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ABSTRACT: Here we report on the Ga self-catalyzed growth
of near full-composition-range energy-gap-tunable GaAs,_,Sb,
nanowires by molecular-beam epitaxy. GaAs,_,Sb, nanowires
with different Sb content are systematically grown by tuning
the Sb and As fluxes, and the As background. We find that
GaAs;_,Sb, nanowires with low Sb content can be grown
directly on Si(111) substrates (0 < x < 0.60) and GaAs
nanowire stems (0 < x < 0.50) by tuning the Sb and As fluxes.
To obtain GaAs,_,Sb, nanowires with x ranging from 0.60 to
0.93, we grow the GaAs,; ,Sb, nanowires on GaAs nanowire
stems by tuning the As background. Photoluminescence
measurements confirm that the emission wavelength of the
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GaAs,_,Sb, nanowires is tunable from 844 nm (GaAs) to 1760 nm (GaAsgg;Sbye;). High-resolution transmission electron
microscopy images show that the grown GaAs; ,Sb, nanowires have pure zinc-blende crystal structure. Room-temperature
Raman spectra reveal a redshift of the optical phonons in the GaAs;_,Sb, nanowires with x increasing from 0 to 0.93. Field-effect
transistors based on individual GaAs,_,Sb, nanowires are fabricated, and rectifying behavior is observed in devices with low Sb
content, which disappears in devices with high Sb content. The successful growth of high-quality GaAs, ,Sb, nanowires with near
full-range bandgap tuning may speed up the development of high-performance nanowire devices based on such ternaries.

KEYWORDS: GaAs,_,Sb,, nanowires, bandgap tuning, self-catalyzed, molecular-beam epitaxy, rectifying behavior

As one of the most important narrow-bandgap ternary alloy
semiconductors, GaAs,_,Sb, has a bandgap tunable over a
large range from about 870 nm (GaAs) to 1720 nm (GaSb) at
room temperature, which makes it an attractive material for
band structure engineering' ” and various optoelectronic
applications, such as in optical fiber communication systems,”
infrared light-emitting diodes,’ photodetectors,” lasers,”*® and
heterojunction bipolar transistors.” In addition, the GaAs,_, Sb,
semiconductor alloy is also a good candidate for study on
spintronic devices based on GaAs.'’”'> However, the
fabrication of high-quality and high Sb content GaAs, Sb,
films remains a challenge because there is a large lattice
mismatch between the GaAs,_ Sb, films and HI-V semi-
conductor substrates, and the crystalline quality of the films is
very sensitive to growth conditions.”'>"*

Because of the ability to relax the elastic strain in two
dimensions,'>'® III-V semiconductor nanowires provide a
pathway to obtain high-quality antimony-based ternary
materials. The quasi-one-dimensional geometry facilitates
coherent growth of these ternary nanowires such as GaAsP,
InAsSb, InPSb, and GaInSb'’™>® as well as the formation of
strained, dislocation-free heterostructures in lattice mismatched
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systems.“’25 Among them, GaAs, ,Sb, nanowires are partic-
ularly interesting; several reports have been published on the
growth of GaAs, ,Sb, nanowires employing different growth
techniques. Using metal—organic chemical vapor deposition
(MOCVD) and metal—organic vapor phase epitaxy (MOVPE),
gold-seeded GaAs;_,Sb, (0.09 < x < 0.60) nanowires have
been grown on GaAs nanowire stems;**”” gold-catalyzed pure
GaSb nanowires have also been grown on GaAs and InAs
nanowire stems, respectively.”***">> GaAs,_.Sb, and pure
GaSb nanowires were also grown on Si substrates using gold
catalysts by chemical vapor deposition.””*” Recently, much
attention has been paid to molecular-beam epitaxy (MBE)
growth of GaAs, ,Sb, nanowires. By MBE, gold-free
GaAs,_,Sb, (0 < x < 0.44) nanowires have been grown on
Si(111) substrates;”* *" gold and gold-free GaAs,_,Sb, (x <
0.43) nanowire inserts have been grown on GaAs nanowire
stems.””™* However, the focuses of the majority of current
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Figure 1. Side-view SEM images of the Ga self-catalyzed GaAs,_,Sb, nanowires grown on Si(111) substrates by MBE. (a—c) GaAs,_,Sb, nanowires
were obtained by increasing Sb flux and corresponding x are 0.18, 0.27, and 0.35, respectively. (d—f) GaAs,_,Sb, nanowires were obtained by

reducing As flux and corresponding x are 0.30, 0.60, and 0.75, respectively.

