
Review Article
III–V Nanowires: Synthesis, Property Manipulations, and
Device Applications

Ming Fang,1 Ning Han,1,2 Fengyun Wang,3 Zai-xing Yang,1 SenPo Yip,1,2

Guofa Dong,1 Jared J. Hou,1,2 Yulun Chueh,4 and Johnny C. Ho1,2

1Department of Physics and Materials Science, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong
2 Shenzhen Research Institute, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong
3Cultivation Base for State Key Laboratory, Qingdao University, No. 308 Ningxia Road, Qingdao, China
4Department of Materials Science and Engineering, National Tsing Hua University, No. 101Section 2 Kuang-Fu Road,
Hsinchu 30013, Taiwan

Correspondence should be addressed to Johnny C. Ho; johnnyho@cityu.edu.hk

Received 13 January 2014; Accepted 15 February 2014; Published 7 April 2014

Academic Editor: Christian Falconi

Copyright © 2014 Ming Fang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

III–V semiconductor nanowire (NW) materials possess a combination of fascinating properties, including their tunable direct
bandgap, high carrier mobility, excellent mechanical flexibility, and extraordinarily large surface-to-volume ratio, making them
superior candidates for next generation electronics, photonics, and sensors, even possibly on flexible substrates. Understanding
the synthesis, property manipulation, and device integration of these III–V NW materials is therefore crucial for their practical
implementations. In this review, we present a comprehensive overview of the recent development in III–V NWs with the focus on
their cost-effective synthesis, corresponding property control, and the relevant low-operating-power device applications. We will
first introduce the synthesismethods and growthmechanisms of III–VNWs, emphasizing the low-cost solid-source chemical vapor
deposition (SSCVD) technique, and then discuss the physical properties of III–VNWs with special attention on their dependences
on several typical factors including the choice of catalysts, NW diameters, surface roughness, and surface decorations. After that,
we present several different examples in the area of high-performance photovoltaics and low-power electronic circuit prototypes to
further demonstrate the potential applications of these NWmaterials. Towards the end, we alsomake some remarks on the progress
made and challenges remaining in the III–V NW research field.

1. Introduction

In the past decades, semiconductor nanostructures have
attracted numerous research attentions due to their unique
fundamental physical properties aswell as the great potentials
for various technological applications [1–6]. In particular,
most III–V semiconductor nanowires (NWs) have direct
bandgap which can be controllably manipulated over a wide
range by tailoring their stoichiometry, being advantage for
full-spectrum photovoltaics. Many of these NWs (e.g., InAs)
also hold impressively high carrier mobilities for high-speed
devices which cannot be easily achieved in silicon and other
nanostructures [7, 8]. At the same time, these NW materials
also show a number of key advantages over their bulk coun-
terparts. For example, downscaling of the semiconductor

materials into NW crystals would render them mechanical
flexibility, making them ideal active materials for future
flexible electronics [9–14]. Likewise, their remarkably large
surface-to-volume ratios as well make the NWs attractive
for the high-performance sensors. With the unique one-
dimensional structure, miniaturized co-axial core-multi-
shell heterojunctions could also be produced, which further
improves the application potentials of the NWs [15]. Yet, for
the practical implementations, these intriguingNWmaterials
with the better understanding about their syntheses, proper-
ties manipulations and low-cost integrations are still needed
[16–22].

The purpose of this work is to present a general overview
of the recent development in III–V NWs with the focus
on their cost-effective synthesis, corresponding property
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manipulation as well as the relevant low-operating-power
device applications. We will first go over the synthesis meth-
ods and investigate the growth mechanisms of III–V NWs,
emphasizing in the low-cost solid-source chemical vapor
deposition (SSCVD) technique. Various physical properties
of III–V NWs would then be assessed with the special
attention in their dependences on several typical factors
including the choice of catalysts, NW diameters, surface
roughness and surface decorations, and so forth. In the later
stage, different examples in the area of high-performance
photovoltaics and low-power electronic circuit prototypes
would also be demonstrated through the device integration
of these NWs.

