Number 18

Pages 4339-4586

Volume 5 14 May 2017

Journal of

Materials Chemistry C

Materials for optical, magnetic and electronic devices
rsc.li/materials-c

ISSN 2050-7526

ROYAL SOCIETY
OF CHEMISTRY PAPER

Zai-xing Yang, Johnny C. Ho et al.
Controllable IlI-V nanowire growth via catalyst epitaxy



ROYAL SOCIETY

OF CHEMISTRY

Journal of

Materials Chemistry C

PAPER

Controllable IlI-V nanowire growth via catalyst
epitaxyf

Ning Han,?® Ying Wang,?® Zai-xing Yang,*“ SenPo Yip,“® Zhou Wang,?® Dapan Li,°

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2017,
5, 4393

*de

Tak Fu Hung,® Fengyun Wang," Yunfa Chen®® and Johnny C. Ho

Controllable synthesis of IlI-V compound semiconductor nanowires (NWs) with high crystallinity and
uniformity is essential for their large-scale practical use in various technological applications, especially
for those which are grown on non-crystalline substrates. In this study, the catalytic effect is investigated
thoroughly in the growth of various Ill-V NWs in solid-source chemical vapor deposition, including Pd,
Ag and Ni catalyzed GaAs NWs and Au catalyzed InGaAs and GaSb NWs. It is found that small diameter
catalyst seeds lead to faster NW growth with better crystal quality, while large seeds result in slower NW
growth with kinked morphology and twinning defects. Importantly, these small catalyst nanoparticles are
observed to have higher solubility of the group Ill precursors due to the Gibbs—Thomson effect, which
not only enables effective Il precursor diffusion for a faster growth rate, but also yields epitaxial growth
of NWs from the catalyst seeds accounting for the low activation energy and better crystallinity. All these
results explicitly demonstrate the effectiveness of this catalyst solubility and epitaxy engineering for con-
trolled IlI-V NW growth and indicate the potency for the reliable production of high-performance NWs
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Introduction

In recent years, owing to their superior carrier mobility and
tunable bandgaps, III-V compound semiconductor nanowires
(NWs) have been extensively explored as fundamental building
blocks for next-generation electronics and optoelectronics.'™
Taking GaAs NWs as an example, a vertically standing single
GaAs NW solar cell has demonstrated a record apparent effi-
ciency of 40% over the Shockley-Queisser limit, illustrating
their advantages in highly efficient and low-cost photovoltaics.®
Generally, most NWs are synthesized epitaxially on single-
crystalline substrates via the well-known vapor-liquid-solid
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(VLS) and/or vapor-solid-solid (VSS) growth mechanisms by
both molecular beam epitaxy (MBE) and chemical vapor deposi-
tion (CVD). The epitaxial substrates play an important role in
initiating the nucleation of NWs as well as dictating the NW
growth orientations; however, the obtained NWs usually have
mixed crystal phases and varied orientations even employing
this epitaxial growth. This is mostly due to the fact that
the hexagonal wurtzite phase would become more thermo-
dynamically favorable in the nanometer scale as compared
with the one of cubic zincblende such that NWs with different
phases, orientations and even inversion domains are typically
obtained.””® All these would turn into more severe problems
for the non-epitaxial growth of III-V NWs on amorphous
substrates, such as on glass and SiO,, in which the NW
nucleation is more or less scattered and randomized.'*"?
Inevitably, non-epitaxial NW growth is preferred for high
growth yield without underlying crystalline substrates in order
to reduce the production cost for large-scale integration; as a
result, it is highly desired to controllably synthesize III-V NWs
with uniform growth behaviors and corresponding physical
properties for technological applications.'*™?