39,41—44,46,47
MBE work have been on crystal structure,” e

electronic*” and optical properties’®***"** of GaAs,_,Sb,
nanowires and nearly all the investigated nanowires have x
lower than 0.50. Until now, to the best of our knowledge, the
systematic growth and investigation of large-range wavelength-
tunable high-quality GaAs,_,Sb, nanowires by MBE have not
yet been reported.

In this work, we report the growth of near full-composition-
range GaAs,_,Sb, nanowires by MBE. GaAs, ,Sb, nanowires
with different Sb content are systematically grown by tuning the
Sb and As fluxes and the As background. We find that
GaAs,;_,Sb, nanowires with low Sb content can be grown
directly on Si(111) substrates (0 < x < 0.60) and GaAs
nanowire stems (0 < x < 0.50) by tuning the Sb and As fluxes.
To obtain GaAs;_,Sb, nanowires with x ranging from 0.60 to
0.93, we grow the GaAs; ,Sb, nanowires on GaAs nanowire
stems by tuning the As background. To the best of our
knowledge, it is the broadest Sb composition range in
GaAs,;_,Sb, nanowires grown by MBE. Photoluminescence
(PL) results confirm that the emission wavelength of the
GaAs,_,Sb, nanowires can be tuned from 844 nm (GaAs) to
1760 nm (GaAsy(,Sbgg;). The GaAs,_,Sb, nanowires have
pure zinc-blende (ZB) crystal structure. Optical phonons of the
GaAs,_,Sb, nanowires show redshift with x increasing from 0
to 0.93. Field-effect transistors (FETs) based on individual
GaAs,_,Sb, nanowires have been fabricated and rectifying
behavior is observed in devices with low Sb content, which
disappears in devices with high Sb content. The broad
tunability of this antimony-based ternary alloy opens up new
band-engineering opportunities for next-generation near-IR
light emitting diodes, lasers, optical fiber communication, and
so forth.

Experimental Details. All GaAs,_,Sb, nanowires were
grown in a solid source MBE system (VG 80). Commercial p-
type Si(111) wafers were used as the substrates. Before being
loaded into the MBE chamber, the Si substrates were pretreated
by chemical etching using the method reported in our previous
work.* For the growth of GaAs; ,Sb, nanowires with low Sb
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content, GaAs, ,Sb, nanowires were grown directly on Si
substrates and GaAs nanowire stems, respectively, and the
variation of Sb content was realized both by tuning the Sb and
As fluxes. For the former, the Sb and As fluxes were ranged
from 4.50 X 1077 to 1.43 X 107 Torr and 4.20 X 1077 to 1.61
X 107% Torr, respectively. For the later, the Sb and As fluxes
were ranged from 3.75 X 1077 to 1.83 X 10~® Torr and 9.75 X
1077 to 1.61 X 107 Torr, respectively. To obtain GaAs,_,Sb,
nanowires with higher Sb content, we grew the GaAs, Sb,
nanowires on GaAs nanowire stems by tuning the As
background. The As background flux was ranged from 9.75 X
1077 to 5.90 X 107 Torr. All the detailed growth procedures,
growth parameters, and equipments for GaAs,_,Sb, nanowire
growth and characterization are given in Supporting
Information Section 1.

GaAs,_,Sb, Nanowires Growth on Si(111) Substrates
by Tuning the Sb and As Fluxes. We began our work by
growing GaAs,_,Sb, nanowires directly on Si(111) substrates
and Sb content of the nanowires was varied by tuning the Sb
and As fluxes. Figure la—c shows the side-view scanning
electron microscopy (SEM) images of the GaAs;_,Sb,
nanowires grown with Sb flux of 4.50 X 1077, 6.75 x 1077,
and 1.43 X 107 Torr, respectively. It is evident from Figure 1
that GaAs,;_,Sb, nanowires have been successfully grown on the
Si substrate surface, and all of them grow along the [111]
direction (a typical 25° tilted SEM image is shown in
Supporting Information Figure S1). Notably, the morphologies
of GaAs,_,Sb, nanowires are affected by the Sb flux. On one
hand, the GaAs;_,Sb, nanowire diameter increases with higher
Sb flux. The diameters of GaAs,_,Sb, nanowires with x = 0.18,
0.27, and 0.35 are about 75, 140, and 175 nm, respectively. On
the other hand, the lengths of the GaAs;_,Sb, nanowires are
observed to decrease with increasing Sb flux. According to the
nanowire growth time used, the axial growth rates of the
nanowires can be calculated and they are about 79, 71, and 22
nm/min for the samples with x of 0.18, 0.27 and 0.3,
respectively. The possible reasons for the axial and radial
growth rates variation of the GaAs, ,Sb, nanowires are as
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Figure 2. Side-view SEM images of the Ga self-catalyzed GaAs/GaAs,_,Sb, nanowires grown on Si(111) substrates by MBE. All the GaAs stems
have the same growth conditions. (a-c) GaAs;_,Sb, nanowires were obtained by increasing Sb flux and corresponding x are 0.09, 0.28 and 0.36,
respectively. (d) GaAs nanowire stems were shown as a reference. (e—h) GaAs,_,Sb, nanowires were obtained by reducing As flux and

corresponding x are 0.29, 0.32, 0.40, and 0.50, respectively.

