#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

PAPER

Rapid, facile synthesis of InSb twinning superlattice
nanowires with a high-frequency
photoconductivity responsey
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We present a self-seeded (with indium droplets) solution—-liquid—solid (SLS) synthesis route for InSb
nanowires (NWs) using commercially available precursors at a relatively low temperature of about 175 °C,
which takes only 1 min upon the injection of reductant. Structural characterization reveals that the InSb
nanowires are high quality and have twinning superlattice structures with periodically spaced twin planes
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NWs of just 9.1 ps utilizing time-resolved optical pump-terahertz probe (OPTP) spectroscopy, which may
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Introduction

One-dimensional semiconductor nanowires are well suited for
numerous classes of high-performance electronic and opto-
electronic devices,"™® typically including solar cells,"
biochemical sensors,*” high-speed field-effect transistors," and
terahertz detectors,"* owing to high electrical conductivity and
large absorption cross sections associated with their high
dimensional anisotropy. In particular, semiconductor nano-
wires made from III-V materials have been shown to exhibit
tunable band gap, high carriers mobilities, and large dielectric
constants, which leads to an increased attention in recent
years.” In general, the preparation of III-V semiconductor
nanowires fabricated via catalyzed growth mechanism has the
tendency to form the randomly occurred rotational stacking
faults along the nanowires growth direction.'®>" The stacking
faults are commonly composed of random mixtures of hexag-
onal wurtzite (WZ) and cubic zinc-blende (ZB) crystal phase. The
electron wavefunction was interrupted at the stacking faults,
which can significantly degrade the electronic and optoelec-
tronic properties of the nanowires devices.'* In recent years,
the crystal-phase control of zinc-blende (ZB) and wurtzite (WZ)
crystal phase with a long-range periodic sequence, namely
twinning superlattices (TSLs), has been intensively discussed in
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various III-V nanowires such as InP,?** InAs,* GaP** and
GaAs™?*® can successfully promote the formation of unique
electronic mini-bands and the modification of the density of
states,”” which may be potentially useful for bandgap and
phonon engineering in future high-performance NWs-based
devices.?®

Among the known binary III-V compound semiconductors,
indium antimonide (InSb) has a narrow direct band gap energy
(0.17 eV), low thermal conductivities (0.18 W em™" K™ '), small
exciton binding energy (0.5 meV), and extremely high electron
mobilities (78 000 cm®> V' s7') at room temperature,®*°
consequently making it the suitable material for infrared
photodetectors, topological superconductivity and a promising
platform for quantum computing.**-** To date, InSb nanowires
have been generally synthesized by epitaxial growth methods
(>400 °C) including metal-organic vapor phase epitaxy
(MOVPE),**** chemical beam epitaxy (CBE) and molecular beam
epitaxy (MBE) via the vapor-liquid-solid (VLS) mechanism.**>°
However, the growth of InSb twinning superlattice nanowires by
the above-mentioned methods has proven to be very chal-
lenging primarily attributed to the small ionicity with low
bonding tendency and the high energy barrier (8.2 meV per
atom) for the ZB/WZ phase transition compared with other III-V
compound semiconductor nanowires.’”»**** Furthermore, the
rather small growth temperature window during the VLS growth
process limited by the low melting point of InSb at approxi-
mately 520 °C and the high decomposition temperature for
usual Sb precursors,” severely hinder the thermodynamic
regulation of zinc-blende (ZB) and wurtzite (WZ) phase formed
alternately in a periodic nucleation process to obtain the twin-
ning superlattices structure.** In striking comparison to the
energy-intensive and time-consuming vapor-phase growth
approaches, solution-based route via solution-liquid-solid
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(SLS) mechanism can proceed at relatively low temperatures
(<300 °C) and provide semiconductor nanowires with easy
growth processes and adaptability for large-scale fabrication of
nanowire-based devices.***” Therefore, extensive efforts have
been mostly focused on growing InSb twinning superlattice
nanowires via solution-phase growth approaches. Luckily,
recent progress indicates that InSb nanostructures such as
quantum dots and nanorods can be successfully prepared by
solution-phase techniques. Raffaelle and co-workers first ach-
ieved InSb quantum dots by utilizing tris(trimethylsilyl)anti-
mony as a Sb precursor by a solution-phase synthetic
approach.***® Subsequent work by Talapin's group prepared
monodisperse and well crystallized colloidal InSb quantum
dots with diameters sub-10 nm by a hot-injection strategy.*®
Specifically, the first achievement of pseudo-one-dimensional
InSb nanorods in solution was reported by Kovalenko and his
co-workers in 2013.* The synthetic scheme was conducted by
reaction of In([N(SiMe;),]5) and Sb(NMe,); in the presence of In
nanoparticles in tri-n-octylphosphine. However, the pre-
synthesized procedure for In or Sb precursors adopted in the
previous efforts will make the synthesis process more compli-
cated and probably affects the reproducibility. In order to ach-
ieve InSb twinning superlattice nanowires in solution utilizing
only commercially available precursors, Yang and his co-
workers injected a mixture of oleylamine, borane-tert-butyl-
amine complex, and tri-n-octylphosphine into a solution of
In(acac); and Sb(Ph); in 1-octadecene.® Unfortunately, the
optimized technique required relatively longer growth time and
higher synthesis temperature to form the target nanostructures,
which easily causing the resulting nanowires with significant
size boarding and rendering the large-scale production diffi-
cult.”* Therefore, it is essential to develop a rapid and cost-
effective solution-based route for synthesizing InSb twinning
superlattice nanowires at relatively low temperatures.

