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Great efforts have been made recently to fabricate one-dimensional (1D) nanostructured materials and

ordered nanomaterial arrays due to their novel chemical and physical properties for future application

in nanodevices. One-dimensional nanostructures, such as nanowires (NWs), nanoribbons and

nanotubes, are promising components in a wide range of nanoscale device applications. A large amount

of fabrication methods have been developed to synthesize the nanomaterials, such as vapour growth

and solution growth processes. In this feature article, we provide a review of some progress in the field

of one-dimensional inorganic nanowires, including the syntheses, structures, properties and

applications of nanowires and nanowire arrays of Si, ZnO, metals, heterojunctions, etc. materials.
1. Introduction

Since the discovery of carbon nanotubes, there has been great

interest in the synthesis, characterization and application of

other nanomaterials. Nanomaterials, which are defined with at

least one dimension on a scale smaller than 1 micrometer, nor-

mally between 1–100 nanometers, have been given a lot of

attention due to their special structures, properties and applica-

tions superior to those of their bulk materials.

Top-down and bottom-up are two strategies to fabricate

nanostructures and devices. The top-down method starts from

bulk materials, which are sculpted into nanosized features by
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carving, milling, etching and patterning. Lithography is one of the

most used methods to realize nanostructures in microelectronic

engineering for fabricating integrated circuits (ICs). The top-down

method can usually achieve good control over the device dimen-

sion, location, and organization with high precision. However,

high precision induces greater cost when the size of the device is

reduced, especially when the size is below 100 nanometers.

In comparison, bottom-up approaches construct structures or

devices from basic building blocks, such as atoms, molecules and

supermolecular clusters. Bottom-up approaches usually are able

to produce devices in parallel and much cheaper than top-down

methods. However, it is difficult to obtain large-scale products. A

possible solution is to integrate top-down and bottom-up

approaches, such as generating large-scale patterns through

a lithography technique and controlling the local configuration

by a self-assembly process.

Two-dimension materials (films or quantum wells) have been

thoroughly investigated for use in fields as diverse as electronic

devices and photovoltaic applications in the past two decades
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because they can be easily prepared by a lot of commercial

techniques such as molecular beam epitaxy (MBE), UHCVD,

MOCVD, etc.

Zero-dimensional nanostructures (quantum dots and nano-

particles), which are confined in all three dimensions, have been

extensively studied. A large number of chemical and physical

methods have been developed to fabricate nanodots or quantum

dots with controlled shape and size and from a rich variety of

materials.1 Significant progress has also been made not only in

the size dependent physical and chemical properties, but also in

fabricating devices using nano (quantum) dots as key compo-

nents, such as quantum dot lasers, sensors, optical detectors, and

single electron transistors, etc.2

One-dimensional nanomaterials include nanowires, nanorods,

fibers, nanocables, nanotubes, nanobelts and so on. Nanowires,

which will be the main focus of this paper, have attracted

tremendous interest over the past several years. These nanowire

structures provide ideal systems for studying transport processes

of one-dimensionally confined objects and related fundamental

phenomena, and they are also very important for developing new

generation nanodevices with high performance.

Many effective methods have been developed for synthesizing

nanowires with well controlled structures, such as arc-discharge,3

chemical vapour deposition (CVD),47 laser ablation,4 electro-

chemical deposition,5 sol–gel,6 template-assisted growth,7 elec-

trospinning8 and combinations of the above mentioned methods.

In the meantime, a large quantity of 1D nanomaterials with

different components and varied structures have been reported,

such as carbon nanotubes,9 elemental materials (Si,10 Ge,4,11 B,12

etc.), binary oxides (SiO2,10,13 Ga2O3,14 MgO,15 TiO2,16 tungsten

oxide,17 etc.), nitrides (GaN,18 AlN,19 BN20 and InN21), borides

(CeB6
22 and LaB6

23), metal carbides (TiC, NbC, Fe3C, SiC, and

BCx
24), metal chalcogenides (CdS,25 CdSe,26 CdTe,27 PbS,28

PbSe,29 CuS,30 CuSe,31 Ag2Se,32 NiS33 and NbS2,34 etc.), ternary

materials (BaTiO3, SrTiO3,35 K2Ti6O13,36 etc.), metal nanorods

(Au,37 Ag,38 Pt,39 Cu,40 etc.), barcoded metal nanowires,41 het-

erojunction nanowires,74–84 organic nanowires,42 composite

nanostructures43 and other semiconductor nanowires (GaAs,44

InP45 and GaP,46 etc.) and semiconductor nanobelts.47 Now an

increasing number of nanowires are expected to be produced

with the improvement of present synthesis methods and the

development of new techniques.

In this feature article, we provide a review of some progress in

some 1D inorganic nanowires, such as Si, metal, heterojunctions,

ZnO, etc. Firstly, we introduce the synthesis methods developed

by us for these inorganic 1D materials, including metal assisted

chemical etching, template assisted electrochemical deposition,

CVD and so on; secondly, the studies on the special electrical and

mechanical properties of the nanowires are discussed in section 3;

finally, some applications of our nanowires are demonstrated in

section 4.
2. Synthesis and characterization

2.1 Silicon nanowire arrays fabricated by metal-assisted

chemical etching method

Similar to carbon nanotubes, another ‘‘star material’’ is silicon

nanowires, which have been the focus of a large amount of
870 | J. Mater. Chem., 2009, 19, 869–884
research in the late 1990s.48 Silicon nanowires are attracting

much attention due to their technical compatibility with existing

semiconductor technology. Various morphologies of Si nano-

structures have been obtained, such as random orientation

nanowires, vertically aligned nanowires,49 axial and radial het-

erostructures,50 nanowires assembled in micro-sized semi-

spheres,51 etc.

One of the main synthesis techniques for the growth of Si

nanowires is physical vapor deposition (PVD). With this method,

a source material, usually high purity silicon10 or silicon

dioxide,52 is sublimed with laser ablation4 or elevated tempera-

ture evaporation.10 The vapor is then transported to a cool zone

where it deposits in the form of silicon nanowires. Chemical

vapor deposition (CVD) is another technique for the synthesis of

Si nanowires.53

Several mechanisms have been proposed for the growth of

SiNWs: vapor-liquid-solid (VLS),54 solid-liquid-solid (SLS),55

solution-solid-solid,56 vapor-solid-solid (VSS),57 and oxide-

assisted growth (OAG)58 mechanisms. In most cases the growth

of silicon nanowires is facilitated by a metal catalyst and follows

a VLS process, this catalyst confined nanostructure growth has

been proven to be an effective method for precise size control.53

However, these growth mechanisms show some limitations in

practice, for example, they generally need high temperatures

(900–1100 �C) or a high vacuum, templates and complex

equipment, and sometimes they employ hazardous silicon

precursors (such as SiH4 or SiCl4).

We have developed a novel, metal-assisted chemical etching

method to fabricate ordered large-area SiNW arrays.59

Combining electroless metal deposition (EMD) with the chem-

ical etching mechanism, the large-area SiNWs were prepared

successfully on silicon substrates in aqueous HF solution con-

taining appropriate amounts of AgNO3. The etching depth

(length of SiNWs) could be tuned by adjusting the etching time.

