MICROREVIEW

DOI: 10.1002/ejic.201000729
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In this microreview, the recent progress on various synthetic
methods for 1D semiconductor nanowires is summarized.
The colloidal synthetic method has been popularly employed
to prepare various semiconductor nanorods/nanowires such
as ZnS and TiO,. The vapor-liquid-solid (VLS) synthetic
method has been used to fabricate Si and ZnO nanowires.
For the growth of semiconductor nanowires by the VLS
method, metals that can form a eutectic mixture with a target
material have been used as catalysts. After the first report on
the synthesis of crystalline III-V semiconductor nanowires by

the solution-liquid-solid (SLS) method, various kinds of
[II-V and II-VI semiconductor nanowires have been synthe-
sized by the SLS method. Various types of templates, includ-
ing anodic aluminum oxide (AAO), sacrificial nanowire tem-
plates, and self-assembled surfactants, have been employed
to fabricate 1D semiconductor nanowires that resemble the
shape of the template employed. Using 1D semiconductor
nanowires, high-performance photovoltaic cells can be fabri-
cated due to facile electron transport within nanowires.

Introduction

We expect that current technology can be greatly im-
proved with the aid of nanotechnology, which emerged in
the 1990s. Nanomaterials have been extensively studied and
new synthetic methods have been developed to fabricate de-
sired nanomaterials for specific applications in various
fields. It is usually accepted that interesting physical proper-
ties and new phenomena can be observed when the size
of semiconductor materials is decreased to the nanometer
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scale.l'l The first synthesis of II-VI semiconductor nano-
crystals through the colloidal synthetic method (the so-
called “hot-injection” method) was reported by Murray,
Norris, and Bawendi in 1993.21 Their synthesis was based
on the thermal decomposition of organometallic precursors
in high-temperature organic solvent. They opened new ave-
nues for the preparation of semiconductor nanostructured
materials. This synthetic method was extended to other
semiconductor nanocrystals such as ZnS,’! CdTe,[* InAs,!
and CdSe/ZnS core-shell structures.[®!

Along with size-dependent physical properties of semi-
conductor nanomaterials, the study of shape-dependent
properties of semiconductor nanomaterials is of great im-
portance for practical application of nanomaterials. The de-
velopment of semiconductor nanowires/nanorods will pro-
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vide an opportunity to understand the physical properties
of one-dimensional (1D) semiconductor nanomaterials and
pave the way for the realization of electrical, optical, and
optoelectronic devices that employ nanowires/nanorods.

In this respect, to explore the novel properties of 1D
semiconductor nanowires, various semiconductor nano-
wires have been synthesized through the colloidal synthetic
method, the vapor-liquid-solid (VLS) method, the solu-
tion—liquid-solid (SLS) method, and the template-based
synthetic method. In this microreview, we will focus on the
synthesis of 1D semiconductor nanostructures using the
various methods mentioned above. As an example of the
application of 1D semiconductor nanostructures, their ap-
plications in photovoltaic devices will be briefly reviewed.

Colloidal Synthetic Method for Semiconductor
Nanorods

After the first synthesis of semiconductor nanocrystals
by Bawendi’s group,” the colloidal synthesis of nanopar-
ticles has been popularly employed to prepare various
nanocrystals that exhibit electrical, optical, magnetic, and
chemical properties. The colloidal synthetic method was pi-
oneered to fabricate monodispersed particles by LaMer and
his colleagues.”l Through the colloidal synthetic method,
1D nanowires or nanorods have been synthesized. The key
idea for the formation of monodispersed nanoparticles is
the separation of nucleation and growth steps. To separate
nucleation and growth steps and achieve homogeneous nu-
cleation, two techniques have been typically employed: the
“hot-injection” method® and the “heating-up” method.!
In the “hot-injection” method, burst nucleation is induced
by injecting organometallic precursors at high temperature,
and a sharp decrease in monomer concentration causes nu-
cleation to slow down. In the case of the “heating-up”
method, the reaction solution is prepared at room tempera-
ture and slowly heated to high temperature. During heat
treatment, monomers accumulate in the solution and burst
nucleation occurs to generate seeds above the critical con-
centration. Further focus of growth and size produced
monodispersed nanoparticles. By using this “heating-up”
method, various 1D semiconductor nanorods with uniform
diameter have been synthesized.

Hyeon’s group synthesized uniform and quantum-sized
nanorods from the oriented attachment process by em-
ploying the “heating-up” method.}! ZnS adopts a cubic
zincblende structure below 1020 °C, which leads to diffi-
culty in synthesizing 1D ZnS nanorods with a cubic
zincblende structure. Diethylzinc was employed as a precur-
sor to synthesize rod-shaped ZnS nanorods and a solution
that contained diethylzinc, sulfur, and hexadecylamine was
aged at 300 °C. The initial product was a mixture of 80%
rods and 20% spheres. Further aging at 60 °C in oleylamine
generated ZnS nanorods with 5 nm diameter and 21 nm
length. High-resolution transmission electron microscopy
(HRTEM) revealed that the interplanar distance along the
growth axis was 0.311 nm, which matched the interplanar
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spacing of the {111} plane of the cubic zincblende structure
of ZnS (Figure 1, A). The synthesis of ZnS nanorods was
achieved by the formation of ZnS short nanorods, followed
by oriented attachment of ZnS nanocrystals during the sec-
ond aging in oleylamine (Figure I, B). Due to the cubic
zincblende structure, 1D nanowires/nanorods of a cubic
crystal structure are not easily synthesized. However, in this
work, cubic ZnS nanords were synthesized by means of ki-
netic control and the oriented attachment mechanism. The
authors claimed that the amine group selectively adsorbs to
the {110} facet of ZnS nanocrystals and minimizes its en-
ergy, thereby leading to an enhancement of the surface-en-
ergy difference between the {110} and {111} facets. The
oriented attachment of the remaining nanoparticles is
caused by the dipole-dipole attraction of preformed ZnS
nanocrystals.
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Figure 1. (A) High-resolution TEM image of ZnS nanorods. (inset)
Electron diffraction pattern of ZnS nanorods. (B) Overall synthetic
procedure for the nanorods: (a) Kinetic formation of short nano-
rods, (b) interparticle ripening, (c) oriented attachment of the 5 nm-
sized quasispherical nanocrystals to form elongated nanorods, and
(d) Ostwald ripening to form smooth-surfaced nanorods. Adapted
from the literature.l!