On the basis of previous works on fabricating InSb nano-
structures in solution,*****3° we present a facile, one-pot, self-
catalyzed synthetic strategy by the well-established SLS mech-
anism*>**>>5% to grow InSb twinning superlattice NWs featuring
fastest growth time (1 min) and lowest synthesis temperature
(175 °C), which even compared to other binary or pseudobinary
III-V semiconductor nanowires with twinning superlattice
structures formed via SLS as well as VLS growth mecha-
nism.'®19:2023-25,305¢ Fyrthermore, by means of the noncontact
technique-optical pump-terahertz probe (OPTP) spectroscopy,
we extract the ultrashort relaxation and recombination
dynamics of photoconductivity lifetime in as-prepared InSb
twinning superlattice NWs of just 9.1 ps at room temperature,
indicating their great potential for high-speed photodetectors,
transistors, and emitters.>®

Results and discussion

Fig. 1a shows the typical powder X-ray diffraction (XRD) pattern
of the samples obtained in 1 min at 175 °C. The peaks at
23.752°,27.624°, 39.372°, 46.398°, 56.862°, 62.449°, 71.188° and
76.356° (26) are in good agreement with (111), (200), (220), (311),
(400), (331), (422), and (511) crystal planes of the cubic
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Fig. 1 (a) XRD pattern of as-grown InSb twinning superlattice nano-
wires (b) the room-temperature Raman spectra for the InSb nanowires
with reaction time of 1 min, (c) TEM image, and (d) cross-section TEM
image for the representative InSb nanowire.

zincblende phase InSb, respectively (JCPDS card, no. 89-4299);
the additional weak diffraction peak at 32.778° (26, marked with
*) was observed due to a small amount of metallic In(0) existed
in the sample. Typically, the diffraction peak of (220) is more
intense than it would be in the standard pattern, which
demonstrates that the InSb NWs grow preferentially alone c-
direction in our solution-based synthetic route.

