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Preface

During the last 20 years the nanotechnology has been a demand of the worldwide
technology. In the early 1990s the microscale technology was almost fully understood
and the scientists tried to find a solution how to miniturize electronic devices and en-
gineering applications to a microscale level. At that time they already had the evidence
that this is possible particularly due to fast development of microscope test equip-
ments and facilities. Advanced miniaturization was a key thrust area to enable new
science and exploration missions.

NASA's nanotechnology attempt started in 1996 and it resulted in the founding of the
Centre for Nanotechnology. Apart from this centre, the research has been focused on
the experimental research and development in computational nanoelectronics and
computational optoelectronics.

IBM's Nanotechnology Research Centre is one of the best centres in Europe which has
won considerable number of Nobel prizes. They are developing novel concepts in
nanotechnology for future needs of electronics, computing, sensors, and advanced
miniaturization of many systems.

Ultrasmall sensors, power sources, communication, navigation, and other systems
with very low mass, volume and power consumption are needed. A part of processing
of the ultrasmall system is a nanowire. Nanowire is the functional part in these appli-
cation systems individually, which improves them.

The nanowires research presents a whole new spectrum of opportunities to build de-
vice components and systems for entirely new space architectures.

Understanding and building up the foundation of nanowire concept is a high re-
quirement and a bridge to new technologies. Any attempt in such direction is consid-
ered as one step forward in the challenge of advanced nanotechnology.

In the last few years, InTech scientific publisher has been taking the initiative of helping
worldwide scientists to share and improve the methods and the nanowire technology.

This book is one of InTech's attempts to contribute to the promotion of the nanowire
technology. The book contains 23 chapters divided into five sections.



X

Preface

Silicon is the most important semiconducting material in microelectronics and silicon-
based devices. Silicon has played a dominant role in many components. Generally, the
semiconductor device consisting of nanowire arrays of p—n junction may provide a so-
lution for the design and optimization of this device. In the first section (Silicon Nan-
owires), we focus only on the silicon materials for system application. The section con-
tains six updatig silicon technology chapters. The chapters are framed to throw the
light on the current silicon nanotechnology.

Section two (Oxide Nanowires) is putting the stress on the growth of oxide nanowires:
Perovskite Oxide, compound, oxides (e.g., TiO2, ZnO), and their alloys. This section,
containing three chapters, is focusing on the growth methods, structural properties
and morphology of oxide nanowires.

Metal alloy as a unique generation semiconductor material (III-V), has shown great
adaptation in the applications of light-emitting devices (LEDs), short wavelength de-
vices (UV), microwave devices and high-power semiconductor devices, due to its ex-
clusive physical properties such as a high thermal conductivity, wide band-gap (3.39
eV direct gap at room temperature), high electron saturated mobility, high thermal
stability, and so on. Section three is comprised of four chapters describing the ad-
vanced technology of metal alloy nanowires.

Section four (eight chapters) is considering the development of more powerful elec-
tronics that depend on the progress in miniaturizing the components. However, the
laws of quantum mechanics, the limitations of fabrication techniques, and the cost of
the fabrication facilities may provide us with more information on the further scaling
down of the conventional metal technology. The alternative technologies have stimu-
lated a surge of interest in nanometer-scale materials and devices in recent years. Met-
al nanowires are one of the most attractive materials because of their unique properties
that may lead to a variety of applications.

Currently we are approaching the physical limits of conventional silicon-based elec-
tronics and there is a clear need for new types of materials that can deliver considera-
bly smaller devices with very individual characteristics. A strong candidate in this
field and of a great technological importance is the organic nanowire. The last section
in this book contains two chapters. One of them is studying the challenge of organic
nanowires.

Finally I would like to experess my great gratitude to InTech publisher and to all au-
thors for their own hard and individual work. Myself, as an editor, and the authors
would like to use this opportunity to share our research interest with every researcher
in the world and we hope that this book will be useful to them.

Dr. Abbass Hashim

Material and Engineering Research Institute
Sheffield Hallam University

UK
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Silicon Nanowire Waveguides and Their
Applications in Planar Wavelength Division
Multiplexers/Demultiplexers

Jun Song and Jinfei Ding

Institute of Optoelectronics, Key Lab of Optoelectronics Devices and Systems of Ministry
of Education/Guangdong Province, Shenzhen University,

Shenzhen,

China

1. Introduction

In the middle of last century, with the development of the first semiconductor transistor, the
age of micro-electronics has started. Since then, electronic circuits keep developing rapidly,
according to Moore’s famed law. Nowadays, in a very large scale integration chip (VLSI),
length is typically several tens of nanometers. Millions of such transistors can be integrated
in a single square millimetre area. With the maturing of the fabrication technology, the idea
of systems on chips has been brought up. People have successfully integrated the whole
system consisting of different functional modules, e.g., analytical circuits, radio frequency
modules, micro control units, digital signal processing modules, memories, micro electro-
mechanical systems, etc., in a single chip.

Photonics is the technology associated with signal generation, processing, transmission, and
detection where the signal is carried by photons (i.e., light). Photonics is a rapidly expanding
technology with applications in a large number of areas. One hitherto dominating sector has
been telecommunication, but photonics is much broader than that. Nowadays, besides
telecommunication, applications of photonics include consumption equipment, medicine,
industrial manufacturing, construction, aviation, military, entertainment, metrology,
photonic computing, etc. However, as compared to electronics, photonics is about several
tens of years behind in maturity. In order to compete with electronics in our modern life,
photonics has to follow the same development dynamics as electronics. Recently, Moore’s
law in photonics has been concluded by several researchers (Thylén et al.,, 2006). They
showed us very promising perspectives that the development of photonics is actually faster
than that of electronics, and the VLSI of photonics will be realized in the next twenty years.
As we have discussed above, the major issue in the development of photonics is to reduce
the dimension of devices, i.e., to increase the integration density. In the present chapter, we
will consider planar wavelength division multiplexers/demultiplexers as examples to show
the effective application of silicon nanowire technology in the modern photonics.

Fibre-optic communication is growing extensively in recent years. Nowadays a great
number of optical fibres are laid on all parts of the world, which dramatically increases the
capacity and the quality of telecommunications. However, traditional optical fibres are still
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inadequate to carry the heavy traffic resulted from the exponential increase of the
bandwidth demand. Fortunately, the wavelength division multiplexing (WDM) technique
provides an effective and low-cost way to increase the capacity tens or hundreds of times in
an optical transmission system.

WDM is a kind of frequency division multiplexing technique for fibre-optic cable in which
multiple optical carrier signals on a single optical fibre by using different wavelengths
(colours) of laser light to carry different signals. These channels are also called lambda
circuits. Think of each wavelength as a different colour of light in the infrared range that can
carry data.

Optical multiplexers and demultiplexers are the key components in the WDM fibre-optical
communication system. Multiplexers splice the different signal wavelengths together at the
input to the system and dernultiplexers split apart the different signal wavelengths at the
output of the system. Currently, commercially available components are mainly based on
thin film interference filters, fibre Bragg gratings or micro-optic techniques. A cost-effective
scheme for carrying more information is implemented by inserting them on both sides of a
fibre link. Arrayed waveguide gratings (AWGs) (Smit & Dam, 1996) and etched diffraction
gratings (EDGs) (Cremer et al., 1991) are two typical multiplexers/demultiplexers based on
planar integrated optical waveguides. They take the advantages of mature semiconductor
manufacturing process and can offer more than 40 channels of dense wavelength division
multiplexing (DWDM).

Different technologies based on different materials have been introduced to support planar
optical devices. Silica-on-silicon technology has been widely adopted for fabrications of
WDM devices in commercial systems, due to the material refractive index which matches
that of optical fibres. A common drawback of the silica-based photonic integrated devices is
the overall size of components, mostly limited by the large bending radius. This limitation is
dictated by a low refractive index difference between the core and the cladding. The size of a
typical device, e.g., a multi-channel EDG demultiplexer, is several cm? and the integration of
more complex structures is often difficult on a single wafer. To increase the integration
density for future WDM systems a considerable size reduction is necessary. III-V
semiconductor technology is another promising technology due to its ability to integrate
some optoelectronic or active devices (Cremer et al., 1991), e.g., high-quality lasers, high-
speed modulators, etc. It can also help to decrease the size of, e.g., an AWG to a few mm?2
based on the common ridge waveguide, but this is at the expense of higher loss, higher
material cost, and more complex fabrication technology. To stay with silicon, as it is the
most popular material for modern micro-electronics, Si based nanowire waveguides were
introduced (Bogaerts et al., 2005), formed as silicon strips on a silica layer. A very high
contrast of refractive index in all directions and high light confinement allow for a very high
integration grade.

Due to the compatibility of the fabrication technology with micro-electronics, silicon
photonics has attracted a lot of interests. Both AWGs and EDGs based on Si have been
studied in the recent years. However to maintain single mode propagation along such a
silicon nanowire waveguide the cross section of the waveguide becomes very small. The
performance of such sub-micrometer sized devices strongly depends on the fabrication
accuracy. For a passive component, when the feature size shrinks down to sub-micron or
nano scales, the most challenging issues are the scattering loss due to sidewall roughness
and the coupling efficiency from fibre. By optimizing the technology or employing a
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roughness reduction procedure (Lee et al., 2001), the propagation loss of a typical Si
nanowire waveguide has reached ~0.2dB/mm. The coupling efficiency can also be
improved significantly with a spot size converter (~0.5dB loss per connection) (Fukuda et
al., 2005). With these improvements, the high-index-contrast material structures for
photonic devices have been intensively studied during these years, since their ability to
achieve planar integration, and their compatible fabrication technology with micro-
electronics.

2. Silicon nanowires in photonics: designs and fabrications

Due to the compatibility of the fabrication technology with micro-electronics, silicon
photonics has attracted a lot of interests. A search for the high-index contrast waveguide led
us to the Si-channel waveguides that consist of a Si core with an extremely small cross
section and have a surrounding cladding of SiO, materials or air. Their basic characteristics
have been investigated, and many functional devices have been demonstrated by using
these waveguide structures. Various compact components based on Si nanowires, e.g.,
filters (Yamada et al., 2003), multiplexers (Chu et al., 2006), photonics crystals (Rue et al.,
2006), as well as a number of active devices like lasers (Rong et al., 2005), modulators
(Hattori et al., 2010), and switches (Belotti et al., 2010), were studied in the recent years.

2.1 Designs of silicon nanowire waveguide

First, the properties of the Si nanowire waveguide were studied. The typical structure of a Si
nanowire waveguide based on a Si substrate is shown in Figure 1 (a). The silica buffer layer
should be thick enough (~5 pm) to ensure a low leaky loss. For a typical photonics
application, the thickness h=250nm is fixed here, and the width w=500 nm is chosen, which
lies in the single mode region. The intensity profile of the propagating electric field is
simulated for the channel wire waveguides (see Figure 1(b)).

W

o-51:H l : Th
[ $i0,

substrate

@) (b)
Fig. 1. Sketch of a-Si nanowire waveguide (a) and the simulated intensity profile of the light
in the silicon waveguide

Since the structure is asymmetric along the y direction (see Figure 1 (a)), there exists a cut-
off width for each of the modes. Figure 2 shows the propagation constants of some
waveguide modes with different structural parameters. The single mode condition can be
easily drawn from this figure. It is worthwhile to note that at w=275nm the propagation
constants of TEg mode and TMp mode are equal. At this point, the birefringence in this Si
nanowire waveguide disappears. This might be used for building polarization independent
devices. Another interesting phenomenon here is the mode mixing between TMg mode and
TE1p mode around w=700nm, which results in a gap between the corresponding curves. This
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is because of the fact that these two modes have the same symmetry along the x direction
(Pavesi & Lockwood, 2004).
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Fig. 2. Propagation constants of different modes in Si nanowire waveguides. Here,
A0=1550 nm, h=250 nm, 15;=3.63, and n1sj0>=1.455. The solid lines are for TE modes, and the
dashed lines are for TM modes. The dash-doted line denotes 71si0.. Below this line, modes
become leaky.

Propagation losses in straight silicon nanowires arise from different sources, these includes
bulk and nonlinear absorptions, substrate leakage, and Rayleigh and sidewall roughness
scattering. The Bulk Si has a negligibly low absorption around 1650 nm. The nonlinear
absorption arises from high power interaction. If the power used is small, nonlinear effect is
not considered, equally for the Rayleigh scattering.

p

{

Fiber-

\

S1 nanowire-

@)

Fig. 3. Fibre butt coupling to Si nanowire waveguide (a); Schematic vertical coupler used to
couple light from the fibre into the Si nanowire and vice versa (Taillaert, 2004) (b)
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The coupling efficiency from fibre to silicon nanowire waveguide is also very crucial for
photonics applications. One wants to couple the biggest amount of light into the waveguide.
Some research has shown an efficient way to couple light from the fibre into the nanowire
and vice versa, by using grating couplers (see Figure 3), no lenses or focusing gratings are
needed, and indeed 38% of coupling efficiency can be achieved (Taillaert, 2004).

2.2 Fabrications of silicon nanowire waveguide

High-index contrast and highly integrated photonics requires a suitable fabrication
technology. The silicon nanowire waveguide fabricated and discussed in this chapter
consists of a 220 nm thick Si waveguide layer on top of 5pym thick buried oxide layer on a
Silicon substrate. By etching completely through the silicon waveguide layer, we obtain a
very high refractive index contrast leading to a strong confinement of the light. For silicon
nanowires of photonics applications, main fabrication processes are as follows.

2.2.1 Film deposition

To create thin films of the desired materials on a substrate is the beginning step of the device
of silicon nanowires fabrication. As shown in Figure 1, ~5 pm silica buffer layer and 250 nm
a-Si:H core layer will be successively deposited on a silicon wafer. A uniform, smooth, and
defect-free film is always expected. Usually, the plasma enhanced chemical vapour
deposition (PECVD) technology is employed for hydrogenated amorphous silicon (a-Si:H)
and silica depositions.

Parameters SiO, a-Si:H

SiHy flow rate 20 sccm 60 sccm

NO flow rate 2000 sccm 0 sccm
pressure 300 mTorr 270 mTorr

RF power 800 W 5W

RF frequency 380 kHz 13.56 MHz

temperature of showerhead 300 °C 300 °C

temperature of platen 250 °C 250 °C
deposition rate ~160 nm/min ~8 nm/min

Table 1. Process parameters for depositing some films with PECVD

A full description of this deposition process is extremely complex; please refer to the book
(Schul & Pearton, 2004) for detailed discussions. Generally speaking, the chamber is first
evacuated, then gases with the required species are filled in the chamber through the
showerhead. RF energy at a desired frequency (380 kHz or 13.56MHz) is capacitively
coupled in through a matching unit. Plasma is started between the showerhead and
the bottom electrodes, which are both usually heated around 250°C. The highly energized
electrons in this plasma cause the dissociation of the gas precursors into free
radicals. These radicals arrive at the substrate by diffusion, and react with each other to
establish chemical bonds, then to form the film. The most critical parameters for
this deposition process include the gas composition, the process pressure, the RF power
and frequency, the temperature of the platen and showerhead. All of there parameters
have been optimized for 5 pm silica buffer layer and 250 nm a-Si:H core layer
(see Table 1).
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2.2.2 Pattern generation

After thin film deposited, the wafer was then cleaved into small samples. Then a process of
pattern generation will be carried out. Lithography technology with high resolution and
accuracy is required for patterning the photonic components on the desired material. When
pushing the lateral dimension of a silicon nanowire waveguide down below half micron, the
resolution of conventional I-Line (365nm) steppers is not sufficient. Deep ultra-violet
(248nm) lithography has been adopted for fabrication of silicon nanowire waveguides
(Bogaerts et al., 2005). The electron beam lithography (EBL) can also be employed, since its
low running cost and ability to push the resolution further down to ~50nm. We ever use the
Raith 150 EBL system for creating the patterns of Si nanowires. To increase the coupling
efficiency, the width of each input waveguide can be tapered from 500 nm to 2 pm through
a 25 pm long linear taper. Another write-field with size of 100pm is employed for these 2 pm
wide access waveguides.

E-beam resists are the recording and transfer media for EBL [8]. We can categorize them into
two types, positive resists and negative resists. Now, a negative resist (ma-N 2405) is chosen
and spined onto samples. The process for a resist is as follows:

Spinning at 3000 rpm-6000 rpm to obtain 500 nm-300 nm thin films;

Soft-bake on 90 °C for 3 minutes to drive out the solvent, and consolidate the film;

Exposure at 25kV with 120pC/cm2;

Developing with ma-D 532 for 3.5 minutes to form the pattern;

Stripping under O, plasma or acetone.

- Gas Inlet Multipolar
Q Matching | Magnetic
Unit —’L» - Confinement

13.56MHz RF o é! o [-JN-1N-] |

Coil

Processing
Height

Pumping
Port

13.56MHz RF,

Helium Cooling emperature Controlled

Gas Inlet Electrode

Matching
Unit

Fig. 4. Sketch of a ICP-RIE system

2.2.3 Pattern transfer

We always need to transfer the pattern from the resist onto the target silicon films. This can
be achieved usually by etching technique. Reactive ion etching (RIE) technology has been
widely adopted for etching semiconductors, dielectrics, and metals, due to its ability to
achieve anisotropic, high-selectivity, and high-aspect-ratio etching. However, for the
capacitively coupled systems of conventional RIE, the plasma density and energy of ions
bombarding the substrate are correlated. By employing an inductively coupled plasma
(ICP)-RIE system (see Figure 4), they can be adjusted separately. In this system, the RF
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power on the coil is mainly responsible for the plasma density, while that on the platen
controls the ion energy. In this thesis work, the samples were etched using ICP-RIE
technology with the SF6 and C4Fs gas mixture, where C4Fs is responsible for the carbon-
fluorine polymer deposition to protect the sidewalls, and SFs is the main etching gas
providing reactive F radicals. The corresponding process parameters are as follows: coil
power is 500 W, platen power is 20 W, platen temperature is 20°C, pressure is 20 mTorr, and
the flow rates of SF6 and C4F3 gas are 10 and 15 sccm, respectively. Then, a Si etching rate of
~220nm/min is obtained. After the etching process, the samples were baked at 110 °C for
30min in an oven just before etching. This helped to reduce the sidewall roughness.

(a)

bi-layer resist
structure

4

material
deposition

I

resist

stripped

Fig. 5. Flow of the the lift-off process (a) and Fabricated structure of an Al hard mask

on Si (b)

Depending on the material and some other aspects, several transfer steps might be needed
(e.g., first transfer to a metal layer with lift-off, and then perform silicon etching). Figure 5
shows the typical flow of a lift-off process. A material is deposited onto the substrate usually
with evaporation because of the high directivity of the incoming molecules. With the benefit
of the undercut profile of the bi-layer resist structure, the material which is deposited on the
substrate and on the resist is well separated. Then, the resist is washed away in a solvent,
e.g., acetone or Remover 1165, usually with the aid of ultrasonic agitation. The material
deposited on the resist is “lifted-off” from the substrate, while that deposited directly on the
substrate remains. Note that the polarity of a pattern is also reversed (e.g., from a positive
image to a negative image) in this case. Figure 5 (b) shows a fabricated structure with the
lift-off process, where the pattern has been transfer to an Al layer, which will be used as a
hard mask for the subsequent Si etching.

2.2.4 Measurements

Fabricated silicon-nanowire devices have to be carefully detected using a end-fire coupling
setup. A typical end-fire coupling setup is mainly employed to test silicon photonic
components as shown in Figure 6. An amplified spontaneous emission (ASE) source gives a
broadband unpolarized light with spectral range 1530nm-1610nm. This unpolarized light is
butt-coupled to the input waveguide of a component through a focusing gradient index
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(GRIN) lens. The output light is collected with a microscope objective and split into two
beams, one to an infrared (IR) camera, and the other to an optical spectrum analyzer (OSA)
through a multi-mode fibre. Polarizers are inserted in front of the IR camera and the multi-
mode fibre in order to separate the two polarizations.

cleaved sample
ASE source ~2mm wide  objective beam splitter ~ Polarizer
1530nm-1610nm GRIN lens 60X

e ]

pu]urizcr+

IR

camera

multi-mode
fiber

Fig. 6. Sketch of the end-fire characterization setup

3. Planar wavelength division multiplexers/demultiplexers based on silicon
nanowires

As one of typical applications of silicon nanowire platforms, the chapter will review the
recent progress of planar waveguide multiplexers/demultiplexers using Si-nanowire
waveguides, including different improved designs and their effective applications in optical
networks.

3.1 Filter-type multiplexers/demultiplexers using silicon nanowire platforms

Several different approaches have been reported for wavelength multiplexer and
demultiplexer on silicon platform. For a 1: N multiplexer or demultiplexer, if the channel
number is not large (e.g., N equals to 2, 4 and 8), planar filter including Mach-Zehnder
interferometer (MZI) based interleaver and cascaded ring add/drop filters using high index
contrast Si waveguide have the potential to make very compact multiplexer/demultiplexers
with desirable optical performance. On the other hand, multiplexers based on AWG and
EDG devices are typically large in size but low insertion loss, more desirable for multiple
channel applications (e.g., N equals to 16, 64 and 128). MZI filters with flat-top filter
responses can contribute to large tolerances to fabricated waveguide width, operated laser
wavelength and temperature deviations. Ultra-compact ring resonators based add/drop
filters have the small pass band and large channel isolation.

3.1.1 Multiplexers based on MZI filters

A typical MZI is shown in Figure 7(a). Two waveguides with a length difference of L
connects L/8-long directional couplers, where L is the total length of the directional coupler
in the MZI. The longer unbalanced interferometer arm consists of four curved and two
straight sections. The shorter interferometer arm consists of four curved sections and one
straight section. The same radius of curvature R and the same directional angle change ©
are used for all curved waveguides. The length difference L is generated in the straight
waveguide sections.
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Four MZIs are connected to form four-stage MZI as shown in Figure 7(b). Flat-top filter
responses are attained for both the cross- and bar-state wavelength bands using the four-
stage MZI (Okayama et al., 2010). For a conventional planar waveguide demultiplexer, the
shape of the spectral response is of Gaussian type. Therefore, the transmission efficiency is
sensitive to a slight wavelength shift and the device is not suitable for high-speed
modulation. These drawbacks limit the applications of planar waveguide demultiplexers of
Gaussian type in WDM systems. A planar waveguide demultiplexer with a flattened
spectral response is thus desirable. The calculated MZI filter response at -40 and 80 C is
shown in Figure 8. The real and dash lines mean two different beam polarizations
respectively. A properly designed device can minimize the polarization sensitivity
(Okayama et al., 2010).

AL

Unbalanced
arm
Ag=1.3um

—

-
Ae=1.49um
<>

AlLcos® \
1-cos®

Mach-Zehnder Unit

Directional coupler

Sub-Unit

Fig. 7. Four-stage MZI filter: MZI unit (a) and four-stage filter structure constructed by
cascaded MZI units (b)
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Fig. 8. Simulated spectrum response of four-stage MZI filter at different temperatures
(Okayama et al., 2010)

Reconfigurable optical add-drop multiplexers (OADMs) are fundamental devices in WDM
optical networks, since they can be used for dynamically wavelength routing and for
replacing any failed OADM unit. MZI typed OADMs using silicon nanowires have also
been proposed with Bragg-grating reflectors to tune the dropping wavelength through
thermo-optic effect (Chu et al., 2006).

Cross section of the 3-dB coupler
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Fig. 9. Structure schematic of wavelength-tunable OADM (Chu et al., 2006)

The structure schematics of the fabricated tunable OADM are shown in Figure 9. It is
composed using a MZI and two straight waveguides with Bragg-gratings-reflectors based
on silicon nanowire platform. The Bragg gratings are formed by periodically making small
fins (~30 nm size) on the side wall of the straight silicon photonic wire waveguides. Metal
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thin-film heaters are arranged on the Bragg grating waveguides for thermo-optic control. By
changing the heating current on the heaters, different wavelength channel can be dropped
in the DROP port (see Figure 9).

3.1.2 Multiplexers based on ring-resonator filters

The ring resonator is one of the most suitable applications of Si nanowire waveguides with
small bending radii (i.e., less than 10 pm). Ring resonator coupled with two bus waveguides
forms a 4-port add/drop filter device, as shown in Figure 10. For unit optical input at port 1,
its through output is usually at port 2. However, the drop output can be at port 3 when the
radius R of the ring waveguide has a strong resonance with the corresponding incident
wavelength.

— = —

3 4

Fig. 10. Add/drop filter using ring resonator coupling with two bus waveguides

To make multi-channel multiplexers, multiple add/drop filters can be cascaded using rings
slightly different in size. Figure 11 shows a four-channel wavelength add-drop filter using
four ring resonators with different bend radii (6, 6.02, 6.04, and 6.08 um). However with this
approach not only the resonance wavelength but also the free spectral range will vary (i.e.,
there is no linear relationship between the resonance wavelength and the change in radius).
Therefore, the kind of multiplexers has the variable spectral band width for different
channels (Bogaerts et al., 2006).

20pm

Fig. 11. Four-channel demultiplexer using ring resonators with different bend radius
(Bogaerts et al., 2006)
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Another fabricated 1x4 WDM multiplexer/demultiplexer with integrated thermal tuning is
shown in Figure 12 (Zheng et al., 2010). Instead of using rings slightly different in size to
achieve filters with different central wavelengths, identical rings with integrated thermal
tuning are used. For better efficiency, the heater is directly integrated to the ring waveguide
by doping part of the ring slab as doped resistor, as inset Scanning electron micrograph
(SEM) picture shown in Figure 12. Injecting current to the doped resistors though the tuning
pads, the ring waveguide can be heat up, and in turn the index of the waveguides are
changed to shift the filter central wavelength until it's aligned with the target wavelength
channel. Compared with the device shown in Figure 11, the 4-channel demultiplexer has a
uniform 3dB pass band larger than 0.4 nm across all four channels.

12um Ring —
Doped slab resistor

Electrode contacts

Bus Waveguice | HEEEREERT
L 12 __ ‘Tuning Pads ~

— .
p— s e — :

1

| |
| \ |
A ! !

Grah '
corl:lapl ags [ ] | Ad Drop ports

Fig. 12. Fabricated 1x4 multiplexer/demultiplexer by cascading 4 ring add/drop filters with
integrated doped resistor thermal tuner (shown in the inset SEM picture) using FreeScale
130 nm CMOS process (Zheng et al., 2010)

3.2 Multiple-channel multiplexers/demultiplexers using silicon nanowire platform
Although planar filters are enough simple and effective for the applications of wavelength
multiplexing and demulitplexing, they have to be cascaded to support multiple operated
wavelength channels, which increase the insertion loss and the noise. AWGs and EDGs are
two typical multiplexers/demultiplexers based on planar integrated optical waveguides,
which can offer more than 40 channels of dense WDM.

3.2.1 AWGs

Figure 13 shows a schematic representation of the AWG demultiplexer. The device consists
of two star couplers, connected by a dispersive waveguide array. The operation principle is
as follows. Light propagating in the input waveguide will be coupled into the array via the
first star coupler, which is also known as free propagation region. The arrayed waveguides
have different lengths. Specifically, the path length difference between adjacent waveguides
is constant. The different wavelengths of the light experience different phase changes within
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the arrayed waveguides. As a consequence, the field distribution at the input aperture will
be reproduced at the output aperture. Therefore, at this wavelength, the light will focus in
the center of the image plane (provided that the input waveguide is centered in the input
plane).

Arrayed waveguides Output slab waveguide

Input slab waveguide

\

Input waveguide
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Fig. 14. AWG layout based on Si nanowire waveguides (a); light propagation in the
microbends (b); the calculated spectral response (c) (Dai & He, 2006a)

As a design example, a design layout is shown in Figure 14 (a) based on Si nanowire
waveguides, where the two free propagation regions are overlapped and a series of
microbends are inserted at the middle of arrayed waveguides (Dai & He, 2006a). With such
a microbend design the device size is minimized to only about 0.165mm?2. Figure 14 (b)
shows the light propagation in the microbends of the arrayed waveguides. From this figure,
one sees that the coupling between arrayed waveguides is negligible even when the adjacent
arrayed waveguides are placed very closely. This is due to the decoupling separation of Si
nanowires is at the order of 2 pm. Figure 14 (c) shows the calculated spectral response
(which does not include the coupling loss between the input/output waveguides and the
fibres). From Figure 14(c), one sees that the calculated crosstalk is smaller than -30dB. The
excess loss due to the inserted microbends in the arrayed waveguides is very small when the
bending radius is large enough.
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70pum

60 um

Fig. 15. SEM picture of a fabricated AWG based on Si nanowire platform (Sasaki et al., 2005)

Figure 15 shows a SEM picture of a fabricated AWG chip with only 70X60 pm? size
(Sasaki et al., 2005). The clear Gaussian spectrum is obtained with a channel spacing of 11
nm, a loss of less than 1 dB, adjacent channel crosstalk of ~13 dB, and an oscillation by the
Fabry-Perot resonance of 0.9 dB. In addition, the free spectral range is measured to be 92
nm, which is close to the theoretical value. The dimension of the Si nanowire AWG is 2-3
orders of magnitude smaller than conventional silica based AWG devices. However, the
channel crosstalk is too large to satisfy a practical WDM application for the present silicon
nanowire AWGs.

An improved design to reduce the channel crosstalk has been proposed by inserting a
parabolic taper to expand the guided light beam without exciting higher-order modes
(Ohno et al., 2006). Figure 16 shows the modal profile in the slab waveguide, provided that
the taper length is 3 pm and the taper width is taken as a parameter. Here, the profile is
observed on an arc showing the best fit to the wavefront of the expanded beam. The best
Gaussian-like beam is observed for taper width equals to 1.48pm, as shown in Figure 16.
With the optimal design, the channel crosstalk can be reduced to -22 dB in the best
spectrum.

For Si nanowire devices, owing to the difference in the propagation constants of the
transverse electric (TE) and transverse magnetic (TM) modes in planar waveguides,
the polarization sensitivity occurs in the spectral responses, which results in a shift in
the spectral response peak of each wavelength channel. This wavelength shift is
sensitive to the design of the planar waveguide, and can range from a few tenths of
nanometers to a few nanometers. As WDM systems move toward closer and closer
channel spacing, even a small polarization dependent wavelength shift becomes a severe
problem.
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Fig. 16. Improved input waveguide to reduce the channel crosstalk of Si nanowire AWGs
(Ohno et al., 2006)
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Fig. 17. Design of a polarization insensitive AWG demultiplexer based on silicon photonic
wires: Schematic configuration for an AWG demultiplexer (a) and simulated spectral
responses (TE and TM polarizations) of the designed low AWG for the central and edge
channels (top figure), and enlarged view (bottom figure) (b) (Dai & He, 2006b)
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A polarization insensitive design of AWG demultiplexers based on Si photonic wires has
been presented (Dai & He, 2006b). By optimizing the height and width of the arrayed
waveguides, the channel spacing becomes polarization insensitive. To reduce polarization
dependent wavelength shift, different diffraction orders for the TE and TM polarizations are
chosen. A non-central input has been used to eliminate the shift. The Si photonic wire with
an air cladding is considered as an example, and the cross section is shown in the inset of
Figure 17(a). When one chooses w.,=297 nm and h,=362 nm, a maximal fabrication tolerance
for the core width is obtained. By selecting different diffraction order for both polarizations
(mre=61 and mrm=72), one can obtain a low polarization shift. The simulated spectral
responses are shown in Figure 17 (b), from which one sees that the peaks of the spectral
responses for the TE and TM polarizations are almost the same. This indicates that both the
channel spacing and channel wavelengths are polarization insensitive, as predicted.

3.2.2 EDGs

EDG demultiplexers, which integrate the function of a flat grating and a focal lens, can
image the input field while dispersing the wavelengths. The Rowland circle structure for
a concave grating is one of the most popular configurations for a spectrometer, and has
been adopted in an EDG demultiplexer for DWDM applications. Although an EDG
demultiplexer is more difficult to fabricate (mainly in the deep etching of the grating
facets), it is more compact than an AWG and potentially has a higher spectral finesse
(since the total number of the grating facets of an EDG can be much greater than the total
number of the arrayed waveguides in an AWG with the modern semiconductor
fabrication technology). Unlike in a conventional AWG, the input and output waveguides
in an EDG can be arranged at the same side facing the grating, and this allows a low-cost
single-side packaging of the chip.

input with all wavelengths etched grating

ll’ A«z ’137_._ —
| free propagation reglo
A ﬂuj A, output in different channels

Fig. 18. Schematic diagram of an EDG demultiplexer

An EDG based on a Rowland mounting is illustrated in Figure 18. The field propagating
from an input waveguide to the free propagation region is diffracted by each grating facet. It
is then refocused onto an imaging curve and guided into the corresponding output
waveguides according to the wavelengths. The grating of an EDG demultiplexer is usually
coated with a metal (e.g., Au) at the backside in order to enhance the reflection efficiency. In
order to reduce reflection loss without the additional processing steps required to coat the
back of the grating facets with a reflecting metal coating, a retro-reflecting V-shaped facet
was used at each grating tooth. A SEM photograph of the etched grating based on silicon
nanowire platforms is shown in Figure 19. In this design light hits each grating facet at
about 45 ° incidences producing total internal reflection (Song & Ding, 2009).
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Fig. 19. SEM photograph of a section of the etched grating showing the retro-reflecting V-
shaped facets (Song & Ding, 2009)

An EDG demultiplexer based on commercially available silicon-on-insulator (SOI) wafer was
recently studied with good performances (Brouckaert et al, 2010). Figure 20 shows the
fabricated demultiplexer on a nanophotonic SOI platform using standard wafer scale CMOS
processes including deep-UV lithography. The device has four wavelength channels with a
channel spacing of 20 nm and a record-small footprint of 280 x 150 pm2.

free propagation
region

2 um wide
shallowly etched
waveguides

500 nm wide
photonic wires

Fig. 20. SEM picture of 1 x 4 EDG demultiplexer using nanophotonic SOI platform
(Brouckaert et al., 2010)
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Except the commercial SOI platform, the amorphous-Si (a-5i) is the other important material
for nanowire waveguide devices. Although the loss is larger due to the large scattering loss
of a-Si waveguides than commercial a SOI wafer, this technology is more versatile since
thickness and refractive indices can be adjusted in some range to fit some special
requirements and designs. The fabrication process can also be optimized to obtain high
quality and high precision. Figure 21 shows a fabricated EDG picture based on a-Si-on-5i02
instead of commercial SOI wafers (Song & Ding, 2010a).

100 pm EHT = 2.00 kV Signal A= SE2
WD= 5mm Mag= 328X

Fig. 21. SEM picture of an EDG demultiplexer using nanophotonic amorphous-Si platform
(Song & Ding, 2010a)

. Pl echelle grating
Ql
access waveguides
\ b

Pn

compensating
region

Fig. 22. A schematic show of an EDG, the polarization compensation region is Q:P1P,, where
n is the total number of the grating facets, I is the incident point (Zhu et al., 2008).
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The performances of multiplexers based on both silicon nanowire materials are influenced
by the large polarization dependent wavelength shift. The method shown in Figure 22 has
effectively been used for the polarization compensation of AWGs. However, the same
method can not be used for the case of EDGs. For an EDG demultiplexer, there exists a
simple free propagation region (a 2D-slab). No other design freedom can be used to
compensate the birefringence in the only free propagation region. Recently, by integrating a
prism-like polarization compensator in the slab waveguide region adjacent to the grating,
one can also obtain a low polarization sensitivity of the design for EDG demultiplexers (Zhu
et al, 2008). The same method is also effective for an AWG case. A schematic of the
polarization compensated waveguide demultiplexer based on an etched diffraction grating
is presented in Figure 22. The polarization compensator consists of a prism-shaped region,
which has different effective indexes (for both TE and TM modes) from those of the slab
waveguide surrounding it. It can be realized by shallow etching in the same process step as
that used to define the single mode ridge waveguides. Thus, no additional processing steps
are required. The shape of this area can be optimized to compensate the birefringence in the
large free propagation region.

EDG demultiplexers based on conventional waveguide platforms have usually large grating
facets, which are advantageous to lowering the manufacturing difficulty. Therefore, we can
easily obtain a lower than 30 dB sidelobe level for conventional fabricated EDGs. However,
all fabricated EDG demultiplexers using silicon nanowire technology have the sidelobe level
from 10 dB to 15 dB due to their sub-wavelength facet size, which leads too high noise floors
to satisfy practical WDM requirements. A low sidelobe design has been proposed using
Fourier analysis to lightly modulate the size and structure of each retro-reflecting V-shaped
facet (Song & Ding, 2010Db).
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Fig. 23. Spectral responses at the central channel using the conventional and improved
design (Song & Ding, 2010b)
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Figure 23 shows the spectral responses of the central channel using both the conventional
and improved design. Final reflection coefficient for each facet is also shown in the upper-
right corner in Figure 23. Due to the effect of the concave grating using the conventional
design, the image field distribution near each output waveguide will expend larger
sidelobes into the two adjacent waveguides, which results in a large noise floor for the
spectral response (see Figure 23). Suppressing crosstalk as small as 30 dB is usually
considered inside specifications for telecommunication. In the fabrication process, some
technical factors (e.g., writing resolution of photomasks) will also deteriorate the crosstalk
performance for an EDG demultiplexer. Therefore, it is of necessity that suppressing
crosstalk to less than 50 dB in theory to give an enough space for some fabrication errors.
From Figure 23, one can see that the sidelobes using the design by modulating the transfer
function into a Gaussian distribution can keep to less than -50 dB. However, the present
design also results in an extra loss for the operational spectrum. For the central channel, the
additional loss using the low noise floor design is about 2.6 dB. As shown in the upper-right
corner in Figure 23, the additional loss results from the process of Gaussian apodization.
Therefore, it is possible to reduce significantly the loss with a slightly more generous
sidelobe suppression requirement.

4. Conclusion

This chapter has reviewed the recent progress of silicon nanowire waveguide devices and its
applications in planar waveguide multiplexers/demultiplexers, including main structures
and their different improved designs. The characteristics of Si photonic wire waveguides
and ultrasmall optical devices fabricated with this waveguide structure have been
described. As application examples, very compact wavelength-selective functions in silicon
nanowire platforms have been demonstrated. These include MZI filters, ring resonators,
AWGs and EDGs. A few MZI filters are cascaded to attain a flat-top filter response. Micro-
ring resonators are easily used to design reconfigurable optical add-drop multiplexer with
low-power-consumption, highly flexible and ultra-compact size. AWGs and EDGs are two
types of the key components for constructing flexible and large capacity optical networks.
We have described their operation principle. Some design examples for Si-nanowire-base
AWGs have also been introduced to meet the urgent demand of the size-reduction and
increase the scale of planar devices. Some designs for achieving low crosstalk and
polarization independence have been reviewed in detail in this chapter.
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1. Introduction

In recent years, silicon photonics has been considered as a new promising technology
platform for low-cost optical communications and interconnects. Silicon photonic devices
can be fabricated using existing semiconductor techniques. It has the possibility to integrate
optical and electronic components onto a single microchip since silicon is already used as
the substrate for most integrated circuits. Silicon nanowire waveguides based on silicon-on-
insulator techniques have exhibited the high-density integration of optical circuits due to the
strong light confinement from its high refractive-index contrast. Nowadays, the silicon
nanowire waveguides can be easily fabricated with the accuracy of nanometer and the
power density is higher than that of the conventional single-mode fiber by a factor of about
1000 (Fukuda et al., 2005). Therefore, nonlinear optical effects will easily occur although a
low input power is used. On the other hand, the nonlinear Kerr coefficient of silicon is still
high, which strengthens the nonlinear ability of silicon nanowire waveguides. Many kinds
of nonlinear effects, such as self-phase modulation, cross-phase modulation, stimulated
Raman scattering, two-photon absorption (TPA), and four-wave mixing (FWM), have been
observed in silicon nanowire waveguides, and have been used to realize silicon Raman
lasers (Boyraz & Jalali, 2004), Raman amplifiers (Liang & Tsang, 2004), all-optical switches
(Almeida et al., 2004), logical gates (Liang et al., 2006), parametric amplifiers (Foster et al.,
2006), and wavelength converters (Rong et al., 2006).

In particular, wavelength conversion is an essential operation in wavelength-routing
wavelength division multiplexing networks and FWM in silicon nanowire waveguides has
been regarded as a promising alternative due to the all-optical and strictly transparent
characteristics, etc. Wavelength conversion has been realized in silicon nanowire waveguides
using coherent anti-Stokes Raman scattering (Raghunathan et al, 2005) or nonresonant
electronic response FWM (Lin et al, 2006). For a real-life wavelength converter, conversion
efficiency and bandwidth are two important figures of merit. In addition, polarization
dependency will also influence the performance of wavelength converters. Different from the
wavelength conversion in optical fibers, the nonlinear losses due to TPA and TPA-induced
free-carrier absorption (FCA) will greatly affect the conversion efficiency in silicon nanowire
waveguides (Sang & Boyraz, 2008), especially where the FCA effect is quadratically
proportional to the incident power.
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In this chapter, the theoretical model of FWM in silicon nanowire waveguides will be
introduced by taking into account all the factors including self-phase modulation, cross-
phase modulation, TPA, and TPA-induced FCA. The progresses on the bandwidth
enhancement will be reviewed by engineering the dispersion profile of the silicon nanowire
waveguide through changing the waveguide geometry or designing special waveguide
structures, as the phase-matching condition of the FWM effect is tightly dominated by the
waveguide dispersion. Also, the bandwidth can be enhanced by introducing two-pump
regimes and realizing wavelength conversion via nondegenerate FWM. FWM based
wavelength conversion is tightly related to the state of polarization (SOP) of the input signal
with respect to the pump. In particular, no converted signal can be generated if they are
polarized orthogonally to each other. The realization of polarization independency of
wavelength conversion in silicon nanowire waveguides will also be reviewed to eliminate
the influence of the polarization of the input signal wave.

