a higher As and lower P content than the NW part of NWQDs. ¢) Micro PL spectra at different
excitation powers from a single GaAsP/GaAs NWQD. Sharp peaks attributed to QD emission are
observed at 1.66 eV. The linewidth is measured as narrow as 130 ueV. (Figs. 5a-c: Reprinted with
permission from ref. 71. Copyright (2015) American Chemical Society)

4.1.2) InAsP Nanowires

InAsP is a ternary alloy with an extensive range of tunability of its bandgap. The bandgap energy
varies between 0.36 (InAs) and 1.344 eV (InP), covering a full range from the near-infrared to the mid-
infrared regions of the spectrum. InAsP NWs also has high electron mobility and large absorption
coefficient. Nevertheless, the growth of InAsP NWs on Si has been hindered by the highly
inhomogeneous compositional distribution that derive from the VLS growth mode. The reports on
InAsP NWs monolithically grown on Si are, indeed, limited.*": >7*] Consequently, in this section, we
will also refer to InAsP NWs grown on different substrates as well, in order to expand our
comprehension of their features and properties.

The growth of InAsP NWs on Si can be conducted via MOCVDP'" or MBE.!” This material
platform allows for a high level of uniformity of vertically aligned NWs, which is preferred for
applications including optoelectronics and energy harvesting. A specific technique to achieve such a
result is the treatment of the substrate by a poly-r-lysine (PLL) solution, before the growth.*"! The
addition of the PLL results in a polyelectrolyte layer on the Si wafers that creates a positive charge on
the surface.l”') Even though PLL is a contaminant for the material system after its thermal annealing, its
positive effect on the homogeneity of the standing NWs is noticeable after Scanning Electron

Microscopy (SEM) measurements (Fig. 6a). A statistical analysis of the dimensions of the NWs in three



different positions of the wafer (labelled A, B, and C) is presented in Fig. 6b and corroborates the
homogeneous distribution of the dimensions of the structures. These NWs are found to adopt a ZB
structure, without any WZ segments being formed. Even so, a massive amount of stacking faults are
still exhibited in the middle part of the structures (Fig. 6¢).*! This large number of stacking faults is
also confirmed by the streaky patterns in selected area electron diffraction (SAED) image as in the inset
of Fig. 6¢c. A TEM inspection at the interface between the NW and the substrate shows a small number
of misfit dislocations (Fig. 6d), owing to the lattice mismatch between InAsP and Si. However, from
the SAED patterns of the inset of Fig. 6d at the NW/Si interface, it is observed that bright spots appear,
indicating purity in ZB crystal phase.*"]

On the contrary to Si, some reports are focused on the growth on InAs (111)B substrates!’*”*! or InP
(111)B substrates.”*7"In those cases, lattice mismatch between the NWs and the I1I-V substrates are
less significant than that for Si, which makes the growth more feasible. As a result, we consider it
essential to include some results of InAsP growth on other substrates to obtain a better view of this
alloy. Apart from the growth of InAsP NWs, another highly important structure that has been obtained
is axial heterostructure, where InAsP segments are embedded in NWs comprised of a different material.
That way the tuning of the compositional range is widened.”*"® A characteristic example is the
realization of InAsP segments embedded in InP NWs grown on InP (111)B substrates,/’*””! which
demonstrate the bright and narrow peaks of single photon emission and high light extraction efficiency.
In the micro-PL spectrum measured at 10 K, which is presented in Fig. 6e, two sharp peaks correspond
to two InAsP QDs embedded in an InP NW. The peaks are very narrow with a linewidth of 120 peV,
as a result of the quantum confinement effect in the InAsP sections.!”® In addition, via Au-assisted CBE
growth on InAs (111)B substrates, the elemental composition of the ternary alloy segments could be
tuned between 20% and 100% P content.”” So although the growth of InAs/InAsP axial
heterostructures, including NWQDs, has not been demonstrated on Si so far, all of the above results
and their importance for applications in the field of electronics and optoelectronics render the attempt

to monolithically grow these structures on the Si platform very promising.
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Figure 6. a) SEM image of InAsP NWs tilted by 45°. The NWs are perpendicular to the Si substrate and
their density is estimated at 5.5x10%/cm’. b) Diameter distribution respectively for the InAsP NWs. High

uniformity is confirmed. ¢) High Resolution TEM (HRTEM) of the middle part of an InAsP NW. Multiple
stacking faults are observed. The inset presents the SAED pattern of this part. The streaky features
confirm the formation of stacking faults. d) HRTEM of the NW/Si interface. Misfit dislocations appear
and are marked by yellow arrows in the image. In the inset the SAED pattern of the interface is shown.

The clear spots reveal a pure ZB structure at the NW/Si interface, which leads to the conclusion of
stacking faults being developed after the nucleation of the InAsP NWs at the initial stages of the growth.

(Figs. 6a-d: Reprinted with permission from ref. 21. Copyright (2013) American Chemical Society) e)

Micro-PL spectrum of a single InP NW with two InAsP QD insertions. The peaks corresponding to the
ODs are located at 1.401 um and 1.412 um and are very sharp and narrow with a full width at half
maximum of 120 ueV. The narrow peaks are indicative of the 3D quantum confinement induced by the

OD insertions. (Fig. 6e: Reprinted with permission from ref. 76. Copyright (2007) American Chemical
Society)

4.1.3) GaAsSb Nanowires

As clarified so far in the current review, one of the achievements of growing ternary NWs is the

ability to tune the wavelength of the emission by altering the nominal composition of the alloy. The



case of GaAsSb is of particular interest among other III-V ternary alloys because of the broad coverage
of the near-infrared region of the spectrum. The bandgap of GaAsSb can theoretically range from 0.726
eV (GaSb) to 1.43 eV (GaAs) at room temperature. For that reason, GaAsSb structures have been
extensively investigated for applications such as near-infrared photodetectors.”®’””) Besides, this
spectrum region is also crucial for telecommunication applications, as GaAsSb emission can reach the
O-band (1260 nm-1360 nm) and the C-band (1530 nm-1565 nm). Additionally, GaAsSb has very low
hole carrier masses and consequently remarkably high hole mobility among other I1I-V ternary alloys.
These properties are advantageous for the fabrication of high-speed nanoelectronic devices. However,
the surfactant effect and poisoning effect of Sb, which will be analysed later on, cause significant
alterations at the NWs morphology. The poisoning effect, additionally, reduces the axial growth rate of
NWs with increasing Sb content, thus posing a limit to the applicable composition of Sb, below 50%. "]
Despite this, several groups have devoted to exploring high Sb content in the GaAsSb NWs to enable
the emission to reach a larger scale. An additional problem that arises with the incorporation of Sb in
the growing NWs is the trend that Sb is distributed in an inhomogeneous way in a single NW, thus
degrading the functionality of the NW arrays.

There are already reports that describe detailed characterizations and investigation of the optical
properties of GaAsSb NWs on Si substrates grown via CVD®! and MBE.!?"#->7%] A5 mentioned
earlier, the Sb content, for structures grown on Si, is kept at a relatively low level. In several cases of
growth on patterned Si substrates, where VLS growth occurred, the size of the pattern plays an
important role in the morphology and elemental composition of the structures. Decreasing the size of
the pitch leads to a higher density of NWs and an enhanced appearance of the shadowing effect.[**54
Due to the shadowing effect and the strong competition between the NWs, the number of Ga adatoms
that incorporated in each of these structures is reduced leading to a radical decrease in the dimensions
of the individual NW (Figs. 7a-c).™¥ It is worth mentioning that the change in the dimensions of the
NWs reduces the wetting angle between the droplet and the NW, a phenomenon which affects the
elemental distribution of Sb in the axis of the NW.") Both the height and the diameter of the NWs
increase with increasing dimensions of the pitch. The PL spectra also exhibit significant alterations as
a result of the changes mentioned earlier, for which the increasing size of the pitch leads to a redshift
of the emission peaks (Fig. 7d)."**! The enhanced collection of re-emitted group V flux from the oxide
surface and the simultaneous reduced collection of re-emitted group V flux from the NW sidewall facets
create compositional variations and lead to the aforementioned redshift of the peaks.!*’)

There are several interesting effects of the Sb incorporation in the NWs. One of the most interesting
intrinsic properties of Sb is the surfactant effect, due to which, Sb tends to incorporate at the external
facets of the NW, leading to the expansion of the NW diameter with the increasing Sb content, %738
The homogeneous, narrow NWs of Fig. 7e¢ evolve into wide, pillar-like structures (Fig. 7f), upon

increasing Sb content. That trend is also illustrated in the graph of Fig. 7g. When more Sb adatoms

incorporate in the NW, there is an As-Sb exchange at the surface of the structure, creating a Sb-rich and



As-deficient environment. The surfactant effect is also related to the poisoning effect, another
systematically observed property of Sb. Since Sb atoms occupy spaces in the surface of the NW and
owing to the strong bonding between Ga and Sb, a blockage of the pathway for Ga adatoms is created,
which reduces the amount of Ga that migrates to the droplet and participates in the elongation of the
NW.*1 As a direct result, the axial growth rate, hence the length of the NWs is decreased with
increasing Sb content (Fig. 7g). Moreover, Sb promotes the crystallization into pure ZB phase, without
the presence of obvious polytypes or crystallographic defects.!*"*7% Even at small percentages of Sb,
there is a rapid WZ to ZB transition in the crystal.”™! In the Bright Field (BF) image of Fig. 7h, a
GaAsSb segment is embedded in a GaAs NW. The WZ to ZB transition is noticed at the bottom part of
the section where Sb is incorporated (Fig. 7i). On the contrary, beyond the length of the GaAsSb
segment, the crystal structure transits back into WZ (Fig. 7j), showing that the ZB crystal phase of the
section is a direct result of the surfactant effect of Sb. It is noticed that both the Sb-induced passivation
of surface states and the purity of the ZB phase can lead to a significant improvement of the optical
properties of the NWs, via enhancing the intensity of the luminescence.™™ To further improve surface
passivation, core/shell structures can be grown, where AlGaAs has been used as shells to neutralize

surface states.!?*!
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Figure 7: a-c) SEM images of NWs grown on patterned substrate with pitch lengths of 1200, 800 and
400 nm, respectively. The density of the NWs is significantly increased with decreasing length of the
pitch d) PL spectra of NWs grown at different pitch lengths. Increasing size of the pitch leads to a
redshift of the emission attributed to an increased presence of Sb in the NWs. That is in accordance
with the Sb-richness induced by the increasing wetting angle of the droplet with enlarged holes. (Figs.
7a-d: Reprinted with permission from ref. 83. Copyright (2016) American Chemical Society) e-f) SEM
images of GaAsSb NW arrays grown under Sb flux of 2x10” Torr and 8x10~" Torr, respectively.
Increasing Sb flux, thus enhanced Sb content, leads to a significant increase in the diameter of the NWs.

