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Antimony Induced {112}A Faceted Triangular
GaAs,_,Sb,/InP Core/Shell Nanowires and Their

Enhanced Optical Quality

Xiaoming Yuan,* Philippe Caroff,* Fan Wang, Yanan Guo, Yuda Wang,
Howard E. Jackson, Leigh M. Smith, Hark Hoe Tan, and Chennupati Jagadish

Mid-infrared GaAs,_,Sb,/InP core/shell nanowires are grown coherently with
perfectly twin-free zinc blende crystal structure. An unusual triangular InP
shell with predominantly {112}A facets instead of {112}B facets is reported. It
is found that this polarity preference is due to the surfactant role of Sb, which
inhibits InP shell growth rate in the (112)A directions. This behavior reveals a
new degree of control and tunability allowed in manipulating nanowire facet
geometry and polarity in radial heterostructures by a simple means. Tuning
the Sb composition in the core yields controllable intense photoluminescence
emission in both the 1.3 and 1.5 pm optical telecommunication windows, up
to room temperature for single nanowires. The internal quantum efficiency of
the core/shell nanowires is experimentally determined to be as high as 56%
at room temperature. Transient Rayleigh scattering analysis brings comple-
mentary information, revealing the photoexcited carrier lifetime in the core/
shell nanowire to be =100 ps at 300 K and =800 ps at 10 K. In comparison,
the carrier lifetime of core-only nanowire is below the detection limit of the
system (25 ps). The demonstrated superior optical quality of the core/shell
nanowires and their ideal emission wavelength range makes them highly
relevant candidates for near-infrared optoelectronic applications.

1. Introduction

III-V semiconductor nanowires (NWs) are high-quality
nanoscale building blocks for optoelectronic applications thanks
to their exceptional optical quality, cylindrical cavity geometry,
and the freedom in band structure engineering offered by their
ability to form complex axial and lateral heterostructures.["?!
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These NWs and their heterostructures
have been demonstrated to have excellent
electronic® and optical properties*® in
the visible and near-infrared region, and
been applied to wrap-gated field effect
transistors integrated on Si,”l small foot-
print lasers,®1% light management in
solar cells,'' and integrated light-emit-
ting diodes on Si with superior structural
quality.'>1°] NWs applications in the tel-
ecommunication range (from 1 to 2 pm)
are less developed since strain-free binary
heterostructures do not cover that wave-
length range. Strain engineering can push
binaries such as the InAs/InP system into
communication wavelengths,['”18  but
with limitations to very narrow quantum
wells or small diameter quantum dots
to prevent detrimental strain-induced
defect formation. Expanding radial het-
erostructure to use ternary NW alloys is
therefore a natural way to tune emission
wavelength while minimizing the strain
level.>1619.200  However — growth-related
challenges of crystal structural perfection and composition
homogeneity still impair the development of ternary NWs
and their applications.[!?2l GaAs,_,Sb, NW is considered as a
desirable candidate for applications in the near-infrared range
due to its high crystal quality, reasonable composition homo-
geneity with a tunable bandgap from 870 (GaAs) to 1700 nm
(GaSb),1?l and proven ability for monolithic integration on
silicon.?*l GaAs;_,Sb, core-only NWs photoluminescence at
room temperature is more intense than that of GaAs!?® but still
not sufficiently efficient because of its high surface recombi-
nation velocity (SRV) which has a value between that of GaAs
(=2.5 x 10° cm 57126l and GaSb (8 x 10* cm s71).[7] By forming
a core/shell structure with a larger bandgap material shell (such
as GaAs/AlGaAs), the emission efficiency could be significantly
enhanced due to surface passivation.”! Among the I1I-V semi-
conductors, InP is an ideal shell candidate for GaAs;_,Sb, core
as a result of its extremely low SRV.?®] In addition it is lattice-
matched to GaAsjs;Sbg49 and has the possibility of forming
either a type-I or type-II band alignments depending on the
Sb composition. Indeed, record high frequency double hetero-
structure bipolar transistors (DHBT) reported recently validate
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the very high quality of GaAs;_ Sb,/InP based heterostruc-
tures.””) However, the potential for applications in nanowire
optoelectronics has remained relatively unexplored.