follows. It is known that Sb tends to float on top of the growing
surface of GaAs,;_,Sb, nanowires due to its surfactant effect.
Thus, during nanowire growth Sb and As would exchange at
the growing surface”®*®*97#14650 4nd the surface floating Sb
atoms would combine with Ga atoms adsorbed on the (110)
nanowire side-facet surfaces, which reduces Ga diffusion on the
facets and increases the chance for radial growth.41 Meanwhile,
when a high Sb flux is used, it will hamper Ga diftusion to the
catalyst and result in smaller contact angles of the catalyst (it
can be observed in our varying Sb flux series), which further
causes the droplets to collect less amount of group-V elements
and a reduction of the group-V supersaturation. Thus, the
hampered Ga side-facets diffusion results in a decrease of the
axial growth rate.” In our work, the Ga droplets can be clearly
distinguished on top of the GaAs, ,Sb, nanowires with x of
0.18 and 0.27, consistent with growth of these GaAs; ,Sb,
nanowires via a self-catalyzed vapor—liquid—solid mechanism.
In contrast, the Ga droplets are almost exhausted for the
nanowires with x = 0.35 (Figure 1c). This phenomenon could
be attributed to the lack of Ga supplement to support the
GaAs,_,Sb, nanowire growth, especially in the heavy group-V
environment, leading to the exhaustion of Ga droplets on the
top of nanowires. We attempted to grow GaAs,_,Sb, nanowires
with higher Sb content in this scheme by further increasing the
Sb flux, however, it was found that the GaAs;_,Sb, nanowires
become shorter and thicker, and there is almost no nanowire
growth on the Si substrates when x > 0.4S.

Considering that GaSb nanowire growth needs a relatively
low V/III beam equivalent pressure (BEP) ratio of ~2* than
GaAs nanowire growth of ~7.5, we cannot get higher Sb
content GaAs,_,Sb, nanowires by increasing Sb flux alone as
mentioned above. In order to further increase Sb content, we
need to increase the Sb/(Sb+As) BEP ratio and reduce the V/
III BEP ratio at the same time. To meet these requirements, we
grew GaAs,_, Sb, nanowires on Si substrates by decreasing the
As flux. Figure 1d—f shows the side-view SEM images of
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GaAs,_,Sb, nanowires grown with As flux of 1.61 X 1075, 9.75
X 1077, and 4.20 X 1077 Torr, respectively, and the
corresponding x measured by energy-dispersive X-ray spec-
troscopy (EDX) are 0.30, 0.60, and 0.75. We find that
GaAs,_,Sb, nanowires with x < 0.60 can grow perpendicular to
the substrate surface, that is, along the [111] direction. The
GaAs,_,Sb, nanowires with x of 0.30 (Figure 1d) have a high
nanowire density and their diameter and axial growth rate are
130 nm and 74 nm/min, respectively. When Sb content
increases to 0.60 (Figure le), the as-grown wafer has a low
nanowire density and the nanowire diameter and axial growth
rate are about 192 nm and 49 nm/min, respectively. Further
increasing Sb content, the diameter becomes larger and axial
growth rate becomes smaller (not shown here). It is also clear
that a two-dimensional growth of GaAs, ,Sb, appears in this
sample. Finally, increasing Sb content to 0.75 (Figure 1f)
resulted in almost no GaAs,;_,Sb, nanowires and because the
two-dimensional growth dominates the GaAs;  Sb, growth, a
GaAs,_,Sb, film with a thickness of about 1 ym formed on the
substrate surface. GaAs;_,Sb, nanowires with x = 0.79 were also
grown directly on Si(111) substrates in this manner (using a
relative low As flux and a high Sb flux). The obtained
GaAs;_,Sb, nanowires have nonuniform diameters and they
were enwrapped by the parasitic GaAs,_,Sb, islands (see
Supporting Information Figure S2).