g) Graph of the diameter and the length of the NWs as a function of the Sb flux. Increasing Sb flux



causes an increase in the diameter of the NWs as a result of the surfactant effect and a reduction in the
length of the structures as a result of the poisoning effect. h) BF-TEM image of a GaAs NW with a
GaAsSb segment embedded inside. The red square and the orange square mark the bottom and top part
of the segment, respectively. i) High Resolution TEM image of the red square of Fig. 7h. The
incorporation of Sb in the NW leads to a rapid WZ to ZB transition. j) High Resolution TEM image of
the orange square of Fig. 7h. Beyond the length of the GaAsSb segment, the crystal phase transits back
into WZ. (Figs. 7e-j: Reprinted with permission from ref. 29. Copyright (2016) American Chemical
Society)

Despite the remarkable features of antimonides, the range of tuning of the elemental composition of
GaAsSb NWs grown on Si via MBE has been very narrow. The percentage of Sb does not exceed 50%
for most of the papers mentioned so far, rendering the NWs Sb-poor.?28783%31 However, the
significance of high wavelength emission for telecommunication applications and infrared light
detections leads to concentrated efforts to increase the amount of Sb that is incorporated in the NWs.
For instance, an increase in the incorporation of Sb in GaAsSb NWs grown via MBE was reported by
adopting a two-step growth technique, where the temperature was reduced during growth to achieve a
higher Sb incorporation.®* ***% In the paper by Yu et al.,*"! apart from the self-catalysed VLS growth
that was done in a two-step procedure, they proposed that As background pressure is fixed so that it
acts as the As source. That way Sb content could reach the unprecedented value of 93%. The same
technique was adopted in a more in-depth work, which also accomplished GaAsSb NWs with high Sb
composition.”? This has a profound effect on the optical properties of the NWs. With increasing Sb
content by direct increase in Sb flux and one-step growth on Si substrates, the emission is tuned from
844 nm to 1480 nm (Fig. 8a). On the other hand, the emission can reach 1760 nm, which is obtained
for GaAsSb NWs grown on GaAs stems via the two-step growth method, covering a large range of the

near-infrared region of the spectrum (Fig. 8b).l**!
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Figure 8: a) Normalized PL spectra of GaAsSb NWs grown on Si substrates, with different Sb content.
The measurements are taken at 77 K and the wavelength of the emission reaches 1480 nm. b)
Normalized PL spectra of GaAsSb NWs grown on Gads stems, with different Sb content. The
measurements are taken at 77 K and the wavelength of the emission reaches 1760 nm. (Figs. 8a-b:

Reprinted with permission from ref. 52. Copyright (2017) American Chemical Society)
4.1.4) InAsSb Nanowires

After having examined the importance of Sb in ternary III-V NWs by focusing on GaAsSb structures,
we will now describe another Sb-related ternary alloy. InAsSb has a bandgap ranging between 0.17 eV
(InSb) and 0.36 eV (InAs), making it the ternary alloy with the narrowest bandgap among III-V
semiconductors. The energy of the emission can, thus, reach the mid-infrared region of the spectrum
and has a great potential for implementation in infrared photodetectors. Furthermore, both InAs and
InSb are semiconductors with remarkably low electron carrier masses and high carrier mobility that
renders InAsSb attractive for high-speed FET fabrication. Moreover, InAsSb QWs have been axially
embedded in InAs NWs, with a highly bright spontaneous emission up to room temperature, located at
the mid-infrared region.®”)

The growth of InAsSb NWs on Si substrates has been reported several times, which have been done

via MOCVDF192 and MBE.P%#90939] [y the majority of the cases, the self-catalysed VLS approach



was employed, where In droplets were used as catalysts. Similar to GaAsSb NWs, the presence of Sb
and its surfactant effect has a significant influence in the morphology and the properties of the NWs.®")
Besides, the low volatility of Sb also promotes preferential incorporation at the external facets, which
explains the quick increase of the diameter."**** As a result, with increasing Sb presence, the diameter
largely expands and the length of the NWs is rapidly reduced."***") The growth temperature is
significant for the morphology and orientation of the NWs are also influenced by the growth
temperature.”'! At increased temperatures, the NWs have been vertically aligned on the Si (111)
substrate, as observed in the SEM of Fig. 9a. On the contrary, a reduction in temperature from 470°C
to 450°C causes the NWs to change orientation and have a planar configuration on the substrates (Fig.
9b). Growth on other substrate orientations such as (110) and (-100) has also been reported.*”

The crystal structure of InAsSb NWs has also been investigated. The surfactant effect of Sb promotes
the formation of pure ZB crystal phase, even when its presence in the NWs is limited.?*******! [nAs
NWs exhibit severe polytypic nature with multiple stacking faults (Fig. 9¢).**” The predominant WZ
crystal phase is entirely altered upon introduction of Sb in the material system even in the percentage
as low as 3.9% (Fig. 9d). Upon further increase, the crystal structure is rapidly turned into pure ZB (Fig.
9¢) until Sb reaches a maximum of 15% (Fig. 9f). It is important to mention that because of the catalyst-
free method used for the growth of the NWs of Figs. 9c-f, the material quality might not be as good as
in the case of catalysed NWs.!! Nevertheless, the ZB percentage was quickly enhanced from an initial
value of 19% to a maximum of 99%, exhibiting the improvement of material quality upon Sb
addition.*® The improvement of the material quality has direct effects on the electronic properties of
the structures. Usually, InAs NW-based photodetectors exhibit a high surface leakage current, due to
the intrinsic formation of an electron accumulation layer. On the contrary, InAsSb NW-based
photodetectors exhibited a remarkably low leakage current density around 2 mA/cm”.”*! The lower
noise due to leakage current when compared to other photodetectors is a direct result of the high-quality
crystal with increasing Sb content, even if the structures were grown on a substrate with a high degree
of lattice-mismatch."!

As in any material, the quality of the NWs plays an important role in their optical properties and the
existence of polytypism in NW structures causes the formation of a type Il band alignment and the
subsequent rise of a QW-like peak in the PL spectrum. The premier material quality achieved for
InAsSb NWs allowed for the elimination of the type II band alignment, which in turn gave rise to only
one peak associated with band-to-band emission.® Hence, the purity that was achieved by the
incorporation of Sb in the crystal is significant in improving the optical response of the NWs and is
promising for the fabrication of efficient optoelectronic devices.””*! In the work by Zhuang et al., for
instance, the growth of pure ZB InAsSb NWs and the accomplishment of 19% Sb content led to full
coverage of the mid-infrared region (3 pm-5.1um).”*! The single crystallinity allowed circumventing

the type Il band alignment and QW-like peaks, while the shrinkage of the bandgap with increasing Sb



composition led the emission peak at very low photon energy, approximately 0.23 eV.’’! The

corresponding PL spectra at different Sb compositions are presented in Fig. 9g.
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Figure 9: a) SEM image of InAsSb NWs grown at 470°C. The structures are vertically aligned on the
(111)-oriented substrate. b) SEM image of InAsSb NWs grown at 450°C. The decreasing temperature
forces the NWs to change orientation and elongate planar on the substrates. (Figs. 9a-b: Reprinted
with permission from ref. 91. Copyright (2015) American Chemical Society) c-f) High Resolution TEM
of catalyst free InAs(Sb) NWs grown via the catalyst-free method at different Sb content as indicated in
the images. White arrows show the direction of the growth. Increasing Sb content leads to a transition
from WZ dominant to pure ZB crystal phase due to the surfactant effect of Sb. (Figs. 9c-f: Reprinted
with permission from ref. 30. Copyright (2014) American Chemical Society) g) PL spectra of InAsSb
NWs with Sb content of 0, 3%, 10%, 16% and 19%, respectively. The shrinkage of the bandgap leads
to peaks covering the entire mid-infrared region, reaching 0.23 eV. No QW-like peaks are noticed, due
to the single crystallinity of the NWs. (Fig. 9g: Reprinted with permission from ref. 93. Copyright (2017)
1OP Publishing Ltd.)

4.2) III-III-V Nanowires

4.2.1) AlGaAs Nanowires

Another important ternary alloy is AlGaAs, which has great potential in the realization of lasers and
other optical applications. AlGaAs has a bandgap theoretically ranging between 1.43 eV (GaAs) and
2.12 eV (AlAs) at room temperature. Experimentally, the growth of AlIAs NWs on Si has not yet been
reported and the nominal composition of Al in AlGaAs alloys cannot cover the entire range between
the two mentioned values, so far. From the literature, the highest value of Al that has been reported in

AlGaAs NWs on Si is 60% and further efforts for increasing the Al content has led to inhomogeneous,



tapered or conical NWs with a highly irregular morphology.”® The lattice matching of AlGaAs and
GaAs makes this ternary alloy particularly attractive for the realization of GaAs-based near-infrared
devices in the form of core/shell NWs, where AlGaAs shell surrounds the GaAs core. Indeed
GaAs/AlGaAs core/shell heterostructures have been frequently employed for optical applications,
where the shell protects the core from oxidation, confines the carriers in the GaAs core region and
passivates surface states,””) and these straightforwardly lead GaAs/AlGaAs core/shell NWs to exhibit
good optical properties with enhanced PL emission and strong polarization.”®**! Additionally, they are
employed for laser fabrication, with good features up to room temperature.!'"'°) The shape-driven
segregation of Al at the vertices of the hexagonal shell has also led to the generation of self-assembled
AlGaAs QDs embedded in the shell of GaAs/AlGaAs NWs, a structure which exhibits optimum
emission properties.'*?

