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During the last few years, there has been renewed interest in the monolithic integration of gold-free, Ternary IlI-As
Antimonide (Ill-FAs—Sb) compound semiconductor materials on complementary metal-oxide-semiconductor
(CMOS)—compatible silicon substrate to exploit its scalability, and relative abundance in high-performance and
cost-effective integrated circuits based on the well-established technology. Ternary IlI-As—Sb nanowires (NWs)
hold enormous promise for the fabrication of high-performance optoelectronic nanodevices with tunable bandgap.
However, the direct epitaxial growth of gold-free ternary Ill-As—Sb NWs on silicon is extremely challenging, due to

the surfactant effect of Sb.

Ternary IlI-As Antimonide

| 1. Introduction
1.1. Ternary llI-As-Sb Nanowires

In recent years, ternary llI-As Antimonide (Ill-As—Sb) materials have increasingly attracted enormous interest as
potential building blocks for next-generation optoelectronics. Among these, the InAsSb and GaAsSb alloys, have
particularly attracted increasing attention, due to their intriguing and promising properties. The InAsSb material
possesses a tunable bandgap, enabling bandgap engineering for controlled characteristics and device application
with its direct bandgap having the smallest energy among all the entire 11I-V semiconductors (145 meV for x = 0.63
at 0 K)E, |t's potential to extend the detection wavelength limit of InAs (3.8 um) to the long-wavelength infrared
range (LWIR) (8—-12 um)&! has attracted enormous interest for diverse applications, including photodetectors as a
potential replacement to existing HgCdTe-based infrared LWIR detectors which is plagued by concerns of
toxicity, surface instability, high growth, and processing cost, as well as non-uniformity®. In addition, Sb
incorporation in INAs opens up opportunities for the investigation of important material-related properties, such as
spin-orbit coupling and quantum confinement(@, as well as increases the minority carrier lifetime and mobility!€,
enabling highly efficient field-effect transistors. The InAsSb material also offers several advantages, including low
electron effective mass, high mobility at room temperature, and reduced auger recombination rate (auger
coefficient as low as 1077 cm®/s)lZ. On the other hand, the ternary GaAsSb alloy possesses a wavelength covering
a highly important range from the near IR (0.87 um for GaAs) to the mid-IR (1.7 um for GaSb) region, which holds
enormous potential for applications in optoelectronic devices, including optical telecommunications, quantum

information science, solar cells, and infrared photodetectors(&l2],
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During the last few years, there has been renewed enthusiasm in the monolithic integration of Ternary lll-As—Sb
compound semiconductors on complementary metal-oxide-semiconductor (CMOS)—compatible silicon substrate
to exploit the fascinating properties of the former, including direct bandgap, exceptional optical properties, and high
carrier mobility, as well as the scalability, availability and high-quality of silicon to enable application in high-
performance, cost-effective devices and integrated circuits based on the well-established Si technology. However,
the epitaxial growth of Ill-V semiconductors on Si is challenging owing to large differences in lattice mismatch,
thermal expansion coefficient, and crystal structure (whereas IlI-Vs have a zinc blende or wurtzite structure, Si has
a covalent diamond structure)iXd, as well as the polar/nonpolar nature of semiconductors/Si substrateX] which
often results in strain-induced defects and degradation of material quality2. One-dimensional nanowires (NWs)
provide the panacea for the integration of these materials directly on highly mismatched substrates. The small
footprint of NWs in contact with the substrate could be exploited to evade the strict lattice matching requirements
for the growth IlI-V semiconductor thin-film on highly lattice-mismatched substrates, due to elastic strain relaxation
enabling the monolithic integration of NWs on silicon. The heteroepitaxial growth of high-quality [lI-V—-Sb NWs
directly on Si substrates would undoubtedly open the flood gates for the experimental study of the band structure,
carrier transport, and other important fundamental properties of 1lI-As—Sb/Si heterojunctions which are not readily
available in conventional thin-film structures23i24l |n addition, it would enable the independent control of the NWs
geometry for optimal device functionalityl22. However, the nucleation and growth of 1lI-As—Sb NWs directly on
substrates is extremely challenging2€ and requires strict compliance with contact angle requirementsiZZ8 owing
to the surfactant effect of Sb on the substrate. As an alternative, previous ground-breaking research that provided
great insight into the growth of Sh-based NWs, utilized NWs stems, such as InAsi2219 and InP2, to facilitate
vertical NW directionality. More so, the growth of GaAsSb ternary alloy is particularly made more difficult, due to the
existence of a large miscibility gap, 0.25 < x < 0.72%, Furthermore, Au (which is the most commonly used catalyst)
is incompatible with CMOS processing!2tl and could potentially result in the unintentional incorporation of impurities
which adversely degrade NWs properties, a phenomenon which has mitigated its potential for use in the monolithic

integration of semiconductor NWs with silicon.