2. Theoretical model of FWM in silicon nanowire waveguides

FWM in silicon nanowire waveguides can be classified as degenerate and nondegenerate
FWMs according to the number of the incident pumps. Degenerate FWM efficiently occurs
when a single pump wave }, is injected into a silicon nanowire waveguide together with a
signal wave A; when the phase-matching condition is well satisfied. A converted wave A, is
generated under the energy conservation condition 1/A. = 2/A, - 1/A.. By taking the linear
propagation loss, TPA, and FCA into account, the coupled equations for the FWM process
under the continuous wave or quasi-continuous wave assumption can be expressed as
(Zhang et al., 2009)

dAp 1 ) 2 2 2 L .
z:—i(ap+anAp+aFCAp)Ap+])/pUAP‘ +2|Af +2|A ] }AP+2]ypApAsAcexp(]A,6'z)(l)

dA 1 . 2 . .
dzs = _E(as + rpps + Upcas ) A +]ys[2‘Ap‘ + ‘AS‘Z + Z\AE‘Z}AS + jy AL exp(—jABz) (2)
dA 1 . 2 L .
dZC = _E(ac +O'ITPAC +aFCAc)Ac +]7/c |:2‘Ap‘ + Z‘As‘z + ‘AC‘Z}AC + ]7CA5A;2; exp(—]AﬂZ) (3)

For the nondegenerate FWM, two pumps A1 and A,; are injected into the silicon nanowire
waveguide together with the signal A;. A converted wave A is generated at 1/A. = 1/A1 +
1/Ap2 - 1/ As. The coupled equations can be expressed as (Gao et al., 2010)

dA X 1 ) 2 2 2 2
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+ 270 A A exp(jAS2)
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In Eqgs. (1)-(7), App1p2sc(2z) are the amplitudes of the pumps, the signal, and the converted
waves, ypp1p2sc are the nonlinear coefficients, Af is the linear phase mismatch, ay 125 are
the linear-loss coefficients, arpappipzsc and arcappipzsc are the nonlinear-loss coefficients
caused by the TPA and FCA effects. Mathematically the loss coefficients induced by TPA
and FCA can be expressed as

Qrpp; = Prea {Aiz +23) Amz] ¢
Aeff m#i

(i,m = p,s,c for single-pump FWM; i,m = p1,p2,s,c for two-pump FWM) 8)

m°n A
Qrcai = % ﬂTPAT {Zﬂm ‘Am‘ Z w]

2he Aeff m#n

(i,m = p,s,c for single-pump FWM,; i,m = p1,p2,s,c for two-pump FWM) 9)

where 0;,1,2,5,c are the FCA cross sections.
Denoting the nonlinear index coefficient of silicon as 75, the nonlinear coefficients for the
involved waves can be calculated as

vi= 27?712//11Aeff , (i=pplp2s;c) (10)

Since all the involved waves are in the same wavelength region, it is reasonable to consider
App1p2sc = A Opplprsc = 0, and Yepip2se = V- SUPPOSing Pp,pl,pZ,s,c = |Ap,p1,p2,s,c | 2 the phase
mismatch can be reduced to a simple expression for single-pump FWM (Foster et al., 2007):

K, =AB+2yP, =B+ . —2f, + 2P, 11

And for the two-pump FWM:

Kud :Aﬁ+7(Pp1 +Pp2):ﬁs + B = B = By +7(PP1 +P”2) 12

where f, 51,25, are the wave numbers of the interacting waves.

In lossy cases and saturation regimes only numerical solutions are available for Egs. (1)-(3)
or Egs. (4)-(7). In particular the solution to Eq. (3) or Eq. (7) leads to the definition of the
conversion efficiency and the conversion bandwidth. The calculation of conversion
efficiency, which is defined as

7(dB) =10logy,[P.(2) / P.(0)] (13)
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provides an easy solution to the determination of the conversion bandwidth after solving
the coupled equations numerically.

3. Wavelength conversion based on FWM in silicon nanowire waveguides

FWM is considered to be an effective way to realize all-optical and strictly transparent
wavelength conversion. In this section, the applications of FWM in silicon nanowire
waveguides on wavelength conversion will be introduced, including bandwidth
enhancement, efficiency improvement, and polarization independency.

3.1 Bandwidth enhancement and efficiency improvement of FWM-based wavelength
conversion

Conversion bandwidth and efficiency are two important performances for wavelength
conversion in dense wavelength division multiplexing systems. For FWM-based wavelength
conversion, the conversion bandwidth is dominated by the phase-matching condition. Since
the phase mismatch is effectively changed by the dispersion profile and the pump
wavelength setting, it is reasonable to realize broadband wavelength conversion through
dispersion engineering or two-pump regime.

3.1.1 Optimization of waveguide geometry

The conversion bandwidth is dominated by the dispersion property of the waveguide since
it determines the linear phase mismatch of the involved waves. The linear phase mismatch
can be considered as the contribution of two parts: one is the material dispersion, which is
large and normal within the telecommunication wavelength range; and the other is the
waveguide dispersion, which can vary from anomalous to normal by adjusting the
waveguide dimensions (Turner et al., 2006). Considering a silicon channel wavegudie, Fig. 1
shows the values of the zero-dispersion wavelength (ZDW) corresponding to different
waveguide sizes. Generally, there are two ZDWs in the entire wavelength region and both
of them shift to the long wavelength for TE mode as the waveguide dimensions increase.
For TM mode, the left ZDW shifts first to the short and then to the long wavelength and the
right ZDW keeps increasing as the waveguide dimensions increase. Figures 1(a) and 1(b)
show the distribution of the left and the right ZDWs for TE mode in terms of the waveguide
dimensions, respectively. Figures 1(c) and 1(d) are for TM mode. The available wavelength
range is considered from 1300 to 2000 nm (shown as the colorful zone in Fig. 1). The white
zone in Fig. 1 indicates that there is no ZDW within this wavelength range.

In order to avoid the influence of higher-order modes on the FWM process, the nanowire
waveguide is required to be of single mode. The single-mode condition for the waveguides
at a specific wavelength of 1550 nm is numerically analyzed by using the semi-vectorial
beam propagation method. To obtain the single-mode condition, one can scan the height
and width of the silicon nanowire waveguide and judge whether higher-order modes exist.
For a fixed height we reduce the width with a step of 5 nm until all the higher-order modes
disappear. The calculated results are also shown in Fig. 1. The solid curves indicate the
critical boundaries of single mode for TE mode in Figs. 1(a) and 1(b), and the curves are for
TM mode in Figs. 1(c) and 1(d). The single-mode region is on the left-bottom side of the
curve and the multi-mode region is on the right-top side in each figure.
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Fig. 1. Distribution of the ZDWs for the TE and TM modes. (a) the left ZDW for TE mode; (b)
the right ZDW for TE mode; (c) the left ZDW for TM mode; (d) the right ZDW for TM mode.
The solid lines in (a)-(d) denote the single-mode conditions for TE or TM modes. (Zhang et
al.,, 2009 ; © 2009 The Electromagnetics Academy)

The dispersion profile of the silicon channel waveguide is directly determined by the
waveguide geometry. By selecting suitable waveguide height and width, the ZDW can be
shifted to the 1550-nm region and the dispersion can be flattened. Figure 2 shows the
dispersion versus the wavelength for some waveguides whose ZDWs are all around 1555
nm. For the TE mode, the dispersion slope increases as the waveguide height increases. The
situation is reversed for the TM mode. The flatter the curve is, the broader the conversion
bandwidth is since the phase mismatch of the involved waves maintains small values within
a wide wavelength range. After comparing the dispersion slopes of these waveguides, the
waveguide cross section is optimized as 400 nm x 269 nm (height x width) for the TM mode
in order to obtain the smallest dispersion slope corresponding to the broadest conversion
bandwidth.

Figure 3(a) shows the conversion efficiency versus the wavelength detuning for different
pump wavelengths in the anomalous region in the optimized waveguide of 400 nm x 269
nm with a fixed input power of 200 mW, a = 2.5 dB/cm, ¢ = 1.45 x 1017 cm?2, frpa = 0.3
cm/GW, and 7 = 1 ns. When the pump is tuned away from the ZDW, the appearance of a
second pair of conversion efficiency peaks farther from the pump, which is introduced by
the location shift and increased number of the perfect phase-matching wavelengths,
increases the 3-dB bandwidth. The maximum conversion bandwidth is achieved when the
pump is at 1538.7 nm with the assumption of a 200-mW input pump power and a 2-cm-long
interaction length. Figure 3(b) simulates the conversion response for the optimized 400 nm x
269 nm waveguide for TM polarization together with two other waveguides with the
dimensions of 275 nm x 351 nm for TE polarization and 375 nm x 287 nm for TM
polarization. These results are obtained in a 2-cm-long waveguide with a 200-mW pump
wave at 1538.7 nm. The 3-dB bandwidth is over 280 nm for the optimized waveguide and
the bandwidths of 275 nm X 351 nm and 375 nm x 287 nm waveguides are 77 nm and
112 nm.
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Fig. 2. Dispersion as a function of the wavelength for (a) TE and (b) TM modes. (Zhang et al.,
2009 ; © 2009 The Electromagnetics Academy)
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the optimized pump wavelength. (Zhang et al., 2009 ; © 2009 The Electromagnetics Academy)

3.1.2 Design of slot waveguide structure

The efficiency of FWM is tightly related to the nonlinear coefficient of the silicon nanowire
waveguide. If the field is effectively confined to decrease the effective mode area, the
nonlinear coefficient can be increased (Liu et al., 2011). Figure 4(a) shows a schematic
description of the silicon slot waveguide filled with silicon nanocrystals (Si-nc’s). This kind
of Si-nc material has a high Kerr coefficient at telecommunication wavelengths and its
fabrication is compatible with the conventional semiconductor technologies (Martinez et al.,
2010). By assuming that the Si-nc’s have a silicon excess of 0.08 and a linear refractive index
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of 1.6, a typical transverse electronic (TE) mode distribution is shown in Fig. 4(b), where the
slot width is assumed to be W, = 50 nm, the silicon slab width is W, = 310 nm, and the
waveguide height is & = 305 nm. From Fig. 4(b) one can find that the field is strongly
confined in the low index nonlinear material due to the high index contrast in the horizontal
direction. The effective mode area is calculated to be 0.042 pm2 at 1550 nm. By using the
definition in Eq. (10), the corresponding nonlinear coefficient is calculated to be y = 3.86 x
106 W-1km-1. For comparison, the mode area and nonlinear coefficient are calculated to be
0.15 pm?2 and 1.53 x 105 W-lkm! for a 305 nm X 670 nm silicon channel waveguide, which
has approximately the same dimensions as the slot waveguide above. The nonlinear
coefficient of the slot waveguide is roughly 19 times larger than that of the channel
waveguide, which means higher conversion efficiency, due to both the high confinement of
the light in the slot structure and the high nonlinearity of Si-nc’s.

(a) o Wh  We W, (b) 1000

4

A
X SiO, Cladding '10010000 0 1000 0
s X(nm)

Fig. 4. (a) Schematic configuration of a slot waveguide, (b) Mode profile of the slot waveguide
structure calculated by the beam propagation method. (Liu et al., 2011; © 2011 OSA)

As shown in Eq. (11), the phase-matching condition is a dominating factor of the bandwidth
in a FWM-based wavelength conversion and the linear phase mismatch Af is determined by
the dispersion profile of the used waveguide. By expanding ;. as the Taylor series to the
fourth-order around the pump frequency @, and omitting the higher-order items, the linear
phase mismatch can be rewritten as (Foster et al., 2007):
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where Q = s - @y is the frequency difference between the signal and pump waves. The
linear phase mismatch is approximately determined by the dispersion and its first- and
second-order derivatives at the pump wavelength. It is expected to realize the optimal
bandwidth by scanning the waveguide parameters to acquire a minimal phase mismatch
with a given frequency difference. Since the slot width W; has very slight influence, it is
reasonable to consider a fixed slot width to simplify the optimization. Here the slot width is
chosen to be W; = 50 nm (considering the limit of the fabrication technology). Figure 5(a)
shows the variation of the linear phase mismatch in terms of i and W, when the slot width
is fixed to 50 nm. Here the pump and signal wavelengths are set to be 1550 and 1450 nm,
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respectively. A set of zero points can be obtained for different waveguide heights /1 ranging
from 200 to 400 nm when the slab width W, is carefully chosen. For comparison, Fig. 5(b)
shows the dispersion values at 1550 nm versus the waveguide dimensions. By comparing
Fig. 5(a) with Fig. 5(b), one can find that the minimum absolute value of the linear phase
mismatch agrees well with the ZDWs in the 1550-nm region for different waveguide
dimensions, which means that the conversion bandwidth can be broadened further near the
ZDW in the slot waveguide as long as the dispersion is flat enough. Among the designs
with a minimum absolute value of the linear phase mismatch as well as a ZDW at 1550 nm
in Fig. 5, an optimized waveguide configuration with W, = 310 nm and h = 305 nm is found.
The Si-nc slot waveguide with a 310-nm slab width, a 305-nm height, and a 50-nm slot
width, whose mode area is about 0.042 pm?, can be considered as an optimized structure to
enhance the bandwidth of FWM-based wavelength conversion in 1550-nm wavelength
window since it has smaller and flatter dispersion to satisfy the phase-matching condition.
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Fig. 5. (a) Linear phase mismatch (in units of m?) as a function of r and Wj, with W, = 50 nm,
(b) the dispersion value (in units of ps/km/nm) at 1550 nm as a function of 1 and W;, with
W, =50 nm. (Liu et al., 2011; © 2011 OSA)

After optimizing the dispersion of the Si-nc slot waveguide, the performance of FWM-based
wavelength conversion is evaluated in such a waveguide by comparing with some traditional
silicon nanowire waveguides. Assuming that all the pump, signal, and idler waves are
polarized along the TE-axis, the coupled equations for the single-pump FWM process can be
expressed using Egs. (1)-(3). Assuming that the parameter values are as follows: n; = 4 x 1017
m2/W, Brpa =5 x 1011 m/W, 1,5 =1ns, a,s; = 6 dB/cm, and 0,,5; = 3.5 x 102 m2, one can obtain
the conversion efficiency by numerically solving these coupled equations. When a continuous-
wave (cw) pump with a power of 150 mW and a signal with a power of 15 mW are used, Fig.
6(a) shows the linear phase mismatch as a function of the signal wavelength for three different
pump wavelengths including 1536, 1556, and 1576 nm in a 6-mm-long optimized Si-nc slot
waveguide (W), = 310 nm, W; = 50 nm, and /& = 305 nm). The phase mismatch is tightly
connected to the pump wavelength and it can be effectively controlled within a small value by
setting the pump in the anomalous dispersion region near the ZDW (1550 nm).
Correspondingly, the conversion responses for the three different pumps are simulated in Fig.
6(b) in the 6-mm-long slot waveguide. The two side peaks on conversion efficiency correspond
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to the two zero points far away from the ZDW, where the phase-matching condition is also
satisfied. From Fig. 6(b), the conversion bandwidth can be read out to be 87, 390, and 250 nm
for the 1536-, 1556-, and 1576-nm pumps, respectively. The conversion bandwidth reaches its
maximum with the 1556-nm pump.
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Fig. 6. (a) Linear phase mismatch and (b) conversion efficiency as the signal wavelength
varies for three pumps at 1536, 1556, and 1576 nm in a 6-mm-long waveguide. (Liu et al,,
2011; © 2011 OSA)

The conversion bandwidth will reduce as the waveguide length increases since the
accumulated phase mismatch is proportional to the waveguide length. Also, the conversion
efficiency is influenced by the waveguide length. Figure 7 simultaneously shows the
conversion bandwidth and the efficiency as functions of the waveguide length for the slot
waveguide as well as for a traditional silicon channel waveguide (280 nm x 342 nm), which
also has an optimized dispersion profile with ZDW at 1550 nm. The pump and signal
powers are assumed to be 150 and 15 mW and the pump wavelengths of the slot and
channel waveguide are set to be 1556 and 1535 nm to obtain broader conversion
bandwidths. For both waveguides, the conversion bandwidth remarkably drops as the
waveguide becomes longer. The bandwidth decreases form 407 to 83 nm for the slot
waveguide or from 271 to 101 nm for a silicon channel waveguide when the waveguide
length increases form 4 to 20 mm. The two discontinuities in the bandwidth curves of these
two waveguides are caused by the two concavities beside the pump wavelength in the
conversion efficiency curves (Zhang et al., 2009). The conversion bandwidth of a slot
waveguide is greatly broader than a traditional channel waveguide when the waveguide is
short while it is a little narrower when the waveguide length increases. However, the
conversion efficiency of the slot waveguide is much higher than that of the traditional
channel waveguide, which reaches -1.46 dB when the waveguide is 7 mm long. The
conversion efficiency for the silicon channel waveguide can reach -16.6 dB in the 20-mm-
long waveguide, which is nearly 15 dB lower than the slot waveguide under the same
incident condition. As shown in Fig. 7, a 3-dB conversion bandwidth of over 400 nm
incorporating a conversion efficiency of -2.38 dB can be achieved in a 4-mm-long slot
waveguide.
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Fig. 7. Conversion bandwidth and efficiency as the waveguide length varies for the slot
waveguide and the silicon channel waveguide. (Liu et al., 2011; © 2011 OSA)

3.1.3 Usage of two-pump FWM

According to Eq. (12), the phase-matching condition of FWM can be freely controlled by
the pump spacing when a two-pump regime is used and the bandwidth may be enhanced
by setting the pumps. Preliminary calculations are performed in a 1.5-cm-long 300 nm x
650 nm silicon nanowire waveguide that corresponds to a 0.12158 pm? effective mode
area. The zero-dispersion wavelength is at 1456 nm. Since the pump power attenuates
along the propagation length, the phase mismatch will vary with respect to the distance
even though the signal wavelength is fixed. For the single-pump FWM-based wavelength
conversion, Fig. 8(a) and 8(b) simulate the phase mismatches for the pump powers of 100
mW and 1000 mW in the above waveguide and the pump wave is assumed to be set at 1550
nm. In our calculation, the linear propagation loss coefficient is assumed to be a = 2.5
dB/cm, the TPA coefficient is frpa = 0.8 cm/GW for both degenerate and nondegenerate
absorptions, the FCA cross section is 0 = 1.45 x 10-17 cm?, the effective free-carrier lifetime
of carriers is T = 2 ns, and the nonlinear index coefficient is 112 = 9 x 10-® m2/W. One can
see that the exact phase-matching curves in Figs. 8(a) and 8(b) are quite similar
particularly after propagating 0.5 cm in the silicon nanowire waveguide, although the
incident pump powers are dramatically different. This effect results in the nonlinear loss
due to TPA and FCA, especially where FCA is quadraticly proportional to the pump
powers. A high incident power will be attenuated rapidly to a relatively low level. As a
result, the phase mismatch is slightly changed by the pump power. Figure 8(c) shows the
conversion responses for the two cases corresponding to Figs. 8(a) and 8(b) with a signal
power of 1 mW. The 3-dB conversion bandwidths are 71.5 and 77.2 nm when 100-mW and
1000-mW pumps are adopted. The bandwidth enhancement is very limited by changing
the pump power.
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Fig. 8. Phase mismatch (in the units of cm-1) of the single-pump FWM as a function of the
signal wavelength and the propagation length with the pump power of (a) 100 mW or (b)
1000 mW. (c) Single-pump conversion efficiency as the signal wavelength for the pump
power of 100 mW or 1000 mW. (Gao et al., 2010; © 2010 IEEE)
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Fig. 9. Phase mismatch (in the units of cm) of the two-pump FWM as a function of the signal
wavelength and the propagation length when the wavelength spacing between the two
pumps is (a) 0 and (b) 61.56 nm. (c) Two-pump conversion efficiency as the signal wavelength
varies for the pump wavelength spacing of 0 or 61.56 nm. (Gao et al., 2010; © 2010 IEEE)

In contrast, the phase mismatch is greatly dependent on the two pump wavelengths in the
two-pump FWM scheme. When the mean pump wavelength is fixed at 1550 nm, the phase
mismatch is calculated by using Eq. (12) with a pump spacing of 0 and 61.56 nm, as shown in
Figs. 9(a) and 9(b), in which the pump powers are fixed at 100 mW. The linear phase mismatch
Ap is directly determined by the pump wave numbers, that is, the pump wavelengths. One can
find that the total phase mismatch is sensitive to the pump wavelength spacing and the perfect
phase-matching curves (k = 0) are separated from each other in the contour map as the
pump spacing increases, which results in the enhancement of bandwidth. The simulation
results of the conversion responses are shown in Fig. 9(c). The 3-dB bandwidth is 70.4 nm
when the two pumps are very close, which is quite similar to the single-pump FWM. When
the two pumps are separated from each other, the bandwidth is enhanced gradually. For the
pump wavelength spacing of 61.56 nm, the bandwidth reaches 93.3 nm, which is enhanced by
22.9 nm (33%) compared to the case when the two pumps are put closely.
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The nonuniformity of the conversion response is also concomitantly enhanced as the pump
spacing of the two-pump FWM increases since the central signals suffer from larger phase
mismatch, which means a lower conversion efficiency. For the sake of convenience, we
define the efficiency difference between the maximum efficiency and the central minimum
efficiency as the response nonuniformity. With both pump powers of 100 mW, the
conversion bandwidth and the corresponding response nonuniformity are quantitatively
simulated as the pump wavelength spacing varies, as shown in Fig. 10. One can see that the
response nonuniformity is also enhanced together with the conversion bandwidth by
separating the two pumps. The response nonuniformity reaches 3 dB for a 61.56-nm
wavelength spacing. Further increasing the pump spacing results in a response
nonuniformity of more than 3 dB and the 3-dB bandwidth is divided into two regions. Also,
the conversion bandwidth will decrease as the pump spacing increases, which is not
beneficial to the wavelength conversion function. The maximum 3-dB bandwidth of 93.3 nm
can be achieved just when the response nonuniformity is 3 dB.
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Fig. 10. Conversion bandwidth and the corresponding response nonuniformity as the pump
wavelength spacing varies. (Gao et al., 2010; © 2010 IEEE)

The bandwidth enhancement based on two-pump FWM is experimentally demonstrated,
as shown in Fig. 11. The two pumps are provided by two cw tunable lasers (Santec ECL-
200) whose wavelengths are set at 1549.9 and 1564.8 nm. They are coupled through a
50/50 coupler and amplified using a high-power erbium-doped fiber amplifier (Amonics
AEDFA-C-33-R), whose saturation power is around 23 dBm. The two pumps are filtered
out through a demultiplexer whose central wavelength is at 1550 nm and a tunable band-
pass filter, which is tuned to about 1565 nm. Another cw tunable laser (ECL-210) serves as
the signal, whose output power is about 11 dBm. The pumps and signal are coupled into a
1.7-cm-long silicon waveguide with a cross section of 3 pum x 3 pm (the effective mode
area is about 5 pm?) via a 70/30 coupler. After this coupler, the powers of the two pumps
and the signal are estimated to be around 13.2, 19.8, and 6.1 dBm, respectively. The
coupling loss between the fiber and the waveguide is about 1.5 dB. In the
silicon waveguide, FWM occurs among the two pumps and the signal, and an idler is
generated. The FWM spectrum is observed using an optical spectrum analyzer (Ando
AQ6317B).
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Fig. 11. Experimental setup for the wavelength conversion based on two-pump FWM. TLD:
tunable laser diode, PC: polarization controller, EDFA: erbium-doped fiber amplifier, TBF:
tunable bandwidth filter, OC: optical coupler, and OSA: optical spectrum analyzer. (Gao et
al., 2010; © 2010 OSA)

Figure 12(a) shows the measured optical spectrum of the two-pump wavelength conversion
using the experimental setup in Fig. 11. Here the signal is set at 1561.4 nm and the idler is
generated at 1553.2 nm, which is enlarged and shown in the inset. From Fig. 12(a), one can
find that the extinction ratio of the generated idler, which is defined as the difference
between peak power and the noise floor, is about 10 dB with a measured resolution of 0.01
nm. For comparison, the FWM with a single pump is also experimentally demonstrated.
Here Pumpl is turned off and Pump? is tuned to 1557.7 nm, almost equal to the central
wavelength of the two pumps in the two-pump FWM. As shown in Fig. 12(b), a signal at
1561.5 nm is converted to 1553.9 nm pumped by the single Pump2.
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Fig. 12. (a) Optical spectrum of the FWM pumped by two cw pumps at 1549.9 nm and 1564.8
nm. The inset is the enlarged description of the generated idler. (b) Optical spectrum of the
FWM pumped by a single cw pump at 1557.7 nm. (Gao et al., 2010; © 2010 OSA)

By scanning the signal wavelength, the response of conversion efficiency can be obtained from
a series of measured FWM spectra, as shown in Fig. 13. It is known that the efficiency is tightly
related to the pump powers, i.e., 4 oc Pp1Pp2 and 774 oc P,2. In the experiments, the gains in the
EDFA will be different for the two-pump and single-pump cases. For comparison, unit
conversion efficiency is introduced by eliminating the influence of the pump powers (i.e., .4
unit = Mnd/ PpiPp2 and Haumie = 14/ Py?). By fitting the measured conversion efficiencies, the
experimental bandwidths are calculated from Fig. 13. The bandwidth of the single-pump
FWM is 29.8 nm, while it is enhanced to 37.4 nm for the two-pump FWM. The bandwidth is
improved by 25% through introducing the two-pump FWM regime.
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Fig. 13. Measured unit conversion efficiencies and the fitting curves for the two-pump and
single-pump wavelength conversions. (Gao et al., 2010; © 2010 OSA)

3.2 Polarization independency

In a silicon nanowire waveguide, both the pump wave A, and the signal wave A; coupled
into the waveguide can be decomposed to the TE and TM modes. FWM occurs only among
these waves with the same polarization mode (Inoue, 1992). Under the law of energy
conservation, the converted wave A, satisfies the relationship 1/A. = 2/, - 1/ A; for both TE-
and TM-mode FWMs. By ignoring the pump and signal power transforms due to FWM and
simplifying the coupled equations in Egs. (1)-(3), the converted wave of TE or TM mode
follows:

dA,_ z o, . *
s T;;TM( ) =—— TZE'TM AC—TE,TM(Z)+]7TE,TMA;27—TE,TM(O)AS—TE,TM(0)

3 (15
xexp |:_[aPTE,TM + % + JKTE, TM J Z}

where A, sctE, TM(2) are the amplitudes of the TE or TM mode of the pump, signal, and
converted waves in the waveguide. Denoting the polarization angle of the incident pump or
signal against the TE-axis as 0,5 as shown in Fig. 14, the pump and signal fields coupled
into the waveguide satisfy

[Ap <160 = Cre [ Apo o

cos b, (16)

‘Ap,s—TM (0)‘ = m‘ApO,SO sin ep,s (17)
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(a) (b)

£

Fig. 14. Principle of the polarization-independent wavelength conversion based on FWM
with an angled-polarization pump in a silicon nanowire waveguide. (a) Schematic
description of the incident pump and signal; (b) FWM processes in the silicon nanowire
waveguide. (Gao et al., 2010; © 2010 IEEE)

where Aposo are the amplitudes of the TE or TM mode of the incident pump and signal
waves and Crgrym is the relative coupling efficiency of the TE or TM mode. Assuming the
incident pump and signal powers Pyos0 = | Aposo|2 the coupled powers can also be written
as

p p0,s0-TE = Crel, 0,50 cos” ep,s (18)
PpO,sO—TM = CTMPpO,SO SiI‘l2 gp,s (19)

In Eq. (15), yre1m is the nonlinear coefficient, xrerm is the phase mismatch of the FWM
process, and ays.Te M are the total losses of the pump, signal, and converted waves in the
silicon nanowire waveguide, which are expressed as

%p_TE,T™M = CLin-TE,TM + ¥TPA-TE, TM T XFCA-TE,TM (20)
Os_1E,TM = HLin-TE,T™ + 201pA_TE,TM T QFCA-TE,TM (21)
Oe_TE,TM = OLin-TE,T™M T 207pA_TE,TM T XFCA-TE, ™M (22)

Here aiy-e,7m is the linear loss coefficient of the TE or TM mode in the waveguide, and the
TPA- and FCA-induced nonlinear loss coefficients are

arpa-te, 1M = Breal) 0 (CTE cos” Hp +Cry sin’ 6}7 ) / Aeﬁ‘—TE,TM (23)

2 2 2 5\2 2
OFCA-TE,TM = O'ﬂTPATeﬁ/IpP 0 (CTE cos” @, + Cry sin Hp) / 2hCAeff—TE,TM (24)

where frpa is the TPA coefficient, o is the FCA cross section, 7.y is the effective lifetime, / is
the Planck’s constant, and Aegrr, Tm is the effective mode areas for the TE or TM mode.
The nonlinear coefficient yre, 7m is expressed as

Y1E;T™M =271 / ﬂ“cAeff—TE,TM (25)
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where 1, is the nonlinear index coefficient. In the coupled equation, the TE- or TM-mode
phase mismatch is

2
Krg,rm = ABre,tm + 2V1E, 1M |:Pp0—TE,TM + gPpO—TM,TE:l (26)

Denoting the wave numbers of the interaction waves as f},s, which can be calculated via the
corresponding effective refractive indices 7,5 in a silicon nanowire waveguide, the linear
phase mismatch in Eq. (26) can be expressed as

ABre;rm = Bo—te, v + Bete,rm = 2Bp—1E, M

27
= 2”(”57TE,TM//15 + N1 1M [ A — 2np—TE,TM//1p) &)

The linear phase mismatch in Eq. (27) can also be rewritten using the dispersion values.
Expanding f,s. in a Taylor series to the fourth-order around the pump wavelength A,, one
obtains

__ L 22 I S
Mre =g o(@ =) 4Drema(%) (2nc)3(ws %) (28)

1 4 1 5. 1 67"
x b AaDre v (4,) + ~%Dre (4,)+ =54 Dre. (4, )}
where D(},) is the dispersion parameter at A,, D’(A,) and D”(A,) are the first- and second-

order derivatives, respectively.
Solving Eq. (15) analytically, one obtains the generated converted wave:

*

A remm(L) = j}/TE,TMA;%—TE,TM(O)AS—TE,TM (0)

e vl ] 1- exp[(—jKTE,TM - aprE,TM)L} (29)

Xexp[— 5

JKTE,TM + XpTE,TM
The output converted power at the end of the waveguide can be expressed as

P.(L) =|Ac_gp (L) +] Ay (L)

2
1-exp |:(_jKTE ~p-TE )LJ‘ cos* @ cos? 6,
T

= 7]2"EC%EP;720PSO eXP(—acJEL)

JKTE + ) 1E (30)
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J&T;m T Qo ‘

+ 7imCimProPuo exp(—a,_ppiL) sin® 6, sin” 6,

From Eq. (30) one sees that the converted wave power will be polarization-independent
(i.e., independent of the SOP of the incident signal) when the following relationship is
satisfied:
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The incident pump polarization angle can be obtained by solving Eq. (31). Since the TE and
TM phase mismatches and losses are also functions of the incident pump polarization angle,
Eq. (31) can only be solved numerically. Substituting the solved pump polarization angle
into Eq. (30), one can obtain the converted wave power for an arbitrary incident signal
polarization angle and verify the polarization-independent characteristic.

Since the phase mismatch varies with the signal wavelength, the required pump
polarization angle changes for different signal waves. Therefore, the polarization
independence can be exactly realized only for one or several signal wavelengths once the
pump polarization angle is determined, and the conversion efficiencies for the other signals
will fluctuate slightly as the signal SOP varies. We take a 300 nm x 500 nm silicon nanowire
waveguide as an example. The TE- and TM-polarization effective mode areas are A.rre =
9.484 x 102 pm? and Agerm = 9.838 x 102 pm2 For convenience, the relative coupling
efficiency of the TM mode is simplified as Cry = 1, and the coupling efficiency ratio of the
TE to TM mode is calculated to be Crg/Crm = 0.473 through mode filed overlapping integral
method. This simplification does not affect the polarization-independent characteristic of the
proposed wavelength conversion scheme. The linear propagation losses are considered as
agin-te = 2.5 dB/cm and agip-tv = 2 dB/cm for the TE and TM modes, the TPA coefficient is
Prea = 0.5 cm/GW, the FCA cross section is 0 = 1.45 x 1077 cm?, the effective lifetime of
carriers is T,y = 2.5 ns, the nonlinear index coefficient is n, = 9 x 108 m2/W, and the
waveguide length is L = 0.8 cm. According to Eq. (31), the required pump polarization angle
is related to the losses and the phase mismatches of the TE and TM modes. Assuming the
incident pump power is Py = 100 mW at wavelength A, = 1550 nm, the required pump
polarization angle for each signal wavelength to realize exact polarization-independent
wavelength conversion is obtained by substituting Egs. (20)-(22) and (26) into Eq. (31), as
shown in Fig. 15. It is noticeable that for a wide signal wavelength range the required pump
polarization angles are almost the same. The inset shows the enlarged illustration in the
range from 1530 to 1570 nm. The peak-to-peak fluctuation of the required pump
polarization angles (for signals around the pump) is only 0.004° in the inset and the optimal
pump polarization angle (averaged) is calculated to be 28.844°. One can use the average
pump polarization angle in this region as the optimized value. This is of great convenience
for the angled-polarization pump operation.

Figure 16(a) illustrates the conversion efficiency versus the signal wavelength. Here the
shadowed region is used to illustrate the conversion efficiency fluctuation when changing
the incident signal SOP arbitrarily, and the efficiency fluctuation is quantitatively described
in Fig. 16(b). The enlarged description in the range from 1530 to 1570 nm is shown in the
inset of Fig. 16(b), where one can find that four exact zero-fluctuation signal wavelengths
exist, because the pump polarization angle we used here is exactly the solution of Eq. (31)
for these signal wavelengths. In Fig. 16(b), one sees that the 1-dB polarization-independent
bandwidth is 61 nm and the efficiency fluctuation is less than 0.04 dB for the signals in the
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30-nm range around the 1550-nm pump. The wavelength conversion scheme we presented
exhibits excellent polarization-independent characteristic in the entire C-band (the most
significant telecommunication band) and thus is quite suitable for use in dense wavelength
division multiplexing systems.
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Fig. 15. Incident pump polarization angle required to realize exact polarization
independence versus the signal wavelength in the 300 nm x 500 nm waveguide with a
pump at 1550 nm. The inset shows the enlarged illustration in the range of 1530-1570 nm.
(Gao et al., 2010; © 2010 IEEE)
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Fig. 16. (a) Conversion efficiency region and (b) the corresponding fluctuation value versus
the signal wavelength. The inset in (b) shows the enlarged illustration in the range of 1530-
1570 nm. (Gao et al., 2010; © 2010 IEEE)

For our proposed wavelength conversion scheme in silicon nanowire waveguides, the
bandwidth is determined mainly by the TE- and TM-mode phase-matching conditions,
which are related to the dispersions. The edges of these conversion efficiency regions in Fig.
16(a) are just the conversion efficiencies of the TE- and TM-polarization signals. Therefore,
the polarization-independent bandwidth is limited by the larger one of the TE- and TM-
mode phase mismatches, and the polarization-independent bandwidth is no more than the
narrower one of the TE- and TM-mode bandwidths. If both the TE- and TM-mode
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dispersion values in the 1550-nm band are reduced and flattened further by designing
special waveguide structures and dimensions, larger polarization-independent bandwidth
can be expected.

4. Summary and prospects

In this chapter, the FWM effect in silicon nanowire waveguides has been investigated and
its applications in wavelength conversion have been introduced. The theoretical model of
the FWM effect has been established. The conversion bandwidth and efficiency have been
tried to improve by optimizing the waveguide geometry or designing special structure.
Also, the improvement based on two-pump regime has been presented and demonstrated.
The polarization independency of the wavelength conversion has been avoided by using an
angled-polarization pump. Wavelength conversion based on silicon nanowire waveguides
has been considered as a promising solution for the next generation integrated optical
communication systems.
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1. Introduction

In the last years, there is an enormously growing interest in the research and development of
silicon nanowires (SiINWs) for various applications in the fields of optoelectronics, photonics
and photovoltaics as well as in the sensor field (Cui, 2001; Ross, 2005; Hochbaum, 2005;
Schmidt, 2005; Duan, 2001; Kelzenberg, 2008; Stelzner, 2008). The silicon based approaches are
certainly favoured because of material abundance and non-toxicity at a high level of materials
control and understanding together with a huge industrial infrastructure to account for low
production/ processing costs and high production yields. The bottom-up fabrication of SINWs
is based on either metal catalyzed growth, known as vapor-liquid-solid (VLS) growth
(Givargizov, 1975; Wagner@Ellis, 1964) where metal nanoparticles that form a low
temperature eutectic with silicon, such as gold, are liquefied so that they form nanoscale
droplets that can be supersaturated from the gas phase with silicon containing species by e.g.
chemical vapour deposition (CVD) (Wang, 2006) or physical vapour deposition methods such
as laser ablation (Eisenhawer, 2011), molecular beam epitaxy (MBE) (Fuhrmann, 2005; Oh,
2008) or electron beam evaporation (EBE) (Sivakov, 2006, 2007). The growth is carried out with
gold (Au) or other metal (Al, Ga, In etc.) (Sunkara, 2001; Civale, 2004) nanoparticles to catalyze
the preferred selective axial NW growth at temperatures sufficiently high to form a liquid
eutectic with the growth species (Wagner@Ellis, 1964; Lieber, 2003). The first VLS studies were
carried out in the 1960s where NW diameters from 100 nm to 100 pm were realized
(Givargizov, 1975; Wagner@Ellis, 1964). Today, NWs show diameters in the range between
few nanometers up to micrometer scale, with the diameter being determined by the diameter
of the metal catalyst nanoparticle (Kamins, 2001; Heath, 1993; Hanrath, 2002; Zhang, 2000;
Lauhon, 2002; Xia, 2003; Wagner@Ellis, 1965; Wu, 2000). The schematic representation, shown
in Figure 1, illustrates the VLS growth process as it occurs when a particle beam provides the
growth species. Vaporized growth species (e.g. silicon atoms or silane (SiH,) molecules) reach
the substrate surface that is covered with metal nanoparticles. The substrate temperature is
held above the eutectic temperature of the alloy (here: Au-Si at 373 °C) so that the liquid gold
droplet can be supersaturated with silicon atoms. Under the influence of a concentration
gradient between the droplet surface and the droplet/nanowire interface, the silicon atoms
diffuse to the interface to be incorporated into the silicon nanowire crystal.
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Fig. 1. Schematic drawing of the VLS process as it takes place in a PVD or CVD deposition
experiment; first two steps yield the formation of gold droplets by heating of a continuous
gold layer on a silicon substrate; third step shows Si atoms to reach the substrate and to be
incorporated into the liquid Au-Si droplet above the eutectic temperature (Au-Si: 373°C);
and in the last one supersaturation of the Au-Si droplet with Si leads to growth of the SINW
at a higher growth velocity than the continuous silicon layer in between the droplets takes
place.

For all device concepts based on SiNWs, the crystal structure, geometry (alignment of SINW
with respect to the substrate), interfacial properties between the SINW and the substrate as
well as the Si core and the shell of the SINW (either native or thermally grown oxide or a
passivating layer like amorphous hydrogenated silicon or silicon nitride), dopant
concentrations and impurity levels are of key importance for functioning of the devices. For
VLS (bottom-up) grown SiNWs the additional important question arises where and how
much metal catalyst (mostly, gold) from the catalyst particle, that initiates the VLS wire
growth, resides in the SiNW. However, the enormous impact that even smallest
concentrations of Au atoms as a dopant in silicon have a strong influence on optoelectronic
properties of the SINWs makes it essential to understand the extent to which Au atoms
diffuse in the SINW and Si(111) substrate and stay incorporated there and on the SINW
surfaces (Ostwald, 1900). Essentially after it has been shown that the Au from the catalyst is
very mobile and diffuses all over the SINW surfaces and between SiNWs at temperatures as
low as 600°C, leading to Ostwald ripening process of Au nanoparticles at the NW sidewalls
or even of the NW top Au droplet itself (Allen, 2008; Wagner, 1961; Lifschitz@Slyozov, 1961;
Hannon, 2006). VLS approach gives high quality NWs but requires the use of hazardous
silane gases at high temperature. Alternatively silicon nanowires can be formed by wet
chemical etching method. Metal assisted etching (MAE) has gained an enormous interest in
the last time. The technique is based on selective electrochemical etching using catalytic
metal and can give ordered and densely packed arrays of high aspect ratio single crystal
SiNWs with uniform crystallographic orientations. In a subsequent step, the formation of
highly parallel SiNWs with desired lengths, at diameters of the order of few ten nanometers
up to a few hundred nanometers could easily be obtained by an aqueous electroless
chemical etching of single crystalline silicon wafers (Peng, 2002, 2005, 2006, 2007; Huang,
2008; Qiu, 2005). In this paper we will discuss on the wet chemical etching of SiNWs into a
thin silicon layer on glass or single crystal silicon wafer substrates and their optical,
optoelectronic and photovoltaic properties.
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2. Metal Assisted Wet Chemical Etching (MAWCE)

A catalyst free SINWs can be realized by electroless wet chemical etching or electrochemical
etching into bulk Si wafers or even thin silicon layers (they can be single-, multi-, nano-
crystalline or even amorphous) on substrates such as glass (Sivakov, 2009). Engineering
flexibility in doping characters of silicon nanowires (SiNWs) is highly desirable to widen the
range of their potential applications. Metal assisted wet chemical etching (MAWCE) is a
simple and low-cost approach to fabricate SiNWs with designable doping nature. In general,
MAWCE can be classified into two types, involving one-step (MAWCE-I) and two-step
(MAWCE-II) reactions. In MAWCE, SiNWs are fabricated through non-uniform etching on
silicon substrates in aqueous acid solutions, which is catalyzed by electroless deposition of
metal nanoparticles on the substrate surfaces (Peng, 2002). This is a simple technique
involving only wet chemical processing under the near ambient conditions, leading to a
low-cost operation. Note that semiconductor and crystallographic characters of the as
generated SiNWs are duplicated from the source substrates by MAWCE. As a result, it may
be substantially achievable in MAWCE the flexible engineering of electronic and optical
properties in SINWs. In principle, MAWCE composes of two processes: metal nucleation on
silicon substrates by electroless deposition or physical vapor deposition (for example,
sputtering), followed by electroless etching of silicon catalyzed by the metal particles. In
MAWCE-I only the second step processes consequently occur in an aqueous acid solution
containing hydrofluoric acid and hydrogen peroxide. As for MAWCE-II, the metal
nucleation is firstly operated in an active aqueous solution for a short period of time, and
then the metal deposited silicon surfaces are transferred to another etching solution for
SiNW fabrication.