On the other hand, the work on axial AlGaAs NWs is more limited. Available relevant reports on
AlGaAs NWs on GaAs (111)B substrates highlighted the optimum optical properties of this ternary
alloy.!'%!1% Literature on Si substrates may be less but has some significant observations as well which
will be shown in the next paragraph. The growth of AlGaAs NWs has been achieved via MBEP®!%!
and MOCVD!"*! following the VLS growth mode. In all of the up-to-date reports, the procedure was
Au-assisted. The presence of Au introduces possible contamination in the system, as stated in the
previous section.

The growth parameters play a crucial role in the case of AlGaAs NWs. The duration of the growth is
of primary importance. A narrow time frame does not allow for NWs to be developed and adopt their
axial morphology, while a wide time frame allows for the incorporation of more semiconductor adatoms
and causes the elongation of the NWs.” It is also noted that higher percentages of Al lead to different
morphology of the NWs. Increasing Al content from 10% to 30% forces the NWs to adopt a pencil like
morphology (Fig. 10a).°%!*! Further increase leads to the formation of conical structures with a
pronounced tapering at their tips. The diameter of the NW tip is defined by the diameter of the droplet.
On the other hand, the spontaneous formation of an AlGaAs shell due to the shorter diffusion length of
Al is also exhibited. These two factors cause a tapered shape in the NW, with a large base and a narrow
tip.”*' The Al-rich shell has been reported by a few reports on AlGaAs NWs and is attributed to the low
diffusion length of Al, which tends to incorporate at the external facets of the NW, forming a shell-like
feature.’®'%>1%) Spontaneous shell growth is not uncommon in ternary NWs and will be mentioned
again for other ternary alloys. The presence of the shell is revealed in cross-sectional EDX
measurements, as Al peaks and corresponding Ga dips at the outer parts of the NW (Fig. 10b).['*”!
Furthermore, the Al-rich shell affects TEM images, since the reduced presence of the heavier element,
which in this case is Ga, leads to a darker contrast in the external facets of the NW (Fig. 10c).'" It is
noted that the Au droplet is rapidly emptied of Al components while it has a small presence of As,
owing to its low solubility in Au, that barely reaches 1-2%. On the contrary, the presence of Ga in the

droplet is much more enhanced.!'™ Besides, the temperature also influences the morphology of the



structures, as increasing temperature slows down the axial growth rate due to reduction in the level of
supersaturation in the Au droplet.”® In the SEM image of Fig. 10a, the NWs depicted are grown at
510°C and have a good morphology, for which the Al content is approximately 30%.!'") It is noted that
in some cases the unintentional formation of a 2D AlGaAs layer on the Si substrates may occur.

Nevertheless, this layer is optically inactive and does not participate in the PL emission.!”"
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Figure 10: a) SEM of an AlGaAs NW array grown on Si at 510°C  with a nominal composition of Al
at 30%. b) Cross sectional EDX scanning of an AlGaAs NW. The peaks of Al and dips of Ga at the
external facets reveal the presence of an Al-rich shell. As expected, Arsenic is homogeneously
distributed in the structure. c¢) TEM image of a NW, revealing its inversed tapered shape. The darker
colour of the shell reveals its higher percentage of Al. (Figs. 10a-c: Reprinted with permission from ref.
105. Copyright (2016) American Chemical Society) d) PL spectrum of GaAs QDs embedded in
GaAs/AlGaAs core/shell NWs. Two peaks are exhibited, X and X* attributed to exciton and biexciton
transition, respectively. The linewidths for X and X* are 315 ueV and 458 ueV. e) Second order
correlation function of X, revealing antibunching behaviour and demonstrating the potential of the
structure to act as a non-classical light source. (Figs. 10d-e: Reprinted with permission from ref. 107.

Copyright (2015) American Chemical Society)

The importance of NWQDs was already described earlier for GaAsP NWs."!! AlIGaAs NWs are ideal

for hosting GaAs QDs, due to the lattice matching of the two alloys, causing negligible, if any, amount



of strain. The presence of the QD in the NW results in an additional emission peak attributed to the QD
segment.”) When NWs are grown at higher temperatures, the intensity of the signals is significantly
reduced, and the difference between the QD peak and the NW peak becomes negligible.'®! Additionally,
Al content influences the emission properties of the structures, as increasing Al leads to a blueshift of
the NW emission. It is noted, however, that the QD emission can be tuned by altering the size of the
dot and as a result, the corresponding peak can be maintained at precisely the same wavelength, for
different elemental composition of the NW.”®! Ultranarrow emission peaks have been observed,
deriving from GaAs QDs in GaAs/AlGaAs core/shell NWs (Fig. 10d).'"”) The low-energy peak,
attributed to exciton transition exhibits a linewidth of 315 peV, while the high-energy peak is attributed
to biexciton transition and demonstrated a linewidth of 458 peV. These results are comparable with the
best ones obtained from the commonly grown Stranski-Krastanov QDs (SKQDs).!'"® Furthermore,
these NWQDs act as non-classical light sources and exhibit photon antibunching behaviour, with a
second order correlation function at zero time delay being 51% (Fig. 10e).'""”! Moreover, axial
heterostructures may include consecutive segments of GaAs and AlGaAs respectively, where AlGaAs
insertions act as quantum wells (QWs),!'° which shows the crystal features of such NWs depends on

the growth temperature.

4.2.2) InGaAs Nanowires

The bandgap of InGaAs covers the entire range from the near-infrared to mid-infrared, with values
between 0.36 eV (InAs) and 1.43 eV (GaAs) at room temperature. InGaAs NWs have been used for
solar cell fabrication with very good results.?” Additionally, they have been implemented for the
fabrication of FETs, by following a surround-gated morphology, with optimum performance in electron
transport owing to its high electron mobility.l*"! Optically pumped laser device based on InGaAs NWs
has also been reported,!'™ while embedding InGaAs QDs in GaAs NWs has been proven beneficial for
near-infrared operating lasers.!"'"’

The growth of InGaAs NWs has been achieved via MOCVD,P!#220:11-1141 ¢y DB apnd MBE, 2010115
161 either via a catalyst free-approach or by using Au, Ga or In droplets as catalysts. The effect of
different parameters on the morphology of the NWs has been examined intensely. The growth
temperature has a significant impact on the morphology of the NWs by promoting VS lateral growth
and forming a shell. This may induce tapering and degrade the morphology of the structures, while it
can also affect the elemental distribution of In as it favours In incorporation at the external shell.!"'* In
the work by Hou et al,*? upon reducing the temperature from annealing to growth, severe kinking of
the structures occur, which were solved by using a two-step method to grow InGaAs NWs in the same
paper. By doing so, a high temperature of the nucleation stage eliminated any solid phase residues
within the droplet, while the reduction in temperature during growth ensures the verticality of the NWs,

which led to straight, unkinked NWs with high uniformity and single crystallinity.*?! Besides, V/III



ratio is also crucial for the growth, as increasing group V flux reduces the migration of group III adatoms
in the catalyst droplet and further enhances lateral expansion of the NWs.['!?!

Similar to AlGaAs NWs, the growth of III-III-V ternary NWs is more challenging compared with
III-V-V ternary NWs since the catalyst droplet is a group III element, which acts as both the collector
and supplier, and altering group III fluxes while maintaining the stable growth is difficult due to the
replacement of the component that consist of droplet. Fortunately, both Ga and In can act as catalyst
droplets. Taking advantage of this fact and by adopting the apparently different growth window for
NWs growth with In and Ga droplets respectively, a full coverage of the compositional range can be
achieved. It has been shown that in order to obtain In-rich, InGaAs NWs the ideal temperature would
be 550°C, while the temperature for Ga-rich NWs is 610°C.!""*! This is probably attributed to the lower
mobility of Ga adatoms, which requires for a higher temperature in order for Ga incorporation in the
NWs to be promoted. The above are illustrated in the SEM images of Figs. 11a-h, where InGaAs NWs
were grown at different temperatures and adopted different Ga composition.!'"”! The NWs of this work
covered the entire compositional range between InAs and GaAs, even though two growth regimes were
employed for In-rich and Ga-rich structures, respectively. The crystal structure is also altered at
different Ga content. In-rich structures are crystallized into the WZ phase, with the appearance of
several stacking faults, while Ga-rich NWs exhibit ZB structure with occasional rotational twins.!''!
The optical properties of NWs can also be widely tuned, as the energy of the emission can range between
0.42 eV and 1.1 eV with increasing Ga composition (Fig. 111).

In a wafer scale, the distribution of NWs is important for the potential device fabrication. For the
MOCVD growth, the density of InGaAs NWs demonstrates slight variations, as presented in the optical
image of Fig. 11j.!""* The rainbow-like feature in the image depicts the differences in the NW density,
with less NWs being formed at the edges of the substrate. The morphology of the structures is also
affected by In composition. Decreasing In content leads to NWs with a larger diameter, averagely.!''¥
This increase in the diameter can be viewed from the SEM images of Figs. 11k and 111, with 85% and
30% In content, respectively.''¥ It is also noted that for each of these cases, the temperature was

optimized. For 85% In content, the growth temperature was 570°C (Fig. 11k) while for decreasing In

content, the optimized temperature increased at 590°C (Fig. 111).
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Figure 11: a-h) SEM images of InGaAs NWs grown via MBE following SAG mode. The arrays of the
grown NWs have a high level of homogeneity. NWs were grown at different temperatures with different
Ga compositions, as indicated in each image i) Normalized micro PL spectra of InGaAs NWs grown
at different Ga composition. A wide range of tuning is accomplished. (Figs. 11a-i: Reprinted from ref.
115 with the permission of AIP publishing.) j) Optical image of a Si (111) wafer with InGaAs NWs
grown. The slight variations in the NW density are demonstrated by the colour variations in the image.
k-1) SEM images for InGaAs NWs with 15% and 70% In content grown at 570°C and 590°C,
respectively. Increased composition of In causes an increase in the diameter of the NWs, due to its
incorporation at the external facets. m) Micro-PL spectrum of an InGaAs NW array, with 20% In
depicted as a black line. The red line corresponds to a similar array with the addition of a GaAs shell.
The passivation of surface states by the shell leads to a considerable increase of the PL intensity. (Figs.