On the other hand, in addition to the substrate effect, the
composition, size and phase of catalyst seeds are found to play
an equally important role in directing the NW growth.'®™*® For
example, Johanssan et al. found that a residual amount of
In would allow GaAs NW growth with less defects as the NWs
are actually catalyzed by Au-In alloy particles, instead of the
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conventional Au-Ga seeds,"® and so do Au-Cd-Zn alloys in
CdZnTe NW growth.'® Also, Wang and his coworkers identified
the solid-state growth mode (i.e. VSS) of Al catalyzed Si NWs,*°
while Garnett et al. observed a similar VSS growth mechanism
of Pt catalyzed Si NWs,>" with all these illustrating the distinct
difference from the standard Au catalyzed VLS growth mode.
Recently, much attention has been paid to the catalytic effect of
the composition of Au seeds on NW growth because of the
associated Gibbs-Thomson effect. Specifically, the non-linear
relationship between the GaAs NW diameter and the Au seed
dimension was attributed to the different Ga solubilities in
varied sizes of Au particles.>®> Holmes et al. also found that
faster Ge NW growth with better crystallinity could be achieved
by using Au-Ge alloy seeds with a higher Ge composition.?***
This improvement was believed to be related to the lower Gibbs
energy required for NW nucleation and growth in the highly
supersaturated seeds. Nevertheless, even in typical Au catalyzed
GaAs NW growth, the solid-state diffusion of Ga in the Au-Ga
alloy seeds is observed, as revealed by the electron diffraction of
the catalyst tip.>> Moreover, by utilizing the surface X-ray
diffraction technique, the interface layers of the Au catalyst in
contact with the substrate are confirmed to exist in the quasi-
solid phase, which play an important role in guiding the
subsequent InP NW growth.”® In this regard, the conventional
VLS growth mechanism should be reconsidered to include and
contrast the quasi-VSS mode, where the insight obtained may
help to further understand the distinguishably different growth
behaviors of NWs.

In our previous study, the thin GaAs NWs were found to
grow epitaxially in the VSS mode from the Ni-Ga alloy seeds
using Ni nanoparticles as the catalyst and the NW phase and
orientation were highly dependent on those of the Ni-Ga solid
alloys.”” Also, when employing Au catalytic seeds, we observed
that Au-Ga alloys with different compositions could lead to
varied growth rate and density of GaAs NWs with different
diameters and growth orientations caused by the Gibbs-
Thomson effect.”® In this study, we adopt different catalyst
nanoparticles such as Pd, Ag and Ni for GaAs NW growth and at
the same time used Au seeds for the growth of different NWs,
including InGaAs and GasSb, in order to assess controllable
III-V NW growth via the engineering of catalytic solubility
and epitaxy. Surprisingly, the results clearly demonstrate that
small-diameter catalyst seeds with high Ga solubility lead to
single crystalline NW growth with a fast growth rate and
preferred (111) orientation. In contrast, large-diameter catalyst
seeds with a lower Ga composition yield a slow growth rate and
defective NW growth, with varied growth orientations such as
the (110) direction and even with kinked and curved NWs.
The associated mechanism can be explained in terms of
the epitaxial growth of NWs from their catalyst seeds in the
quasi-VSS growth mode. All these findings explicitly indicate
that the general growth control of III-V NWs can be easily
attained by the manipulation of catalyst epitaxy via the
precursor solubility for uniform and high-performance NW
synthesis, which is ultimately essential for the realization of
next-generation nanoelectronics.
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Here, GaAs, InGaAs and GaSb NWs are grown by solid-source
CVD as reported previously.**°~*" Typically, GaAs powders (0.8 g,
99.999% purity) and Pd films are employed as the solid source
and the catalyst, respectively, located in the upstream and
downstream zones of a two-zone furnace. After being pumped
down to ~2 mTorr, H, (99.99% purity, flow at 100 standard
cubic centimeters per minute, sccm) is introduced into the
system and the pressure is maintained at ~0.5 Torr. The Pd
catalyst is firstly annealed into nanoparticles at 800 °C for
10 min and then cooled down to 600 °C for NW growth.
Simultaneously, the GaAs powder zone begins to ramp up to
860 °C at a rate of ~80 °C min ™. After a growth duration of 60 min,
the system is cooled down to room temperature in H, atmosphere
and the NWs are harvested by sonication in absolute ethanol for
high resolution transmission electron microscopy (HRTEM, JEOL
6700F), selected area electron diffraction (SAED, Philips CM20),
and the attached energy dispersive X-ray spectroscopy (EDS)
characterization. The morphology of the NWs is also observed by
using a scanning electron microscope (SEM, FEI/Philips XL30).

