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Preface

The book “Nanorods” is an overview of the fundamentals and applications of
nanosciences and nanotechnologies. Nanoscience, nanotechnology and nanomaterials
have become a central field of scientific and technical activity. Over the last years the
interest in nanostructures and their applications in various electronic devices, effective
optoelectronic devices, bio-sensors, photodetectors, solar cells, nanodevices, plasmonic
structures has been increasing tremendously. This is caused by the unique properties
of nanostructures and the outstanding performance of nanoscale devices. Nanorods is
a new and interesting subject, which undergo revolutionary changes in the last years
in the nanoscience and nanotechnology.

Dimension in the range of one to hundred nanometers, is called the nano regime. In
recent years, nanorods, nanoparticles, quantum dots, nanocrystals etc. are in a class of
nanostructures. As the dimensions of nano materials decrease down to the nanometer
scale, the surface of nanostructures starts to exhibit new and interesting properties
mainly due to quantum size effects.

There are eleven chapters in the book “Nanorods” and each chapter is about a
different point of nanorods. This is a basic book for students, researchers and
engineers. The chapters in this book are clear, to the point, and appealing. There are
many methods for the fabrications of nanostructures (nanorods, nanoparticles,
quantum dots, nanocrystals, nanowires, nanowhiskers, hybrid nanostructures and
etc.). The methods described in this book are very powerful and have practical
applications in the subjects of nanorods. The potential applications of nanorods are
very attractive for bio-sensor, magneto—electronic, magneto-sensor, plasmonic state,
nano-transistor, data storage media, microwave electronic devices in high frequency
region, etc.

There have been increasing interests in nanocrystalline zinc oxide nanorods in recent
years. Dhara and Giri presented a review of the recent achievements on the controlled
growth of vertically aligned zinc oxide nanorod arrays and heterostructures in
Chapter 1. In Chapter 2, Ting fabricated the dense and well-aligned zinc oxide
nanorod thin films by the simple solution method. As for synthesis and application of
zinc oxide nanorods, the catalyst-free chemical vapor deposition and the thermal
growth from salt composites for nanodevices are represented by Kononenko et al. in
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Chapter 3, collective plasmonic states are shown to emerge in metallic nanorod array
by Iwanaga in Chapter 4 and the optical, structural, and electrical properties are
reviewed by Mamat et al. in Chapter 5. A two-step growth method for nanorods
developed to grow nanorods by changing the oxygen content in gas mixture during
nucleation and growth steps in chapter 6 by Sadeghi. The hybrid nanostructures
composed of gold nanorods as a molecular bridge by Chirea and the creation gold
nanorods with three new methods by Li and Cao are presented in Chapter 7 and 8,
respectively. In Chapter 9, Liu et al. studied the controlled growth of nanorods
(nanocone, nanorod, nanocrater and ultra-nanorod) and in-situ investigation on their
field emission properties. The applications of nanoparticle include medical and
pharmaceutical sciences, electromechanical equipment, laboratory equipment for
materials study and other applications have been observed by Moradi et al. in Chapter
10. In Chapter 11, Chakrabortty and Chan investigated the development of hybrid
metal-semiconductor nanocrystals as a current research trend in the field of colloidal
semiconductor nanocrystals.

This book is of interest to both fundamental research, such as the one conducted in
Physics, Chemistry, Biology, Material Science, Medicine etc., and also to practicing
scientists, students, researchers in applied material sciences and engineers.

I would like to thank all the authors for their efforts in preparing their chapters. The
scientists and technicians have a duty to share their knowledge about their scieintific
studies. I am very grateful to Ms. Mia Macek, Mr. Marko Rebrovi¢ and Ms. Silvia Vlase
for their asistance, guidance, and support.

Dr. Orhan Yal¢in
Department of Physics,
Nigde University,
Turkey









ZnO Nanorods Arrays and Heterostructures for
the High Sensitive UV Photodetection

Soumen Dhara and P. K. Giri
Department of Physics, Indian Institute of Technology Guwahati, Guwahati,
India