2. Synthesis of III–V NWs

2.1.The SSCVD Growth Method. Generally, semiconductor
NWs can be synthesized by employing metal nanoclusters
as catalysts via vapor-liquid-solid (VLS) and/or vapor-solid-
solid (VSS) growthmechanisms [15, 23–25]. In a VLS growth,
vapor-phase precursors are introduced at temperature above
the eutectic point of the metal-semiconductor system, result-
ing in liquid droplets of the metal-semiconductor alloy. Con-
tinuously feeding the precursors leads to the supersaturation
of catalytic droplets, upon which the semiconductor material
starts to nucleate out of the melt and grow into crystalline
NWs [26].Unlike theVLSmechanism, inVSS, themetal nan-
oclusters exit as solid particles. It is believed that the particles
can provide low-energy interface for trapping the precursor
materials and yield higher epitaxial growth rates than else-
where on the substrate [27]. Specifically, various techniques
have been hired to generate vapor-phase precursors for the
growth of NWs, including chemical vapor deposition (CVD)
[23], pulsed laser ablation [28] and molecular beam epitaxy
(MBE) [29]. Among all, a CVD growth method utilizing the
conventional tube furnace and solid powder source, namely
solid-source CVD, has been widely explored in recent years
for the growth of various III–V NWs due to its relatively
low setup and operating cost, simple growth procedures and
importantly no involvement of toxic gas precursors, as com-
pared to other sophisticated growth systems such asMBE and
metal-organic CVD. Figure 1 depicts the typical schematic
illustration of the SSCVD growth setup. Source powder is put
at the upstream of a two-zone tube furnace, while hydrogen
is used as a carrier gas to transport the evaporated source
material to the downstream, and a substrate pre-coated with
catalysts is positioned at the downstream for the NW growth
[25, 30–32]. Here, we discuss the applications of this SSCVD
method in the syntheses of different NWmaterials.

2.2. Synthesis of P- and As-Based NWs. Phosphorus (P)-
and arsenic (As)-based III–V NW materials have moderate
bandgaps and thus show good photon-response to visi-
ble and/or infrared lights as well as excellent on/off ratio
when configured into field effect transistors (FETs), holding
great potentials for application in future electronics and
optoelectronics. MBE and MOCVD methods were typical
adopted for the NW growths following the VLS and/or (VSS)

Upstream zone Downstream zone

Precursor vaporH2

Figure 1: Schematic representation of the typical SSCVD setup and
the growth process. Not drawn in scale. Reproduced from [32] with
permission fromThe American Chemical Society.

growth mechanisms; however, single-crystalline substrates
are typically employed as the underlying templates for the
epitaxial growth of such NWs, which could result in the
relatively low growth yield of NWs as well as high cost,
restricting the subsequent device integration for certain
applications. Alternatively, applying the SSCVDmethod with
metal (Au, Ni, or others) nanoclusters as catalysts, high-
quality NWs such as InP and InAs could be easily synthesized
on amorphous Si/SiO

2
substrates with high density, via VLS

or VSS mechanisms [31, 35].
Although the SSCVD method is a versatile tool for

the NW growth, technical modifications are still needed
to make it applicable to certain systems, especially for
the synthesis of arsenic (As)-based ternary NW materials.
For example, for the growth of InGaAs NW, it is difficult
to obtain high-quality NW through the standard SSCVD
method. In this regard, we developed a two-step growth
method in order to overcome this growth challenge [18]. As
compared to the conventional single-step method, the two-
step approach has an additional nucleation step at a higher
temperature before the regular growth step. As shown in
Figure 2(a), for a conventional single-step growth, the grown
NWs exhibit kinked morphologies with severe surface over-
coating. This may be ascribed to uneven growth rate at the
catalyst-NW interfaces due to the co-existence of some solid
phase in the catalyst droplets given that the temperature
between the catalytic eutectoids and the NW growth are
similar. On the other hand, when a two-step method is
used, NWs are grown in a relatively straight manner and
long, without significant surface over-coating, because of the
minimization in the chances of solid phase formation within
the catalysts (Figure 2(b)). Notably, utilizing this two-step
method, bandgap tunable In

𝑥
Ga
1−𝑥

As NWs with different
chemical compositions can also synthesized by manipulating
the source powder mixture ratio and appropriate growth
parameters [41].