A 1D structure of n-type semiconductor oxide materials
is quite useful for applications in photovoltaics and photo-
catalysis to enhance the electron-transport rate and achieve
spatial separation of electrons and holes.

Titania (TiO,) is an n-type semiconductor with a wide
band gap (3.2 eV for anatase) and has been used in a variety
of applications including solar cells, photovoltaic cells, and
lithium-ion batteries. The single crystalline nanowire/rod-
shaped TiO, has been favorable for facile transport of elec-
trons when it was used as a photoanode of dye-sensitized
solar cells. Joo et al.l'% reported large-scale synthesis of
TiO, nanorods by means of nonhydrolytic sol-gel ester eli-
mination reaction (Figure 2). In this colloidal approach, as
a chemical reaction, they chose a nonhydrolytic sol-gel
method to make TiO, nanorods. The nonhydrolytic sol-gel
method can be applied to the synthetic systems in which
addition of water should be completely avoided. In nonhy-
drolytic sol-gel processes, an alkyl halide elimination pro-
cess in which metal alkoxide and metal halide react to form
metal oxides is typically adopted. However, the titanium
halide precursor has a highly acidic property and can react
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Figure 2. (a) TEM image of as-synthesized TiO, nanocrystals. (b)
HRTEM image of TiO, nanorods. Adapted from the literature.['"]

vigorously with the Lewis base organic ligand. The strong
Lewis acid—base interaction between metal chloride and or-
ganic ligand usually leads to an uncontrollable nonhydro-
lytic sol-gel reaction. To avoid this, they synthesized TiO,
nanorods from a nonhydrolytic ester elimination reaction
of titanium(IV) alkoxide and oleic acid; see Equations (1)
and (2).
=Ti(O-iPr) + HOOC(CH,),CH=CH(CH,),CH; —
=Ti-OH + (O-iPr)C(=0)(CH,),CH=CH(CH,),CH;

=Ti-OH + HO-Ti= — TiO, + H,0

Q)]
2

The mixture of titanium(IV) isopropoxide, oleic acid,
and hexadecylamine was gradually heated to 270 °C for a
period of 20 min and further aged at this temperature for
2 h to get TiO, nanorods. The as-synthesized product was
mainly nanorods with a small amount of quasispherical
particles. A size-selection process generated pure TiO,
nanorods. The nanorods were grown along the [001] direc-
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tion, which is evidenced by HRTEM images and the greater
intensity of the (004) diffraction peak relative to that of the
bulk. This is ascribed to the surface energy of the {001}
surfaces that is 1.4 times higher relative to that of the {101}
surfaces, as predicted by Donnay—Harker rules[!l By
changing the amount of hexadecylamine (HDA), the width
of the nanorods was controlled from 2 to 3.5 nm because
HDA selectively adsorbs onto the {101} surfaces. After re-
moval of oleic acid on the nanorod surface by the reduction
of the carboxylic group, the naked nanorods exhibited
higher photocatalytic activity due to higher surface area,
the large amount of hydroxy radicals and their larger band
gap (3.33eV), as compared with that of bulk anatase
(3.2¢eV).

The Vapor—Liquid—Solid (VLS) Synthetic
Method for Semiconductor Nanowires

The VLS synthetic method was first proposed by Wagner
et al.l'?l in the 1960s. Since nanowires (solid) are grown in
liquid droplets by absorbing vapor-phase precursors, this
method is called vapor-liquid-solid. Relative to other
vapor-phase methods, the VLS method has several advan-
tages such as producing highly anisotropic single-crystalline
structures, growth at a specific site with a uniform size, and
relatively mild synthesis conditions. The process of the VLS
method is schematized in part a of Figure 3. It can be classi-
fied into three stages: (i) metal alloying, (ii) crystal nucle-
ation, and (iii) axial growth.

By using various lithographic or nonlithographic (by col-
loidal solution, galvanic displacement, and so on) tech-
niques, patterned metal clusters can be prepared on the sub-
strate. Each cluster acts as a catalyst site to grow nanowires.
However, metal clusters should be changed to liquid drop-
lets for preferential absorption of vapor precursors (which
contain target materials) and nucleation of target materials.
If the binary mixture of metal clusters and target materials
is a eutectic mixture, liquid alloy droplets form when the
temperature exceeds the eutectic point, and the melting
temperature of a cluster is reduced significantly, as shown
in Figure 3 (b).['¥] For this reason, a process of alloying the
metal and target materials (using vapor precursor or sub-
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Figure 3. (a) Schematic illustration of the VLS growth process. (b) Au-Ge binary phase diagram. The three stages are projected onto the

diagram to show the compositional and phase evolution during the nanowire growth process. The latter is adapted from the literature.
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strate) is first conducted. The vapor precursors are easily
absorbed into the liquid alloy droplets due to a high stick-
ing probability and a large accommodation coefficient of
the surface of the liquid droplets.'*1° Vapor precursors
can be prepared by various methods (for example, chemical
vapor deposition, laser ablation, thermal evaporation, elec-
tron beam evaporation, and so on), and the difference of
methods would not significantly affect the quality of
nanowires. Continued absorption of vapor precursors in-
creases the concentration of target materials, so that the
liquid droplets become supersaturated. When the concen-
tration of target materials exceeds a certain level, crystal
nucleation starts at the solid-liquid interface. Since less en-
ergy is required for nucleation at the solid-liquid interface,
further dissolution of target materials induces unidirec-
tional (axial) growth of nanowires at this interface. In the
distant past, the only direct evidence for supporting the
VLS process was an alloy droplet on the tip of a nanowire.
However, in 2001, the VLS growth of Ge nanowires was
directly observed by in situ TEM, and the validity of the
above-described stages was demonstrated clearly.['?!