11j-m: Reprinted with permission from ref. 114. Copyright (2011) American Chemical Society)

The passivation shell was highlighted in the optical properties of the same InGaAs NWs and it was
found that the passivation of surface states enhances the PL intensity significantly.!"'* In the micro-PL
spectrum of an InGaAs NW array in Fig. 11m, a clear peak is observed originating from InGaAs NWs,
located at 0.92 eV (black line). The red line of the spectrum depicts core/shell NWs, where the GaAs
shell cladded the InGaAs core while the black one is for those without GaAs passivation shell. As in
this case, for which the formation of a shell cladding the NW core can passivate surface states and
ameliorate the optical performance of the NWs, the growth of an InAlAs shell surrounding the InGaAs
core has been proven beneficial in the applicability of NWs in solar cells.”” With the Ga content in the
core and the Al content in the shell kept at a stable level of 47%, the alloys are lattice matched and no
strain is introduced in the NW by that mechanism. Another novel morphology was suggested by
Tomioka et al., who created a core/multishell structure in order to improve the performance of InGaAs

NWs devices.’" The complex structures are composed of an InGaAs core, followed by an InP barrier



layer and an InAlAs shell that included a 6-doped region. Finally, the entire structure is cladded by an
InGaAs outer shell.It is noted that this configuration enabled the fabrication of efficient, surround-gated

FETs.

4.2.3) InGaP Nanowires

Another important ternary alloy for optical and energy applications is InGaP, which has a bandgap
ranging between 1.344 eV (InP) and 2.24 eV (GaP) at room temperature. As mentioned earlier, GaP
has an indirect bandgap. However, an indirect-to-direct transition can occur when the alloy is
crystallized into the WZ phase for GaP. This has not been realized yet on Si but is very promising for
achieving green light emission and covering the entire compositional range between direct bandgap
GaP and InP, when integrated with the Si platform. In combination with quaternary AlGalnP, InGaP
NWs on GaP substrates have been demonstrated for the realization of orange, orange-red, yellow, and
green LEDs.!"'"'"¥] They can also be implemented in the fabrication of multijunction solar cells, with
high efficiency.!""! Despite that the elastic strain relaxation that NW geometry offers is an extremely
advantageous characteristic, allowing substrate insensitivity in the growing NWs, the growth of InGaP
NWs on Si is far from being fully understood, and the available work on this ternary alloy is minimal.
Up to our knowledge, there is only one report focusing on the monolithic growth of these ternary NWs
on Si which is based on a composition gradient achieved via a particular technique they employed,
where they performed a horizontal tilting of the substrate to achieve a temperature gradient.!'"”) Ternary
InGaP has also been grown as a double shell, surrounding a GaP NW core on Si substrates, achieving
visible light emission.!'?"

On the contrary, the literature on InGaP NWs grown on substrates other than Si is more abundant.
InGaP NWs have been grown via MBE!"**! or MOCVD!"***'*I on various semiconductor substrates. The
elemental composition of the alloy has covered the entire range from GaP to InP.!"**! Their morphology
is mostly dependent on the growth parameters as in the case of previously described ternary NWs. For
example, decreasing group III impingement rate leads to a gradual tapering of the structures. On the
other hand, increasing V/III ratio promotes lateral VS growth, leading to a pencil-like shape of the NWs.
Another finding regarding the morphological features of InGaP NWs is the spontaneous formation of a
Ga-rich InGaP shell, as previously mentioned for other ternary alloys, which is attributed to the lower
diffusion length of Ga when compared to In. The promotion of lateral VS growth via the incorporation
of Ga adatoms at the external facets of the NWs can hinder their axial elongation and can be detrimental
to the optical properties of the structures. A suggested way to eliminate or limit this phenomenon is HCI1
etching in-situ during the growth procedure.!'**) That method also significantly reduces the volume of
the InGaP NWs. Another essential factor in determining the morphology of the NWs is the growth
temperature.l'**! At low growth temperatures (625°C-650°C), the length of the structures is shorter

while radial overgrowth is promoted (Fig. 12a). The competition between neighbouring NWs causes



severe abnormalities in the morphology of the structures. Between 675°C and 750°C, NWs are highly
homogeneous in dimensions, vertically aligned on the substrate, forming uniform arrays (Figs. 12b-d).
At higher temperatures, the axial growth rate was further promoted, resulting in a more pronounced
suppression of the radial growth. However, severe bending occurred, probably stemming from the strain
that is induced in the structures by a slight compositional inhomogeneity at these high temperatures
(Figs. 12e-f).Ga composition is a factor that plays a crucial role in the optical properties of the NWs. In
Fig. 12g, cathodoluminescence (CL) spectra of samples with different Ga composition are depicted. It
is obvious that with increasing Xtmca/(Xt™catXtvm), Which led to an increase in Ga content, the
emission peaks are shifted towards shorter wavelengths. It is noted that increasing Ga content also led
to a morphological change of the structures, with polycrystals being formed instead of standing
NWs. 124

Besides, the crystal structure of InGaP NWs has also been investigated. The NWs grown via MBE
are crystallized mainly in the WZ phase, regardless of the growth parameters. However, several ZB
monolayers in the form of stacking faults are exhibited periodically, within the predominant WZ
segments.''”) The density of the stacking faults is decreased with decreasing group III impingement
rate or with increasing V/III ratio and the NW crystal approaches purity in the WZ phase. The opposite
trend was observed for NWs grown via MOCVD, with in-situ HCI etching.!'*! The predominant crystal
phase, in this case, was ZB, with occasional twins being formed but no WZ signal deriving from the
InGaP part of the structure.!'>! In ref. 125, the introduction of diethylzinc in the MOCVD reactor during
SAG of NWs leads to a promotion of ZB crystal phase. It is interesting to observe that increasing
diethylzinc concentrations leads to a rapid reduction of the In content in the NW, as depicted in the
corresponding graph (Fig. 12h), which is also supported by the Ga peaks in the axial Energy Dispersive
X-Ray Spectroscopy (EDX) scanning of the NW, confirming Ga-richer p-doped regions and In-richer
intrinsic regions along with the structure (Fig. 121).This higher incorporation rate of Ga is suggested to
stem from the increased efficiency in the pyrolysis of TMGa in the presence of diethylzinc, which in

turn results in a higher Ga supply in the growth front.
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Figure 12: a-f) SEM images of InGaP NWs grown on InP substrates. The different temperatures of the
growth are noted in the images. It is observed that low growth temperatures led to shorter NWs and
promoted radial overgrowth (Fig. 12a), while increasing temperatures induced the formation of highly
homogeneous arrays of perpendicular NWs (Figs. 12b-d). Further increase above 750°C in
temperature led to compositional inhomogeneity that induced strain in the structures and ultimately
caused their bending and non-vertical orientation (Figs. 12e-f). g) CL spectra of InGaP NWs grown
with different Ga composition. A blueshift related to the increased Ga content is presented with
increasing flow ratio. After a critical point, polyrcrystals were formed instead of NWs. The shortest
wavelength for standing NWs in this work was 799 nm, while the highest was obtained for InP NWs at
871 nm. (Figs. 12a-g: Reprinted by permission from Springer Nature: Nano Research, ref. 124.

Copyright (2017) i) Graph of the In content as a function of the diethylzinc molar fraction. It is clear
that increasing presence of diethylzinc leads to a rapid reduction in the In composition of the structure.
J) EDS line scanning of an InGaP NW with consequent i- and p- regions. Ga peaks at the doped regions
reveal increased presence of this element and confirm that the presence of diethylzinc causes a
reduction in the In content and a subsequent increase in the Ga content. (Figs. 12h-i: Reprinted with

permission from ref. 125. Copyright (2017) American Chemical Society)



4.3) InGaSb, InPSb, GaPSb and AlInP

After having examined some of the most heavily investigated ternary alloys NWs, we will focus on
four other alloys that have not been explored much, for which the growth on Si is particularly
challenging. It is noted that the growth of NWs based on three of these ternary alloys has not yet been
reported on Si substrates, but their necessity renders their growth on other substrates, as well as Si, a
great accomplishment. For that reason, we find it necessary to briefly describe each of them, which are
HI-I1I-V InGaSb and InAIP and I1I-V-V GaPSb and InPSb.

InGaSb is an alloy with great potential especially for high speed electronics and CMOS technology
applications, as one of its edge alloys, InSb, has the highest electron mobility among III-V
semiconductors and the other edge alloy, GaSb, has the highest hole mobility. This intriguing feature
leads to InGaSb being an ideal candidate both for electron-based and hole-based electronic devices,
depending on its composition. Its bandgap ranges from 0.17 eV (InSb) to 0.726 eV (GaSb) at room
temperature. This coverage allows for the implementation of InGaSb NWs in infrared photodetectors
and thermovoltaic devices, along with high speed electronics. Up-to-date, we are only aware of two
reports on the growth of InGaSb NWs on InAs (111)B substrates via MOCVD.!** 1261 In these reports,
Ghalamestani et al. used a wire-on-stem growth technique, which enabled them to grow InGaSb NWs
successfully. This was done by adopting the wire-on-stem technique, where first InAs stems were
grown, followed by InSb stems and then InGaSb segments (Fig. 13a). The NW segments exhibit
differences in the diameter, the first one being attributed to the WZ to ZB transition after incorporation
of Sb in InAs/InSb interface and the second one being attributed to the higher growth rate of InGaSb
when compared to InSb (Fig. 13b).l'**) The NWs that were grown had a Ga content of 60% (Fig. 13c).