Moreover, the two-step growth process is also adopted
to achieve single-crystalline GaAs NWs where an initial
high temperature nucleation process is employed to ensure
the formation of high Ga supersaturated Au-Ga alloy seeds,
which yields in long (>60 𝜇m) and thick (>80 nm) NWs
with the minimal defect concentrations and uniform growth
orientations [33]. To further verify the crystal quality dif-
ference between these two growth techniques (one-step
versus two-step), room temperature photoluminescence (PL)
and Raman spectroscopy are performed. As presented in
Figure 2(c1), it is clear that the two-step grown NWs have
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Figure 2: (a) Single-step growth method. (a1) Schematic illustration of growth mechanism of the single-step method, demonstrating the
kinked morphology and surface coating during the NW growth; (a2) SEM and (inset) TEM images of the NWs grown by the single-step
method. (b) Two-step growth method. (b1) Schematic illustration of growth mechanism of the two-step method; (b2) SEM and (inset) TEM
images of the NWs grown by the two-step method. (c) Crystal defect characterization between the single- and two-step grown GaAs NWs.
(c1) Room temperature PL spectra, showing a good crystal quality of the two-step grownNWs, lacking nonradioactive recombination centers;
(c2) Raman spectra with a lower LO(Γ)/TO(Γ) peak intensity ratio indicating the existence of arsenic precipitates in the single-step grown
NWs; (c3) Cross-sectional view of NWs with the corresponding crystal quality and equilibrium energy band diagram at the zero gate bias.
Reproduced from [18, 33] with permission fromThe American Chemical Society.

a PL peak at ∼882 nm (∼1.41 eV), which is consistent to the
bandgap of bulk zincblende GaAs. Importantly, the single-
step NWs do not give any luminescence even after surface
passivation, indicating that the quenched PL mainly comes
from the presence of crystal defects in the single-step growth.
Also, based on the Raman spectra (Figure 2(c2)), the wider
and lower relative peak intensity of LO(Γ) in the single-step
NWs probably originate from the related crystal defects such
as As precipitates in the NWs. As will be discussed later, these
NWs would exhibit distinct conducting behavior with the n-
type characteristics in single-stepNWs versus p-type features
in two-step NWs due to the different degrees of crystallinity
(Figure 2(c3)).

2.3. Synthesis of Sb-Based NWs. Antimony (Sb)-based NW
materials are as well intriguing owing to their narrow direct
bandgap and excellent carrier mobilities, with InSb and GaSb
having the highest electron (n-type) and hole (p-type) mobil-
ity, respectively, among all III−Vs, which make them ideal
materials for field-effect transistors (FETs), quantum devices,
thermoelectrics and long-wavelength detectors, and so forth

[42–48]. In addition, given that the high performance n-
type NWs (such as InAs and InGaAs) have been successfully
demonstrated [7, 8, 11, 18, 41], the synthesis of p-type NWs
is particularly important for the practical design and imple-
mentation of NW based CMOS electronic circuits. However,
the growth of high-quality III-Sb NWs is still challenging
because of the tendency of the constituent Sb to aggregate
on top of the growing layer without being incorporated into
the NW growth. Recently, our group has demonstrated a suc-
cessful synthesis technique utilizing Au nanoclusters as the
catalysts to achieve high density GaSb NWs on amorphous
Si/SiO

2
substrates via the SSCVD method. By adjusting the

source temperature, growth time and altogether with the
carrier gas flow rate, a Sb-supersaturated environment is
expected to be induced, which are favorable for the growth
of high-quality GaSb NWs. In this way, the obtained NWs
are crystalline and stoichiometric with uniform diameters as
well asminimal surface coatings.When configured into FETs,
the NWs exhibit respectable p-channel device characteristics
with the peak hole mobility of ∼30 cm2 V−1 s−1 and effective
hole concentration of ∼9.7 × 1017 cm−3 [32].
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Figure 3: (a) TEM and SAED images of a representative p-InSb NW grown under the optimal condition; (b) HRTEM image at the tip region
of the sameNW. Inset shows the corresponding FFT images; (c) SEM image and (inset) schematic of a back-gated InSbNWFETwithNimetal
contacts; (d) transfer and output characteristics of the typical NW FET with the channel width of ∼55 nm and length of ∼1.8 𝜇m. Reproduced
from [34] with permission fromThe Royal Society of Chemistry.