To successfully synthesize nanowires by the VLS method,
several aspects need to be considered. Before carrying out
an experiment, the proper selection of a metal catalyst con-
stitutes one of the important steps. The selected metal
should be able to form a eutectic mixture with the target
material. The binary phase diagram can be utilized to con-
firm the eutectic composition and the range of required
temperature to prepare the liquid alloy. Other essential
properties that the metal catalyst must possess are its being
inert to other materials and having a low vapor pressure at
the growth temperature. To satisfy all these requirements,
gold is the catalyst frequently used for the VLS method.
Furthermore, the following conditions should be consid-
ered in controlling the growth of nanowires. The diameter
of nanowires largely depends on the size of metal catalysts.
In a study of Au-catalyzed Si nanowires by Wu and
Yang,!'3] a linear relationship was observed between the size
of an Au cluster and the diameter of the nanowires. In gene-
ral, small catalysts yield thin nanowires. The growth tem-
perature and the amount of vapor precursors influence the
supersaturation level of liquid droplets, which consequently
affects the growth rate of nanowires. For the growth of uni-
directional nanowires, a low supersaturation level is re-
quired to prevent secondary nucleation in liquid droplets.
In addition, the crystal orientation of the substrate affects
the growth orientation of nanowire arrays.l'”-!8 In a recent
study, the presence of even a small amount of oxygen was
found to influence the morphology of nanowires.['°]

Nanowires that consist of various inorganic materials
have been synthesized by the VLS method. Among them,
Si nanowires, the most important elemental semiconductor,
have attracted much attention due to their potential appli-
cations in electronic and optoelectronic devices.[?-3% There-
fore, many researchers have focused on this topic, and at
present, the VLS method is generally utilized to fabricate
Si nanowires. The most well-known growth procedure is the
chemical-vapor deposition (CVD), which uses volatile
4254
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vapor precursors (such as SiCl,,[213:20211 §iH, [22-25] and
Si,H?%33]) with Au employed as the metal catalyst. The
details of the growth conditions used in these experiments
are somewhat different due to their dependence on the type
of vapor precursors, the pressure of vapor, and other vari-
ables; however, all experiments follow the above-described
procedure. The SEM image shown in the study of Yang’s
group is an example of Si nanowire arrays fabricated by
CVD.P!I To synthesize these nanowires, a gas mixture of
SiCl, and H, was used to supply the Si species to the cata-
lyst. H, reduced SiCly at a high temperature (900-950 °C),
and Si nanowires were grown on an Au-coated Si(111) sub-
strate. Unlike the above result, Akhtar et al.*®! reported
that when Si,Hg was used as a vapor precursor, a relatively
low temperature (350 °C) was required for growing high-
density Si nanowires due to the low decomposition tem-
perature of Si,H¢. Recently, research has been conducted by
Lee et al.l*% on the relationship between the VLS nanowire
growth and the local temperature difference. In their study,
a vertical temperature gradient was established on a sub-
strate by means of the air circulation cooling applied below
the substrate. They demonstrated that under this experi-
mental condition, the growth direction and rate of
nanowires follow the local temperature gradient and that
instability of the temperature gradient induces the
nanowires to grow in a random direction.

The laser ablation method is the another versatile
method for the synthesis of Si nanowires.[?”-?%-341 Ablation
of a mixed Si—catalyst target creates a vapor of Si and cata-
lyst that subsequently condenses into liquid droplets with
the same composition as that of the target. Then the growth
of Si nanowires begins in these droplets when the catalysts
become supersaturated with Si. Consequently, there is no
need to use a substrate. A high-intensity laser easily evapo-
rates the target materials, even those that have a high melt-
ing point. Moreover, this method produces a small size and
large number of nanowires.[’8! As an example, Yang et al.’4
described the synthesis of Si nanowires by the laser ablation
method with various catalysts (Fe, Ru, Pr, and SiO,). The
resulting Si nanowires were single-crystalline with a range
of core diameters (5-36 nm) and SiO, sheath thicknesses
(3-10 nm), depending on the type of the catalyst.

It is known that Au creates midgap defect states in Si;
hence, Au is considered to be unsuitable for use in electronic
devices.?*3% To overcome this shortcoming, instead of Au,
various metals have been studied as alternative metal cata-
lysts.[?33 Looking at some of the recent studies on this
topic, Garnett et al.l*’) reported that size-controlled epitax-
ial undoped or boron-doped Si nanowires were synthesized
using Pt nanoparticles. The epitaxially oriented Si
nanowires with an Al catalyst were fabricated by Ke et
al.3? It was confirmed that nanowires were P* doped with
Al. They also demonstrated that high partial pressure of H,
and SiH, led to a decrease in the Al oxidation and an in-
crease in the growth rate of Si nanowires (Figure 4).
Through the gas-phase reaction of SiCl; with Zn vapor,
Uesawa et al.?3 obtained Si nanowires with a single step.
They found that the growth temperature affected the dia-
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meter and roughness of Si nanowires, and Zn served a re-
ducing agent for SiCl; as well as a catalyst site for the
growth of nanowires.

Figure 4. (a—c) Cross-sectional SEM images and (d) diameter distri-
bution of Al-catalyzed Si nanowires grown at 550 °C, 100 Torr re-
actor pressure, and 6 Torr SiH, partial pressure. Adapted from the
literature.[3%

Zinc oxide (ZnO), another attractive semiconductor, has
a wide band gap (3.4 eV) and a large exciton binding energy
(60 meV). With a view toward utilizing its remarkable op-
tical properties and enhancing the physical and chemical
properties, many researchers have studied ZnO nano-
wires.['7-37-431 Tn 2001, patterned single-crystalline ZnO
nanowires were first synthesized by Yang’s group.[!7-37-38]
The Zn and CO/CO, vapor generated by carbothermal re-
duction of ZnO powder acted as Zn and oxygen sources,
respectively. Then, with the Au catalyst on Si substrates,
the ZnO nanowires were synthesized by the VLS process
(Figure 5). They also showed that nanowires could be
aligned vertically with a sapphire substrate instead of an Si
one. By using Cu as the catalyst, Li et al.*3l synthesized
ZnO nanowires on a Cu-coated p-type Si(100) substrate.
In that study, the diameters of ZnO nanowires could be
controlled in a range 80-150 nm by controlling the thick-
ness of the Cu film. They also employed the thermal an-
nealing process to fabricate almost vertically grown ZnO
nanowires on an Si substrate.