This new technique has the advantages of mild preparation

conditions, low synthetic temperature, simple equipment and

time-saving over other techniques such as CVD and laser abla-

tion. Large-area SiNW arrays are firstly obtained near room

temperature using this method.

In particular, the metal-assisted chemical etching method has

been used to fabricate SiNW arrays of pre-determined properties

from parent silicon wafers. Nanowires synthesized by this

approach are vertically aligned (Fig. 1a) with controlled n- or

p-type doping, controlled crystallographic orientation (including

[111] (Fig. 1b), [100] (Fig. 1c) etc.) and consistent throughout

batches, and across large areas up to wafer-scale.

It is very important to clarify the growth mechanics of the

metal-assisted etching. To date, there still are some different

opinions, some people believe that the catalyst (Ag or Au, etc.)

protects the silicon underneath from being etched,60 while others

insist that catalyst particles only catalyze etching of the Si

substrate in contact with them.61 Thus, it is necessary to carry out

some investigations of the detailed mechanism of metal assisted

etching on Si.

A method involving dry deposition plus wet chemical etching

was also devised to fabricate SiNW arrays and to study silver

catalysis during fabrication.62 The investigation of the track of

catalyst particles showed that Ag really catalyses the etching of

the silicon underneath it, which clarifies the doubts about the
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 (a) Secondary electron image and (b) back-scattering electron

image of the same planar area. (c,d) Cross-sectional view of the bottom of

SiNWs for a longer etching time. (c) SE image (SEM accelerating voltage

¼ 15 kV); (d) EDS mapping result of Ag corresponding to (c) (ref. 62).

Fig. 3 A SEM image show the mechanism of metal assisted etching.

Fig. 4 Schematic depiction of the fabrication process.

Fig. 1 a) SEM cross-section image of silicon nanowire arrays. b) TEM

image of an individual SiNW prepared from a p-type (111)-oriented

silicon substrate. c) High-resolution transmission electron microscopy

(HRTEM) image of the nanowire in b) (the inset is the ED pattern

recorded along the [�1�10] axis). d) HRTEM image of a nanowire

synthesized from a p-type (100)-oriented silicon substrate (the inset is its

ED pattern recorded along the [001] axis) (ref. 59).
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formation of SiNW arrays during wet chemical etching.

Secondary electron (SE) images, back-scattering electron (BSE)

images and the EDS mapping image of the same area of the

sample are shown in Fig. 2. By comparison of Fig. 2(a,b), it can be

concluded that the silicon under the Ag nanoclusters is first etched

off to form shallow pits, so that the Ag clusters sink into the pits.

The silicon which was not covered with Ag remains unchanged,

and with the sinking of the surrounding network composed of Ag

clusters these silicon areas protrude to be nanowires after etching

for a longer time (generally about 10 min). The cross-sectional

view of the bottom of SiNWs and the EDS mapping of Ag are

shown in Fig. 2(c) and (d), which strongly support the conclusion

that in our system Ag really catalyses the etching of silicon

underneath it, finally to form SiNW arrays.
This journal is ª The Royal Society of Chemistry 2009
The latter mechanism that the catalyst particles only catalyze

etching of the Si substrate in contact with them is further proved

by the latest investigations in our lab, shown in Fig. 3. A gold

film with a hexagonal array of holes as a catalyst can be obtained

by thermal evaporation onto the silicon substrate and can then

work as a catalyst. Afterwards the sample was immersed into an

etching solution—a mixture of deionized water, HF, and H2O2.

Fig. 3 shows a specific area which contains different areas with

different etching speeds. The upper-left part (labeled with (A))

has a faster etching speed while the lower right corner (labeled

with (B)) has a slower etching speed. It is obviously that the Au

film catalyzes etching of silicon beneath it. During the etching

process, the ‘‘walls’’ of the honeycomb are gradually etched away

and the remnant silicon forms a nanowire array. This result is

very strong proof to support the mechanism that the catalyst

particles only catalyze etching of the Si substrate in contact with

them.

By understanding the metal-catalytic etching mechanism, we

have developed this method in order to fabricate controlled

large-scale ordered silicon nanowire arrays, by which the diam-

eter, the height of individual nanowires, and the center-to-center

distance between nanowires can be controlled accurately.63 The

overall fabrication process is schematically depicted in Fig. 4.

Fig. 5 (a) and (b) show plane-view and tilted-view (ca. 15�)

SEM images of silicon nanowire arrays fabricated using PS
J. Mater. Chem., 2009, 19, 869–884 | 871
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Fig. 5 SEM images of samples where PS spheres with a nominal

diameter of 260 nm have been used. Plane-view and tilted-view (ca. 15�)

images of samples fabricated using PS spheres with a reduced diameter of

a,b) 100 nm and c,d) 180 nm. Cross-sectional SEM images of samples

after etching for e) 4 min, f) 8 min, g) 12 min, and h) 16 min (ref. 63).

Fig. 6 Structural characterization of the rough silicon nanowires. a,

Cross-sectional SEM of an electroless etching Si nanowire array. b,

Bright-field TEM image of a segment of a metal-assisted chemical etched

Si nanowire. c, High resolution TEM image of a metal-assisted chemical

etched Si nanowire. The roughness is evident at the interface between the

crystalline Si core and the amorphous native oxide at the surface, and by

undulations of the alternating light/dark thickness fringes near the edge.

d, High-resolution TEM of a VLS-grown Si nanowire. Scale bars for a–d

are 10 mm, 20 nm, 4nm and 3 nm, respectively (ref. 64).
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spheres with a reduced diameter of 100 nm as the template;

Fig. 5 (c) and (d) show nanowires fabricated using PS spheres

with a reduced diameter of 180 nm. These results show that the

diameter of the silicon nanowires can be controlled by selecting

PS spheres with the desired reduced diameter. Another param-

eter of the silicon nanowire arrays, the length, is related to the

duration of the etching process. Fig. 5 (e–h) show cross-sectional

SEM images of silicon nanowires fabricated with etching times of

4, 8, 12, and 16 min, yielding nanowires with lengths of ca. 1.3,

2.7, 4.5, and 5.3 mm, respectively. The length of the nanowires

varies linearly with the duration of the etching process, which

provides relatively precise control over the length of the nano-

wire arrays.

Note that the most important difference between those Si NWs

prepared using the VLS method and the metal-assisted chemical

etching method is the roughness of the surface. The mean

roughness height of metal-assisted chemical etched nanowires

varied from wire to wire, but was typically 1–5 nm with

a roughness period of the order of several nanometres, while the

VLS prepared nanowires have a relatively smooth surface, which

can be seen in Fig. 6. This roughness may be attributed to

randomness of the lateral oxidation and etching in the corrosive

aqueous solution or slow HF etching and faceting of the lattice

during synthesis.

It was found that for the chemical etched nanowires, the

roughness at the nanowire surface behaves like secondary scat-

tering phases. The roughness may contribute to higher rates of

diffuse reflection or back scattering of phonons at the interfaces.