InSb  GalnSb

Figure 13: a) Schematics of the InGaSb NW, showing the three different segments (InAs stem, InSb
stem, InGaSb segment) of the structure. b) SEM image of the wire-on-stem structures, clearly exhibiting
differences in the diameter, between the consecutive segments. The scale bar is 200 nm ¢) EDX axial

scanning of the NW. The InGaSbh regions correspond with the increase in the Ga line (red). This segment



is revealed to be Ga-rich, with approximately 60% Ga content. The scale bar is 100 nm. (Figs. 13a-c:
Reprinted with permission from ref. 126. Copyright (2012) American Chemical Society)

On the other hand, InPSb is a ternary alloy with a highly tuneable bandgap between 0.17 eV (InSb)
and 1.344 eV (InP) at room temperature. As a result, it is particularly attractive for electronics, solar
cells and most importantly mid-infrared photodetectors. Nevertheless, the large lattice mismatch
between InP and InSb (approximately 10.4%) and lack of a suitable substrate renders its thin film
growth challenging, for which NW geometry may be feasible, as it allows for the combination of
materials with high lattice mismatch by elastic relaxation of strain. The difficulties in the growth of
InPSb led to just one report on their development and characterization. The InPSb NWs were grown
via MOCVD on InP (111)B substrates!*”! and exhibit a highly tuneable morphology, crystal phase and
elemental distribution, depending on the growth temperature. A temperature gradient that can be formed
on the substrate leads to central NWs adopting a fully formed, 1D NW morphology, while moving
towards the edge, NWs are formed initially as cones and ultimately as short nanopillars.'?”) This
difference is connected to the low, intermediate and high temperature while moving from the centre of
the substrate to its edge.

One of the most important fields where NWs can play an active role is energy harvesting, in solar
cells and water splitting devices. Especially GaP exhibits stability as photocathode for water splitting
devices and ideal band alignment for CO> reduction. Its bandgap is indirect and has a value of 2.3 eV
at room temperature. Alloying GaP with GaSb enables a wide tuning of the bandgap energy from 0.726
eV (GaSb) and 2.24 eV (GaP) and contributes in an indirect to direct transition, which is beneficial for
solar cells and optoelectronic applications but also unbiased water splitting reaction.!"*! The alloying
of GaP with GaSb introduces Sb-related impurity states the edges of the bandgap, which lead to the
lowering of the bands at the I'-point and, in turn, cause an indirect to direct transition of the bandgap.'**!
Despite these features, up to our knowledge there is only one report on the growth and investigation of
GaPSb NWs grown via reactive vapour transport in a microwave plasma reactor by adopting a self-
catalysed approach on (111) Si substrates. In micro-photoluminescence (PL) measurements of GaPSb
NWs in ref. 128, the spectrum deriving from the NWs shows two clear peaks located at 1.73 eV and
1.82 eV at 77 K. It is noted that measurements on GaP reference sample reveal a single peak at 2.3 eV,
corresponding to the bandgap of GaP, which is entirely suppressed at room temperature, owing to its
indirect bandgap nature. The spectrum at room temperature shows multiple peaks corresponding to the
values of the direct bandgaps exhibited in NWs with different elemental composition which range
between 1.73 eV and 2.21 eV.!"! It is interesting to notice that the excellent optical properties and the
indirect to direct transition in GaPSb NWs are observed even at very low Sb presence, down to 2%.

As mentioned throughout the current review, NWs are promising as building blocks for the
fabrication of important optical devices such as lasers and LEDs. Solid state lighting via LEDs is

particularly attractive because of their bright emission, high efficiency, and long lifetimes. However, a



significant obstacle that is encountered is the phenomenon known as the ‘green gap’, where the
efficiency of the devices in the yellow and green regions is very low. AlInP NWs have a direct bandgap
in the green region and are, thus, ideal candidates for the realization of green-emitting LEDs. Their
bandgap theoretically ranges between 1.344 eV (InP) and 2.25 eV (AIP). In the work by Gagliano et
al., AllnP NWs have been grown on (111)A InP substrates via SAG in an MOVPE reactor.!'” By
controlling V/III ratio, NWs are crystallized into the pure WZ phase. These NWs present a high level
of uniformity (Fig. 14a). They also exhibit complex morphology, with the hexagonal cross-section of
pure InP NWs transforming into dodecagonal cross section upon increasing Al content (Figs. 14b-d).
This change is induced by the alterations in V/III ratio and elemental composition, which influenced
the growth rate of the different families of side facets of AlInP NWs. It is interesting to notice that an
Al-rich AlInP inner shell is spontaneously formed, which is triggered by the slanted side facets of AlInP
NWs.!'#) Additionally, owing to its low diffusivity, Al tends to segregate at the edges between the
facets, forming Al-rich lines that are radially connected to the inner shell. The PL peaks shift towards
the green region with increasing Al content and the maximum Al content that was reached is 40% (Fig.
14e). It is highlighted that this high level of confinement leads to increased emission lifetime of 0.5 ns-
1.5 ns at low temperatures, while at room temperature the lifetime is much lower, reaching the value of

0.3 ns.[?”!
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Figure 14: a) SEM image of an AlInP NW array, demonstrating a high degree of morphological
homogeneity. b-d) High magnification SEM images of a WZ InP NW and two WZ AlInP NWs with Al
content at 15% and 25%, respectively. Increasing Al content leads to a transition of the initial,
hexagonal cross section to a more complex dodecagonal form, potentially due to the alterations of V/III
ratio and elemental composition. e) PL spectra of AlInP NW ensembles. Increasing Al content induces
a blue shift of the peak towards the green region of the spectrum. For 0%-40% Al, emission covers the
range between 875 nm and 555 nm (infrared to green region). (Figs. 14a-e: Reprinted with permission
from ref. 129. Copyright (2018) American Chemical Society. Further permissions related to the
material excerpted should be directed to the ACS.)



After having thoroughly analysed the literature for the growth of ternary III-V NWs on Si and having
included some particularly interesting cases of growth on different substrates, as a next step we will
focus on the devices based on the ternary NWs. These devices include lasers, solar cells, water splitting,

photodetectors and FETs and will be briefly described in different subchapters of the following section.

5) Devices based on ternary III-V NWs

5.1) Lasers

Group III-V semiconductor materials are ideal candidates for the fabrication of lasers, which produce
stimulated emission at a desirable wavelength at room temperature. Lasers have been fabricated by
employing QWs and QDs with excellent results. However, the lattice mismatch of the III-V compounds
and Si substrates that induce strain can lead to defects such as threading dislocations, which enhance
non-radiative recombination and hinder the performance of the devices. NW geometry allows for their
monolithic integration on the mature Si platform, with elastic strain relaxation and lack of threading
dislocations. For that reason, semiconductor NW lasers have been extensively studied as one of the
emerging nanolasers. Another advantage for NW lasing is the necessary Fabry-Perot (FP) cavity to
achieve stimulated emission as itis intrinsically formed in the micrometre scale by the NW geometry,
which is different from the deliberate FP cavities by etching in traditional laser structure. NW lasers
have been realized in various NWs-based nanostructures such as bulk NW material, dot-in-wire
approaches and core/shell NWs with additional QWs in the shell as the active region. More specifically,
group III-V GaAs, GaSb and phosphides can push the lasing to the infrared region, which is ideal for
applications in optical communications, biomedical applications, and information technologies.
Nevertheless, the lack of tunability of the bandgap and the wavelength of the stimulated emission is a
significant obstacle in the wider implementation of binary III-V NW lasers. On another hand, ternary
NWs offer a large range of tunability of their bandgaps, along with controllable material quality, which
enables tuning of lasing to the desired region of the spectrum.

As mentioned in the previous section, the combination of GaAs core and AlGaAs shell is prevalent
for laser fabrication, owing to the lattice match between the two compounds and to the bandgap of
AlGaAs, which can be tuned in the near-infrared region. AlIGaAs shell has a triple role; protecting the
core from oxidation, neutralizing surface states, and confining the carriers in the core region.””)
GaAs/AlGaAs NWs in laser fabrication exhibit good features up to room temperature.!'%'°JIn addition,
GaAs/AlGaAs core/shell NWs as lasers have exhibited characteristic temperatures up to 109+12 K.
Besides, lasing at the near-infrared region at a threshold of approximately 179 pJ/cm?has been revealed
by embedding 50 InGaAs QDs in the axis of GaAs/AlGaAs core/shell NWs grown on GaAs (111)B
substrates.!''”) The emission was tuneable by controlling the size of the dots, even though the range of

tunability is limited. Other than GaAs/AlGaAs core/shell NWs, different material combinations have



been employed for the realization of lasers as well. For example, InAsP QDs embedded in InP NWs
grown on InP (111)B substrates have also shown advantageous characteristics for laser fabrication,
namely the high Q-factor and a record of eightfold enhancement of the emission.!*'! Enhanced
stimulated emission and satisfying characteristics are exhibited in core/shell structures, where multi-
QWs are embedded in the shell. Low-threshold and room temperature operation have been exhibited in
GaAs/AlGaAs core/shell NWs, with GaAs QWs embedded in the shell, a structure whose threshold was
ranged at approximately 110 pJ/cm*/pulse.!*!