Following the above studies, well-aligned ZnO nanowires
fabricated without the use a catalyst were reported in sev-
eral papers.’>#*!l To fabricate these nanowires, Geng et
al.*% created a steady-state vapor environment by means
of a horizontal double-tube system, and Kar et al.*!! used
oxygen-assisted thermal evaporation of metallic Zn powder.
Both studies suggested that Zn and ZnO, vapors condensed
to liquid droplets on the substrate; these droplets acted as
the catalyst sites. They called this process a “self-catalyzed
VLS method.” Recently, a new selective growth method was
demonstrated using self-assembled Au nanoparticles by Ito
et al.*? The anchoring of functionalized Au nanoparticles
to a patterned seed layer enabled the subsequent selective
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Figure 5. SEM images of a patterned ZnO nanowire network on Si
substrate. Adapted from the literature.!'”]

growth of ZnO nanowire arrays. Thus, this growth tech-
nique could eliminate the use of a patterned evaporated Au
film and also vacuum-deposition processing.

The Solution-Liquid—Solid (SLS) Synthetic
Method for Semiconductor Nanowires

In 1995, Buhro’s group reported a solution synthesis of
crystalline III-V semiconductor nanowires at low tempera-
ture, and they first proposed the solution-liquid-solid
(SLS) synthetic method.®! As seen from the name of the
method, the precursors are transported through the solu-
tion rather than a vapor phase, and the entire growth pro-
cess of the SLS method is analogous to that of VLS (Fig-
ure 6). In the SLS synthetic method, organometallic precur-
sors are used to supply desired elements to an organic sol-
vent, and a metal with a low melting point acts as catalyst.
The increased temperature of the solution leads to the for-
mation of liquid-metal droplets, which catalyze the decom-

metal catalyst liquid alloy
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Figure 6. Schematic illustration of the SLS growth process.
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position of the precursors. The desired elements dissolve
into these droplets until supersaturation is attained. Then
nucleation occurs and is followed by the growth of
nanowires, as in the VLS method.

In comparison with the VLS method, the SLS method
has several features that attract the interest of many re-
searchers. The most important feature is that crystalline
nanowires can be synthesized using a low-melting-point
metal catalyst at a low growth temperature (<350 °C). This
not only leads to less energy consumption, but is also useful
for semiconductor processes that require a low temperature.
Moreover, the nanowires fabricated using the SLS method
usually have smaller diameters and exhibit stronger quan-
tum confinement effects than those fabricated using the
VLS method.7481 Further, in a solution-based system, it is
possible to use a surfactant. By bonding it to the surface
of nanowires, various properties of the nanowires can be
controlled. First, the electric properties of nanowires, which
are affected by abrupt surface termination, are improved
by surface passivation. Steric stabilization by surfactant is
another advantage. Furthermore, the dispersion of
nanowires in an organic solvent is facilitated by the hydro-
phobic part of the surfactant, and nanowires can be ren-
dered dispersible in an aqueous solvent by the ligand-ex-
change method.

As in the VLS method, in the SLS method, too, the dia-
meter of nanowires largely depends on that of liquid-metal
droplets. Therefore, to fabricate nanowires with a narrow
diameter distribution, it is first necessary to preparing near-
monodisperse nanoparticles of a metal catalyst. In addition,
the metal catalyst must form liquid droplets at the reaction
temperature. Solvation abilities and reactivities should also
be considered when selecting a catalyst. The solubility of
an element in the catalyst material is another factor that
influences the selection of a catalyst. A material suitable for
satisfying these conditions is a metal with a low melting
point such as In, Sn, and Bi.[*”] Apart from the above-men-
tioned factors, some experimental conditions (for example,
the catalyst amount, concentration of reaction mixture, a
type of surfactant, growth temperature) also affect the syn-
thesis of nanowires.

Further, by using Au nanoparticles as the catalyst and
diphenylsilane as the silicon precursor, Korgel’s group syn-
thesized crystalline Si nanowires with a narrow diameter
distribution (4-5 nm) in the solution phase.*! For prepar-
ing an Au-Si eutectic compound, a temperature higher than
the boiling point of the solvent is required. Therefore,
nanowires were synthesized in the supercritical solution
phase. After the formation of Au-Si alloy, the further
growth processes seemed very analogous to those in the
case of the VLS or SLS method. From this result, they pro-
posed the supercritical-fluid-liquid—solid (SFLS) synthetic
method.PY Although, as compared with the SLS method,
the synthetic conditions of the SFLS method are somewhat
hazardous due to its high temperature and pressure, it is
possible to use the easily available smaller monodisperse
metal nanoparticles, which have a high melting point. Be-
cause metal nanoparticles are protected by an organic
4256
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monolayer, the size of nanoparticles is maintained even at
the reaction temperature. Thus, by the SFLS method, very
thin crystalline semiconductor nanowires can be synthe-
sized with a narrow diameter distribution. In a recent paper,
the electrically controlled solution-liquid-solid (EC-SLS)
method was designed by Dorn et al.P!l By using this
method, they reported the synthesis of CdSe and InP
nanowires that were controllably grown between two elec-
trodes.®!-321 This method facilitates the direct integration of
solution processed nanowires into devices. Nanowire
growth can be controlled by varying the voltage between
electrodes. Furthermore, by measuring the conductivity ac-
ross the electrodes, nanowires bridging the electrodes can
be monitored. For these reasons, the EC-SLS method has
potential to be applied to the fabrication of nanowire de-
vices.