2.1 MAWCE-I

Although MAWCE-I contains only one-step reaction, it is a complex metal catalyzed
electrochemical process, involving various critical determinants, such as a concentration of
metal ions and etchants, ambient temperature, reaction duration, and nature of source
silicon substrates for etching (with relevance to doping character, crystallinity, and
crystallographic orientation). The generation of SiNWs using MAWCE-I is involved in
simultaneous reduction of metal ions, and oxidation and dissolution of silicon. For instance,
aqueous hydrofluoric acid (HF) solution containing silver nitrate (AgNO3) is appropriately
selected for etching, and the reaction mechanism has been well studied as following (Peng,
2006). An Ag* in the vicinity of the Si substrate captures an electron from Si (eq. 1), causing
Ag0 nucleation on the substrate surface. The electron transfer from Si to Ag* is
thermodynamically preferential owing to the energy level of the Ag*/Ag? system lying
below that of the Si valence band (VB) edges. Accompanying, silicon underneath the Ag0
nucleus is oxidized into SiO; (eq. 2a), which is dissolved by HF (eq. 2b). The dissolution of
the electrochemically generated SiO; creates a pit underneath the Ag0 nucleus, and then the
nucleus falls into the pit. The excess oxidation causes accumulation of electrons on the
surface of Ag® nuclei, which attracts Ag* in the solution to the vicinity of the nuclei, and the
consequent reduction leads to the growth of Ag particles immobilized in the pits on the
substrate surfaces. The corresponding reactions can be outlined by (Peng, 2005; Hochbaum,
2009)

Agt(aq) + evg,si — Ag? (solid) 1)
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Si (soid) + 2H,0 - 4evp, s — SiO; (solid) + 4H* (2a)

SiO; (solid)+ 6HF — HaSiFs + H,0 (2b)

A large amount of Ag* in the aqueous solution and Si in the bulk substrate force these
reactions occur repeatedly and continuously. As a result, successive deposition of Ag
produces a dendrite layer covering the Si substrate, and vertically aligned SiNW arrays are
created on the substrate. The vertical alignment is contributed to the longitudinal falling-
down of the Ag particles from the surface to the bulk of Si substrates, along with continuous
dissolution of Si in the vicinity of Ag particles. The lateral etching along the walls of the
generated pores in the bulk Si does not readily take place, because of the longer electron
diffusion pathway from the wall to Ag particle comparing to that from the pore bottom
underneath the particle. Ag particles play a significant role in catalyzing the cathodic
reaction (eq. 1) by effectively lowering the electrochemical reaction barrier. The length of
silicon nanowires etched in MAWCE-I is limited to 50 pm at atmospheric conditions (RT,
1 atm), but in the autoclave a length over 50 pm can be reached (Hochbaum, 2008).

2.2 MAWCE-II

Compared to MAWCE-], the nucleation and electroless etching are operated in two different
aqueous solutions in MAWCE-II (Peng, 2005, 2006). The Ag nucleation in MAWCE-II takes
place in a HF/ AgNOj3 aqueous solution, identical to MAWCE-], followed by etching in a
HF/Fe(NOs); aqueous solution. Fe3* is more electronegative than silicon, leading to a
cathodic reaction described as

Fe3*(aq.) + evs,si — Fe?* (aq.) 3)

This cathodic reaction occurs in the vicinity of the electron-excessive surfaces of Ag particles
catalyzed by the particles. The Si underneath the Ag particles is longitudinally dissolved by
HF (through eq. 2a and 2b), and continuous occurrence of these reactions produces the
vertically aligned SINW arrays. Note that Ag particles will not dissolved by exchanging
electrons with the Fe3+/Fe2* system, contributed from the energy level of the Ag*/Ag0
system lying below that of the Fe3*/Fe2* system. The matching in the energy levels
effectively facilitates the catalysis of the electroless etching by the Ag particles. Due to the
lack of Ag* in the electroless etching process, there is no dendrite layer generated on the Si
substrates. Electroless etching can be also carried out in a HF/H>O, aqueous solution, with
the cathodic reaction given by (Peng, 2007; Zhang, 2008)

H>O; + 2H* + 2e-yvp,si — 2HO 4)

The substitution of Fe3*/Fe2* with H,O,/H>O to promote the electroless etching is based on
the fact that the energy level of the HO,/H>O system lies far below that of the Si VB edges.
Our chemical etching method to produce SiNWs is based on a two step process, as
presented in Figure 2d (Sivakov, 2010). In the first step, Ag nanoparticles were deposited on
silicon wafer surfaces by immersing the wafers in aqueous solution of silver nitrate (AgNO3)
and hydrofluoric acid (HF) in the volume ratio 1:1 (solution I) for short time. The
morphology of the forming Ag nanoparticle deposits is strongly depending on the
immersion time. In the second step, silicon wafers covered with Ag nanoparticles of
different morphology were immersed in a second etching solution containing HF and 30%
H>0O; in the volume ratio 10:1 (solution II) for defined time at room temperature.
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We show wet chemical etching of silicon wafers involving Ag nanoparticles, HF and H>O» to
realize SiNWs of different morphologies depending on processing details, e.g. Ag
nanoparticle morphology, silicon wafer orientation (Si(111) and Si(100)). With this control
over morphologies at hand we can realize different optical properties of the material to be
custom made for optical/photonic devices such as e.g. solar cells. The different SINW
morphologies were investigated using scanning electron microscopy (SEM) as shown in Fig.
2a-c. SINWs of different regularity and with different orientations could be obtained.

AgNOHF
5-30sec

Si(100)/ (111)

—>
HFH0,
3-100 min

(c) (d)

Fig. 2. SEM cross sectional micrographs of SINW arrays formed via wet chemical treatment
of Si(111) surfaces at: (a) 15s, solution I; 1h, solution II; (b) 60s, solution I; 1h, solution II; (c)
30s, solution I; 1h, solution II. All etching experiments were performed using initial
treatment in the 0.02M AgNOs and 5M HF (solution I) followed by 1h treatment in the
second etching agent contained 30% H>O, and 5M HF in the volume ratio of 1:10 (solution
II); (d) schematic illustration of the etching process of silicon wafers using a sequence of two
solutions; solution I is based on AgNO3/HF and solution II is based on HO./HF. After
solution I treatment, a quasi continuous Ag layer forms on the silicon surface consisting of
densely aligning polycrystalline Ag nanoparticles (Sivakov, 2010).

—— 20} i
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Homogeneous etching profiles and thus regular SiNWs were observed for samples with
thicker layers of silver nanoparticles, which form as a result of longer treatment in the
AgNO;/HF solution (solution I). Based on these micrographs, it becomes obvious, that the
silicon etching homogeneity is strongly depending on the morphology of the Ag
nanoparticles/ Ag layer. This finding is supported by TEM studies (presented in (Sivakov,
2010)) that show how Ag nanoparticles/ Ag layers reside on the silicon wafer surfaces after
solution I treatment, prior to solution II etching of SINWs and also gives information about
Ag/Si interface and crystallographic structure.

Our results strongly compared with existing literature data we can state the following: Chen
et al. showed wet chemical etching to create SINWs (Chen, 2008) using Si(100) and Si(110)
wafers and some of their results resemble our findings, i.e. they found preferential etching
along [100] directions and for changing peculiarities of the etching conditions the Si(111)
wafers could also etch along [111] directions, i.e. Si(111) wafers can either be etched
perpendicular to the wafer surface along [111] direction or pyramidal along [100] direction.
We could show etching of Si(111) wafers for which we can realize straight etching along
[111] directions or transition of [111] to [100] directions so that zig-zag architecture in SINWs
forms. To prove the varying etching directions we used electron backscatter diffraction
(EBSD) in a SEM. Results of EBSD studies are shown in Fig. 3 and Fig. 4. Due to its excellent
spatial resolution of a few 10 nm even over large probed areas, EBSD enables orientation
analysis of SINW with emphasis on grain size (or single crystallinity), grain distribution and
SiNW orientations. Fig. 3 proves single crystallinity over the full SINW length, as given by

Fig. 3. EBSD analysis (inverse pole figure representation) of two silicon nanorods (SiNRs)
fragments etched into a Si(111) wafer. The orientation cubes for both SINWs show etching
direction (parallel to the long axis of the SiNR) to be parallel to [100] direction.
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the single colour, coding the SINW. In contrast to the common use of pole figures for
orientation representation in the following the present crystal orientation will be
illustrated by orientation cubes showing the orientation of the unit cell with respect to the
sample surface. Here every orientation cube belongs to an individual point of the EBSD
scan and thus provides only information for the particular point. According to that the
determination of small deviations between different points could not be visualized and no
statistic about the entire scan could. Nevertheless it provides a direct visualisation of the
present crystal orientation and enables an intuitive access to the etching direction. Here it
could be shown that etching SINW from Si(100) wafer results in wires with a long axis
almost parallel to the [100] direction. The result of which is displayed by the colour
coding of the SINW surface normal which is a less important number since it shows only
how the SiNW is lying on the TEM grid; thus, two SiNWs show different surface normal
colour coding in Fig. 3, but identical [100] etching direction as well as the orientation cube
that clearly shows the SINW etching direction to be almost parallel to the [100] direction.
In case of vertically etched SiNWs from Si(111) wafers the obtained etching direction is
almost parallel to the [111] direction with uniform orientation as shown in Fig. 4.. The
over layed orientation cube for this SINW shows the etching direction to be close to [111].
Small deviations of the expected crystal directions could result from non planar
positioning of the SINW with respect to the TEM grid support.

@) (b)

Fig. 4. (a) EBSD analysis one SINW fragment of such a wafer; (b) colour coded inverse pole
figure representation; the orientation cubes for this SINW indicate etching direction (parallel
to the long axis of the SINW) to be parallel to the [111] direction.

To support the understanding of the differences in etching morphologies that could be
observed we carried out thermodynamic considerations of the different processes. An
interesting side effect of the solution I and solution II etching of silicon wafers was, that the
processes substantially lead to a heating of the etching solutions from initially room
temperature to strongly elevated temperatures of 85°C and above (depending on the used
volumes of the solution). Our experiments show that in the first 10 minutes of etching in
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solution II (100 ml) the temperature of the solution reached 85°C, after further 15 minutes of
reaction time the temperature slowly decreased again reaching room temperature again
after 1h. One of the possible explanations of the energy release during the etching procedure
in solution II is that a catalytic decomposition of H>O, takes place (Sivakov, 2010). Haber
and Weiss (Haber@Weiss, 1935) have investigated the catalytic decomposition of H,O; in
homogeneous systems, where the H>O,, is primarily attacked monovalently, yielding the
active radicals OH* or HO," (Oy) which may further give rise to the chain reactions as shown
in Egs. 5, 6:

OH* + H,O, = H,O + HO," (5)

Oy + Hy0, = OH- + OH* + O2T (6)

The catalytic decomposition of HO, on Ag nanoparticles has also been studied by McIntosh
[McIntosh, 1902] and Wiegel. (Wiegel, 1930). These groups have investigated the catalytic
decomposition of H>O; in the presence of colloidal Ag. The colloidal Ag partly dissolves in
H,O, without appreciable formation of gaseous components according to Egs. 7, 8:

Agl (solid) + H,O, = Ag* (aq.) + OH- + OH" (7)

Ag? (solid) + OH" = Ag* (aq.) + OH- 8)

H>O; is acting as an oxidizing agent in such an environment. Initially, the Ag surface is
oxidized, but finally elemental Ag is formed again according to Eq. 9.

Ag* (aq.) + HO2 = Ag? (solid) + HO" )

This reaction can take place to a considerable extent, so that elemental Ag and HO," radicals
are produced. The latter starts the chain reactions of Egs. 5 and 6 and give rise to a strong
catalytic decomposition of the HO,. As we pointed out in the experimental part, the etching
process takes place in an acidic atmosphere by adding 5M HF to the solution. In the case of
decomposition in an acidic solution a smaller or greater part of the HO» is reduced to water
without the formation of any gas, according to the equations taken from reference (Weiss,
1935):

H,0;, + H* = Hy0 + OH" + 61 keal (10)

OH’ + H* = H,0 + 115 keal (11)

As clearly see from Eqs. 10 and 11 during catalytic decomposition of H>O, on Ag
nanoparticle surfaces in acidic atmosphere we have a strong exothermal reaction with
substantial release of energy that can very well explain the heating of solution II in the first
10-15 minutes of the reaction followed by cooling back to room temperature once the H>O»
concentration decreases with reaction time. The substantial temperature rise in the initial 10-
15 min of the process may very well influence the preferred etching directions.

In conclusion, we have demonstrated that we can realize homogeneously and
reproducibly over large areas SINW ensembles by wet chemical etching of Si wafers.
Different SINW architectures can be obtained by varying Si wafer orientation and
processing peculiarities. Thus, we obtain SiNWs that can either be straight and
perpendicular to the wafer surface with a preferred [100] direction of the SINWs when
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using Si(100) starting wafers or zig-zag with orientations varying between [111] and [100]
directions when using Si(111) starting wafers. The etching process in acidic atmosphere is
a strongly exothermic process thereby heating the etching solution substantially. This
process inherent temperature rise is most probably responsible for the change in etching
directions with time, thereby allowing the self-organized formation of zig-zag SINWs. The
stabilization and control of straight and zig-zag SINW formation is very promising to be
applied in optical/ photonic applications.

3. Absorption, reflectance and transmission

It appears to be obvious that straight and zig-zag SiINWs show different optical properties
such as scattering, absorption and transmission of light. As reported before, wet
chemically etched SiNWs exhibit a very intense optical absorption (Sivakov, 2009;
Tsakalakos, 2007). These wet chemically etched microcrystalline silicon (mc-5Si) surfaces
show also very low reflectance compared to Si thin layers or wafers (Stelzner, 2008;
Andri, 2007, 2008). This low reflectance is potentially interesting for photovoltaic
applications where enough absorption of solar light in an as thin as possible Si layer is
desired and a combination of light trapping structures and antireflective coatings have
usually to be applied (Peng, Xu, 2005; Kaynes, 2005; Tsakalakos, Balch, 2007). The SiNWs
themselves have shown to absorb solar light very satisfactorily and can therefore be used
as the solar cell absorber (Tsakalakos, 2007; Tsakalakos, Balch, 2007; Koynov, 2006). The
optical reflectance spectra of MAWCE SiNWs etched mc-Si surface on glass and single
crystalline wafers as reference are shown in Fig. 5a. The average reflectance of SINWs
realized by wet chemical etching is less than 5% within a range of wavelengths between
300 nm and 1000 nm. The reflectance values (R) are much smaller than those of a polished
Si wafer (that shows an R of more than 30%).
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Fig. 5. (a) Reflectance spectra (Sivakov, 2009) of SiNWs prepared via AgNO;/HF etching of
mc-Si layers on glass; as a reference, single or double side polished single crystalline silicon
wafers were used; (b) optical transmission (T), reflectance (R) and absorption (A=1-T-R) of
SiNWs prepared by etching of mc-Si layers on glass.

The absorption (A) of SiINWs on glass was determined from the optical reflectance (R) and
transmission (T) measurements as shown in Fig. 5b. The SiNWs show a very low
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reflectance as was also pointed out in Fig. 5a. In the last years, in many reports shown that
Si nanostructures can be used as antireflective coatings in solar cells (Tsakalakos, 2007;
Andri, 2007; Tsakalakos, Balch, 2007; Koynov, 2006). Our observation shows the same
tendency. On the other hand, it has to be stated that the SINWs do not transmit light in
the range between 300 and 550 nm. This transmission would however be important to use
them as antireflection coating on top of a processed solar cell. Moreover, the absorption of
mc-Si layers with etched nanowire structures at wavelength > 550 nm was observed to be
higher than that of a Si layer of the same thickness. These optical phenomena are selling
propositions for the realization of efficient solar cells based on etched SiNWs.
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Fig. 6. Reflectance, transmission and absorption spectra of SINW ensembles with straight
and zig-zag SiNWs architecture. The solid line (E;) indicates the wavelength that
corresponds to the Si band gap energy.

Figure 6 shows the comparison results of optical properties of samples with straight and
zig-zag SiNWs using an integrating sphere. In the short wavelength range below 1100 nm
the reflectance of etched SiNWs is in general low and depends on the morphology of
SiNWs, i.e. zig-zag SINWs and perpendicular SiNWs behave differently as visible from
the curves in Fig. 6. The transmission spectra show for short wavelengths (<1100nm) very
limited transmission for zig-zag SiNWs and straight, perpendicular to the surface SINWs.
Transmission values increase at higher wavelengths (>1100nm) for both types of SINWs
architectures. The transmission behaviour is important for the use of these SINWs in
antireflection coating applications or absorber layers both to be used e.g. for solar cells.
The amount of absorbed light is significantly increased in the zig-zag SiNW material,
being important for the aforementioned absorber layer application. As we observed, the
absorption of silicon material with zig-zag architecture close to 1100 nm is over 60% and
is thus higher than the absorption in the straight SINWs as shown in Fig. 6.

A significant light absorption was observed in MAWCE-II SiNWs wrapped with aluminium
doped zinc oxide (AZO) as shown in Fig. 7. The reflection between two phases with
refractive indices ng and ns can be minimized by a thin layer with a refractive index of
1o - 1ig; which gives with ng ~ 1.0 and ng= 3.5 (Jellison@Modine, 1982) an ideal refractive



Wet - Chemically Etched Silicon Nanowire Architectures: Formation and Properties 55

index of n; = 1.87, a value close to the value of the deposited AZO (1.85 - 1.90). Furthermore,
the AZO surface is not smooth but rough, as shown in Figure 22b, from crystallites that
assume the shape of half-spheres. This roughness introduces a kind of moth-eye-effect
(Wilson@Huntley, 1982) and thus leads to even increased absorption. Due to the metallic
back contact the solar cells do not show any transmission in the investigated wavelength
area from 300 to 1500 nm, therefore the absorption A is calculated by A=1-R. The average
reflectance of wet-chemically etched SiNWs wrapped with AZO is less than 10% within a
range of wavelengths between 300 nm and 1050 nm. Such silicon naostructures show over
90% absorption in the range between 300nm and 1050 nm. We have also demonstrated that
lowly and heavily doped SiNWs from wet chemical etching of single crystalline silicon
wafers can strongly emit visible photoluminescence at room temperature (Sivakov, Voigt,
2010). These optical phenomena are selling propositions for the realization of efficient solar
cells based on etched SiNWs.
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Fig. 7. Optical reflectance (R) and absorption (A=1-R) of semiconductor-insulator-
semiconductor (SIS) solar cells based on wet chemically etched SINWs.

4. Room temperature photoluminescence

4.1 Photoluminescence background

Enormous interest of the scientific community in the photoluminescence (PL) of Si based
nanostructured silicon started, after the formation of porous silicon was realized and strong
visible PL was observed (Canham, 1990). The material was obtained by anodic oxidation of
crystalline Si wafers in diluted hydrofluoric acid (HF). It involves an electrochemical
process, where the Si wafer serves as anode and another material is immersed as cathode
within the solution. First reports of anodically etched porous silicon (AE-PSi) were
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published by Uhlir (Uhlir, 1956). This publication concentrated on electrolytic shaping of Ge
and Si and especially on the formation of etch pits, but did so far not mention the strong
visible PL of AE-PSi, which at a later date, highly excited the scientific community. Only
after the next step in porous silicon (PSi) history - the report of the discovery of strong
visible PL of AE-PSi (Canham, 1990) - a real drive in the exploration of optoelectronic
properties of AE-PSi started. Canham et al. attributed the PL emission at super band gap
energies to the formation of quantum wires within the etched Si layer. For crystalline silicon
(c-Si) the room temperature (RT) band gap amounts to Egcsi = 1.12 eV. The PL light emission
in the visible range of the spectrum highly excited scientists in the field of semiconductor
physics, because with this discovery one goal in the direction of building a visible range
silicon LED was reached, a device which was still missing. Overall practical aim mentioned
in Canham’s above cited publication was the reduction of the extremely large intrinsic
radiative lifetime of c-Si in order to make it feasible for light emitting devices and the
followed approach for realization was the introduction of quantum confined states in silicon
by anodic etching. But, so far no microscopic evidence of the hypothesis of quantum
confined states as source of the found PL in the photon energy range 1.4 eV to 1.6 eV had
been given by Canham, the existence of quantum confined states in AE-PSi was still a
working thesis.

Contemporaneously, Lehmann and Gosele (Lehmann, 1990) published a similar
hypothesis about the presence of quantum wires, resulting in quantum confinement
effects in AE-PSi. But, in contrary, they concluded this result from optical transmission
measurements on the etched layers, and not from PL measurements. Further strong hints
to support their hypothesis were drawn from comparison of AE-PSi produced from
degenerate initial Si wafer material with non-degenerate p-type silicon. For degenerate
wafers, larger structures with dimensions in the range of the depletion width in the Si
material - when forming a junction with the surrounding HF etchant - were found by
transmission electron microscopy (TEM) and smaller structures were detected for AE-PSi
obtained from p-type, non-degenerate wafers. The diameter ranges observed were further
affirmed by gas adsorption measurements, by means of which the porosity of the material
was estimated. The formation of wires with different diameters was explained by a
model, assuming that for degenerate wafers complete depletion of the pore walls stops
the etching process, whereas for p-type, non-degenerate wafers a self-limiting process
occurs, which is due to quantum wire formations including band gap energy shifts. And
band gap energy shifts related to quantum confinement happen at much smaller wire
diameters than the depletion width inside degenerate wafers. These observations of wire
diameters in complementation with investigations of absorption on AE-PSi formed from
different types of initial wafers were again in agreement with the quantum confinement
hypothesis in the wires. It was found that AE-PSi formed from degenerate wafers does
not show quantum confinement related features in absorption measurements, whereas
material formed from p-type, non-degenerate wafers did.

In the following years this initial hypothesis of quantum wire PL in AE-PSi was critically
challenged and other hypotheses for the origin of the high energy PL in the material arose.
These hypotheses can roughly be summarized as follows:

A Quantum confinement effects within quantum wires
B Quantum confinement effects within quantum dots (nanocrystals)
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C Surface and interface effects, e.g. in the Si/SiOx boundary interfaces or more generally in
the surface region

Models A and B both belong to the quantum confinement hypothesis, applied to 1D and 0D
structures, respectively. Model C implies a large number of possibilities, because surfaces
and interfaces of nanostructured silicon very sensitively depend on the method of
preparation. There are a lot of possibilities of SiOx compounds and structures, which can
lead to PL in the visible range of the spectrum. Overall, one can conclude from publications
and review articles on this field, that all three hypotheses (A, B, C) are appropriate, but
which one applies in each cased depends on the exact microscopic and nanoscopic structure
of the AE-PSi sample under investigation. For the hypothesis A and B more detailed
specification of the models is not necessary here, they are sufficiently well defined by the
sentences above and sketched in Figures 8a, b. There exist many publications on methods to
prepare precisely defined single silicon nanowires (SiNWs) (e.g. Peng, 2002; Hochbaum,
2009; Qu, 2009; Sivakov, 2009; Stelzner, 2008) or silicon nanocrystals (Si-NCs) (e.g. Ehbrecht,
1995) and also a lot of publications about PL originating from single SiNWs (e.g.
Walavalkar, 2010) or Si-NCs (Huisken, 2002; Ledoux, 2002). Basis of most of the PL studies
on these low dimensional single structures is mostly a quantum confinement effect, which
induces an energy shift of the emission peak with respect of the RT band gap of silicon.

CRYSTALLINE SILICON

(@) (b)
Fig. 8. PL generation in nanostructured Si due to quantum confinement effects. (a) Quantum
wire as seen by TEM in an AE-PSi sample, referring to hypothesis A; Reprinted by permission
from Macmillan Publishers Ltd: nature (Cullis, 1991), copyright 1991. (b) Nanocrystals or
homomorphous, near 0-dimensional structures, referring to hypothesis B; reprinted with
permission from (Cullis, 1997). Copyright 1997, American Institute of Physics.

There have been proposed numerous models for the origin of visible PL, belonging to
hypothesis C. Many of them were summarized in the review article (Cullis, 1997). We will
further roughly follow this review article in order to discuss the main issues thereof. Fig. 9
shows four possible sources of PL origin as discussed in (Cullis, 1997), which we will
discuss in the following paragraphs.
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Fig. 9. Four models of PL origin belonging to hypothesis C. Reprinted with permission from
(Cullis, 1997). Copyright 1997, American Institute of Physics. Part (d) was initially adopted
from (Koch, 1993) and is reproduced with permission by Cambridge University Press.4.1.1
Hydrogenated amorphous silicon

Hydrogenated amorphous silicon (a-Si:H) can be formed on the surfaces of the porous
material (Street, 1991). In the transition region between the crystalline cores of the porous
material and the surface, nonstoichiometric silicon oxide (SiOy) is formed. This region
usually is of amorphous structure, and in the presence of hydrogen atoms during the
preparation process, also incorporates H-atoms. The presence of H-atoms is true in the case
of AE-PSi, as the Si surfaces immediately after removal from the dilute hydrofluoric acid are
known to be hydrogen terminated (Kolasinski, 2009). It is known that a-Si:H possesses a PL
band with peaks in the photon energy at 1.3 to 1.4 eV (Carius, 2000). In the following, if we
speak about energy ranges in PL emission, always the ranges of the peak positions are
denoted. Furthermore, PL emission range can be tuned by variation of hydrogen and also
oxygen content within the material. Variations of oxygen content in a-S5iOx:H films were
reported to result in photon energy emission ranges as large as from 1.3 to 1.7 eV (Carius,
2000). The different ranges of PL emission due to several possible origins of PL are also
summarized by Voigt et al.
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4.1.2 Surface hydrides

Surface -SiH, species were found to be essential to the visible PL of AE-PSi (Tsai, 1991) and
proposed as possible origin of PL of AE-PSi (Wolford, 1983). However, this hypothesis in the
course of research was falsified. Main knock-out criterion were observations by FTIR studies,
which showed that PL can be quenched for AE-PSi samples, while only a small fraction of
surface hydrides is removed from the sample by thermal desorption, but the main part of the
hydrides still remain on the samples surface. Hence, there is “no direct correlation between the
PL and the silicon hydrogen surface species” (Robinson, 1993). The passivation quality of the
surface hydrides rather seem to imply a PL, and not the hydrides themselves are a source of PL.
Similar PL can be obtained by AE-PSi either passivated by hydrides - as it is known to naturally
be the case for freshly prepared samples - or passivated by a high quality surface oxide. Also,
recently methoxy (-OCHs) group passivation of the surfaces of porous silicon appear to have a
similar passivation effect as hydrides or well grown oxygen. In summary, surface hydrides
have been shown not to be direct source of the main part of visible PL in AE-PSi.

4.1.3 Defects

Several possibilities of carrier location at distortions of stoichiometrically built crystal
lattices can be accounted to the category of defects. These defects can be either localized
within the ¢-Si cores of AE-PSi, or are found near the boundaries of the crystalline cores
within the AE-PSi samples. Near the oxide of the c-Si cores, defects are formed more often,
because only there the elemental ratios show up gradients, dependent on the surface
treatment of the samples after preparation. For the case of oxidized samples the material
composition shows a transit from c¢-Si to SiO, where one has to keep in mind that
additionally hydrogen can be incorporated due to initial hydrogen termination of the
surfaces immediately after preparation. Known defects of this kind are three types of non
bridging oxygen centers (NBOCs). These defects consist in trapped holes located at an
oxygen atom owing a bond only to one neighbour atom. The first kind of this defect is an
“isolated” Si-O, the second one is stabilized with a hydrogen bond Si-O ... H-O, the third
type is the least understood and is likely to be caused by the strain of bonding
configurations or density (Prokes, 1996). NBOCs emit light in with peaks around 1.9 eV and
FWHM of 0.1 to 0.3 eV - depending on which types of the various forms of NBOCs are
present in the material (Skuja, 1979; Hibino, 1985; Munekuni, 1990; Nishikawa, 1991).

Most important support for the relevance of defect states in the luminescence of AE-PSi was
derived from electron spin resonance (ESR) measurements. We therefore introduce the
relevant ESR specific nomenclature, following (Prokes, 1996), see Fig. 10: Oxygen shallow
donors (SDs) have been described as oxygen clusters at a silicon vacancy, in AE-PSi they
occur near the sample surfaces and consist of a cluster of NBOCs. Furthermore, dangling
bonds exist at silicon surfaces, if they are not entirely passivated by hydrogen or other
species; they are called P}, centres in ESR nomenclature. After oxidation of freshly prepared
AE-PSi a new type of defect appears in ESR measurements, called EX center. According to
Stesmans et al. (Stesmans, 1994) EX centers consist of NBOC clusters, sharing a delocalised
electron. These three types of Si-O related defect centres are suggestively sketched in Fig. 3.
A major pro argument for the hypothesis that defects play a considerable role in the PL of
AE-PSi was the observation that at low temperature annealing the P}, signal increased
together with the SD signal and at the same time PL became more intense (Prokes, 1996).
This experimental result cannot be explained by the non-radiative recombination channel,
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which is opened by Py, centers, because PL would have to decrease with increasing P}, signal.
Thus, the variation in PL intensity is not controlled solely by a change in surface passivation,
but must have other reasons. An evident explanation is that the increase of SD signal - and
therefore an increase in NBOC density - accounts for the higher PL yield.
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Fig. 10. Detailed model sketch of Si-O based NBOC defects; Reprinted with permission from
(Prokes, 1995). Copyright 1995, American Institute of Physics.

A more elaborate model of how defects in the silicon oxide/silicon interface could act as
luminescent centers within porous material Was discussed by Sacilotti et al. in (Sacilotti,
1993). It is based on the idea of type II semiconductor interface PL, which was inspired from
the case of a AlAs/GaAlAs/ AlAs heterostructure.

At this point we clearly state that different sources of PL can be present in differently
prepared and differently surface treated AE-PSi. Further, the author believes that this point
of view is helpful in understanding the PL of AE-PSi and of other kind of nanostructured
silicon derivates, because there probably are a variety of existing PL mechanisms in
complicatedly micro and nanostructured samples, and it is only a matter of knowing which
PL channel prevails in each case, to appropriately explain the main PL mechanism.

4.1.4 Surface states
Reason for the presumption that surface states may play a role in PL of porous silicon
structures was the consideration that the internal surface of porous silicon is very large.
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There have been proposed 2 types of surface states for AE-PSi, one being energetically deep
states, the other one shallow states (see Fig. 9d). Experimental evidence for the existence of
non-quantum-confined states consisted in the observation of a large energy difference
between absorption and PL peak in samples of AE-PSi (Lockwood, 1994). This energy
difference was attributed to the existence of surface states, in which excited carriers relax
after being absorbed in the crystalline parts of the material.

4.2 Photoluminescence in metal assisted wet chemically etched silicon

4.2.1 Introduction

Our main interest in PL on MAWCE-II silicon nanowire (SiNW) structures is to explore the
origin of PL in each material produced with specific preparation parameters, which is a
scientific basic research concern. In addition, the view on application of such obtained
classes of materials is very challenging. As it is said in the credo of the semiconductor
industry that “if it can be done in silicon, it will be done in silicon” (Vetterl, 2000), also light
emitting devices will be built from silicon if sufficiently strong and fast emitters will be
feasible. It’s this respect, which the applied side of development aims to building a “silicon
diode” or even better, constructing a “silicon laser”. In this respect it is essential to overcome
two main shortcomings of bulk c-Si.

A The band gap in the infrared regime of the spectrum
B The long PL lifetimes, which are related to the indirect nature of the silicon band gap

Shortcoming A was already solved by emission of visible PL of AE-PSi and this feature is
still maintained by the material obtained by MAWCE-II. Shortcoming B is more complicated
to be eliminated. Many approaches have been followed so far, but the final goal has not
been reached yet, as one can see from the observation that no “silicon laser” with silicon or
silicon compounds as active part of the device is available on the market to the best of the
author’s knowledge. Nevertheless, silicon based light emitting devices (LEDs) with c-Si as
the light emitting source already exist in laboratories. Green et al. (Green, 2001) introduced a
¢-Si based device, similar to a high efficiency solar cell, but this LED emits in the infrared
region with photon energies near 1.1 eV and therefore does not overcome drawback A. Presti
et al. (Presti, 2006) published an article about electroluminescence of a Si quantum dot based
LED in combination with a photonic crystal structure. This device emits light in the visible
range of the spectrum, however to the best of the author’s knowledge, they are not available
on the market. And devices based on silicon nanocrystals (Si-NCs) do - as far as the author
knows - not overcome drawback B. In Si nanocrystals the nature of the band gap is still
predominantly indirect (Guillois, 2004). This issue is especially important, because long
radiative lifetimes imply low emission decay rates, lead to low quantum yields at high
excitation and finally hinder the design of a Si laser.

Solar cells built from AE-PSi or material produced by MAWCE follow a similar track, with
the difference that shortcoming B is not so relevant in this case. For solar cells, the desired
output is electric energy and not radiative emission. The negative nature of B for solar cells
is only that absorption for indirect band gap semiconductors is very low as compared to
direct band gap semiconductors.

4.2.2 Samples prepared from heavily doped and from weakly doped c-Si wafers
Fascinating feature of samples prepared from heavily doped wafers by MAWCE-II is their
shiny bright visible PL emitted in the orange-red spectral range (Fig. 11b). This strong
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visible light emission is only observed for samples prepared from heavily doped silicon
wafers (by about 1020 cm3), whereas samples from weakly doped wafers (about 106 cm-3)
show considerably weaker light emission (see Fig. 13). We observed that this trend does not,
or only marginally, depend on the type of doping, on whether it is n-type or p-type. All PL
measurements presented in this section were performed on a setup as described in our
previous work (Sivakov, Voigt, 2010).

@) (b)

Fig. 11. Bright visible orange-red PL as seen from a heavily doped sample prepared by
MAWCE-IL (a) Sample as seen under exposure to white light; (b) the same sample
additionally irradiated by laser light at wavelength of 337 nm. Blue luminescence is due to
the glass substrate whereon sample was mounted. Reprinted from (Voigt, 2011).

Complementarily, structural investigations by SEM have shown that MAWCE-II samples
prepared from heavily doped wafers own a mainly porous nanostructure (see Fig. 12a),
whereas samples prepared from weakly doped wafers for certain preparation conditions are
composed of SiNWs standing on the substrate like grass on an English yard’s garden (conf.
Fig. 2c). If one looks at the porous-like structure of the heavily doped samples in more
detail, one observes that they also show up longish, wire-like features (Fig. 12b). These
features might, however, not be of crystalline type, but again porous themselves as we
observed in TEM measurements (not shown in this publication) and as (Qu, 2009) also
pointed out for similarly prepared samples.
As the strong visible PL of the porous-like, heavily doped MAWCE-II samples reminds of
the PL observed from high porosity AE-PSi - obtained by heavily doped, but non-
degenerate p-type wafer material (Lehmann, 1991) - this implies that the nanostructure of
the MAWCE-II samples might be very similar to the on of highly porous AE-PSi samples. In
comparison to AE-PSi samples, we conclude that
e the large PL yield of heavily doped MAWCE-II samples in the visible range reminds of
similar PL observed for highly porous AE-PSi.
e the microstructure of weakly doped MAWCE-II samples shows up SiNWs, in best case
similar to Fig. 2c.
e the microstructure of heavily doped MAWCE-II samples resembles that of highly
porous AE-PSi, with the difference that in highly doped MAWCE-II samples also wire-
like structures are seen, but these are probably porous themselves again.
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Fig. 12. SEM microstructure studies of heavily doped (1020 cm-3) MAWCE-II silicon surfaces
(Voigt, 2011). (a) Unordered, porous-like structure seen in top view; (b) in side view and
larger magnification it becomes visible that also in this material wire-like features are
present.

One has to bear in mind that as well by anodic etching as by MAWCE-II a large variety of
microstructures can be achieved, sensitively depending on the initial wafer type and the
following etching conditions. With this respect it is illustrative to especially examine the overall
influence of the initial wafer’s doping density on the nanostructure and the PL spectra. Fig. 13
shows PL spectra, which where obtained from various samples, prepared by MAWCE-II.
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Fig. 13. PL spectra of differently doped as-prepared, oxidized samples, prepared by MAWCE-IL
Dotted line and solid grey lines denote PL of crystalline Si wafers, showed for comparison.
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Main trends in the yield of the different samples can be related to the initial wafers’ different
grades of doping. The higher the doping density is, the higher quantum PL yield will be
gained. It became evident from more extensive measurement series that for MAWCE prepared
samples this relation holds, independently whether n-type or p-type initial wafers are used
(not shown in this publication). The type of doping plays a minor role and does not disturb the
main general trend. Additionally, we performed measurements of PL spectra after an etch in
dilute HF (dashed lines), which will be treated in the following subsection.

4.2.3 Influence of subsequent HF treatment to MAWCE samples

What is interesting in the observation of PL prior and posterior to HF treatment of the already
oxidized MAWCE produced samples, is the ability to distinguish between PL sources, which
are due to the oxide-free part of the sample and sources which lie in the oxide or the
oxide/silicon interface. This is possible because an etch in dilute HF strips off the oxide from
the sample and after removal from the etchant the surface of the nanowire-like or porous
material is still passivated by hydrogen atoms (Ikeda, 1995; Kolasinski, 2009). According to our
experience this passivation sufficiently holds for duration of about 5 to 10 min, in order not
to perturb spectral PL measurements. Fig. 14a shows measurements of PL before and
after etching in diluted HF (2.5%) for duration of 3 min. After the HF bath, the samples were
rinsed by deionized (DI) water and blown dry by ambient air. The sample under investigation
for re-oxidation investigations (Fig. 14b) was prepared from an n-type c-Si (111) wafer, doped
by arsenic As with a density of 1020 cm™3. It was prepared by a MAWCE-II process and
is of highly porous type rather than nanowire containing. One clearly sees that
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Fig. 14. Spectrally resolved PL of samples prepared by MAWCE (Sivakov, Voigt 2010).
(a) PL measurements before (solid line) and after (dashed line) HF treatment on the as-
prepared, already oxidized samples of different doping; (b) re-oxidation of an HF treated
porous sample. All curves are normalized to obtain the value 1 in the maximum. Also
indicated is the PL measurement on the as prepared, oxidized sample. Oxidization times after
the first measurement are listed in the legend.
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PL of all samples shrinks by the HF treatment and the peak shifts from higher to lower
photon energies (Fig. 14a). We attribute this to a loss in energy states, which were due to the
silicon oxide film or the Si/SiOy interface. These hypothetic energy states must be located in
high energy range with photon energies around 1.6 eV, whereas the remaining PL is centred
around 1.4 eV. The remainder of PL at all after etching is a strong hint to the existence of
quantum confined states within the material. Quantum confined states giving rise to a PL
emission with peak at 1.4 eV can be attributed to silicon nanocrystals with mean diameter of
approximately 6 nm, if one follows the equation

1/1.39
d _[ 373 eV ]
i

nm | Ep; _Eg,S

(12)
where d, Epr, Egcsi = 1.12 eV mean the nanocrystal diameter, PL peak energy and silicon RT
band gap, respectively. Eq. 12 can be derived by simple reorganization of formulae given in
(Delerue, 1993) and (Ledoux, 2000).

4.2.4 Re-oxidization of HF treated sample

By observation of the re-oxidation of HF treated samples, further insight in the PL
mechanism and sources of PL is gained. The advantage of measurements during
reoxidation as compared to the previously discussed observation of the effect of HF
treatment is that a process is monitored and not only initial and final states are observed.
Normalized PL spectra, recorded during this process are shown in Fig. 14b. The black line
designates the as-prepared, oxidized sample. After removing the sample from the HF
etchant, rinsing it by DI water and blowing it dry by air, we had to wait for < 3 min until
the first PL measurement could be performed, for transfer and sample mounting reasons.
The measurement performed directly after this time is labelled by “0s”. We assume that
no or very little effect of re-oxidation in ambient air happens during the transfer time. The
results show that the initial state of the as-prepared sample was nearly reached after 40
min of re-oxidation.

4.2.5 Models

Various models have been proposed in order to describe PL arising from AE-PSi; examples
have been enumerated and explained in Section 4.1. Here, we want do discuss in more
detail about models appropriate to explain the main features observed during RT PL
experiments on MAWCE-II prepared samples, as described in Sections 4.2.1 to 4.2.7.

2-media model comprising localized confinement

We start with a simple 2-media model sketched in Fig. 15a, which can be applied to SINW
containing samples of this kind. The black “stalk” in the middle of Figs. 15a and b
symbolizes the crystalline core of the nanowire. Small nanocrystals are located within the
SiOx layer surrounding the SINW. They are isolated from each other and from the SINW
stalk by SiO.. As the PL contribution due to the crystalline SINWs can be neglected if their
diameters are large enough, main parts of the PL spectrum will stem either from quantum
confined states or SiOx-related states. Because of the assumption of only 2 PL active sources
within the material, we call the model a 2-media model. PL from the medium of Si-NCs in
this model corresponds to light emission from quantum confined states. PL from the
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medium of SiO4 can be attributed to amorphous SiOy (see Subsec. 4.1.1 and Carius, 2000), to
Si-O related defects (see Subsec. 4.1.3) or to surface states localized at the Si/SiOx boundary
(see Subsec. 4.1.4).

QC c-Si \ N
States SIO, QC States SiO,
@) (b)

Fig. 15. Two-media models for SiNWs containing samples prepared by MAWCE. The dark
part in the middle of the figures symbolizes a single crystalline SINW. (a) Model of localized
confinement of charge carriers in isolated Si-NCs within a matrix of amorphous SiO.. (b)
Model of semilocalized confinement of charge carriers within Si-NCs, being still attached to
the crystalline core of a SINW.

“Millet gruel” model

The 2-media model of localized confinement shown in Fig. 15a can account for PL
measurements on MAWCE-II silicon, which really show crystalline-core SiNWs within the
material. However, under certain deposition conditions no SiNWs are found inside the
etched part of the wafer and another model has to be considered. For some MAWCE-II
silicon a model holds, which we call the “millet gruel” model. The millet seeds within the
gruel symbolize the Si-NCs within the porous matrix and the milk-starch-mixture
surrounding the seeds symbolizes the oxide layers (see Fig. 16). Although there are no wire-
like or more extended structures present within the millet gruel, it looks similar to a SEM

Fig. 16. The “millet gruel” model of porous silicon. It can be appropriate for AE-PSi as well
as for MAWCE samples, while strongly depending on preparation parameters. The millet
seeds symbolize single silicon nanocrystals, which are interconnected by milk-starch-
mixture mush, symbolizing the SiOy regions of porous Si.
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micrograph of AE-PSi, shown in Fig. 12a. Also in the millet gruel wire-like features are
formed, but they do not consist in longish seeds, but in seeds bonded together by an
adhesive medium. Likewise, in highly porous AE-Psi as in samples belonging to Fig. 12a
there may not be any SiNWs present and the longish structure to be seen in the figure might
only be a chain of Si-NCs glued together by SiO,. In this case, and only in this case, the
“millet gruel” model is appropriate. In comparison to the 2-media model of localized
confinement, this model only lacks the interface between the crystalline SINWs and the SiOx,
and the SiNW cores themselves.

2-media model comprising semi-localized confinement

The 2-media model comprising semi-localized confinement resembles the one assuming

localized confinement. In both cases crystalline SiNWs are present within the regarded

material. The only difference between the models is that in the semi-localized case the Si-

NCs are still attached to the crystalline SINW core, forming kind of protuberances at a rough

Si-NW surface. Actually, by TEM investigations, SiNWs with very rough surfaces have been

found in weakly doped MAWCE-II silicon (Sivakov, Voigt 2010). The corresponding peak to

valley height of the sidewall roughness was found to lie in the range between 2.5 to 3.5 nm.

In order to understand, how a shift of PL emission peak energies can be explained by the

model of semi-localized confinement, one has to regard 3 items:

e Confinement within the Si-NC-like protuberances will only occur, if one of the two
charge carriers - either the electron or the hole - is trapped at some surface part of the
protuberance. Two quasi-freely existing charge carriers of opposite electrical charge, or
more precisely an exciton, would not move into a protuberance, where the total energy
will be increased due to quantum confinement.

e  Several energy contributions have to be taken into account, if one wants to calculate the
energy of the finally emitted photon. These are

- the Coulomb-attraction between the electron and hole, AEcou

- the energy decrease of the exciton due to localization of one charge carrier in a trap,
AEt‘rap

- the energy increase of the system due to (semi)confinement, AEcons

e The state achieved as semi-localized state (one carrier trapped at surface of
protuberance) must be of stable or metastable type. L.e., an energy barrier must exist for
the electron hole pair to diffuse into the bulk of the SINW and form a free (if the SINW
diameter is large) or a wire-confined state (if the SINW diameter is small).

