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Abstract

The morphologies and microstructures of Au-catalyzed InGaAs nanowires (NWs) prepared by a two-step solid-source
chemical vapor deposition (CVD) method were systematically investigated using scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM). The detailed structural characterization and statistical
analysis reveal that two specific morphologies are dominant in InGaAs NWs, a zigzag surface morphology and a
smooth surface morphology. The zigzag morphology results from the periodic existence of twining structures,
and the smooth morphology results from a lack of twining structures. HRTEM images and energy-dispersive X-ray
spectroscopy (EDX) indicate that the catalyst heads have two structures, Au4In and AuIn2, which produce InGaAs
NWs in a cubic phase crystalline form. The growth mechanism of the InGaAs NWs begins with Au nanoparticles
melting into small spheres. In atoms are diffused into the Au spheres to form an Au-In alloy. When the concentration of
In inside the alloy reaches its saturation point, the In precipitate reacts with Ga and As atoms to form InGaAs at the
interface between the catalyst and substrate. Once the InGaAs compound forms, additional precipitation and reactions
only occur at the interface of the InGaAs and the catalyst. These results provide a fundamental understanding of the
InGaAs NW growth process which is critical to the formation of high-quality InGaAs NWs for various device applications.
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Background
1-D semiconductor nanomaterials such as nanowires,
nanotubes, and nanorods have attracted much attention
due to their unique properties and the quantum confine-
ment effect [1–14]. In particular, indium arsenide (InAs)
nanowires (NWs), due to their confinement effects and
high carrier mobility, have been used to extend unique
magnetic and electric properties. This makes them a
potential candidate for a wide range (880~3500 nm) of
optoelectronic device applications and field-effect tran-
sistors (FETs) [15–20]. In specific, single InAs NW
FETs with an outstanding electron mobility in the range
of 3000~10000 cm2/Vs have been extensively investi-
gated [15, 18]. However, these devices, based on pristine
InAs NWs, always suffer from a large leakage current and
small on/off current ratios originating mainly from their

small electronic band gap (0.34 eV). Large leakage current
and small on/off current ratios affect the switching prop-
erties of devices and are of great significance in the prac-
tical applications of NW FETs.
Compared with InAs, ternary InxGa1 − xAs with tun-

able chemical stoichiometries and band gap of 0.34 eV ≤
Eg ≤ 1.42 eV have been shown to be a good alternative
device channel material. This substitution can greatly re-
duce the leakage current without seriously sacrificing the
high electron mobility [19, 21–24]. In our previous works,
the relationship between the components of InxGa1 − xAs
NWs and electrical properties of InxGa1 − xAs NWs FETs
has been systematically studied. Decreasing the In concen-
tration reduces the off current by about two orders of
magnitude and enhances the on/off current ratios by
about two orders of magnitude with only a small de-
crease of mobility [21]. Apart from the composition of
NWs, the number of crystal defects, such as twinning
planes and stacking faults in III–V NWs, often results
from unsuitable growth parameters during the chemical
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vapor deposition (CVD) method [19, 25, 26–28]. These
crystal defects also seriously affect the geometric and the
electronic structure. For instance, the zinc blende seg-
ments can trap carriers and thereby reduce the electron
transport speed in polytypic InP NWs [28]. Hence, it is
important to synthesize InGaAs NWs with a controlled
structure and defect density to improve their carrier
mobility and lifetime in all technological applications.
However, at present, due to their complex growth process,
there remains considerable challenges to synthesizing
InxGa1 − xAs NWs (x = 0 to 1) with uniform structures and
a low defect density along the whole NW. Therefore,
designing a growth process to produce high-quality
InxGa1 − xAs NWs is still quite a challenge [1, 26]. In an
attempt to achieve this goal, it is necessary to thor-
oughly explore the growth mechanism of InxGa1 − xAs
NWs using the CVD method.
In our previous work, a low-cost, simple two-step