In addition to the intrinsically p-typeNWs, in-situ doping
during the growth is another feasible way to obtain the p-
type conductivity in NWs. For example, we have achieved
this p-type doping in the synthesis of InSb NWs via the
SSCVDmethod by intentionally adding carbon powders into
the InSb source [34]. The grown NWs exhibit excellent crys-
tallinity (Figures 3(a) and 3(b)) and uniform stoichiometric
composition along the entire length of the NWs. Due to the
in situ carbon-doping, the NWs show high-performance p-
type transport properties with the peak hole mobility of 140
cm2 V−1 s−1 when configured into FETs (Figures 3(c) and
3(d)). Notably, high electrically active carbon concentrations
of ∼7.5 × 1017 cm−3 are achieved which are essential for
compensating the electron-rich surface layers of InSb to
enable the heavily p-doped and high-performance device
structures.

3. Manipulations of NW Properties

Materials at nanoscale often exhibit novel properties which
are lacked in bulkmaterials due to the quantum confine effect

as well as large surface-to-volume ratio. Such nano-effects
are particularly evident in semiconductorNWsystems.Many
factors, such as the choice of catalyst, NW diameters and
surface roughness may have noticeable influence on the
properties of NWs. Here, we discuss these factors in details
and demonstrate the rational utilization of them to achieve
manipulation of the NW properties.

3.1. Influences of the Catalyst Choice on Electronic Transport
Properties of NWs. For the NW growth, either via VLS or
VSS mechanism, metallic catalysts are always employed. The
choice of catalyst material is very important as it could
not only influence the composition and morphology, but
also affect the electronic transport properties via in-situ
doping (often unintentional) and defect/vacancy formation.
For instance, InAs NWs are often synthesized by the SSCVD
method using different metal nanoclusters (e.g., Ni and
Au) as catalysts. It is found that the NW morphology as
well as the transport properties has strong dependences
on the choice of the catalyst [35]. The Ni catalyzed NWs
were relatively straight and uniform on substrates, in which
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Figure 4: 𝐼DS-𝑉GS curves of InAs NWs FETs at 𝑉DS = 0.1, 0.3 and 0.5 V grown from (a) Ni and (b) Au as catalysts. Statistical results of (c)
𝐼ON/𝐼OFF ratios and (d)OFF currents extracted from 100 devices based onNi-catalyzed andAu-catalyzed InAsNWs, respectively. Reproduced
from [35] with permission from the PCCP Owner Societies.

∼98% of the NWs exhibit a very unvarying n-type behavior
with strong gate dependence, giving the impressive OFF
current (∼10−8–10−10 A) with the maximum 𝐼ON/𝐼OFF > 10

4

(Figures 4(a), 4(c) and 4(d)). On the other hand, the Au-
catalyzed NWs show tapered morphology and unstable plus
non-uniform electrical properties with ∼80% of the NWs
exhibiting weak gate dependence characteristics (Figures
4(b), 4(c) and 4(d)).The unstable and non-uniform electrical
transport performance is ascribed to the non-stoichiometric
composition of the NWs due to the different segregation or
NW growth schemes from the Au catalyst.The lateral growth
or sidewall over-coating may induce intrinsic defects such as
interstitials or vacancies, resulting in the unstable and non-
uniform electrical properties of grown NWs.

3.2. Diameter-Dependence of NW Properties. Diameter is
another key feature for the NW characterization. Different
diameter implies different surface-to-volume ratio, which
could significantly influence the electronic properties ofNWs

[49–54]. It is well known that for III–V NWs, there always
exists an amorphous oxide shell over the core NW material
when it is exposed in ambient environment. In GaAs NWs,
these oxide shells could deplete the carrier density in theNWs
by contributing abundant acceptor-like interface trapping
states and/or defects, in which the depletion space-charge
region can extend deep inside the NWs. Our study further
reveals that this effect could result in distinct electronic
properties of NWs when they have different diameters. As
depicted in Figure 5 [36], for large diameters (𝑑 > 70 nm),
the NWs give intrinsically n-channel conduction behav-
ior because of the minimal space-charge depletion effect,
whereas for NWs with small diameters (𝑑 < 40 nm), owing
to the enhanced surface-to-volume ratio, the contribution
coming from the oxide trap states becomes pronounced
and yields full depletion of the NWs which further exhibit
inverted p-channel behavior. For NW diameters between
40 < 𝑑 < 70 nm, ambipolar conduction in lower current
magnitude is observed. Besides to provide a facile method
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Figure 5: Typical 𝐼DS-𝑉GS curves of GaAs NW FETs based on different NW diameters (𝑉DS = 2V): (a) p-type characteristic (𝑑 = 25 nm),
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for manipulating the conduction type (p-type versus n-
type) of NWs, this study also suggests that the diameter
scaling of NWs not only affects their carrier mobility and
gate control efficiency [7], but also alters their electronic
transport via the different contributions of the native-oxide-
induced space-charge depletion; therefore, careful device
design considerations are required for achieving the optimal
device performances.