Results and discussion

In an attempt to obtain Pd-Ga and Ag-Ga alloy catalyst seeds
with different Ga precursor solubilities, 0.1 nm and 6 nm thick
Pd and Ag catalyst films are used for the GaAs NW growth. The
typical GaAs NWs grown by Pd seeds are shown in Fig. 1. It is
clear that the thin GaAs NWs with a diameter of ~10 nm are
single crystalline oriented in the (111) growth direction as
evidenced from Fig. 1a and b. And the catalyst/NW interface is
identified as PdGas(123)|GaAs(311) though the NWs are growing
along the (111) direction. As depicted in ESL, Fig. S1, these NWs
are very uniform in diameter (10-30 nm) with a length greater
than 10 pm, and more importantly, the corresponding catalyst

Fig. 1 GaAs NWs grown by using the Pd catalyst. (a and b) HRTEM images
and the corresponding fast Fourier transformation (FFT) pattern of the thin
GaAs NWs grown by using a 0.1 nm thick Pd film, (c) TEM image of the
thick GaAs NWs grown by using a 6 nm Pd film, and (d) the EDS spectra of
the Pd—Ga alloy seeds collected in (a) red and (c) black.
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seed observed by HRTEM associated with the FFT pattern is
identified to exist in the tetragonal PdGas crystal phase. In
contrast, the thick GaAs NWs are kinked with a very short length
(~1 pm), as illustrated in Fig. 1c. The catalyst tip is identified to
be PdGa from the EDS spectra (Fig. 1d) as compared with that of
the small diameter PdGas one. In this case, it is obvious that
PdGa; seeds with a high Ga composition and small diameters
can lead to highly crystalline GaAs NW growth with fast growth
rates, which is in good agreement with the case of Au catalyzed
GaAs NWs.”® Although no obvious Ag-Ga catalyst tips are
observed in the Ag catalyzed GaAs NWs as given in Fig. 2a
and c, the thick NWs grown by using the 6 nm thick Ag film
are heavily kinked with a large amount of defects (Fig. 2a), while
the thin ones obtained by using the 0.1 nm thick Ag film are
relatively straight and uniform (Fig. 2b) without any defect
observed in the HRTEM image (Fig. 2d), implying a similar
higher catalyst solubility effect in the small diameter Au seeds.
And we also tried to synthesize GaAs NWs using a thick Ni
catalyst apart from our previously used 0.5 nm Ni. However, a
thicker Ni catalyst, such as 6 nm, cannot lead to NW growth,
attributable to the higher eutectic temperature of Ni-Ga from the
phase diagram than the Pd-Ga and Ag-Ga analogues. The thin
GaAs NWs grown by using Ni are all highly crystalline, as we
reported, in the (111) and (110) NW orientations,>® and the
unconventional (311) direction is also observed to grow by using
the NiGa catalyst with an NiGa(211)|GaAs(311) interface as
shown in Fig. 3.

Apart from GaAs NWs, we also attain GaSb NWs utilizing a
1 nm thick Au catalyst film, as illustrated in Fig. 4a and
reported previously.®! The NWs are rather thick with a diameter
of ~200 nm and some are even defective, as shown in the SAED
pattern in the inset of Fig. 4a. In contrast, very thin GaSb NWs
can be grown with diameters down to 20 nm with improved
crystallinity and a faster growth rate employing the sulfur-
assisted growth method, as presented in Fig. 4b. In detail, the

Fig. 2 GaAs NWs grown by using the Ag catalyst. (a and b) TEM images of
the thick and thin GaAs NWs grown by using 6 and 0.1 nm thick Ag films,
respectively, (c) the EDS spectrum of the catalyst tip collected in (a), and
(d) the HRTEM image and corresponding FFT pattern of the thin GaAs NWs
illustrated in (b).