Because this scattering of phonons will greatly reduce thermal

conductivity without much affecting the Seebeck coefficient and

electrical resistivity, it makes Si nanowire arrays show promise as

high-performance, scalable thermoelectric materials.64
2.2 Template-assisted synthesis

Template-assisted synthesis represents a convenient and versatile

method for generating 1D nanostructures. In this technique, the

in situ fabricated material is shaped into a nanostructure with

morphology complementary to that of the template. The

templates could be nanoscale channels within mesoporous

materials, anodic alumina oxide membranes (AAO) and poly-

carbonate membranes. The nanoscale channels are filled using

the CVD method, the solution, the sol-gel or the electrochemical
872 | J. Mater. Chem., 2009, 19, 869–884
method. The nanowires can be released from the templates by

removal of the host matrix.65

Although a lot of templates, such as polymer membranes,

mesoporous silica, nanowires or nanotubes, have been demon-

strated by different groups, the most commonly used one is AAO.

Unlike the polymer membranes fabricated by track etching, AAO

contains a hexagonally packed 2D array of cylindrical pores with

a uniform size (Fig. 7). The AAO templates can be fabricated by

a two-step anodization process. It is proved that 4% oxalic acid

solution is suitable for preparing templates with pore diameter

from 70nm to 110nm, while 10% H2SO4 is for those of smaller

pores. In most cases, the pore size of AAO is about 30 to 110 nm,

but by applying comparatively lower anodizing potentials of 6–18

V, AAO membranes with pore diameters varying from 6 to 19 nm

can be obtained.66 In this case, the interpore distance is propor-

tional to the applied anodizing potential and varies in the range of

20–58 nm, which can be used to fabricate 1D nanomaterial arrays

of high density. A linear relationship between the anodizing

potential (Ua) and the interpore distance (Dint) was also revealed:

Dint ¼ 2.97Ua + 2.49, shown in Fig. 7(c). Further studies show

that AAO membranes with large ordered pore domains can be

successfully prepared by the annealling pre-treatment of poly-

crystalline aluminium sheets.67

Using AAO as a template, a large number of materials have

been fabricated to form nanowires, including Au, Ag, Pt, Ni, Fe,

Cu, Co, Si, TiO2, MnO2, ZnO, SnO2, In2O3, CdS, CdSe, CdTe

and conducting polymers (polypyrole, polyaniline, etc.), as well

as carbon nanotubules.
This journal is ª The Royal Society of Chemistry 2009
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Fig. 7 (a) A scheme of AAO templates. (b) A SEM image of as prepared

AAO (top view). (c) Relationship of the interpore distance (Dint) and the

anodizing potential (Ua). Data from the present work are plotted in the

shaded zone, fitting to a formula of Dint ¼ 2.97Ua + 2.49, while data from

ref. 68 are plotted in the white zone with another fitting formula of Dint ¼
2.81Ua � 1.7 for comparison. The inset shows a magnified view of the

rectangle-enclosed part. The interpore diameters are 20.47, 25.89, 32.13,

33.49, 49.33, and 58.25 nm under lower anodizing voltages of 6, 8, 9, 12,

16 and 18 V, respectively (ref. 66).

Fig. 8 (a) HRTEM image of a FCC-AgNW, with a longitudinal axis

[110]. The inset is an electron diffraction pattern from this nanowire

indexed as FCC-Ag. (b) An image of the cross section of a FCC-AgNW.

The cross section is perpendicular to the longitudinal axis [110] of the

nanowire and shows that the surfaces of the nanowire are base, {001},

and {110} planes. Dashed lines represent some other facets consisting of

planes with orientations close to the low-index planes (about 20� angles,

indicated by elongate solid lines). (c) High-resolution TEM image of

a single crystalline 4H-AgNW. The lower left inset is an electron

diffraction pattern from the 4H-AgNW. The zone axis of this electron

diffraction pattern is [�2113]. Besides, the electron diffraction pattern

shows that the (10�11) plane is parallel to the axis of the nanowire. The

upper right inset is a magnification of the area marked by a white rect-

angle in c, where some dots are added to show the atomic projection of

4H-Ag along [�2113]. (d) The calculated cross section of a 4H-AgNW by

the broken-bond rule and Wulff’s construction, where the surface energy

curve is marked with a black arrow and the surfaces of the nanowire are

marked with a grey arrow and terminated by {0001} and {10�11} planes

(ref. 71).Pu
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Since various nanowires fabricated via template-assisted

methods have been reported in so many papers and reviews,

herein we will mainly focus on some unique work developed in

our group, such as polytypic Ag and Ni nanowires.

2.2.1 4H and FCC polytypic Ag nanowires. Silver has

attracted a lot of attention because it has the highest electrical

conductivity among all metals at room temperature. Highly

ordered AgNW arrays have been obtained by various methods,

such as solution based growth69 and electro-chemical deposition

into AAO templates.70

However, it is the first time that we discovered 4H-AgNWs

(Fig. 8c) coexist with FCC-AgNWs (Fig. 8a) with diameters

ranging between 8–100 nm.71 Based on the thorough investiga-

tion into the crystal structures of 4H- and FCC-AgNWs, a size

dependence of the crystal structure in AgNWs was discovered.

The 4H-AgNW concentration reaches the highest value (52%) in

the AgNWs with diameters around 30 nm, decreases from 52% to

17% in the 50 nm AgNWs and 14% in the 75 nm ones, and is

expected to approach zero when the nanowire diameters go even

larger than 75 nm.

Based on the crystallographic characteristics of both 4H- and

FCC-AgNWs, the systemic energy of an individual AgNW, that

is, the sum of internal energy and surface energy, is analyzed. It
This journal is ª The Royal Society of Chemistry 2009
was revealed that 4H-AgNW had a favorable surface configu-

ration but unfavorable internal energy compared to FCC-

AgNW, leading to a lower systemic energy of 4H-AgNW in the

proper diameter range around 30 nm. This also accounts for the

absence of 4H-Ag in the bulk where the specific surface area is

very low. Similar phenomena may exist in some other systems,

and the dynamical process needs further studies.

2.2.2 FCC and HCP Ni nanowires. Nickel nanowire arrays

have potential applications in perpendicular magnetic recording,

microwave absorption and magnetic nanodevices. In these

applications, high coercivity (Hc//) and squareness (S//) parallel

to the nanowire direction are much concerned. Direct current

(DC) electrodeposition in AAO templates is an important

method to fabricate Ni nanowire arrays.72 However, the Ni

nanowire arrays made in this way always show low S//. Some new

methods have been developed to solve the problem.73

During the electrodeposition process, magnetic stirring and an

external magnetic field were applied, as shown in Fig. 9a. It has
J. Mater. Chem., 2009, 19, 869–884 | 873
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Fig. 9 (a) A demonstration of the magnetic field assisted Ni NW

synthesis process, (b) a SEM cross section view of a Ni NW filled AAO

template, (c) the M-H loops of the Ni nanowire array: 1 with and 2

without an external magnetic field applied in deposition (ref. 73). Fig. 10 (a, b) TEM images of HCP Ni found in the sample without heat

treatment. (a) A segment of HCP Ni. The inset is the selected area elec-

tron diffraction pattern (SAED). (b) HRTEM image and its fast Fourier

transition (FFT, inset). TEM observations show that HCP Ni nanowires

or segments have no preferred orientation. (c, d) TEM micrographs of

FCC Ni nanowire after heat treatment. (c) A FCC nanowire and the

SAED (inset). (d) HRTEM image and FFT (inset). The FCC Ni nano-

wires show (220) preferred orientation (ref. 73).
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been proved that this method can improve the S// markedly. By

far, the S// of the nanowire arrays made in this method can reach

as high as 0.93.