1. Introduction

In the field of semiconductor nanostructures, one-dimensional (1D) ZnO nanostructures
(e.g. Nanowires, nanorods, nanobelts) are the most promising candidates due to their
important physical properties and application prospects. Large surface-to-volume ratio and
direct carrier conduction path of 1D ZnO nanostructures are the key factors for getting edge
over other types of nanostructures. ZnO is a direct wide band gap materials having bandgap
of ~3.37 eV and high excitonic binding energy, 60 meV at room temperature. 1D ZnO
nanostructures are extensively studied for their applications in various electronic and
optoelectronic devices, e.g., field effect transistors, ultra violet (UV) photodetectors, UV light
emitting diodes, UV nanolaser, field emitter, solar cells etc.. (Huang et al., 2001a; Liao et al.,
2007; Li et al., 2005; Kind et al., 2002; Soci et al., 2007; Alvi et al., 2010; Liu et al., 2009; Law et
al.,, 2005; Law et al., 2006; Yeong et al., 2007; Xu et al., 2010; Gargas et al., 2009) Various types
of ZnO nanorods (NRs) have been grown by several groups worldwide (Huang et al., 2001b;
Wei et al., 2010; Ahn et al., 2004; Li et al., 2008; Dhara & Giri, 2011c; Chen et al., 2010; Giri et
al,, 2010) and they studied the effect of growth conditions on the morphology of the ZnO
NRs. The surface of the nanostructures has crucial role in determining the electrical and
optoelectronic properties of nano-devices. As the surface-to-volume ratio in NRs is very
high, the surface states also play a key role on optical absorption, luminescence,
photodetection and other properties. Thus, nanoscale electronic devices have the potential
to achieve higher sensitivity and faster response than the bulk material.

Since the first report on UV photodetection from single ZnO nanowires by Kind et al. (Kind
et al,, 2002), many efforts have been made on 1D ZnO, including NRs to improve the
photodection and photoresponse behaviours. It is known that, photodetection and
photoresponse of the ZnO NRs depends on the surface condition, structural quality,
methods of synthesis and rate of oxygen adsorption and photodesorption. Therefore, it is
expected that arrays of NRs, surface modification or structural improvement can enhance
the photosensitivity as well as photoresponse. In the steps towards this goal, various groups
have put efforts to enhance the photoresponse and photosensitivity by using appropriate
dopant, structural improvement, surface passivation, peizo-phototronic effect and making
heterostructures with suitable organic or inorganic materials (Porter et al., 2005; Bera &
Basak, 2010; Dhara & Giri, 2011a; Liu et al., 2010a; Yang et al., 2010; Chang et al., 2011).
However, photosensitivity value and photoresponce time of the ZnO NWs based
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photodetectors will require significant improvements in order to meet future demands in
variety of fields. At the same time it is also more important to understand the origin of
improvement in the photodetection behaviours from ZnO NRs heterostructures in order to
play with the photodetection properties to make the flexible photodetectors.

In this chapter we will present a review of the recent achievements on the controlled growth
of vertically aligned ZnO NRs arrays and heterostructures by our group and other research
groups. Then we will describe the basic properties of these arrays for the application of UV
photodetection by means of crystal structures, optical absorption, emission, photoresponse,
photosensitivity and photocurrent spectra. The effects of arrays and heterostructures on the
mechanism of improved photodetection behavior are also discussed.

2. Growth of ZnO nanorods

ZnO is a II-VI group compound semiconductor whose ionic nature in between covalent and
ionic semiconductor. Although the crystal structures shared by ZnO are wurtzite, zinc
blende, and rocksalt, however at ambient conditions, only wurtzite phase is
thermodynamically stable. The wurtzite structure has a hexagonal unit cell with two lattice
parameters, a and ¢, in the ratio of ¢/a=1.633 and belongs to the space group of Cg,*or P6é3mic.
The hexagonal lattice of ZnO is characterized by two interconnecting sublattices of Zn2* and
02, such that each Zn ion is surrounded by a tetrahedral of O ions, and vice-versa. The Zn
terminated polar (0001) plane is the primary growth direction due to the lower surface
energy of this plane.

ZnO NRs with controlled shape and order could be grown by thermal vapor deposition
(TVD) (Huang et al., 2001b; Giri et al., 2010; Li et al., 2008; Yao et al., 2002), metal-organic
chemical vapor deposition (Yuan & Zhang, 2004; Park et al., 2002; Kim et al., 2009),
molecular beam epitaxy (Heo et al., 2002), hydrothermal/solvothermal methods (Breedon et
al., 2009; Verges et al., 1990; Alvi et al., 2010; Tak & Yong, 2005; Pacholski et al., 2002; Song &
Lim, 2007) and top down approach by etching (Wu et al., 2004). Among those techniques,
vapor deposition and chemical methods are the widely used techniques for their versatility
about controllability, repeatability, quality and mass production. MOCVD and MBE can
give high quality ZnO NRs arrays, but use of these techniques are limited, due to the poor
sample uniformity, low product yield, choices of substrate, and also the high experimental
cost. In the vapor deposition method, the growth process follows either vapor-liquid-Solid
(VLS) or vapor-solid (VS) mechanisms, depending on the growth conditions. On the other
hand, the NWs are grown by chemical reaction with the seed layer in the
hydrothermal/solvothermal methods with the assistance of cationic surfactant. In the
growth of ZnO NRs, in general metal catalyst or ZnO seed layer are used to promote the one
dimensional and vertical growth. In this case catalyst/seed layer act as a nucleation site and
facilitate the one-dimensional growth.