growth technique using solid-source CVD was developed
to synthesize dense, long, crystalline, and stoichiometric
InGaAs NWs with excellent electrical properties. This was
done using an amorphous SiO2 substrate and Au nano-
particles as catalytic seeds in a vapor-liquid-solid mechan-
ism [19, 21, 22]. It should be noted that these NWs can be
parallelly arranged and heterogeneously integrated on
various kinds of substrates by a contact printing tech-
nique. This demonstrates their promising potential for
practical applications when compared with their counter-
parts grown by the more costly molecular beam epitaxy or
metal organic CVD method on crystalline underlying
substrates [22, 29]. Although the electrical properties of
InGaAs NWs were systematically investigated, the de-
tailed morphology and crystal structures of NWs are
insufficiently known [19, 21, 22]. Therefore, the morph-
ology, structural composition, and chemical composition
of Au-catalyzed InGaAs NWs grown on amorphous sub-
strates were systematically investigated. The NWs pro-
duced in this way have both smooth surfaces and zigzag
surfaces. The zigzag surfaces result from the periodic ex-
istence of twining structures. At the same time, two kinds

of catalyst heads, Au4In and AuIn2, were also observed in
the NWs. Additionally, the orientation relationship be-
tween the catalyst head and NW was also studied by
HRTEM, and suggested NWs grew following a vapor-
liquid-solid (VLS) growth mechanism. The results provide
valuable guidance for fabrication of “bottom-up” InGaAs
NWs with a smooth surface, minimized twin defects,
enhanced crystallinity, and subsequent optimized de-
vice performances.

Methods
Preparation of InGaAs NWs
The InGaAs NWs were produced using a solid-source
CVD method as previously reported to ensure a high
growth yield [15, 16]. The experiment setup is shown in
Fig. 1. Briefly, InAs and GaAs powders (99.9999% purity)
were mixed together with a weight ratio of 1:1 and put
in a boron nitride crucible. This crucible was loaded at
the upstream end of the experiment tube to provide Ga,
In, and As atoms. The substrate (SiO2/Si with the
50-nm-thick thermally grown oxide) with a 0.5-nm-thick
Au film to act as a catalyst was loaded in the middle of
the downstream zone with a tilt angle of ~ 20°. The dis-
tance between the crucible and substrate was held at
10 cm. The substrate was pre-heated to 800 °C and
maintained for 10 min in order to obtain Au nanoclus-
ters in the downstream zone, then cooled, and kept at
600 °C. When the downstream zone was at 600 °C, the
GaAs and InAs powder zone was heated to 820 °C. The
powder zone was held at this temperature for 2 min to
allow for the nucleation of the Au catalysts, then the
substrate zone was cooled to the growth temperature of
520 °C and maintained for 30 min to be sure the NWs
had ample time to grow. Pure H2 (99.9995% purity) with
a flow rate of 100 sccm was used to carry the evaporated
precursors to the substrate and also for purging the sys-
tem, avoiding NWs being oxidized and obtaining
high-quality InGaAs NWs. Subsequently, the source and
substrate heaters were switched off, and the system was
cooled to room temperature under H2.

Fig. 1 Schematic diagram of the experimental setup for InGaAs NWs
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Characterization of InGaAs NWs
Morphologies of the grown InGaAs NWs were investi-
gated by SEM (Philips XL30) and bright-field (BF) trans-
mission electron microscopy (TEM, Philips CM-20).
Crystal structures of the grown NWs were analyzed by
HRTEM-(JEOL 2100F, operating at 200 kV) and the fast
Fourier transform (FFT) images. The chemical compos-
ition of the grown InGaAs NWs and the catalyst tips
were studied by energy-dispersive X-ray (EDX) detector
attached to a JEOL 2100F. Selected-area electron diffrac-
tion (SAED), bright-field (BF), HRTEM, and EDS exam-
inations were carried out using a JEOL 2100F TEM
operating at 200 kV. For the TEM samples, InGaAs
NWs were first peeled from the surface of the sub-
strate, dispersed in ethanol by ultrasonication, and dropped
onto a holey-carbon-film-coated copper grid.