On the other hand, on the matter of ternary core NWs on Si substrates, both GaAsSb and InGaAs
have been exploited for laser fabrication.!'”'*?! A challenge that is met in this procedure is the tunability
of the wavelength of stimulated emission, low threshold and ability to operate up to room temperature.
To overcome these obstacles, various material combinations and techniques have been reported. For
instance, a structure composed of GaAsSb superlattices within GaAs NWs enabled lasing up to room
temperature.!'*?! Stimulated emission was observed at 950 nm, with increasing pump power (Fig. 15a).
It is also important to mention that tunability of the lasing peak was achieved between 990 nm and 890
nm by altering the Sb content. By reducing Sb content, the lasing peak blueshifts until it reaches 8§90
nm at 1% Sb content (Fig. 15b). Besides, InGaAs/GaAs core/shell nanopillars also exhibited room
temperature lasing, with the shell’s thickness being a key factor for this function.!'” Lasing was
exhibited at 950 nm, with a remarkably low threshold at 22 pJ/cm? (Fig. 15¢).1") Most importantly, the
wavelength of lasing was fully tunable by varying the In content of the core between 12% and 20%,
which enabled control of the wavelength of the stimulated emission from 890 nm to 940 nm,
approximately, upon In incorporation (Fig. 15d).!""”! Likewise, tuning of the lasing emission has been
efficiently exhibited by controlling the In composition of InGaAs QWs in the shell of
GaAs/(In,Al)GaAs core/shell NWs.!"*) A cross-sectional TEM image (Fig. 15¢) gives us a better insight
of the structure. In this work by Stettner et al., low growth temperature for the shell and barrier layers
between the QWs allowed In composition to reach 25% without plastic relaxation or significant alloy
intermixing, which in turn led to a full tunability of the lasing emission between the near-infrared and
the telecommunications regions of the spectrum (Figs. 15f and g). The lasing peak could be tuned by
altering the In composition up to 40% at low temperature with the tuning range between 1.57 eV and
1.36 eV (Fig. 15f). The maximum In composition that demonstrated lasing at room temperatures was
30% (Fig. 15g).!"**

An important amount of work has been the realization of InGaAs NWs or nanopillars on silicon-on-
insulator (SOI) substrates via SAG.["**'%%1 The NWs exhibit a wide tunability of their composition,
which leads to the emission being fully controllable and able to cover both the 1.31 um and the 1.55
um telecommunication windows (Fig. 15h)."**) In addition, a novel morphology where emission from
a single InGaAs NW coupled into an SOI waveguide is a gaping step towards highly efficient optical
communications.!'*! InGaAs/InGaP core/shell NW arrays have also been fabricated on SOI for

lasing.!"**! Room temperature lasing has been achieved via optical pumping, and the range of the lasing



wavelength could be tuned between 1100 nm and 1440 nm, covering the important telecommunication
window of 1.31 pum. Photonic crystal cavity formed by InGaAs nanopillars have also been fabricated
on SOI, achieving strong horizontal confinement and lasing emission between 1020 nm and 1300 nm

merely by altering the dimensions of the pitch or the diameter of the structures.!'*]
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Figure 15: a) PL spectra at room temperature for different excitation powers. The insets show a PL
spectrum of FP modes below lasing threshold under a pump power density of 1.88 kW/cm’ (left) and a
lasing peak with a linewidth of 0.76 nm (vight). b) PL specra of three different samples with Sb
compositions of 1%, 5% and 8% for samples A, B and C, respectively. Increasing Sb presence leads to
a redshift of the lasing peak enabling tunability between 890 nm and 990 nm. (Figs. 15a-b: Reprinted
with permission from ref. 132. Copyright (2018) American Chemical Society) ¢) Lasing from an InGaAs
nanopillars surrounded by GaAs shell, at 950 nm. The device operated up to room temperature (293
K). d) PL spectra from InGaAs/GaAs core/shell nanopillars exhibiting lasing at different wavelengths
as a function of the nominal composition of In. The In content of the core was varied between 12% and
20% leading to a control of lasing between 890 nm and 940 nm. (Figs. 15¢-d: Reprinted by permission
from Springer Nature: Nature Photonics, ref. 109. Copyright (2011)) e) Cross-sectional TEM image of
a GaAs/(In,Al)GaAs core/shell NW with InGaAs QWs embedded in the shell. f) PL spectra of the
structure of Fig. 15e at 10 K, exhibiting lasing with tunability from 1.36 eV to 1.57 eV for In composition

ranging between 0 and 40%. g) Similar spectra at room temperature exhibiting tunability up to 30% In
content. (Figs. 15e-g: Reprinted with permission from ref. 133. Copyright (2018) American Chemical
Society) h) PL spectra from InGaAs NW grown on SOI exhibiting tuneable emission, covering 1.33 um
and 1.51 um telecommunication windows via tuning of their In composition. (Fig. 15h: Reprinted with

permission from ref. 135. Copyright (2016) American Chemical Society)



5.2) Solar Cells

Solar energy is a particularly attractive and alternative, energy source since it is abundant and clean,
without causing any pollution to the environment. It can be converted into electrical energy with
multiple benefits regarding financial and environmental issues. Due to these advantageous features and
the limitations of the natural resources from where energy is harvested, efforts are being made in
increasing the cost efficiency and operational efficiency of such devices. However, the efficiency of the
fabricated devices remains low in the order of 9%-18%.!"*71 It is noted the efficiency of tandem solar
cells can reach a higher value. Consequently, new material platforms with higher efficiency are
currently under intense investigation. The direct bandgap of group III-V semiconductors, along with
their high absorption, render them ideal for this objective on Si which is the dominant platform on which
most solar cells are based as it is widely explored and cheap. On that matter, NWs are beneficial due to
their ability to be monolithically integrated with Si and their enhanced light extraction efficiency.!'**)
Moreover, the formation of ternary alloys allows for a bandgap tunability, which is crucial as the
bandgap of the materials needs to be small enough to absorb a wide range of the solar spectrum.**!
Indeed, NW array solar cells can theoretically achieve almost ideal light absorption with minimal
material consumption.!*”! Therefore, ternary I1I-V NWs on Si have been systematically employed for
solar cell fabrication via different approaches.

As mentioned in the previous section, GaP has an ideal bandgap and band alignment for solar energy
conversion. Additionally, the bandgap of GaAsP becomes direct at P content less than 44%.°°! The
radial p-i-n junction, which is vital for solar energy conversion, occurs via opposite doping of the core
and shell of the NW.!"**] The p-n junction can also be formed at the interface between the NW and the
substrate. However, it is noted that since the radial p-n junction is long in the direction of the incident
light and thin in the orthogonal direction, it combines the benefits of enhanced light absorption and
effective carrier collection. Besides, GaAsP NWs may include a passivation layer with remarkable
effects on the efficiency of the solar cells. In ref. 140, InGaAs has been used for surface passivation
with notable results in the efficiency of the fabricated solar cells. The best passivated device is depicted
in the SEM of Fig. 16a, for which the increase in the efficiency was 72%, increasing the conversion
efficiency above 10% (Fig. 16b). Besides the open circuit voltage was increased from 0.7 V to 0.9 V.
These improvements were attributed to the passivation layer prohibiting the carriers from reaching the
surface and recombine non-radiatively.

InGaAs NWs have also been used as the major platform for solar cell fabrication. In ref. 20, solar
cells has been fabricated based on the intrinsic p-n junction, where Si substrate is p-type and NW is n-
type (Fig. 16¢). An InAlAs shell is grown surrounding the InGaAs core, with remarkable results in the
photovoltaic performance of the devices. The short circuit current increases from 4.3 pA/cm? to 10
nA/cm? % It is important to notice that the upper section of the shell is etched, to ensure good Ohmic

contacts. The I-V curve of the device under dark exhibits a highly rectifying behaviour, similar to a



diode (Fig. 16d). The unpassivated NWs have an I-V curve that exhibits an S-shape behaviour,
indicative of a low conversion efficiency due to losses attributed to surface states and defects. On the
contrary, the lack of the S-shape behaviour for the core/shell NWs highlights their superiority (Fig.
16¢).2%

A similar device structure has been adopted for InAsP NWs grown on Si as well.'*!! In this case, the
p-n junction is intrinsically formed between the Si substrate and the InAsP NWs. It is noted that no
parasitic film is grown, which implies that the p-n junction is purely formed between the p-Si and n-
InAsP. The I-V curve of the solar cells shows highly rectifying behaviour (Fig. 16f).*") The high
rectifying ratio along with the low reversed bias leakage current are indicative for a type II band
alignment, where the conduction band and the valence band of Si are located above the ones of InAsP.
Another factor examined is the ideality factor, which is a value varying between 1 and 2 and takes the
value of 1 for ideal diodes. The ideality factor accounts for imperfections in the fabrication of real
devices. In this case the ideality factor is very small which is 1.4, much improved when compared to
other NWs and can be compared to the one of state-of-the-arts NW homojunctions.?"! As in the previous
cases, the addition of an InP shell surrounding the InAsP core leads to spatial separation of the carriers
from the surface, resulting in reduced non-radiative recombination and thus to a higher short circuit

current and enhanced efficiency.*"
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Figure 16: a) SEM of a GaAsP NW solar cell with InGaAs passivation layer. The scale bar is 1 um. b)
P-V comparison between the passivated (red) and the unpassivated (blue) GaAsP NWs. The power
reaches a maximum of 10.2 mW/cm’ for the passivated NWs while remaining at 6.8 mW/cm’ for

unpassivated NWs. (Figs. 16a-b: Reprinted with permission by Springer Nature: Nature

Communications, ref. 140. Copyright (2013)) c) Schematics of photovoltaic solar cell structures based



on InGaAs/AllnAs NWs on Si. d) I-V curve in dark for InGaAs/AlInAs NWs showing a clear rectifying,
diode-like behaviour. The ideality factor is extracted as 2.5. ¢) Comparison of the I-V curves in dark
and under illumination for passivated and unpassivated NWs. The curve of the unpassivated NWs
exhibits S-shape behaviour, indicative of losses and low efficiency, which is absent from core/shell NWs.
(Figs. 16c-e: Reprinted with permission from ref. 20. Copyright (2015) American Chemical Society.
Further permissions related to this material excerpted should be directed to the ACS.) f) I-V curve of
solar cells based on InAsP NWs. Clear diode, rectifying behaviour is exhibited. The ideality factor is
small at 1.4 and comparable to the up-to-date NW solar cell technologies. (Fig. 16f: Reprinted with
permission from ref. 21. Copyright (2013) American Chemical Society)

5.3) Water splitting devices

Another ideal candidate source for green energy is hydrogen, as it is the simplest and most common
compound in nature. One of the potential ways to develop such a technology is to convert solar energy
to hydrogen via water splitting directly. Although this field has been intensively studied for many years,
the results regarding the efficiency of this conversion are far from enough to implement it on its full
scale. For photocathode fabrication, several wide bandgap materials have been preferred, especially
TiO; due to its photochemical stability. However, the bandgap of the material needs to be small enough
to absorb a wide range of the solar spectrum and large enough to induce water splitting. The ideal values
range between 1.6 eV and 2.4 eV.”? As a direct consequence, the use of direct bandgap III-V
semiconductors is beneficial. Additionally, ternary III-V alloys offer the advantage of tuneable
bandgap, which is also desirable.