This journal is © The Royal Society of Chemistry 2017

Paper

Fig. 3 GaAs NW grown by using a Ni catalyst with the NiGa(211)|GaAs(311)
relationship. (a) HRTEM image of GaAs NWs and the polygonal catalyst,
(b) and (c) FFT of the HRTEM images of the catalyst and the NW region.

Fig. 4 GaSb NWs grown by using the Au catalyst. (@ and b) TEM images
and SAED patterns of typical thick NWs grown by using a 1 nm Au thick film
and thin NWs grown by using a 0.1 nm thick Au film via the sulfur
surfactant-assisted scheme, and (c) EDS spectra of the AuGa alloy seeds
of the typical thick (red) and thin (black) GaSb NWs.

typical catalyst alloys are observed as AuGa for the thick NWs
(200 nm) and AuGa, for the thin NWs (20 nm) as confirmed by
the EDS studies given in Fig. 4c as well as the HRTEM images
described in our previous work with AuGa,(111)|GaSb(111)
interface relationships.” These data assure again the effect of
higher Ga solubility of the AuGa, catalyst alloy for highly
crystalline GaSb NW growth, in good agreement with both
the above-discussed GaAs NWs.

Furthermore, we also grow ternary InGaAs NWs by using a
2.5 nm thick Au catalyst film as shown in Fig. 5. It is evident
that these NWs are heavily kinked (Fig. 5a) with a (311) high
index growth orientation, as identified by the FFT of the HRTEM
image (Fig. 5b). Typical twin defects (Fig. 5c) are also observed
for the NWs grown in the (111) directions and a kinked angle of
~71° is often witnessed with the growth orientation changing
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Fig. 5 InGaAs NWs grown by using the Au catalyst via the one-step growth
method. (@) TEM image of the typical InGaAs NWs, (b) HRTEM image illustrating
the crystal interface between the catalyst and the NW body, (c) and (d) typical
twin-boundary (TB) defects and kinks observed in the NWs.

from [111] to [111] (Fig. 5d). And the kinked NWs with varied
growth orientations are also illustrated in Fig. S2 in the ESL.{ All
these results explicitly indicate the poor crystallinity of the
InGaAs NWs grown here. However, when we adopt a two-step
growth method, that is before the NW growth, the Au catalyst
nanoparticles are held at 600 °C for 2 min (GaAs and InAs
mixed source powders are heated at 800 °C) for the effective
nucleation of the NWs and then cooled down to 540 °C for the
NW growth with all the other growth parameters unchanged,
the NWs are grown with a much higher crystallinity and faster
growth rate with a relatively smaller diameter, as depicted in
Fig. 6 as well as in our previous report.”® The InGaAs NWs are
usually grown in the (111) directions, as identified from the
FFT of the HRTEM image (Fig. 6a). Although the lattice of the
catalyst tip is also observed in the HRTEM image, the FFT
pattern cannot be indexed as any known Au,Ga,, or Au,In, alloy
phase. Interestingly, the Au,Ga, and Au,In, alloy phases exist in
a very similar crystal structure as summarized in Table 1 because
Ga and In are located in the same column in the periodic table
with similar physical and chemical properties. In this case, if one
assumes that the Auln phase is in the same orthorhombic
structure as the AuGa analogue, the FFT pattern can be identi-
fied well to be the Auln phase with the lattice parameter 108% of
the AuGa one with an Auln(112)|InGaAs(111) interface. This is
also proved by the EDS spectra showing that the Auln alloy tips
are composed of Au:In = 1:1 for the two-step growth method,
but 2:1 for the one-step growth (Fig. 6b). Anyhow, all these
findings again demonstrate clearly that single crystalline Auln
alloys with a higher In composition can grow InGaAs NWs faster
and better (i.e. higher crystal quality) than the non-crystalline
Au,In alloy with a low In composition, which is in good agree-
ment with the ones of GaAs and GaSb NWs.