In this work, we report the growth of GaAs; ,Sb, /InP
core/shell nanowire via the metal-seeded vapor-liquid-solid
(VLS) growth method using metal-organic vapor phase epi-
taxy (MOVPE). Triangular {112} side facets with unexpected
A-polarity are observed and proven to be linked with the pres-
ence of Sb acting as a surfactant. Antimony (Sb) has low sur-
face energy (0.358 ] m~2)% and has been often used in altering
the crystal growth behavior in layer-by-layer or 3D quantum
dots.P1-331 Surfactant effect has also been found to be effective
in tuning the crystal structure, faceting, or growth direction in
I1I-V nanowire growth.?33436 This is the first report on the
surfactant role of Sb during intentional core-shell NW hetero-
structure growth. Strong photoluminescence (PL) emission
near 1.3 and 1.5 pm is obtained from single NW PL experiment
at room temperature. The PL intensity is enhanced by two
orders of magnitude in the core/shell structure compared with
the bare core and is related to an excellent internal quantum
efficiency (IQE) which can be as high as 56% and long photoex-
cited carrier lifetime (=800 ps at 10 K).

2. Results and Discussion

2.1. High Crystal Quality of GaAsg 5¢Sbg 44/InP
Core/Shell Structure

Figure 1 shows the morphology and crystal structure of the
GaAs(56SDg 44/InP core/shell NWs. After optimized InP shell
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growth, the NWs exhibit a triangular cross-section shape with
smooth sidewalls (Figure 1b,d) instead of a hexagonal shape
such as seen for the GaAs,_,Sb, core (Figure 1a).l?%l This indi-
cates anisotropic growth of the InP shell. More images of the
the core/shell NWs at different InP shell growth conditions can
be found in Figure S1 (Supporting Information). The transmis-
sion electron microscopy (TEM) image along the [1-10] zone
axis (Figure 1c) shows only thickness contrast with a thicker
region along the right hand side. The thicker region (Figure 1c)
represents a major side facet of the nanowire based on the tri-
angular geometry observed in the scanning electron micros-
copy (SEM) top view (Figure 1d). Since the GaAs;_Sb, core
NWs were grown along the [111]B direction, the right hand
side of the nanowire in Figure 1c is determined to be the (112)
A directions according to the corresponding selective area dif-
fraction pattern (SADP) (Figure 1e).”l Thus, the three facets
forming the isosceles triangular prism shape of the nanowire
are A-polar, as marked in Figure 1d. This result is highly unex-
pected under PHj rich condition. Indeed, although NWs with a
triangular shape are common in I11-V compounds,?>3"#2 most
of the previous papers reported B-polar {112} facets except for
GaP nanowires grown at low temperature and low V/III ratiol*!!
and recently reported Sn seeded GaAs nanowires.*’l The vast
dominance of {112}B terminated triangular sidewalls in III-V
nanowires is simply attributed to a lower surface energy of the
B-polar facets with respect to their A-polar counterparts under
group V-rich growth conditions.**! As a result, A-polar facets
grow faster than the B-polar facets and gradually shrink,*40l
leaving the NWs bound largely by B-polar facets after growth
(except in the vicinity of their apexes.*Y No planar faults, twins,
or stacking faults, are observed in either the core or the shell.

[111]B

[112]A

Figure 1. Morphology and crystal structure of the GaAsg 5¢Sbg 44/InP core/shell NWs, showing the triangular shape with {112} A terminated side facets.
a) SEM image (45° tilt) of the NWs before InP shell growth with electron beam projected in the [1-10] direction. GaAsg 5¢Sbg 44 NWs have a hexagonal
shape with {110} side facets. b) Core/shell NWs have a triangular shape with {112} side facets after InP shell growth at 550 °C for 16 min. c) TEM
image of a typical core/shell NW along the [1-10] zone axis shows the thickness contrast with thicker region on the right hand side of the NW. d) Top
view of a core/shell nanowire with the arrow indicating the electron projection direction in (c). This shows the right hand side of the NW in (c) rep-
resents a facet, either {112}A or {112}B. e) Corresponding SADP in (c) confirms that the right hand side of the NW is [112] A and the triangle shape
of core/shell NWs mainly consists of {112}A side facets. f) HRTEM image of (c) shows ZB twin-free structure of both the core and shell. The dotted
line indicates the boundary between the core and shell. No dislocation is observed at the interface. Scale bars are 1 pm in (a) and (b), 200 nm in (c),
100 nm in (d), and 10 nm in (f).
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The InP shell inherits the zinc blende (ZB) twin free structure
from the GaAs,; ,Sb, core, as confirmed by a high-resolution
TEM (HRTEM) image (Figure 1f) of the marked region in
Figure 1c. No dislocation at the interface between the core and
shell is observed.