Ever since the SLS growth of crystalline I1I-V semicon-
ductor nanowires was reported by Buhro’s group,#®! related
studies have been presented continuously.>>-! In 2003, Yu
and Buhro reported that GaAs nanowires with a narrow
diameter distribution were obtained by using In nanopar-
ticles.’3! Size-controlled and near-monodisperse In nano-
particles could be prepared by heterogeneous seeded
growth.’¥ It was the key factor in the synthesis of
nanowires with a desired size distribution. In addition, a
polymer surfactant that was contained in the reaction mix-
ture stabilized the In nanoparticles and GaAs nanowires.
This rendered the nanowires dispersible in an organic sol-
vent. In a similar manner, InP nanowires that were dispersi-
ble in an organic solvent were grown.[®3 Further, Fanfair
and Korgel synthesized GaP, GaAs, InP, and InAs
nanowires by using Bi nanoparticles as the catalyst.>®! To
prepare pure Bi nanoparticles, they used Bi'' 2-ethylhex-
anoate without employing Au nanocrystals, which acted as
heterogeneous seeds. InAs and GaP nanowires were ob-
tained successfully in the trioctylphosphane oxide/tri-n-oc-
tylphosphane (TOPO/TOP) solvents system. Although InP
nanowires exhibited some stacking faults, they were ob-
tained in a high yield. However, in the case of GaAs, use of
trioctylamine instead of TOPO/TOP as the solvent led to
high-quality nanowires in a high yield. In addition, for the
purpose of facilitating comparisons with InP quantum dots,
Wang et al.[*”] synthesized InP nanowires that were stabi-
lized by surfactants typically used in quantum-dot synthe-
sis. The reaction system consisted of indium myristate and
tris(trimethylsilyl)phosphane, which served as the precur-
sor; polydecene, which was used as the solvent; Bi nanopar-
ticles, which acted as the catalyst; and several surfactants.
The surfactants used in this procedure were n-hexadecylam-
ine (HDA), TOPO, TOP, n-octylphosphonic acid (OPA),
and di-n-octylamine (DOA). Each surfactant played an im-
portant role; HDA improved the nanowire crystallinity and
affected the diameter distribution. TOPO and TOP reduced
the number of kink sites. OPA quenched the homogeneous
nucleation of InP-rod clusters, and DOA prevented the ag-
gregation of Bi nanoparticles. The InP nanowires synthe-
sized with these surfactants had a controlled diameter in
the range of 4-12 nm with a narrow diameter distribution.

Eur. J. Inorg. Chem. 2010, 4251-4263
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In addition to III-V semiconductor nanowires, the SLS
growth of II-VI semiconductor nanowires has also been re-
ported by many researchers.®*®] Crystalline CdSe
nanowires with a narrow diameter distribution were re-
ported by Buhro’s group in 2003.1° By using near-monodi-
sperse Bi nanoparticles as the catalyst, the CdSe nanowires
were synthesized from cadmium stearate and n-R;PSe (R =
butyl or octyl) in TOPO at 240-300 °C. The diameter of
nanowires was controlled by controlling the size of Bi nano-
particles and the reaction temperature. From these pro-
cedures, they obtained crystalline CdSe nanowires with a
diameter of 5-20 nm. Grebinski et al.l®!l reported the syn-
thesis of CdSe nanowires by using Au/Bi catalyst nanopar-
ticles. In this synthesis, CdO and TOPSe were used as pre-
cursors, and the Cd-coordinating surfactant was octanoic
acid, which provides good control over the growth kinetics
of nanowires. In addition to straight nanowires, branched
(v-shaped, y-shaped, and tripod morphologies) nanowires
were also synthesized by varying the Cd/Se precursor ratio
and the excess amount of the TOP ligand. All of resulting
crystalline nanowires had diameters below 10 nm with
lengths of 1-10 um and exhibited quantum confinement ef-
fects in their UV/Vis absorption spectra. In 2006, Wang et
al.#7l synthesized several semiconductor nanowires, InP
(described above), InAs, GaAs, CdSe, CdTe, and ZnTe by
the SLS method. Among them, by using Bi nanoparticles,
CdTe nanowires were obtained from the reaction of cad-
mium alkylphosphonate with CdO in the distilled TOPO
solvent. To prevent a side reaction, cadmium alkylphos-
phonate was used instead of cadmium carboxylates. In a
similar manner, ZnTe nanowires were synthesized by using
zinc stearate and tri-n-butylphosphane telluride (TBPTe) as
the precursor, 1-octadecene as the solvent, and TOP as the
surfactant. Owing to their unique photonic and electrical
properties, heterostructure nanowires have attracted con-
siderable attention in recent years. SLS-grown CdS/CdSe
heterostructure nanowires and their characterization were
reported by Ouyang et al.[®? In this experiment, Bi nano-
particles were used as the catalyst, which is suitable for the
growth of both CdS and CdSe components under similar
reaction conditions. As shown in Figure 7, a substrate cov-
ered with Bi nanoparticles was loaded into the reaction
solution, thus resulting in nanowires grown thereon. The
substrate was then transferred to another reaction solution
so as to grow heterostructure nanowires. In this manner,
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CdS/CdSe nanowires were synthesized with controlled se-
quences. Before long, ZnSe/ZnTe heterostructure nanowires
were also successfully grown by the SLS method.[®] ZnTe
nanowires were obtained from zinc stearate and TBPTe,
first. After purification of the as-synthesized nanowires,
ZnSe segments were grown on the ZnTe nanowire by using
TOPSe and zinc stearate. The resulting ZnSe/ZnTe
nanowires exhibited a quantum confinement effect due to
their small diameter. In addition, from a series of experi-
ments, it was found that the growth sequence and a com-
plete removal of the unwanted precursor are quite impor-
tant factors for obtaining ZnSe/ZnTe nanowires.

The Template-Based Synthetic Method for
Semiconductor Nanowires

Template-based synthesis is one of the facile and versatile
methods for the fabrication of nanowires. The overall pro-
cess of this method is relatively simple. This method em-
ploys a template as a scaffold for guiding the growth. By
filling or covering the template with a precursor, nanowires
of desired materials can be generated. The resulting
nanowires are then separated from the template by a posts-
ynthetic treatment. As can be seen, the template-based
method provides a simple and cost-effective route. In ad-
dition, various materials, such as polymer, metal, semicon-
ductor, and carbon can be synthesized in the form of
nanowires with a desired pattern and geometry. Although
this method has a drawback that it is difficult to obtain
single-crystalline nanowires, numerous studies have so far
been conducted using this method for these reasons.