This paper provides a detailed review of CMOS compatible, Au-free growth, and optoelectronic applications of
Ternary Ill-As—Sb NWs directly on Si, specifically INnAsSb and GaAsSb NWs. We do not attempt to explicitly cover
all [lI-Sb NWs grown on llI-V substrates, NWs stems and axial heterostructures, etc., which are inclusive of Au-
catalyzed NWs. Broad and more general reviews encompassing the growth of such Sb-based NWs can be found
elsewherel28l221123124]125] First, a comprehensive review of recent progress made in the Au-free growth of InAsSb
and GaAsSb NWs directly on Si is presented, followed by a detailed description of the Sb surfactant effect and its
influence on both NWs morphology and structure of Ternary 11I-As—Sb NWs. Then, the various strategies that have
been successfully deployed for the suppression of the Sb surfactant effect are highlighted. Finally, recent advances

made in the development of CMOS compatible, Ternary IlI-As—Sb NWs-based devices are explicated.

2. Growth of Au-Free Ternary llI-As-Sb Nanowires Directly
on Silicon
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To monolithically integrate highly efficient Ternary 11I-V—Sb NWs-based devices (such as infrared detectors) with
the Si-based read-out circuit28], NWs have to be directly grown on the Si substrate. During the last few years,
significant progress has been made on the Au-free growth of ternary IlI-V—Sb NWs directly on silicon using various
growth methods, including MBE, MOCVD, MOVPE, and CBE. Here, we summarize the recent progress made in
the growth of InAsSb and GaAsSb NWs directly on silicon.

2.1. InAsSbh Nanowires Growth Directly on Silicon

There is an extensive body of literature on the growth of Au-catalyzed heterostructured InAs/InAsSbl2728] and
INAsSb NWs on InAs(111)B substratel2l: however, the first successful growth of InAsSb NWs directly on Si (111)
was demonstrated by Du et al. [22 in 2013, via the self-seeded growth mechanism by MOVPE. The Sb content was
found to have a significant effect on the morphology and crystal quality of the NWs. The length of NWs decreased
from (0.15-0.60) ym to (0.39-0.07) um while the diameter increased from (27—65) nm to (434-698) nm with
increasing Sb vapor phase composition (x,) from 0 to 0.8 [where X, is the ratio of Sb to the combined (As and Sb)
group-V material flux]. Short and thick flat pillars were obtained after 2 min of growth at the highest Sb composition
(xsp) Of 43 at.%. This implies an increase in x, translates to an enhancement of radial growth with suppression of
axial growth. In 2014, our research group¥ also realized the growth of INnAsSb NWs on bare Si by MBE via an In-
assisted nucleation without using NWs stems. It was observed that the geometry of the NWs was modified by
increasing x, with an almost doubling of the lateral dimension and a corresponding suppression in NWs axial
growth, which is similar to the earlier observation by Du et al.2ll. Several important milestones were achieved in
2015, as there was increased research on the growth of InAsSb directly on Si. Motivated by the observed influence
of Sb addition to the geometry of INnAsSb NWs, our research group investigated the surfactant effect of Sb addition
to the MBE growth of NWs 22l and Sb induced phase control23l. |t was confirmed that trace Sb flux has the
potential of tuning the geometry of InAsSb NWs by promoting lateral growth while suppressing axial growth. The
observed behavior is attributed to the surfactant effect of Sb, which results in modifications to the kinetic and
thermodynamic processes. A thermodynamic mechanism that accounts for Sb segregation in INnAsSb NWs was
thus elucidated, unraveling a new route towards precisely controlled NW morphology by the addition of Sb (more
discussion on this to follow in subsequent sections). Another important step towards a better understanding of the
growth of this ternary material was achieved in 2015 when Du et al. 22 fabricated InAsSb NWs on Si (111)
substrate by MOVPE as a function of various growth conditions, including V/IlI ratio, group Sb flow rate fraction,
and temperature. They found that InAsSb NWs can display both vapor—liquid—solid (VLS) and vapor—solid (VS)
growth mechanism depending on the growth parameters. At low V/III ratio and relatively high Sb flow rate fraction,
the VLS growth mechanism is dominant, whereas, at high V/Ill ratio and relatively low Sb flow rate fraction, NWs
were grown via the VS mechanism. There were marked differences in morphology, Sb content, growth direction,
and crystal quality of as-grown NWs depending on the growth mechanism, as depicted in Figure 1. The authors
observed that the VS grown NWs exhibited uniform growth direction and diameter, with a hexagonal cross section.
In addition, the NWs tips were flat with no droplets present, suggesting a catalyst-free growth mechanism with
uniform Sb distribution, which is beneficial for device integration of NWs array. Conversely, the VLS grown NWs are
almost kink-free and display multiple orientations. The NW top terminates with a hemispherical In—Sb alloy droplet