Results and Discussion
As shown in the top-view SEM image of Fig. 2a, the synthe-
sized InGaAs NWs are relatively straight, dense, and longer
than 10 μm which is long enough to cross through the

narrow channels in FET constructions (< 10 μm). Based on
the cross-sectional view SEM images (Additional file 1:
Figure S1), the NWs are not perpendicular to the substrate
which indicates that no epitaxial growth relationship exists
between the substrate and NWs. The BF TEM image
(Fig. 2b) also shows InGaAs NWs with a uniform diameter
and length. In an effort to determine the diameter distribu-
tion of the NWs, 100 NWs were measured. As shown in
Fig. 2d, the most common NW diameters are between 30
and 50 nm with an average value of 39.5 ± 7.1 nm. There
are only a few NWs having a diameter above 50 nm or
below 30 nm. Further investigations using TEM (Fig. 2c)
reveal that the InGaAs NW pointed out by the arrows not
only has a straight and smooth surface, but also has an ob-
vious Au nanoparticle on its top which implies the InGaAs
NWs grown by the VLS growth mechanism are consistent
with the previous reports [3, 30]. Other NWs did not ex-
hibit catalytic heads and most of these NWs possess zigzag
surface. The catalytic heads may have broken off caused by
the twin plan defects during the ultrasonication distribution
procedure for TEM grid samples.

Fig. 2 a SEM image of the substrate surface after the reaction. b, c TEM bright-field images of InGaAs NWs. d Diameter distribution histogram of
InGaAs NWs
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Based on the highly magnified TEM images (Fig. 3a, b),
two distinct morphologies are seen in the InGaAs NWs.
Figure 3a demonstrates the NW has a smooth surface and
a dark Au catalytic seed. The diameter of both the Au
catalyst and NW is ~ 30 nm. Figure 3b shows a NW with
a similar diameter (~ 35 nm) to the smooth one, but with
a rough surface of many steps, and no catalytic head. In
order to investigate the microstructure of these two
morphologies, HRTEM was employed. As depicted in
Fig. 4a, the BF TEM image clearly demonstrates the NW
with the zigzag surface consists of several alternating
bright and dark joints appearing in a periodic manner
along the NW axial direction, indicating the existence of
planar defect structures. Figure 4b is the magnified
HRTEM image of the rectangle area marked in Fig. 4a.
Based on this magnified HRTEM image, it can be con-
cluded that the zigzag morphology results from the
existence of periodic twinning crystals at the twinning
boundary marked by the white arrow. The two parts of
the twinning crystals share the same (111) crystal plane.
The width of the periodic twinning crystals is about
10–20 nm. The insets (i)–(iii) are the SAED patterns
taken from region A, the interface of region A/B, and
region B, respectively. The insets (i) and (iii) illustrate
that the crystals of region A and B all have a cubic zinc
blende phase captured along the <110> zone axis of
InGaAs, and the growth direction is the <111> direc-
tion. The inset (ii) clearly shows that there are two sets
of diffraction patterns on the interface of region A/B
marked with yellow and red lines. The yellow and red
lines show the same diffraction patterns as the insets (i)

and (iii), respectively, which further confirms that the
zigzag morphology results from the periodic twinning
crystals.
Figure 5a is the HRTEM image of a InGaAs NW