From the viewpoint of device design, miniaturization
of NW diameters is always helpful to improve the gate
electrostatic control as well as to lower the off-state current.
On the other hand, diameter scaling ofNWswould inevitably
introduce more surface scattering and higher surface carrier
recombination, which are detrimental to the carrier mobility
of NW transistors. This way, investigating the dependence
of carrier mobility on NW diameter is essentially important
for future device geometrical design and optimization. Two-
step grown In

0.7
Ga
0.3
As NWs are chosen for this study due

to their intrinsically higher electron mobility. By exploring
the electrical characteristics of NW transistors, the peak
electron field-effect mobility is found to decrease as the NW
diameter reduces, with the peak mobility of ∼4500, 3000,
and 1400 cm2 V−1 s−1 at room temperature for representative
thick (𝑑 = 41.9 nm), medium (𝑑 = 32.4 nm), and thin NWs
(𝑑 = 19.3 nm), respectively (Figure 6), which experimentally
confirms that diameter scaling of NWs could lead to carrier
mobility degradation.The same dependency is also observed
at low-temperature current-voltage (I-V) measurement [37],
which eliminates the influence of acoustic phonon scattering
and thermal activated surface/interface traps in this diameter
scaling, revealing the impact of surface roughness scattering
(will be discussed later) on the mobility degradation for
miniaturized NWs.

3.3. Surface Roughness Effects. Theoretically, the surface
roughness could induce significant changes in the NW elec-
tronic band structure and modulate its transport properties,
including carrier mean free paths, mobilities and others [55–
57]. In our study, we use high-quality InAs NWs as models
to explore the electron mobility dependence on the surface
roughness. The NW dimensions and surface conditions are
characterized by AFM, and the electrical characteristics of
the NWs are investigated by configuring them into back-
gate FET devices [38]. Figure 7(a) displays the statistics of
the peak electron mobility of NWs as a function of surface
roughness with different diameter ranges. One can see that
the tendency of degradation of electronic mobility goes with
the increase of NW surface roughness. Low-temperature
electrical measurements are also performed in order to
further elucidate the role of surface roughness among all
possible scattering mechanisms by decoupling the influence
of phonon scattering and thermal activated surface/interface
traps. As shown in Figure 7(b), all mobility values with
different surface roughness are improved at 77K because
of the frozen of all phonon modes and surface traps; how-
ever, this improvement is more profound for smooth NWs,
highlighting the dominant role of surface roughness for the
observed mobility degradations. This mobility degradation

agrees well with the theory that surface roughness can easily
induce changes in the local electronic band structures, which
act like scattering potentials that scatter carriers moving
in the NW, reducing the mean free time and mobility
consequently [55–58].

3.4. Metal-Cluster-Decoration for Manipulations of NW Elec-
tronic Properties. In general, FETs can be constructed into
two distinct operation modes, namely depletion mode (D-
mode) and enhancement mode (E-mode), and both device
modes are needed for the assembly of electronic circuits.
However, most of the III–V NW FETs operate in the D-
mode which is unfavorable for the energy-efficient circuit
design as a gate voltage is required to achieve the device OFF
state. In order to control the device operationmodes, we pro-
pose a facile “metal-cluster-decoration”methodwhich allows
manipulations of the threshold voltages (𝑉TH) of n-type III–
V NWFETs based on the work function difference between
the metal clusters deposited and the NWmaterials [39]. As a
demonstration, 1.0 nm thick Au and 20 nm thick Al