Another approach in improving the S// is making single crystal

Ni nanowires. As is well known, one of the drawbacks of

template-assisted synthesis is that it is difficult to obtain mate-

rials in single crystal form. Under a high-current deposition,

single crystalline Ni nanowire arrays have been successfully

fabricated, and the S// of nanowires made in this method

approaches 1. Further studies show that a preferred orientation

of (220) will occur if the deposition voltage is higher than 3V. In

addition, some HCP Ni nanowires are reported for the first time

with a preferred orientation of (220). With heat treatment, the

phase transition from HCP Ni NWs to FCC Ni NWs is observed

for the first time in Ni nanowires (Fig. 10).
Fig. 11 (a) TEM image of a typical Ni/MWCNT/a-CNT 1D hetero-

junction. (b,c) High-resolution TEM image of the interfacial structure of

the Ni/MWCNT and MWCNT/a-CNT contact (ref. 84).
2.3 1D heterostructured nanomaterials

In modern microelectronics, heterostructures are significant for

all kinds of devices and integrated systems due to their roles

as either functional or interconnecting elements. Therefore,

research on 1D heterojunctions is necessary for nanoelectronics.

At present, many kinds of 1D heterojunctions have been repor-

ted, such as Si/CNT (carbon nanotube),74 CNT/SiC,75 CNT/

TiC,75 Si/SiGe,76 InAs/InP,77 GaAs/GaP,78 rectifying junctions in

metal nanowires,79 Au/ZnO,80 metal/CdSe/metal,81 NiSi/Si,82

In/Si83 and so on.

In our group, ordered arrays of four kinds of 1D hetero-

junctions, including Ni/MWCNT (multi-walled CNT)/a-CNT

(amorphous CNT), Ag/a-CNT, Ag/Si and Pt6Si5/Si, have been

synthesized by a combination of electrochemical deposition and

CVD with AAO membranes as templates.84 Of these 1D heter-

ojunctions, each consists of two or three different nanowires/

tubes connected end to end. Their structures have been charac-

terized clearly.
874 | J. Mater. Chem., 2009, 19, 869–884
Particularly, the Ni/MWCNT/a-CNT structure is found to be

extraordinary. In each Ni/MWCNT/a-CNT 1D heterojunction

(Fig. 11), each wall of the MWCNT is in direct contact with the

tip of the Ni nanowire at the Ni/MWCNT interface, and multiple

outer walls of the MWCNT are contacted by the a-CNT at
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b816463k


Pu
bl

is
he

d 
on

 1
2 

Ja
nu

ar
y 

20
09

. D
ow

nl
oa

de
d 

by
 G

ra
du

at
e 

U
ni

ve
rs

ity
 o

f 
th

e 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
s 

on
 3

1/
05

/2
01

7 
14

:2
7:

08
. 

View Article Online
the MWCNT/a-CNT interface. This control of interfacial

structures enables multiple outer walls of a MWCNT to partic-

ipate in electrical transport simultaneously, which is unique.

Furthermore, in the study on characterization of the chirality

of MWCNTs, HRTEM images of the sidewall and the core

regions of MWCNTs, where confusions easily occur, have been

analyzed. It is demonstrated that the sidewall images are not

structural ones and obtained by the interference of the {0002}

and the {10�10} diffraction waves. The core images are more

favorable for the analysis of the MWCNT chirality.85

A Ag–Si nanowire heterojunction is shown in Fig. 12 (a,b), the

diameter is predominant around 90nm, which corresponds to the

size of the AAO template pores. The HRTEM image shown in

Fig. 12b is from the interface area of the individual nanowire

junction shown in Fig. 12a. From the HRTEM image we can see

that there are three parts: the Ag part, the interface Si–Ag solid

solution, and the Si part. There is no amorphous layer in the

interface.

AgNW/a-CNT heterojunction arrays were also obtained in

our group, which are shown in Fig. 12 (c–e). A SEM image of the

cross section view of a AgNW/a-CNT heterojunction array is

shown in Fig. 12d. Fig. 12c shows a TEM image of a hetero-

junction node, and its corresponding HRTEM image is shown in

Fig. 12e. It is obvious that each heterojunction is composed of

a single-crystal AgNW and an a-CNT that consists of many tiny

carbon clusters. The amorphous nature of the latter is due to its

growth mechanism, which is based on self-catalytic functions of

the AAO channels. The contacts between the a-CNTs and the Ag

nanowires in the Ag/a-CNT 1D heterojunctions are shown to be

ohmic, which derive from general characteristics of the energy

band structure of amorphous semiconductors. It will be further

discussed in section 3.1.2.

A TEM image of a Pt6Si5/Si 1D heterojunction is illustrated in

Fig. 12f. According to our electron diffraction analysis, the dark

part of the heterojunction is identified as Pt6Si5 and the light end

is identified as Si. In every Pt6Si5/Si 1D heterojunction, the single-

crystal Pt6Si5 nanowire is synthesized by using a polycrystalline
Fig. 12 (a) TEM image of an Ag/Si 1D heterojunction; (b) HRTEM

image from the interface area of the heterojunction in (a); (c) trans-

mission electron microscope (TEM) image of an Ag/a-CNT 1D hetero-

junction; (d) SEM image of the cross section view of the AgNW/a-CNT

heterojunction array; (e) HRTEM image of the area marked with the

white box in (c). In addition, twins and stacking faults exist in the Ag

nanowire in (c), which are reflected in (d); (f) a TEM image of a Pt6Si5/Si

1D heterojunction (ref. 84).

This journal is ª The Royal Society of Chemistry 2009
Pt nanowire, which offers a new method to synthesize metal

silicide nanowires.

The electronic properties of these 1D heterojunctions will be

discussed in the following section.
2.4 Vapor phase growth of nanowires

Vapor phase growth is extensively used for producing nanowires.

Both elemental and compound nanowires can be obtained via

this method by choosing appropriate starting materials and

suitable reaction conditions. In most of these cases, the mecha-

nisms can be attribute to VLS, VS, VSS, OAG, etc.

A simple method to synthesize nanowires was developed by

our group. By heating raw materials directly at suitable

temperatures and ambient pressure in certain flow rates of gases

and without catalyst, nanowires with diameters less than 100 nm

are fabricated, including Si3N4, SiC, Ga2O3, GaN, ZnO, AlN

nanowires and amorphous SiO2 nanowires.86 The growth

mechanism of these nanowires were investigated and attributed

to the VS growth process.