The unexpected formation of A-polar side facets of InP on
GaAs;_,Sb, core suggests some fundamental changes with
respect to other standard III-V core—shell structures reported
to date. To push the investigation of this original core—shell for-
mation further, cross-sectional TEM analysis was performed. A
typical cross section of the GaAs 55Sbg 44/InP core/shell NW is
shown in Figure 2a. The interface between the GaAs;sSbg4
core and the outer InP shell is indicated by the dotted line. The
inner GaAs)s¢Sbg44 core shows hexagonal shape with non-
polar {110} facets, in agreement with previous reports on this
material system.”>#’] In contrast, the outer InP shell is bound
by the polar {112}A facets. Importantly, the InP shell growth
rate in the (112)A directions is entirely suppressed, which
results in the formation of {112}A side facets. The shape of the
core/shell structure is further confirmed by energy dispersive
X-ray (EDX) composition mapping (Figure 2b). The inner core
is hexagonal and shows six As-rich bands along the six (112)
directions, in accordance with previous reports.?*?*l The EDX
map demonstrates the selective growth of InP shell, resulting
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in poor coverage of InP on the GaAsgssSby44 core along the
(112)A directions. This facet-selective growth has been dem-
onstrated for radial inclusion of different quantum structures
in both group IV and III-V semiconductor nanowire sys-
tems.[*85% Figure 2c compares the EDX spectrum of the core
and shell. No In or P could be detected in the core while trace
amount of Ga, As, and Sb are found in the shell. One possible
reason explaining the presence of these elements in the shell
is the existence of residual Ga, As, and Sb in the vapor due
to re-evaporation from the susceptor or walls of the MOVPE
reactor. However, since Sb is neither found in the core nor the
shell during the subsequent growth of a test GaAs/InP core/
shell structure immediately after the GaAs,;_,Sb, growth (see
Figure S2, Supporting Information), this possibility is not
likely. Instead, atomic interdiffusion between the core and shell
during high-temperature growth of the shell could explain the
observed alloying.! A HRTEM image and the corresponding
geometrical phase analysis (GPA) in the marked region in
Figure 2a is shown in Figure 2d—f. Dislocations could not be
observed from either the HRTEM or GPA mapping, which sug-
gests that InP shell grows coherently without the formation of
any misfit dislocations on the GaAs;s5sSbg 44 core. This is rea-
sonable since there is only a 0.4% lattice mismatch between the
core with nominal 44% Sb and the InP shell. According to GPA

Figure 2. Microstructure and compositional analyses of the core/shell structure. a) TEM image of a typical cross-sectional sample, showing the hex-
agonal core and truncated triangle shape of the shell. b) Confirmation of the InP shell by EDX mapping. c) Point EDX analysis of core and shell, showing
the existence of trace amount of Ga, As, and Sb in the shell. d) HRTEM and e,f) corresponding GPA analysis of the region marked in (a), demonstrating
the coherence between the core and shell. Dotted white lines in (a), (d—f) indicate the boundary between the core and shell.
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strain mapping, only moderate strain contrast is observed, indi-
cating that the core and shell are close to lattice matched.

Another core/shell sample with lower Sb in the core
(%= 0.29) shows the same shell growth behavior, indicating that
the preference of A-polar {112} facets is not caused by the Sb
composition difference or more fundamentally by the strain
between the core and shell (see Figure S3, Supporting Informa-
tion). InP grows smoothly on the core, but it still does not cover
the core in the (112)A directions. Around 1.5% lattice mis-
match exists between the core and shell. The critical thickness
at this level of strain between GaAs;_,Sb, and InP heterostruc-
ture is calculated to be around 30 nm, which implies a coherent
interface since the InP shell thickness is much smaller for this
sample (=12 nm).bU Further HRTEM and GPA analysis con-
firm the coherence (Figure S3e, Supporting Information).

2.2. Surfactant Role of Sb in Forming A-Polar {112} Side Facets

The polarity-driven InP shell growth process is illustrated
in Figure 3. After switching to the shell growth, InP starts
growing on the hexagonal GaAs;_,Sb, core along the (110) and
(112)B directions except in the (112)A directions. Consequently,
the original {110} facets gradually shrink due to the fast growth
while the limiting {112}A facets are gradually formed. As the
shell growth time increases, the morphology of the core/shell
structure evolves from hexagon to truncated hexagon to nearly
triangle terminated with {112}A facets. This whole shape evolu-
tion process is presented as an animation, made of cross-sec-
tion TEM images for different shell thicknesses, in Figure S4
(Supporting Information) for InP shell growth from 0 to
40 min.