2.1 Mechanosynthesis method

Mechanosynthesis method is generally used for the synthesis of binary metal oxide or
complex oxide nanocrystals/quantum dots, however recently we successfully synthesized
good quality ZnO NRs with varying sizes. Metal nanoparticles (Tsuzuki & McCormick,
2004; Ding et al., 1995), ZnO nanocrystals (Tsuzuki & McCormick, 2001; Ao et al., 2006), CdS
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quantum dots (Patra et al., 2011) and various complex oxide nanoparticles (Pullar et al.,
2007, Mancheva et al, 2011) have been synthesized by several groups using
mechanosynthesis technique. For the growth of the NRs by this method, a suitable
surfactant should be chosen, which play a crucial role for the growth in one-direction. The
important advantages of this method are NRs can be grown at room temperature and a very
fast way, compared to any other chemical methods. In addition, size of NRs could be
controlled by reaction time duration and ball to mass ratio.

We have synthesized ZnO NRs of various diameters by mechanosynthesis method at room
temperature for reaction time as short as 30 minutes (Chakraborty et al., 2011; Dhara & Giri,
2011b). For the growth of ZnO NRs, mechanochemical reactions were carried out in a
planetary ball-milling apparatus. Zinc acetate [Zn(CH3COO)2 ], N-cetyl, N, N, N-Trimethyl
ammonium bromide (CTAB), a cationic surfactant and sodium hydroxide pellets were used
as starting materials. The cationic surfactant plays a crucial role in this reaction and facilitate
the growth along only one-direction. The reagents were first mixed together properly before
starting milling process. Millings were performed at 300 rpm for the time durations 30 min,
2 and 5 h. After the mechanosynthesis reaction, the resultant product was washed several
times by DI water and then with alcohol to remove the surfactant and other bi-products. In
the next step, it was dried for 2 h at 100° C to remove the water moister and organic agents.

Figure 1 shows the field emission scanning electron microscope (FESEM) image of the ZnO
NRs grown for 30 min reaction, which clearly shows a bundle of dense ZnO NRs. The inset
shows the higher resolution isolated NRs of the same sample. The measured diameter and
length of the NRs varies in the range 22-45 nm and 300-780 nm, respectively. The FESEM
images of the ZnO NRs with reaction time 2 and 5h show similar morphology with smaller
lengths in the range 200-600 nm.

Fig. 1. FESEM image of the ZnO NRs grown for 30 min reaction, agglomerated bundle of
ZnO NRs are clearly visible. Inset shows the high resolution image of the isolated NRs.



4 Nanorods

2.2 Vapor-liquid-solid growth method

Vapor-phase synthesis method is the most extensivly explored method for the growth of
one-dimensional nanostructructures. Among all vapor-based methods, the VLS mechanism
seems to be the most successful in generating large quantities of nanowires with single
crystalline structures. Wagner & Ellis (Wagner & Ellis, 1964) first reported this mechanism
in the 1960s to produce micrometer-sized wires, later justified thermodynamically and
kinetically by Givargizov in 1975 (Givargizov, 1975). In the early twenty-first century, this
mechanism is extensively explored by several research groups worldwide to prepare
nanowires and NRs from a rich variety of inorganic materials (Wu & Yang, 2000; Zhang et
al.,, 2001; Wu & Yang, 2001; Gudiksen & Lieber, 2000; Wu et al., 2002b; Duan & Lieber, 2000;
Pan et al., 2001; Gao et al.,, 2003; Chen et al., 2001; Wang et al., 2002b). The VLS growth
mechanism is practically demonstrated by Yang group (Wu & Yang, 2001) with the help of
in-situ transmission electron microscopy (TEM) techniques by monitoring the VLS growth
mechanism in real time. In a typical VLS growth, the growth species is evaporated first, and
then diffuses and dissolves into a liquid droplet (catalyst particle). The surface of the liquid
has a large accommodation coefficient, and is therefore a preferred site for deposition.
Saturated growth species in the liquid droplet will diffuse to and precipitate at the interface
between the substrate and the liquid. The precipitation will first follow nucleation and then
crystal growth. Continued precipitation or growth will separate the substrate and the liquid
droplet, resulting in the growth of nanowires/NRs. Preferential 1D growth continues in the
presence of reactant as long as the catalyst nanocluster remains in the liquid droplet state.