Herein we mainly focus on the fabrication of nano/microsized

ZnO rods and arrays. As is well known, since the new century,

the study of 1D nanostructured ZnO has been increasing

dramatically owing to its unique properties, and many potential

applications in devices. A large number of methods have been

reported for fabricating ZnO nanostructures.87 Some potential

applications based on various ZnO nanostructures, e.g. nanowire

nanogenerators, have recently been developed.107

But it is still a great challenge to overcome difficulties in

fabricating a low dimensional material with wider scale from

nanometer to micrometer in a one-step process. It has been

reported that nano and micro ZnO rods and arrays have been

synthesized through a simple thermal evaporation approach on

a cylinder-shaped substrate by heating Zn powders directly.88

Fig. 13 shows the SEM images of ZnO rods and arrays synthe-

sized on a iron wire substrate. Fig. 13a shows a large area of

individual protrusive ZnO rods with varied diameters and

lengths. The upper left and right insets of Fig. 13a are images

with large magnification at some places of the substrate, showing

areas of several individual ZnO nanorods with different lengths

and one uniform rod of 400 nm in diameter and 11mm in length,

respectively. Fig. 13b is a top view of a large area of well-aligned

ZnO nanorod arrays. Such arrays can extend about 3 to 5 mm

along the substrate. The upper left and right insets of Fig. 13b

show the areas of microsized and nanosized rod arrays, respec-

tively. Well-aligned ZnO rods can be acquired at the place about

6cm downstream or 7cm upstream of the source while the Ar

flow is 180 sccm and the heating temperature is 675 �C. In the

well-aligned arrays, the diameters and the lengths of the ZnO

rods range from 17 nm to 1.2 mm and from 4 mm to 10 mm,

respectively. In particular, a special area is shown in Fig. 13c

where the diameters of ZnO rod arrays decrease from microm-

eter to nanometer. The sharp boundary has been seen often in

our products. Further work has also been done on how to exactly

control the diameters of ZnO rods and how to fabricate varied

morphologies made up of ZnO rods. It can be seen from the inset

picture of Fig. 13c that ZnO structures have hexagonal cross

sections, which is typical of the [0001] direction of a ZnO rod.

The perfect crystalline ZnO rods with different scales from
J. Mater. Chem., 2009, 19, 869–884 | 875
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Fig. 13 SEM images of the as-synthesized individual ZnO rods and

arrays obtained from Zn powder thermal evaporation deposition on iron

wire substrate: (a) individual protrusive ZnO nanorods, the upper left

and right insets are images with large magnification at some places of the

iron wire, showing areas of several individual ZnO nanorods with

different lengths and one uniform rod of 400 nm in diameter with 11 mm

in length, respectively; (b) large area of well-aligned ZnO rod arrays, the

upper left and right insets show areas of microsized and nanosized rod

arrays, respectively; (c) a mixture area of nano/micro ZnO rod arrays

(ref. 88).
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nanometer to micrometer are good models for the investigation

of fundamental concepts about the effects of dimensionality and

size on, for example, mechanical, optical, and electrical proper-

ties. The size dependence of Young’s modulus in ZnO nanowires

will be discussed in the following section.
3. Properties of inorganic nanowires

3.1 Electrical properties of 1D inorganic nanowires (arrays)

Electrical/transport properties of nanowires always come with

a unique one-dimensional carrier transport mechanism, and its

understanding is important in the electronic applications.

Important parameters such as wire diameter, wire surface

condition, crystal structure and its quality, chemical composi-

tion, and crystallographic orientation along the wire axis etc.
876 | J. Mater. Chem., 2009, 19, 869–884
have been noticed that influence the electron transport mecha-

nism of nanowires.

It has been reported that both ballistic and diffusive type

electron transport mechanisms exist in nanowires, and depend

upon the wire length and diameter. The ballistic type transport

phenomenon is associated with predominant carrier flow without

scattering, wherein the carrier mean free path is longer than the

wire length.89 In the diffusive type conduction mechanism, the

carrier mean free path is smaller than the wire length.

At the nanoscale level those surface-related properties are

more significant, and can even be dominant, for the simple fact

that with decreasing the characteristic material size a greater

percentage of the atoms/molecules in a given sample/structure

are located on the surface region. Therefore, the large surface-to-

volume ratio is expected to play a major role in determining the

properties and characteristics of nanostructures. It is already

recognized that the properties of nanostructures depend sensi-

tively on surface composition and surface states/defects. For

example, Lu et al. reported that thin ZnO nanowires have

significantly higher conductivity due to enrichment of surface

states.90 Lieber et al. reported that surface modification of silicon

nanowires (SiNWs) could lead to remarkable enhancement of

mobility.91 Lewis et al. showed the fabrication of high-perfor-

mance air-stable SiNW FETs by modifying the surfaces of

SiNWs with Si–CH3 functionality.92 It has been also pointed out

that surface scattering plays a dominant role in the transport

properties of small-diameter NWs (<100 nm), whereas transport

in intermediate diameter (120–180 nm) NWs is dominated by

grain boundary scattering.93

Furthermore, it is found that the conductance of nanowires

strongly depends on their crystalline structure. For example, in

the case of perfect crystalline Si nanowires having four atoms per

unit cell, generally three conductance channels are found. In

the following part, we will introduce another example of the

electrical measurement of polytypic AgNWs and some

heterojunctions.

3.1.1 In situ electrical study of polytypic silver nanowires. The

size-dependent crystallographic structure of Ag nanowires was

revealed and novel 4H structure silver nanowires (4H-AgNWs)

have been reported to coexist with the usual face-centered cubic

(FCC) ones.

Here we discuss the electrical properties of these polytypic

AgNWs.94 In situ electrical measurement of the polytypic

AgNWs was carried out in a structure-resolved way using a STM

inside a TEM. In the diameter range of 20–80 nm, both the 4H-

and the FCC-AgNWs are metallic conductors, with comparable

average resistivity of 19.9 mU cm and 11.9 mU cm, respectively;

both are one magnitude higher than the 1.6 mU cm of bulk

FCC-Ag.

The failure of the AgNW under large current stress was

accompanied by intense atomic diffusion on the surfaces at

a critical current density up to 108A/cm2. Saturation in current, as

usually seen in bulk metals due to the positive temperature

coefficient of the resistance, was never observed for all AgNWs.

This is consistent with the resistance mechanism dominated by

surface scatterings. We proposed a parameter, the maximum

stable current density (MSCD), to estimate the current-carrying

ability of the AgNWs.
This journal is ª The Royal Society of Chemistry 2009
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Fig. 14 Diameter dependence of the maximum stable current density

(MSCD, J). The fitting curve in a solid line is based on the assumption

that the bulk mean free path (MFP) holds in the thin AgNWs, l¼ 52 nm,

while the fitting curve in a dashed line corresponds to a reduced MFP, l0

¼ 25nm. They both predict a peak of MSCD with similar positions close

to the experimental one. The transverse magnetic field deflects the con-

ducting electrons in the straight thin AgNWs and enhances surface

scattering (ref. 94).