indicative of a catalyst-assisted growth mechanism with significant variation in Sb distribution and display of a pure
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crystal phase, which was mainly attributed to the In-rich droplets that are advantageous for the development of
single NW devices. This work demonstrates that the In-rich droplet of the Au-free growth could potentially improve
the crystal quality of (111)-oriented NWs without the introduction of impurities. The growth temperature regime for
realizing InAsSb NWs was identified to be in the range of 450-510 °C at an x, of 0.2. In addition, the authors
observed an inverse relationship between the lateral growth rate of the NWs and growth temperature, with higher

growth temperatures favoring axial NWs growth.

Figure 1. Images of INnAsSb NWs as a function of x, and V/lll ratio. The inset in the top right shows the variation of
growth rate with the V/III ratio for x, = 0.4 (as highlighted by the blue rectangular frame). The solid line is used for
eye guide, indicating the changing trend of growth rate. The red dashed line in the figure indicates the transition
boundary between vapor—solid and vapor—liquid—-solid growth modes. Reproduced with permission from[2!

Copyright 2015, American Chemical Society.

In 2020, Wen et al. 24 investigated the influence of essential growth parameters of growth temperature, indium
flux, and substrate type on the growth of silver-assisted InAsi-xSbyx NWs directly grown on Si (111) substrates by
MBE. The authors observed the growth of vertically aligned InAs;_xSbyx NWs directly on Si (111) substrates is
extremely difficult; however, the use of relatively high growth temperature and low indium fluxes promotes the
growth of vertically aligned NWs with a corresponding suppression in random growth of NWs. On the other hand,
the growth of non-[111]-orientation NWs, NWs tapering, and number density was found to increase with increasing
In-flux, due to higher indium content resulting in increased segregation of the silver-indium catalyst on the top of

the NW during growth. A further increase in Indium composition and catalyst segregation results in a gradual
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decrease in catalyst diameter, leading to enhanced tapering, since NWs diameter is highly dependent on the size
of the catalyst alloy. There was no obvious variation in the morphology and growth direction of the InAs0.85Sb0.15
NWs grown on various Si (111), Si (110), and Si (100) substrates, which were all characterized by the growth of
non-[111]-oriented NWs and attributed to the formation of an ultrathin oxide layer on the silicon surface prior to

loading into the MBE chamber.