Figure 3b shows an atomic model of the core/shell structure
projected in the [1-10] direction. A- and B-polar {112} surfaces
have extra Ga(In)— and As(Sb)— dangling bonds, respectively,

www.afm-journal.de

as indicated by the black arrow. This results in different surface
energies between the {112}A and {112}B facets. Under PH;
or AsHj rich conditions, A-polar surfaces have larger surface
energy than B-polar surfaces;*1*4l therefore, they have a larger
growth rate according to the Wulff's rule.*”] However, the InP
shell on the GaAs;_,Sb, core only grows along the (112)B direc-
tions instead of the assumed (112)A directions as shown in
Figure 3a. One likely reason for this opposite growth trend is
the presence of Sb, as the surfactant role of Sb is well known to
alter crystal growth.?23]

To test this hypothesis, an InP shell is grown with the same
optimal shell growth conditions on 100 nm GaAs core which
is grown using a two-temperature process to guarantee a pure
ZB twin-free structure.”? In contrast to growths on GaAs;_,Sb,
cores, the InP shell grown on a GaAs core exhibits a hexagonal
shape with mainly {110} facets with smaller {112}A and {112}B
facets (see Figure S2, Supporting Information). The GaAs core
on the other hand has a truncated hexagonal shape formed by
the larger {112}B and smaller {112}A facets.**l Thus, the larger
(smaller) {112} facets of the InP shell are determined to be B
(A) polar, respectively, as indicated in Figure S2b (Supporting
Information). This shape indicates that the growth rate in the
(112)A directions is larger than in (112)B and both growth rates
are larger than in (110) directions, which agrees well with the
standard hierarchy of surface energies: Yo} <7Yiizs <{1zja.
In addition, the InP shell growth rate in the (110) directions
of the GaAs core (7.1 nm min) is over five times larger than
that on the GaAs;_,Sb, core (1.3 nm min), suggesting that the
driving force for InP shell nucleation on the GaAs;_,Sb, surface
is strongly reduced by the presence of Sb. Considering the fact
that Sb is effective in tuning the crystal growth by its surfactant
role, including but not limited to suppressing growth rate of Si
NWs and changing crystal morphology of GaN and GaSb,>3>>3
we ascribe the reduced growth rate and triangular shape of InP
shell to a reduction of surface energy in the presence of Sb.

{112)A

(b)

InP

GaAsSb

(111)B

(11-2)A  Assite
(11-2)B

2
B-site

@Ga @As(Sh) @InoP

Interface

Figure 3. lllustration of the growth behavior of InP shell on a GaAs;_,Sb, core. a) Schematic showing the evolution to {112}A terminated triangle shape
from the hexagonal of GaAs;_,Sb, core. Red and orange arrows represent the growth directions of the shell in (112)B and {110} direction, respectively.
The growth rate in the (112)A directions is nearly zero. Black lines show the formation process of {112}A facets, until finally developing into a triangular
shape. b) Atomic model shows the cross section in (a) projected along the [1-10] direction. On the {112} facets, there are extra Ga(In) dangling bonds
on the A-polar facet (indicated as A-site). In comparison, B-polar {112} facets have extra As(Sb or P) dangling bonds, displayed as B-site. This dangling
bonds difference results in different surface properties between A- and B-polar {112} facets. In the presence of Sb surfactant, this difference leads to
the formation of InP shell only on the B-polar {112} facets.
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Because of surface diffusion, surface reconstructions and
nucleation kinetics depend directly on the growth parameters.
Hence, it is reasonable to assume that the shell morphology
can be tuned by changing the InP growth conditions. Indeed,
InP shells have been shown to present {110} facets on InP core
at low growth temperatures and larger V/III ratios while {112}
facets form at high temperatures and low V/III ratios.’ In an
attempt to obtain {110} facets of the InP shell to fully cover
the GaAs;_,Sb, core, several suitable growth conditions for
InP shell with {110} facets were investigated. For instance, at a
slightly lower temperature (525 °C) and larger V/III ratio (2000),
still no growth along the (112)A directions is observed and the
InP shell thickness in the (110) directions became thinner. In
addition, the morphology of the shell is rough. Figure S1 (Sup-
porting Information) shows that a higher growth temperature
is also not helpful in overcoming the nucleation barrier in the
(112)A directions. Instead, high temperature increases the
driving force for growth in other directions, leading to faster
formation of triangular shape. Increasing the precursor flows
is an effective way in increasing local supersaturation and thus
has potential to facilitate InP shell growth along A-polar (112)
directions. This process is found to only increase the thick-
ness of the InP shell without altering its triangular geometry
(see Figure SS5b, Supporting Information). Around 3 nm of
InP is formed on the {112}A surface, which is about the same
in some of the NWs where InP shell is grown for 40 min at
standard conditions. Various other shell growth conditions
have also been tested without success in stabilizing the {110} or
{112}B facets, suggesting that the Sb surfactant induced {112}
A terminated InP shell growth is too dominant to be overcome
under the standard growth parameter space.