Fig. 15 Schematic for measuring the electrical properties of Ag/a-CNT

1D heterojunctions in an array, which is the same as that in Fig. 12. (b)

Topographic AFM image of the array. (c) Current-sensing image cor-

responding to (b). (d) A typical I-V curve from a heterojunction by the

AFM measurement. (e) The schematic of the energy band structure

between metal and a-CNT (ref. 95).
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With a sweeping method used in our experiments, we discov-

ered that MSCD of the AgNWs is diameter-dependent, reaching

its maximum around 34 nm in diameter and dropping rapidly

with smaller diameters. It generally has a magnitude of 107A/cm2

for AgNWs in the diameter range of 20–80 nm, much larger than

the 103–104A/cm2 for house wiring.

A phenomenological model is proposed to explain this size

dependence of the MSCD. Surface effects due to fast annihila-

tion of current-induced vacancies at the surface of NWs as well as

enhanced surface scattering were suggested (see Fig. 14).

3.1.2 The electrical properties of some 1D heterojunctions.

The electrical properties of individuals of the Ni/MWCNT/

a-CNT and the Ag/a-CNT 1D heterojunctions have been

measured.95

(I) Metal/a-CNT 1D heterojunctions: ohmic contact with

a resistant about 10MU. The formation of ordered arrays of Ag/

a-CNT 1D heterojunctions with filling ratios close to 100% offers

a firm base for further studies of these 1D heterojunctions. Thus,

we used conductive AFM to measure the electrical properties of

the Ag/a-CNT 1D heterojunctions in their arrays, as shown in

Fig. 15a. When a voltage of 3V was applied between the AFM tip

and the array in a contact mode, a topographic image and

a current-sensing image of the array were simultaneously

obtained, shown in Fig. 15(b,c), respectively. In Fig. 15(c), most

of the heterojunctions were circuited electrically and some were

not so, probably because some disconnections existed in their

circuits caused by treating the array for the AFM experiments.

When the tip was located at a bright point in Fig. 15(c) and so

contacted the corresponding heterojunction, current–voltage

(I-V) curves of the heterojunction were acquired. Most of these

I-V curves are linear. These linear I-V curves indicate that, in the

corresponding heterojunctions, the contacts between the Ag

nanowires and the a-CNTs are ohmic. This finding has universal
This journal is ª The Royal Society of Chemistry 2009
significance and offers a wide opportunity for designing large-

scale interconnections among nanowires and nanotubes.

(II) Ni/MWCNT/a-CNT 1D heterojunctions. As shown in

Fig. 11, multiple outmost walls in the MWCNT of a hetero-

junction can simultaneously participate in the electrical transport

through the Ni/MWCNT and the MWCNT/a-CNT contacts,

which is unique. Experimentally, a device configuration as shown

in Fig. 16(a) has been prepared. Twelve samples in total were

measured by the same method as that in Fig. 16(a). It is found

that all of them exhibit reproducible asymmetric and rectifying I-

V behaviours, of which one is shown in Fig. 16(b). These I-V

characteristics show that the MWCNTs in the measured 1D

heterojunctions are all semiconducting and Schottky contacts

exist at the two ends as shown in Fig. 16(c). It has been revealed

that these Schottky contacts are in accord with the thermionic

emission theory in mesoscopic scale and are affected only by the

image force. This work is a significant exploration and an

effective illustration for the application of the thermionic emis-

sion theory in Schottky contacts formed in 1D heterostructured

materials.

In addition, the finding that most of the contacts to the

MWCNTs in the heterojunctions are the most nearly ideal

Schottky diodes is exciting, because it is rather difficult to get

nearly ideal diodes, for which many efforts have been made. It

should be attributed to the special structures of the hetero-

junctions, which cause the multiple outmost walls of the
J. Mater. Chem., 2009, 19, 869–884 | 877
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Fig. 16 (a) SEM image of a Ni/MWCNT/a-CNT 1D heterojunction,

whose ends are contacted by two Ti/Au electrodes, on the oxide layer of

a silicon wafer. Some schematic symbols are added in (a) to show that the

left Ti/Au electrode is connected to a pA meter and a DC (direct current)

voltage source, and that the right one is to ground. (b) I-V curve obtained

by the same configuration as that in (a), where the part with V<0 is in grey

and the other is in black. (c) A models for the samples in (a), in which two

diodes are connected face to face. According to quantitative theoretical

analyses on the I-V data, this model accords with the facts (ref. 95).
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MWCNTs to be simultaneously contacted well by the other

components of the heterojunctions.
Fig. 17 Bending of Si3N4 nanowire: (a) bend to right, (b) at original

position when the average density of the electron beam is small, and (c)

bend to left. The B is marked as the center of the illumination beam

(ref. 103).
3.2 Mechanical properties of 1D inorganic nanowires

Compared with the extensive study on the electrical properties,

mechanical behavior has received much less attention. However,

the mechanical properties of nanowires are very important for

applying nanowires in NEMS, etc.,which has attracted much

attention.

Because of the high ratio of surface to bulk atoms and the

reduced number of defects, one dimensional systems are expected

to have interesting mechanical properties.

The Young’s modulus, which is one of the key parameters to

evaluate the mechanical properties, is defined as the ratio of

stress over strain. Conventional elastic theory indicates that the

Young’s modulus reflects the average binding forces between the

atoms for homogeneous materials. Therefore, at low dimensions,

the modulus is expected to become sensitive to the increased

fraction of surface atoms and to possible surface tension effects.96

Some research groups have carried out mechanical measure-

ments on individual nanowires, using different approaches,

predominantly using either an AFM or a home-built system

incorporated within a TEM or SEM. In 1997, the elastic

strength and toughness of silicon carbide nanorods and

multiwalled carbon nanotubes were studied by Wong and

co-workers97 using an AFM based technique. Poncharal et al.

reported a method involving electrical excitation of MWNTs at
878 | J. Mater. Chem., 2009, 19, 869–884
their resonance frequency in situ in a TEM and simultaneously

measured the induced dynamic deflection of the tube. In this

method, the Young’s modulus, which could be calculated from

the resonant frequency and the dimensions of the wire, was

found to decrease sharply with increasing diameter.98 This

method was also applied to a Kelvin probe based on nanotubes

and a nanobalance able to measure in the picogram to femto-

gram range. Ruoff and co-workers99 used a nanostressing stage

inside a SEM and recorded the entire experiment on video,

enabling realtime characterization of the deformation. In these

experiments, individual MWNTs were picked up and attached

onto the opposing tips of AFM cantilever probes. The idea for

this experiment came from a classical macroscale tensile load

experiment. With this method, a wide range of mechanical

properties of a large number of nanowires can be obtained, such

as the Young’s modulus, the force at fracture, and the tensile

strength. TEM imaging also revealed different fracture patterns

such as wavelike structures, ribbon-like distortions, and radial

collapses.100 In 2005, an AFM-based technique was developed

by Wang and co-workers and has the key advantage of being

nondestructive toward the nanowire.101 This technique was then

developed by Hoffmann et al. by mounting an AFM inside the

SEM.102 The AFM tip was used to bend standing silicon

nanowires until fracture. The maximum stress before fracture

can be calculated from the bending of the AFM tip, and the

diameter and the length of the nanowire can be measured from

the SEM image correctly. A relation between strength and

length was also reported, such that shorter nanowires tend to

have greater fracture strength than longer ones.