2.2. GaAsSbh Nanowires Growth Directly on Silicon

Building on the pioneering Au-assisted growth of GaAsSb NWs on GaAs(111)B by Dheeraj et al. 23 in 2008,
previous Au-free GaAsSb NWs growth on Si were limited to heterostructuresB8B7, To the best of our knowledge,
the first reported Au-free growth of GaAsSb NWs directly on Si was reported in 2013 by Alarcon-Llad o et al.38],
who systematically investigated the optical properties of MBE grown NWs for Sb contents from 0 to 44 at.%, as
determined by EDX and provided a reference for the study of ternary NWs alloys while demonstrating the high-
quality of gold-free ternary antimonide NWs directly grown on silicon. This report was followed in 2014 by the
selective area, MBE growth of Pure zinc blende GaAsSb NWs by the same group22. The authors unambiguously
demonstrated that the NWs are completely twin-free down to the first bilayer with three-dimensional composition
evolution. This work opened the way for the integration of novel infrared nanodevices directly on the cost-effective
Si platform. Li et al.l49 systematically investigated Ga-catalyzed, MBE growth of GaAsSb NWs by tuning the Sb
and As fluxes achieve near full-composition-range. By tuning the Sb flux from 4.50 x 1077 to 1.43 x 107° Torr the
Sb content increased from 0.18 to 0.35 (Figure 2a—c), with almost no NWs growth, realized on the Si substrates for
X > 0.45 with limited growth of short and thick NWs. However, by increasing the Sb content from x = 0.30 to 0.60,
both the density and axial growth rate of the GaAsSb NWs were decreased while the diameter increased, and No
NWs growth was realized for a high Sb content of 0.75 at.% (Figure 2f) which was rather dominated by the growth

of a two-dimensional film.
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Figure 2. Side-view SEM images of the Ga self-catalyzed GaAs;_,Sb, nanowires grown on Si (111) substrates by
molecular beam epitaxy (MBE). (a—¢) GaAs;_,Sb, nanowires were obtained by increasing Sb flux, and the
corresponding xg, are 0.18, 0.27, and 0.35, respectively. (d—f) GaAs;_,Sbh, nanowires were obtained by reducing
As flux, and the corresponding xg, are 0.30, 0.60, and 0.75, respectively. Reproduced with permission from [60];

Copyright 2017, American Chemical Society.

A comprehensive study of the effect of Sb incorporation on the composition modulation, structural and optical
properties of self-assisted GaAsSb NWs on (111) Si substrate was conducted by Ahmad et al.4ll in 2017 using
MBE. The NWs exhibited a pure zinc blende crystal structure, largely free of any planar defects with inverse
dependence of NWs density as a function of Sb flux, which was associated with the surfactant effect of Sb and
droplet size-dependent Gibbs—Thomson effects42. EDX extracted Sb composition in as-grown GaAsSb axial NW
varied from 2.8-16 at.%; however, higher Sb incorporation enhanced radial NWs growth with a concomitant
reduction in the axial growth rate was observed. The authors revealed that thinner NWs with low Sb composition
presents inhomogeneous Sb composition distribution radially with a depleted Sb surface region, whereas, NWs
with larger NWs and higher Sb composition (16 at.%) display a more uniform Sb compositional distribution radially
leading to type-l optical transitions. This variation in Sb distribution was attributed to differences in growth
mechanism. In the same year, the influence of group V/IlIl beam equivalent (BEP) ratios and substrate temperature
on the density and chemical composition of self-catalyzed, MBE grown GaAsSb NWs on p-type Si (111) substrate
was systematically Investigated3l. A two-step growth temperature sequence of initiating growth at a relatively
higher temperature and then continuing the growth at a lower temperature was shown to be a promising technique

for realizing a high-density of NWs despite higher Sb compositions.

To engineer the optical and electrical properties of semiconductor NWs for various optoelectronic applications, it is
important to precisely control essential growth parameters. In 2020, the influence of As, and As, species on the
growth of self-catalyzed GaAsSbh NWs was investigated by Koivusalo et al. 44 by MBE via a droplet epitaxy growth
technigue. The authors demonstrated that a careful selection of As species is critical for tuning the NW dimensions
and the incorporation mechanism of Sb. It was shown that As, is the preferred candidate of choice when axial NWs
growth is essential, whereas As, is the best alternative when radial growth is required. Although, the NWs grown
using As, displayed a relatively larger diameter, As, counterparts grown under identical growth conditions were
reported to be longer in length. As, mitigates Sb induced suppression of NW aspect ratio for enhanced axial growth
while favoring the extension of the axial growth parameter window, to enable the growth of GaAsSb NWs with high
(47%) Sb composition. The observed As, induced enhanced axial growth is associated with the As incorporation
kinetics. As, has a lower sticking coefficient compared to As, on the common sidewall surface of self-catalyzed
GaAs NWs. As a result, there is less efficiency As incorporation on the sidewall from As, compared to As, during
VS growth, which implies an increase in local V/III ratio in the vapor phase with increased droplet supersaturation
and axial NW growth rate. On the other hand, As, promotes sidewall nucleation for enhanced radial growth, due to

its relatively high sticking coefficient.
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