GaAs,_,Sb, Nanowires Growth on GaAs Nanowire
Stems by Tuning the Sb and As Fluxes. The growth of the
Ga self-catalyzed GaAs/GaAs,_,Sb, nanowires with different Sb
content was also carried out on Si(111) substrates by MBE, and
the Sb content was varied by tuning the Sb and As fluxes.
Figure 2a—c shows the side-view SEM images of the
GaAs,_,Sb, nanowires grown with Sb flux of 3.75 X 1077,
8.63 X 1077, and 1.83 X 107 Torr, respectively. We can see
from Figure 2a—c that GaAs, ,Sb, nanowires have been
successfully grown on GaAs nanowire stems. The morphologies
of GaAs,_,Sb, nanowires are affected by the Sb flux as observed
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in the nanoiwires grown directly on Si(111) substrates.
Notably, the GaAs,;_,Sb, nanowire diameter increases with
higher Sb flux. The diameters of GaAs,_,Sb, nanowires with x
= 0.09, 0.28, and 0.36 are about 90, 104, and 175 nm,
respectively. On the other hand, the lengths of the GaAs,_,Sb,
nanowires are observed to decrease with increasing Sb flux (the
axial growth rates are about 49, 46, and 11 nm/min for the
samples with x of 0.09, 0.28 and 0.36, respectively). GaAs,_,Sb,
nanowires grown with the Sb flux of 1.83 x 10® Torr have a
length only about 500 nm with the growth time of 45 min
(Figure 2c). Further increasing the Sb flux, no GaAs,_,Sb,
nanowires can be grown on GaAs nanowire stems owing to the
exhaustion of Ga droplets on the top of nanowires as discussed
above.

GaAs,_,Sb, nanowires were also grown on GaAs nanowire
stems by decreasing the As flux. Figure 2e—h shows the side-
view SEM images of the GaAs,_,Sb, nanowires grown with As
flux of 1.61 X 107%, 1.35 X 107, 1.05 X 107° and 9.75 X 1077
Torr, respectively, the corresponding x measured by EDX are
0.29, 0.32, 0.40, and 0.50. We find that GaAs,_,Sb, nanowires
with x < 0.50 can be grown on GaAs nanowire stems. It can be
seen that GaAs,_,Sb, nanowires grown with As flux of 1.61 X
107% and 1.35 X 107 Torr have a uniform diameter and relative
long length. Their diameters are about 121 and 175 nm,
respectively. Their lengths are about 2.4 and 1.4 um,
respectively (corresponding axial growth rates: ~ 53 and 30
nm/min). However, further decreasing the As flux to 1.0S X
107 and 9.75 X 1077 Torr, taping morphology GaAs,_,Sb,
nanowires appear and they have a low growth rate (~16 and 10
nm/min, respectively). GaAs,_,Sb, nanowires grown with low
As flux will cause the droplets to collect less amount of grousp-V
elements and a reduction of the group-V supersaturation.”">*
Thus, the growth rate of GaAs, ,Sb, nanowires decreases with
lower As flux. We attempted to grow GaAs, ,Sb, nanowires
with higher Sb content in this scheme by further decreasing the
As flux, however, it was found that the GaAs;_,Sb, nanowires
become shorter and taper, and there is almost no nanowire
growth on the GaAs nanowire stems when x > 0.55. It is also
worth noting that the diameter of GaAs nanowire stem
decreases with lower As flux (Figure 2gh). This phenomenon is
caused by the part decomposition of GaAs nanowire stems
before and during the growth of GaAs,_,Sb, segments.

GaAs,_,Sb, Nanowire Growth on GaAs Nanowire
Stems by Tuning the As Backgroud. According to above
results, GaAs,_,Sb, nanowires with low Sb content can be
grown directly on Si(111) substrates (0 < x < 0.60) and GaAs
nanowire stems (0 < x < 0.50) by tuning the Sb and As fluxes.
The former (grown directly on Si substrates) has a relative
higher axial growth rate and a relative broader composition
range (see Supporting Information Section 1) than the latter
(grown on GaAs nanowire stems). Meanwhile, we find that
GaAs,_,Sb, nanowires with x > 0.60 and good morphology
cannot be obtained by tuning the Sb and As fluxes. On one
hand, with increasing the Sb flux, the exhaustion of Ga droplets
on the top of GaAs,_.Sb, nanowires will hinder the axial
growth of nanowires (as shown in Figure la—c and Figure 2a—
c). On the other hand, with decreasing the As flux, although we
notice that the Ga droplets can always exist on the top of
GaAs,_,Sb, nanowires, the reduction of the group-V super-
saturation will be harmful to the axial growth of nanowires (as
shown in Figure 1d—f and Figure 2e—h). We know that the
pure GaSb nanowires can be successfully grown on GaAs or
InAs nanowire stems using MOCVD and MOVPE,24’28_3'5
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where there is homogeneous As atmosphere during nanowire
growth. Thus, to minimize the possible negative effect from the
directional characteristic of the As flux in the MBE chamber™®
and from the Sb content increase on nanowire morphology, we
grew the GaAs; ,Sb, nanowires with higher Sb content by
tuning the As background.