In summary, the energy Epnot of the emitted photon can be calculated as

EPhot = Eg + AEconf - AECoul - AEtrup * EPhon ’ (13)

where Eg, and Ephon denote the semiconductor band gap and the energy of an emitted or
absorbed phonon.

A similar model as the one of semi-localized confinement has already been proposed to
explain the process of electroluminescence (EL) generation of AE-PSi by (Billat, 1996). The
latter model is sketched in Fig. 17. Additionally to the kind of “semi-localized Si-NCs” to be
seen at the boundary region of the material, the model does also incorporate the
development of the material’s surface structure by the process of electrochemical oxidation
within the electrolytic environment during the EL emission (oxidation process steps in
Figs. 17a-c). The proposed oxidation leads to a decrease of the Si-NC like structures’
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diameters, which is in accord with the observation of a shift of the PL peak to higher photon
emission energies with time. As higher photon energies correspond to lower diameters in
the framework of quantum confinement models, the observation of shift together with the
proposed model are strongly supporting the hypothesis of the possibility of semi-localized
quantum confinement within Si-NC-like protuberance.

©

Fig. 17. Sketches of a model designed to explain the electroluminescence (EL) of AE-PSi.
Image from (Billat, 1996). Reproduced by permission of ECS - The Electrochemical Society.
Single Si-NC-like protuberances are seen at the boundary of the bulk Si part. Steps (a), (b),
(c) symbolize the evolution of the material due to oxidation in electrolytic environment
during EL measurements.

Model of self-trapped exciton (STE)

The model of semi-localized confinement can be complemented by the model of self-
trapped excitons (STEs), described by Delerue et al. (Delerue, 2004 in Sec. 6.4). In the latter
model it is assumed that under certain circumstances an electron hole-pair can be localized
on a single covalent bond. If the implicated lattice displacements of the two corresponding
atoms are large enough, the separation between the anti-bonding and the bonding state will
decrease much, leading to a large energy shift between the photon absorption in the bulk
part and the photon emission, due to the exciton localized on the bond (Stokes-shift). A
large Stokes-shift of about 1 eV has actually been observed for a sample of oxidized AE-PSi
with crystallite diameters of about 1.5 nm (Lockwood, 1994), as was already mentioned in
Subsec. 4.1.4, dealing about surface states. The model of STEs was accompanied by
calculations of various kind (Delerue, 2004), hence it can be regarded as theoretically
funded.

4.3 Discussion and conclusions

We focused on spectral RT measurements of PL on MAWCE-II silicon in this section,
including investigations on

1. the dependence of spectral PL on doping grade of the samples,

2. surface treatment by HF and

3. re-creation of PL due to reoxidation.

Samples can be either of SINW-like type - corresponding to weakly doped initial wafers - or
of porous type, resembling AE-PSi - corresponding to heavily doped initial wafers. SINW-
like samples usually show up low PL emission, whereas samples of porous types emit
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strong visible PL in the red-orange spectral range. After treatment by dilute HF the high-
energy part of PL vanishes - as well for SiNW-like as for porous samples. Interestingly the
disappearance takes place not in the total spectral range, but significant PL contributions
remain centred around the peak energy at about 1.4 eV. We conclude that different sources
of PL are present in the MAWCE-II processed samples. This is evident from PL
measurements before and after HF treatment of the as-prepared, already oxidized samples
and from the process of re-oxidation. We explain these observations by the following
models, which categorize different parts of the PL spectrum to different structural features

or regions, corresponding to the sources of PL as discussed for AE-PSi in Subsec. 4.1.

i.  The 2-media model of localized Si-NCs within a matrix of SiO, surrounding the SINWs
in MAWCE-prepared samples (Fig. 15a) sufficiently explains the origin of PL prior and
posterior to HF treatment. The crystalline silicon core of the nanowires plays with
respect to PL emission no role, hence this model can also be applied to highly porous
structures, where only Si-NC-like features are present embedded in an amorphous
matrix of SiO. In this regard the 2-media model of localized confinement can for highly
porous samples better be changed to the “millet gruel” model (see Fig. 16). By means of
this model also the development of PL after HF etching and during the process of re-
oxidation can be interpreted. After the HF etch, the oxide around the Si-NCs and the
SiNW is entirely removed. Therefore only PL from quantum confined states within the
Si-NCs remains (being centered at about 1.4 eV as seen in Fig. 15a, b). During the
process of re-oxidation two processes occur simultaneously. Firstly, the SiOx layer is
built up again, leading to steadily increasing SiOx-related PL. Secondly, the diameters of
the Si-NCs shrink, which increases the confinement energy according to eq.12, hence
the confinement part of the PL shifts to higher energies. The first process is readily seen
in Fig. 4b, process 2 plays a minor role and its effect is only visible after application of
successive HF etch steps.

ii. The “millet gruel” model is a submodel of the 2-media model of localized confinement,
the only difference being the leave-out of the crystalline SINW cores. This model applies
for highly porous Si material.

iii. Another 2-media model featuring semi-localized Si-NCs within the matrix of SiO, was
introduced (Fig. 15b). It can explain PL emanating from SiNWs with rough surfaces,
without assuming the existence of isolated Si-NCs within the SiO, matrix. However,
this model currently lacks direct experimental support and theoretical foundation and
is therefore speculative.

another model was cited in Subsec. 4.2.5, which explains the PL of porous Si with very small
diameters around 1.5 nm as a result of self trapped excitons (STE), being localized at the
boundary of small Si-NCs (see ref. Delerue, 2004). This model resembles the 2-media model of
semi-localized confinement, but in contrast to semi-localized confinement, which was
proposed to explain PL emission from rough surfaces of large-diamenter SiNWs, the STE
model in silicon was applied to explain PL emission of very small diameter Si-NCs.

Surely, more detailed, more extended experimental PL investigations on the MAWCE-II

silicon are sensible (as well as reviews on already published results). To name some of

them:

e Time dependent PL measurements, like PL decay

e  Temperature dependent PL

e PL excitation measurements
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There are many other, especially micro-, and nano-scopic, experimental approaches, which
either already exist or still have to be found, which can be applied to materials obtained by
MAWCE-II and give further insight into PL mechanisms and responsible sources of
photoluminescence. Especially, scanning optical near field (SNOM) measurements on
single, isolated SiNWs produced by MAWCE-II or even more simple micro-PL
measurements - can give insight and either verify or falsify the model of the PL by semi-
localized Si-NCs within an SiOx matrix (see Fig. 15b). In summary, the PL of MAWCE-II
samples is a very exciting, buzzing field of investigation and it’s likely that a lot of insights
and relations still wait to be discovered.

5. Solar cell architectures based on wet chemically etched silicon nanowires

Among various sources of energy, sunlight is the most abundant and cleanest natural
energy resource. In principle, photovoltaics (PVs) hold a great promise to exploit the
sunlight to generate clean energy to accommodate the ever-increasing energy demands
[Barnham, 2006; Crabtree, 2007; Alsema; 2000]. Photovoltaics is the field of technology and
research related to the application of solar cells for energy generation by converting solar
energy directly into electricity. Electrical production with solar cells is continuously
increasing. Solar cells are particularly useful as power generators in distant and terrestrial
places like weather stations and satellites. Solar cells are used in small devices like watches
and calculators, but mostly they are used to produce electricity either in large-scale power
plants or by being incorporated into walls and rooftops. The function of solar cells
essentially involves the presence of a p-n junction close to its surface in order to create
potential difference in the bulk. A transport of photogenerated charge carriers across the
junction to lower its potential energy is harnessed to execute work. About 90% of solar
photovoltaic modules are silicon-based [Miles, 2007], but in recent years increased demand
for silicon solar cells has inflated the price of solar-grade silicon. The price of Si accounts for
about half of the price of solar cells. The grid parity of electricity produced by solar cells is
close to 1 USD/Watt assuming a 20-year lifetime of the cells [Gunawan, 2009], but the price
is currently four times higher. One obvious way to lower the cost is to reduce the amount of
silicon in the cells. By using thin film technology, the thickness of the silicon can be reduced
from 200-300 pm to 0.2-5 pm. Another way to cut down production cost is to use low-grade
Si instead of ultra-pure Si currently being used. However, this lower-grade material is less
efficient. It is presumed that the grid parity of solar cells will be reached by using thin film
technology or a new design that is most-likely based on nanotechnology.

5.1 Axial p-n junction in MAWCE SiNWs

Wet chemically etched microcrystalline silicon (mc-Si) surfaces show very low reflectance
compared to Si thin layers or wafers [Stelzner, 2008; Andra, 2007, 2008]. This low reflectance
is potentially interesting for photovoltaic applications where enough absorption of solar
light in an as thin as possible Si layer is desired and a combination of light trapping
structures and antireflective coatings have usually to be applied [Tsakalakos, 2007; Peng,
Xu, 2005]. The SiNWs themselves have shown to absorb solar light very satisfactorily and
can therefore be used as the solar cell absorber [Tsakalakos, Balch, 2007; Kaynes, 2005;
Koynov, 2006].



Wet - Chemically Etched Silicon Nanowire Architectures: Formation and Properties 71

In this part we will show how the wet chemical etching into a thin silicon layer on glass
substrate to be useful to serve a solar cell absorber in a thin film solar cell concept on glass.
Fig. 18 shows a schematic representation of the multicrystalline silicon layer stack on glass
before wet chemical etching. Fig. 19 shows scanning electron microscopy (SEM)
micrographs of the SINWs after wet chemical etching into the mc-Si layers on glass. Fig. 19a
shows an SEM micrograph of SiNWs in cross section. The etching profile is homogeneous
and the etching depth approximately is 2 um from the top surface. Fig. 19b shows a SEM
micrograph of SiNWs from the top surface. A difference in the SiNW orientation is
discernible for starting grains of different orientation prior to wet chemical etching. The
diameter of the SiNWs varies from 50 nm to 150 nm with an average of approximately
100 nm.

me-Si(nt) ~ 300 nm

Glass

Fig. 18. Schematic cross sectional view of the mc-Si p-n junction layer stack on a glass
substrate.

Fig. 19. (a) Cross sectional SEM micrograph of the AgNOs/HF etched mc-5i layer on glass;
(b) planar SEM micrograph of SiNWs etched into grains of different orientation; the grain
boundary in the staring mc-Si layer is clearly discernible (Sivakov, 2009).
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SiNWs have been contacted by metallic tips for the characterization of the optoelectronic
properties. The samples were illuminated through the glass substrate (superstrate
configuration) using well defined AM1.5 illumination conditions. I-V-curves are shown in
Fig. 20. The four different curves were obtained at four positions within a single sample.
While in all cases the open circuit voltage (Vo) is rather similar lying in the range of 410 -
450 mV, the short circuit current (Is) values differ appreciably. This may be due to the point
contacting with gold needles which allows either to contact a higher or lower number of
SiNWs just depending on position. Therefore, it is not simple to give a reliable current
density. The short circuit current densities, js, in Fig. 20 ranging from 13.4 mA/cm? to 40.3
mA/cm? were calculated. The shunting is responsible for the deviation of the I-V-curve
parallel to the y-axis; a large series resistance is responsible for a deviation of the curve
parallel to the x-axis. Shunting may be due to the large unpassivated surface of the SINWs
or even due to surface currents along the SiNW surfaces. High series resistance and
shunting lead to a low fill factor FF of about 30%. From the measured values an energy
conversion efficiency (1) of 1.7% to 4.4 % follows. The highest power conversion efficiency
of SiNWs based solar cell on glass was 4.4 % which shows potential for low cost solar cells
with such design. The high current density of about 40 mA/cm? requires complete light
absorption and high quantum efficiency. Moreover, to increase the power conversion
efficiency for such nanostructures, the shunting should be minimized and all production
steps must be optimized for such solar cell architecture.
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Fig. 20. Illuminated (AM1.5) I-V curves of SiNWs etched into a mc-Si layer on glass. SINW
are irradiated through the glass substrate (super-state configuration) and contacted by metal
tips at four different sample positions (Sivakov, 2009).

J, mA/cm?

5.2 n-SiNWs/Al,03/AZ0 semiconductor-insulator-semiconductor isotype
heterojunction

In this part we will present a semiconductor-insulator-semiconductor (SIS) concept based on
very efficiently light absorbing wet-chemically etched SiNWs as presented in Fig. 21.
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Al:ZnO

Silicon Nanowires Tunneling barrier

Fig. 21. Schematic cross sectional view of the formation of semiconductor-insulator-
semiconductor solar cell based on wet chemically etched silicon nanowires.

Fig. 22 shows cross sectional SEM micrographs of the SiNWs after wet chemical etching of
single crystalline n-Si(100) wafers and the same sample after atomic layer deposition (ALD)
of alumina (Al;O3) as a tunnelling oxide and aluminium doped zinc oxide (AZO) as a front
contact. The etching profile (Fig. 22a) is homogeneous and the etching depth is
approximately 2 pm from the original wafer surface. Fig. 22b shows the homogeneous filling
of the gaps between the SiNWs with Al,O3/AZO.

(b)

Fig. 22. Cross sectional SEM micrographs of (a) as prepared wet chemically etched SiINWs;
(b) the complete layer stack of an SIS solar cell with Al,O3; wrapped insulating as well as
wrapped AZO films.

Mluminated and dark I-V-curves are shown in Fig. 23. The highest observed open current
voltage (Voc, max), short current density (Jsc, max) and fill factor (FF) under AMIL.5
(1000W/m?) illumination were 470 mV, 33 mA/cm? and 61%, respectively. The solar cell
with the best 8.6% efficiency is shown in Fig. 23.

In conclusion we have demonstrated a semiconductor-insulator-semiconductor (SIS) solar
cell based on wet chemically etched silicon nanowires (SiNWs) and aluminium oxide
(AxO3) as a tunnelling barrier grown by atomic layer deposition (ALD). The highest power
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conversion efficiency of SiINWs based SIS solar cell was 8.6 % which shows potential for low
cost solar cells with such a design. The most promising and important factor is the
improvement of the Vo which can be tuned by the SINW dominated surface structure. We
see a real potential for further improvement of solar cell parameters such as V. to 600-700
mV and a power conversation efficiency of >15%.

40 dark
— AM1.5

-600 -400 -200 0 200 400 600
V [mV]

Fig. 23. Non illuminated and illuminated (AM1.5) I-V curves of an SIS solar cell witha 11 A
AlOs tunneling barrier layer and optimized SiINW structure. The SIS cell is contacted by
metal tips, one on the rear wafer surface which is contacted by a Ti/ Al layer and one on the
front AZO layer surface.
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1. Introduction

One-dimensional semiconductor nanostructures, such as Si and Ge nanowires, have
attracted extensive research efforts over the past decades (B. Y-K Hu & Das Sarma, 1992;
Hirschman et al., 1996; Morales & Lieber, 1998; Holmes et al., 2000; Cui & Lieber, 2001;
Cui et al., 2001, 2003; Koo et al., 2004; Audoit et al., 2005; X. Y. Wu et al., 2008; Dailey &
Drucker, 2009). They are expected to play important roles as both interconnects and
functional components in future nanoscale electronic and optical devices, such as light-
emitting diodes (LEDs) (Hirschman et al., 1996, Cui & Lieber, 2001), ballistic field-effect
transistors (FETs) (Cui et al., 2003; Koo et al., 2004), inverters (Cui & Lieber, 2001), and
nanoscale sensors (Cui et al., 2001, Hahm & Lieber, 2004). Experimental and theoretical
investigations showed that in these nanoscale structures charge carriers are confined in
the lateral direction of the wires, thus quantum confinement effect is expected to play an
important role on the electronic properties. This confinement effect has been observed, for
example, in photoluminescence studies, by exhibiting substantial blue-shift of emission
with reduction of the nanowire diameter (Z. Wu et al., 2008; Beckman et al., 2006; Bruno et
al., 2005). Researchers also found that the band gap of Si and Ge nanowires depends on
several factors, such as size (Beckman et al., 2006; Bruno et al., 2005; Arantes & Fazzio,
2007), crystalline orientation (Bruno et al., 2005; Arantes & Fazzio, 2007; Medaboina et al.,
2007), surface chemistry (Medaboina et al., 2007; Kagimura et al., 2007), and doping
(Medaboina et al., 2007; Peelaers et al., 2007).

Recently, particular attention has been given to Si/Ge core-shell nanowires, in which
factors, such as heterostructure composition and interface geometry, can be further
manipulated to tune the electronic properties of nanowires (Kagimura et al., 2007; Lauhon et
al,, 2002; Y. Y. Wu et al., 2002; Lu et al., 2005; Trammell et al., 2008; J. Q. Hu et al., 2009; Peng
& Logan, 2010; Peng et al., 2011b). Compared to pure Si and Ge wires, the core-shell
structure has some greater properties. For instance, a better conductance and higher
mobility of charge carries can be obtained, due to the conduction and valence band offsets in
the core-shell nanowires (Kagimura et al., 2007; Goldthorpe et al., 2008; L. Yang et al., 2008).
The band offsets also offer the heterostructure a wide range of applications in solar cells
(Tian et al., 2007) and high-switching speed transistors (Y. J. Hu et al., 2008).



82 Nanowires - Fundamental Research

Experimentally, Yang and colleagues (J. E. Yang et al. 2006) grew crystalline Si;.«Gex nanowires
by an Au catalyst-assisted chemical vapor synthesis, and showed that the energy gap of the Si;-
xGe, nanowires can be tuned in the range from near-infrared to visible regions. In addition,
Varahramyan and co-worker (Varahramyan et al., 2009) used ultrahigh vacuum chemical
vapor deposition to grow Si\Ge;.x epitaxial core-shell nanowires, and the Si/Ge shell content
can be tuned to enable radial band and strain engineering in these heterostructures.

In addition to the experimental studies, several theoretical calculations were performed to
study the quantum confinement effect in Si/Ge core-shell nanowires (Amato et al., 2009;
Musin & Wang, 2005, 2006; L. Yang et al., 2008). In these calculations, the band gap and
near-gap electronic states are particularly investigated as a function of hetero-composition.
For example, Wang’s group (Musin & Wang, 2005, 2006) reported the band gap of Si/Ge
core-shell nanowires as a function of composition for wires with diameter up to 3 nm; Migas
& Borisenko (Migas & Borisenko, 2007) studied the electronic properties of Si/Ge core-shell
nanowire along the [100] direction with a diameter of 1.5 nm; Yang et al. (L. Yang et al.,
2008) investigated the near-gap electronic states with the core and shell regions along [110]
and [111] directions with diameter up to 4 nm.

Our group (Peng & Logan, 2010; Peng et al., 2011b), in particular, explored the effect of
intrinsic and external strain on the band structures of Si/Ge core-shell nanowires along the
[110] direction with the wire diameter up to 5 nm. It is known that strain is used as a routine
parameter in industry to engineer electronic properties, such as the band gap, of
semiconductors. In the Si/Ge core-shell nanowires, there is an intrinsic strain in the core-
shell interface, due to the lattice mismatch between Si and Ge (Hahm & Lieber, 2004). In
addition, external strain can be also applied to engineer the band structures. There are a few
limited experimental studies in synthesis, strain relaxation, and equilibrium strain-energy
analysis of coherently strained Si/Ge core-shell nanowires (Goldthorpel et al., 2008;
Trammell et al., 2008). Here, we reported a detailed theoretical study of the effects of both
intrinsic and external strains on the structural, mechanical, and electronic properties of
Si/Ge core-shell nanowires.

We found that the intrinsic strain in the core-shell nanowires has significantly countered the
quantum confinement effect and reduced the band gap of the core-shell nanowires. In
addition, external uniaxial strain can further modulate the bands structure of the core-shell
nanowires. Therefore, electronic properties, such as the gap, effective masses of charge
carriers and work function, are substantially tuned by the strain.

2. Methods

First principles density-functional theory (DFT) (Kohn & Sham, 1965) calculations were
performed to study Si/Ge core-shell nanowires. The simulations were done using local
density approximation (LDA) implemented in Vienna Ab-initio Simulation Package (Kresse
& Furthmuller, 1996a, 1996b). A pseudo-potential plane wave method was used and the
plane wave energy cutoff for the wave-function basis is set to be 200.0 eV. Core electrons
were described using ultra-soft Vanderbilt pseudo-potentials (Vanderbilt, 1990). Reciprocal
space was sampled at 1 x 1x 4 K-points using Monkhorst Pack mesh. A larger plane wave
energy cutoff of 350.0 eV and a K-points mesh of 1 x 1x 9 were used to check the
calculations. No significant difference was found in the results using those parameters and
the current setting. In the band structure calculations, 21 K-points were scanned along the
reciprocal direction from I to X.
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Fig. 1. Snapshots of Si/Ge core-shell nanowires viewed from the cross section. The core
atoms can be Si (Ge), thus the shell will be Ge(Si). White dots on the surface are H atoms.

Dangling Si and Ge bonds on the wire surface were saturated by hydrogen atoms with the
initial bond lengths 1.47 A (Si-H), and 1.51 A (Ge-H), respectively. Those Si-H and Ge-H
bonds were allowed to relax during structure optimization. In the studied Si/Ge core-shell
nanowires, the core contains 30 atoms and the thickness of the shell varies, as shown in Fig.
1. If the shell composition is Si, the initial axial lattice constant of the core-shell nanowire
was set to be 0.3862 nm, taken from the lattice constant of bulk Si 0.5461 nm according to the
following equation,

Ainitial[110] = Pbulk[110] = Pbulk / V2 1)

If the shell is Ge, the axial lattice constant was initially set to be 0.3977 nm, derived from the
lattice constant of bulk Ge 0.5625 nm. We chose the initial lattice constant from the bulk shell
composition since the nanowires generally have more shell atoms than core atoms (see Fig.
1). In the lateral direction of the nanowires, the vacuum distance between the wire and its
mirror images (due to periodic boundary conditions) is greater than 1.0 nm, in order to
eliminate the interaction between wires. The axial lattice constants of all core-shell
nanowires were fully optimized through the technique of energy minimization. Atoms were
fully relaxed until the forces were less than 0.02 eV/A.

Electronic properties of a wire, such as band structure, energy gap, effective masses of
charge carrier, and work function, were then calculated by solving the Kohn-Sham equation
within the frame of DFT. The band gap is defined by the energy difference between the
conduction band edge (CBE) and the valance band edge (VBE). The effective masses of the
electron and hole can be readily calculated through parabolic fitting from the band edges

according to the following formula,
-1
d’E
% _ 32
m*="h (dsz )
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The studied Si/Ge core-shell nanowires are listed in Table 1. D is the diameter of a nanowire
in unit of nanometers, defined as the longest distance between two outer shell atoms in the
cross-section of the wire; N(core)/N(shell) is the number of the core/shell atoms in a given
wire; N(H) is the number of H atoms needed to passivate the surface dangling bonds. Fig. 1
gives the snapshots of three core-shell nanowires with the diameters of 2.5 nm, 3.7 nm, and
4.7 nm, respectively. The diameter of the core in the nanowires is roughly 1.5 nm. The core
and shell atoms could be either Si or Ge.

D (nm) N(core) N(shell) N(H)
2.5 30 46 28
3.0 30 80 32
3.7 30 142 44
4.7 30 246 52

Table 1. A list of Si/Ge core-shell nanowires along the [110] direction studied in present
work. D is the diameter of a wire.

Based upon the geometrically optimized wire, uniaxial tensile/compressive strain was
applied by scaling the axial lattice constant. For instance, a tensile strain of 2% means that
the axial lattice and the z coordinates of the atoms were rescaled to 102% of their original
values, while a compressive strain of 2% implies the axial lattice and the z coordinates were
rescaled to 98% of their original values. The positive values of strain refer to uniaxial
expansion, while negative corresponds to compression. For each strained wire, the lateral x
and y coordinates are further relaxed through energy minimization. Our study showed that
the band structure of a wire is significantly modulated by strain.

2. Results and discussion

2.1 Geometrical structures of Si/Ge core-shell nanowires

The lattice constants in bulk Si and Ge are 0.5461 nm and 0.5625 nm, respectively, based on
the simulation parameters mentioned above. The optimized axial lattice constants a for the
Si/Ge core-shell nanowires were obtained through energy minimization. With those relaxed
lattice constants, the axial stress in the wires is also minimal. The optimized lattice constants
a were reported in Table 2 and Fig. 2. It shows that in the Si-core/Ge-shell nanowires, a
generally increases with the diameter of the wire, from 0.3917 nm for the 2.5 nm wire to
0.3944 nm for the 4.7 nm wire. In addition, these lattice constants are smaller than 0.3977 nm
(derived from bulk Ge), but larger than 0.3862 nm (derived from bulk Si), as shown in Fig. 2.
These results are expected since a larger Si-core/Ge-shell wire contains more Ge atoms in
the shell, thus the lattice constant generally increases with size. On the other hand, the lattice
constant of the Ge-core/Si-shell nanowires decreases with the diameter of the wire, from
0.3985 nm to 0.3900 nm. It is interesting to note that the lattice constant for the smallest Ge-
core/Si-shell wire with a diameter of 2.5 nm is even larger than 0.3977 nm from bulk Ge (see
Fig. 2). This is consistent with the findings in pure Si and Ge nanowires with H passivation
(Logan & Peng, 2009; Peng et al., 2009), in which small Si or Ge nanowires along the [110]
direction were expanded, comparing to their bulk lattices.
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D (nm) a (nm) £ intinsic 10 core (%) & inuinsic to shell (%) Y (GPa)
2.5 0.3917 L5 -1.5 67.2
Si-core/Ge-shell 3.0 0.3945 2.2 -0.8 62.6
3.7 0.3965 2.7 -0.3 62.3
4.7 0.3944 2.1 -0.8 62.2
2.5 0.3985 0.2 32 59.2
Ge-core/Si-shell 3.0 0.3950 -0.7 2.3 65.3
3.7 0.3931 -1.2 1.8 67.2
4.7 0.3900 -1.9 1.0 82.2

Table 2. The calculated structural properties in the geometrically optimized Si/Ge core-shell
nanowires.

With these optimized lattice constants, an intrinsic strain was produced in the core-shell
nanowires. This intrinsic strain gnuinsic was calculated according to the formula,

Eintrinsic = (4~ Apuix[110]) / Foulk[110] (3)

where a is the relaxed lattice constant of the nanowire, and the apunqiio) is the lattice
constant of bulk Si or Ge along the [110] direction. The calculated intrinsic strain was
reported in Table 2. In general, the Si composition is in a tensile strain (i.e. positive strain),
while the Ge composition is in a compressive strain (i.e. negative strain). This intrinsic
strain brings an effect in the band gap, significantly countering the quantum confinement
effect, as discussed later.
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Fig. 2. The optimized axial lattice constant of Si/ Ge core-shell nanowires as a function of the
wire diameter.

As mentioned before, external uniaxial strain has also been applied to the geometrically
relaxed nanowires. Strain energy SE of the nanowires is defined as the difference in the total
energy between the strained and relaxed wires,
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SE = E(total)yinea — E(total) ,yarea 4)

The strain energy is plotted as a function of strain in Fig. 3. From both Fig. 3(a) and 3(b), at a
given value of uniaxial strain, the strain energy is greater for larger wires. For example,
under -2% compression, the strain energy for the 3.0 nm Si-core/Ge-shell wire is 0.5 eV,
while it is 1.3 eV for the 4.7 nm wire. Similarly, under 2% tensile strain, the strain energy for
the 3.0 nm Ge-core/Si-shell wire is 0.3 eV, white it is 1.8 eV for the 4.7 nm wire. Greater
strain energy in larger wires is primarily resulting from the fact that more bonds being
placed under strain in the larger wires.

Young’s modulus is defined as the ratio between the stress and the strain. Young's
modulus of a nanostructure is dependent on its geometry, size, composition, and
orientation (Xu et al., 2005; Chen et al., 2006; Lee & Rudd, 2007a, 2007b; Kulkarni et al.,
2005; Liu et al., 2008). Young's modulus Y of a nanowire can be calculated from the

formula,
2
yo 12
Vol og

where Vjis the volume of the relaxed nanowire defined as the product of the axial lattice
constant a and the cross-section area A = 7D2/4, E is the total energy, and ¢ is the external
uniaxial strain.
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Fig. 3. The strain energies of the Si/Ge core-shell nanowires plotted as a function of strain.

The calculated modulus Y is reported in Table 2. Generally, for the Si-core/Ge-shell
nanowires, the predicted Young’s modulus decreases when increasing the diameter of the
wire, from 67.2 GPa in the 2.5 nm wire to 62.2 GPa in the 4.7 nm wire. On the other hand,
for the Ge-core/Si-shell nanowires, the Young’'s modulus increases with the wire
diameter, from 59.2 GPa in the 2.5 nm wire to 82.2 GPa in the 4.7 nm wire. These general
trends can be understood from the composition of the core-shell nanowires. Note that the
Young’s modulus in bulk Ge is smaller than that in bulk Si. Larger Si-core/Ge-shell
nanowires contains more Ge atoms, thus a smaller modulus is expected. Similarly, larger
Ge-core/Si-shell nanowires contain more Si atoms, and therefore display a larger
modulus.
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Fig. 4. The band structures of Si/Ge core-shell nanowires. The energies are referenced to the
vacuum level.

3.2 Band structures

3.2.1 Band structure for relaxed Si/Ge core-shell nanowires

Bulk Si and Ge are indirect band gap materials. However, the Si/Ge core-shell and the
pure Si and Ge nanowires with H passivation along the [110] direction demonstrate a
direct band gap at I (Beckman et al., 2006; Arantes & Fazzio, 2007; Medaboina et al., 2007;
L. Yang et al., 2008, Peng et al., 2009, Peng & Logan, 2010, Peng et al., 2011b). The band
structures for the relaxed Si/Ge core-shell nanowires are presented in Fig. 4. In particular,
the CBE and VBE were further examined, since both determine the band gap. The contour
plots of charge density of CBE and VBE confirms that the band lineup in the Si/Ge core-
shell nanowires is type II band offset. As an example, Fig. 5 shows the isovalue surfaces of
the charge density of VBE and CBE in the nanowires with diameters of 2.5 nm and 3.7 nm.
From the figures viewed in the cross sections (i.e. in the xy plane), the charge of VBE in
the Si-core/Ge-shell wires is mainly distributed in the Ge shell, while the charge of CBE is
mainly located in the Si core, as shown in Fig. 5(a) and 5(b). On the other hand, the charge
of VBE in the Ge-core/Si-shell wires is primarily in the Ge core, while the charge of CBE is
distributed in the Si shell, shown in Fig. 5(c) and 5(d). In conclusion, the VBE charge is in
the Ge composition while the CBE charge is in the Si composition, regardless of whether
the nanowire is of a Si-core/Ge-shell or Ge-core/Si-shell structure (L. Yang et al. 2008;
Peng et al., 2011b).
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Fig. 5. The isovalue surfaces of the charge density of the valence/conduction band edges in
Si/Ge core-shell nanowires. The yellow, blue and white dots represents Si, Ge, and H atoms,
respectively.

This band lineup is also implied in the band structures. Examining the band edges at I in Fig.
4, one can notice that for the Si-core/Ge-shell wires, as shown in Fig. 4(a) - 4(d), the valence
and lower occupied bands at I" are generally close to each other, while the conduction band
and higher unoccupied bands are considerably discrete. The discrete energies of the
conduction band (contributed by Si composition) and neighbored unoccupied bands at I'
result from the fact that the Si atoms in the core are more significantly quantum confined
compared to the Ge atoms in the shell. On the other hand, for the Ge-core/Si-shell wires in Fig.
4(e) - 4(h), the space of the energy levels in the valence band (contributed by Ge composition)
and neighbored occupied bands are larger than that of conduction bands, mainly due to the
fact that the Ge atoms in the core are more significantly quantum confined.
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3.2.2 Band structure for strained Si/Ge core-shell nanowires

External strain shows a significant effect on the band structures of the core-shell nanowires.
As an example, the band structure of 2.5 nm Ge-core/Si-shell nanowires under different
values of uniaxial strain is plotted in Fig. 6(a) - 6(e). Examining the band edges, one can find
that the energies of both CBE and VBE are decreased with tensile strain, while they are
increased under compression. Interestingly, tensile strain shows a dramatic effect in the
VBE. In Fig. 6(d) and 6(e), the VBE is no longer located at I, implying an indirect band gap
in the nanowire. This effect and direct-to-indirect band gap transition will be discussed in
detail in the following section of effective masses.
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Fig. 6. The band structure of 2.5 nm Ge-core/Si-shell nanowire under different values of
uniaxial strain. The energies are referenced to vacuum level.

3.3 Band gaps

3.3.1 Band gap for relaxed Si/Ge core-shell nanowires

As mentioned earlier, the band gap of the Si/Ge core-shell wire is defined by the energy
difference between CBE and VBE. DFT predicted band gaps for the Si/Ge core-shell wires
are given in Table 3 and Fig. 7(a). It is known that DFT underestimates the band gap of
semiconductors, and an advanced GW method (Hedin, 1965; Faleev et al., 2004; Bruneval et
al., 2005) can provide improved predictions. However, for the size of the nanowires
investigated in the present work, GW is not applicable due to its extremely high computing
cost. The present work is mainly focused on the variation of electronic properties under
factors such as external strain and size. Previous studies (Peng et al.,, 2006) on Si
nanoclusters showed that the energy gap calculated by DFT obeys a similar strain-
dependency as the optical gap predicted by advanced configuration interaction (CI) method
and the quasi-particle gap (defined as the difference of ionization potential and electron
affinity). In addition, DFT gap predicts a similar size-dependency as the optical gap
obtained using GW and quantum Monte Carlo methods (Puzder et al., 2002; Zhao et al.,
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2004). Therefore, the band gap calculated by DFT should qualitatively predict the correct
trends both with varying size and strain.

As shown in Fig. 7(a), the band gap of the core-shell nanowires increases with reducing wire
size, which is mainly due to the quantum confinement effect. The band gaps of pure Si and
Ge nanowires with H passivation are also plotted in Fig. 7(a). It is interesting to note that the
band gap of the core-shell nanowires is smaller than that of both pure Si and Ge nanowires,
at a given diameter. For example, the DFT gap for Si and Ge wires with the diameter 2.5 nm
are 1.02 eV and 0.73 eV (Peng et al.,, 2009; Logan & Peng, 2009), respectively. However the
gap for the Si/Ge core-shell wires are 0.58 eV(Ge-core) and 0.54 eV (Si-core), respectively,
which are both smaller than that of Si and Ge wires. Similar trends are also observed for the
larger wires.

D (nm) E, (eV) m,* (m,) m*(m,) ¢ (V)
2.5 0.54 0.13 0.16 4.64
Si-core/Ge-shell 3.0 0.29 0.13 0.21 4.55
3.7 0.18 0.14 0.32 4.46
4.7 0.13 0.14 0.26 4.38
2.5 0.58 0.14 0.21 4.66
Ge-core/Si-shell 3.0 0.31 0.13 0.17 4.58
3.7 0.23 0.14 0.74 4.61
4.7 0.18 0.14 0.36 4.36

Table 3. The electronic properties in the geometrically optimized Si/Ge core-shell
nanowires. Egis the band gap; m.” and my," are the effective masses of the electron and hole in
unit of free electron mass; ¢is the work function.
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Fig. 7. (a) The band gap of Si/Ge core-shell and pure wires as a function of the wire
diameter; (b) the energy variation of CBE (for 1.5 nm pure Si wire) and VBE (for 3.0 nm pure
Ge wire) with strain.
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In order to understand this reduced gap in the core-shell wires, the 3.0 nm Si-core/Ge-
shell nanowire was examined as an example. The gap of the wire was reduced by 0.3 eV,
compared to the pure 3.0 nm Ge wire. From the lattice constant and intrinsic strain
reported in Table 2, the Si-core in the 3.0 nm Si-core/Ge-shell nanowire experiences a
2.2% tensile strain while the Ge-shell is contracted with a 0.8% compressive strain. Since
the CBE/VBE states in the core-shell wire are primarily contributed by Si/Ge
composition, we examined the CBE energy variation with strain in the pure Si nanowire
of a diameter of 1.5 nm (represents the core) and the VBE energy variation with strain in
the pure Ge nanowire of a diameter of 3.0 nm. The energy variations of CBE and VBE with
strain is defined as,

AEcpp =Ecpp(e) — Ecpe(0)
AE ypp=Eyge(&) — Eyge(0)

where Evpe(g)/Ece(e) and Evpe(0)/Ece(0) are energies of VBE/CBE with and without
strain, respectively. The results are shown in Fig. 7(b). The CBE of the 1.5 nm Si wire is
decreased by ~ 0.28 eV under a 2.2% tensile strain. However, the VBE energy in the 3.0 nm
Ge wire is increased about 0.8 eV with a 0.8% compressive strain. This implies that the band
gap in the 3.0 nm Si-core/Ge-shell nanowire will be reduced by 0.36 eV, compared to the
pure 3.0 nm Ge wire. This estimated reduction in the band gap (0.36 eV) is close to the actual
calculation (~ 0.3 eV). Similar qualitative behaviors are also observed in the Ge-core/Si-shell
nanowires.

From the above analysis, one can see that the reduced band gap is closely related to the
intrinsic strain of the core-shell wires. Amato and colleagues (Amato et al., 2009) also
observed a reduced band gap in Si/Ge hetero nanowires, which form an explicit interface
between Si and Ge regions. The authors explained the gap reduction using quantum
confinement effects in the band edges. The quantum confinement effect may be able to
explain the results in their wires with diameters up to 1.6 nm. However, it is not able to
explain our larger wires with a diameter up to 5 nm, where the quantum confinement is
weaker. We argue that the reduction of the band gap in the Si/Ge core-shell nanowires is
mainly due to the intrinsic strain in the Si/Ge composition.

©)

3.3.2 Band gap for strained Si/Ge core-shell nanowires

The band gap of the Si/Ge core-shell nanowires can also be notably modulated by external
strain. The variation of the band gap with strain is calculated as the difference in the band
gap between the strained and relaxed wires,

AEg :Eg(g)—Eg(O) @)

where E(g) and E,(0) are the band gap of the wire with and without strain, respectively. Fig.
8 plots AEg as a function of uniaxial strain for the core-shell nanowires. It is clear that strain
can modify the band gap. Generally, the band gap in Si/Ge core-shell nanowires decreases
evidently under tensile strain, while it only slightly varies with compression. As mentioned
earlier, the nanowires demonstrate a transition from a direct to indirect band gap under a
sufficient tensile strain. In Fig. 8, the data points representing an indirect band gap are
indicated by arrows.
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Fig. 8. The variation of the band gap in the Si/Ge core-shell wires with uniaxial strain.

In order to explain the general trends presented in Fig. 8 (i.e. the gap reducing with the
uniaxial tensile strain), the energies of both CBE and VBE were further examined. The
energy variation of CBE/VBE with strain is calculated as the energy difference in CBE/VBE
between the strained and relaxed wires according to the equation (6). As an example, Fig. 9
shows the energy variations of CBE and VBE with strain in the 2.5 nm Si-core/Ge-shell
nanowire. Note that a similar behavior is also observed for other wires. From Fig. 9, the
energies of CBE and VBE both decrease nearly linearly with strain. In addition, the CBE
curve has a slightly larger slope in tensile strain, compared to that of the VBE curve (thus
giving a reduced gap under tensile strain).

The physical origin of the curves of the 2.5 nm Si-core/Ge-shell wire in Fig. 9 may be
understandable from the wave-function character of CBE and VBE. The wave-function of
various electronic states including CBE and VBE has been projected onto spherical
harmonics within spheres of a radius of 1.2 A around each Si and Ge ion. The
decomposed contributions/ coefficients of s, p, d orbitals are listed in Table 4. The VBE (i.
e. VB at I') is dominated by a p, character, which suggests that the nodal surfaces of the
positive and negative values of the wave-function are perpendicular to the axis of the
wire (Leu et al., 2008; Z. G. Wu et al., 2009). Under a tensile strain, the distance between
the nodal surfaces increases, and the kinetic energy associated with the electron
transportation between atoms reduces (Z. G. Wu et al., 2009). The same holds true for the
VBE energy. For the CBE (i. e. CB at I'), the projected wave-function includes a significant
d;? character, which is consistent with literature (Richard et al.,, 2003; Ren et al., 1998;
Filonov et al., 1995) that the d character defines the orbitals of the conduction band in a
crystal. Similar to the p. character, the d.2 orbit also produces the nodal surfaces
perpendicular to the axis of the wire. Therefore, the CBE energy reduces when the
nanowire is under a tensile strain.

From the charge distribution of CBE and VBE shown in Fig. 5(a), one can see that the charge
of VBE and CBE of the 2.5 nm Si-core/Ge-shell nanowire are mainly located in the Ge-shell
and Si-core, respectively. The confined distributions of the electron charge in VBE and CBE
give a clue to why the CBE curve in Fig. 9 has a larger slope compared to that of VBE curve.
For the relaxed 2.5 nm Si-core/Ge-shell nanowire (i.e. no external strain applied), the
intrinsic strain in the Si-core and the Ge-shell are +1.5% and -1.5%, respectively, due to the
lattice mismatch of Si and Ge (Peng & Logan, 2010). If a +2% external tensile strain is
applied to the wire, the resulting strain in the Si-core and Ge-shell are approximately +3.5%
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and +0.5%, compared to their bulk lattice. Therefore, one expects the Si atoms in the core
are more effectively expanded compared to those of the Ge atoms in the shell. Since the
charge of CBE is mainly located in the Si-core while the electron of VBE is in the Ge-shell,
the energy of CBE will have a larger reduction compared to that of VBE under expansion.
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Fig. 9. The energy variation of CBE and VBE with the external strain in the Si-core/Ge-shell
nanowire with the diameter of 2.5 nm. The vertical axis AE is defined as the energy
difference of CBE/VBE between the strained and the relaxed wire.

wire state Is 2% lpy) lp=) do) ld):) ld2) d) ld.2)
25nm  |VBatT’ 0.014 0.000 0.000 0.995 0.000 0.099 0.000 0.002 0.000
Si-core  [VBat0.2:2n/a 0.045 0.967 0212 0.098 0.095 0.008 0.011 0.003 0.005
/Ge-shell [CBatT 0.596 0.022 0.585 0.000 0.000 0.000 0.547 0.000 0.044

CB at 0.2-2n/a 0.603 0.155 0.532 0.054 0.012 0.006 0.066 0.006 0.567
25nm  [VBatl 0.008 0.000 0.000 0.995 0.000 0.097 0.000 0.002 0.000
Ge-core  [VB at 0.2:2n/a 0.059 0.991 0.073 0.018 0.089 0.002 0.005 0.005 0.002
/Sishell  [CB atT 0.588 0.022 0.669 0.000 0.005 0.000 0.452 0.000 0.044
CB at 0.2:2n/a 0.646 0.152 0.545 0.108 0.038 0.025 0.063 0.013 0.494

Table 4. Projections of the valence band (VB) and conduction band (CB) onto the s, p, and 4

states in the 2.5 nm Si/Ge core-shell nanowires.