2
O
3
were

sequentially deposited onto as-fabricated InAs NW FETs
(where the Al

2
O
3
is anticipated to behave as a protection or

passivation layer), and the electrical performances of the InAs
NW FET were measured both before and after the Au cluster
decoration. As shown in Figure 8, the InAs NWFET operates
initially in the D-mode, as the device exhibits non-zero
drain current at the zero gate voltage; however, after the Au
cluster decoration, the𝑉TH shifts positively and thusmake the
NWFET operated in the E-mode. Quantitative assessment
reveals that a𝑉TH shift of ∼4V is obtained by the 1.0 nm thick
Au decoration. In addition, in a control experiment, where
the InAs NW FET is only decorated with 20 nmAl

2
O
3
, no

shift of the 𝑉TH is observed; instead, the Al
2
O
3
layer just

greatly reduced the device hysteresis. In this case, the role
of Au cluster decoration is experimentally demonstrated to
move positively the 𝑉TH of InAs NWFETs and transform the
device operation from D-mode to E-mode while the Al

2
O
3

layer can protect the device from the detrimental influences
of the ambient environment. Further experiments on the𝑉TH
manipulation effects of different metals (including Ni, Cr,
and Al) indicate that the 𝑉TH has a strong dependence on
the work functions of the metal clusters deposited. Basically,
for the decoration with low work function metals clusters
(e.g., Al), the 𝑉TH is negatively shifted for the D-mode
NW transistors, whereas for the high work function metal
clusters (e.g., Au), the 𝑉TH is positively moved and thus E-
mode device operation are obtained. The same trend is also
observed in NW devices with other III–V compositions,
including InP and In

0.6
Ga
0.4
As. The metal cluster induced

𝑉TH shifts can be understood through a band-bendingmodel.
Specifically, the prepared InAs NWs are intrinsically n-type
with the Fermi level, E

𝐹
, lying near or slightly pinned above

the conduction band edge at equilibrium (𝑉GS = 0V) because
of the relatively high free electron concentration induced
from the NW surface defects; therefore, a negative gate bias
is required to move the bands up or push the 𝐸

𝐹
down in

order to deplete the free carriers to achieve the device off-
state, which is known as D-mode device operation. When
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Figure 6: Electrical characterization of In
0.7
Ga
0.3
As NWFETs with different NWdimensions. (a) Transfer characteristics of three back-gated

In
0.7
Ga
0.3
As NW FETs with different NW diameters (d = 19.3, 32.4, and 41.9 nm, after the native oxide deduction) for 𝑉DS = 0.1V. The inset

shows the transistor schematic with Ni S/D metal contacts. (b)–(d) Output performance of the three corresponding devices as shown in (a).
(e) Field-effect electron mobility assessment for the same set of NW FETs under 𝑉DS = 0.1V as presented in (a). The black dotted line is the
experiment data while the solid red line is the smoothed data curve. (f) Peak field-effect mobility as a function of NWdiameter for ∼100 NWs
with the diameters ranging from 14 to 54 nm. Reproduced from [37] with permission fromThe American Institute of Physics.
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Figure 7: (a) Peak field-effect mobility as a function of surface roughness for NWs with three different diameter ranges: 26.9 ± 0.7 nm,
29.9 ± 0.6 and 36.1 ± 0.7 nm. Over this NW roughness range, the mobility decreases linearly with the roughness, closely fitting the linear
expression with a slope of around ∼ −6000 cm2 V−1 s−1 nm−1. (b)The dependency of peak field-effect mobility on the NW surface roughness
(𝑑 = 26.9 ± 0.7 nm) at temperatures of 77 and 298K. Reproduced from [38] with permission fromThe Institute of Physics.

the Au clusters are decorated onto the NW channel, due to
the large positive work function difference (𝑊

𝑀
–𝑊
𝑆
), the

equilibrium band structure is locally disturbed to induce
a upward band-bending at the Au/NW interface such that
the free electrons are depleted to move the 𝐸

𝐹
down to the

intrinsic level, 𝐸
𝑖
(𝑉GS = 0V), causing a positive shift in the

device 𝑉TH. As such, the NW device would exhibit a zero
current at the off-state at a zero gate bias unless a positive
gate bias is applied to push the bands down to extract the
carriers (E-mode characteristics). On the contrary, when Al
clusters are deposited, the negative 𝑊

𝑀
–𝑊
𝑆
would create

a downward band-bending at the Al/NW interface so that
free electrons are donated to the NWs leading to a higher
on-current and a negative shift in the device 𝑉TH. With this
simple method, both D-mode and E-mode devices can be
obtained, which provides broad opportunities for energy-
efficient circuit applications.