which has a smooth surface and no steps or zigzag
morphology. Additionally, a semispherical Au nanoparti-
cle located at the end of the NW can be seen, which cat-
alyzes the growth of NWs. In order to compare the
microstructure of the smooth NWs with the zigzag
ones, an HRTEM image was taken, Fig. 5b, to show
the <011> zone axis of the InGaAs. The inter-planar
spacing of the crystal planes, marked by two pairs of
white lines, measures 3.40 A, which corresponds to the
planes in cubic phase InGaAs. According to the sys-
tematic investigation of the HRTEM images for more
than 40 NWs, it can be concluded that the microstruc-
ture of the smooth NWs is different from the zigzag
ones. The crystal planes of the smooth NWs are con-
sistent and coherent with few twinning or stacking
faults. This indicates that a perfect crystal structure on
InGaAs NWs leads to the formation of a smooth sur-
face. More importantly, the smooth surface and the
low twin-defect density do not scatter or trap electrons
which is beneficial to the carrier transfer along NWs
[18, 19]. Twin defects and a rough surface in InGaAs
NWs can scatter and trap carriers which gives rise to a
serious decline in the electrical performance of NWs
[3, 4, 15]. Therefore, it is important to synthesize
InGaAs NWs with controllable defect densities and a
smooth surface to improve their electrical properties
for various technological applications.

Fig. 3 TEM bright-field images of InGaAs NW with two different morphologies, a smooth surface and b zigzag surface
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Fig. 4 a Bright-field TEM image of the zigzag morphology. b HRTEM image of the rectangle area marked in a, and the insets of (i)–(iii) are the
SAED patterns corresponding to the A region, A/B boundary region, and B region, respectively

Fig. 5 a Bright-field TEM image of the NW with a smooth surface. b HRTEM image of the rectangle area marked out in a
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As reported, the catalyst nanoparticles, especially the
composition, microstructure, and orientation relationship
with the NWs, play an important role in the formation of
NWs produced by CVD method [3]. Therefore, the micro-
structure of Au nanoparticles on the top of InGaAs NWs
was extensively investigated using HRTEM. Based on the
compilation of more than 40 NWs, the catalytic heads
were mainly found in two forms, Au4In with hexagonal
structure and AuIn2 with cubic structure. Since most NWs
with a smooth surface have the same crystalline structure
in each trial, the formation of the two kinds of catalyst
heads might be caused by slight temperature differences in
the cooling speed of the NWs. As depicted in the HRTEM
image of Au4In nanoparticle (Fig. 6a), the diameter of the
catalyst is about 24.8 nm, and this size is similar to the
NWs of 23.5 nm. The InGaAs NWs grown along the
<111> directions are energetically favorable, and therefore,
the NW nuclei aligned with <111> orientation always grow
faster and tend to dominate during the growth process
(Fig. 6) [3, 13]. The crystal planes marked by the three
white lines (Fig. 6a) correspond to the {10-10} planes of
Au4In which is parallel to the {111} crystal planes of the

InGaAs NW with cubic phase structure marked by the
two white lines (Fig. 6a). It is explicitly proved that the
seed/NW interface orientation relationship is Au4In
{10-10}|InGaAs {111}. The HRTEM image in Fig. 6b dis-
plays another typical cubic-structured InGaAs NW with an
AuIn2 catalytic head that has a similar diameter of 30.0 nm
with that of the NW (30.2 nm). At the same time, the crys-
tal planes marked by the white lines are attributed to {220}
planes of AuIn2 which is parallel to {111} planes of the pre-
pared NW marked by a parallel pair of white lines (Fig. 6b),
indicating the NW grew in the <111> direction. Therefore,
it can be concluded that the composition and phase struc-
ture of the catalytic heads have no effect on the crystal
structure and growth direction of the InGaAs produced by
the solid-source CVD method. Both cubic AnIn2 and hex-
agonal Au4In can catalyze the growth of InGaAs NWs with
uniform cubic phase structure and <111> growth direction,
which is beneficial to the large-scale application of InGaAs
NWs. To further confirm the composition of the catalyst
head, EDX analysis was performed on the catalyst heads
shown in Fig. 6a, b, and the corresponding spectra are
demonstrated in Fig. 6c, d, respectively. Elements of Cu,