3.4 Effective masses of electron and hole

3.4.1 Effective masses of electron and hole for relaxed Si/Ge core-shell nanowires
The effective masses of the electron and hole can be obtained from the band structure of the
nanowires according to equation (2) through parabolic fitting the band edges. The calculated
effective masses of the electron and hole for the relaxed Si/Ge core-shell nanowires are
reported in Table 3, where m," represents the effective mass of the electron, while m;," is the
effective mass of the hole, in unit of free electron mass m,. The effective mass of the electron
are 0.13 m,or 0.14 m,, having a negligible change with size and the core-shell composition. In
contrast, the effective mass of the hole is dependent on the wire size and composition.
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3.4.2 Effective masses of electron and hole for the strained Si/Ge core-shell

nanowires

The strain effect on the effective masses of the electron and hole were further studied.
Taking the 2.5 nm Ge-core/Si-shell wire as an example, the dispersion relation with the K
vector in the range of £0.2:b, where b = 27/a, is plotted under different values of strain in
Fig. 10(a). It shows that strain has a dominant effect on the band structure at I' - the energies
are evidently shifted (Peng et al., 2011b). However, the strain has a negligible effect on the
bands with K vectors away from I' (K > 0.15- b or K < -0.15- b). These strain effects may be
understandable from a simple tight-binding model discussed in the reference (Logan &
Peng, 2009). For an in-depth understanding, a detailed analysis of the wave-function
character is reported in Table 4. For the valence/conduction band at I’, there is a significant
portion of p./d.;? character. Therefore, the energy of the valence/conduction band at I'
decreases with an external tensile strain (see details discussion on Fig. 9). However, for the
wave-functions at K = 0.20- b, the portion of p./d,2 character is largely reduced, while the
px/py character dominates. With the p./p, character, the nodal surfaces of the wave-
functions are parallel to the axis of the nanowire and the distance between the nodal
surfaces is negligibly changed by a uniaxial strain. Therefore, the kinetic energy associated
with the electron transportation stays the same, giving a minimal energy shift with strain (Z.
G. Wu et al., 2009).
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Fig. 10. The conduction and valence band of a Ge-core/Si-shell wire with a diameter of 2.5
nm at the near region of I' under different values of uniaxial strain. The curve of valence
band under +1.8% strain has been enlarged in (b), indicating an indirect band gap with
valence band egde located at state v; rather than vy,

From Fig. 10(a), the CBE is located at I, regardless of the values of uniaxial strain. However,
the VBE shows an interesting transition - it is no longer located at I for a large tensile strain
(+1.8%), implying an indirect band gap. An enlarged graph of the VBE under +1.8% strain is
presented in Fig. 10(b). The nature of the band gap (direct or indirect) is determined by the
energies of the two states labeled as vp at I and v; at K = 0.05- b. Without strain, the energy of vy
is higher than that of v;, as shown in Fig. 10(a), resulting in a direct band gap. With +1.8%
tensile strain, the energy of v;is higher than that of v, giving an indirect band gap.

This direct-to-indirect gap transition with strain is clearly demonstrated in Fig. 10. In Fig.
10(a), the energy of the valence band at I' (K = 0.0) is noticeably decreased with tensile



First Principles Study of Si/Ge Core-Shell Nanowires - Structural and Electronic Properties 95

strain, where the energy shift of the valence band at K vectors away from I (i.e. K > 0.05-b) is
negligible with strain. Therefore, with a sufficient tensile strain, the energy of the valence
band at I" can be reduced to an extent so that it is lower than the energy at K = 0.05- b. The
reason for the different band energy shifts at I' and other K vectors with strain stems from
their different s, p, d orbital projection. (See the above section for detailed discussion).

The strain effects on the effective masses of the electron and hole are reported in Fig. 11. The
variation of the effective mass of the electron with strain for three wires with a diameter of
2.5 nm, 3.0 nm and 3.7 nm are minimal, as shown in Fig. 11(a) and 11(b). For the wire with a
diameter of 4.7 nm, the effective mass of the electron slightly increases with the compressive
strain. In contrast, the change in the effective mass of the hole is dramatic, as shown in Fig.
11(c) and 11(d). Taking the 2.5 nm Ge-core/Si-shell wire as an example, the effective mass of
the hole decreases from 0.21 m, (no strain) to 0.15 m, (-2.2% strain), which is indicated by the
dispersion relations in Fig. 10(a) shown by the curves with solid dots and squares,
respectively. In the case of the 3.0 nm Ge-core/Si-shell wire, the effective mass of the hole
decreases slightly from 0.166 m, without strain to 0.145 m, at -2.3% strain (decreased by
13%), while it dramatically increases to 0.728 m, at 0.7% tensile strain (increased ~ 300%).
When a +1.7% tensile strain is applied, the VBE of the wire shifts from I' to the K vector at
0.04- b. The effective mass of the hole was reduced back to 0.453 m, by a parabolic fitting of
the dispersion relation near this new K vector. Similar behavior is also observed for other
wires, as shown in Fig. 11(c) and 11(d).
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Fig. 11. The effective masses of the electron and hole as a function of strain for Si/Ge core-
shell nanowires at different size and composition.
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It is concluded that the effective mass of the hole in the Si/Ge core-shell nanowires is much
more sensitive to strain, compared to that of the electron. This is also implied in Fig. 10(a), in
which the curvature of the conduction band around T is not sensitive to strain. However, the
shape of the valence band is dramatically changed with strain.

3.5 Work function

3.5.1 Work function of the relaxed Si/Ge core-shell nanowires

It is of great importance to predict work function of semiconducting nanowires, since it
affects band alignment in nanowire/metal interfaces and displays impact in device
performance (Leu et al., 2008). The work function of a nanowire is defined as the energy
difference between Fermi and vacuum levels,

¢ = Vvacuum - EFermi (8)

Usually in first principles DFT calculations, the Fermi level is set to be the energy level of the
highest occupied state, i. e. VBE. Since all electronic energies in present calculations are
referenced to the vacuum, the work function ¢is simply,

$= _EVBE (9)

The calculated work functions ¢ for the Si/Ge core-shell nanowires are reported in Table 3.
The work function is in the range of 4.4 ~ 4.6 eV, consistent with the reported work function
of H-passivated Si nanowires along the [110] direction (Ng et al., 2010; Leu et al., 2008). In
general, the work function of the nanowire decreases with increasing size. For example, the
work function of the Si-core/Ge-shell nanowires reduces from 4.64 eV for the 2.5 nm wire to
4.38 eV for the 4.7 nm. For the Ge-core/Si-shell wires, it decreases from 4.66 eV in 2.5 nm
wire to 4.36 eV in 4.7 nm wire. This general trend is also demonstrated in the band
structures in Fig. 4. Since the band energies in Fig. 4 are reference to vacuum level, the
energy of VBE reflects the work function (with opposite sign). With increasing nanowire
size, the VBE energies increase, implying that the work function decreases. This size-
dependence of the work function is also consistent with that of Si nanowires (Ng et al., 2010;
Leu et al., 2008).
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Fig. 12. The work function of the 2.5 nm Si/Ge core-shell nanowires as a function of external
uniaxial strain.
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3.5.2 Work function of the strained Si/Ge core-shell nanowires

It was also found that the work function of the Si/Ge core-shell nanowires can be modulated
by external uniaxial strain. As an example, Fig. 12 presents the variation of the work function
with strain in the 2.5 nm Si/Ge core-shell nanowires. In general, the work function for both
wires increases with tensile strain, while reduces under compression. The effect was discussed
in details in the above section for Fig. 10 and Fig. 7(b), where the energy of VBE is decreasing
with tensile strain (note that the change of the potential of vacuum level is negligible with
strain). This general trend is consistent with that in Si nanowires (Leu et al., 2008) and
graphene nanoribbons (Peng et al., 2011a). In addition, it is interesting to note that the work
function of the Si-core/Ge-shell wire increases nearly linearly, whereas for the Ge-core/Si-
shell wire it saturates at a value on the tensile train (shown in Fig. 12). This is due to the fact
that with the tensile strain, the VBE of the Ge-core/Si-shell nanowires is located at K = 0.075-b,
rather than at I" and shifts negligible with strain (see Fig. 6 and Fig. 10).

4. Conclusion & future work

In summary, first principles DFT calculations were performed to study the structural,
mechanical and electronic properties of Si/Ge core-shell nanowires with the diameter up to
5 nm. Firstly, it was found that an intrinsic strain was produced in the core-shell nanowires.
The intrinsic strain shows a dramatic effect in reduction of the band gap in the core-shell
structure, significantly countering the quantum confinement effect. Secondly, the band
structure can be greatly modified by external uniaxial strain, therefore the electronic
properties, such as the band gap, effective masses of the electron and hole, work function,
can be modulated by the strain.

The Si/Ge core-shell nanowires were demonstrated with a type II band alignment, where the
valence band is contributed by Ge composition, while the conduction band is contributed by Si
composition. In this case, electrons and holes are separated into core and shell regions,
respectively. This offers an opportunity to employ the core-shell structure for novel device
applications. To fulfill the purpose, an appropriate doping strategy has to be developed. We
propose to theoretically investigate the effects of defects and surface functionality on the
electronic properties of core-shell nanowires. Particularly, the shallow states introduced near
VBE/CBE need be thoroughly studied, which potentially serve as the donor/acceptor centers.
In addition, a dispersed/alloyed Si and Ge nanowire is also of great interest to study, bridging
the knowledge of pure and core-shell nanowires. The dispersed/alloyed nanowires yield a
maximum Si/Ge interface, where novel electronic properties could occur.
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1. Introduction

Recently, thermoelectric materials have attracted extensive attention again. This is primarily
due to the increasing awareness of the deleterious effect of global warming on the planet’s
environment, a renewed requirement for long-life electrical power sources, and the
increasing miniaturization of electronic circuits and sensors. Thermoelectrics is able to make
a contribution to meet the requirements of all the above activities. Moreover, the advent of
nanotechnology has had a dramatic effect on thermoelectric material development and has
resulted in the syntheses of nanostructured materials whose thermoelectric properties
surpass the best performance of its bulk counter, such as Silicon nanowires (SiNWs).
(Boukai et al., 2008; Hochbaum et al., 2008) SiNWs are appealing choice in the novel nano-
scale TE materials because of their small sizes and ideal interface compatibility with
conventional Si-based technology. For a good thermoelectric material, the material must
have a high figure of merit (ZT), which is proportional to the Seebeck coefficient (S),
electrical conductivity, and absolute temperature, but inversely proportional to thermal
conductivity. In order to make materials that are competitive for (commercial)
thermoelectric application, the ZT of the material must be larger than three. There are
several ways to do this. The first approach is to increase the Seebeck coefficient S. However,
for general materials, simply increase S will lead to a simultaneous decrease in electrical
conductivity. The second approach is to increase the electrical conductivity. This has also
proven to be ineffective, because electrons are also carriers of heat and an increase in
electrical conductivity will also lead to an increase in the thermal conductivity. The ideal
case is to reduce the thermal conductivity without affecting the electrical conductivity. It is
possible to achieve this in SINWs. In SiNWs, the electrical conductivity and electron
contribution to Seebeck coefficient are similar to those of bulk silicon, but exhibit 100-fold
reduction in thermal conductivity, showing that the electrical and thermal conductivities are
decoupled. Recent experiments have provided direct evidence that an approximately 100-
fold improvement of the ZT values over bulk Si are achieved in SINW over a broad
temperature range. (Boukai et al., 2008; Hochbaum et al., 2008) This large increase of ZT is
contributed by the decrease of thermal conductivity. SiNWs have attracted broad interests in
recently years due to their fascinating potential applications. Extensive investigations have
been carried out on the synthesis, properties and applications of SiNWs. Experimental
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technology has been developed to control the growth of SINWs not only in various growth
orientations, but also with various shapes of transverse cross section including rectangle
(square), hexagon ( rough circle), and triangle. A large number of theoretical and
experimental works have been done to explore the properties and applications of these nano
wires. Due to the limit of space, here we only address the most fundamental aspects of
thermoelectric in nanowires. For the comprehensive review of nanoscale thermal
conductivity, please refer to these articles (Cahill et al., 2002; G. Zhang & B. Li, 2010).
However, to be self-consistent, we will also give a brief summary about the anomalous
thermal conduction and diffusion in one-dimensional nano materials. These results are
helpful in understanding the phonon transport in nanowires. In this chapter, it provides an
update of recent developments and serves both as an authoritative reference text on
thermoelectric property of nanowires for the professional scientist and engineer, and as a
source of general information on thermoelectric application for the well-informed layman.
This chapter is review type and arranged in eight sections, entitled Introduction; Thermal
Conduction in Low-Dimensional Systems; Impact of doping on thermal conductivity of
NWs; Effect of surface roughness on phonon transport; Reduction of thermal conductivity
by surface scattering; Thermoelectric Property of SiNWs; Realization of SINW based On-
Chip Coolers and Conclusion.

2. Thermal conduction in low-dimensional systems

In recent years, different models and theories have been proposed to study the phonon
transport mechanism in low dimensional system. The physical connection between energy
diffusion and thermal conductivity has been demonstrated theoretically. (B. Li et al., 2005)
For instance, when phonon transports diffusively, which is what we have in bulk material,
the thermal conductivity is a size-independent constant. However, in the ballistic transport
region, the thermal conductivity of the system increases with the system size, which is the
case for ideal One-Dimensional harmonic lattice. Low dimensional nanostructures such as
nanowires and nanotubes provide a test bed for these new theories.

Regardless of the specific application, it is obvious that the systematic applications of nano
materials will be greatly accelerated by a detailed understanding of their material property.
Thermal property in nanostructures differs significantly from that in macrostructures
because the characteristic length scales of phonon are comparable to the characteristic length
of nanostructures. In bulk materials, the optical phonon modes contribute little to heat flux.
However, in nano system, optical phonon (short wavelength) also plays a major role to the
heat flux.

A large variety of studies on thermal conductivity of nano materials have been undertaken
in the past decade, and quite unexpected phenomena have been observed. This chapter is to
address the most important aspects of thermal conduction and thermoelectric property in
low dimensional nano materials, of particular focus on semiconducting nanowires. For a
comprehensive review of nanoscale thermal conductivity, please refer to these articles.
(Cahill et al., 2002; G. Zhang & B. Li, 2010)

2.1 Thermal conduction in nanotubes
Carbon nanotube (CNT) is one of the promising nanoscale materials discovered in 1990’s.
(lijima, 1991) It has many exceptional physical and chemical properties. Depending on its
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chirality and diameter, the nanotube can be either metallic or semiconducting. At room
temperature, the electronic resistivity is about 10-4-10-3 Q c¢m for the metallic nanotubes,
while the resistivity is about 10 Q cm for semiconducting tubes. By combining metallic and
semiconducting CNTs, the whole span of electronic components can be embodied in
nanotubes. Actually, CNTs are ranked among the best electron field emitters that are now
available.

In the past few years, there has been some experimental works on the heat conduction of
CNTs. The thermal conductivity of a single CNT was found to be larger than 3000 W/mK
at room temperature. (Kim et al., 2001) In addition to the experimental activity, there are
also many theoretical studies on heat conduction of CNTs. It was found that at
room temperature, thermal conductivity of CNTs is about 6600 W/mK. (Berber et al.,
2000) Yamamoto et al. have demonstrated that even for the metallic nanotubes,
the electrons give some but limited contributions to thermal conductivity at very low
temperature (colse to 0 K), and this part decreases quickly with temperature increasing.
(Yamamoto et al., 2004) More important, it is found that thermal conductivity of CNT
x diverges with length as a power law: x oc [?, with the exponents { is between 0.12 to 0.4
(G. Zhang & B. Li, 2005) and between 0.11 to 0.32 (Maruyama, 2002). This length
dependent thermal conductivity can be understood from the vibrational energy diffusion
in SWNT.

2.2 Thermal conduction in nanowires

In addition to CNTs, Silicon nanowires (SiNWs) have attracted a great attention in recent
years because of their potential applications in many areas including biosensor (Cui et al.,
2001), electronic device (Xiang et al., 2006) and solar PVs (J. Li et al., 2009). SiNWs are
appealing choice because of their ideal interface compatibility with conventional Si-based
devices.

Due to the size effect and high surface to volume ratio, the thermal conduction properties of
silicon nanostructures differ substantially from those of bulk materials. Volz and Chen (Volz
& G. Chen, 1999; 2000) have found that the thermal conductivity of individual silicon
nanowires is more than 2 orders of magnitude lower than the bulk value. Li et al. (D. Li et
al., 2003) have also reported a significant reduction of thermal conductivity in silicon
nanowires compared to the thermal conductivity in bulk silicon experimentally. The
reduction in thermal conductivity is due to the following two factors. Firstly, the low
frequency phonons, whose wave lengths are longer than the scale of nanowire, cannot
survive in nanowire. Therefore, the low frequency contribution to thermal conductivity is
largely reduced. Secondly, because of the large surface to volume ratio, the boundary
scattering in NW is greatly significant.

More experimental and theoretical activities have been inspired to do further in this
direction, including the theoretical prediction of thermal conductivity of Ge nanowires,
molecular dynamics simulation of SiGe NWs, and experimental growth of the isotopic
doped SiNWs. The low temperature (<2K) thermal conductance of individual suspended
SiNWs was measured by Bourgeois et al. (Bourgeois et al., 2007) And the pure phonon
confinement effect has been observed in germanium nanowires by measurement of Raman
spectra. (X, Wang et al., 2007)
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Fig. 1. The thermal conductivity of SiNWs vs longitude length

The similar length dependent thermal conductivity was also observed in SiINWs by using
NEMD simulation. (N. Yang et al., 2010) As shown in Fig. 1, it is obvious that the thermal
conductivity increases with the length as, & o [/, even when the wire length is as long as 1.1
pm. By using the phonon relaxation time (~10 ps) in SiNWs (Volz & G. Chen, 1999), and the
group velocity of phonon as 6400 m/s (N. Yang et al., 2010), the mean free path A is about
60nm. The maximum SiNW length (1.1 pm) in Fig. 1 is obviously much longer than the
phonon mean free path of SINW. Traditionally, it is well known that in macroscopic
systems, the thermal conductivity is a constant when system scale L>> X\ . However, the
NEMD results demonstrated that in SINWs, thermal conductivity is no longer a constant
even when the length is obviously longer than the traditionally mean free path.

Moreover, it is obvious that the length dependence of thermal conductivity is different in
different length regimes. At room temperature, when SiNW length is less than mean free
path (about 60 nm), the thermal conductivity increases with the length linearly ( #~1). For

the longer wire (L > 60 nm), the diverged exponent 3 reduces to about 0.27. The dependence
of B on NW length can be understood from the picture of phonon coupling. There is weak
interaction among phonons when the length of SINW is shorter than mean free path. So the
phonons transport ballistically, and f~1. However, when the length of SINW is longer
than the mean free path, phonon-phonon scattering dominates the process of phonon
transport and the phonon cannot flow ballistically. Thus the diverged exponent 3 reduces
from 1 to 0.27.

Then let us turn to the energy diffusion process in SiNWs. To study the energy diffusion
process, the SINW is first thermalized to a temperature T, then a heat pulse (a packet of
energy) is excited in the middle of the wire and its spreads along the wire was recorded. To
suppress statistical fluctuations, an average over 103 realizations is performed. The details of
the numerical calculation can be found in (N. Yang et al., 2010). Based on billiard gas
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channel models, Li and Wang (B. Li & J. Wang, 2003) proposed a phenomenologically
formula that connect anomalous heat conduction with the anomalous diffusion of heat
carrier, namely, f=2-2/a . This connection indicates that only when the heat carrier
undergoes normal diffusion like in the bulk material, the thermal conductivity is
independent of system size. In super-diffusion case, a >1, the exponent S>0, which
means that thermal conductivity diverges with system size, this is the case observed in
thermal conductivity of CNTs and SiNWs. In Fig. 2 we show <o2(t)> versus time in double
logarithmic scale, so that the slope of the curve gives the value of a. For the NWs of length
of 140 nm, it was obtained a=1.15at 300 K. With the value of diffusion exponent
(a=1.15 at 300 K), one can obtain #=0.26 at 300 K, which are very close to those values
(0.27) calculated directly from NEMD simulation. These results demonstrate that the super
diffusion is responsible for the length dependent thermal conductivity of SINWs.
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Fig. 2. The behavior of energy diffusion in SINW at room temperature. The length of SINW
is 140 nm.

3. Impact of doping on thermal conductivity of NWs

Although the thermal conductivity of SiNWs is lower than that of the bulk silicon, it is still
larger than the reported ultralow thermal conductivity (0.05 W/m-K) found in layered
materials. So it is indispensable to reduce the thermal conductivity of SiNWs further in
order to achieve higher thermoelectric performance. Actually, real materials can have
natural defects and doping in the process of fabrication. The doping of isotope and/or other
atoms have played key roles in some of the most important problems of materials, such as
elastic, and field emission properties. Since the phonon frequency depends on mass, the
isotopic doping can lead to increased phonon scattering. Thus, natural SINW always contain
a significant number of scattering centers leading to localization of some phonon modes and
reduces thermal conductivity. By using molecular dynamics simulations, Yang et al. (N.
Yang et al,, 2008) have proposed one approach which is to dope SiNWs with isotope
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impurity randomly for reduction of thermal conductivity of SINWs. In silicon isotopes, 285i
is with the highest natural abundance (92%), then 2Si and 30Si with 5% and 3% respectively.
Here the effect of doping 29Si to 265i NWs are shown.
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Fig. 3. Thermal conductivity of SiNWs versus the percentage of randomly doping isotope
atoms (425i and 295i) at 300K.

The curve of thermal conductivity first reach a minimum and then increases as the
percentage of isotope impurity atoms changes from 0 to 100%. At low isotopic percentage,
the small ratio of impurity atoms can induce large reduction on conductivity. Contrast to the
high sensitivity at the two ends, the thermal conductivity versus isotopic concentration
curves are almost flat at the center part as show in Fig. 3, where the value of thermal
conductivity is only 77% (%Si doping) of that of pure 285i NW. The calculated thermal
conductivity of SINW with natural isotopic abundance, 5% 29Si and 3% 30Si is around 86 % of
pure 26S5i NW, which reduction (14%) is higher than the experimental results in bulk Si,
which is about 10% reduction.

In addition to the disorder doping, it has been shown that superlattices are efficient
structures to get ultra low thermal conductivity. The isotopic-superlattice (IS) is a good one
to reduce the thermal conductivity without destroying the stability. The thermal
conductivity of IS structured NWs which consists of alternating 285i/2Si layers along the
longitudinal direction are shown in Fig. 4. As expected, the thermal conductivity decreases
as the period length decreases, which means the number of interface increases. The thermal
conductivity reaches a minimum when the period length is 1.09 nm. This is consistent with
the fact that increasing number of interface will enhance the interface scattering, and results
to the reduction of the thermal conductivity. With the period length smaller than 1.09 nm,
the thermal conductivity increases rapidly as the period length decreases. This anomalous
superlattice dependence of thermal conductivity can be understood from the phonon
density of states (DOS). When period length is 2.17 nm, there is an obvious mismatch in the
DOS spectra, both at low frequency band and high frequency band, results in very low
thermal conductivity. On the contrary, the DOS spectra overlap perfectly for IS structured
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SiNW whose period length is 0.27 nm. The good match in the DOS comes from the collective
vibrations of different mass layers which is harder to be built in longer superlattice period
structures. The match/mismatch of the DOS spectra between the different mass layers
controls the heat current.
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Fig. 4. Thermal conductivity of the superlattice SINWs versus the period length at 300 K.

It is worth to point out that the growth of isotopically controlled silicon nanowires by the
vapor-liquid-solid mechanism has been done recently. (Moutanabbir et al., 2009) The
growth is accomplished by using silane precursors 285iHy, 295iH, and 30SiHy synthesized
from SiFy isotopically enriched in a centrifugal setup. And the effect of isotope doping on Si-
Si LO phonon has also been investigated. The corresponding experimental measurement of
thermal conductivity is on-going.

Moreover, Silicon and Germanium can form a continuous series of substitutional solid, Si;-
xGex over the entire compositional range of 0<x<1. These semiconductor alloys offer a
continuously variable system with a wide range of crystal lattices and band gaps, leading to
various electrical property. Single crystalline Si;..Gex NWs have been successfully grown. (J-
E. Yang et al., 2006) Those composite nanocrystals constitute a new class of semiconductor
materials with unique chemical and physical properties which are not possible in single-
component compounds. The tenability of those properties makes this kind of semiconductor
systems very attractive for industrial application. In spite of an increasing number of works
devoted to the electronic and optical properties, very little has done for thermal conductivity
of Si1xGex NW.

Here we address the non-equilibrium molecular dynamics (NEMD) calculated thermal
conductivity of Si;.xGex NWs with x changing from 0 to 1. (J. Chen et al., 2009) In NEMD, to
derive the force term, Stillinger-Weber (SW) potential (Stillinger & Weber, 1985) is used for
Si and Ge. SW potential consists of a two-body term and a three-body term that can stabilize
the diamond structure of silicon and germanium. The two-body interaction can be described
as:
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where i is the inter atomic distance, A, B, p, g, € and o are potential parameters, and a is the

potential cutoff distance above which no interaction occurs. The three-body interaction is:
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where X and y are potential parameters, and 6 is the angle between r; and r;. The
parameters of Si-Ge interactions are taken to be the arithmetic average of Si and Ge
parameters for og;_c, , and the geometric average for Ag_g, and gg;_c, -

According to the Boltzmann distribution, the temperature Typ in MD simulation, is

calculated from the kinetic energy of atoms as:
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where <E;>is the mean kinetic energy, v; is the velocity of atom i, m is the atomic mass, N
is the number of particles in the systems, and kg is the Boltzmann constant. However,
Eq. (4) is valid only when T>>Tp, where Tp is the Debye temperature. Therefore,
if the system is simulated at a MD temperature below the Debye temperature
(Tp=645K for Si), a quantum correction to both MD temperature and thermal
conductivity should be carried out. According to the equipartition theorem, the
system energy is twice the kinetic energy. So we can write the equality of phonon energy
as:

3NksTyp = [ Die)n(@, T)haoda, ®)

where ® is the phonon frequency, D(®) is the density of states, n(w, T) is the phonon
occupation number given by the Bose-Einstein distribution, and @p is the Debye frequency.
The real temperature T can be deduced from the MD temperature Typ by this relation.
Correspondingly, the "real" thermal conductivity is rescaled by
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When Typ is at room temperature, 300K, the rescale rate (a=0Tmp/0T) a=0.91 for silicon,
which gives a quite small quantum correction effect on thermal conductivity.

Figure 5 shows the thermal conductivity x versus Ge content x at room temperature. The
thermal conductivity of pure SINW calculated is 3.18W/m-K. The lowest x is 0.59W/m-K,
which is 18% of that of pure SINW. At the two ends of the curves, the thermal conductivity
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shows a very sensitive dependence on x and follows an exponential decay, which is caused
by the localization of high frequency phonons by the impurity. It is quite interesting that
with only 5% Ge atoms (Sip.95Geo.os NW), its thermal conductivity can be reduced 50%.

Thermal Conductivity (W/m-K)

0.0 L . ) . . )
0.0 0.2 0.4 0.6 0.8 1.0

Ge content x

Fig. 5. The thermal conductivity x versus x at T=300K. The blue circles are the average
values of the simulation results, and the solid curve is the best fitting to the formula
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Fig. 6. The representative PDOS for Si;..Gex NWs with 0<x<1.

To understand the compositional dependence of thermal conductivity, we show
representative phonon density of states (PDOS) of the Si;.xGex NWs in Figure 6. There is
significant difference between nano and bulk material in the PDOS, in particular in the high
frequency regime. In bulk materials, the optical modes contribute little to heat flux. However,
in nano scale system, optical phonon (high frequency) also plays a major contribution to heat
flux. For both pure Si NW and pure Ge NW, a significant PDOS peak appears at high
frequency range, indicating the main contribution of optical modes to heat flux. However, in
the Si;«Gex NWs (0<x<1), as the introduction of disorder scattering, the main PDOS peak at
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high frequency range weakens and vanishes with the impurity concentration increasing. In
contrast to the strong dependence of high frequency PDOS on x, the low frequency PDOS are
almost independent on the composition change. This is consistent with the idea that in nano
materials, the high frequency phonons are more sensitivity to the impurity than low frequency
phonons (which have long wavelength) do, and the reduction in thermal conductivity mainly
comes from the suppressing of high frequency modes. (Che et al., 2000)

4. Effect of surface roughness on phonon transport

It is well known that the thermal conductivity of NW decreases with wire diameter. To
calculate the diameter dependent thermal conductivity quantitatively, an analytical formula
including the surface scattering and the size confinement effects of phonon transport is
proposed by Liang and Li (Liang & B. Li, 2006) to describe the size dependence of thermal
conductivity in NWs and other nanoscale structures. In their approach, the phonon-phonon
interaction is assumed to increase with size reduction due to the confinement, which causes
the decrease of heat conduction. On the other hand, as the size decreases and the surface-
volume ratio increases, the large surface/interface scattering, corresponding to certain
boundary conditions, has great influence on the transport. Considering the nonequilibrium
phonon distribution due to boundary scattering, the effect of the surface roughness with the
boundary scattering shows an exponential suppression in the distribution and the
conduction. Then, the quantitative formula for the size-dependent thermal conductivity of
SiNW is obtained (Liang & B. Li, 2006):

3/2
Kﬁb = pexp(—dDO){exp [1;(;1/7;1)1]} @)

Here « is the thermal conductivity of SINW, x; is the thermal conductivity of bulk silicon.
The details about this formula can be found in (Liang & B. Li, 2006). This empirical formula
gives a quantitative prediction for the size-dependent thermal conductivity. The larger value
of p corresponds to the smaller roughness, thus the more probability of specular scattering.
Thermal conductivity of Si nanowires from the experiments and the comparison with
theoretical predictions from Eq. (7) with suitable parameters p are shown in Fig. 7. The
predictions are in good agreements with the experimental results. (D. Li et al., 2003) It is
obvious that the phonon thermal conductivity increases with diameter increases remarkably
until the diameter is larger than about hundreds nms. This reflects the fact that scattering at
the surface introduces diffuse phonon relaxation in the transverse cross section. After the
diameter reaches large values, the portion of phonons experiencing boundary scattering
becomes much smaller, as a result, the thermal conductivity tends to be constant and is close
to the value of bulk silicon. For Si nanowires with diameter of 20-100 nm, p=0.4, reflecting
the larger surface roughness of the nanowires in the sample fabrication. This is consistent
with the experimental image. (Hochbaum et al., 2008)

Donadio and Galli (Donadio & Galli, 2009) also studied heat transport in SiNWs
systematically, by using molecular dynamics simulation, lattice dynamics, and Boltzmann
transport equation calculations. It was demonstrated that the disordered surfaces,
nonpropagating modes analogous to heat carriers, together with decreased lifetimes of
propagating modes are responsible for the reduction of thermal conductivity in SINWs.
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Fig. 7. Size-dependent thermal conductivity of Si nanowires.(a) Comparison of thermal
conductivity between theoretical prediction and experimental measurements. The curve is
prediction from Eq. 7 and the symbols are experimental results from(D. Li et al., 2003). (b)
The experimental temperature dependent thermal conductivity from (D. Li et al., 2003).

5. Reduction of thermal conductivity by surface scattering

Very recently, another mechanism to reduce thermal conductivity by introducing more
surface scattering: making SiNWs hollow to create inner surface, i.e. silicon nanotubes
(SiNTs) was proposed. (J. Chen et al., 2010) Fig. 8 shows the thermal conductivity of SINWs
and SiNTs versus cross section area at 300K. It is interesting to find that even with a very
small hole, the thermal conductivity decreases obviously, from xknw=12.2+1.4 W/mK to
kn7=8.0£1.1 W/mK. In this case, only a 1% reduction in cross section area induces the
reduction of thermal conductivity of 35%. Moreover, with increasing of size of the hole, a
linear dependence of thermal conductivity on cross section area is observed. It is clear that
for SINW, thermal conductivity decreases with cross section area decreases. This is because
with the increase of size, more and more phonons are excited, which results in the increase
of thermal conductivity. So the decrease of cross section area is one origin for the low
thermal conductivity of SiNT but not the sole one. We can see that with the same cross
section area, thermal conductivity of SiNTs is only about 33% of that of SiNWs. This
additional reduction is due to the localization of phonon states on the surface.
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Fig. 8. Left: Thermal conductivity of SiNWs and SiNTs versus cross section area at 300K.
Right: Normalized energy distribution on the cross section plane for SiNWs and SiNTs.
Here are energy distribution for modes with P<0.2.



112 Nanowires - Fundamental Research

To understand the underlying physical mechanism of thermal conductivity reduction in
SiNTs, a vibrational eigen-mode analysis on SiNWs and SiNTs was carried out. Mode
localization can be quantitatively characterized by the participation ratio P which
measures the fraction of atoms participating in a given mode, and effectively indicates the
localized modes with O(1/N) and delocalized modes with O(1). Fig. 8 shows the
normalized energy distribution on the cross section plane for SINWs and SiNTs at 300K.
The positions of the circles denote different locations on plane. For those localized modes
with p-ratio less than 0.2, it is clearly shown that the intensity of localized modes is almost
zero in the centre of NW, while with finite value at the boundary. This demonstrates that
the localization modes in SiNWs are distributed on the boundary of cross section plane,
which corresponds to the outer surface of SiNWs. In addition, due to inner-surface
introduced in SiNTs, energy localization also shows up around the hollow region. These
results provide direct numerical evidence that localization takes place on the surface
region.

Compared with SiNWs, SiNTs have a larger surface area, which corresponds to a higher
SVR. As a result, there are more modes localized on the surface, which increases the
percentage of the localized modes to the total number of modes. In heat transport, the
contribution to thermal conductivity mainly comes from the delocalized modes rather than
the localized modes. Due to the enhanced SVR in SiNTs which induces more localized
modes, the percentage of delocalized modes decreases, leads to a reduction of thermal
conductivity in SiNTs compared with SiNWs. Very recently, the similar SINT structures
have been fabricated experimentally by reductive decomposition of a silicon precursor in an
alumina template and ething (Park et al., 2009). Thus SiNTs is a promising thermoelectric
material by using reliable fabrication technology.

6. Thermoelectric property of SINWs

From above sections, it is well established that reduction of thermal conductivity, such
as by isotopic doping, is an efficient way to increase the figure of merit ZT. ZT depends
on both the phonon and electron transport properties. Thus to maximize the
performance of SINW thermoelectric cooler, it is indispensable to have a comprehensive
understanding of the above factors. In this section, we will discuss systematically
the impacts of size, isotope concentration and alloy effect on thermoelectric property
of SINW.

By using the density functional derived tight-binding method (DFTB), Shi et al. (L. Shi et al.,
2009) have studied the size effect on thermoelectric power factor. The DFTB has high
computational efficiency and allows the simulation of bigger systems than conventional
density functional theory (DFT) at a reasonable computational time and with similar
accuracy. Here the cross section area is ranging from 1 nm?2 to about 18 nm?2. The
corresponding diameter D is from 1.7 to 6.1 nm.

It has been shown that electron transport is diffusive in SINWs longer than 1.4 nm. (Gilbert
et al., 2005) Therefore, o, S and . are evaluated by only elastic scattering processes. The
electrical conductivity o, the electron thermal conductivity «,, and the Seebeck coefficient S,
are obtained from the electronic structure with the solution of 1-Dimensional Boltzmann
transport equation as:
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Here e is the charge of carriers, T is the temperature, Ey is the electron energy, t is the
relaxation time, m* is the effective mass of the charge carrier, 11 is the electron chemical
potential and D(Ey) is the density of states. The relaxation time T, is obtained by fitting the
calculated mobility to measured electrical conductivity data of SINW.

The carrier concentration is defined as:

AN = 27

> }D(Ek)Ek(Ek -

n=[D(E~u)x f(E— u)xdE, ©

where f(E) is the Fermi distribution function. In this model, # corresponds to the concentration
of charge in a system that is artificially doped by varying the chemical potential while
assuming a fixed band structure. With the change in p, the carrier concentration changes, and
induces the corresponding modification in thermoelectric property.

Figure 9(a) and 9(b) show the size effects on o and S with different electron concentration.
The size dependence arises from quantum confinement effect on the electronic band
structure of SINWs. It is obvious that the larger the dimension of the wire the smaller the
band gap due to quantum confinement. In contrast to the weak size dependence of
electronic conductivity, Seebeck coefficient S decreases with increasing of size remarkably.
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Fig. 9. (a) and (b) Electrical conductivity and S vs cross sectional area with different carrier
concentration. (c) Thermal power factor of SINW vs carrier concentration. (d) Maximum
power factor vs cross sectional area.
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Besides the electronic band gap, Seebeck coefficient S also depends on the detailed band
structure, in which narrow DOS distribution is preferred. (R. Y. Wang et al., 2008) In a bulk
material, the continue electron energy levels give a wide distribution of carrier energies.
However, the DOS of SiNW differs dramatically from that of bulk silicon. The large
numbers of electronic stats in narrow energy ranges can lead to large S. With the transverse
dimension increases, the sharp DOS peaks widen and reduces S. The increase in transverse
dimension has two effects on band structure: reduce the band gap; and widen the sharp
DOS peaks, both have negative impacts on Seebeck coefficient. So the Seebeck coefficient
decreases quickly with transverse size increasing.

In thermoelectric application, the power factor P, which is defined as P = $*c , is an important
factor influencing the thermoelectric performance directly. Figure 9 (c) shows the power factor
versus carrier concentration for SINWs with different cross sectional areas. The power factor
increases with carrier concentration increases, and there is an optimal carrier concentration
Ny yielding the maximum attainable value of Pyx. Above Ny, the power factor decreases
with increasing carrier concentration. This phenomenon can be understood as below.
Increasing carrier concentration has two effects on power factor. On the one hand, the increase
of carrier concentration will increase the electrical conductivity. On the other hand, the
increase of carrier concentration will suppress the Seebeck coefficient S. The power factor is
determined by these two effects that compete with each other. Therefore, there exits an
optimal carrier concentration Ny. With SINW diameter increases, the maximum attainable
power factor Pay, decreases (as shown in figure 9(c)), due to the slow increase of o is offset by
obvious decreasing in S (P~S?). Figure 9 (d) shows the maximum power factor Py, versus the
cross section area of SiNWs. With the area increases from about 1 nm2 to 18 nm?2, the
maximum power factor decreases from about 6800 to 1400 pW/m-K2. At small size, the small
increases of cross section area can induce large reduction on power factor. For example, with
the cross section area increases from 1.1 to 4.7 nm?, the power factor decreases with about 4300
PW/m-K2 In contrast to the high sensitivity at the small size range, the power factor versus
cross section area curves are almost flat at the large wire range, where the power factor is
almost constant when cross section area increases from 14.1 to 17.8 nm?2.

In the calculation of ZT, both electron and phonon contribute to the total thermal
conductivity. It is clear that electron thermal conductivity increases with diameter as it is
proportional to electronic conductivity. For SiNWs with length in pm scale, the phonon
thermal conductivity increases with diameter increases remarkably until the diameter is
larger than about hundreds nms. (Liang & B. Li, 2006) As both the electron and phonon
contributions to thermal conductivity increase as transverse size increasing, it is obvious
that the total thermal conductivity increases with transverse dimension. Combine the size
dependence of the power factor as shown in figure 9(d), we can conclude that ZT will
decrease when the NW diameter increases.

As we discussed above, the isotope doping is an important method to modulate the thermal
conductivity of nano materials. Now we focus on the isotope doping effect on ZT of SINW
(2851142951 NWs) with fixed cross section area of 2.3 nm2 Here we use the phonon thermal
conductivity value calculated in (Yang et al., 2008) with cross section area of 2.6 nm2. It is
obvious that within the moderate carrier concentration, the thermal conductivity from
phonons is much larger than that from electrons. Using the calculated S, o, electron thermal
conductivity and the phonon thermal conductivity, the dependence of maximum attainable
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value of ZTyax on doping concentration is shown in figure 10(a). The ZTaq, values increase
with 295i concentration, reach a maximum and then decreases. This phenomenon is from the
isotope doping effect on lattice thermal conductivity. (Yang et al., 2008) At low isotopic
percentage, the small ratio of isotope atoms can induce large increase in ZTw. For instance,
in the case of 28Si9§2Sip2o NW, its ZTa increases with 15% from that of pure 2851 NW. And
with 50% 2Si doping, the ZT, can increase with 31%.
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versus the Ge content x for n-type Sii.<Ge, wires.

Besides SiNW, it has also been demonstrated that Si;..Gex NW is a promising candidate for
high-performance thermoelectric application since its thermal conductivity can be tuned by
the Ge contents (J. Chen et al., 2009). It has been observed experimentally that when the Ge
content in the Si;xGe, nanocomposites increases from 5% to 20%, the thermal conductivity
decreases obviously. (G. H. Zhu et al., 2009) However, at the same time, the power factor
also decreases, and induces uncertainty in the change of figure of merit ZT. The composition
dependence of the thermoelectric properties in Si;.Gex NWs have been investigated
systematically by Shi et al. (L. Shi et al. 2010) Figure 10 (b) and Figure 10(c) show the power
factor versus carrier concentration for n-type and p-type wires. The power factor of p-type
wire is much smaller (only about 15%) than that in its n-type counterpart because of the
reduced charge mobility in p-type wires. As different doping (p-type or n-type) only have
various changes on the electronic property, but the same impact on the lattice vibration, so
the phonon thermal conductivity of p-type nanowire should be close to that of n-type wire.
Combine the calculated power factor, it is obvious that ZT of n-type wire is about 6-7 times
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of that of p-type nanowire. In the next, we only show the Ge content dependent ZT of n-type
NW. Using the calculated S, and o and the relative phonon thermal conductivity (ksice/ksi,
here ks; and ksice are thermal conductivities of SINW and Si;..Gex NW, respectively)
calculated by using molecular dynamics method from (J. Chen et al., 2009), the dependence
of ZTsi116e/ZTsi on Ge content x is shown in figure 10(d). The ZTsi1xce/ZTsi values increase
with Ge content, reach a maximum and then decreases. It is worth pointing out that the
calculated ZT of pure Ge NW is only 1.3 times of that of pure SINW, which is far less that
the 9-fold increase in the respective bulk materials. The remarkable difference in the
increased factor of ZT between the respective bulk and nanowires is due to the similarity of
the thermal conductivity and electronic property in the nano scale. Moreover, at low Ge
content, the small ratio of Ge atoms can induce large increase in ZT. For instance, in the case
of SipgGeo2 NW, namely, 20% Ge, ZTsi1-xe/ZTsi is about 3. And with 50% Ge atoms
(SiosGeos NW), the ZTsi1xce/ZTsi can be as high as 4.3. Combine with the experimental
measured ZT of n-type SINW which is about 0.6-1.0, it is exciting that we may obtain high
ZT value of about 2.5-4.0 in n-type Si;«Gex NW.