It is noticeable that the InAs NWs grown by using the Au
catalyst also contribute to similar results as illustrated by Zhang
et al.** that the Au,In, phase with higher In solubility (39 at%)
would lead to crystalline InAs NW growth with faster growth
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Fig. 6 InGaAs NW grown by using an Au film via the two-step method.
(a) HRTEM image and corresponding FFT patterns of the Auln alloy tips and
InGaAs NW body, and (b) EDS spectra of the Auln alloy tip collected in the
one-step growth (black) and two-step growth (red) methods.

rates as compared with the catalyst with a low In composition
(16 at%). All the experimental data and the literature results
are summarized in Table 2, where one can clearly see that the
engineering of catalytic solubility is proved to be a general
method for all the III-V NW growth control, with the possible
extension to elemental NWs, such as Si and Ge, as reported in
the literature,?***** demonstrating the promise of this catalyst
controlled process for high-quality semiconductor NW growth.
It is also noted that the NWs are grown in a uniform precursor
feed without any precursor interruption, and also the NWs are
cooled in their growth environment together with their source
materials, which leads to a minimized post-growth phenom-
enon, as illustrated in many reports where Ga in the catalyst
alloy is consumed by the As precursors if the Ga source is
stopped firstly.>>*%*” This is also proved by the absence of a
neck region in the obtained NWs in our experiments, implying
that most growth information is retained after being cooled down.
Therefore, most of the growth information can be deduced from
this post-growth analysis.

The growth rate difference can be first addressed consider-
ing the growth kinetics of NWs. In general, the growth proce-
dure in MOCVD includes: (1) precursor decomposition at the
catalyst surface, (2) dissolution and diffusion in the catalyst and
(3) nucleation at the catalyst/NW interface, while in MBE, only
steps (2) and (3) should be taken into consideration.’®**° For
the elemental NWs such as Si and Ge, the NWs are physically
precipitated directly from the catalyst without any chemical
reaction, and thus the growth rate is observed to be directly
correlated with the supersaturation of the catalyst.>**® Specifi-
cally, the small diameter Au catalyst seeds can alloy more Ga or
In precursor due to the Gibbs-Thomson effect (In(C,/Co) =
4yVi/(dRT), where Cq4 is the concentration of Ga in Au nano-
particles with diameter d, C, is the equilibrium concentration

This journal is © The Royal Society of Chemistry 2017



Journal of Materials Chemistry C

Paper

Table 1 Physical properties of different Au,Ga, alloys extracted from the binary Au-Ga phase diagram®? and comparison to our experimental results

Alloys Crystal phase Lattice constants (A) Ref.
AuGa, Cubic a=b=c¢=6.073 PDF3-0969
Auln, Cubic a=b=c=6.517 PDF 3-0939
AuGa Orthorhombic a=6.266, b = 3.421, ¢ = 6.399 PDF 3-065-1488
Auln Orthorhombic a=6.77, b = 3.69, c = 6.91 AuGa x108%
Auj ¢Gag 4 Cubic a=b=c=4.073 COD1510527
Auj 6Ing 4 Cubic a=b=c=4.106 COD1510528
GaAs Cubic 5.653 PDF 12-0608
InAs Cubic 6.0584 PDF 8-0387
Gasb Cubic 6.095 PDF 7-0215
InSb Cubic 6.4782 PDF 6-0208
Table 2 Influence of the catalyst supersaturation on the crystallinity of Ill-V NWs observed in this study and compiled in the literature
Catalyst/NW Diameter (nm) Supersaturation (atomic%) Catalyst seed Growth method Crystallinity Growth rate Ref.
Au/GaAs <20 50 AuGa Single step SSCVD Single crystalline Fast 28 and 29
~30 33.3 Au,Ga Single step SSCVD Single crystalline Fast
~40 30 Au,Gaz Single step SSCVD Single crystalline Fast
50-200 22.2 Au,Ga, Single step SSCVD Multicrystalline Low
~90 30-33.3 Au,Gaz, Au,Ga Two step SSCVD Single crystalline Fast
Pd/GaAs <20 83 PdGa; Single step SSCVD Single crystalline Fast This study
>100 50 PdGa Single step SSCVD Multicrystalline Low
Ag/GaAs ~20 NA NA Single step SSCVD Single crystalline Fast This study
~100 NA NA Single step SSCVD Multicrystalline Low
Ni/GaAs 10-20 50-60 NiGa, Ni,Ga; Single step SSCVD Single crystalline Fast 25
Au/InGaAs  20-100 33.3 Au,In Single step SSCVD Multicrystalline Low This study
50-70 50 Auln Two step SSCVD Single crystalline Fast
Au/GaSb ~20 66.7 AuGa, Single step SSCVD, S assisted Single crystalline Fast This study
~200 50 AuGa Single step SSCVD Mixed Low
Au/InAs <30 39 e-Phase MBE Defect free Fast 33
>40 16 ¢@-Phase MBE Defected Low