Moreover, there is a diffraction peak located at 26 = 22.424° (d
= 3.961 A, marked with #) other than the diffraction peaks of the
original pure InSb in cubic zinc-blende (3C) phase, which can be
indexed as stacking faults. This diffraction peak can be considered
as the reflection of a (100) plane in a hexagonal phase (taking 2H
for example). In InSb nanowires, the stacking sequence in the [111]
direction is ...ABCABC... for the cubic zincblende crystal structure
whereas ...ABAB... for the hexagonal wurtzite crystal structure
(where each of the letters A, B, and C represents a bilayer of atoms,
composing of one layer with In and one with Sb atoms). Often the
zincblende stacking sequence is found to change from an
...ABCABC... to an ...ABCACBA..., the stacking sequence is still
zincblende type after “A”, the segments above and below the twin
plane “A” have different twin orientations. However, the small part
of the sequence surrounding the twin plane “A” (stacking faults)
followed a wurtzite type could be regarded as nH polytypes (where
n is the number of bilayers in the smallest repeating stacking unit).
It is commonly assumed that the lattice constant of the hexagonal
polytypes ay; is related to the cubic lattice constant ac via ay = ac/
22, InSb of zincblende crystal structure has the lattice constant of
ac = 6.4782 A, and its corresponding lattice constant of the
hexagonal polytypes ay; is ac/2"? = 4.5808 A. Interplanar crystal
spacing at stacking faults (nH polytypes) d can be substituted into
the following equation:

a
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where h, k, [ is Miller indices. The value of interplanar crystal spacing
with Miller indices of (100) is 3.967 A, which is in correspondence
with the stacking faults peak at 20 = 22.424° (d = 3.961 A).

The Raman spectrum collected from SiO, substrate with
the presence of as-prepared InSb NWs is presented in Fig. 1b.
The asymmetric peaks at around 177.3 and 186.5 cm™ ' are
assigned to the transversal optical (TO) and longitudinal
optical (LO) modes, respectively, for the zincblende InSb
nanowires. Interestingly, the TO and LO modes of the InSb
twinning superlattice NWs exhibited a slight downshift
compared to the characteristic Raman peaks of bulk InSb, 180
and 190 cm™*,*® which possibly owing to the twinning super-
lattice structures with relative short segments in the nano-
wires and a laser-induced heating effect.’” Additionally, the
scattering peaks at 113.9 and 132.5 cm ™" are corresponding to
In,0; due to the partial surface oxidation of InSb NWs, which
further confirmed by high-resolution X-ray photoelectron
spectroscopy (XPS) spectra (Fig. S11) of In 3d and O 1s binding
energies for the InSb NWs. The binding energies of In 3d (3ds,
»:444.1 eV; 3d;z.,: 451.9 eV) and O 1s (532.7 eV) can be assigned
to In,03,%® although the oxide impurities cannot be charac-
terized by X-ray diffraction (Fig. 1a). The existence of In,0;
caused by surface oxidation and the nanoscale metallic In(0)
could also be confirmed by the absorptions peak located at
about 440 nm and 600 nm in the room temperature UV-vis-NIR
absorption spectra, respectively (Fig. S21).%>°* Additionally, we
see a single weak shoulder at around 1400 nm that can be
attributed to a small amount of wide distribution in diameter
and length of InSb NWs.*?

Fig. 1c displays a low-magnification transmission electron
microscopy (TEM) image of the as-synthesized InSb NWs, which
further demonstrated the NWs are crystalline in high quality
with twinned structures. The nanowires are straight and exhibit
a moderate size distribution of diameter centered at about
40 nm in diameter. The transmission electron microscopy
(TEM) image of the InSb twinning superlattice nanowire
(Fig. 1d) clearly shows a twinning superlattice structure formed
by regularly spaced twin planes along the cubic InSb (111)
crystalline growth direction of these nanowires.

The twinning superlattice structures in a single InSb
nanowire are clearly seen in HRTEM analyse (Fig. 2a), where
the sequential dark and bright contrast refers to sequential
zincblende segments above and below the twin planes. TEM
images of InSb twinning superlattice NWs and the corre-
sponding histogram of spacings between twin planes were
shown in Fig. S3.7 Typically, the spacings between twin planes
of InSb twinning superlattice nanowires are centered at 8-
9 nm. We have also carefully indicated the zincblende type and
wurtzite type (twin plane) in the corresponding atomic model
for the periodic growth of the InSb nanowire with twinning
superlattices. As depicted in Fig. S4,T the twinning superlattice
period of the InSb NWs was defined as twice the distance
between two adjacent twin planes, which was further
measured by small-angle X-ray scattering (SAXS), demon-
strating the pseudoperiodicity of InSb NWs is 177.6 A (Fig. 2b).