Figure 3a—d shows the side-view SEM images of the
GaAs,_,Sb, nanowires grown on GaAs nanowire stems at

Figure 3. Side-view SEM images of the self-catalyzed GaAs,; ,Sb,
nanowires grown on GaAs nanowire stems by MBE. (a—d)
GaAs,_,Sb, nanowires with x of 0.54, 0.70, 0.80, and 0.93 respectively
obtained by reducing the As flux, using the As background in the MBE
chamber as “As source”.

different As background fluxes, and the corresponding x in the
nanowires are 0.54, 0.70, 0.80 and 0.93, respectively (detailed
growth conditions are shown in Table S1). Evidently, the
GaAs;_,Sb, nanowires are well grown on the GaAs nanowire
stems. All the GaAs,;_,Sb, nanowires have diameters larger than
those of the GaAs segments, which is often observed in
antimony-based nanowires.””>* The diameters of GaAs,_,Sb,
nanowires in Figure 3a—d are about 225, 230, 240, and 285 nm
and their axial growth rates are about 26, 19, 16, and 12 nm/
min, respectively. The relatively low axial growth rate is caused
by the increase of Sb content in the nanowires. It is worth
noting that the Ga droplets can be observed clearly on top of
the GaAs,_,Sb, nanowires even when x is as high as 0.93. The
existence of Ga droplets is strong evidence for the successful
growth of GaAs,_,Sb, nanowires with such high Sb content on
the GaAs nanowire stems. Furthermore, it suggests that long
GaAs;_,Sb, nanowires can be obtained by extending the
nanowire growth time. We have also experimented with
growing GaAs,_,Sb, nanowires on GaAs nanowire stems at
further decreased As background in the MBE chamber. We find
that we can obtain almost pure GaSb nanowires on GaAs
nanowire stems (As is present at a small amount of around 4%
in the GaSb nanowire body) although they have a very low axial
growth rate.*” To enlarge the Sb composition range, Ga self-
catalyzed GaAs/GaAs,_,Sb, nanowires were grown on Si(111)
substrates by further increasing the As background flux. We find
that GaAs,_,Sb, nanowires with x of ~0.40 can be grown on
GaAs nanowire stems by tuning the As background. Further
increasing the As background flux, GaAs/GaAs, ,Sb, core—
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Figure 4. (a,b) TEM images of a GaAs,_,Sb, nanowire with x of 0.18, (c—e) TEM images of a GaAs,_,Sb, nanowire with x of 0.35. (gh) TEM
images of a GaAs/GaAs,_,Sb, heterostructure nanowire with x of 0.80 (f). The insets of (b,d,g) are their corresponding SAED patterns.

shell nanowires formed on Si(111) substrates (see Supporting
Information Section 3).

On the basis of the above results, we find that the growth
window of the GaAs, ,Sb, nanowires grown directly on
Si(111) substrates and GaAs nanowire stems is strongly
dependent on the Sb and As fluxes and the As background.
By careful tuning these growth parameters, we can realize the
Ga self-catalyzed growth of near full-composition-range energy-
gap-tunable GaAs,_,Sb, nanowires in our MBE system.

Crystal Structure of GaAs,_,Sb, Nanowires. The crystal
structure of the GaAs, Sb, nanowires was investigated by
transmission electron microscopy (TEM). Figure 4ab shows
the TEM images of a typical GaAs;_,Sb, nanowire with x of
0.18 (Figure la). The inset of Figure 4b is a selective area
electron diffraction pattern (SAED) of the nanowire, which is
indexed to the face-centered cubic phase of the GaAs,  Sb,
viewed along the [011] axis. Detailed high-resolution TEM
(HRTEM) and SAED results reveal that the GaAs;_.Sb,
nanowire is of a pure ZB crystal structure, with the exception
of a very short wurtzite (WZ) section (~30 nm) at the tip. In
our work, at the end of nanowire growth the Sb, As, and Ga
source shutters were closed at the same time. Thus, the Ga
droplet and As atmosphere in the MBE chamber could exist for
a while, while Sb would be exhausted almost immediately
because of its small flux in comparison with As. A transition
from ZB to WZ/stacking faults appears when the triple phase
line passes through the edges between the top and side facets of
the nanowires.*""*°*>° Here, the influence of a small amount
of Sb addition on the crystal structure reported in the literature
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can be neglected.”' The very short WZ section is only observed
in GaAs,_,Sb, nanowires with low Sb content in our work.
Figure 4c—e shows the TEM images of a typical GaAs, . Sb,
nanowire with x of 0.35. From Figure 4c, we can see that there
is no Ga droplet on top of the GaAs,_,Sb, nanowire, which is
consistent with the SEM results above (Figure 1c). Detailed
HRTEM and SAED results indicate that the entire GaAs,_,Sb,
nanowire body has a pure ZB structure. According to the
literature, Sb addition will reduce supersaturation of group-V
elements in Ga droplet and affect the additional cohesive
energy required for the formation of a WZ stacking order.”'
Thus, a pure ZB crystal structure is obtained in the high Sb
content GaAs,_,Sb, nanowires. Improving the nanowire
crystalline quality by Sb addition has also been reported in
other Sb-based III-V ternary nanowires.”””" TEM results also
show that GaAs,_,Sb, nanowires grown on the GaAs nanowire
stems have high crystalline quality. Figure 4f—h shows typical
TEM images of a GaAs/GaAs,_,Sb, heterostructure nanowire
with x of 0.80 (SEM image in Figure 3c). It is apparent that the
entire GaAs,_,Sb, section has a pure ZB crystal structure. The
detailed crystal structure and chemical composition information
on the GaAs/GaAs,_,Sb, heterostructure nanowires with
different Sb content are given in Supporting Information
Section 4.