in flat surface (d — oo) materials, y is the surface energy, V,, is
the molar volume of Au, R is a constant (8.314 ] mol * K™ %), and
T is the temperature’>*"), and thus the supersaturation in
small diameter catalysts is low leading to low growth rates of
Si and Ge NWs. However, for most III-V compound NWs, only
the III metal component is diffused from the catalyst, while
the V elements come from the vapor phase because they are
non-soluble in the catalyst.'®>>** In this case, the driving force
for NW growth is not only the supersaturation of the catalyst,
but also the exothermal chemical reaction at the interface
which lowers the total energy of the system, as no Ga or In
NWs have been obtained by the Au catalyst in the CVD system
in the literature.

In our solid source CVD method, no organic precursor is
used and thus only steps (2) and (3) control the growth rate of
III-V NWs. Considering dissolution and diffusion, though the
higher solubility of small diameter catalysts would reduce
the precursor supersaturation, which is the driving force for
NW growth, the resultant single crystalline catalyst alloy would
favor precursor diffusion by providing both a short diffusion
distance and uniform pathway as compared with non-crystalline
large diameter catalysts. Also, the vapor phase V component
will also diffuse more easily into the growth frontier in small
diameter NWs compared with the large diffusion distance of the
thick NWs. Quantitatively, if one considers the chemical reaction
equation v = A exp(—E,/RT) [III][V], where v is the reaction rate, E,
is the activation energy, A and RT are constants, and [III] and [V]

This journal is © The Royal Society of Chemistry 2017

denote the precursor concentration/pressure,®® the higher
solubility of Ga in the small diameter Au catalyst would
increase the precursor concentration which would enhance
the reaction rate. This is also in good agreement with the fact
that for a high V/III growth ratio of III-V NWs, the [III]
concentration would be the rate determining parameter,®
and even in elemental NWs the growth rate is not only
determined by the supersaturation but by the product of super-
saturation and solubility.*®

It is also worth noticing that besides tuning the solubility of
the catalyst seeds, their corresponding crystal structures and
phases would also be changed accordingly. As summarized in
Table 2, the high solubility Au-Ga alloys are observed as AuGa,
Au,Ga; and Au,Ga phases and even AuGa, for GaSb NWs, while
the low solubility ones are present as Au,Ga, for GaAs NWs.
Even though they all occur in the hemisphere shape illustrating
somewhat liquid phase properties, the interface layers are
found to exist in a crystalline phase, which makes the VLS
growth mechanism quasi-VSS.”>?%*? Therefore, for investigat-
ing the effect of different crystal phases on the growth behavior
of NWs, the interfacial atomic planes between the catalytic
seeds and NWs are simulated as shown in Fig. 7. Notably, most
of the GaAs, InGaAs and GaSb NWs prefer to grow along the
(111) orientations, with the Ga/In atoms are aligned in the
rhombus shape with a length of ~0.4 nm and an angle of 60°.
The Ga alignments in the AuGa, (111) and NiGa (211) planes
are exactly the same as the ones in GaSb (111) and GaAs (311),
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Fig. 7 Schematic view of the in-plane orientation of the catalytic seed
and NW interfaces. (a) Aup,Ga(602)|GaAs(111), (b) Auln(112)[InGaAs(111),
(c) AuGa(111)|GaAs(111), (d) PdGas(123)|GaAs(311), (e) NiGa(211)|GaAs(311)
and (f) AuGa,(111)|GaSb(111).