Fig. 6 HRTEM images of the Au nanoparticles with two kinds of structures, a Au4In and b AuIn2. c, d EDS of the Au nanoparticles in a and
b, respectively
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Au, and In were detected in the catalysts, but the Cu signal
came from the TEM grid and can be ignored completely.
The atomic ratios of the Au and In were also quantified to
be 4:1 and 1:2, respectively, based on the spectra shown in
Fig. 6c, d, which are in agreement with the HRTEM results.
It is worth noting that no Ga or As elements were found in
the catalyst heads. This may be caused by the low solubility
of Ga and As in Au, and thus, Ga and As elements could
not diffuse into the catalyst head efficiently [15]. For III–V
NWs synthesized by CVD technique, the NW morphology
as well as the transport properties are strongly dependent
on the components and crystal structure of the catalytic
heads. Therefore, the systematic investigation of the Au
catalytic head and the relationship between the catalyst
and the NWs is critical to understanding the distinctions
of carrier transport properties of InGaAs NWs.
Based on the analysis of the HRTEM and EDS results,

the VLS growth mechanism of the InGaAs NWs pro-
duced by the CVD method can be deduced. Figure 7 is
the schematic diagram of the growth process of InGaAs
NWs in a tube furnace with a double temperature zone.
Firstly, the GaAs and InAs powders were heated at the
820 °C to vaporize Ga, In, and As atoms. Then, this vapor
was transported to the substrate for the entire duration of
growth under the help of a carrier gas. At the beginning of
the reaction, Au nanoparticles were melted into liquid
balls on the SiO2 substrate at the temperature above the
eutectic point of the metal-semiconductor system. Due to
the low melting point of the In-Au alloy, the In atoms dif-
fused into the Au nanoparticles and formed the In-Au al-
loys. Because the solubility of the Ga and As in Au is very
low, Ga and As atoms did not diffuse into Au nanoparti-
cles. As the reaction time increased, the concentration of

indium became higher and higher, and when In reached
its saturation point, In atoms precipitated and combined
with Ga and As atoms at the interface of the catalyst and
substrate. Once the InGaAs was formed, the precipitation
of In with Ga and As only occurred at the interface be-
tween the NW and catalyst. Thus, the InGaAs NWs be-
came longer and longer with additional growth time. This
growth mechanism is similar to the conventional VLS
mechanism [3, 31]. As mentioned before, in this experi-
ment, almost all the NWs grew along the <111> direction
mainly because the {111} planes are close-packed and have
the lowest energy [3, 21, 22]. Due to the amorphous SiO2

growth substrate, the NWs have no specific orientation re-
lationship with the substrate (cross-section SEM images
shown in Additional file 1: Figure S1). Moreover, during
the formation of NWs, strain forces can form inside the
NW due to slight changes in the heating temperature [5,
21]. To release these strain forces, twining structures
formed in the NWs which lead to the zigzag morphology.
If the strains are fully released, no defects are formed in-
side the NWs, and smooth parts can also be observed.
Moreover, the diameter of the NWs is mainly controlled
by the diameter of the catalysts, because the In reacts with
Ga and As atoms and precipitates from the catalysts only
at the interface between the NWs and the catalysts, which
indicates that the fabrication the InGaAs NWs with spe-
cific diameters can be produced by adjusting the diameter
of catalyst.

Conclusions
In conclusion, InGaAs NWs can be successfully synthe-
sized by the CVD method. The average diameter of the
NWs was 39.5 ± 7.1 nm, and their growth direction was