2.2.1 Self catalytic seed layer assisted growth

For VLS growth of the NWs, metal catalyst nanoisland/nanocluster is essential. However,
undesired metal contamination is generally seen for the NRs grown at relatively lower
temperature. For the binary compound, it is possible for one of these elements or the binary
compound itself to serve as the VLS catalyst. The nanostructures grown by this process is
named as self catalytic growth. The major advantage of a self-catalytic process is that it
avoids undesired contamination from foreign metal atoms typically used as VLS catalysts.
Different groups have reported the ZnO seed layer assisted catalyst free growth of ZnO NRs
and studied its morphology and crystallinity by different methods (Li et al., 2006; Li et al.,
2008; Li et al., 2009; Kim et al., 2009). Li et al. synthesized vertically aligned ZnO NRs with
uniform length and diameter on silicon substrate by vapor-phase transport method and
studied the structure, temperature dependent photoluminescence (PL) and field emission
behaviours. In this case ZnO seed layer was prepared by pulsed laser deposition (PLD)
technique. Kim et al. (Kim et al., 2009) obtained ZnO NRs by metal-organic chemical vapour
deposition method with enhanced aspect ratio at relatively a low temperature (300 °C) by
supplying additional Ar carrier gas at a high flow rates. In another work by Feng et al. (Feng
et al., 2010), well-crystalline with excellent optical properties, flower-like zinc oxide NRs
have been synthesized on Si(111) substrate using a PLD prepared Zn film as "self-catalyst"
by the simple thermal evaporation oxidation of the metallic zinc powder at 800 °C. The
crystalline quality of the ZnO seed layer strongly controlled the structural quality of the
NRs. In most of the cases, synthesized NRs were not aligned, hence have limited
applications in nanosize electronic and optoelectronic devices. The precise control over the
NRs/nanowires lengths and diameters using a self-catalytic VLS technique is very difficult.
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We have synthesized small diameter vertically grown ZnO NRs by self catalytic process
using ZnO seed layer. First, high quality thin ZnO seed layer of thickness of 200 nm was
deposited on the pre-cleaned, HF etched Si wafer by RF-magnetron sputtering. A mixture
of high purity ZnO powder and high purity graphite powder at a weight ratio of 1:1 was
used as a source. ZnO vapor was produced inside a horizontal quartz tube at 900°C, which
was placed inside the muffle furnace. The ZnO vapor was deposited on the seed layer
coated Si substrate in downstream direction at 800°C. The vapor deposition was carried out
under the Argon gas flow for 30 min. After deposition the entire system was cooled down to
room temperature and the synthesized product was characterized.

Figure 2 shows the ZnO seed layer assisted self catalytically grown ZnO NRs, which were
grown vertically on the Si substrate. The diameter of the NRs varies in the range of 100-200
nm with a length up-to 1um. Although the ZnO NRs are grown vertically but the growth
orientation is random. From the FESEM image it is revealed that ZnO seed droplet is
present on the top of the NRs. It was reported that the quality and diameters of the ZnO
NRs depended on the crystallinity and particle size of the seed layer (Cui et al., 2005; Song &
Lim, 2007; Zhao et al., 2005). In our case, the grown NRs are non uniform in diameter and
length and also not well aligned due to the non uniform distribution of ZnO seed layer. As a
result, these ZnO NRs are not suitable for further use in nanodevices. Then we move to the
growth process of ZnO NRs by using a metal catalyst.

\ -
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Fig. 2. 45° tilted FESEM image of the seed layer assisted self catalytically grown ZnO NRs.