respectively, which would contribute effectively to the epitaxial
growth of the GaSb (111) and GaAs (311) planes, as indicated in
Fig. 7e and f. Although the Ga/In alignments in the Au,Ga (602),
Auln (112) and AuGa (111) are not exactly the same as the one
in GaAs (111) and InGaAs (111), respectively, they have the least
mismatch, capable of epitaxy with minimal change in the intera-
tomic distance or the interplanar angle, which would contribute
efficiently to the (111) preferred growth orientation, as shown in
Fig. 7a—c. This altered distance or angle could be the reason for the
observed zone axis being not the same for both the catalyst tip and
the NW body in many cases of GaAs NWs.*® Moreover, it is also
highlighted that the PdGa; catalyst would lead to a tilted growth
frontier from the orientation, as shown in Fig. 1a, which may
induce the epitaxial growth of NWs with the PdGa;(123)|GaAs(311)
interface orientation, as given in Fig. 7c, leading to an angle of
~29° between the (311) growth plane and the (111) growth
orientation. This phenomenon is also observed in AusSn catalyzed
SnTe NW growth.™ As a result, the epitaxial growth of NWs from
their catalyst tips would reduce the activation energy of the
reaction of the IIl and V precursors at the interface, which
accelerates the NW growth rate catalyzed by high III solubility
Au seeds. It should be noticed that this reduced activation energy
would play a more important role in the growth rate by the
exponential relationship than only favoring the diffusion of pre-
cursors abovementioned. Furthermore, the catalyst epitaxial
growth plays another important role in synthesizing highly crystal-
line NWs with preferred orientations similar to the MBE growth.
Consequently, the epitaxial growth of III-V NWs by using high
solubility catalysts plays the key role in growing single crystalline
and unidirectional NWs with high growth rates, in good accor-
dance with the literature that high crystal quality is accompanied
by a high growth rate of NWs.*>*®

Moreover, the catalytic solubility can be tailored by several viable
means. First of all, the catalyst diameter can be made smaller in
order to yield higher solubility as derived from the Gibbs-Thomson
effect. The second way is to adopt a two-step growth scheme, as
demonstrated in the case of GaAs and InGaAs NW growth, with an

4398 | J. Mater. Chem. C, 2017, 5, 4393-4399
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additional high-temperature step to obtain higher supersaturation
in the initial stage of the NW nucleation.”® *° The third one can be
the formation of ternary alloy seeds for tuning the catalytic super-
saturation, as illustrated in the ZnCdTe NW growth.'® Last but not
least, the utilization of a sulfur or oxygen surfactant assisted
scheme can also minimize or even prohibit the Ostwald ripening
of the catalyst particles during the NW growth; therefore, the
particles can be upheld in a small size to maintain high solubility
for the synthesis as observed in the cases of GaAs and GaSb
NWs.»*8 All these results illustrate the promising prospect of
catalytic epitaxy engineering for well-controlled III-V NW growth
for next-generation high-performance nanoelectronics.

Conclusions

In summary, for most III-V nanowires, including GaAs, InGaAs and
GaSb, etc., high solubility single crystalline catalyst alloys (i.e. Au-
Ga, Pd-Ga, Ni-Ga and Au-In) will lead to a faster growth rate and
higher crystal quality of the NWs as compared with those grown by
low solubility non-crystalline catalysts. At the same time, the higher
catalyst solubility will provide a fast precursor diffusion rate for NW
growth, as well as more lattice-matched interfacial epitaxial layers
for NW nucleation in a quasi-VSS mode which will reduce the
activation energy for the precursor reaction at the interface and
lead to NW growth. More importantly, the catalyst solubility and
epitaxy effects can be well engineered by manipulating the catalyst
size, growth and nucleation temperatures in the two-step growth
scheme as well as implementing the surfactant-assisted growth in
order to minimize the Ostwald ripening of the catalyst during NW
synthesis. All these results clearly demonstrate the versatility of this
catalyst solubility engineering in the III-V NW growth, which is also
applicable to other NW systems, such as Ge, indicating the
promising prospect of this technique in semiconductor NW growth
for high-performance nanoelectronics and others.
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