From the above analysis, during the InP shell growth, the
existing trace amount of Sb (as seen in Figure 2¢) could adsorb
on the side facets and form a “floating” (surfactant) layer, effec-
tively reducing the surface energy of NW facets and the driving
force for shell growth as a consequence.sl Moreover, this effect
can be facet dependent. According to the shape of GaAs;_,Sb,/
InP core/shell structure, the surface energy sequence as a result
of the surfactant effect of Sb is deduced as: ¥ piza <Yy <{112)s.
The minimum surface energy of A-polar {112} facets could
be due to the presence of Ga (or In) dangling bonds (see
Figure 3b) which facilitate easier adsorption of Sb by forming
Ga—Sb (In—Sb) chemical bonds. In addition, segregation of Sb
on the surface could block nucleation sites and inhibit P and In
atoms from nucleating.>>3¢ At the beginning of shell growth,
this restriction on the {112}A surface is so strong that In and P
adatoms could not form an InP nucleus before re-evaporating
or migrating to {110} or {112}B surface where nucleation is
faster. Until a nearly triangular shape is formed, adatoms dif-
fusion process is minimized and if shell growth continues after
that, InP nucleation on the {112}A facets becomes possible,
albeit very slowly (see Figure S5b, Supporting Information).

Sb, similar to other surfactant elements, is effective in
reducing the surface energy and therefore suppresses the crystal
growth rate in certain crystallographic directions. However, for-
mation of triangular {112}A side facets are not unique to this
nanowire material system. Indeed, it was reported recently
that Sn can stabilize {112}A facets during the Sn-seeded GaAs
nanowire growth, in contrast to the predominant {112}B side

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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facets generally found for Au-nucleated GaAs nanowires.*3 Note
that when considering the droplet/vapor and droplet/nanowire
interfaces, it was shown previously that the surfactant role of Sb
is effective in drastically narrowing the growth windows for Sb-
containing ITI-V nanowires, making it extremely challenging to
grow indefinitely long and narrow nanowires.?>36>5°¢ Even the
surfactant properties of elements, such as Sn, Sb, and Zn, are
general and will drastically affect growth in all cases, the balance
of surface and interface energies can be affected by a number of
other parameters as well, which can limit the surfactant-driven
growth anisotropy. Such parameters include investigated semi-
conductor material system, crystal facets, crystal structure, and
growth conditions. For example, Sn is found to stabilize {111}
side facets during InP shell growthP4 instead of {112}A facets
induced by Sb found in this work. Therefore, the surfactant role
of Sb in forming triangular morphology could be rather specific
to GaAs;_,Sb,/InP nanowire system. Even in Sb-related III-V
nanowires, the Sb surfactant effect can have a different influ-
ence, since GaSb/InAsSb core/shell nanowires show a hex-
agonal cross-sectional shape bounded by {110} side facets.’]
Exploration of the influence of surfactants in radial growth
but also in axial modes is thought to be highly promising in
unlocking new geometries and properties.