In the template-based method, depending on the type of
a template used and the method used to deposit materials,
a variety of approaches exist for the synthesis of nanowires.
First, we describe the types of templates. Typical templates
are made of porous material, mesostructures self-assembled
from surfactants, nanowires, and so on. Among them, po-
rous materials are most frequently used. Figure 8 shows the
formation of nanowires and nanotubes from porous mate-
rial. Channels within the porous material are actually the
role of host. It should be considered that the precursor can
wet the pores sufficiently and the pores can be blocked dur-
ing the reaction.[®® Various deposition methods are used to
load the precursor into the pores. Track-etched polycarbon-
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Figure 7. Synthesis of axial nanowire heterostructures. (a) Schematic of the solution reaction setup. (b) Bi nanocrystal catalysts nucleate
and direct 1D nanowire heterostructure growth with the catalysts remaining at the terminus of the nanowires. Adopted from the litera-

ture.[02!
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ate membranes and anodic aluminum oxide (AAO) mem-
branes are commonly used porous materials. The former
are made by heavy-ion bombardment and subsequent
chemical etching. These membranes are available with a
wide range of pore diameters, between 10 and 2000 nm, and
can be easily dissolved in a particular solution so as to sepa-
rate the as-synthesized nanowires. AAO membranes are ob-
tained by anodic oxidation of aluminum in sulfuric, oxalic,
or phosphoric acid solution.[® Unlike track-etched mem-
branes, AAO membranes have a nonintersecting pore struc-
ture with uniform cylindrical pores.”] These membranes
are also easily removed from nanowires after synthesis. The
examples of using both membranes will be described below
in more detail. In addition to these membranes, mesopo-
rous materials have also been occasionally used as templates
due to their small pore size.

porous template
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Figure 8. Schematic illustration of the formation of nanowires or
nanotubes from a porous template.

nanOW|re

Figure 9 shows the formation of nanowires by using self-
assembled surfactant as a template.'®! Whereas porous ma-
terials serve as hard templates, these surfactants serve as
soft templates. When the concentration of a surfactant ex-
ceeds the critical micelle concentration (CMC), cylindrical
micelles are formed.[°®! These micelles can then be used as
a template. Through the specific chemical interaction be-
tween the micelles and the precursors, desired nanowires
can be synthesized. To obtain pure nanowires, the surfac-
tant is finally removed. Rao et al.’% showed that CdS and
CdSe nanowires were successfully synthesized by using sur-
factants such as t-octyl-(OCH,CH,),OH (x = 9, 10; Triton-
X), and sodium bis(2-ethylhexyl) sulfosuccinate (AOT). Af-
ter obtaining the as-synthesized nanowires, cyclohexane
and diethyl ether could remove the residual surfactant in
the washing process. In that paper, nanotubes were also ob-
tained by changing the surfactant concentration. In a sim-
ilar manner, ZnSe nanorods were synthesized using sodium
laurylsulfonate (SDS) and AOT micelle as the template.[”!]
Furthermore, the synthesis of PbSe nanowires in a mixture
of arachidic acid and octadecylamine was also reported by
Liu et al.[’]
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Figure 9. Schematic illustrations that show the formation of
nanowires by templating against mesostructures self-assembled
from surfactant molecules: (A) formation of a cylindrical micelle;
(B) formation of the desired material in the aqueous phase encap-
sulated by the cylindrical micelle; and (C) removal of the surfactant
molecules with an appropriate solvent (or by calcination) to obtain
an individual nanowire. (D-F) Similar to the processes illustrated
in (A-C), except that the exterior surface of an inverted micelle
serves as the physical template. Adapted from the literature.[%®]

Nanowires can themselves play the role of a template.
Such a template can be used to produce coaxial nanocables.
Yin et al.l”31 synthesized silver/silica coaxial nanocables in
this manner. They also showed that silica nanotubes could
be obtained by selective dissolution of the silver core. On
the other hand, by reaction with a precursor, nanowire tem-
plates can be directly converted to new ones. Several studies
have demonstrated that through topotactic transformation,
trigonal Se nanowires were converted to Ag,Se nanowires
without changing the single crystallinity.’*7¢ From the re-
sulting Ag,Se nanowires, CdSe nanowires were obtained by
cationic exchange reaction.’”’l In a recent paper, Park et
al.7® described that, through the formation of ZnCdTe-
CdTe coaxial structure as an intermediate, ZnTe nanowires
were transformed into CdTe nanowires. The transformation
of Ag,Te nanowires into CdTe, ZnTd, and PbTe nanowires
was also presented by Moon et al.[””]

As mentioned above, the method used to deposit a mate-
rial is also important in the synthesis of nanowires. Several
deposition methods are commonly wused to obtain
nanowires, such as electrochemical deposition, electroless
deposition, chemical polymerization, sol-gel deposition,
and chemical-vapor deposition.[°® Accordingly, if we con-
sider the templates together, there exist various synthetic
routes, all of which cannot be dealt with in this part. Hence,
next, we only briefly describe electrochemical deposition
with a porous template and its application to the fabrication
of semiconductor nanowires. Further details can be ob-
tained from some references.[06-:67-80.81]

Figure 10 is the schematic illustration of typical electro-
chemical deposition with a porous template.? A conduc-
tive layer, which serves as a working electrode, is prepared
with ion sputtering or thermal evaporation of metal on one
side of the template. The template is subsequently immersed
in the reaction solution that contains desired material pre-
cursors. Application of a potential with a counter electrode
enables electrochemical deposition within the channels of
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Figure 10. Schematic of the electrosynthesis of nanomaterials within a template that contains cylindrical pores. Adapted from the litera-

ture.18%

the template. By removal of the template and conductive
layer, the target materials are obtained. This deposition
method has several noteworthy advantages, such as mild
reaction conditions, relatively high growth rate, and easily
tunable dimensions of nanowires. Therefore, this method
has been widely used to form metal, semiconductor, and
conducting polymer nanowires.