7. Realization of SINW based on-chip coolers

Typical integrated circuit (IC) chips have millions or even billions of transistors, which can
generate huge heat fluxes in very small areas which is called as hot-spot. The hot spot
removal is a key for future generations of IC chips. Circulated liquid cooling is one of
current available cooling technologies, which moves heat sink away from the processors by
increasing the surface area. However, reliability is a big concern if the liquid hose is leaking.
Moreover, this and other conventional cooling techniques are used to cool the whole
package temperature and none of them addresses the hot spots cooling. The hot spots in
microprocessors are normally in the order of 300-400 pm in diameter, thus even the smallest
commercial cooling module is still too large for spot cooling. In addition, as the three-
dimensional (3D) chips are investigated, this can create smaller and hotter spots. The current
cooling technologies are fast reaching their limits. High efficiency and nano scale cooler is a
key enabler to remove small hot spots in IC chips and for the future improvements of IC
thermal management. To solve the hot spot issue, one way is to use thermoelectric (TE)
materials to cool the hot spot. In above of this chapter, we have discussed the thermal and
thermoelectric properties of NWs. A natural question comes promptly: if a cooler is built
from SiNW, then how cool we can achieve? And what are the cooling power and efficiency?
In this section, we will show the answers to these questions.

By using finite element simulation, Zhang et al. (G. Zhang et al., 2009a) studied the the
cooling temperature, cooling power density and coefficient of performance of SINW based
on-chip cooler. The size of SINW is 50 nm x 50 nm x 2.5 pm. Upon electrical current flow
through, electrons absorb thermal energy from lattice at one junction and transport it to
another junction (Peltier effect), creating a cold and hot side. Here the assumed hot spot is
in contact with the cold side and the hot side is fixed at 300 K. Besides this positive
cooling effect, the back-flow of heat from hot end to cold end and Joule heat will weaken
the cooling efficiency. So heat flux is the sum of Seebeck (Peltier) effect, Fourier effects,
and the Joule heat. For SINW with 50 nm diameter, 20 W/m-K is observed for vapour-
liquid-solid grown SiNW (VLS-SiNWs), while 1.6 W/m-K is found for aqueous
electroless-etching grown wire (EE-SiNWs). (Hochbaum et al, 2008) The large
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discrepancy in thermal conductivity lies from the surface scattering of phonons. Both
thermal conductivity values are used to explore the importance of thermal conductivity
on thermoelectric performance. Natural convection and radiation as the heat transfer
mechanism between the system and the surrounding air are established. The surrounding
environment is assumed to be stationary air at atmospheric pressure. From the finite
element simulation, it was found that for nanoscale systems such as SiNWs, the
contribution of natural convection and radiation are very low in the total heat transfer,
while thermal conduction is the major contribution. (G. Zhang et al., 2009a)

Figure 11(a) shows the cooling temperature versus electrical current. For both EE-wire and
VLS-wire, the cooling temperature increases with supplied current increases, and there is a
maximum at about In=3.5-4.0 pA. Above Iy, cooling temperature decreases with increasing
current. This phenomenon can be understood as below. Increasing electrical current has
two effects on cooling. On the one hand, the increase of electrical current will absorb more
thermal energy from one end and transport it to another end. We call this effect the
“positive” effect. On the other hand, the increase of electrical current will also increase Joule
heating that in turn will increase the heat flux to the cool end, thus suppress cooling. We call
it the “negative” effect. The cooling temperature is determined by these two effects that
compete with each other. And as demonstrated in Figure 11(a), the maximum cooling
temperature of EE-wire is much larger than that of VLS-wire, although they are with the
same dependence characteristic on electrical current.

In the cooling temperature analysis above, the hot spot is a non-source device. If the
device (hot spot) generates heat, the maximum cooling temperature will depend on the
dissipation power, and we can predict the maximum cooling power that SINW cooler can
arrive. Fig. 11(b) shows the relation between the cooling temperature with the power
dissipation density from the device for both EE- and VLS-SiNWs with electrical current of
4 pA. The maximum cooling power is defined as the heat load power that makes the
device’s maximum cooling temperature equal to zero. The maximum cooling power
density is about 6.6 x103 W/cm?2 here, and is independent on the special thermal
conductivity. The independence of maximum cooling power density on thermal
conductivity is due to the maximum cooling power is arrived when the temperature
difference between the two ends is zero and no Fourier heat flux. The maximum cooling
power density, 6.6 X103 W/cm?2 for SINW, is about six times larger than that of SiGeC/Si
superlattice coolers (X. Fan et al., 2001), ten times larger than that of Si/SiGei thin film
cooler (Y. Zhang et al., 2006), and six hundred times larger than that of commercial TE
module. (Rowe 2006)

The performance of any thermoelectric material is in general expressed by its coefficient
of performance (COP). This is defined as the actual cooling power divided by the total
rate at which electrical energy is supplied. The electrical power consumption of SINW cooler
is used to generate the Joule heat and overcome the Seebeck effect, which generates power
due to the temperature difference between the two junctions of the wire. However,
the maximum cooling power is the heat load power that makes the device’s maximum
cooling temperature equal to zero, so here the electrical power consumption is equal
to the Joule heat. From Figure. 11, we can obtain the COP for both EE and VLS
nanowires are 61%. This is larger than that of Si/Si\Ge1.x thin film cooler (Y. Zhang et al.,
2006) which is 36%, and larger than that of commercial TE module which is only 0.1%.
(Rowe 2006)
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From the analytical expression of cooling temperature, we can provide a prediction of the
transverse size effect on the cooling temperature. For SINWs with length in pm scale, the
thermal conductivity increases with diameter increases remarkably until the diameter is
larger than about hundreds nm. (Liang and B. Li, 2006) Using the quantitative formula for
the size-dependent thermal conductivity from Eq. 7, Figure 11(c) shows the maximum
cooling temperature vs diameters of SINWs. It is obvious that cooling temperature decreases
as diameter increases. When the diameter increases to 100 nm, the maximum cooling
temperature is only about 4K. So to keep high cooling temperature, SINW with small
diameter is preferred.

In the following, we will discuss time dependent cooling performance of SiNWs, (G. Zhang
et al., 2009b) including the cooling response time, and the impact of number of SINWs in the
bundle. Figure 12(a) shows the time dependent temperature of the hot spot. Upon current
flow through the SINW, the temperature of the island decreases exponentially initially and
then converges to a constant temperature Tc which is much lower than the environment
temperature To. The cooling temperature AT=Ty-Tc. From the best fitting of the time
dependent temperature curves, the cooling response time tp can be calculated. Figure 12(b)
shows that ty decreases as applied electrical current increases monotonously. From Figure 12
(a), the maximum cooling temperature can be achieved with about 3-4 pA electrical current,
which corresponds to 0.05-0.06 s response time. This demonstrates that SINW is a fast
response cooler.
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In practical application, a bundle of SiNWs will be used, which can be realized by top-down
method on SOI wafers. Figure 12 (c) shows the time dependent temperature of the silicon
island with a number of SINWs N (>1). With increase in N, the cooling process becomes
faster. However, the maximum AT does not change with N. Figure 12 (d) shows the N
dependent response time. It is obvious that in practical applications, increasing of N is an
efficient approach to speed the cooling process.

8. Conclusions

The present article tries to give an overview of the thermal and thermoelectric property of
semiconducting nanowires. Here we use Silicon nanowires as examples, however, the
physics addressed in this article is not limited to silicon system. The thermal transport in
low dimensional system has attracted wide research interests in last decade. Silicon
Nanowires are promising platforms to verify fundamental phonon transport theories.
Moreover, the study of thermal property of SiNWs is also important for potential
application, such as waste heat energy harvesting and on-chip cooling. Compared with ten
years ago, we have a comprehensive understanding of the impacts of doping, surface
scattering and alloy effect on thermal conductance and thermoelectric property of
nanowires. However, further experimental and theoretical studies on fundamental
mechanism will be greatly helpful to advance the field.
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1. Introduction

In the last two decades there has been a great interest in the synthesis and characterization
of one-dimensional materials. A variety of inorganic materials have been prepared in the
form of nanowires and nanobelts with a diameter of a few nanometer and lengths going up
to several hundreds of microns (Xia et al., 2003). The two main techniques used for
nanowire growth are vapor-assisted (Wagner, 1964) and solution-based growth (Stejny,
1981; Stejny, 1979; Kruyt & Arkel, 1923; Gates et al., 2002; Mayers & Xia, 2002; Messer et al.,
2000; Song et al., 2001) processes. Nanowires, nanorods and nanobelts constitute an
important class of 1D nanostructures, which provide models to study the relationship
between electrical transport, optical, magnetic and combined properties such as electro-optic
and magneto-electronic properties with dimensionality and size confinement.

In recent decades strong interest has been drawn to explore silicides (Murarka, 1983; Miglio
& d'Heurle, 2000), which are chemical compounds of silicon with different metals.
Considerable amount of studies are carried out on transition metal silicides such as CoSiy,
NiSi, MnSi, CrSiy, FeSi (Maex & Rossum, 1995). The magnetic properties of MnSi and FeSi
are studied extensively. MnSi has a helical spin structure at low fields below 29 K and it is
paramagnetic above that temperature (Ishikawa et al., 1976; Belitz, 1999). CrSi and NiSi are
either weakly paramagnetic or diamagnetic. The transition-metal monosilicides such as
MnSi, CoSi and FeSi are a group of highly correlated electron materials (Aeppli & DiTusa,
1999; Riseborough, 2000). In the case of MnSi, application of external magnetic fields results
in field-induced phase transitions from the helimagnetic phase to a conical spin structure at
low fields and then to a ferromagnetic state at higher magnetic fields (Ishikawa et al., 1976;
Belitz, 1999). The temperature dependence of high field magnetization of field-induced
ferromagnetic states of MnSi shows signatures indicating the role of both spin wave
excitations and stoner band excitations related to itinerant electron ferromagnetism (Aeppli
& DiTusa, 1999). In another manganese-based silicide, MnsSis, the magnetic structure has
been studied for many years (Lander et al., 1967; Brown & Forsyth, 1995; Silva et al., 2002).
MnsSis shows two different antiferromagnetic configurations with a low temperature highly
non-collinear phase (Lander et al., 1967; Brown & Forsyth, 1995; Silva et al., 2002). It was
previously reported that antiferromagnetic MnsSiz can be driven into a ferromagnetic or
ferrimagnetic state by insertion of carbon into the voids of Mn octahedra of the hexagonal
structure (Sénateur, 1967). Thin films of MnsSisCy with x = 0.8 have a Curie temperature Tc =
350 K (Siirgers, 2003) well above room temperature. FeSi is a Kondo insulator (Aeppli &
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DiTusa, 1999), a class of heavy-electron compounds exhibiting Kondo lattice behavior at
room temperature.

Semiconducting silicides, such as the higher manganese silicides (HMS) MnSiy 7, CrSiz have
a high potential for thermoelectric applications (Vining, 1995; Borisenko, 2000).
Additionally, such semiconducting silicides FeSi», MnSi; 7 and Ru,Si3 are reported to have a
direct band gap, which makes them attractive for optoelectronic application (Borisenko,
2000). Most of the recent investigations of semiconducting silicides have been focused on the
thin films of FeSi, and CrSi;. Semiconducting higher manganese silicides MnSix with a
composition x varying from 1.67 to 1.75 are the most promising candidates for
understanding the fundamental physics as well as for applications such as microelectronics,
spintronics and thermoelectrics. There exist a number of tetragonal HMS phases, MnySiy,
Mnu1Sitg, MnusSize, etc., which differ slightly in their composition (Schwomma et al., 1964;
Flieher et al., 1967).

Most of the studies on silicides are carried out either in bulk or in thin films. Recently
several groups have explored the growth of silicide nanostructures using a variety of
methods. In chemical vapor deposition (CVD) method the main precursor used is
M(SiCl3)x(CO)y, where M = Fe, Mn or Co (Aylett & Colquhoun, 1977; Novak et al., 1997;
Schmitt et al., 2010). CVD utilizes the vapor-liquid-solid (VLS) mechanism to the growth of
silicide nanowires. Wagner studied the growth of millimeter-sized Si whiskers in the
presence of Au particles, involving the VLS process (Wagner, 1964). According to this
mechanism, the anisotropic crystal growth is promoted by the presence of the liquid
alloy/solid interface. This mechanism has been widely accepted and applied for
understanding the growth of various nanowires.

2. Growth of silicide nanowires

In this chapter, we describe the synthesis, structure and properties of nanowires of silicides
with manganese as one of the components. We have grown silicide nanowires using a class
of coordination compound precursors called 3-diketone chelates. This class of precursor can
be used for growing a variety of silicides, including Mn-Si-C. This chapter will be organized
as follows: First we will discuss the 1) Mn-based beta-diketone chelates (Kang et al., 2009), 2)
then we will describe the synthesis of MnsSiC nanostructures and its structural, magnetic
properties (Kang et al., 2009), 3) growth of MnsSiC nanostructures with different boron
concentration and describe their magnetic and transport properties (Kang et al., 2010) and
finally 4) the growth of higher manganese silicide, Mn;sSizs using a similar precursor. We
will discuss the electrical transport properties of Mni5Siz nanostructures and show that for
the first time we have grown semiconducting Mn;5Sizs nanostructures.

2.1 Coordination compound precursors

Precursors that we have used for manganese are manganese beta-diketone chelates (Walker
& Li, 1965; Cotton & Holm, 1960). We have used two different Mn beta-diketone chelates
(Figure 1), bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato) manganese(Il) and bis(4,4,4-
trifluoro-1-phenyl-1,3-butanedionato) manganese(Il) complexes. The precursor with phenyl
group is used for synthesizing MnsSiC and the other is used for the growth of manganese
silicides with varying concentrations of Mn and Si by controlling the flux of manganese and
the temperature of the growth.
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Fig. 1. (a) bis(1,1,1,5,5,5-Hexafluoro-2,4-pentanedionato) manganese(Il) complex (b)
bis(4,4,4-trifluoro-1-phenyl-1,3-butanedionato) manganese(Il) complex.

2.2 Growth of MnsSiC nanowires

We have grown MnsSiC nanowires using a precursor (Figure 1a) for Mn and C. Si (111)
substrates were used as the Si source. A coordination complex precursor bis(4,4,4-trifluoro-
1-phenyl-1,3-butanedionato) manganese(II), Mn(PhC(O)CHC(O)CFs), was used as a source
for both Mn and C. The synthesis of the precursor [hereafter referred to as Mn-phenyl-
complex] was carried out using the general procedure outlined in Walker & Li, 1965; Cotton
& Holm, 1960. The native oxide of the Si substrate was etched away using dilute HF; a thin
layer of Au nanoparticles (average size of 20 nm) was sprayed onto the etched Si surface;
and the substrates were placed inside a quartz tube in a horizontal tube furnace. The system
was pumped down to 10 mtorr before flowing an ultra-high purity Ar and H> gas mixture
(10 % Hby) at a rate of 1000 standard cm?3 per minute. Two heating zones with temperatures
of 350 °C and 1050 °C were used for vaporization of the precursor and nanowire growth,
respectively. The Si substrates were placed at the center of the furnace with the precursor at
about 20 cm away. When the center of the furnace reached the set point of 1050 °C, the Mn
phenyl-complex was hot (300 - 400 °C) enough to vaporize; Mn phenyl-complex is a highly
volatile compound. The vapor-phase precursors were carried by the Ar-H, mixture to the
center of the furnace where they reacted with silicon from the substrates. The reaction was
continued under these conditions for 2 hrs before the furnace was allowed to cool to room
temperature while maintaining the gas flow. Nanowires with diameters in the range of 2 -
100 nm can be grown using this method (Figure 2). Figure 3 shows the x-ray diffraction
pattern of the nanowires. All of the grown nanowires exhibit orthorhombic structure with
Cmc21 space group. The lattice parameters for the grown nanowires are a = 10.198, b = 8.035
and ¢ = 7.630 A respectively. The high-resolution transmission electron microscopy (TEM)
image in Figure 4(a) shows the (331) lattice planes of orthorhombic MnsSiC structure. The
selected area electron diffraction pattern can also be indexed based on the same structure.
We have measured the magnetic properties of these nanowires using a Quantum design
MPMS system. These nanostructures exhibit ferromagnetic behavior (Figure 5) both at 300
and 10 K.
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Fig. 2. Scanning electron microscopy image of MnsSiC nanowires.
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Fig. 3. X-ray diffraction pattern of as-grown MnsSiC nanowires. The pattern is indexed
based on orthorhombic MnsSiC structure.
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Fig. 4. (a) High resolution TEM image displays the (331) lattice planes of MnsSiC structure.
The scale bar is 2.0 nm. Inset: TEM image showing catalyst nanoparticle at tip of the
nanowire. (b) selected area electron diffraction pattern can be indexed to an orthorhombic
MnsSiC structure.
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Fig. 5. Hysteresis loops of as-grown MnsSiC nanowire cluster at 300 and 10 K.

2.3 Boron-doped MnsSiC nanowires

MnsSiC nanowires exhibit ferromagnetic behavior and the T. appears to be higher than
400 K. In order to clearly understand the ferromagnetic behavior and the magneto-transport
properties we have grown MnsSiC nanostructures from differently boron-doped silicon
substrates. The growth of boron-incorporated MnsSiC nanowires was carried out using
chemical vapor deposition involving a coordination complex precursor for Mn and C. From
the earlier discussion on CVD, the only difference here is in choosing the silicon substrate.
We have used boron-doped silicon substrates with (100) orientation. The silicon substrate is
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used as the source for silicon in boron-incorporated MnsSiC nanostructures. We have used
silicon substrates with three different boron doping for the growth of these nanowires. The
boron doping concentrations were 2 x 1017, 5 x 1018 and 5 x 101 /cm3 respectively. The
nanowires grown from these substrates will be referred to as low, medium and heavy-boron
incorporated nanowires (LBNW, MBNW and HBNW) respectively. Highly dense boron-
incorporated MnsSiC nanowires were grown as shown in Figure 6. Nanowire size ranges
from 50 - 100 nm. Figure 7 illustrates the x-ray diffraction pattern of nanowires grown from
three different silicon substrates. All of the grown nanowires exhibit orthorhombic structure
with Cmc21 space group. The lattice parameters for the grown nanowires are a = 10.198, b =
8.035 and ¢ = 7.630 A respectively. There is no systematic shift of the peaks with boron
incorporation to elucidate whether there is a lattice volume change. It would be possible that
the varying size range (50 -100 nm) and the stress in the nanowires on different sets also
contribute to the line width and broadening (Cullity, 1977). Gold nanoparticles (100 nm)
were used as catalyst for the nanowire growth, in addition to the formation of MnsSiC
nanowires, formation of a small fraction of AusSi particles was also observed. The peaks
corresponding to the AusSi> phase are marked in Figure 7. The selected area electron
diffraction pattern obtained from a representative nanowire is indexed to an orthorhombic
MnsSiC structure. The energy-dispersive x-ray analysis using high-resolution transmission
electron microscopy reveals that the nanowires consist of Mn, Si and C and their ratio

10pum
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Fig. 6. Scanning electron microscopy image of boron-incorporated MnsSiC nanowires.
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Fig. 7. Xray diffraction patterns of boron-incorporated nanowires grown different silicon
substrates (a) LBNW (b) MBNW and (c) HBNW. The peaks corresponding to AusSi, phase
are marked.

remained uniform over the entire length of the nanowire. In order to understand whether
the boron actually goes into the nanowire, we have carried out Secondary Ion Mass
Spectroscopy studies (SIMS). A cleaning procedure was carried out to make sure that the
surface of the nanowires is clean of any residues. In this process, the as-grown nanowires
were etched for a short time in 5% HF solution. The nanowires from the as-grown
substrates are removed using sonication and are transferred to an undoped silicon
substrate for SIMS analysis. The undoped substrate avoids any boron signal from the
substrate as in the case of the substrates that are used for the nanowire growth. SIMS
sputter profiling analysis was performed using a 100 nA, 17 keV, 160- primary beam with
a square raster of 250 um. Figure 8 displays the SIMS data for low and heavy boron-
incorporated nanowires, which clearly indicate that the boron-intensity from HBNW's is
strong, compared to the other. Thus, this confirms the presence of boron in the nanowires
and the signal that is detected purely arises from the highly dispersed nanowire cluster. A
quantitative estimate was difficult because of the unavailability of a boron standard for
this particular measurement.
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Fig. 8. SIMS data for LBNW and HBNW nanowires.

2.3.1 Magnetic properties

The magnetic hysteresis loops were measured using a superconducting quantum
interference device (SQUID) magnetometer; the data for three different samples are
displayed in Figure 9. The nanowires grown from low boron-doped silicon substrate exhibit
higher saturation magnetization at room temperature. On the other hand, heavily boron-
incorporated nanowires show very weak remanence; it is reduced by almost a factor of eight
compared to the low-boron-incorporated nanowires. All of the three sets of nanowires
exhibit magnetic hysteretic behavior at low temperature (15 K) with decreasing saturation
magnetic moment as the boron incorporation increases. Thus, it is evident that the boron
incorporation weakens the magnetic exchange interaction in MnsSiC nanostructures. We
have measured the hysteresis loops up to 400 K, the low boron-doped sample exhibits clear
hysteresis even at 400 K. Thus, the Curie temperature of these nanowires is higher than
400 K. Magnetic studies on thin films of MnsSisCx has shown that they exhibit finite
magnetic moments even above room temperature (Siirgers et al., 2003). There is no
theoretical studies exist to compare our experimental results, most of the simulation studies
are on Mn doped silicon.
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Fig. 11. Current-voltage characteristics of (a) LBNW and (b) HBNW nanowire devices with
and without the presence of external magnetic fields.
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2.3.2 MnsSiC nanowire devices

Nanowire devices are fabricated (Figure 10) with standard electron beam lithography for
electrical and magneto-transport measurements. The electrodes on the nanowire channels
are layers of Al(100 nm)/Au (5 nm) evaporated using an ultra-high vacuum thin film
deposition system. The current-voltage (I-V) measurements were carried out using a
semiconductor parametric analyzer show metallic (linear) and semiconducting (nonlinear)
behaviors for the devices fabricated with LBNW and HBNW’s as displayed in Figures 11(a)
and (b). This is further confirmed by measuring the resistance of the nanowire devices as a
function of temperature. In the presence of small external magnetic fields applied along the
axial direction of the nanowires (H= 300 - 1000 Oe), there is a large change in the I-V
characteristics in the case of a device fabricated with LBNW’s. The change is almost two
orders of magnitude, but there is a insignificant change in the case of devices with HBNW’s,
except for a small change at higher bias voltages. The electrical behavior, resistance of
individual nanowire is measured as a function of temperature using a cryoprobe. The
temperature dependence of resistance is plotted in Figure 12, it shows that the LBNW
devices exhibit metallic behavior on the other hand the HBNW devices show strong
semiconducting behavior. The LBNW devices display almost six orders of magnitude
change in resistance. The magnetoresistance values (Figure 13) calculated from the I-V
characteristics are much larger for the LBNW device and decreases for other devices as the
saturation magnetization weakens. The magnetoresistance (MR) is calculated using the
expression [(Ru=0 oe = Ru=500 0e)/Re= 500 0e]. The MR value is very high, ~400 (40,000 %) for
the low-boron-doped nanowire device and it is nearly negligible for the HBNW device.
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Fig. 12. Resistance vs temperature plots of the LBNW and HBNW nanowire devices
exhibiting metallic and semiconducting behaviors.
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Fig. 13. Magnetoresistance of the nanowire devices decreases with the incorporation of
boron. The x-axis gives the boron concentration of the silicon substrate used for the
nanowire growth.

Comparing the magnetization, electrical and magneto-transport properties of the nanowires
and their devices, nanowires that display strong magnetic behavior exhibit metallic
behavior and huge magnetoresistance. Large incorporation of boron into the nanowires
switches the electrical behavior to semiconducting, decreases the magnetic coupling and in
turn considerably reduces the magnetoresistance.

2.4 Higher manganese silicide nanowires

In addition to manganese monosilides and silicide carbides, another interesting class is the
higher manganese silicides (HMS). There is a series of crystallographically distinct phases
called as Nowotny chimney ladder (NCL) phases. NCL phases correspond to chimneys of
manganese atoms with ladders of Si atoms. The four commensurate NCL phases which are
reported in the literature are MnySiy, Mny1Sii9, MnysSizs and MnysSiyy. It is predicted that the
electronic properties of these phases depend on the valence electron configuration and the
metallic and semiconducting nature are predicted. Semiconducting higher manganese
silicides are MnSi.x and MnSiy 75. There are no reports about the magnetic properties of the
higher manganese silicides; it is shown that they are good thermoelectric materials. Higgins
et al. (Higgins et al.,, 2008) have synthesized MnisSiz3 nanowires using Mn(CO)sSiCls
precursor. These nanowires are grown using a CVD system and the mechanism of the
nanowire growth is not well understood. In their CVD synthesis precursor used has a
Mn/Si ratio of 1:1, but the nanowires grown have a Mn/Si ratio of 1:1.75. They have
observed metallic behavior and no magnetoresistance effect for the Mn;¢Siz; nanowire
device
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Fig. 14. Scanning electron microscopy image of Mni5Sizs nanowires. Scale bar, 10
micrometers.
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Fig. 15. Current- voltage characteristics of a typical MnysSiz nanowire device. It shows p-
type semiconducting behavior.
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We have grown Mn;sSix nanowires using Mn-based beta diketone chelate precursor. The
precursor is shown Fig 1(a). The growth method is similar to what is described earlier. In the
CVD method we have grown the nanowires at 1050 °C for 2 hr. The wire size ranges from 80
- 200 nm and lengths up to hundreds of microns. Figure 14 shows the morphology of the
wires. The x-ray diffraction analyses show that the nanowires exhibit the crystal structure of
Mni5Siz which is also supported by the selected area diffraction pattern from transmission
electron microscopy. Nanoscale devices are fabricated using electron beam lithography and
we have measured the electrical transport properties as displayed in Fig 15. It clearly shows
that the nanowire is semiconducting with p-type behavior. The gate-effect is not significant
probably due to the degenerate character of MnisSizs system.

3. Conclusions

Thus in conclusion, we have made use of manganese diketone chelates as precursors to
grow different silicides. For the first time we have grown MnisSix nanostructures and
shown that nanowires exhibit p-type semiconducting behavior as reported in the literature
for bulk MnysSiz system.
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1. Introduction

A perovskite is any material with share the same type of crystal structure as calcium
titanium oxide (i.e., a structure analogous to that of the natural crystal calcium titanate,
known as the “perovskite structure”), yet exhibit a broad range of interesting and
excellent physical and chemical properties, which have large and potential applications in
solid fuel cell, solid electrolyte, sensor, solid resistor etc for its stablized crystal structure
(Bhalla et al., 2000). Their structural properties, such as phase, crystallinity and
dimensional play important roles for their fundamental performances, such as optical,
electric-transport, phonon vibration and ferroelectric etc. With the size of ferroelectrics
decreasing, the size-dependent ferroelectric behaviors and their possible disappearance at
critical size become crucial. When synthesized of ferroelectric nanomaterials via
a conventional solution process, perovskite materials with cubic or pseudo-cubic
symmetry of its crystal structure tends to grow uniformly along three major directions,
leading to the formation of nanopowders rather than a 1D structure (Wei et al., 2007 and
Lu et al., 2002).

To realize an anisotropic growth, especially no surfactant used in the hydrothermal
environment, the symmetry of crystal structrue has a crucial part for the anisotropic
growth of nanowires (NWs), which is very interesting for technological application in
nanodevice. In the last several years, long ferroelectric NWs with perovskite structures
and anistropic growth have been synthesized by different solution approach. For
example, Urban et al. realized the creation of well-isolated NWs [001] of BaTiOs using
solution-phase decomposition of bimetallic alkoxide precursors and reported its
ferroelectric switching, this allows for the RT tetragonal ferroelectric phase to possess
polarization along the axis of the nanowire, and recently observed the ferroelectric phase
transition in a single wire of BaTiO3 (Urban et al., 2002 and Spanier et al., 2006). Xu et al.
reported the anistropic growth of tetragonal perovskite Pb(Zro5:Tio4s)Os (PZT)
monocrystalline NWs [001] synthesized by polymer assisted hydrothermal method,
showing that PZT nanorods were formed when assisted only by PVA, and PZT NWs were
obtained when assisted by both PVA and PAA (Xu et al., 2005). Magrez et al. have realized
the growth of highly uniform KNbOs; NWs [011] exhibiting a narrow diameter
distribution about 60 nm, the influence of the composition of the starting mixture as
well as of the temperature-pressure within the hydrothermal autoclave on the product
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purity and particle shape have also been identified (Magrez et al., 2006). Wang
et al. reported the composite hydroxide mediated approach for the synthesis of
nanostructures of complex functional oxides, including BaTiO3, BaMnOj;, BaCeO;s etc (Liu
et al., 2006). In recent years, Rervik et al. realized the anistropic growth of PbTiO3 nanorod
arrays on SrTiOs substrate with different orientation grown by self-assembly of
nanocrystals in template-free surfactant hydrothermal environment (Rervik et al., 2008).
Most recently, single-crystalline KTag25Nbg7503 (KTN) nanorods with an orthorhombic
perovskite structure were synthesized via a polymer-assisted hydrothermal method
(Hu et al., 2010), the preferred crystallographic orientation of the nanorods were found to
be controllable by using different types of polymers in the process; that is, [001]-oriented
KTN were obtained upon the use of PVA and [110]-oriented ones were formed
with the use of a combination of PAA and PVA. These NWs were produced by
controlling the growth condition, and allowed for some initial insights into polarization
behavior.

In this chapter, we describe the synthesis of perovskite oxide nanowires/nanorods, such as
(K.Na)NbO; and BisTi3O12 nanowires/nanorods by hydrothermal process at low
temperature (Wang et al.,, 2010 and Hu et al., 2009). K.NaiNbO3 (with x=0.5) NWs and
(Bi3.15Ndo85) TizO12 nanorods with diameters of 30~120 nm and length reaching up to several
micrometers were synthesized by hydrothermal method. By the use of microstructural
measurement and spectra method, the growth dirction, optical properties, phonon
vibrational behavior were investigated. In addition, the anisotropic growth mechanism of
K«Na1xNbO; NWs was also proposed.

2. Strategies for fabricating ferroelectric NWs

Well-defined ferroelectric NWs are believed to represent exciting systems to investigate
fundamental issues about phase structure, intrinsic polarization, piezoelectricity and
paraelectricity in one dimension. The main strategy to fabricating ferroelectric NWs is
solution based method, including solution-phase decomposition, hydrothermal method,
solvothermal method, and composite hydroxide mediated approach etc.

2.1 Solution-phase decomposition (Urban et al., 2002 and Puntes et al., 2001)

The synthesis of perovskite oxide NWs is accomplished by solution-phase decomposition of
bimetallic alkoxide precursor in the presence of coordinating ligands, produces the correct
product stoichiometry and avoids high-temperature treatment steps, which is similar to the
method used to prepare inorganic nanocrystals and nanorods. Figure 1 shows a schematic
illustration of typical solution-phase decomposition. It should be noted that rapid injection
of organometallic reagents in a hot coordination solvent produces temporally discrete
homogeneous nucleation. The decomposition and nucleation occurs rapidly upon injection.
The lifetime of monomers in solution is short, and many small metal clusters form
simultaneously.

Anisotropic nanorod growth is most likely due to precursor decomposition and
crystallization in a structured inverse micelle medium formed by precursors and oleic acid
under these reaction conditions. Well-isolated perovskite ferroelectric nanowires can be
obtained by sonication of the reaction product followed by fractionation between water and
hexane.
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Fig. 1. A schematic illustration of a typical solution-phase decomposition (taken from
reference 4).

2.2 Hydrothermal method (Vayssieres et al., 2001)

Hydrothermal method can be defined as a synthesis process of crystals which depends on
the solubility of minerals in hot water under high pressure. The crystal growth is
performed in an apparatus consisting of a steel pressure vessel called autoclave [Figure 2],
in which a nutrient is supplied along with water. As an environmentally benigh reaction
medium, the hydrothermal method attracts much attention, which is a promise way for
fabricating complex oxide nanomaterials because it can realize a low processing
temperature of 200 °C or less, and can obtain products with high purity. In a typical
hydrothermal method, the solubility of a solid is increased in a solvent and the reaction
between the solids is sped up under pressures and temperatures above the critical point.
A temperature gradient between the opposite ends of the autoclave cause the nutrients
dissolve at the hotter end and seeds grow in the cooler end. Possible advantages of the
hydrothermal method over other types of crystal growth include the ability to create
crystalline phases which are not stable at the melting point, relatively low growth
temperatures, and large area production at a low cost. Since most materials can be made
soluble in a proper solvent by heating and pressurizing the system close to its critical
point. Recently, a new synthetic method based hydrothermal method is used for
depositing metal titanate nanowires, such as BaTiOs, PbTiO; etc (Im et al., 2010). First, a
TiO, particle thin film is prepared by spray coating, and then transformed to single
crystalline titanate nanowires grown on the conducting glass by hydrothermal treatment
using TiO; particles as seeds of nanowire growth.
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Fig. 2. A schematic illustration of a typical autoclave used in hydrothermal method, which is
consist of (1) stainless steel autoclave (2) precursor solution (3) Teflon liner (4) stainless steel
lid and (5) spring.

2.3 Solvothermal method

The solvothermal route is similar to the hydrothermal method where the synthesis is also
conducted in stainless steel autoclave with the only difference is that the precursor solution
is non-aqueous (eg. organic reagents). Heath and co-workers pioneered the use of
solvothermal method to synthesize semiconductor nanorods (Heath & Legoues, 1993). The
solvothermal method were then employed by many research groups to synthesize all sorts
of nanostructures, including metal, semiconductor (Xie & Shang, 2007), graphene (Choucair
et al., 2009) and complex oxide nanomaterials (Mao et al., 2005).

The shape, size, morphology and the crystallinity of nanowires can easily be altered through
changing certain experimental parameters such as reaction temperature, reaction time,
solvent type, surfactant type, and precursor type during a solvothermal system. However,
the yield of the final products is very low, and the uniformity in size and morphology is also
very poor although solution phase methods seem to be versatile in generating 1D
nanostructures.

2.4 Composite hydroxide mediated approach (Liu et al., 2006 and Hu et al., 2009)

The composite-hydroxide-mediated (CHM) approach is based on the use of molten
composite hydroxides (KOH and NaOH) as a solvent in chemical reactions at about 200
°C or even less for the synthesis of a wide range of nanostructures. The mixed hydroxides
are used to not only mediate the reaction between the raw materials containing cations
but also to lower the reaction temperature. Normally, the synthesis process of the CHM
method is a one-step process. All of the raw materials with a certain amount of mixed
hydroxides are placed within the Teflon vessel at one time. Then, the nanostructures form
within the vessel after heating in a furnace at a temperature of ca. 200°C for several hours
or days. The environmental appeal of this method arises from its intrinsic scalability,
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generality, and facility as well as its fundamental basis on the use of hydroxides as the
reaction medium.

3. (K1xNay)NbO; ferroelectric nanowires (NWs)

Nowadays, piezoelectric materials have been widely used in science and engineering, such
as aerospace and medical treatments. Recently, under the requisition of the miniaturization
and intergration of devices, low-dimensional piezo- & ferroelectric nanomaterials
(nanowires, nanorods and nanotubes, etc.) have attracted much attention because of their
potential application in nanodevices such as nanosensors and actuators, nanogenerators and
nanopiezotronics (Wang et al., 2006, 2007 and Lao et al., 2007). Alkaline niobates with a
perovskite structure, as a promising lead-free piezoelectric and optical material, show
excellent piezoelectric, ferroelectric and electro-mechanic properties as well as good
nonlinear optical and electro-optical properties (Guo et al., 2003, Saito et al., 2004 and
Blomqvist et al., 2003). Potassium sodium niobate [(Ki«Nay)NbOs, KNN] combines
ferroelectrics KNbO; and anti-ferroelectrics NaNbOs, and have the best piezoelectric
properties near the morphology phase boundary (MPB) when x=0.5 in KNN ceramics
(Jaeger and Egerton, 1962). However, most reports concerning about KNN materials have
concentrated on KNN/KNN-based ceramics rather than KNN nanomaterials. For example,
a number of methods have been developed to obtain KNN nano/micro-powders, such as
solid-state route, chemical co-precipitation, sol-gel routine, micro-emulsion mediated route
and molten-salt process (Villegas et al., 1999, Ravindranathan et al., 1991 and Hayashi et al.,
2005). Sun et al. synthesized the KNN materials with x = 0.01, 0.24, 0.89, 0.91, 0.99 by a
hydrothermal method, but where x has a big jump from 0.24 to 0.89 in composition (Sun et
al., 2009). Zhang et al. reported the thermodynamic evaluation of KNN material and the
hydrothermal preparation (Zhang et al., 2008). So far, the synthesis, electrical or optical
properties of low-dimensional KNN nanomaterials such as nanowires and nanorods has
been lacking.

3.1 Phase and microstructure of KNN NWs

KNN nanomaterials were synthesized by hydrothermal route using KOH, NaOH
and NbyOs as raw materials. There is a linear relation between the molar ratio of raw
material KOH/NaOH and the atomic ratio of K/Na in the final compound, as shown in
Figure 3.

Figure 4a shows the XRD patterns of the KNN samples. Sample A to C exhibit single-
phase perovskite structure with orthorhombic symmetry (space group: Amm?2), which can
be indexed according to JCPDS card No. 32 - 0822. Moreover, the diffraction peaks of
Ko34NagssNbOs; (E) can be indexed to single-phase monoclinic perovskite structure
with symmetry of space group Pm(6), according to the JCPDS card No. 74 - 2024.
However, Kos50Nao50NbO3 (D) shows a main phase of orthorhombic perovskite structure
as well as very weak peaks of monoclinic phases which are marked by a black dot in
Figure 4a. The phase changes can be clearly proved by the symmetry changes of the (311)
and (022) peaks at around 26 = 56 - 57° (Figure 4b). The lattice parameters of the
as-synthesized samples (calculated by MDI JADES) and crystal structures are listed in
Table 1 as well.
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Fig. 4. (a) The XRD patterns in the 20 range of 20° to 65° of the as-synthesized KiNa,NbOs
materials with different compositions; (b) The enlarged XRD patterns in the 20 range of 55°
to 58°, which suggest the phase transition by the symmetry changes of the diffraction peaks.
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K/Na/Nb Lattice Parameters
Sample S Syngony < < < z

ratio a(A) b(A) c(A) (A)
A 0.74:0.27:1 | Orthorhombic | 5.7075(3) | 5.6845(4) | 3.96892) | —
B 0.67:0.34:1 | Orthorhombic | 5.6837(7) | 57091(3) | 3.9692(0) | —
C 0.64:0.38:1 | Orthorhombic | 5.6846(5) | 5.7039(5) | 3.96493) | —
D 050050, | Orthorhombict |5 omney | 5704109) | 39777602 | —

Monoclinic

E 0.34:0.66:1 Monoclinic | 7.8451(1) | 7.7719(4) | 7.8439(2) | 90.558

Table 1. The composition, crystalline phases and lattice parameters of the K;.\Na,NbOs.

Figure 5 shows the FESEM images of the Ko50Nags50NbOs (D) nanowires microstructures
synthesized by a hydrothermal process under 200 °C for 24 h. The morphologies are
composed of two different structures which are step-like micro-scale particles (Figure 5a)
and the intersectional structures of several nanorods/nanofingers (Figure 5b) of 3-5 pm in
length and 300-400 nm in width. In order to characterize the detailed microstruture of the
products, a single nanorod is separated from the particles shown in Figure 5b. As shown in
Figure 6a, the nanowire is about 180 nm in width. The SAED pattern of the nanorod shows
clear characteristic diffraction spots of crystalline Kos0Nags0NbOs, confirming that the
nanorod is single-crystalline. In addition, the HRTEM (Figure 4c) show that the interplanar
spacings are 3.89 and 3.98 A, corresponding to the (020) and (002) crystal planes of
monoclinic system, respectively. This proves that the monoclinic peaks in curve D of Figure
4a should be the XRD patterns of the nanowires. The results also confirm that the <010>
direction is the preferred growth direction of this Kos0Nags50NbO3 nanorod. Figure 7 shows
the microstructure characterization of a single nanofinger taken from the particles shown in
Figure 5b. The SAED pattern in Figure 7b also confirmed the single crystalline nature of the
nanofinger.

Fig. 5. FESEM images of Ko50Naos50NbO;s step-like microstructures (a) and nanorods (b).

1 The K/Na/Nb mol ratios were calculated from XRF results.
2 The lattice parameters of sample D were calculated according to the diffraction peaks of the
orthorhombic phase.
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Fig. 6. The TEM results of a single Ko50Nao50NbO3 nanorod. (a) TEM image; (b) SAED
patterns; (c) HRTEM image.
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Fig. 7. The TEM results and the formation mechanism of a single Ko 50Nao.50NbO3 nanofinger.
(a) TEM image; (b) SAED patterns; (c) magnified image of the marked area in (a); (d)
HRTEM image of the marked area in (c).

As shown in Figure 7c, the contrast changes at the edge of the nanofinger indicated that it
was composed of several nanoplates, which should possess high surface energy and could
aggregate easily at the early stage of the hydrothermal process. As shown in Figure 7d,
the lattice planes of the two adjacent nanoplates are both (002) with the interplanar
spacing of 3.98 A. Therefore, it is reasonable that the formation of the nanofinger is due to
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the oriented attachment growth of the small nanoplates, as illustrated in Figure 7e. The
Ko50Nao50NbO; nanofinger preferentially grows along <001> direction. Similar results
were also found in the hydrothermal fabrication of KTa1..NbsO3; tower-like nanostructure
(Hu et al., 2008).