2.3. Superior Optical Qualities

Having discussed extensively the structural and morphological
properties of the core—shell heterostructures we now turn to
their optical properties. Figure 4a compares PL emission of
core and core/shell nanowires with two different Sb compo-
sitions in the core: GaAsg71Sbg,9 and GaAss¢Sbg 4. The PL
emission intensity is rather low and noisy for the core-only
samples (Figure 4a). In comparison, the PL results of the core/
shell nanowires show a strong emission in the near-infrared
range, peaking at 1.32 and 1.48 pm, respectively, for the two
compositions considered. Quantitatively, the PL intensity of
both core/shell nanowire samples is improved more than 100
times over that of the bare core NWs for the most of the NWs.
It is worth mentioning that the strong improvement of the PL
emission is achieved even with an incomplete passivation of
the core surfaces by the InP shell. We expect that the superior
optical emission of the GaAs,_,Sb,/InP core/shell nanowires
could be further enhanced if the core was fully covered with
InP shell. However, full coverage of the sidewalls could be chal-
lenging to engineer, in view of the many attempts at tuning
the shell morphology under different growth conditions (see
Figures S1 and S5, Supporting Information). Around 37 meV
redshift of the GaAs 7 Sbg ,9/InP emission from the core emis-
sion is observed, which is ascribed to the presence of tensile
strain in the core. A slightly blueshift of the PL emission for
the GaAs(s5sSbg44/InP core/shell nanowires compared with
the GaAsg56Sbg 44 core-only nanowires is observed, which may
be due to a reduction of the Sb content in the core during the
shell growth as a result of interdiffusion at higher shell growth
temperature. Power-dependent PL from the GaAs;;Sby,9/InP
core/shell nanowire is shown in Figure 4b. A slight blueshift
(13 meV) is observed over the excitation power range from 20
to 1450 pW. One likely reason for the blueshift of emission

Adv. Funct. Mater. 2015, 25, 5300-5308
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Figure 4. Room temperature PL data of GaAs;_,Sb,/InP core/shell NWs. a) Comparison of the PL emission of the core only and core/shell nanowires
with two Sb compositions: GaAsg ;Sbg 29 and GaAsg s¢Sbg 44. The PL intensities of the core only NW are amplified ten times for visibility. b) Power-
dependent PL results of GaAsg 71Sbg ,9/InP. A slight blueshift is observed with excitation power. Inset is a false emission intensity map for the power-
dependent PL results. The unit of the excitation power is mW. c) Comparison of the measured and calculated peak PL position for type-I bandgap
alignment as a function of excitation power. The agreement between fitting and experimental results indicates that the band alignment between core
and shell is type I. d) Fitted normalized integrated intensity with excitation power and extracted quantum efficiency of GaAsg 71Sbg 29/INP NW's obtained

from the power-dependent PL spectrum in (b).

spectrum is the filling of the bands caused by an increase of
carrier density at high excitation power, which is known as
Burstein—Moss (BM) effect.l’®! The BM effect can be simplified
and written as

E,=Eo+AX P’ (1)

where E, is the emission energy, Eg is the bandgap of semi-
conductor, parameter A is a fitting constant, and P is the exci-
tation power intensity. The fitted peak emission position using
BM effect®® agrees well with the measured results (Figure 4c),
indicating that both electron and holes are confined in the core
and the observed spectrum blueshift is due to band filling in the
core (BM effect). Therefore, this implies that the band alignment
between GaAsg71Sbg 9 core and InP shell is of type I in nature.
The IQE of a semiconductor is a quantitative parameter
that can be used to assess the optical quality of nanowires.*
The IQE of the core/shell nanowires can be extracted from the
dependence of the integrated PL emission intensity with excita-
tion power according to the method introduced by Yoo et al.>”!
The experimental normalized integrated PL intensity can be
fitted well using this procedure and is shown in Figure 4d.
From this fitting, the IQE of the core/shell nanowire is 18%
at low excitation power (24 pW) and increases quickly to 56%
at 560 pW. The calculated high IQE of the core/shell NW is
consistent with its efficient PL emission. The superior optical

Adv. Funct. Mater. 2015, 25, 5300-5308
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quality of the core/shell nanowire is due to its high crystal
quality (coherent ZB twin-free core/shell structure) and passi-
vation effect offered by the InP shell, which makes it a suitable
candidate for applications in the near-infrared range and tele-
communications field. For GaAsgssSbg44/InP NW, IQE is not
calculated, because the response of the InGaAs photodetector in
our system deteriorates rapidly above 1500 nm. Since PL spec-
trum is under a redshift with reducing excitation power, quan-
tifying the integrated PL intensity to extract the IQE would be
inaccurate. However, since the peak intensity of GaAs ssSbg 44/
InP core/shell NW is similar to that of the GaAsj7;Sbg,9/InP
core/shell NW, it is expected that IQE of GaAs 55Sbg 44/InP NW
would also be relatively high.