GaAsP has a tuneable bandgap between 1.4 eV and 2.26 eV, which renders it ideal for water splitting
devices fabrication. In the work by Wu et al., the growth of GaAsP core/shell NWs was conducted
monolithically on Si via solid-source MBE (Fig. 17a).?! The p-type core is Be-doped and the n-type
shell is Si-doped. Due to the large surface to volume ratio in NW structures, the high density of surface
states might hinder the efficiency of the resulting devices. As a result, surface passivation via the use
of an InGaAs layer surrounding the core/shell homojunction can significantly improve the performance
of the water splitting structures.! The homogeneous NW array is then implemented in water splitting
device fabrication, with the schematics of Fig. 17b depicting the configuration of the photocathodes.
For the unpassivated structures, the photocurrent onset is 0.54 V vs. reversible hydrogen electrode
(RHE), while the photocurrent density at 0 V vs. RHE is 4.5uA/cm* (Fig. 17¢). It is noted that the
photocurrent remains stable for 30 min. With the addition of the InGaAs passivation layer, the surface
states are neutralized and the carriers are confined within the NW. Consequently, the photocurrent
density at 0 V vs. RHE is increased to 4.7 pA/cm?, while the photocurrent onset is at 0.63 V vs. RHE
(Fig. 17d). The achieved solar to hydrogen (STH) conversion efficiency achieved is 0.5%, much higher
than the ones reported for other NW photocathodes. However, the photocurrent stability is deteriorated



and remains stable for less than 10 min, which is attributed to the rapid photochemical corrosion that

the InGaAs passivation layer suffers./*”
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Figure 17: a) Schematics of the GaAsP NW, showing the growth of the p-type core and n-type shell,
with an intrinsic shell between the two. b) Schematics of a water splitting device consisted of a NW
array grown on Si substrates. c) Current density potential characteristics of GaAsP homojunction NWs
photocathode. d) Current density potential characteristics of GaAsP NWs photocathode with the
addition of an InGaAs passivation shell. The insets in Figs. 17c-d show the steady-state current density
of the photocathodes. The measurements were conducted at 0.1 V vs. RHE under AM 1.5G illumination.
(Figs. 17a-d: Reprinted with permission from ref. 22. Copyright (2014) American Chemical Society.
Further permissions related to the material excerpted should be directed to the ACS.)

5.4) Photodetectors

Photodetectors are light sensors, which include a p-n junction that enables the conversion of light
into current. Group III-V semiconductors have excellent optical properties owing to some of their

advantageous features, such as the direct bandgap. As a result, they have been frequently employed for



the realization of photodetectors. Especially antimonides enable photodetection in the near- or mid-
infrared region of the spectrum, which is crucial for a wide range of applications regarding detection of
infrared light. Ternary III-V alloys allow for a bandgap tuning, particularly beneficial for this type of
optical applications. Considering the monolithic integration of III-Vs on Si, offered by the unique NW
geometry, ternary III-V NWs are attractive as platforms for the fabrication of photodetectors. In this
part of the fifth section, we will briefly describe photodetectors based on ternary III-V NWs on Si.

GaAsSb has been implemented for the fabrication of near-infrared photodetectors with excellent
results. In the work by Huh et al., the single NW-based photodetector was organized in a four-probe
geometry as depicted in the SEM of Fig. 18a."°! From, the I-V curves, the first observation is a clear
rectifying behaviour of single GaAsSb NWs after device fabrication (Fig. 18b).*””! The rectifying
behaviour is attributed to the trend of the uneven distribution of Sb, with several fluctuations in the
NW, which creates asymmetric Schottky contacts between the NW edges and the metal contacts.
Additionally, Sb is diffused at the NW surface and forms Sb vacancies via an As-Sb exchange./”” These
defects act as acceptors and can contribute in the rectifying behaviour, as well.?”! In ref. 79, the
photoresponsivity achieved at reverse bias and under illumination is 1463 A/W, a value 48,000 times
higher than the one reported for GaAs NW-based photodetectors and comparable to the state-of-the-art
nanostructure-based photodetectors (Fig. 18c). It is ascribed to the higher electric field for a reversely
biased Schottky barrier. On the other hand, the rise time and decay time are relatively large at 32 ms
and 136 ms, respectively, signifying the persistence of the photocurrent, due to Sb-related defects.l”) In
addition, high Sb content has a profound influence on the performance of photodetectors, as well. It is
observed that in InAsSb NW-based photodetectors, the presence of Sb and the resulting high-quality
material and Sb accumulation at the external facets caused a record-low leakage current that enabled a
better performance of the device.””! Moreover, this design caused electrical conduction through the Si
substrates, which renders potential integration very promising.”!

After having examined single NW-based photodetectors it is important to examine the figures of
merit and the performance in an ensemble photodetector. The NWs in this case include an AlGaAs shell
that is used for surface passivation (Fig. 18d).** In the I-V curves, rectifying behaviour is observed due
to the formation of asymmetric Schottky contacts at the ends of the NWs (Fig. 18e¢). The
photoresponsivity under illumination at reverse bias is 311 A/W. It is noted that as-grown NWs result
in devices with large dark currents and low photocurrents, with approximate values of 10* A and 107
A, respectively at the forward bias. However, in-situ annealing after growth improves the performance
of the photodetectors resulting in a higher photocurrent of more than 10 A and a lower dark current of
107 A at the forward bias (Fig. 18f). Despite the high carrier mobility presented in this case, the results

could not reach the level of single NW-based photodetectors.!*
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Figure 18: a) SEM image of a single GaAsSb NW-based device with four metal electrodes. The scale
bar is 500 nm. b) I-V curve of a single GaAsSb NW in four-probe geometry (A-D). Probe A is close to
the tip and D is close to the base as viewed in the SEM image of Fig. 18a. Rectifying behaviour is
clearly observed in all configurations (with the C-D measurement closer to the base being more
pronounced). c) I-V curves under different illuminations of the photodetector fabricated by GaAsSb
NWs that gave the measurements of Fig. 18b. The rectifying behaviour observed is a result of the
asymmetric Schottky contacts formed at the NW ends. The inset shows the photocurrent as a function
of the intensity of illumination. The photoresponsivity is calculated as 1463 A/W. (Figs. 18a-c:
Reprinted with permission from ref. 79. Copyright (2015) American Chemical Society) d) Schematics
of a photodetector based on an array of GaAsSb/AlGaAs core/shell NWs. e) I-V curves of the
photodetector of Fig. 18d under different illuminations. Rectifying behaviour indicates the existence of
asymmetric Schottky contacts at both NW ends. f) I-V curve of the device of Fig. 18d. The photocurrent
has a high value at forward bias, due to previous NW annealing. The stimulated fit is depicted by the
red line. (Figs. 18d-f: Reprinted with permission from ref. 28. Copyright (2018) IOP Publishing Ltd.)

5.5) Field-effect transistors (FETs)

The implementation of group III-V semiconductors in various types of FETs is gaining more and
more attention, mainly because of the high carrier mobility of this category of materials. The dominance
of electronics in an abundance of applications render investigation of this field crucial. The key to the
exploitation of the advantageous carrier transport properties of III-V materials, however, is their on-

chip integration. Considering that the vast majority of electronics is based on the cheap Si platform,



monolithic growth of III-V structures on Si is a priority for the realization of efficient FETs. Until
recently, this procedure was hindered by the large lattice mismatch between III-Vs and Si. This obstacle
can be overcome with the adoption of the NW geometry which, as mentioned extensively in the current
paper, offers elastic strain relaxation, allows for monolithic integration with the Si platform and has the
potential to improve the performance of the NW-based devices.

Electron transport properties of ternary III-V NWs are an exciting topic of research. Owing to the
high carrier mobility it presents, InGaAs is one of the most attractive ternary alloys for FET fabrication.
Back-gated FETs can be fabricated based on these NWs, by using metal contacts defined via lithography
techniques (Fig. 19a).P>!"""*!1 InGaAs NW FETs exhibit n-type conductivity. In the work by Hou et
al., by investigating a single NW-based FET, The Ion/Iorr ratio is up to 10° (Fig. 19b).**! The mobility
is also calculated as a function of back-gate voltage Vgs, which is enhanced and reaches 2700
cm?/(V*s), comparable to the state-of-the-art InAs NW-based FETs. However, for similar
measurements on FETs based on an ensemble of parallel InGaAs NWs, it greatly reduces the carrier
mobility and the FET performance. The Ion/lorr ratio is 500 and the carrier mobility approximately 60
cm?/(V*s) which is attributed to the non-optimized growth causing fractures or misalignments of the
NW ensemble and creates parasitic capacitance. For that reason, chemical treatment could be used for
surface passivation to improve the performance of the devices.*? It is noted that the dimensions of the
NWs!'"*! and the elemental composition of the alloy!''") are important in the carrier mobility and, thus,
the performance of the FETs. More specifically, the carrier mobility is reduced in smaller InGaAs NWs,
as deduced by the I-V curves of devices based on different NWs (Fig. 19¢). The possible reasons for
this decrease are several, such as 1) the increased phonon and surface scattering of carriers in smaller
NWs, and 2) the reduced effective channel width and less subbands, all of which result in a reduced
normalized current.!"*! Finally, In-richer structures exhibit a vast increase in the carrier mobility, which
also may decrease the turn off-ratio as leakage current may appear due to the reduction of the
bandgap.!''"