Fig. 7 Schematic diagram of the VLS growth mechanism of InGaAs NWs in our studies
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<111>. The NWs displayed two surface morphologies, a
zigzag surface and a smooth surface. Their appearances
are random and can also occur in the same NW. HRTEM
investigation reveals that the zigzag morphology results
from the periodical existence of twining structure which is
mainly due to the strain forces inside the NW. The forma-
tion mechanism of the NWs begins with the Au nanopar-
ticles being melted into small balls and the In atoms being
diffused into the Au ball to form an Au-In alloy. When
the In concentration reaches its saturation point, In atoms
precipitate and combine with Ga atoms and As atoms at
the interface between the catalyst and substrate, forming
InGaAs. The precipitation of the InGaAs only occurs on
the interface of the InGaAs and the catalyst. With in-
creased reaction times, long InGaAs NWs formed on the
substrate. Additionally, the diameter of the NWs seemed
to be determined by the size of catalysts. The two cata-
lysts, Au4In and AuIn2, both produce cubic-structured
InGaAs NWs with <111> growth direction. All findings
give further understanding of the synthesis of high-quality
InGaAs NWs with optimized device performance for fu-
ture technical applications.

Additional File

Additional file 1: Figure S1. The cross-section SEM images of the
InGaAs NWs. (DOC 1615 kb)

Abbreviations
EDX: Energy-dispersive X-ray spectroscopy; HRTEM: High-resolution
transmission electronic microscopy; NWs: Nanowires; SAED: Selected-area
electron diffraction; SEM: Scanning electron microscopy; TBs: Twin
boundaries; TEM: Transmission electronic microscopy

Acknowledgements
The work was financially supported by the Natural Science Foundation of
Shandong Province, China (grant number: ZR2018JL021, ZR2014EMQ011);
the National Natural Science Foundation of China (grant number: 51402160),
the Taishan Scholar Program of Shandong Province, China; Applied Basic
Research Foundation of Qingdao City (17-1-1-84-jch); and the 111 project
(B12015). The work was also supported by the Opening Project of Key
Laboratory of Microelectronic Devices and Integrated Technology,
Institute of Microelectronics, Chinese Academy of Sciences, and the
National Demonstration Center for Experimental Applied Physics
Education (Qingdao University).

Availability of Data and Materials
All data generated or analyzed during this study are included in this
published article.

Authors’ Contributions
LS analyzed the experimental results and drafted the manuscript. LFS
directed the experiment of fabricating InGaAs NWs. RSC performed the
HRTEM observations. YQW revised the manuscript. LL carried out the SEM
observations and revised the manuscript. FYW proposed the NW growth
mechanism and revised the manuscript. All authors read and approved the
final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Textile and Clothing Institute, Qingdao University, No. 308 Ningxia Road,
Qingdao 266071, People’s Republic of China. 2College of Physics and
Cultivation Base for State Key Laboratory, Qingdao University, Qingdao
266071, People’s Republic of China. 3Nanoscale Physics Research Laboratory,
School of Physics and Astronomy, University of Birmingham, Birmingham
B15 2TT, UK. 4School of Materials Science and Engineering, Shandong
University of Science and Technology, Qingdao 266590, China. 5Key
Laboratory of Advanced Energy Materials Chemistry (Ministry of Education),
Nankai University, Tianjin 300071, China. 6Key Laboratory of Microelectronic
Devices and Integrated Technology, Institute of Microelectronics, Chinese
Academy of Sciences, Beijing 100029, China.

Received: 1 July 2018 Accepted: 23 August 2018

References
1. Wu J, Borg BM, Jacobsson D, Dick KA, Wernersson LE (2013) Control of

composition and morphology in InGaAs nanowires grown by metalorganic
vapor phase epitaxy. J Crys Grow 383:158–165

2. Kim Y, Joyce HJ, Gao Q, Tan HH, Jagadish C, Paladugu M, Zou J, Suvorova AA
(2006) Influence of nanowire density on the shape and optical properties of
ternary InGaAs nanowires. Nano Lett 6:599

3. Wang F, Wang C, Wang Y, Zhang M, Han Z, Yip SP, Shen L, Han N, Pun EYB,
Ho JC (2016) Diameter dependence of planar defects in InP nanowires. Sci
Rep 6:32910