4. Device Applications of III–V NWs

Having discussed the synthesis and property manipulation of
III–VNWs, here, we illustrate a few examples to demonstrate
their potential applications. It is known that for bulk metal-
semiconductor contacts, metal-induced gap states often
determine the Schottky barrier heights rather than the work
function of metals used as a result of Fermi level pinning by
the interface states [59]. On the other hand, NWs synthesized
via VLS or VSS typically have catalytic clusters at the NW tips
where the nanoscale contact between themetallic catalyst and
the semiconductor should be extremely conformable with
minimized interfacial states. In this regard, this nanoscale
contact can be utilized to realize NW photovoltaic devices

by forming additional high-quality Schottky junctions at the
other end of NWs [40]. For example, Figure 9(a) presents
the Au-catalyzed GaAs NWs grown with the catalytic tips
(Au-Ga alloy) confirmed by SEM. It is clear that the typical
tipped device exhibits a gigantic resistance in the dark due
to the low intrinsic carrier concentration of the NW as well
as the improper electrical contacts of the devices. However,
upon illumination, the device exhibits obvious photovoltaic
behavior which delivers a 𝑉oc of ∼0.6V, a 𝐽sc of ∼11mA/cm2,
and a fill factor (FF) of ∼0.42, corresponding to an overall
energy conversion efficiency of∼2.8%underAM 1.5G illumi-
nation (100mW/cm2). For comparison, similar asymmetric
Ni/NW/Au device with bare NWs (in which the catalyst
tips are removed by sonication) and thermal evaporated
electrodes exhibits a much smaller 𝑉oc, 𝐽sc, and efficiency
(Figure 9(b)) due to Fermi level pinning of the GaAs NWs
at both contacts, which emphasizes the effective formation
of Schottky barrier at the catalytic tip/nanowire contact
interface. This study may provide a novel configuration for
NW photovoltaics, and the resulting efficiency might be
further improved by minimizing the inactive GaAs NW
channel.

The most intriguing property of III–V NWs lies in their
achievable ultrahigh carrier mobilities, making them highly
attractive materials for next generation electronic devices.
Especially, recent advances of NW contact printing technol-
ogy have provided a useful platform for NW assembly and
integration [9–14]. Combining the contact printing approach
with our “Metal-Cluster-Decoration” method, we can obtain
both depletion mode (D-mode) and enhancement mode (E-
mode) FETs with parallel NW arrays at well-defined loca-
tions. Based on that, n-channel metal oxide-semiconductor
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Figure 8: Au cluster decoration on InAs NWFETs. (a) Typical SEM image and schematic configuration of an Au decorated InAs NWFET.
(b) 𝐼DS-VGS curves of the InAs NWFET before and after the decoration (decoration: Au cluster with an equivalent film thickness of 1.0 nm
covered with a 20 nm thick evaporated Al
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(control; 𝑉DS = 0.1V). (d) Field-effect electron mobility of the InAs NWFET as a function of gate voltage before and after the Au cluster
decoration (𝑉DS = 0.1V). (e) TEM image of the InAs NW after the decoration and inset is the diameter distribution statistic of decorated Au
clusters. (f) HRTEM image of the Au cluster decorated InAs NW and inset is the corresponding FFT. Reproduced from [39]. with permission
fromWILEY-VCH Verlag GmbH and Co. KGaA.
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Figure 9: Typical I-V curves of the single GaAs NWphotovoltaic device under the dark and 1 sun illumination (AM1.5G, 100mW/cm2) with
the current density (J) normalized to the light absorption cross-sectional area (right axis). Insets show the corresponding SEM images of the
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Figure 10: Application of themetal decorationmethod in transforming printed NWparallel array devices into E-mode and in the fabrication
ofNMOS inverters composed of an E-mode andD-modeNWFETs. (a) SEM image and schematic illustration of anAu-cluster-decorated InAs
NW array FET. (b) 𝐼DS-𝑉GS curves before and after decoration (decoration: Au clusters with an equivalent film thickness of 1.0 nm covered
with a 20 nm thick evaporated Al

2
O
3
layer; 𝑉DS = 0.1V). (c) Field-effect mobility of an InAs NW array FET before and after decoration

(𝑉DS = 0.1V). (d)The voltage transfer characteristics (red) and the corresponding gain (black) of the representative NMOS inverter, the inset
is the schematic circuit diagram of the inverter. Reproduced from [39] with permission fromWILEY-VCH Verlag GmbH and Co. KGaA.