Fig. 2c shows an atom-resolution high-angle annular dark-
field (HAADF) STEM image of the as-prepared InSb twinning
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Fig. 2 (a) High-resolution TEM image of the twin planes in a single
InSb NW. (b) Representative SAXS patterns of the InSb twinning
superlattice nanowires with the pseudoperiodicity of 177.6 A (g =
0.3536 nm™?, indicated by red arrow, d = 27t/q = 17.7601 nm). (c)
HAADF-STEM image of as-obtained sample acquired along the [0—11]
direction, and (d) corresponding SAED patterns, in addition to (e)
representative atomic models of InSb twinning superlattice NW, and (f)
simulated electron diffraction patterns for the twinning structure using
the JEMS software package for the cubic zincblende InSb NWs with
the F43m space group.

superlattice NW, taken from the [0—11] direction. The clear
lattice fringes exhibit that the NWs are well crystallized. The
superimposed atomic arrays on the image indicate the locations
of atom columns, due to In atomic number (Z = 49) is as large
as Sb atomic (Z = 51), the In columns is as brighter as Sb
columns, but they still can be resolved in the HAADF-STEM
image. The zincblende InSb nanowire are separated in two
segments by twinning plane of (111) corresponding to the red
line in the HAADF-STEM image. It is found that the interplanar
distance of 0.37 nm in the two separate segments can be
indexed to the (111) plane of zincblende InSb. The corre-
sponding SAED patterns (shown in Fig. 2d) for a typical nano-
wire recorded along the [01—1] zone axis, which consists of two
sets of diffraction spots as indexed, indicating the nanowires
have twinning superlattice structures and share a common
(111) plane along the growth orientation (111), which further
confirmed by the atomic models and simulated electron
diffraction patterns as compared to experimental SAED patterns
(Fig. 2d), as seen in Fig. 2e and f.

The syntheses were carried out in an argon environment
using a previously reported method*” after some modification
(described fully in the ESIt). InSb NWs were synthesized at
a relatively low temperature (typically at approximately 175 °C)
in an ultrafast reaction time (1 min) using commercially
available tris(2,4-pentanedionato)-indium(m) (In(acac);) and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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triphenylantimony (Sb(Ph);) as precursors. The present route
was based on the in situ reduction of In(m) precursor by the
injection of borane tert-butylamine complex (BTB) and
proceeds through the generation of melted indium nano-
particles, the melted indium nanoparticles can provide as
ideal surfaces to lower the energy barrier for precursor
absorption and decomposition, which subsequently catalyze
the growth of InSb nanowires via the well-established SLS
mechanism (Fig. 3a). When we prolonged the reaction time to
2 min, 5 min, 10 min and 30 min, it is clear from the overview
TEM images in Fig. S57 that the great quantity of wirelike
nanostructures are general. The formation of zincblende
phase InSb NWs in different reaction times was further
confirmed by XRD pattern (Fig. S61) and room-temperature
Raman spectra (Fig. S7f). In addition, the employment of
TOP would favor the growth of InSb NWs in high quality due to
their capping effect,®® since it is observed that there are only
non-wire morphology InSb nanocrystals obtained at the
absence of TOP (Fig. S87).

STEM-EDX analysis confirms that two elements of In and Sb
are co-existent in the as-synthesized InSb NW stem, and the
molar ratio is determined as 51.27 : 48.73 (Fig. 3b, and S97%),
which is consistent well with the chemical composition In : Sb
of 1:1. To clarify whether the droplet is indium and the
element distribution of the resulting InSb NW, the STEM-EDX
line scan was utilized. The STEM-EDX line scan (Fig. S10%)
along the wire axis acquired by scanning a single InSb NW from
the In tip reveals that the tip was rich in indium, thus giving
evidence that the droplets were indium. The indium nano-
particles attached at nanowire tips further indicates the InSb
nanowires grew following a SLS growth mechanism with
indium catalyst. The negligible fluctuations of In and Sb
contents in the wire stem suggests high compositional
homogeneities.