The dramatic increase in PL intensity for the GaAs;_ ,Sb,/
InP core-shell NWs over the GaAs,_,Sb, bare core suggests a
strong reduction in nonradiative recombination at the surface
of the NWs. Transient Rayleigh scattering (TRS) spectroscopy
has been shown to be a powerful technique to study the band
structure, carrier thermalization dynamics, and carrier lifetime
of single nanowires.[®0-%2 The change of polarized Rayleigh
scattering efficiency from the nanowire is defined as

dR’/R"=A(R,—R.)/(R,—R)) ()

where R, (R,) represents the back-reflected Rayleigh scat-
tering of the nanowire with incident light polarized parallel
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Figure 5. Transient Rayleigh scattering spectroscopy measurements of GaAsg 71Sbg 29 and GaAsg 71Sbg 29/InP NWs at both 10 and 300 K. a) Time decay
of polarized scattering, dRJR’, on the low energy side of the bandgap energy. b) Energy dependence of the polarized scattering efficiency, dR/R’, at late

delay times (=1000 ps after the pump pulse).

(perpendicular) to the nanowire. R’=R,—R, is the polar-
ized Rayleigh scattering of nanowire. Polarized Rayleigh scat-
tering with and without photoexcited carriers is measured by
the scattering of a delayed fast probe pulse which is tunable
from 950 to 1550 nm. By measuring dR/R’ as a function of
time after photoexcitation and as function of incident photon
energy (probe energy), both the carrier lifetime and bandgap
of the nanowire can be determined. For the time decay meas-
urements, the probe energy is fixed at the lower energy side
(=65 meV lower) of the bandgap energy to obtain a signal
which is directly proportional to the carrier density. The meas-
ured TRS results of GaAs;;Sby,9 core and core/shell NW both
at 300 and 10 K are shown in Figure 5. The positive impact of
the InP shell is clearly apparent. Indeed, core-only NWs show
system limited lifetimes of =25 ps at 10 K and =31 ps at 300 K.
These short lifetimes indicate the strong nonradiative SRV of
the GaAs;_,Sb, core. After passivation with InP shell, carrier
lifetimes are enhanced to =800 and =100 ps at 10 and 300 K,
respectively. Assuming that these lifetimes are limited by non-
radiative recombination at the surface or heterointerface, the
upper limit of SRV (S,,,,) can be calculated by the equation(®3]

1/Tor= 4Sumax /4 3)

where d is the diameter of the NW and 71, is the nonradia-
tive carrier lifetime. With an average diameter of the NWs
taken as =100 nm, S, of the GaAs,7;Sby,¢ core at 10 K is
=100 000 cm s7!, while that for the GaAsj;;Sbg,0/InP core—
shell NW is =3000 cm s™! which is comparable to that of the
well-established GaAs/AlGaAs NWs.[%%l This suggests that InP
shell is extremely effective in suppressing the surface states of
GaAs,_,Sb, core, which is consistent with the strong increase
in PL efficiency observed in Figure 4d.

To measure the bandgap of these NWs, we tune the pump-
probe delay time to 1000 ps where the photoexcited carrier con-
centration is extremely low, and measure the energy depend-
ence of the polarized scattering efficiency. Such spectra pro-
vide a derivative spectrum very similar to photoreflectance
spectroscopy, with a zero crossing at the bandgap energy.[®%

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The bandgap can be directly extracted from the center of the
derivative-like dR7R’ spectrum at late times when most of the
excited carriers reside close to the band edges. Using a simpli-
fied dRJR" model based on Lorentz oscillator deduced dielectric
function, !l we extract the bandgap of core-only GaAs;71Sbg 9
NWs to be 1.07 and 0.99 eV at 10 and 300 K, respectively, as
shown in Figure 5b. These values are consistent with the meas-
urements by PL. After passivation by the InP shell, the bandgap
energy of the NW core is redshifted to 0.98 and 0.95 eV at 10
and 300 K, respectively. This is also consistent with the observed
PL in these nanowires (Figure 4b), and likely as a result of ten-
sile strain in the core caused by the InP shell.