3.2 Optical properties of KNN NWs
Raman scattering properties of the KNN nanomaterials measured at room temperature
are shown in Figure 8. According to the XRD results, the structures of sample A to and D

belong to the space group Cj. (Amm2), which has 12 optical modes in the C,, point

group including 4A;+4B;+3B>+A,. Among them, all the 12 modes are Raman active and
also infrared IR active except the A> mode. As shown for spectra A to D, a sharp band
shows up on the low-frequency position of 192 cm-1. It was reported that the band at 192
cm?! belongs to a mixed mode of Aj;, B; and B> (Shen et al., 1995). Moreover, there
are three bands appeared at 261, 272 and 289 cm-1, which overlap with each other and
belong to the vibration mode of By(TO), A{(TO) and A;(LO)+A1(TO), respectively.
Another three Raman bands show up at the range of 300 - 800 cm-, including band 430
cm! of mode A1(LO), 537 cm-! of mode B1(TO) and 600 cm! of mode A1(TO). In addition,
another peak can be observed at 839 cm, which belongs to the mode of A; (LO).
Moreover, 11 Raman bands were observed in spectra E in the range of 150 to 1000 cm-?,
which is similar to the Raman spectra of the monoclinic NaNbO; reported by Chang et al.
(Chang et al., 2009).
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Fig. 8. The room-temperature Raman scattering spectra of the as-synthesized K;xNa,NbO;
with different compositions derived from a hydrothermal method.

As reported, the vibration modes of NaNbOs can be classified as internal modes of the
octahedron NbO?  anion by the model proposed by Ross (Ross et al., 1970). The vibration
modes of the octahedron NbOZ anion can be decomposed into two bond stretching
vibrations of Aig(vi) and Eg(v2), two interbond angle bending vibrations vs and ve of
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symmetry of Fpg and Fa,, respectively, as well as two vibrations vs and v4 of both Fyy
symmetry. The vibration modes of Ko34NaosNbO3 can be attributed to this explanation as
well. Therefore, all Raman bands observed in spectra E can be attributed to the internal
modes of octahedron NbO, anion, as shown in Figure 8.

Sample A Sample E
lzzrer?lg Assign KNbO3/ (em) (121;31(1) Assign. N(iil_)l()%

192 Mixed 196 151 153
261 B1(TO) 266 177 V6 175
272 A4(TO) 280 200 201
289 A1(LO)+A+(TO) 298 224 218
430 A4(LO) 435 248 Vs 247
537 B1(TO) 535 280 276
600 A4(TO) 597 368 \Z 378
839 A4(LO) 836 431 435

572 \2 557

611 \2 602

872 Vit Vs 867

Table 2. Observed Raman bands and tentative assignments at room temperature.

The band position and corresponding assignment were also listed in Table 2, as well as that
of KNbO3; and NaNbO; (Shen et al., 1998). The transition between orthorhombic (A to D)
and monoclinic (E) phase can be clearly confirmed, which is consistent with the XRD results.
In addition, as shown in Figure 8 and Table 2, the lower frequency phonon modes shifted
downwards from KNbO;3 in Ref. 28 to Sample A, while their high frequency phonon modes
(535, 597 and 836 cm-?) shifted upwards. Similar phenomenon have also been observed in
(Ba,Sr)TiO; materials. Because of the different ion radius, ionicity and mass of Na* (Sr2*)
from K+ (Ba2*), the introducing of Na* (Sr2*) cations to the lattice of KNbO; (BaTiOs3) leads
into a perturbation to the original energy levels, which causes a decrease of energy to optical
phonons with lower energy and a increase of energy to optical phonons of higher energy,
and finally leads to the redshift and blueshift of the low frequency and high frequency
phonons, respectively. It can also be explained as a result of a dual function of lattice
distortion and mass effect caused by the introducing of Na* (Sr2*) (Katiyar et al., 2004).
Moreover, 4 bands shifted to high frequency from Ko34NaoeNbO; to NaNbO;, while others
shifted downwards. It is worth noting that the blueshifted Raman band at 151, 200, 368 cm-1
did not appear in the spectra of Sample A, together with the nearly disappeared Raman
band at 430 cml. It was reported the disappearance of these Raman band in the KNbOs
Raman spectrum could be due to the vanishing of the tilting between the adjacent NbOs
octahedra. The NbOg octahedra in an ideal ABOs perovskite structure would be regular with
the A site cations surrounded by 12 oxygens and Nb by 6 oxygens. However, such an ideal
structure does not exist in the ANbO; (A = Na and K) because of the tilting of the NbOg
octahedra and the displacements of Nb atoms from the center position which is induced by
the A site cation (Na or K) and the unbalanced interatomic forces present in the perovskite
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structures. These distortion depend on the size of the A cations. K* cation with a larger size
is coordinated to 12 oxygens, thus free space is unavailable for the NbOs octahedra to tilt
relative to one another. However, Na* cation with a relatively small size is coordinated to
less than 12 oxygens, and causes an 18° tilt angle between the adjacent NbOs octahedra. In
KNN structures, with the increasing of Na content, the NbOs octahedra begin to tilt with one
another and caused the appearance of the four bands in the Raman spectrum of sample E.
The blue shift of these four Raman bands from sample E to NaNbO; may be due to the
disappearance of K* cation which may restrain the tilting of the NbOs octahedra. For the
other Raman bands, the red shift may be due to the increasing of distortion in the ABO3
perovskite structure which leads to a stretching of the bond distance.

1
B PE 30
08 L
<20
=
§ 06| 5310
8
5 0
8
< 04r
0.2 |
0 1 " 1 " 1 " 1 " 1 " 1 " 1

200 300 400 500 600 700 800
Wavelength/nm

Fig. 9. The UV/Vis absorption spectra of Kos0Naos50NbO3 synthesized by hydrothermal
method. The inset shows the curve obtained through Tauc equation.

Figure 9 shows the UV/Vis absorption spectra of the Kos50Nao50NbO3; nanowires. As shown,
there are four absorption bands appearing at about A (268 nm), B (354 nm), C (411 nm) and
D (533 nm). All bands can be found in the spectra of KNbO;, indicate that there is no band
attributed to Na*. According to the results reported by Duan et al., K electron states is shown
in the upper part of the conduction band (> 8 eV) and the lower part of the valence band (< -
10 eV), indicating that K+ have no influence to the absorption spectra. According to the
calculated density of states (Jehng & Wachs, 1991), band A and B should be attributed to the
interband transition from the Oy, electron states to the empty Nbyq electron states. Band B
originates from a transition from the top of the valence bands occupied by O, electron
states to the bottom of the conduction bands dominated by the empty Nbaq electron states.
Band C and D can be attributed to an intraband transition in relation to the Nb>* cations3>.
Furthermore, according to the Tauc equation, the band gaps can be estimated by absorption
spectra. The relationship can be illustrated as (a/v)* o (hv — E ) for direct transition, where a
and hv is the absorption coefficient and photon energy, respectively. The absorption
coefficient a can be defined asa = (2.303>< 103A,0) /oc, where A, p, J and c is the
absorbance, theoretical density, sample thickness and the concentration of solution,
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respectively. As p and c are constants and have no relationship with the final result of band
gap Eg, the equation can be simplified asa =2.303A /6 (0 is estimated to be 0.1 cm for the
calculation). The band gap Eg of Kos50Nags0NbO3 can be obtained by the curve in the inset of
Figure 9 to be Eg=3.09 eV.

3.3 Growth mechanism of KNN NWs

As previously reported, KNbO; nanostructures were synthesized in solution via a
dissolution-precipitation process (Goh et al., 2003). Nb,Os is dissolved into NbO%; ions,
and forms a octahedron of NbO, anions by a complex transformation, which act as
elementary species to produce the precipitation of KNbO; perovskite. Similarly, the
mechanism can be applied to the formation of KNN material as well. These reactions are
formulated as follows:

3Nb,05+80H —— Nb,O;+4H,0 1)
Nb,O%,+340H™ —— 6NbO, +17H,0 )
NbOZ +(1-x)K*+xNa* +3H,0—— K, Na,NbO,+60H" €)
Precursor NbO{ K,.Na,NbO,
. OH~ 0 K* A
e 0 — .4‘\. —_—
... ° \‘i)i Na*

.

Fig. 10. The schematic illustration of the formation process of Kos0Nao50NbO3 nano/micro-
structures by hydrothermal process.

As described by reaction (1), the Nb,Os was dissolved simultaneously into the NbsO19%- ions
at the initial stage of the hydrothermal reaction. Then single octahedron NbO?~ anions were
formed by complex transformation occurred under higher alkaline conditions after reaction
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(2). Reaction (3) referred to the tiny crystalline nucleation in a supersaturated medium
followed by the crystal growth of KNN under hydrothermal conditions. The formation
process of the Kos50Nags0NbO; nanostructure is illustrated in Figure 10. The reaction
happened simultaneously with the crystalline nucleation due to the high supersaturation of
medium at the initial stage, which promoted the continuous growth of KNN crystals, and
formed several crystalline nucleuses. Once the supersaturation was reduced to a certain
extent, polarization growth became a major process.

As shown in Figure 10, the {001} family of crystal planes are the polar faces of the NbO;
structure. The dipoles exist along <001> orientation because of the Nb5* and O2 layers
arranging alternately along this orientation. The {001} faces are therefore unstable when
Nb>+ or O is exposed. As a result, the crystal growth along <001> orientations are
predominant in energy, along which the polarization growth occurred. Several nanorods
were formed along these six directions, which formed the cross-like structures. The
different growth direction shown in Figure 6a and Figure 7a could prove this supposition.
Moreover, the surface of the as-formed nanorods/nanofingers served as the substrate for
the latter one. Gradually, more nanorods/nanofingers would grow up while the original
one grew longer. According to this tendency, the grain grew larger step by step (Figure
10b), then the grains near each other may grow together, and formed a larger structure
that consisted of a number of nanorods interlacing with each other (Figure 10c). As the
reaction continued, nanorods which have the same orientation and near each other
gradually grew together due to the aggregation growth happened during the
hydrothermal reaction process, and formed step-like particles shown in Figure 10d.
Therefore, the growth of the as-prepared KosoNagso0NbOs; should be due to crystal
structure of the octahedron NbO, anions as well as the oriented attachment and the
aggregation growth mechanism.

4. Bi,Tiz;0,; (BiT) ferroelectric NRs

To enrich the physics of ferroelectricity, especially at one dimensional nanoscale, perfectly
structured polar oxide nanomaterials are the optimal samples for study. Ferroelectric
bismuth layered perovskite materials, with the characteristics of fast switching speed,
high fatigue resistance and good retention (Araujo et al., 1995), are currently studied
extensively due to their potential in several important areas, including nonvolatile
random access memories (Nv-FRAM), room temperature pyroelectric devices, electro-
optic devices, and microelectro-mechanical systems etc (Scott, 1998). Among these
bismuth layered ferroelectric oxides, lanthanide-modified bismuth titanate (Bisg«R\Ti3012,
R=La, Nd, Sm, etc.), especially for Bis«NdTi3O12, are regarded as one of the very
important candidate for the Nv-FRAM applications because of its excellent ferroelectric
properties, e.g., much improved fatigue resistance, larger remanent polarization, lead-free
nature and relatively lower processing temperature in comparison to Pb(Zr,Ti)O; (PZT)
and SrBi;Ta,O9 (SBT) (Park et al., 1999 and Lee et al., 2006). Despite the extensive studies
of BigxNd,Ti3012, however, most of these were focused on ceramics and thin films; a clear
fundamental study of such low-dimensional (nanowires or nanorods) ferroelectric
nanostructure has been lacking, including the phase transformation, domain structures
and optical properties induced by their reduced dimensionality etc.
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4.1 Phase and microstructure of BiT NRs

The BNT nanorods were fabricated by hydrothermal method using bismuth nitrate
pentahydrate, Bi(NO;)3'5H>O, neodymium nitrate hexahydrate, Nd(NO3);'6H>O, tetrabutyl
titanate, Ti(OC4Ho)4 as the starting materials, NaOH served as a mineralizer and polyvinyl
alcohol (PVA-124) as the additive.

Figure 11a shows the XRD pattern of BNT nanorods sample derived from hydrothermal
method. As shown, all of the diffraction peaks can be indexed as the orthorhombic structure
of Bis15NdogsTisO12 powders with the lattice constants: a=5.4526A, b=5.42421&, c=32.02491&,
agreement well with the standard literature value (JCPDS Card NO.36-1486, a=5.429,
b=5.405 and c=32.83 A), which exhibits that the products are composed of BNT with
perovskite structure and without the trace of any impurity phase. Figure 11b shows the
typical FESEM images of the BNT nanorods dispersed on the silicon substrate. It can be seen
that a majority of the nanorods grow into regular structure and almost all of the nanorods
have smooth surface and uniform dimension. The diameters of nanorods are range of
30~120 nm and length reaching up to several micrometers, which are promising candidate
for nanoscale ferroelectric sensors. In addition, it is worth noting that larger amount of small
particles with unregular morphologies absorbing on the surface of BNT nanorods, which
may be the PVA amorphous phase.
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Intensity (a.u.)
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Fig. 11. (a) X-ray diffraction pattern of the as-prepared products composed of randomly
oriented BNT nanorods together with small amount of particles. (b) Field emission SEM
images of the BNT nanorods.

Figure 12 shows the TEM, HRTEM image, energy-dispersive X-ray analysis (EDS, inset in
Figure2a) and SAED pattern (inset in Figure 12c) of BNT single nanorods. As exhibited in
Figure 12a and 2b, the as-synthesized nanorods have diameters of 30~120 nm and with
smooth surface and uniform cross section along their length. And EDS shows the presence
of Bi, Ti, Nd and O. The HRTEM image in Figure 12c shows the clear lattice fringes, which
indicates the BNT nanorods are structurally uniform with well crystallized. The adjacent
lattice spacing is 0.325 nm, which corresponds to the (0010) crystal planes, confirming that
[104] is the preferred growth direction of the BNT nanorods. The SAED pattern shows clear
diffraction spots characteristic of crystalline BNT, which confirm the single-crystalline
nature of these nanorods. The SAED pattern shows clear diffraction spots characteristic of
crystalline BNT obtained from the region of single nanorod, which suggests that the BNT
nanorod has orthorhombic structure and single-crystalline in nature.
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Fig. 12. (a) TEM image of the BNT nanorods; the inset is EDS spectrum of nanorods showing
four elements of Bi, Ti, Nd and O. (b) The TEM image of individual BNT nanorod. (c) The
HRTEM image of a single-crystal BNT nanorod and its corresponding SAED pattern (inset).

4.2 Raman spectroscopy of BiT NRs

Figure 13 illustrates the Raman spectra obtained from the BNT nanorods, with a spectrum
from BIT powders for comparison. One can see that ten Raman active modes (indicated by
black arrows) were observed for orthorhombic phase BNT nanorods. The number
of modes cannot fulfill the selection rule, which may be due to the broken

symmetry, mode overdamping, and mode overlapping, making some modes unidentified
(Yau et al., 2004).
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Fig. 13. Raman scattering spectrum of the BNT nanorods with the comparison of BIT
samples was measured at room temperature at an excitation wavelength of 514.5 nm. The
inset shows the comparison of three peaks prominently at about 220, 265 and 320 cm'!
between BNT nanorods and BIT samples, the solid line is the original experimental data and
the dashed lines are the Gaussian fitted curves.

Comparing with the Raman spectrum of BIT powders, most modes of the BNT nanorods are
overdamped and highly shifted. The splitting of the mode at about 550 cm (Byg/Bsg) in BIT
powders into two well-defined modes (510 and 552 cm) in BNT nanorods suggests a
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symmetry breaking effect. It has been reported that Raman modes from about 121.6 cm! to
the one above 600 cm of BIT films were all corresponding to the vibrations inside the
perovskite-like slab (Yao et al., 2004). In our case, the first two modes at about 130 and 155
cm? for BNT nanorods could be assigned to the outer vibration modes between Bi atoms
and octahedron, which are upshifted and with a decrease in intensities compare to BIT. A
mode at about 220 cm? (Bog+Bsy) is due to the x(y) axis vibration of oxygen atoms, which is
highly overdamped with Nd incorporated into the A site of the perovskite slab compared to
that of BIT powders. The internal mode at about 265 cm-1 (Byg+Bsg) is for internal angle
bending vibration; the one at 320 cm! (Ayg) is for a combination of stretching and bending
according to the literature (Kojima et al., 1994). The Gaussian fitted Raman spectra [dashed
line inset of Figure 13] of the most intensive peaks in the Raman spectra gives the
differences between BNT nanorods and BIT powders. Comparing to the Raman modes of
BIT powders, the intensity of the shoulder peak of lower frequency (denoted by “A”)
decreased and the higher (denoted by “B”) increased, and the full width at half maximum of
these two peaks decreased as Nd doped in BIT, which may be due to the stretching of the Ti-
O bonds in x(y) lattice plane according to the XRD results. In addition, the mode at about
552 cm? with its shoulder (510 cm?) and 850 cm! (Ayg) of BNT are corresponding to the
distortion of the TiOg octahedron of perovskite unit (Bi;Ti3O10)? slab (Yao et al., 2004). The
internal mode at about 615 cm? could derive from the stretching of the O-Ti-O-Ti-O-Ti-O
octahedral chain between two Bi;O. layers. Nevertheless, the Raman intensity of the
850 cm! mode is lower than that of BIT, which indicates that the internal vibration of TiOg
octahedrons decrease as Nd doped into BIT.

4.3 XPS analysis of BiT NRs

Figure 14 show the narrow scan XPS spectra of BNT nanorods. It can be seen clearly that the
nanorods are consisted of four elements Bi, Ti, Nd, and O, which are agreeing with the EDS
results. Figure 14a is the photoemission spectrum of Bi4f core level peak, which show two sets
of spin-orbit doublet components peaking at about 158.5 and 163.8 eV, with a typical Bi4f spin-
orbit splitting of 5.3 eV closed to the value of 5.4 eV for BIT samples, and 5.3 eV for Bis.
xLaxTi3012 (BLT) (Jovalekic et al., 1998 and Chu et al., 2002). In addition, the spin-orbit doublet
with weak intensities emerge in the spectrum overlapping with the major Bi4f photoemission
at the high BE side fitted by Gaussian function. The peak positions of lower BE components
located at 155.8 and 160.5 eV, show a chemical shift of 2.7 and 3.3 eV with respect to the main
peaks, respectively. These are consistent with the typical value of 3.0+0.1 eV between Bi® and
BiOs (Kim et al., 2003), indicated the possibility appearance of Bi*3x at the surface of BNT
nanorods with only several monolayers, which may be due to a deficiency in oxygen and an
enhanced concentration of oxygen vacancies in the vicinity of bismuth cations, either in the
perovskite lattice structure or in the Bi,O; layer (Jovalekic et al., 1998). The XPS narrow scan
spectrum of Bi4d and Ti2p core level is shown in Figure 14b. For BNT nanorods, the Ti2ps/»
photoelectron peak occurred in the XPS spectrum as a distinctively resolved feature located at
a BE position of about 457.8 eV, which is lower than the BLT of 461.38 eV, but is very closed to
the PbTiOs ceramics of 457.9 eV (Kim et al., 2003). This indicates the 4+ valence state of the
titanium atoms within the perovskite layer of bismuth titanate, which supports our
assumption about the oxygen vacancies residing inside the BixO, layer. The Ti2pi,2
photoemission is overlapped by the Bidds/> core level peak located at 465.1 and 465.2 eV
respectively. The spin-orbit splitting of Ti2p is 7.3 eV larger than the corresponding value of 5.7
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eV for BLT (Chu et al., 2002), which may be due to the lattice shrinking derived from the size-
effect of BNT nanorods. Figure 14c exhibits the photoemission spectrum of Nd4d core level
peak. Only one component located at 121 eV was detected for BNT nanorods, suggests Nd-O
bond is stable in the crystal. Figure 14d shows the XPS narrow scan spectrum of O1s core level
peak. The lineshape of the OIs photoemission reveals three peaks fitted by Gaussian-based
function. It has been reported that the oxygen atom in a stronger Ti-O bond carries a higher
effective negative charge than in a weaker Bi-O bond. Hence, the first one located at 529.7 eV
was assigned to the lattice oxygen of Ti-O bonds in the BNT nanorods, while the second one
located at 532 eV was assigned to the oxygen of Bi-O bonds. The third one located at 533.5 eV
could be ascribed to OH groups likely to be present on the surface of the grains, which are
very common in samples with high surface energy.
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Fig. 14. Core level photoemission spectra of BNT nanorods: (a) Bi4f; (b) Bi4d and Ti2p; (c)
Nd4d; (d) O1s, respectively.

5. Conclusion

1-D perovskite ferroelectric nanomaterials of (K,Na)NbOs; and BisTizO1» nanowires/
nanorods with certain orientations were synthesized by hydrothermal approach. The
anisotropic growth of (K,Na)NbOs; nanowires was dependent on its tetragonal structures,
while it’s not the case for the growth of 1-D BisTi3O12 nanomaterials, which should be
determined by the difference of surface energy derived from the existence of surfactants.
The (K,Na)NbO3 nanorods were composed of larger amounts of nanoplates with the same
orientation, which indicated that the nanorods formed due to the oriented attachment
growth. Moreover, the formation of the step-like particles should be due to the aggregation
growth. The polarization, piezoelectricity and mechanical-electric properties are
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forthcoming. These nanowires/ nanorods may be promising candidate for future nanoscale
ferroelectric sensors or other functional nanodevices etc.

6. Acknowledgment

Financial support for this work was provided by the National Natural Science Foundation of
China (Grant 90923013, 50902046 and 50872031), the Natural Science Fundation of Hubei
Province of China (2009CDB085), and International Cooperation Project of Wuhan City
(201070934340).

7. References

Araujo, C.A.; Cuhair, ].D.; McMillan, L.D.; et al. (1995). Fatigue-free ferroelectric capacitors
with platinum electrodes. Nature Vol.374, p. 627-629

Bhalla, A.S.; Guo, R.; Roy, R. (2000). The perovskite structure - a review of its role in ceramic
science and technology. Materials Research Innovations, Vol.4, No.1, p. 3-26.

Blomgqvist, M.; Khartsev, S.; Grishin, A.; et al. (2003). Optical waveguiding in magnetron-
sputtered NagsKosNbO; thin films on sapphire substrates. Applied Physics Letters,
Vol.82, No.3, p. 439-441

Choucair, M.; Thordarson, P.; Stride, J.A. (2009). Gram-scale production of graphene based
on solvothermal synthesis and sonication. Nature Nanotechnology Vol.4, p. 30-33

Chang, Y.F,; Yang, Z.P.; Dong, M.Y.; et al. (2009). Phase structure, morphology, and Raman
characteristics of NaNbO3 particles synthesized by different methods. Materials
Research Bulletin, Vol.44, No.3, p. 538-542

Chu, M.W,; Ganne, M.; Galdes, M.T.; Brohan, L. (2002). X-ray photoelectron spectroscopy
and high resolution electron microscopy studies of Aurivillius compounds: Bis.
xLasTi3O12 (x=0, 0.5, 0.75, 1.0, 1.5, and 2.0). Journal of Applied Physics, Vol.91, No.5, p.
3178-3187

Goh, G.K.L.; Lange, F.F; Haile, S.M.; Levi, C.G.J. (2003). Hydrothermal synthesis of KNbO;
and NaNbO3 powders. Journal of Materials Research, Vol.18, 338-345

Guo, Y.P.; Luo, HS; Ling, D.; et al. (2003). The phase transition sequence and the location of
the morphotropic phase boundary region in (1-x)PbMg1,3Nb,/303- xPbTiOs single
crystal. Journal of Physics: Condensed Matter, Vol.15, No.2, p.L77-L82

Hayashi, H.; Hakuta, Y.; Kurata, Y.J. (2005). Hydrothermal synthesis of potassium niobate
photocatalysts under subcritical and supercritical water conditions. Journal of
Materials Chemistry, Vol.14, No.13, p. 2046-2051

Heath, J.R.; Legoues, F.K. (1993). A liquid solution synthesis of single crystal germanium
quantum wires. Chemical Physics Letters, Vol.208, No.3-4, p. 263-268

Hu, Y.M.; Gu, H.S.; Zhou, D.; et al. (2010). Orientation-Control Synthesis of KTag25Nbo.7503
Nanorods. Journal of America Ceramic Society, Vol.93, No.3, p. 609-613

Hu, Y.M.; Gu, H.S; Hu, Z.L.; et al. (2008). Controllable Hydrothermal Synthesis of KTas.
NbO3 Nanostructures with Various Morphologies and Their Growth
Mechanisms. Crystal Growth & Design, Vol.8, No.3, p. 832-837

Hu, C; Xi, Y,; Liu, H; Wang, Z.L. (2009). Composite-hydroxide-mediated approach as a
general methodology for synthesizing nanostructures. Journal of Materials Chemistry,
Vol.19, No.7, p. 858-868



The Anisotropic Growth of Perovskite Oxide Nanowires 159

Hu, Z.; Gu, H; Hu, Y,; et al. (2009). Microstructural, Raman and XPS properties of single-
crystalline Biz1sNdogsTi3012 nanorods. Materials Chemistry and Physics, Vol.113,
No.1, p. 42-45

Im, B, Joshi, U.A.; Lee, KH.; et al. (2010). Growth of single crystalline barium titanate
nanowires from TiO, seeds deposited on conducting glass. Nanotechnology, Vol.21,
No.42, p. 425601

Jaeger, R.E.; Egerton, L. (1962). Hot pressing of potassium-sodium niobates. Journal of
American Ceramic Society, Vol.45, No.5, p. 209-213

Jehng, ].M.; Wachs, LE. (1991). Structural chemistry and Raman spectra of niobium oxides.
Chemistry of Materials, Vol.3, No.1, p. 100-107

Jovalekic, C.; Pavlovic, M.; Osmokrovic, P.; Atanasoska, L. (1998). X-ray photoelectron
spectroscopy study of BisTisO1p ferroelectric ceramics. Applied Physics Letters,
Vol.72, No.9, p. 1051-1053

Kojima, S.; Imaizumi, R.; Hamazaki, S.; Takashige, M. (1994). Raman scattering study of
bismuth layer-structure ferroelectric. Japanese Journal of Applied Physics, Vol.33, p.
5559-5564

Katiyar, R.S.; Jain, M.; Yuzyuk, Y.I. (2004). Raman Spectroscopy of Bulk and Thin-Layer
(Ba,Sr)TiO; Ferroelectrics. Ferroelectrics, Vol.303, p. 699-705

Kim, J.N.; Shin, K.S.; Park, B.O.; et al. (2003). Characterization of ferroelectric ceramics using
x-ray diffraction, transmission electron microscopy, and x-ray photoelectron
spectroscopy. Smart Materials Structures, Vol.12, No.4, p. 565-569

Lao, C.S.; Kuang, Q.; Wang, Z.L.; et al. (2007). Polymer functionalized piezoelectric-FET as
humidity/ chemical nanosensors. Applied Physics Letters, Vol.90, p. 262107

Lee, SK.; Hesse, D.; Gosele, U. (2006). Growth and properties of (104)-oriented ferroelectric
Nd-substituted BisTi3O12 films on Si (100) using (111)-oriented SrRuOs/Pt
electrodes. Applied Physics Letters, Vol.88, p. 062909

Liu, H; Hu, C; Wang, Z.L. (2006). Composite-Hydroxide-Mediated Approach for the
Synthesis of Nanostructures of Complex Functional-Oxides. Nano Letters, Vol.6,
No.7, p. 1535-1540

Lu, CH, Lo, S.Y,; Wang, Y.L. (2002). Glycothermal preparation of potassium niobate
ceramics particles under supercritical conditions. Materials Letters, Vol.55, No.1-2, p.
121-125

Magrez, A.; Vasco, E; Seo, J.W.; et al (2006). Growth of Single-Crystalline KNbOs;
Nanostructures. Journal of Physics Chemical B, Vol.110, No.1, p. 58-61

Mao, Y.; Park, TJ; Wong, S.S. (2005). Synthesis of classes of ternary metal oxide
nanostructures. Chemistry Communication, No.46, p. 5721-5735

Park, B.H.; Kang, B.S; Bu, S.D.; et al. (1999). Lanthanum-substituted bismuth titanate for use
in non-volatile memories. Nature, Vol.401, p. 682-684

Puntes, V.F.; Krishnan, K.M.; Alivisatos, A.P. (2001). Colloidal Nanocrystal Shape and Size
control: The Case of Cobalt. Science, Vol.291, p. 2115-2117

Ravindranathan, P.; Komarneni, S.; Bhalla, A.S.; Roy, R. (1991). Synthesis and dielectric
properties of solution sol-gel derived 0.9(Mgi/3Nb/3)O3-0.1PbTiO3 ceramics.
Journal of American Ceramic Society, Vol.74, No.12, p. 2996-2999

Ross, S.D. (1970). The vibrational spectra of lithium niobate, barium sodium niobate and
barium sodium tantalite. Journal of Physics C: Solid State Physics, Vol.3, No.8, p.1785



160 Nanowires - Fundamental Research

Rorvik, P.M.; Almli, A; Helvoort, A.T.J.; et al. (2008). PbTiO; nanorod arrays grown by self-
assembly of nanocrystals. Nanotechnology, Vol.19, No.22, p. 225605 (1-6)

Saito, Y.; Takao, H.; Tani, T.; et al. (2004). Lead-free piezoceramics. Nature, Vol.432, p. 84-87

Scott, J.F. (1998). The physics of ferroelectric ceramic thin films for memory applications.
Ferroelectric Review, Vol.1, p. 1-30

Shen, Z.X.; Hu, Z.P.; Chong, T.C,; et al. (1995). Pressure-induced strong mode coupling and
phase transitions in KNbOs. Physics Review B, Vol.52, p. 3976-3980

Shen, Z.X.; Wang, X.B.; Kuok M.H.; Tang, S.H. (1998). Raman scattering investigations of the
antiferroelectric-ferroelectric phase transition of NaNbOs. Journal of Raman
Spectroscopy, Vol.29, No.5, p. 379-384

Spanier, J.E.; Kolpak, AM.; Urban, ].J.; et al. (2006). Ferroelectric Phase Transition in
Individual Single-Crystalline BaTiO3 NWs. Nano Letters, Vol.6, No.4, p. 735-739

Sun, X.; Chen, J.; Yu, R. et al. (2009). BiScOs doped (NaosKo5)NbOs lead-free piezoelectric
ceramics. Journal of American Ceramic Society, Vol.92, No.1, p. 130-132.

Urban, J.J.; Yun, W.S,; Gu, Q.; and Park H. (2002). Synthesis of Single-Crystalline Perovskite
Nanorods Composed of Barium Titanate and Strontium Titanate. Journal of
American Chemistry Society, Vol.124, No.7, p. 1186-1187

Vayssieres, L.; Keis, K.S,; Lindquist, E.; and Hagfeldt, A. (2001). Purpose-bult anisotropic
metal oxide material: 3D highly oriented microrod array of ZnO. Journal of Physics
Chemistry B, Vol.105, No.17, p. 3350-3352

Villegas, M.; Caballero, A.C.; Moure, C,; et al. (1999). Low-temperature sintering and
electrical properties of chemically w-doped BisTizO:» ceramics. Journal of the
European Ceramic Society, Vol.19, No.6-7, p. 1183-1186

Wang, X.D.; Zhou, J.; Song, J.H.; et al. (2006). Piezoelectric field effect transistor and
nanoforce sensor based on a single ZnO nanowires. Nano Letters, Vol.6, No.12, p.
2768-2772

Wang, X.D.; Song, J.H.; Liu, J.; Wang, Z.L. (2007). Direct-current nanogenerator driven by
ultrasonic waves. Science, Vol.316, No.5821, p. 102-105

Wang, Z.; Gu, H.; Hu, Y; et al. (2010). Synthesis, growth mechanism and optical properties
of (K,Na)NbOs nanostructures. CrystEngComm, Vol.12, p. 3157-3162

Wei, N; Zhang, D.M. ; Han, X.Y,; et al. (2007). Synthesis and mechanism of ferroelectric
potassium tantalate niobate nanoparticles by the solvothermal and hydrothermal
processes. Journal of American Ceramics Society, Vol.90, No.5, p. 1434-1437

Xie, R.C; and Shang, J.K. (2007). Morphological control in solvothermal synthesis of
titanium oxide. Jourla of Material Science Vol.42, No.16, p. 6583-6589

Xu, G.; Ren, Z,; Du, P; et al. (2005). Polymer-Assisted Hydrothermal Synthesis of Single-
Crystalline Tetragonal Perovskite PbZrs;Tio4803 NWs. Advanced Materials, Vol.17,
No.7, p. 907-910

Yau, C.Y,; Palan, R,; Tran, K;; Buchanan, R.C. (2004). Raman study of Bi site-occupancy
effect on orientation and polarization in BisTi3O12 thin films. Applied Physics Letters,
Vol.85, No.20, p. 4714-4716

Zhang, C.; Lv, HJ.; Guo, M,; et al. (2008). Thermodynamic evaluation and hydrothermal
preparation of K\NaiNbO3. Rare Metals, Vol.27, No.4, p. 371-377



8

Junction Properties and Applications of
ZnO Single Nanowire Based Schottky Diode

Sachindra Nath Das?, Jyoti Prakash Kar? and Jae-Min Myoung?
IDepartment of Physics, Burdwan Raj College, Burdwan, West Bengal,
2Department of Material Science and Engineering, Yonsei University, Seoul,
Undia

2South Korea

1. Introduction

Towards the beginning of 21st century, considerable interests have been paid to synthesize
low-dimensional nanostructures, such as nanowires, nanorods or nanobelts because of their
unique structures with large surface-to-volume ratio. Nanodevice units made from those
one-dimensional nanostructures (single nanostructures as well as bunch of nanostructures)
have attracted substantial research interests because they provide a unique platform for
fundamental investigations. In addition, they can also serve as the building blocks for more
complicated nano-systems and micro-systems, for example, sensors, diodes, solar cells,
LEDs, nano-generators and transistors (Lee et al., 2010; Zhou et al., 2008). Recently, many
successful attempts to develop nano-devices by using different nanostructures have already
been described in scientific literatures.

There has been steady progress in demonstrating electrical components made of nanowires,
such as field effect transistors, electron field emitters, switches, sensors, etc. The surface of
the nanostructures has crucial role in determining the electrical and optoelectronic
properties of nano-devices. As the surface-to-volume ratio is very high, the surface states
also play a key role on optical absorption, gas sensing, luminescence and other properties.
Thus, nanoscale electronic devices have the potential to achieve higher sensitivity and faster
response than bulk material. Most of these applications require metal contact to receive
and/or transmit electrical signals or to be powered by an external source. So, the devices
with nanowires, nanorods or nanobelts, the electrical contacts should be scaled accordingly.
Thus, the understanding of transport processes at the nanometer scale is essential for an
overall improvement of the device characteristics.

Depending on the Fermi surface alignment and the nature of the interface between the metal
and the semiconducting nanowires, the contacts can either be an Ohmic contact or a
Schottky contact. Whether a contact is a Schottky or ohmic, depends on the work-function
(®) of the metal and the semiconducting nanowire and also on the type of majority carriers
(electrons or holes). For n-type semiconductor, if the work function of the metal (Pv) used
for contact is higher than that of the semiconductor (®s), a Schottky barrier will be formed.
According to the Schottky-Mott theory, the barrier height (®g) follows the rule (®p = ®y- Xs),
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where s is electron affinity of semiconductor. But, in case of low dimensional system, the
Schottky barrier height depends not only on the work functions of the metal and the
semiconductor nanowire, but also on the pinning of the Fermi level by surface states, image
force lowering, field penetration and the existence of an interfacial insulating layer. To a
good approximation, all of these effects change only the absolute current value at very low
bias regime via lowering the Schottky barrier. Thus, detailed study on Schottky
nanocontacts are important because not only a great number of nanodevices are based on a
metal/semiconductor Schottky contact with nanometer dimensions, but also standard
electrical spectroscopies, such as deep level transient spectroscopy or photocurrent
measurements, need the formation of Schottky contact. Metal/semiconductor Schottky
device is also one of the most fundamental one that can be used to evaluate various
semiconductor parameters including carrier density and Schottky barrier height as well as
carrier density profile and bandgap discontinuity.

In this context, several semiconducting materials, such as GaN, ZnO, and AlGaN, have
wide direct bandgaps which make them wuseful for electronic and optoelectronic
applications. Among these materials, growth of vertically aligned single crystalline ZnO
nanowires is easier. It is a direct wide bandgap (3.37 eV) piezoelectric material with
hexagonal wurtzite structure, and has larger exciton binding energy (60 meV) than other
wide bandgap semiconductor (GaN, 25 meV). Moreover, single crystalline nanowires
have attracted a lot of interest for the fabrication of nanoelectronic and nanophotonic
devices due to their extraordinary properties originated from their high crystallinity and
large aspect ratio.

In this chapter, we have described the junction properties of ZnO nanowire based Schottky
diodes with different contact metal. Also we have described the UV detection and gas
sensing mechanism of single nanowire based Schottky diode which will further promote an
understanding of the device physics and practical applications.

2. ZnO nanowire

Vertically aligned ZnO nanowires with controlled shape and ordered surface morphology
have attracted considerable attentions due to their low dimensional structures and the
exciting prospects for utilizing these materials in nanotechnology enabled electronic and
photonic crystal device applications (Zhang et al.,, 2001; Chang et al. 2009). As a wide
bandgap (~3.4 eV) semiconductor, ZnO has drawn a great interest for low-voltage and short
wavelength optoelectronic devices (Norton et al.,, 2004). It is expected that in ZnO
nanowires, one may eliminate some unwanted properties of bulk ZnO, such as weak exciton
emission in comparison with the defect related (deep-level) visible emission, while keeping
or enhancing the desirable properties such as large exciton binding energy (60 meV)
(Fonoberov et al., 2006).

2.1 Nanowire growth

In order to control shape, aspect ratio (length/width), growth site and growth direction of
the nanowires, many efforts have been directed towards the synthesis of ZnO
nanostructures by aqueous, vapor-liquid-solid (VLS), metal organic chemical vapor
deposition (MOCVD) and many other techniques (Kar et al.,2008; 2009; Hsu et al., 2005).
However, MOCVD method is of particular interest since it has some advantages such as the
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ability to fabricate nanostructures of better quality, well controllable configurations and
good reproducibility. As the growth of ZnO nanowires by MOCVD is a bottom-up
technique, the nature of substrates has a vital role for the dimension and alignment of the
nanowires. According to lattice misfit, the most suitable substrate for ZnO growth is
ScAIMgOy, which is expensive and technologically inconvenient (Ievtushenko et al., 2008).
On the other hand, it is difficult to obtain well-aligned ZnO nanowires on silicon substrates,
because the formation of an interfacial layer (5iO,) and large lattice misfit (Liou et al., 2005).
Interestingly, C-plane sapphire overcomes some of the limitations arising from the above
substrates. The ZnO nanowires, used in the experiments, were grown on c-plane sapphire
substrates without any catalyst by using MOCVD system. Diethyl zinc and high purity
oxygen (5N) were used as the Zn and O sources, respectively. The base pressure of the
reactor chamber and the working pressure were kept at 10-¢ Torr and 3 Torr, respectively.
During the growth, the nozzle-substrate spacing was 1 cm and the substrate temperature
was fixed at 700 °C.

2.2 Micro-structural and optical property

Fig. 1(a) shows a typical FESEM image of vertically aligned ZnO nanowires (diameter~100
nm) grown on c-plane sapphire substrate. The appearance of a prominent (002) peak in XRD
pattern (not shown here) confirms the crystalline natures of ZnO nanowires. Fig. 1(b) shows
the bright field TEM image of a ZnO nanowire. The diameter of the nanowire is around 100
nm and uniform through out its length. In order to further investigate the structural
characteristics of ZnO nanowire, high-resolution transmission electron microscopy
(HRTEM) experiment was carried out and the magnified image is shown in the inset of Fig.
1(b). HRTEM images at different part of nanowire indicate that the nanowire is structurally
uniform and do not exhibit any noticeable defects. Furthermore, the HRTEM image
confirmed that the single crystalline ZnO nanowire is preferentially oriented along the c-axis
direction with lattice spacing of 0.52 nm. The selective area electron diffraction (SAED)
pattern (inset of Fig. 1(b)) also shows that the nanowire exhibits a single crystalline nature.
These results are almost consistent with the FESEM observation.
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Fig. 1. (a) FESEM images and (b) TEM images of ZnO NR arrays. Inset shows the
corresponding HRTEM images and diffraction pattern.
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Information such as surface oxygen vacancies and other defects as well as the separation
and recombination of photoinduced charge carriers can be obtained from
photoluminescence (PL) measurements. Fig. 2 presents the low temperature (10 K) PL
spectrum of dispersed ZnO NWs measured with 325 nm He-Cd laser. In our NWs, two
strong PL peaks at 382 and 388 nm were found without any visible band emission.
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Fig. 2. Photoluminescence spectra (10 K) of ZnO nanowire arrays.

3. Junction properties

3.1 Fabrication of single nanowire device

Electrical contacts to individual nanowires were fabricated using a procedure of
lithography, metallization and lift-off technique. The nanowires were first removed from the
substrate and then dispersed by sonication in isopropanol. A droplet of dispersed solution
containing nanowires was then dropped on photo-lithographically pre-assigned metallic
micro-pads on the substrate. Thermally oxidized (500 nm) Si wafers were used as substrates
for the fabrication of Schottky diodes. The coordinates of several nanowires with respect to
the pre-assigned metallic pads were then estimated by using Scanning Electron Microscope
(SEM). Finally, the path of electrical connections between the pre-assigned micro-pads and
the nanowires were made by e-beam lithography and lift-off techniques. All metals were
deposited by Ar plasma assisted DC sputtering at a pressure of 3 mTorr. The contacts were
patterned by lift-off of lithographically defined photo-resist.

To form Ohmic contact 100 nm of Ti and 200 nm of Au were successively deposited on one
side of the nanowire followed by rapid thermal annealing at 550 °C for 1 min in N>
atmosphere. In addition, to form Schottky contact metal with higher work function (Au, Pt
or Ni) was deposited (300 nm) on the other side of the nanowire. The devices were also
fabricated with homogeneous ZnO nanowire and Ti/ Au contacts on both sides by using the
same experimental procedures and they have shown linear current voltage (I-V)
characteristics, confirmed the ohmic contacts with ZnO nanowire. The schematic diagram
and the FESEM image of single ZnO nanowire based device are shown in Fig. 3 (a) and (b),
respectively.
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Fig. 3. (a)The schematic diagram and (b) FESEM image of single ZnO NW based device.