(NMOS) inverters are constructed, with Au-decorated E-
mode InAs NW FETs as the drivers and original D-mode
InAs NW FET as the loads. Figure 10 shows the device
structure of NW array FETs and the electrical characteristics
of FETs as well as the NMOS inverters [39]. The transfer
curve in Figure 10(d) demonstrates clearly that the input
signal is inverted with a high gain (−𝑑𝑉OUT/𝑑𝑉IN) of ∼13.
More importantly, due to the high electron mobility and low
operating voltage of these InAs NWs, the power dissipation
of this III–V NW NMOS inverter is found to be respectively
low. Specifically, there is no power consumed at 0V input
as a result of the “OFF” state of the driver; on the other
hand, at 5V input, the output current is the saturation current
of the load at 0V gate bias (∼0.8 𝜇A). As such, the static
power dissipation is estimated to be as low as ∼4 𝜇W, which
is comparable to the lowest NW NMOS reported values and
far lower than their planar counterparts [60, 61].

Apart from NMOS, CMOS is also needed for the com-
plex circuit design. We have demonstrated the controllable
formation of these p-type and n-type GaAs NWs obtained
via different growth techniques such as single-step and two-
step method in order to manipulate the crystal defects. In
this case, integration of these NWs into CMOS inverters
has been realized as well. As given in Figure 11 [33], the
output voltage is clearly transformed to the inverse of the
input with different 𝑉DD of 2–5V (0V is logic “low”, while
2–5V is logic “high”) and a gain (defined as −𝑑𝑉OUT/𝑑𝑉IN)
of ∼2.5 is achieved with the efficient response to alternating
voltage at 1Hz with 𝑉DD = 2 and 5V. All of these confirm
the validation of in-situ transformation of the input voltage.
Although there is still a margin for the inverter to enhance
the gain to enable higher frequency response, it is already
the first illustration of an all intrinsic unintentionally doped
GaAs NW fabricated CMOS inverter, showing the successful
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Figure 11: CMOS inverter composed of FETs with one p-type NW (two-step grown) and one n-type NW (single-step grown). (a) 𝐼DS-𝑉GS
curves of the corresponding p-FET and n-FET, and the inset illustrates the equivalent circuit diagram. (b) Transformation curves of the typical
NW CMOS inverter. (c) Corresponding gain as a function of the input voltage. (d) Output response to the alternating voltage input of 1Hz.
Reproduced from [33] with permission fromThe American Chemical Society.

modulation of NW electronic transport properties by simply
controlling the crystal quality, holding the promise for next-
generation NW electronics by this facile management of
catalytic alloy supersaturation.

5. Conclusion

In summary, semiconductor NW materials have attracted
huge research attention for nearly two decades. In this review,
we attempted to illustrate some recent progresses made in
the area of III–V NWs, covering from the cost-effective
synthesis, property manipulation to the device applications.
Because of the simple setup and good controllability, the
solid-source CVD approach has been widely employed for
the growth of various III–V NW materials. Generally, by
properly controlling the experimental parameters such as

the source composition, catalyst, growth temperature, dura-
tion time and gas flow, and so forth, NWs with different
chemical composition, morphology and tailorable properties
could be synthesized, which provides broad opportunities
for exploring the potential applications of NWs. It is worth
noting that owing to the miniaturized radial dimension and
large surface-to-volume ratio, NW properties are found to
be influenced by many factors, including the catalyst choice,
diameter, surface roughness, and so forth. Meanwhile, the
external environment could also have significant effect on
their properties. Understanding these factors is essentially
important for the optimization of corresponding device
performance; while on the other hand, these factors could
be intentionally utilized in order to manipulate the NW
properties. With the progresses made in the NW synthesis
and assembly, many fascinating applications of NWs have
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as well been demonstrated in electronics and photovoltaics.
However, there still requires a substantial effort to put
NW materials into practical applications, demanding more
systematic investigation as well as technological innovations
from their synthesis to the device design.
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