3. Conclusions

In conclusion, we report the successful growth of coherent ZB
twin-free GaAs;_,Sb,/InP core/shell nanowire with unexpected
triangular A-polar {112} side facets and high optical quality. We
demonstrate how the surfactant role of Sb can tune the shape
and the polarity of InP shell, by inhibiting growth in the (112)A
directions. These findings suggest that surfactant treatment is
an effective way to push nanowire growth engineering into new
regimes. The possible benefits of Sb surfactant induced trian-
gular geometry are numerous. First, the slow shell growth rate
would be very helpful in accurately controlling the quantum
well thickness for nanowire quantum well tube growth. Second,
the specific shape and facets, for instance, a triangular shape
with {112}A facets, can serve as a template for selective growth
of quantum dots and quantum wells. Moreover, changing the
nanowire cross section from hexagonal to triangular provides
a new opportunity for engineering the optical modes and thus
tailoring the optical properties, such as absorption and polari-
zation of the emission. In hybrid metal coated semiconductor
nanowires, the triangular shape of nanowires will affect the
photonic or plasmonic mode confinement profile and thus have
some notable advantages in fabricating plasmonic cavities.[®+%]
The GaAs,;_,Sb,/InP core/shell nanowires with various Sb con-
tents in the core show strong photoemission between 1.3 and
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1.5 pm at room temperature. In addition, the NWs have an IQE
of 56% with carrier lifetime of =100 ps (room temperature) and
=800 ps (10 K), which makes them promising for device applica-
tions in the near-infrared range and telecommunications field.

4. Experimental Section

The GaAs;_,Sb, NW core was grown on a GaAs stem at 500 °C for 90 min.
The growth details can be found in Section S1 (Supporting Information).
In short, growth conditions were carefully chosen to synthesize ZB twin-
free structure with two different Sb compositions: GaAsg;,Sbg,9 and
GaAsg56Sbg 4. After growing the nanowire core, the growth conditions
were changed to favor a radial InP shell growth. Larger V/IIl ratio
and higher temperature are found to help the formation of a smooth
InP shell (see Figure S1, Supporting Information). The optimized InP
shell growth conditions were chosen as follows: 550 °C, V/IlI = 1000,
TMIn = 0.6746 x 107> mol min~' and growth time, t = 16 min, since
these conditions provided a smooth InP shell formation for both
GaAsg 71Sbg 29 and GaAsg 5¢Sbg 44. Directly switching to InP shell growth
after the GaAsgs5¢Sbg 4 growth leads to the Au seeds crawling back to
the sidewalls of the core NW. In contrast, this does not happen for cores
with lower Sb content (GaAsg71Sbg,g). This phenomenon is caused
by the instability of the gold seeds, unpinning from their main {111}B
surface and wetting the sidewalls under Sb-rich flows, as observed in
our previous publication.?’l Therefore, after growth of GaAsgseSbg s
core for 90 min, GaAsg7;Sbg,9 with lower Sb content was grown on
top of GaAsys¢Sbg44 for 4 min before growth conditions were switched
to InP shell growth with the purpose of maintaining the Au sitting on
the top of the NWs during InP shell growth. Note that the additional
GaAsg 71Sbg 29 segment has virtually no growth around the core but only
stabilizes the Au seeds on the top (111)B facet prior to InP shell growth
(Figure 2b shows there is no additional As-rich layer at the interface and
Figure 2e,f does not show any strain between the core and shell that
would otherwise result from the mismatched GaAs 71Sby ;9).

The morphology and crystal structure of the core/shell nanowire were
characterized using SEM (Zeiss Ultraplus) operated at 5 kV, and TEM
(JEOL 2100F). The composition profile of the nanowire was determined
by EDX spectroscopy under scanning transmission electron microscopy
(STEM) mode. Nanowires were transferred for TEM characterization by
gently scratching the nanowire on the substrate using a lacey carbon
copper grid. To reveal the details of the core/shell structure, cross-
sectional TEM samples were prepared by first embedding the NWs in
resin. Then cross-sectional 40 nm thick lamella was sliced from the
NWs using an ultramicrotome method.*l Microphotoluminescence
measurements on single nanowire were performed at room temperature.
The NW was excited using a 632 nm continuous wave (CW) laser and
the emission was detected with a linear InGaAs p-i-n photodetector
array. For TRS experiments, 62 NWs were dispersed onto a marked Si
substrate and placed onto the copper cold finger of a constant helium
flow cryostat. The NW was photoexcited by a pump pulse (550 nm)
extracted from a Fianium supercontinuum source. The repetition rate of
the laser was 20 MHz.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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