Photoluminescence Spectra of GaAs,_,Sb, Nano-
wires. The optical properties of the GaAs;_,Sb, nanowires
grown above were studied by p-PL spectra at 77 K. Here, the
GaAs nanowires were used as a reference sample. Figure Sa
shows the representative PL spectra of the Ga self-catalyzed
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Figure S. (a) The normalized PL spectra of GaAs,_,Sb, nanowires
with different Sb content grown directly on Si(111) substrates at 77 K.
(b) The normalized PL spectra of GaAs,_,Sb, nanowires with different
Sb content grown on GaAs nanowire stems at 77 K (c) The resulting
bandgap energy of GaAs; ,Sb, nanowires as a function of Sb
composition x. The red curve in (c) is the best fit to the experimental
data using a quadratic function.

GaAs,_,Sb, nanowires grown directly on Si(111) substrates. As
shown in Figure Sa, with increasing x from 0 to 0.60 the PL
peak of the GaAs,_,Sb, nanowires can be tuned from 844 nm
(1.47 eV, GaAs nanowires) to 1480 nm (0.84 eV, GaAsg,Sb
nanowires). The obtained band-edge emission peaks are
consistent with the results reported in GaAs,;_,Sb, nanowires
with low Sb compositions.”*""** Figure 5b shows the
representative PL spectra of the self-catalyzed GaAs,_,Sb,
nanowires grown on GaAs nanowire stems. As shown in
Figure Sb, with increasing x from 0 to 0.93, the PL peak of the
GaAs;_,Sb, nanowires can be tuned from 844 nm (1.47 eV,
GaAs nanowires) to 1760 nm (0.71 eV, GaAsgy,Sbgs
nanowires), covering a broad region of the near-infrared
spectrum (the PL spectra of GaAs;_,Sb, nanowires with x of
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0.80 and 0.93 are shown in Supporting Information, Figure S7).
The bandgap of the GaAs,_,Sb, nanowires is tuned by 0.76 eV.
We note that the PL spectra taken from GaAs;_,Sb, nanowires
of different Sb content show no midgap emission band,
indicating that the GaAs,; ,Sb, nanowires have high crystalline
quality. This is consistent with the TEM results (Figure 4,
Figure S4, and Figure SS in Supporting Information). It is
worth nothing that the line widths of the band-edge emission
peaks of GaAs,_,Sb, nanowires with the above two growth
modes consecutively increase with increasing Sb content. The
increased alloy broadening with higher Sb content in the
GaAs,_,Sb, nanowires is the possible reason for this
phenomenon®*~** and similar phenomenon has been observed
in GaAs,_,Sb, nanowires,”’ GaAs/GaAs,_,Sb, core—shell
nanowires* and InAs,_,Sb, nanowires.”” Besides, for the PL
spectra of GaAs,_,Sb, nanowires with high Sb content we can
observe that their intensities appear to be weaker than those of
the low Sb content nanowires. One of the possible reasons is
that a large of surface states exist on the surface of our
unpassivated GaAs,_,Sb, nanowires, which act as nonradiative
carrier traps and as a source of gotential fluctuations associated
with surface-trapped charges;6 ~% With the increase of Sb
content, the hole concentration in GaAs,_,Sb, nanowires
increases, which results in the increase of surface recombination
velocity in GaAs,;_,.Sb, nanowires.”> Thus, high surface
recombination velocities and nonradiative recombination due
to surface states strongly degrade the internal quantum
efficiency of the high Sb content GaAs, . Sb, nanowires.*”