To further explore the electrical properties of the as-
prepared InSb twinning superlattice NWs, the dynamics of
photoinduced free carriers were measured via the noncontact
optical-pump terahertz-probe (OPTP) spectroscopy. The pump
beam at repetition rate of 1 kHz pulses was delivered from an
amplified Ti: sapphire laser. The THz probe pulses were
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o ©
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Fig. 3 (a) Schematic of the self-catalyzed solution-liquid—solid (SLS)
synthetic process to produce InSb NWs, (b) HAADF-STEM and EDX
elemental mapping images of a representative InSb NW stem, and the
area of STEM-EDX analysis correspond to the yellow box indicated in
the HAADF-STEM image.
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generated via optical rectification of the femtosecond laser
pulses in a 0.5 mm-thick (110) ZnTe crystal. The transmitted
terahertz pulses were detected in another 0.5 mm-thick (110)
ZnTe crystal by means of electro-optic sampling system. The
samples on a quartz substrate were photoexcited by femto-
second pulses at a center wavelength of 800 nm (Av = 1.55 eV)
with a pulse of 35 fs duration. After that, by varying the delay
between the optical pump and terahertz pulse, a THz spectral
response of the material as a function of time after photoex-
citation was produced. A conceptual schematic is illustrated in
Fig. 4a. Fig. 4b compares the decays of terahertz electric field
in InSb NWs to that observed for the non-wire morphology
InSb nanocrystals sample. We monitored the photoinduced
change in THz temporal transmission signal, AE/E = (E —
Epump)/E, at the peak of THz time-domain signal by changing
the relative delay between the optical pump beam and ter-
ahertz probe beam. As for the same excitation fluence of 50 mJ
cm™?, the non-wire morphology nanocrystals have almost no
response. Even for the fluence was enhanced to 200 mJ cm ™2,
and the response is also very small. It is unambiguous that the
photoactivity of InSb NWs is much larger than non-wire
morphology nanocrystals. Furthermore, as for the NWs, the
decays of AE/E can be calculated by a monoexponential of the
form AE/E = A exp(—1/Tre1ax) (indicated as black line in Fig. 4b)
extracting a carrier lifetime (trejax) Of 9.1 ps. Moreover, the
original OPTP data for the pump-induced change in the peak
of the terahertz electric field pulse transmitted through the
sample (AT/T,) as a function of time ¢ after excitation was
shown in Fig. S11.1 The observed extremely rapid initial decay
in photoconductivity of InSb twinning superlattice nanowires
differ strongly from those for non-wire morphology InSb
nanocrystals that depend critically on the high surface area-to-
volume ratios and the enhanced surface charge recombination
velocity of as-prepared InSb NWs,*% demonstrating the
possibility of terahertz detection of ultrafast phenomena
occurring in one-dimensional semiconductor nanowires.
These results suggest that the InSb NW are prime candidates
for application in high-speed nanostructured optoelectronic
devices.

a) b) 04

Quartz substrate

*  50mJ/cm’ nanowires

50mJ/em? non-wire morphologies

0.3 - 200mJ/em? non-wire morphologies

E/E

ransmitted <
Optical pump probe
Sample
0 20 40 60
Pump-probe delay (ps)
Fig. 4 (a) Conceptual illustration of the noncontact optical-pump

terahertz-probe (OPTP) setup, (b) pump-induced change in terahertz
electric field (AE/E) of typical InSb nanowires compared with non-wire
morphology InSb nanocrystals at different pump—probe delays. The
typical InSb nanowires were excited at wavelength of 800 nm with
fluence of 50 mJ cm~2 pulse, and the non-wire morphology InSb
nanocrystals were excited at wavelength of 800 nm with fluences of
50 mJ cm~2 and 200 mJ cm ™2 pulses.
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Conclusions