Mentioned below are several studies on the application
of electrochemical deposition with porous templates for the
fabrication of semiconductor nanowires. In 1996, Routkev-
itch et al.®?l reported the use of electrochemical deposition
based on single-step AC electrolysis for fabricating CdS
nanowires with a diameter as small as 9 nm. AAO mem-
branes were used as the porous template. CdCl, and ele-
mental sulfur dissolved in dimethyl sulfoxide were con-
tained in the electrolyte. In addition, it was shown that the
pore diameters and densities of the AAO membranes could
be easily controlled by changing the anodization param-
eters such as the electrolyte used, its concentration, and the
anodizing voltage. By using a cyclic voltammetric technique
for CdSe deposition with AAO or track-etched polycarbon-
ate membranes, Pefia et al.l®3 synthesized CdSe nanowires
sandwiched between Au or Ni metal segments. Almost at
the same time, large-scale uniform ZnO nanowires were
synthesized with AAO membranes by using the DC electro-
chemical deposition technique.®¥ ZnTe nanowires were
also successfully synthesized by pulsed electrochemical de-
position into AAO membranes.®! In a recent paper, Mallet
et al.[®% reported the fabrication of Si nanowires by electro-
chemical deposition with a polycarbonate membrane. Be-
cause the reduction potential of a solvent must be higher
than that of the deposit material, they used a nonaqueous
solvent. Due to the use of a nonaqueous system, the oxi-
dation of Si also could be prevented. The resulting Si
nanowires were composed of pure amorphous silicon and
had a precisely controlled diameter. Mallet et al.®¢ also
showed that annealing treatment in an argon atmosphere
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induced the crystallization of Si nanowires without causing
a morphology change.

Recently, epitaxially grown Si nanowires have been pre-
pared with the VLS method by using an AAO membrane
template.®7-88] Lombardi et al.l®’! synthesized vertically
aligned epitaxial Si nanowires on an Si(111) substrate in
this manner. They first deposited patterned Au clusters
onto a substrate with AAO membranes. After removing the
AAO membranes, Si nanowires were grown using the SiCly
vapor precursor. Therefore, without using lithographic tech-
niques, this approach allowed the epitaxial growth of verti-
cal nanowires with a narrow diameter distribution and a
high packing density. On the other hand, in a study by Shi-
mizu and co-workers,®¥ AAO membranes were used until
the completion of the VLS growth. This refined not only
the Au cluster pattern but also the orientation of nanowires.
Accordingly, in spite of nonpreferential orientation in a ge-
neral case, epitaxial Si(100) nanowires could be obtained on
a Si(100) substrate. Figure 11 shows a schematic illustration
of the growth of Si nanowires. As shown in this illustration,
the removal of SiO, prior to the deposition of Au clusters
was another crucial step for the epitaxial growth of Si
nanowires. This indicated the importance of direct contact
between the Au clusters and the Si substrate for the realiza-
tion of epitaxial growth.

a) d)
pore  Al,O3
v

i AuI

Figure 11. Schematic illustration of the growth of Si nanowires in
an AAO template using Au nanoparticles as the catalyst: (a) after
pre-annealing at 900 °C, (b) after HF etching to remove SiO,, (c)
electroless Au deposition, and (d) VLS growth of Si nanowires.
Adapted from the literature.[®®!
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Application of 1D Nanowires/Nanorods to
Photovoltaics

Organic—Inorganic Hybrid Solar Cells

Photovoltaic devices were fabricated from blends of
branched CdSe nanorods synthesized by Peng and Peng®”]
and a conjugated polymer.®”) CdSe branched nanorods act
as good electron acceptors from the conjugated polymer
poly[2-methoxy-5-(3,7'-dimethyloctyloxy)-p-phenylenevi-
nylene] (OC,C;(-PPV). The photovoltaic performance of
the branched CdSe (50 nm long and 5 nm thick) conjugated
polymer composite was compared with the nanorod CdSe
(65 nm long and 5 nm thick) conjugated polymer compos-
ite. The fabricated photovoltaic device is shown in Fig-
ure 12. The mixed solution that contained CdSe and conju-
gated polymer was spin-coated onto the surface of poly(3.,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/
PSS). The external quantum efficiency (EQE) of the
branched nanorod system was 45% under 0.39 mW cm 2 il-
lumination at 480 nm, whereas an EQE of 23% was ob-
tained with CdSe nanorods. This improved efficiency was
derived from improved electron transport. Under illumina-
tion at AM 1.5 global conditions (G), the solar-power con-
version efficiency was 1.8%, slightly higher than that of
poly(3-hexylthiophene)/nanorod devices.[’!]

Active layer

Figure 12. Photovoltaic device structure. Adapted from the litera-
ture.%

Current density (mA/cm?)

All-Inorganic Solar Cells

An ultrathin donor—acceptor solar cell composed entirely
of inorganic nanocrystals was developed by Alivisatos’
group.’?l In the case of polymer solar cells, the electron
transport can be improved by employing inorganic nano-
crystals. However, due to their organic phase, the stability
and electron mobility were limited. To improve the air sta-
bility and electron mobility, all-inorganic solar cells with
donor-acceptor (D-A) heterojunctions were fabricated that
employed CdTe nanorods as the donor and CdSe nanorods
as the acceptor. Staggered energy levels were achieved by
the band alignment of the nanorods of these two different
semiconductors. To fabricate D—A heterojunctions, CdTe
and CdSe were sequentially spin-coated on indium tin oxide
(ITO) glass; this was followed by the deposition of alumi-
num as a reflective top contact (Figure 13, a). By exposing
the films to full-sun irradiation, a marked increase in con-
ductivity was observed, which indicates that these semicon-
ductor D-A type solar cells have an extremely limited
number of untrapped carriers in the dark, similar to organic
solar cells. Directed diffusion, as dictated by type-II hetero-
junctions, acts as the driving force for carrier extraction.
The resulting solar cell exhibited a power-conversion effi-
ciency of 2.9% under simulated AM 1.5 G illumination and
was insensitive to the photo-oxidation characteristic of or-
ganic-based devices. After open-circuit exposure to the am-
bient atmosphere and lighting for 13000 hours, the cell ex-
hibited a 13.6% increase in its efficiency (Figure 13, b). This
exceptional stability indicates the robustness of such D-A
type all-inorganic solar cells over their organic counter-
parts.