Although GaAs,_,Sb, nanowires were grown by two different
modes, they followed the same rule of band-edge emission. We
also investigated the relationship between the Sb concentration
and bandgap energy of the GaAs,_,Sb, nanowires. From the 77
K PL spectra (Figure Sa,b), we obtained the bandgap energies
of the GaAs,_,Sb, nanowires, and we used EDX to determine
the Sb concentration. The black squares in Figure 5c represent
the resulting bandgap energy of the GaAs,_,Sb, nanowires with
different Sb content at 77 K. It is known that the bandgap of a
ternary alloy is largely determined by an interpolation between
those of the two binaries, and we obtained a best fit to the
experimental results of the bandgap as a function of
composition using a quadratic eq (eq 1, C, a, b, ¢ are fitting
parameters).”* The fitting is constrained by the bandgap of
GaAs at x = 0. The red curve in Figure Sc shows the fitting
result. The fitting parameters a, b, and ¢ are 1.470, —1.638, and
0.893, respectively. We can use fitting function to calculate the
bandgap of the GaSb nanowires at 77 K, and the calculated
value is 0.725 eV, ~75 meV smaller than the theoretical value
for GaSb films at 77 K (0.8 eV).

E,(GaAs(;_,)Sb,) = xE,(GaSb) + (1 — x)E,(GaAs) — Cx(1 — x)

=a+bx+ o’

(1)

Raman Spectra of GaAs,_,Sb, Nanowires. Micro-
Raman spectroscopy measurements were performed on
GaAs,_,Sb, nanowires with x varying from 0 to 0.93 at room
temperature. The spot size of the laser beam used for the
Raman measurements is about 1 ym, so it can be focused on a
very small region with very few nanowires (1—3). Figure 6a
shows the Raman spectra of GaAs;_,Sb, nanowires with x
ranging from 0 to 0.93. We used bulk GaSb and GaAs
nanowires as reference samples. The Raman spectrum of GaSb
has two peaks at around 226.7 and 235.5 cm™!, which
correspond to the transverse optical (TO) and longitudinal
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Figure 6. (a) Confocal Raman spectra of GaAs,_,Sb, nanowires with
different Sb content at room temperature. The GaSb-like TO and LO,
and GaAs-like TO and LO modes are present in the spectra, the Sb
content increases followed by redshift of the four modes. And for
GaAs;_,Sb, nanowires grown on GaAs stems the GaAs TO and LO
modes from GaAs stems also appear marked with asterisk and triang]e.
(b) Phonon mode frequencies of the alloy nanowires as a function of
Sb composition x are shown (scatter). Experimental Raman
frequencies are obtained from fitting the spectra to Lorentzian
functions. Calculated results correspond to the expected frequency are
shown by solid lines.

optical (LO) phonon modes of bulk GaSb, respectively.” For
GaAs nanowires, the TO and LO modes are located at around
267.4 and 289 cm ™! respectively.” In Figure 6a, two sets of TO
and LO phonons are observed for the GaAs,_,Sb, nanowires
and can be assigned as GaAs-like and GaSb-like respectively,
whose frequencies varying continuously with Sb content from
those for the pristine GaAs and GaSb, respectively.”®*" This is
known as two-mode behaviors of optical phonons in semi-
conductor alloys. The two-mode behavior has been observed
for most of III-V alloys, such as GaAsSb, GalnAs, and
GaAsP.”"® It indicates that the doping of Sb in GaAs
introduces the microscope strain effects and high degree of
disorders, which can be confirmed by the broader peaks
compared with the corresponding modes in intrinsic GaAs and
GaSb. The Raman spectra were fitted with Lorentzian
lineshapes to obtain the observed peak frequencies (see
Supporting Information Figure S8). For GaAs/GaAs,_,Sb,
nanowires, GaAs-like LO and TO peaks from GaAs nanowire
stems are also observed which marked with asterisk and
triangle.

The observed peak frequencies are depicted in Figure 6b as a
function of the Sb compositions. As the Sb content is increased,
GaAs-like TO and LO phonons in GaAs,_,Sb, nanowires shift
to lower frequencies with increasing Sb content in comparison
with that for intrinsic vibrational modes of pure GaAs
nanowires. Because Sb is a heavier atom than As, and the
increase of Sb atomic concentration in the GaAs,_,Sb,
nanowires is expected to decrease the phonon frequencies. "