3.2 Electrical characterization

In case of low dimensional systems, the Schottky barrier height depends not only on the
work functions of the metal and the semiconductor nanowire, but also on the pinning of the
Fermi level by surface states, image force lowering, field penetration and the existence of an
interfacial insulating layer. To a good approximation, all of these effects change only the
absolute current value via lowering the Schottky barrier. The temperature dependent I-V
characteristics of Schottky Diodes, fabricated with Au, Pt and Ni metal were investigated
and their typical characteristics are shown in Fig. 4 (a), (b) and (c), respectively. It is also
found that the I-V curves are nonlinear, asymmetrical and exhibit clear rectifying behavior
for all the measured temperatures. The current under forward bias increases with
temperature and shows typical semiconductor characteristics. The electrical characterization
of Schottky diode necessitates the determination of the barrier height and the ideality factor.
Generally, total current consists of both thermionic emission and tunneling component.
Assuming that the thermionic emission is the most predominant mechanism, the general
form of the temperature dependence of current may be expressed as (Sze, S.M. 1979):

I=AAT? exp(-p®g)exp {ﬂ(V_IR)} )
n

where, @3 is the effective barrier height, A is the junction area, A" [A* = 4nqm'k%/1?3] is the
Richardson constant and m” is the effective mass of the charge carriers. R is the series
resistance and f = ¢/kT. For an ideal diode, the diode ideality factor (1) should be nearly
equal to unity. But in a real situation, it may increase when the effects of series resistance,
leakage current etc. come into play. The main difficulty of the thermionic emission theory is
that it underestimates the reverse current. But the situation is very different in a nano-
system, where the measured forward current is low and is comparable to that of the reverse
or leakage current. The tunneling current is therefore not negligible and indeed becomes the
dominating mechanism under reverse bias. Also there are inherent difficulties when the
base material would offer a considerable series resistance, which would cause a voltage
drop across the junction. The current flows according to thermionic emission model only
when the ideality factor (1) is near unity. With an increase in #, the barrier height would
deviate from the true value. For the large surface-to-volume ratio of the ZnO nanowire, the
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surface states and the effective carrier concentration have important influence to the contact
barrier. The variation of oxygen and zinc concentration during the growth of the nanowire
results in the nonuniform distribution of the defects. A slight inhomogeneity of the surface
states and carrier concentration at the two ends of the ZnO nanowire can result in different
Schottky barriers. In such a case, generalized Norde method could be used to evaluate the
effective barrier height, series resistance, and diode ideality factor (1) from I-V
measurement. The values of effective barrier potential and diode ideality factor measured at
different temperatures for Au/n-ZnO/Ti-Au, Ni/n-ZnO/Ti-Au and Pt/n-ZnO/Ti-Au
Schottky diodes are shown graphically in Fig. 5 (a) and (b), respectively.
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Fig. 4. I-V characteristics of (a) Au/n-ZnO, Ni/n-ZnO and Pt/n-ZnO Schottky diode
measured at different temperature.

The barrier height could be seen to increase with temperature (Fig. 5(a)) almost linearly. Pt
offered larger barrier height than that offered by Au and Ni while Au and Ni contacts
indicated nearly similar barrier heights. The increase in barrier heights with the increase in
temperature from 300 K to 523 K may be associated with the increase in available charge
carriers to be transported across the barrier for Fermi level equalization. It is also observed
that the values of barrier heights obtained from the I-V characteristics were lower than those
obtained for a thin-film based Schottky diodes. Lower values of barrier height were ascribed
to an enhanced electric field at the depletion region due to the small size of the nano-
Schottky junction.
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Fig. 5. Variation of (a) barrier height (@) and (b) ideality factor (n) with temperature (K).

Ideality factor for the different Schottky diodes studied here varied between 1.1 and 2.0.
Schottky diodes with Au Schottky contact indicated lower ideality factor (~1.5) at room
temperature than that for Ni and Pt. It may be observed that the ideality factor decreased
with increasing temperature. Current transport across the metal semiconductor interface is
temperature dependent. Thus, the electrons at low temperature would be able to cross only
the lower barriers and therefore current transport will be dominated by current passing
through the lower Schottky barrier only contributing to a large ideality factor. With
increasing temperature, more and more electrons would acquire significant energy to cross
higher barrier. As a result, the effective barrier height will increase with the temperature and
bias voltage culminating in lower ideality factor at higher temperature. This increment can
be explained by taking into account of the interface state density distribution, quantum
mechanical tunneling and image force lowering across the barrier of Schottky diodes.

3.3 XPS studies
In order to further confirm the barrier-height value of nanowire Schottky diodes, XPS is
used to study the surface Fermi level position within the band gap for metallic overlayer on
ZnO nanowire. Each element has a characteristic binding energy for its core electrons, and
thus each element has a characteristic spectrum. Comparison of the spectrums of a bare
specimen, such as ZnO, and a specimen with a thin film coating, such as ZnO/ Au, can yield
the barrier height of the surface. The barrier height was determined from the XPS data using
the following relation (Lin, 2005)

qPn = EG - Eé/ + (Eéore ~Efon

core

) =Eq - (Ecﬁfe - EVC) @)

where E is the bandgap of ZnO, E!, is the initial binding energy, E.,, is the initial binding
energy of the core level, EZY is the binding energy of the core level with Au over layer and
Eyc is equal to (E.,, - E, ). All the binding energies are compared to Er . Fig. 6(a) shows the
Zn 3d core level and the valance band spectrum of ZnO nanowires. The value of E,- is
calculated to be 7.53 eV. This is in good agreement with the reported value (Tsai et al. 2009).
Fig. 6(b) shows the Zn 3d core level at Au/ZnO nanowire interface. The spectra determine
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the Zn 3d binding energy E.“ (1048 eV) relative to the Ep. Therefore, the q®, was

calculated to be 0.42 eV. This is similar to the value (040 eV) obtained from I-V
measurements at 300 K.
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Fig. 6. (a) Zn 3d core level peak of ZnO nanowire without Au over-layer. The low energy
region represents the spectrum of valance band region. A linear fit is used to determine the
the energy of the valance band edge. (b) Zn 3d core level at the Au/ZnO nanowire interface.

3.4 Possible explanation

The deviations of diode ideality factor from unity signify the inhomogeneous nature of the
Schottky diodes. Assuming the Gaussian distribution for Schottky barrier height (®go), the
apparent barrier height (®,p) can be written as (Werner et al., 1991; Bengi et al., 2007).

2
q)up :q)BO(T:O)_% (3)
where, o is the measure of the barrier homogeneity. The lower value of oo corresponds to
more homogeneous barrier height. The value of op obtained for temperatures for Au/n-
ZnO/Ti-Au, Ni/n-ZnO/Ti-Au and Pt/n-ZnO/Ti-Au Schottky diodes are (from Fig. (7))
0.112 V, 0.112V and 0.102 V, respectively. The values are quite low but not negligible
compared to the apparent barrier height. Considering Au/n-ZnO schottky contact for
details study, the calculated value of barrier height, obtained from the thermionic emission
model and XPS measurement, is lower than the theoretically predicted value (q®s = ®m- xs=
1.2 eV) and that reported for thin film based Schottky diodes (q®p = 0.7-0.9 eV) (Angadi et
al., 2007; Coppa et al., 2003; Dhananjay et al., 2007). This discrepancy is partly due to the
effects of tunneling, image force lowering on the conduction process, surface defect states,
barrier height inhomogeneities and moreover Fermi level pinning in nanowires. In addition,
edge leakage current due to a high electric field at the metal contact periphery or interface
current due to traps at the metal semiconductor interface also affect the barrier height. Other
effects due to interface oxide layer between the Ti/ZnO contacts may also contribute to such
deviations.
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In order to understand the lowering in Schottky barrier height, we also have to know the
electronic transport mechanism, which can be deduced from temperature dependent I-V
characteristics. In the presence of tunneling, I can be written as (Sze, S. M. 1979; Lin Y. J., 2005)

I'=Iyexp ({;V} @)
0

where the saturation current (o) is given by

I = AA [”EOOQ((PB -V- §)J0'5 exp[ e (3(%_5)) ©)

0" kg cosh(Ey, /kgT) kT E,

In equation (5) § [= (Ec-Er)/q = (0.2 V)] obtained from ultraviolet photoelectron
spectroscopy (UPS) measurement (not shown here), is the difference between the
conduction band minimum and the position of the Fermi level, Eg = E¢o coth(Eo/ksT) is the
characteristic energy related to the tunneling probability and Eqp is the tunneling parameter.
In our case, Eq is 50 and 60 meV at 300 and 523 K, respectively, which is about 2 times
higher than the thermal energy (25 and 43 meV at 300 and 523 K, respectively). As the
temperature increases, the thermionic emission increases but the tunneling process is
temperature insensitive. This result clearly supports that tunneling has a significant role at
the forward current and thermionic-field emission (TFE) process is the main mechanism in
Au/ZnO nanowire Schottky diode.

Although the image force lowering (A®s), ascribed for enhanced electric field at the
depletion region due to small size of the nano-Schottky junction, contributes to the barrier
height reduction, the tunneling effect is also significant for nanocontact. But, only the image
force lowering (A®p=0.06 V, considering &; =2gg and electric field at nanocontact =104 V/cm),
inhomogeneity in barrier height (A®3=0.11 V) and tunneling are not enough to explain the
difference between the theoretically predicted value and obtained experimental result. The
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surface states play a key role on luminescence and optical absorption properties when the
surface-to-volume ratio is high. The states, inside the bandgap, are formed on the ZnO
surface due to Zn or O termination, dangling bonds, surface reconstruction or relaxation,
structural and point defects, etc. When the diameter of nanowires becomes more than 30
nm, surface states also remain active. However, their relative contribution to the emission
spectrum is small in comparison to the contribution originating from the grain volume. To
explain this discrepancy, one may consider the effect of defect states at ZnO nanowire
surface. But in that case, high density of defect states are required which is inconsistent with
the small reverse leakage current in the device and observed photoluminescence property of
our as deposited nanowire arrays (Das et al., 2009).

Generally, the band level alignment can be organized in two regimes: Fermi level pinning
and vacuum level alignment (i.e, the Schottky-Mott limit). For nanowires, in absence of the
metal, there is vacuum level alignment at the nanowire and air interface. But, the band
alignment and Fermi level pinning at the metal/nanowire interface is markedly different
when the metal over-layer is present. In presence of metal over-layer, due to pinning, the
significant value of A®p must be caused by some charge transfer. Bearing in mind the large
charge transfer distance, the absolute magnitude of the transferred charge could be
comparably small to yield the necessary shift of the levels. Thus, we propose that the
interface states can be ionized by injected hot electrons which result in the emptying the
interface. This ionization of interface states changes the Fermi level so that it effectively
behaves like a small forward bias and hence the band bending as well as Schottky barrier
height decreases. Fig. 8 shows the schematic band diagram of Au/ZnO nanowire Schottky
diode under zero bias and a forward bias voltage. The experimental identification of
tunneling, thermionic emission and other components for barrier height lowering predicts
that the Fermi level deepening at Au-ZnO nanowire interface may originate from the
ionization of interface states by injected hot electrons.
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Fig. 8. Schematic band diagram of Au/ZnO NW Schottky diode (a) under zero bias and (b)
with a forward bias.

4. Application

4.1 UV detector

A nanodevice unit made from single one-dimensional (1D) nanostructure, such as nanowire
or nanobelt, attracts substantial research interests because it can provide a unique platform
for fundamental investigations and also can serve as the building block for more
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complicated device systems in nano- and microscale, for example, sensors, diodes and
transistors (Lee et al., 2010; Zhou et al., 2008). Surface plays a crucial role to determine the
electrical and optoelectronic properties of materials with a dimension of nanometer scale.
There are several wide bandgap semiconducting materials for UV detection like GaN, ZnO,
AlGaN (Munoz et al., 2001; Soci et al., 2007; Li et al., 2009). Because of their wide bandgap
and high surface-to-volume ratio, nanoscale electronic devices have the potential to achieve
high sensitivity and faster response for the UV detection. For a good UV detector, the
growth of single crystalline ZnO nanowire is important. ZnO nanowires obtained from
MOCVD technique shows a very good crystalline and optical property. As shown in Fig. (2),
nanowires grown by MOCVD technique have two strong PL peaks at 382 and 388 nm,
without any visible band emission. The sharp peaks presumably resulted from the excitons.
Strong UV luminescence of free exciton recombination without any visible band emission is
suitable for the UV laser device and visible blind UV detectors.

In past few years, enormous studies on UV detection have been conducted using ZnO
nanowires, which were either fabricated with ohmic or Schottky contacts. However, most of
these works are focused on the array of ZnO nanowires with few studies directed at the
single nanowire (Li et al., 2009; Heo et al., 2004; Xu et al., 2006). In literature, it has been
reported that single nanowires devices with both ohmic and Schottky contact have similar
UV response characteristics even though the sensing mechanisms are different. The UV
detection characteristics of Au/ZnO nanowire Schottky diode and the device with both side
ohmic contacts were studied by measuring current-voltage (I-V) relationships with and
without UV light (352 nm) (Fig. 9a). In the dark, I-V curve is asymmetric for the device with
Schottly contact and linear for the device with both sides ohmic contact (inset). The
nonlinearity of the I-V curve is caused by the Schottky barrier formed between the
semiconductor and metal electrodes. For both devices, I increase with UV illumination.
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Fig. 9. (a) I-V characteristics for a representative Au/ZnO nanowire Schottky diode before
and after UV illumination. The inset shows the I-V characteristics of a device with both side
ohmic contacts. (b) Plot of (1/C2) with V for Au/ZnO nanowires Schottky diode. The inset
shows the density of interface states as a function of interface state energy (Ec —Ess).

To test the reversibility of the sensor, the device was alternatively exposed to UV light and
the corresponding current at a particular voltage (0.7 V and 0.3 V for the devices with both
side ohmic contact and one side Schottky contact, respectively) was measured. For high-
power UV illumination (25 mW/cm?2), we have observed similar characteristics (sharp rise
and sharp fall) for the devices with both sides ohmic and one side Schottky contact (not
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shown here). But for low-power UV illumination (1.5 mW/cm?), Figs. 10 (a) and (b) show
the effect of NW surface and schottky barrier, respectively. Figure 10 (b) shows the
photoresponse of the Schottky diode under the UV excitation at a forward bias of 0.3 V. The
dark current was about 120 nA and the saturated photocurrent was about 9 A under UV
excitation. On the other hand, the NW device with both side ohmic contacts has the dark
and the saturated photocurrent currents about 0.2 yA and 0.9 A, respectively (Fig. 10 (a)).
The photocurrent/dark current ratio is 75 for Schottky diode, which is superior to single
NW UV detector (4.5) with both side ohmic contacts. Upon low-power UV excitation, the
conductance of the Schottky diode was increased around two orders and to 80% of its
saturation value within 1 s. When the UV light is turned off, the conductance was decreased
to 85% of its saturation value within 1 s and recovered to its original dark level after 3 s. On
the other hand, the device with both side ohmic contacts follows sharp but an exponential
rise and exponential decay. It can be noticed that the current is reached almost the same
value in each cycle and fully recovered for Schottky diode. But, both the dark and the
saturated photo current level for the device with both side ohmic contacts increases with
repeated exposure.
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Fig. 10. UV response behaviors of the device with (a) both side ohmic contacts, (b) Schottky
contact.

The interface density of states and surface states across the ZnO nanowire and Schottky
contact may play a role in UV detection. To calculate the density of states at the interface of
the Schottky diode, capacitance due to the depletion region was measured as a function of
voltage and shown in Fig 9(b). The capacitance of a Schottky contact is related to the voltage
by (Sze S. M., 1979)

- 2[®,; —(Ec —E¢)-qV —kT |
AzqgsNd

©)

where @y; is the barrier height, E, is the conduction band edge, Er is the Fermi level, ¢ is the
permittivity of the semiconductor, A is area of contact and Nj is the carrier concentration. By
plotting C2 vs V and using eq (6), @y and N, can be determined from the x-intercept and
slope, respectively. The value of @, and Ny was 0.56 V and 2x10'7/cm3, respectively. The
barrier width (W) was obtained ~ 35 nm by using 2D Schottky barrier model (Sze S. M.,
1979; Rhoderick, E. H., 1988)
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The @y (0.56 V) measured from C-V characteristics is higher than zero bias @y (0.4 V)
obtained from temperature dependent I-V data by using generalized Norde method (Das et
al., 2009). This offset is generally attributed to the image force lowering at the interface.
Another possible cause to explain this discrepancy is the presence of an interfacial insulating
layer. The value of ideality factor (1) was obtained 1.5 at 300 K. Generalized Norde’s method
has utilized the [-V characteristics in the low voltage region for the determination of the
ideality factor and barrier height (Das et al., 2009). But in practice, the n values evaluated

from the I-V characteristics in the forward bias region show voltage dependence. In such a
case, the ideality factor n(V) is given by (Das et al., 2009)

n(v)—1+i{vf;D +qN55(V)} ®)

where, Wp is the space charge width, Nss is density of states in equilibrium, 6 is the
thickness of the interfacial layer, ¢ is the permittivity of interfacial layer. The voltage-
dependent ideality factors may be obtained from the slopes of In(I) versus V plots in the
forward bias region. The calculation of the density of surface states is complicated due to
interfacial layer as neither ¢ nor 6 is known. By considering 6 = 0.5 nm and ¢; as that of free
space, Nss is calculated to be 6 x 1013 cm-2eV-1 at 0.3 V. The energy of the interface states with

respect to the bottom of the conduction band at the surface of the semiconductor is given by
(Das et al., 2009):

Ec—Egs = fl(q’e _V) ©)

with

D, =D, {1_;1(1\/)]‘/ (10)
Density of interface states as a function of interface state energy (Ec —Ess) for Au /ZnO
NW Schottky diode is shown in the inset of Fig. 9(b). Exponential rise in the interface state
density towards the bottom of the conduction band is very apparent. Low value of
interface states signifies that the surface pinning of the Schottky barrier is low. Previously
it has been shown that at equilibrium, the ionization of interface state by hot electron
reduced the band bending as well as the Schottky barrier height. As the Schottky barrier
height changes, a characteristic asymmetric conductance change is expected. Since, the
density of surface state (6 x 1013 cm?2eV- at 0.3 V) is not very high and the change in
current under the UV illumination is very high, visible light may not affect so much on
the current.

The experimental observations on the two types of device structures are explicitly explained
using schematics of the energy band diagrams of the nanowire surface and Schottky
junction in the dark and under the UV illumination (Fig. 11). In ZnO, it is well known that in
the dark oxygen molecules are adsorbed at the surface and capture free electrons and a low-
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conductive depletion layer is formed near the surface (Soci et al.,, 2007). Upon UV
illumination with photon energy larger than the semiconductor bandgap, electron-hole pairs
are generated; holes migrate to the surface and discharge the negatively charged adsorbed
oxygen ions and leaving behind unpaired electrons. Thus, band bending occurs and
conductivity of the nanowire increases (Fig. 11 (a)). This hole-trapping mechanism through
oxygen adsorption and desorption in ZnO nanowires augments the high density of trap
states usually found in nanowires due to the dangling bonds at the surface and thus
enhances the photoresponse. In case of single nanowire device, because of the higher
exposed surface compared to array of nanowires, trapping at surface states drastically
affects the transport and photoconduction property. Soci et al. reported that the oxygen
adsorption and desorption at the nanowire surface occur in very short time (ns), suggesting
that the desorbed oxygen molecules in air remain in close proximity to the surface and can
be promptly re-adsorbed (Soci et al., 2007). This indicates that the oxygen re-adsorption to
the surface and consequently the lowering of the photocurrent happen quickly after
switching off the UV light; however, full recovery requires longer time, due to the time
required for the diffusion of oxygen molecules.
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Fig. 11. Energy-level Diagram of (a) ZnO NW surface and (b) Au/ZnO NW interface.

Figure 11(b) shows the UV detection mechanism at the Schottky barrier. In Schottky device,
both the forward and reverse current increase with UV exposure. It means that the
photoexcited electron-hole pairs can greatly increase the concentration of majority carriers.
We can therefore conclude that the barrier height is strongly modulated by the UV
exposure. In forward bias, a large number of photogenerated electron-hole pair increases the
majority carrier and ionizes the interface states. The ionization of interface states tends to
increase the barrier height but, the large number of electron, generated due to the UV
illumination, effectively reduces the barrier height under forward bias. As a result, band
bending changes and current increases. Interface density of states play an important role in
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reverse current. In reverse bias, holes are efficiently trapped by the interface states which
shrink the depletion region and allow tunneling of electrons.

4.2 Hydrogen sensor

Hydrogen is a potential source of energy, which may replace the present fossil-based
transportation fuels. It is also used as an important reagent in chemical industries.
However, it is highly explosive above 4 vol % due to its low flash point (-253 °C)
(Christofides et al., 1989). Accordingly, hydrogen leakage detection at early stage is not
only necessary but also essential for safety. Solid-state hydrogen sensors based on pure Pt,
Pd or Pd-containing alloys have been thoroughly explored as the interaction with
hydrogen decreases the work function and increases resistance compared to pure material
(Ibanez et al., 2006). Several other materials (SnO, InO;, WO3; and CNT) are currently
being investigated for the active materials of sensors (Wang et al., 2006; Li et al., 2007).
However, a high operation temperature is generally required for the better performance
of the above mentioned sensors. Recently, there have been an increasing number of
investigations on the exploration of selective materials to make the sensor more sensitive
and reliable. In this concern, tremendous attentions have been focused on ZnO as a gas
sensing material due to its high mobility of conduction electrons, good chemical and
thermal stability under the operating conditions of sensors (Li et al., 2007; Wan et al.,
2004). In addition, single crystalline nature, high mechanical strength, high temperature
stability in oxygen ambient and ease of fabrication on several substrates by
various techniques (Liao et al., 2008; Wan et al., 2004) are other advantage of ZnO
nanostructures.

Single nanowire-based sensors are of particular interest as they can be fabricated by using
conventional lithography technique. In addition to low cost and great miniaturization
potential, the large surface to volume ratio and nanoscale dimension allow quick diffusion
of gases into and from the nanostructure. Thus the rate of reaction increases, which leads to
achieve higher sensitivity with faster response and recovery time. Nanoscale sensors also
often provide a lower limit of detection due to a larger change in their electronic properties
upon surface adsorption.

In case of ZnO nanostructure-based hydrogen sensor, the surface of the nanostructures
plays a vital role. In that case, the contacts at the two ends are mostly chosen to be ohmic
in order to enhance the change in conductance due to surface effect of the nanostructures.
The surface-adsorbed gas molecules modify the electronic surface states and vary the
electron concentration which is responsible for the change in conductivity of nanosensors
(Liao et al., 2007). At room temperature, electrons released due to gas exposure are very
less compared to the electron concentration in nanowire. Therefore, the relative change of
conductance before and after gas exposure is small. Since the interaction energy of
chemisorbed oxygen atom is large (1-10 eV), metal oxide gas sensors generally require
high operating temperature (above 100 °C) to overcome the energy limits and achieve
high sensitivity (Fan et al., 2009). However, the high operating temperature adversely
affects sensor’s reliability, durability and makes the sensors expensive with many
complicated heating elements.

In order to improve the sensitivity at room temperature, we deliberately introduce a
nonsymmetrical Schottky contact at one end of a ZnO single nanowire based nanodevice.
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Here, the surface depletion layer controls the density and mobility of electrons in the
nanowire, but the contact barrier controls the transport of electrons between the nanowire
and electrode. As the width of the surface depletion is significantly smaller than the
diameter of the nanowire, the surface depletion has little influence on the density and
mobility of the electrons in the nanowire. However, the change in potential barrier at the
Schottky contact greatly modifies the current conduction. The presence of impurities,
inconsistencies and asymmetry in structure may alter the effective potential barrier and
inhibit the flow of charge carriers, which may change the device characteristics. To solve this
problem, defect free nanowires are required. In this communication, we have studied
hydrogen-sensing properties of Pt/ZnO nanowire Schottky diodes by measuring current-
voltage (I-V) relationships at different temperatures.

The sensitivity tests were carried out in a test chamber, where the change in current was
measured at a fixed forward voltage (4 V) due to gas exposure. A known amount of highly
purified hydrogen was injected from an ampoule along with argon gas acting as a diluting
agent to get the required percentage (in ppm) of hydrogen in the measuring chamber. The
sensing characteristics were then recorded at different temperatures with various hydrogen
concentrations.

The sensitivity is defined as

s=tola (11)
IAr

where Ig and Iar are the currents in hydrogen and argon ambient, respectively. The above
expression can be used for both the forward and reverse current modes at a fixed voltage.
Fig. 12(a) shows the variation of sensitivity with hydrogen concentration at room
temperature in the forward bias mode (4 V) for a representative device. One can observe
that the sensitivity increases linearly with hydrogen concentration till 2000 ppm, beyond
which it increases slowly and tends to saturate.
It seems that due to the increase in hydrogen concentration, more gas molecules are available
to be in contact with the device. Thus, one would expect the response to increase up to a
certain limit with increase in H, concentration as observed here. Afterwards, with the increase
in concentration sensitivity tends to saturate. This may be due to a saturation of adsorption of
hydrogen atoms at Pt/ZnO nanowire interface and lack of adsorbed oxygen ions at the
nanowire surface to react with gas molecules. Consequently, time resolved sensitivity
measurement has also been done. Fig. 12 (b) represents the variation of sensitivity with time,
measured at room temperature (300 K), when the test gas (hydrogen at 2500 ppm) is
introduced in the chamber. It is observed that the maximum sensitivity is obtained within 75
sec. After removal of the test gas, the sensor tends to come back to its initial state and this
change is exponential. Sensitivity decreases fast for first 50 seconds and then slowly to its
original state. Response time is defined as the time taken for the sensor to reach 90% of the
saturation value after gas exposure. The above observation suggests that the response time in
these devices is ~55 second. The response time for Pd/nano-GaN Schottky diode reported by
Das et al (Das et al., 2007) was ~12 min. On the other hand, Rout ef al 14 have observed a higher
response time (~300 sec) by monitoring the change in conductivity due to hydrogen exposure.
Thus, the response time of the single nanowire-based Schottky diode, studied here, is superior
to those reported recently by other researchers (Das et al., 2007; Rout et al, 2007).



Junction Properties and Applications of ZnO Single Nanowire Based Schottky Diode 177

90
851 (a)
801
751
701
651
601
551
50

Sensitivity (%)

0 1000 2000 3000 4000 5000
ppm

100 (b) Gas Out

80+

60+

204
Gas In
0ld¥

Sensitivity (%)
=

T

0 50 100 150 200 250 300

Time (Sec)
90 (C)

§ 80—
b 70 //_*
=
= 60
c —=— 2500ppm
% 50- —e— 1000ppm

—a— 500ppm

300 320 340 360
Temperature (K)

Fig. 12. (a) Variation of sensitivity with hydrogen concentration measured at room
temperature in the forward current mode at 4 V. (b) Room temperature response behaviour
for 2500 ppm of hydrogen. (c) Temperature dependent sensitivity for three representative
hydrogen concentrations.

The contribution of ZnO nanowire surface and Pt/ZnO nanowire Schottky junction to the
sensing mechanism was varied with gas concentration and temperature. In order to
investigate the detail sensing mechanism, we have measured the sensitivity at different
temperatures with different gas concentrations and plotted in Fig. 12(c). The measurements,
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reported here, are taken at different temperatures after same interval (60 sec) of gas exposure
after the equilibrium has been established. The sensitivity versus operating temperature curve
shows a maximum at room temperature for 2500 ppm and decreases very slowly with
increasing temperature, whereas it increases slowly but linearly with temperature for
hydrogen concentration of 1000 ppm. On the other hand, for lower hydrogen concentration
(500 ppm) sensitivity increases slowly up to 323 K. Beyond that appreciable change in
sensitivity is observed. This can be explained by the temperature dependent adsorption and
desorption process on both the nanowire surface and Schottky junction. Although individual
contribution to the sensing mechanism is not distinguishable, but qualitatively one can explain
the whole mechanism by considering change in band diagram in two different parts, namely
ZnO nanowire surface and ZnO/ Pt Schottky junction.

The hydrogen sensing mechanism, investigated in this study, is schematically shown in Fig.
13. Due to the geometry of the devices, the electric field near the junction between the ZnO
nanowire and metal is much higher. As a result, the gases around the contact easily dissociate
and ionized gases get adsorbed at ZnO/Pt Schottky junction even at room temperature. The
change in Schottky barrier height is likely to be the most important for H, sensing but ZnO
nanowire surface has also a contribution. However, this mechanism would be expected to
exhibit a large dependence on the temperature and the concentration of gas around the
devices. The sensing mechanism at nanowire surface can be explained in terms of the
oxidizing/reducing gas effect. It is well known that the ZnO surface adsorbs oxygen species
(O, 0%, O) from air by trapping conductive electrons and makes the nanowire more resistive.
Moreover, for a ZnO nanowire, high surface to volume ratio provides large number of surface
atoms, which can lead to the insufficiency of surface atomic coordination and high surface
energy (Liao et al, 2008). Therefore, the surface is highly active, which promotes further
adsorption of oxygen from the atmosphere. On the other hand, when the nanowire is exposed
to hydrogen environment, the reductive gas decreases the concentration of oxygen species on
the nanowire surface, which in fact increases the electron concentration in the nanowire. It
should be noted that the chemisorbed oxygen species depend strongly on temperature. Upon
exposure to Hy, it is the chemisorbed surface oxygen ions that participate in the redox reaction
preferably at higher temperature (Hudson J.B., 1998). The electrons, released from this process,
are responsible for the change in electrical properties of ZnO nanowire through band bending.
Thus, at higher temperatures, the nanowire surface will become more active for hydrogen
sensing. On the other hand, the characteristic of the nanosensor is largely determined by the
behavior at the Schottky junction. The electrical response comes from the variation of the
Schottky barrier height and barrier width as a result of adsorption of gaseous species at the
Schottky contact. The response due to adsorption can be explained from the band diagram at
the metal/ nanowire contact. After the exposure to hydrogen, Pt adsorbs hydrogen by
catalytic chemical adsorption. Some of the hydrogen atoms diffuse through the thin metal
layer and form a dipole layer at the interface of metal-semiconductor contact, which reduces
the Schottky barrier height (Schalwig et al., 2002). Although that may change the barrier width,
it is the height of the barrier that matters significantly for charge transport at room
temperature. As a result, both the forward and reverse current increases with the increase of
the hydrogen concentration. However, the Pt surface gradually saturates with the increase in
hydrogen concentration, so the rate of change of current decreases. When the gas ambient
switched from hydrogen to air, the oxygen reacted with hydrogen and the resistance of the
nanowires changed back to the original value. This is an attractive process for long term
application of hydrogen sensor.
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Fig. 13. (a) Schematic diagram of the Pt/ ZnO single nanowire hydrogen sensing mechanism.
Schematic energy level diagram of (b) Pt/ZnO nanowire interface and (c) ZnO nanowire
surface.

The sensitivity depends on the combine effect of operating temperature and the hydrogen
concentration. The Schottky barrier height increases with temperature, while it decreases
with increase in hydrogen concentration. For higher hydrogen concentration (2500 ppm)
the interface becomes saturated even at room temperature. This results a small change
(decrease) in barrier height due to further adsorption of hydrogen atom with temperature,
but the barrier height of the junction increases. As a result, the sensitivity decreases
slowly with increase in temperature. But, for low hydrogen concentration (500 ppm), the
interface does not saturate and more hydrogen can be adsorbed with increase in
temperature. Thus, the sensitivity increases with increase in temperature for lower
hydrogen concentration. Quick response and stability are also important characteristics of
sensors. For quick response, the electron-exchange must take place rapidly so that
equilibrium is established during measurement. As the Pt/nanowire interface is very
small, a thin adsorbed hydrogen layer is formed quickly at the interface, which may block
further electron exchange and thus equilibrium occurs. Hence, further increase
in hydrogen concentration may eventually saturate the Pt/nanowire interface, which
limits further electron-exchange. Thus, the interface of the Pt/ZnO nanowire
Schottky device plays a significant role in quick response at room temperature hydrogen
sensing.
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5. Conclusion

In conclusion, Schottky dioded of single nanowire with different metal (Au, Ni and Pt) have
been fabricated by e-beam lithography. Detailed I-V characteristics of the Schottky diodes
have been investigated at different temperature. The barrier hight value and ideality factor
at different temperature for different Schottky diodes were obtained from I-V
measurements. The calculated barrier height value using generalized Norde method is in
good agreement with the value obtained from XPS measurements. However, the calculated
barrier height values are lower than theoretical value obtained from Schottky-Mott theory.
The effect of tunneling, Fermi level pinning and image force lowering have contribution, but
not enough to explain the barrier height lowering. The ionization of interface states by the
injected hot electrons result in the emptying the interface states and consequent Fermi-level
deepening at metal/semiconductor interface may be the possible reason for low barrier
height. The single nanowire Schottky diodes were used for UV detector (Au/ZnO
nanowire) and room temperature hydrogen sensor (Pt/ZnO nanowire). The schottky
contact and ZnO surface yield unambiguous information on the UV detection mechanism,
particularly in cases where the intensity of UV light is low. In case of Schottky diode, low
power UV detection is significant. Hydrogen-sensing behavior of Pt/ZnO nanowire
Schottky diode has suggested that it has good sensing characteristic (S = 90%) at room
temperature with a response time of ~55 s. The sensitivity shows a maximum at room
temperature for H» concentration of 2500 ppm and decreases very slowly with an increase in
temperature, whereas it increases slowly with temperature for H, concentration of 500 ppm.
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1. Introduction

Metal Oxide nanowires are versatile nanostructured materials with diverse yet unique
properties. Potentially, they have a wide range of applications in electrical, chemical and
semiconductor technologies (Yang, Wu et al. 2002; Rao, Deepak et al. 2003; Law,
Goldberger et al. 2004; Shankar and Raychaudhuri 2005; Lu, Chang et al. 2006; Lu and
Lieber 2006).

Research interests in metal oxide nanowires commenced in 1990s. Up to now, there have
been a considerable number of reports on success in the synthesis of 1-dimensional nano-
crystalline structured nanowires of various metal oxides, such as CuO(Wang, Zhan et al.
2001; Jiang, Herricks et al. 2002), MgO(Ma and Bando 2003), ZnO(Tian, Voigt et al. 2003;
Vayssieres 2003; Heo, Norton et al. 2004; Wang, Song et al. 2007; Manoharan, Desai et al.
2008), TiOy(Lakshmi, Partissi et al. 1997; Li and Wang 1999; Li and Xia 2003; Wu, Shih et al.
2005; Wu, Shih et al. 2006), Al,Os(Valcarcel, Souto et al. 1998; Xiao, Han et al. 2002),
GaxO3(Wu, Song et al. 2000), InoOs(Li, Zhang et al. 2003), SnO(Dai, Pan et al. 2001),
Sby05(Guo, Wu et al. 2000), V2Os5(Chen, Sun et al. 2002), BaTiO3(Urban, Spanier et al. 2003),
etc. The methodology of synthesis is now well developed. Reported techniques include
vapor-solid phase technique(Valcarcel, Souto et al. 1998, Wu, Song et al. 2000; Jiang,
Herricks et al. 2002; Ma and Bando 2003; Wu, Shih et al. 2005; Wu, Shih et al. 2006), chemical
solution deposition (sol-gel) (Lakshmi, Partissi et al. 1997; Urban, Spanier et al. 2003),
template etching(Xiao, Han et al. 2002), percipitation(Tian, Voigt et al. 2003; Vayssieres
2003), micro-emulsion(Guo, Wu et al. 2000), flux growth(Dai, Pan et al. 2001) and others.
These are well reviewed by Shangkar et al.(Shankar and Raychaudhuri 2005).

Among all the properties of metal oxide nanowires, their mechanical property is one of the
most highly structure dependent and features strongly in many applications. The structural
and mechanical phenomena and related mechanisms have attracted significant research
interests. However, due to the difficulties in manipulating the nano-sized specimens,
experimental characterizations are limited to simple mechanical tests to measure quantities
like Young's modulus, strength et al. Comparatively, numerical studies, especially
molecular dynamics (MD) simulations, are well suited for nanostructured materials, and
have been broadly applied for investigating structural and mechanical properties. In this
chapter, we will review the structural characteristics and mechanical properties of different
types of metal oxides, both experimentally and numerically. Besides reviewing published
literatures, we will be focusing on reporting the outputs from our research group.
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2. Metal oxide nanowires

2.12Zn0

ZnO nanocrystals possess large energy bandgap and excitation binding energy, which
ensures efficient excitonic emission at room temperature. This makes it a fascinating
material in potential optoelectronic applications(Wang, Song et al. 2007). Their mechanical
stability is a key factor for promising working conditions, and draws significant research
interest.

Experimental measurements, such as bending resonance(Bai, Gao et al. 2003; Yum, Wang et
al. 2004; Chen, Shi et al. 2006; Huang, Bai et al. 2006; Ni and Li 2006; Zhou, Lao et al. 2006),
bending deflection(Song, Wang et al. 2005, Manoharan, Desai et al. 2008; Wen, Sader et al.
2008), nano-indentation(Feng, Nix et al. 2006; Ni and Li 2006) and tensile stretching(Desai
and Haque 2007; Hoffmann, Ostlund et al. 2007; Agrawal, Peng et al. 2008) have been
carried out to measure the Young’s modulus ZnO. These results deviate significantly over a
wide range from 20 to 220 GPa. The lack of agreement was considered to be due to
differences in degree of crystallinity, direction of loading, boundary conditions, and sample
manipulations, etc. Similar scatter was also seen in hardness and ultimate tensile strength
(UTS), 2.5-4.3 GPa(Feng, Nix et al. 2006) and 2.5-7.5 GPa(Hoffmann, Ostlund et al. 2007;
Wen, Sader et al. 2008), respectively.

In contrast to the abundant experimental characterizations, theoretical reports on the
structure and mechanical property of ZnO nanowires have not been insightful. Kulkarni et
al.(Kulkarni, Zhou et al. 2005) carried out tensile simulations on ZnO nanobelt with square
cross sections. It was found that the structure transformed into multi-shell structure for
wires thinner than 10A, whereas thicker nanowires maintained a crystalline structure after
equilibration. The decrease in Young's modulus and UTS with increasing nanowire
thickness is attributed to the high compressive internal stress induced by the free surface of
the wire In a later publication by the same group(Wang, Kulkarni et al. 2008), simulations
of the wurtzite crystalline structured ZnO nanowires with hexagonal lateral geometry
showed three stages of deformation when the wires were loaded in tension - wurtzite elastic
stretch, phase transformation from wurtzite to body-centered-crystal (BCC) structure, and
BCC elastic stretch. From the stress-strain curve, the Young’s modulus was measured to be
227-299GPa for nanowires with thickness ranging from 45.5 to 19.5A. These values are much
higher than the bulk value of 140GPa. It is noted that the high stretch rate of 10-50m/s could
have led to the exceptionally high stiffness and unexpectedly low toughness. In a recent
literature, Agrawal et al.(Agrawal, Peng et al. 2008) reported values of 140-160GPa for the
Young’s modulus of 5-20A thick [0001] oriented hexagonal ZnO nanowires, with thinner
nanowires to be reportedly stiffer. The results are in agreement with bulk values and their
experimental measurements.

We carried out MD simulations to model a tensile process on the ZnO nanowire at a
moderate stretching rate. By presenting the structural deformation and mechanical
response(Dai, Cheong et al. 2010), the mechanism behind observations were revealed.

We adopt the Buckingham potential with Kulkarni’s parameters(Kulkarni, Zhou et al. 2005)
to describe the atomic interactions. This potential successfully reproduces the ZnO
crystalline lattice parameters. The cylindrical ZnO nanowires were built from super cells of
wurtzite crystal with [0001] in the longitude direction. Atoms in the top and bottom five
layers were prescribed to displace as two rigid blocks to stretch the wires while all other
atoms were free of constraints. Free surface conditions were applied in all directions. The
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molecular dynamics simulation was carried using the DL-POLY software (http://
www.cse.scitech.ac.uk/ccg/software/DL_POLY/) with time steps of 2 fs. The temperature
was maintained at 300 K by scaling the atomic velocities every 1 ps. The nanowires were
firstly relaxed under constant atmosphere pressure (NPT) for 1 ns to remove internal
stresses, and under constant volume (NVT) for another 1 ns to reach the minimum energy
state. The tensile process was carried out via displacing the top and bottom blocks of atoms
in a stepwise manner. For each step, the nanowire was stretched by 1A and equilibrated for
500 ps, i.e., a tensile rate of 0.2 m/s. The total system energy and atomic positions were
monitored to ensure the wires achieved equilibrium at the end of 500 ps. This methodology
was used for all the tensile MD simulations in this chapter.

Four ZnO nanowires with lateral diameters of 7A, 16A, 25A and 40A were constructed. Their
initially relaxed structures are shown in Fig.1l. The thinnest 7A nanowire experienced a
structure transformation into a totally amorphous state, due to the strong surface effect. The
degree of amorphization retarded with increase in lateral size. Complete crystalline structures

(b) © (d)

Fig. 1. Equilibrated structure of ZnO nanowires with lateral diameters of (a) 7A, (b) 164, ()
25A, and (d) 40A. Cross-sectional views at the nanowire center are shown at the top. Red
spheres denote O atoms and grey Zn atoms.
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were retained for nanowires with lateral diameter 25A and above. A 16A nanowire was
presented as the transient state between amorphous and crystalline state. The threshold
diameter for crystalline to amorphous transformation was about the length of 3-4 single
crystal lattices. This empirical observation is also applicable for many other inorganic
materials, such as metals, semiconductors and ceramics, in agreement with previous reports
for crystals of Au(Kondo and takayanagi 2000; Wang, Yin et al. 2001),Al(Gulseren, Ercolessi
et al. 1998), Pb(Gulseren, Ercolessi et al. 1998), Ti(Wang, Yin et al. 2001), SiC(Maleev,
Srivastava et al. 2006).

The snapshots of tensile process for nanowires are presented for the 7A and 25A nanowires
in Fig. 2 and Fig.3, respectively. Under tensile loading, the 7A nanowire firstly straightened
(Fig.2b), and then necked at 35.6% strain (Fig.2c). Once formed, the necked region, where
stress concentrated, thinned further to a single-atom-neck chain (Fig.2d). With further
stretching, more atoms were continuously pulled into the single-atom-neck, resulting in a
very ductile behavior (Fig.2e, f).

The 25A nanowire presented a novel tensile deformation process as shown in Fig.4. Initially,
the original crystals in the nanowire only experienced slight and homogeneous longitude
stretching without significant phase transformations. At 12.5% strain (Fig.3a, b), ZnO bond
breakage occurred and structural deformation was seen at the central section (Fig.3c). This
region experienced high strain and propagated quickly to create a lateral slip-deformed
necking (Fig.3d). With continued stretching, the tensile process followed a three-step cycle -
1) straightening of Zn-O bonds in the necked region, 2) neck thinning, 3) relaxation of the
necked region as new atoms were pulled into the neck. The nanowire was able to be
extremely ductile with the iteration of the three-step plastic deformation cycle.

@) (b) (c) (d) (e) ®)
Fig. 2. Tensile stretching of 7A diameter ZnO nanowire - (a) equilibration, (b) straightening
at 16.5% strain, (c) initiation of necking at 35.6% strain, (d) formation of single-atom-neck at
41.9% strain, (e) continued growth of single-atom-neck at 77.5% strain, and (f) nanowire at
116% strain.
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(b) (d) (e) )

Fig. 3. Tensile stretching of 25A diameter ZnO nanowire - (a) equilibration, (b) straightening
at 12.5% strain, (c) formation of amorphous central section at 13.5% strain, (d) neck initiation
at 14.4% strain, (e) neck shrinkage and formation of bi-lines at 38.5% strain, and (f) atomic
neck pulling at 57.7% strain.

The displacement hist