4. Hui AT, Wang FY, Han N, Yip SP, Xiu F, Hou JJ, Yen YT, Hung TF, Chueh YL,
Ho JC (2012) High-performance indium phosphide nanowires synthesized
on amorphous substrates: from formation mechanism to optical and
electrical transport measurements. J Mater Chem 22:10704–10708

5. Zhang M, Wang F, Wang C, Wang Y, Yip SP, Ho JC (2014) Formation
mechanisms for the dominant kinks with different angles in InP nanowires.
Nanoscale Res Lett 9:211

6. Zhang H, Song L, Luo L, Liu L, Wang H, Wang F (2017) TiO2/Sb2S3/P3HT
based inorganic–organic hybrid heterojunction solar cells with enhanced
photoelectric conversion performance. J Electro Mater 46:4670–4675

7. Wang F, Song L, Zhang H, Luo L, Wang D, Tang J (2017) One-dimensional
metal-oxide nanostructures for solar photocatalytic water-splitting. J Electron
Mater 46:4716–4724

8. Shi SY, Zou YC, Cui XB, Xu JN, Wang Y, Wang GW, Yang GD, Xu JQ, Wang
TG, Gao ZM (2010) 0D and 1D dimensional structures based on the
combination of polyoxometalates, transition metal coordination complexes
and organic amines. CrystEngComm 12:2122–2128

9. Zheng LX, Hu K, Teng F, Fang XS (2017) Novel UV–visible photodetector in
photovoltaic mode with fast response and ultrahigh photosensitivity
employing se/TiO2 nanotubes heterojunction. Small 13:1602448

10. Ouyang WX, Teng F, Fang XS (2018) High performance BiOCl nanosheets/TiO2

nanotube arrays heterojunction UV photodetector: the influences of self-induced
inner electric fields in the BiOCl Nanosheets. Adv Funct Mater 28:1707178

11. Ning Y, Zhang ZM, Teng F, Fang XS (2018) Novel transparent and self-
powered UV photodetector based on crossed ZnO nanofiber array
homojunction. Small 14:170054

12. Ahmad E, Karim MR, Hafiz SB, Reynolds CL, Liu Y, Iyer S (2017) A two-step
growth pathway for high Sb incorporation in GaAsSb nanowires in the
telecommunication wavelength range. Sci Rep 7:1–12

13. Wang Y, Yang ZX, Wu XF, Han N, Liu HY, Wang SB, Li J, Tse WM, Yip SP,
Chen YF, Ho JC (2016) Growth and photovoltaic properties of high-quality
GaAs nanowires prepared by the two-source CVD method. Nanoscale Res
Lett 191:1–7

14. Yi QH, Wang H, Cong S, Cao YJ, Wang J, Sun YH, Lou YH, Zhao J, Wu J,
Zou GF (2016) Self-cleaning glass of photocatalytic anatase TiO2@carbon
nanotubes thin film by polymer-assisted approach. Nanoscale Res Lett
457:1–7

15. Wang F, Yip S, Dong G, Xiu F, Song L, Yang Z, Li D, Hung TF, Han N, Ho JC
(2017) Manipulating III–V nanowire transistor performance via surface
decoration of metal-oxide nanoparticles. Adv Mater Inter 4:1700260

Shang et al. Nanoscale Research Letters  (2018) 13:263 Page 8 of 9

https://doi.org/10.1186/s11671-018-2685-0


16. Morkötter S, Funk S, Liang M, Döblinger M, Hertenberger S, Treu J, Rudolph
D, Yadav A, Becker J, Bichler M (2013) Role of microstructure on optical
properties in high-uniformity In1-xGaxAs nanowire arrays: evidence of a
wider wurtzite band gap. Biophys J 65:1101–1107

17. Paladugu M, Zou J, Guo YN, Zhang X, Yong K, Joyce HJ, Gao Q, Tan HH,
Jagadish C (2008) Nature of heterointerfaces in GaAs/InAs and InAs/GaAs
axial nanowire heterostructures. Appl Phys Lett 93:101911–101913