In our group, a home-built system incorporated within a SEM

and a commercial system for STM-TEM and AFM-TEM are

built. With these powerful tools, some work on nanomechanics

of nanowires has been done since 2000.

3.2.1 Reversible bending of Si3N4 nanowires. As early as in

2000, we observed that Si3N4 nanowires were obviously bent

under electron beam illumination if the current density was

large enough.103 Investigations on the mechanical properties of

individual Si3N4 nanowires were carried out by the TEM

method. In Fig. 17(b), the Si3N4 nanowire is at its original

position. As the average current density was increased, the

nanowire began to bend away from the center of the beam. As

shown in Fig. 17 (a), the bending angle was nearly 100� when

the center of the beam was at the right upper corner marked as

B. When the center of the electron beam was moved to the

other side of this nanowire, the nanowire bent immediately to

the opposite side [Fig. 17 (c)]. With the average current density
This journal is ª The Royal Society of Chemistry 2009
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Fig. 19 Diameter dependence of effective Young’s modulus in (0001)

oriented ZnO nanowires for bending: (dots) experimental results, (solid

line) fitted results by the core-shell composite NW model, (dashed line)

modulus for bulk ZnO (E3) (ref. 104).

Fig. 20 (a) Schematic illustration of the core-shell composite NW

model; (b) the cross section (ref. 104).
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decreasing to a very small value, the wirereturned to its original

straight position. The results showed that, under the illumina-

tion of the electron beam, ceramic nanowires, for example

Si3N4 nanowires, were found to be bent with good flexibility.

The bending strengths of Si3N4 nanowires were found to be

much higher than those of the corresponding bulk materials.

Further studies show that the bending deflection f was

proportional to the square of the beam current density J2. The

bending could not occur unless either the nanowire/nanotube or

the supporting film was an insulator. We believe that the elec-

trostatic force induced by the charge accumulation on the

nanowires results in the bending of the ceramic nanowires. This

work may lead to a way to calculate the elastic modulus of

nanowires/nanotubes.

3.2.2 ZnO: size dependence of Young’s modulus. In our

group, Young’s modulus of ZnO NWs with diameters ranging

from 17 to 550 nm has been investigated.104 High-quality single-

crystal ZnO NWs with a large range in diameter and a uniform

[0001] growth orientation are fabricated by controllable thermal

evaporation mentioned above.88

The experiment was carried out in-situ in the scanning electron

microscope (SEM), using the electric field induced mechanical

resonance (EFIR) method. Multi-frequency resonance behaviors

of ZnO nanowires in electric fields were studied experimentally

and theoretically. It was identified that the resonances included

two different modes: forced resonances driven by periodic

transverse force and parametric resonances driven by periodic

axial forces, which are shown in Fig. 18. With the good identi-

fication of the natural frequencies of nanowires, a size depen-

dence of Young’s modulus in [0001] oriented ZnO NWs with

diameters ranging from 17 to 550 nm was revealed.

The measured values of the Young’s modulus E of ZnO NWs

are shown as a function of the diameter in Fig. 19. As shown in

Fig. 19, for NWs with larger diameters D (> about 120 nm) the

measured Young’s modulus is slightly dependent on the diameter

and tends to the value of bulk ZnO, while the D is decreasing
Fig. 18 Resonances of a ZnO NW in different experimental configura-

tions. (a) (Schematic) Relative magnitude of the transverse force Ft and

the axial force Fa; f denotes the angle between F and the NW axis. (b)

SEM micrograph for the NW located off-axis (f ¼ 90�), the force was

transverse and the NW exhibited forced resonances (Vac ¼ 2 V, Vdc ¼ 2 V,

U ¼ u1). (c) SEM micrograph for the NW located on-axis with f ¼ 0�,

the force was axial and the NW exhibited parametric resonances (Vac ¼ 2

V, Vdc ¼ 2 V, U¼ 2u1). (d) SEM micrograph of the NW perpendicular to

the tip axis, the force was transverse and the NW exhibited forced reso-

nances (Vac ¼ 1 V, Vdc ¼ 1 V, U ¼ u1) (ref.104).

This journal is ª The Royal Society of Chemistry 2009
from 120 nm to 17 nm the measured values are dramatically

increasing.

A core-shell composite NW model (Fig. 20) in terms of surface

stiffening effect correlated with significant bond length contrac-

tions occurring near the {10�10} free surface (which extend

several layers deep into the bulk and fade off slowly) was

proposed to explore the origin of the size dependence, and it has

been demonstrated that surface effects play a significant role in

determining the mechanical properties of ZnO NWs. With this

core-shell model for a ZnO NW, the abnormal increase of

Young’s modulus with decreasing wire diameter is well

explained.

3.2.3 Bending strength flexibility of ZnO nanowires. A

quantitative study on the fracture strain, strength, and flexibility

of ZnO NWs with a large range of diameters (85–542nm) based

on a in-situ SEM nanomechanical bending experiments has also

been reported.105

High quality [0001] oriented ZnO NWs were prepared using

the same method as described in ref. 88. The experimental NWs

generally have cone-shaped roots, as shown in Fig. 21(a). A

homemade nanomanipulator in the SEM with a sharp tungsten

tip was used to deflect a ZnO NW to different levels until it was

finally broken, as shown in Fig. 21(b–d). Consistent with the

reported behaviors of Si3N4, Si, and SiC NWs and ZnO nano-

belts,106 the NWs show an elastic fracture behavior at limit

strains typically between 4%–7%, without detectable plastic

deformation observed, corresponding to fracture strengths close

to ideal strength. The large fracture strains and thus large
J. Mater. Chem., 2009, 19, 869–884 | 879
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Fig. 21 (a) Low magnification image of a NW and the enlarged image of

its root in the inset. (b)–(d) Selected frames of a video recording the NW

subjected to different deflections indicated by black arrows in (b) and (c),

and finally fractured with the fracture surface marked with a white arrow

in (e). Scale bar represents 1 mm (ref. 105).
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strengths are attributed to a lack of defects and flaws. The

commonly observed exceptional flexibility for ceramic NWs is an

exhibition of large elastic fracture strains due to a lack of defects,

is geometrically related to the very small diameters, and can be

determined quantitatively.
Fig. 22 (a) SEM image of surface morphology of VA-Si nanowire

arrays. (b) SEM image of cross-section view of VA-Si nanowire arrays.