Metal-Oxide Nanowires as Photoanodes for Solar Cells

Yang’s group employed a dense array of oriented, crys-
talline ZnO nanowires as n-type semiconductors of dye-sen-
sitized solar cells (DSSCs).”3! Typically for DSSCs, thick
films (=10 um) of n-type semiconductor metal oxides have
been employed. Electron collection injected into a conduc-

1 1

02 03 04 05 06
Voltage (V)

Figure 13. (a) Scanning electron micrograph (SEM) image of typical spin-cast film of colloidal nanocrystals. (b) Current-voltage behavior
at simulated one-sun AM 1.5 G illumination for a typical sintered bilayer device upon first exposure to air (solid) and after 13000 hours
of exposure to ambient atmosphere and light under open-circuit conditions. Adapted from the literature.[?!
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tion band of n-type semiconductors is one important issue
in achieving high conversion efficiency of DSSCs. To im-
prove the absorption of red and infrared light, the nanopar-
ticular photoanode film can be thickened to exceed the elec-
tron diffusion length through the nanoparticle network. It
solves the problem of increasing the electron diffusion
length in the photoanode by replacing nanoparticular films
with an array of oriented single-crystalline nanowires. Ar-
rayed ZnO nanowires were synthesized in aqueous solution
using a seeded growth process.”¥ Nanowires were grown
from ZnO quantum dots onto F:SnO, (FTO) conductive
glass substrates through the thermal decomposition of a
zinc complex. By using the Einstein relation, D = kgTul/e in
which kg is the Boltzmann constant, 7" is the temperature,
and u is mobility of electrons, an electron diffusivity D,
= 0.05-0.5 cm?s ! was obtained, and this value is several
hundred times larger than the highest reported diffusivity
for TiO, and ZnO nanoparticle films in operating cells. The
device showed a full Sun efficiency of 1.5%. The enhanced
electron-transport property of 1D nanowires could greatly
improve solar-cell conversion efficiency if the diameter of
ZnO nanowires were reduced.

Sung et al.®>! employed TiO, nanorods, synthesized from
the necking of truncated nanoparticles, by applying the syn-
thesis of an “oriented attachment approach” as compo-
nents for photoanode in DSSC. The nanorod structure de-
creased the intercrystalline contacts between grain bound-
aries and stretched the grown structure to impart it a spe-
cific directionality, which led to an improvement in the
charge-collection efficiency due to a favorable electron-
transport rate (Figure 14). The nanorod-based DSSC exhi-
bits significantly enhanced J,. due to improved charge-
transport characteristics, and this was confirmed by meas-
uring the J-V curves in the dark state and by stepped light-
induced transient measurements of photocurrent and volt-
age (SLIM-PCV). The dark current onset of the nanorod-
based DSSC was shifted to a higher potential range
(0.47 V) relative to that of the nanoparticle-based DSSC
(0.4 V), thus implying that the extent of charge recombina-
tion was reduced in the nanorod-based DSSC. The electron
diffusion coefficients (D) and lifetimes (z) of the nanoparti-
cle- and nanorod-based DSSCs as a function of J, were
analyzed by SLIM-PCV. The D value of a nanorod film
is slightly higher than that of a nanoparticle film, thereby

Dye

¢) nanoparticle

Figure 14. Simple representation of TiO, nanoparticle- and nano-
rod-based photoanodes on an FTO-coated glass substrate.
Adapted from the literature.*!
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indicating that electron transfer is faster in nanoparticle
films. This slight improvement resulted from the necking of
nanoparticles and an increase in the average crystallite size.
The electron lifetime (7) was also increased when nanorods
were employed as photoanodes in DSSCs. Because of the
electron loss between the grain boundaries, the average elec-
tron diffusion length (L) of a nanorod film was much higher
than that of an nanoparticle film due to increased D and =.
The resulting nanorod-based DSSC exhibited an enhanced
efficiency of 6.2%, as compared with the nanoparticle-
based DSSC (an efficiency of 4.3%).

Single-crystalline ZnO nanowires are combined with
CdSe semiconductor nanocrystals (or quantum dots) so as
to demonstrate a new type of quantum-dot-sensitized solar
cell (QDSSC).P%I Instead of photosensitive dyes, semicon-
ductor nanocrystals known as quantum dots have been
combined with a mesoscopic network of TiO, nanoparticles
to construct QDSSC.P7%81 A quantum dot (QD) has been
known to generate multiple electron-hole pairs per photon,
which could improve the efficiency of the device. For this
reason, Norris’ group employed QDs (CdSe nanocrystals)
as a sensitizer and single-crystalline ZnO wire array as a
photoanode.

The bright-field TEM image of CdSe/ZnO indicates that
ZnO nanowires are decorated with an ensemble of CdSe
QDs, and the QDs that are visible as circular dark spots
are confirmed by the energy-dispersive X-ray (EDX) spec-
tra. To check whether or not the optical absorption proper-
ties of CdSe QDs were preserved when they were assembled
on the surface of ZnO nanowires, optical absorption spec-
tra were obtained from diffuse reflectance measurements
before and after the adsorption of QDs on the ZnO
nanowires. After the adsorption of QDs on the surface of
ZnO nanowires, features appeared at 465, 526, and 562 nm,
which is typical for about 3 nm CdSe QDs. The absorption
shape is identical to that observed in the absorption spec-
trum of about 3 nm free CdSe nanocrystals dispersed in
methanol. This hybrid CdSe/ZnO was illuminated with the
AM 1.5 spectrum; The power-conversion efficiency and the
short-circuit current of these QDSSCs assembled on the
nanowires were 0.4% and 2.1 mA cm 2. This study demon-
strates the potential application of QDs as photosensitizers
instead of using dyes coupled with one-dimensional n-type
metal-oxide nanowires.

Conclusion and Outlook

Various synthetic methods have been used to synthesize
a variety of 1D nanowires/nanorods. The colloidal method
allowed synthesis of 1D semiconductor nanorods/
nanowires through kinetic control, oriented attachment,
and stabilizing specific surfaces using organic ligands. By
the VLS method, Si and ZnO 1D structures can be synthe-
sized by using Au as a catalyst and the resulting nanowires
typically have single-crystalline structures. The entire
growth process of the SLS method is analogous to that of
VLS except the precursors are transported through the
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solution rather than a vapor phase. By the SLS method,
various kinds of III-V semiconductor and II-VI semicon-
ductor nanowires have been synthesized with a narrow dia-
meter distribution. Various templates including anodic alu-
minum oxides (AAO) and self-assembled surfactants have
been adopted to grow semiconductor nanowires. Due to
facile electron transport in 1D nanowires, they have been
used as components of photovoltaic devices and enhanced
photovoltaic properties have been shown. Future research
will be directed toward the synthesis of new nanorods/
nanowires that have potential applications in energy- and
biology-related devices.
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