18. Wang F, Yip S, Han N, Fok K, Lin H, Hou JJ, Dong G, Hung T, Chan KS, Ho JC
(2013) Surface roughness induced electron mobility degradation in InAs
nanowires. Nanotechnology 24:375202

19. Hou JJ, Wang F, Han N, Zhu H, Fok KW, Lam WC, Yip SP, Hung TF, Lee EY,
Ho JC (2013) Diameter dependence of electron mobility in InGaAs
nanowires. Appl Phys Lett 102:093112

20. Han N, Wang F, Hou JJ, Yip SP, Lin H, Xiu F, Fang M, Yang Z, Shi X, Dong G
(2013) Tunable electronic transport properties of metal-cluster-decorated III-
V nanowire transistors. Adv Mater 25:4445–4451

21. Hou JJ, Han N, Wang F, Xiu F, Yip S, Hui AT, Hung T, Ho JC (2012) Synthesis
and characterizations of ternary InGaAs nanowires by a two-step growth
method for high-performance electronic devices. ACS Nano 6:3624

22. Hou JJ, Wang F, Han N, Xiu F, Yip S, Fang M, Lin H, Hung TF, Ho JC (2012)
Stoichiometric effect on electrical, optical, and structural properties of
composition-tunable InxGa1-xAs nanowires. ACS Nano 6:9320–9325

23. Xu S, Chua S, Mei T, Wang X, Zhang X, Karunasiri G, Fan W, Wang C, Jiang J,
Wang S (1998) Characteristics of InGaAs quantum dot infrared
photodetectors. Appl Phys Lett 73:3153–3155

24. Kim S, Mohseni H, Erdtmann M, Michel E, Jelen C, Razeghi M (1998) Growth
and characterization of InGaAs/InGaP quantum dots for midinfrared
photoconductive detector. Appl Phys Lett 73:963–965

25. Regolin I, Sudfeld D, Lüttjohann S, Khorenko V, Prost W, Kästner J, Dumpich
G, Meier C, Lorke A, Tegude FJ (2007) Growth and characterization of GaAs/
InGaAs/GaAs nanowhiskers on (111) GaAs. J Crys Grow 298:607–611

26. Jung CS, Kim HS, Jung GB, Gong KJ, Cho YJ, Jang SY, Kim CH, Lee CW, Park
J (2011) Composition and phase tuned InGaAs alloy nanowires. J Phys
Chem C 115:7843–7850

27. Schroer MD, Petta JR (2009) Correlating the nanostructure and electronic
properties of InAs nanowires. Nano Lett 10:1618–1622

28. Wallentin J, Ek M, Wallenberg LR, Samuelson L, Borgström MT (2011)
Electron trapping in InP nanowire FETs with stacking faults. Nano Lett 12:
151–155

29. Fan Z, Ho JC, Takahashi T, Yerushalmi R, Takei K, Ford AC, Chueh YL, Javey A
(2010) Toward the development of printable nanowire electronics and
sensors. Adv Mater 21:3730–3743

30. Caroff P, Dick KA, Johansson J, Messing ME, Deppert K, Samuelson L (2009)
Controlled polytypic and twin-plane superlattices in III-V nanowires. Nature
Nanotech 4:50–55

31. Fang M, Han N, Wang FY, Yang ZX, Yip SP, Dong GF, Hou JJ, Chueh Y, Ho
JC (2014) III–V nanowires: synthesis, property manipulations, and device
applications. J Nanomater 702859:1–14

Shang et al. Nanoscale Research Letters  (2018) 13:263 Page 9 of 9


	Abstract
	Background
	Methods
	Preparation of InGaAs NWs
	Characterization of InGaAs NWs

	Results and Discussion
	Conclusions
	Additional File
	Abbreviations
	Acknowledgements
	Availability of Data and Materials
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