(c) SEM image of surface morphology of SA-Si nanowire arrays. (d)

SEM image of cross-section view of SA-Si nanowire arrays. (e) Reflec-

tance spectra of VA and SA SiNW arrays and initial Si wafer (ref. 110 and

111).
4. The application of inorganic nanowire arrays

Solar cells based on VA and SA-Si nanowire arrays

These days, the exploitation of renewable energy, especially solar

energy, has become an essential measure to address present

energy shortages and environmental problems. Special focus has

been put on the possible applications of nanotechnology in

power sources, such as ZnO nanowire based nanogenerators,107

and Nafion� nanowire based fuel cells.108 Silicon-based solar

cells play a dominant role in the photovoltaic (PV) market at

present. Due to their novel properties, the utilization of silicon

nanowires in solar cells has become an interesting topic.

Some nanowire-based solar cells have been reported,109 but as

early as 2005, a novel photovoltaic cell using oriented silicon

nanowire arrays was proposed and demonstrated by our

group.110,111

The Si NW arrays are fabricated using our metal-assisted

chemical etching method. Fig. 22(a–d) show images of the as-

prepared vertical aligned (VA) and slantingly aligned (SA) SiNW

arrays. Compared with the VA-Si NWs, Fig. 22(c) and (d) are the

planar and the cross-sectional views, respectively, of the SA-

SiNW arrays, and show clearly that SiNWs produced from p-

type Si(111) substrates are aligned slantingly on the surface of the

silicon wafer.

It has been proved that the special structure of our SiNW array

could effectively reduce the reflection loss. Optical reflectance

spectra of SA-SiNW arrays, VA-SiNW arrays and polished Si

wafers are shown in Fig. 22(e). The average reflectance of SA-

SiNW arrays is about 5% over the range of 300–1000 nm, a little

higher than that of VA-SiNW arrays (about 2.5%), but much less

than that of polished Si wafer (above 20%). The very dense SiNW

arrays with high aspect ratio, whether vertically or slantingly

aligned, show a small optical loss of the incoming light, because

most of the incoming light could be absorbed after multiple

reflections in the forest of SiNW arrays. The small difference

between the reflectance of SA-SiNW arrays and VA-SiNW
880 | J. Mater. Chem., 2009, 19, 869–884
arrays is probably due to the reflection of light from the upper

parts of the slanting arrays.

Utilizing the excellent anti-reflection characteristic of large-

area SiNW arrays over a wide spectral bandwidth between 1200–

300 nm, we have designed and manufactured a new type of solar

cell based on VA-SiNW arrays.110 A power conversion efficiency

of 9.32%, open circuit voltage of 548.5 mV, short circuit current

of 26.06 mA and fill factor of 0.6512 were obtained, as illustrated

in Fig. 23(a).

The performance of our newly fabricated Si(111)-based SA-

SiNW array solar cells has been improved remarkably, with the

highest values of a power conversion efficiency of 11.37%, open

circuit voltage of 580.25 mV, short circuit current of 27.14 mA

and fill factor of 0.7222. The test result can be seen in Fig. 23(b).

Compared to the VA-nanowire based solar cells, the improved

device performance is attributed to a combination of the excel-

lent anti-reflection properties of the arrays and the decreasing

series resistance of the cell from the special slantingly aligned

structure.

In order to achieve a high power conversion efficiency of

SiNW-based solar cells, it is necessary to reduce charge recom-

bination, which decreases the external quantum efficiency (EQE)

and the fill factor. Highly stable SiNW density and charge

collection efficiency of electrode are also especially expected.

Our present results suggest the potential application of SiNW

in PV technology and also offer new opportunities in solar PV

technology.
This journal is ª The Royal Society of Chemistry 2009
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Fig. 23 I-V curves for different types of solar cells: (a) Current–voltage

(I/V) characteristics of a photovoltaic device based on VA-SiNW arrays

prepared on a monocrystalline Si substrate. (b) Current–voltage (I/V)

characteristics of our as-fabricated SA-SiNW array solar cell with highest

performance (ref. 110 and 111).
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5. Outlook

In the last decade, there have been intense activities in preparing

nanowires with favourable quantities. Obviously, nanowires of

much more inorganic materials will be prepared in the future with

new methods. However, the mechanisms of the growth of nano-

wires in most cases are not clearly known since most of the

nanowires are formed under a non-equilibrium state and

controlled by kinetic processes. To have a better understanding of

this, there is a need for theoretical and computational effort, which

can also provide predictions on the certain growth of some novel

structures. Even more efforts are needed for more complicated

systems involving new structural morphologies and new processes.

Furthermore, with the development of those in-situ nano-

manipulatesystems,theinvestigationscanbeconductednowonthe

electrical, mechanical, magnetic, optical and other properties of

nanowires. Based on these studies, nanowires will be possibly

exploitedasdeviceelements infuturearchitectures innanosystems.

6. Summary

In the last decade, much effort has been devoted to study those

nanowires which attract tremendous interest due to their novel
This journal is ª The Royal Society of Chemistry 2009
size- and dimensionality-dependent physical properties and their

potential applications in nanoscale functional electronics and

photonics.

In this feature article, a review of our contributions in the 1D

inorganic nanowires field is presented. Several synthesis methods

have been developed in our group, including template assisted

chemical deposition, CVD, electrospinning, etc., especially the

metal assisted chemical etching and catalytic templated etching

processes, which provide a novel access to fabricate Si nanowire

arrays (structure) and attract much attention in the nano-science

and technology field. Via these methods, various nanowires,

such as Si nanowires, and nanostructured metallic nanowires

(Ag, Ni, Pt, Cu, Fe etc.), oxide and nitride nanowires (ZnO,

SiO2, AlN, Ga2O3, GaN, etc.), heterojunction nanowires (Ni/

MWCNT/a-CNT, Ag/a-CNT, Ag/Si and Pt6Si5/Si), etc., have

been prepared.

With thorough structure characterization of these nanowires,

some unique phenomena are observed due to the size effect of

nanowires. 4H-structured Ag (which is absent in bulk Ag)

nanowires coexist with FCC-structured AgNWs with diameters

ranging between 8–100 nm, because of the favorable surface

energy. FCC and HCP Ni are also revealed in single crystal Ni

nanowire arrays.

In addition, some important properties of these nanowires,

including electronic, mechanical and magnetic properties, are

thoroughly investigated.

It was revealed that both the 4H- and the FCC-AgNWs are

metallic conductors, with comparable average resistivity, one

order of magnitude higher than that of bulk FCC-Ag, indicating

a bright future in applications as interconnecting elements. The

contacts between the a-CNTs and the metal nanowires are

proved to be ohmic. This finding has universal significance and

offers a wide opportunity for designing large-scale interconnec-

tions among nanowires.

An extraordinary mechanical property of ZnO was investi-

gated in our group: a size dependence of Young’s modulus in

[0001] oriented ZnO NWs with diameters ranging from 17 to 550

nm was revealed, and surface effects are thought to play

a significant role in determining the mechanical properties of

ZnO NWs according to our core-shell model.

For magnetic properties, single crystal FCC-Ni nanowires are

found to have good magnetic properties, and may have potential

applications in perpendicular magnetic recording.

Inspired by the excellent anti-reflection properties of Si

nanowire arrays, Si nanowire based solar cells have been devel-

oped. It shows the potential application of SiNW in photovoltaic

technology and may also offer new opportunities in solar

photovoltaic technology.
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