To conclude, we have reported that high quality InSb twinning
superlattice  NWs can be synthesized by a rapid, low-
temperature solution-based growth strategy, employing
commercially available In(acac); and Sb(Ph); as the precursors.
This strategy is relatively facile since the solvents and surfac-
tants used are common and no additional catalyst seeds are
required. The reaction pathway can be described in two steps,
melted indium nanoparticles were generated in situ by reduc-
tion of the indium precursor and subsequently catalyzed the
NWs growth. It is especially noted that the as-prepared InSb
NWs exhibit high-frequency photoconductivity response,
demonstrating that the ultrafast solution-based route can
generate nanowires with excellent optoelectronic properties.

Experimental
Starting materials

The following reagents were used as received without any
further purification: 1-octadecene (ODE, 90%, Aldrich), oleyl-
amine (OAm, 70%, Aldrich), borane-tert-butylamine complex
(BTB, 97%, Aldrich), dibenzyl ether (98%, Alfa Aesar), n-tetra-
decylphosphonic acid (TDPA, 96%, Aladdin), trioctylphosphine
oxide (TOPO, 98%, Aladdin), tributylphosphine (TBUP, 95%,
Aladdin), triphenylphosphine (TPP, 95%, Aladdin), tri-n-octyl-
phosphine (TOP, 90%, Alfa Aesar), tris(2,4-pentanedionato)-
indium(m) (97%, TCI) and triphenylantimony (95%, TCI), hex-
adecylamine (HDA, Acros Organics).

Synthesis of InSb nanowires

In a 100 mL three-neck round-bottom flask and kept under
argon (Ar) environment, 121 mg HDA (0.5 mmol) was solubi-
lized in 10 mL of 1-octadecene. The precursor solution was
prepared by reacting 206 mg In(acac); (0.05 mmol) and 176 mg
Sb(Ph); (0.05 mmol) in 1 mL of dibenzyl ether. The precursor
solution was added into the three-neck round-bottom flask and
then heated to approximately 175 °C for 30 min under constant
stirring to remove water and other low-boiling-point impurities.
Then a stock solution consisting of tri-n-octylphosphine (1.5
mL) and borane tert-butylamine complex (1.25 mmol) in oleyl-
amine (0.5 mL) was immediately syringed into the three-neck
round-bottom flask to initiate the reaction. The reaction
mixture was kept at about 175 °C for just 1 min to get InSb NWs.
The product was precipitated by addition of absolute ethanol,
and isolated by centrifugation.

Sample fabrication for photoconductivity measurements

The noncontact photoconductivity measurements of InSb NWs
were fabricated based on the substrates of quartz. In detail,
20.0 mg of the as-prepared InSb nanowires was dispersed in
1.5 mL n-hexane to form a homogeneous solution. Then the
homogeneous solution was drop-deposited on the top side of
a pre-cleaned quartz plate (1 x 1 cm) by spin-casting treatment
and dried in air naturally to make a certain thickness layer film
of the InSb nanowires.
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Characterization

The samples were characterized by X-ray powder diffraction
(XRD, performed on a Philips X'pert PRO X-ray diffractometer,
Cu Ko, A =1.54182 10&). Absorption spectra were collected using
a spectrophotometer (Shimadzu SolidSpec-3700DUV). SEM was
recorded on a JEOL JSM-6700F microscopy. TEM was collected
using a Hitachi H-7650 microscopy. Raman spectra were taken
at room temperature using an inVia Raman Microscope
(Renishaw) with 785 nm incident laser excitation. HRTEM,
SAED, HAADF-STEM and corresponding STEM-EDX analyses
were done on a JEOL JEM-ARF200F TEM/STEM with a spherical
aberration corrector. Wide angle X-ray scattering (WAXS)
detection was characterized at the BL14B station of Shanghai
Synchrotron Radiation Facility (SSRF) with X-ray photon energy
of 18 keV (1 = 0.6887 A).
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