InGaAs NWs have also been used for the fabrication of surround-gated FETs.*") It is noted that the
advantage of surround-gated transistors is the ability to remove ungated regions. Despite the transport
in these regions usually increases parasitic source and drain resistance and can degrade the performance
of the metal-oxide-semiconductor field-effect transistor (MOSFET), the addition of the InGaAs region
and its use as the drain increases the transconductance and reduces the subthreshold swing of the
transistors. As a result, the leakage is much less and lower off-state currents can be obtained, without
any degradation of the on-state performance of the transistor, and the lower leakage current leads to the
operation of the transistor at higher voltages without suffering from a breakdown.!'**!

A surround-gated or gate-all-around FET has been demonstrated by fabricating a parallel array of
NWs, and the material comprising the gate is surrounding the NWs. The drain and source are comprised
of metal contacts (Fig. 19d).°"! Under such a configuration, the leakage current is minimal, and no

noticeable hysteresis is found in the capacitance vs. gate voltage graph (Fig. 19¢). The source-drain



current is modulated by the gate voltage, with an Ion/Iorr ratio of 10° (Fig. 19f). Finally, the threshold
voltage is 0.18 V, and the peak transconductance at Vps of 1 V is 280 uS/um.?"! The good switching
characteristics have even more room for improvement, by passivation of surface states to increase
carrier mobility within the channel. The adoption of the core/multishell structure described earlier, for
instance, may lead to a vast increase in the transconductance and drain current at 1.42 mS/um and 45
nA/um, respectively. The Ion/Iorr ratio is increased to 10%, indicative of the excellent switching features

of the FETs.*!

C
161 —— =193 nm
141 —— ¢=32.4nm
g 12| —d=419mm
s 10 Ni
12346678 &
S
-
*
[
_O
f ~ Room ten t —
Ni/Ge/Au/Ni/Au 10 !Eggm ;’;’599'3 B
: ) _ o s =275 M 2
(drain) \.\ “ £ @ o Gate oxide E 10 rLG — 200 nm 1
Si-doped g 3 q06fLa = ]
@ < - o InGaAs NW © Gate metal < ; G-D ==
= ' o 107f p
; S B 48 mv V-1
o 100 nm
8 1. o8 - E 10°F SS =85 mV dec' 1
S 3 10 Vps — 1.00V
g Surface area 2 0 1
i -10 .50 V
8 |72x100cm2 § g 107°r i
P —o—1 MHz a 10-1fp— 190" p
il —=—100 kHz — 005V
0.5 . —a—10 kHz 10-12 L )
VAU (SoUrce) 20 .0 0 10 20 2 w5 w
Gate voltage, V (V) Gate voltage, V; (V)

Figure 19: a) SEM (top) and schematics (bottom) of a back-gated FET with metal contacts based on a
single InGaAs NW. b) Transfer characteristics of the FET of Fig. 19a for different Vps. The inset depicts
the statistics of the lov/lorr ratio of 100 such devices. (Figs. 19a-b: Reprinted with permission from ref.
32. Copyright (2012) American Chemical Society ¢) Transfer characteristics of three back-gated FETs
based on single Iny ;Gag3As NWs with three different diameters. Smaller NWs present reduced electron
transport and mobility. (Fig. 19c: Reprinted ref. 141 with the permission of AIP publishing.) d)
Surround-gated FET comprised of a parallel array of 10 InGaAs NWs. Each NW is composed of a Si-
doped InGaAs on top of an undoped InGaAs NW. Each NW is wrapped with HfysAly -0 gate oxide and
tungsten (W) gate metal. Lgis 200 nm and Lg.p is 50 nm. e) Capacitance-gate voltage curve of the
surround gated FET of Fig. 19d, with 250 parallel NWs. The inset shows the SEM of a representative
structure. f) Transfer characteristics of a surround-gated FET based on InGaAs NWs. The values of
different parameters are included in the Figure. (Figs. 19d-f: Reprinted by permission from Springer
Nature.: Nature, vef. 31. Copyright (2012))




The high carrier mobility of InAs among the most of rest binary III-V semiconductors increased the
interest for other ternary alloys comprised of InAs. For that reason, InAsSb NWs have also been
examined for FET fabrication.®” The FETs constructed by InAsSb NWs exhibit a remarkably low
resistivity, which is a sign of the significant increase in the electron mobility upon more Sb
incorporation in the structures. More specifically, InAsSb NWs with 15% Sb content exhibit a six-fold
reduction of resistivity, when compared to pure InAs NWs.*” The surfactant effect of Sb, improving
the material quality of the NWs and reducing the density of stacking faults, is a contributing factor to
this phenomenon. It is noted that the impact of temperature and Sb concentration on the performance

of the FET is strong and the difference is even more pronounced at Sb-richer structures.”*"!

6) Conclusion and Discussion

Growth of III-V ternary NWs has attracted attention, due to their promising properties in bandgap
engineering, controllable material quality and monolithic integration on the Si platform. In our literature
review the recent advances have been discussed in the development of NWs and NWQDs based on I11-
V ternary alloys on Si substrates, along with the challenges that were met. As described in the previous
sections, one of the basic requirements is the realization of pure, defect-free NW structures, as crystal
defects give rise to unwanted effects and uncontrollable phenomena. Indeed, as clearly shown in the
case of Sb, inhomogeneous elemental distribution can significantly alter the morphology and the
properties of NWs and degrade the performance of the resulting devices. For instance, the
photodetectors based on antimonides presented persistent photocurrent, attributed to Sb-related defects,
such as antisites or vacancies.”” Sb content also has a noticeable effect on the carrier mobility in
InAsSb-based FETs.’” On the other hand, homogeneity in the morphology of the structures is a
significant factor, especially for solar cells and other energy harvesting applications.?'**"*" Uniformity
needs to be maintained in the elemental distribution of III-V elements within the NWs as well.
Inhomogeneity in the elemental distribution alters the crystal structure, the morphology and the bandgap
of the materials, leading to modifications in their optical properties. As a result, the performance of
optical applications, such as lasers, based on ternary III-V NWs can be degraded.

As stated in the growth mechanisms section, each primary technique employed for NW growth
exhibits its own advantages and disadvantages. SAG can potentially lead to a highly homogeneous array
of vertically aligned NWs, which is beneficial to photovoltaic cells, but includes several additional steps
of lithography and etching that increase the complexity and the cost of the procedure.**! On the contrary,
Au-catalysed VLS growth is a direct approach with fewer steps and more straightforward in its
realization.*” The formation of a liquid alloy among I1I-V adatoms and Au seeds is simple, due to the
intrinsic properties of Au.l*”) However, the control of the homogeneity in the elemental distribution is a
challenging task, while Au is also a contaminant for the material system, as it can be alloyed with the

Si substrate or diffuse into the NW forming deep trap energy states.!*' Self-catalysed VLS growth has



emerged as a promising growth technique, since group III droplets do not pose any contamination
hazards and their post-growth consumption is accessible under a high group V flux. However, the
reservoir effect hinders the abruptness of the interfaces between different parts of the NW, an effect that
can also be detrimental to the functionality of the resulting NW-based devices.[*” An alternative that
has been exhibited is the catalyst-free approach, where the NWs are elongated as a result of the strain
between III-V compounds and Si.***”) Nevertheless, this approach has not yet been thoroughly
investigated and its exact mechanism is not fully comprehended. Consequently, control over the
catalyst-free grown NWs is still at a relatively low level.

Despite the difficulties and the complexity of the procedures regarding the growth of ternary III-V
NWs on Si, the progress in device fabrication has also been significant. Energy harvesting devices such
as solar cells and photocathodes for water splitting have shown promising characteristics and higher
power conversion efficiency, when employing ternary III-V NWs. Even though room for improvement
is still significant, the breakthroughs on this scientific field rendered the renewable energy sources and
the alternatives to fossil fuels a realistic target for the future. Optoelectronic devices such as lasers and
photodetectors based on ternary III-V NWs on Si, also show exceptional features. For instance,
optically-pumped operation of ternary III-V nanolasers has been achieved at room temperature with
lasing at tuneable wavelength. The controlled bandgap of III-V NWs enabled emission and
photodetection of infrared light, a function that can be applied in several fields, such as
telecommunications and medical applications. Furthermore, monolithic integration of III-V
semiconductor NWs on the Si platform opened the route for the fabrication of highly efficient
electronics that exhibit stability and good carrier transport features, with lower power consumption.

Our work has summarized and described the growth methods, properties and main applications of
ternary III-V NWs on Si and briefly introduced ternary III-V NWs on other substrates. For clarity, in
the following figure (Fig. 20), we present three tables, where the bandgap, growth methods, basic
properties and device implementation of all the analysed ternary NWs are synopsised. Table I (Fig. 20a)
contains I[I-V-V NWs, Table II (Fig. 20b) includes III-I1I-V NWs and the final table (Fig. 20c) encloses
the four rare alloys that were described. It is reminded that, for the last case, growth on Si has not been

reported yet.
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Figure 20: a-c) Tables including III-V-V, III-III-V and rare alloys, respectively, encapsulating the
bandgap, growth methods, basic properties and device implementation of the ternary III-V NWs

described throughout the current paper.

To sum up, in the current review we have thoroughly analysed the growth methods and
characterization of ternary III-V NWs on Si substrates and highlighted the unique properties and
behaviours of each of the examined ternary alloys. By employing this type of alloys, the bandgap can
be widely controlled and as a result the wavelength of the emission is tuneable between the values of
the two binary alloys comprising the ternary material. The introduction of a third element in the ternary
alloy frequently has a significant impact on the morphology and the crystal structure of the NWs. Some

rare alloys grown on substrates other than Si have also been described. Based on these observations,



the devices based on ternary III-V NWs on Si including lasers, solar cells, water splitting devices,
photodetectors and FETs have been illuminated, with emphasis on their optimized performance. Even
though there is a long path of refinements lying ahead, the investigation and advances in ternary II11-V
NW growth on Si, presented in this paper, are promising for the future realization of highly efficient

and accessible technologies in the field of electronics and optoelectronics.
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