For the same reason, GaSb-like TO and LO shift to low
frequencies with the increase of Sb content. The redshift of
GaAs- and GaSb-like TO and LO appear more clearly with the
Sb content ranging from 0 to 0.93. It is worth noting that GaSb-
like TO and GaAs-like TO can be detected over the whole Sb
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compositional range in GaAs;_,Sb, nanowires (0—0.93), while
GaSb-like LO (GaAs-like LO) was not detected in low (high)
Sb content. This is expected, because the intensity of the LO
mode in nanowires is much lower than that of the TO mode,*®
the GaSb-like LO (GaAs-like LO) being not very intense due to
the relatively low (high) concentration in Sb. The detailed
analysis of the frequencies shifts for Raman modes by theory
calculation is shown in Supporting Information Section 6.
Electronic Properties of GaAs,_Sb, Nanowires. We
characterized the electrical properties of individual GaAs,_,Sb,
nanowires with different Sb content using a two-terminal device
geometry (a typical SEM image of single GaAs,_,Sb, nanowire
back-gated FET device is shown in the inset in Figure 7d) with
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Figure 7. (a) Rectifying behavior in a GaAs,_,Sb, (x = 0.27) nanowire
FET device, while disappears in the higher Sb content (x = 0.50)
device (b). (c) Comparison of the I-V characteristics of a GaAs,_,Sb,
nanowire device before and after RTA process. (d) Transfer
characteristics of a nanowire device with x = 0.27, indicating a p-
type characteristic. Inset in (d) shows typical SEM image of a single
GaAs,_,Sb, nanowire device and the red circle marks the Ga droplet.

the bias applied to the drain electrode and the source electrode
grounded. Figure 7a shows the typical semilog current—voltage
(I-V) characteristics of a GaAs,_,Sb, nanowire device with x =
0.27. From Figure 7a, a rectifying behavior is clearly observed.
The direction of the current rectification is the same in all
studied low Sb content nanowires which is determined by the
nanowire growth direction.”” The current rectification ratio
(Ttorward/ Leverse) is about 10 at a voltage range of +1 V. However,
when we increase x to 0.50 and above, the rectifying behavior of
the GaAs,_,Sb, nanowire device disappears (see Supporting
Information Figure S9). The field-effect measurements show
that holes are the majority carrier in the GaAs,_,Sb, nanowires,
as shown in Figure 7a—b. To investigate the rectifying behavior,
we have subject the nanowire device with x = 0.27 to rapid
thermal annealing (RTA) under N, ambience at 430 °C for 30
s. Comparing the I-V curves from the nanowire device before
and after RTA, we find that the rectifying behavior persists after
such a process, as shown in Figure 7c. Figure 7d shows the
transfer characteristics at Vg = —1 V of the GaAs,_,Sb,
nanowire device with x = 0.27, which confirms that holes are
the majority carrier, and the gate modulation effect is
comparable to that observed in Huh et al’s work. Huh et
al.*” reported that the rectifying behavior observed in
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GaAs,_,Sb, nanowire devices could be attributed to asymmetric
Schottky contacts which formed between the nanowire and the
metal electrodes near the base and the top of the nanowire and
caused by gradual distribution of carrier and Sb concentration.
In our work, the rectifying behavior in low Sb content
GaAs,;_,Sb, nanowire devices might be caused by the same
reason, although the variation of Sb composition in single
GaAs,_,Sb, nanowire is much less than the result in ref 40.
With the increase of Sb content, the carrier concentration in the
GaAs,_,Sb, nanowire increase,” which could reduce Schottky
contacts barrier and Ohmic contact tends to form between the
nanowire and the metal electrodes as we observed in Figure 7b
and Figure S9b—d.

In conclusion, Ga self-catalyzed GaAs,_,Sb, nanowires have
been systematically grown by MBE and their structure and
optoelectronic properties were carefully characterized.
GaAs,_,Sb, nanowires can be grown directly on Si(111)
substrates (0 < x < 0.60) and GaAs nanowire stems (0 < x <
0.50) by tuning the Sb and As fluxes. To obtain GaAs,_,Sb,
nanowires with a large range of tunable bandgaps, we grow
them on GaAs nanowire stems by tuning the As background in
which Sb content reaches up to 0.93. PL analysis confirms that
the emission wavelength of the GaAs,_,Sb, nanowires is tuned
from 844 nm (GaAs) to 1760 nm (GaAsyy,Sbygs). The
GaAs,_,Sb, nanowires have pure ZB structure. The optical
phonons of the GaAs,_,Sb, nanowires show redshift with x
increasing from 0 to 0.93. Rectifying behavior is observed in
FET devices based on individual GaAs,;_.Sb, nanowires with
low Sb content, wherreas for high Sb content nanowires,
Ohmic contact tends to form between the nanowire and the
metal electrodes and the rectifying behavior disappears. The
successful growth of high-quality GaAs,_,Sb, nanowires with
large-range bandgap tuning provides ample opportunities for
advanced device engineering of near-IR detectors and sources.
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