2.2.2 Gold catalyst assisted growth

For the metal catalyst assisted growth of ZnO NRs, gold catalyst has got major popularity
and extensively used due to its comparatively lower eutectic temperature (temperature
require to form liquid droplet alloy of Au with the ZnO) and good solvent capability of
forming liquid alloy with ZnO. Huang et al. (Huang et al., 2001b) first reported on the
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synthesis of highly crystalline ZnO nanowires via VLS growth mechanism using mono-
dispersed Au colloid as catalyst. Diameter control of the nanowires was achieved by varying
the Au layer thickness. They were also able to synthesized patterned nanowires network by
patterning the Au catalyst on the substrate. Later, several groups have synthesized ZnO
NRs with varieties of ordering using Au catalyst. He at al. (He et al., 2006), using AFM
nanomachining technique together with catalytically activated vapor phase transport and
the condensation deposition process, have grown a variety of patterned and featured ZnO
NRs arrays. The grown pattern and feature are designed by the dotted catalyst prepared by
using AFM tip indentation with controlled location, density, and geometrical shape. The
vertical orientation of the NRs is achieved by the epitaxial growth on a single-crystal
substrate. This technique allows a control over the location, shape, orientation, and density
of the grown NRs arrays. Hejazi et al. (Hejazi & Hosseini, 2007) prepared Au-catalyzed ZnO
NRs and studied the growth rate on lateral size of NRs, concentration and supersaturation
of Zn atoms in the liquid droplet by a theoretical kinetic model, which is in good agreement
with the experimental results. A general expression for the NR growth rate was obtained by
materials’ balance in the liquid droplet and growth front. Based on the derived formula,
growth rate is inversely proportional to nanorod radius. A new understanding of the
vapour-liquid-solid process of Au catalyzed ZnO NRs was presented by Kirkham et al.
(Kirkham et al., 2007) by studying orientation relationships between the substrates, ZnO
NRs and Au particles using x-ray texture analysis. From analysis, they claimed that the Au
catalyst particles were solid during growth, and that growth proceeded by a surface
diffusion process, rather than a bulk diffusion process. ZnO NRs are also grown successfully
on the Si (100) or Al,O; substrates by using Cu or NiO or tin as catalyst (Li et al., 2003; Lyu
etal., 2002; Lyu et al., 2003; Wu et al., 2009; Gao et al., 2003).

ZnO NRs were synthesized by vapour deposition method on the Si substrate using Au as
catalyst. ZnO vapour was prepared at 900°C from the mixture of commercial ZnO powder
and graphite powder. ZnO NRs were grown at 800°C on the Au sputtered (of thickness ~5
nm) Si substrate.

Figure 3 shows the SEM image of the randomly oriented vertically grown ZnO NRs. The
hexagonal facet of the ZnO NRs is clearly visible from the image. The diameters of the NRs
vary from 100 nm to few hundreds of nm with length about few microns. Although the as-
grown NRs are grown vertically but the diameter/length and orientation are not uniform. It
is suggested that the non-uniformity is due to the non-uniform grain size of the Au in the
sputtered film. It is also believed that lattice mismatch between Si and ZnO is responsible
for non-uniform orientation.

2.2.3 Combined seed layer and gold catalyst assisted growth

As discussed before, the seed layer as well as the Au catalyst both failed to produces well-
aligned ZnO NRs by vapor transport method. Zhao et al. (Zhao et al., 2005) first used the
ZnO buffer layer along with Au catalyst and a well-aligned ZnO NRs is obtained. We also
studied the effect of pre-depositing ZnO seed layer on the structure, morphology and
optical properties of Au catalytic grown vertically aligned ZnO NRs arrays at different
temperatures. (Giri et al., 2010) Based on the obtained results, it is understood that ZnO seed
layer and Au layer together acting as the nucleation site and guide the NRs growth. So, for
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the Au/ZnO/Si substrate the nucleation sites of ZnO NRs have the same orientation as ZnO
thin film by the effect of the seed layer. The catalyst layer transfers the orientation from seed
layer to NRs leading to a vertically well-aligned growth (Zhao et al., 2005; Giri et al., 2010).

~-

Fig. 3. SEM image of Au catalyst assisted randomly oriented ZnO NRs grown at 800°C.

In the first step of ZnO NRs growth, a ZnO seed layer was deposited by RF-magnetron
sputtering followed by deposition of ultrathin Au layer by DC sputtering. Then ZnO NRs
were grown in the temperature range of 700-900°C by vapour transport method, as
described earlier.

Figure 4 shows typical SEM morphology of ZnO NRs grown on Au/ZnO/Si substrate at
various growth temperatures. The NRs grew vertically on the substrate at 900°C, as seen
from Fig. 2(a). The sizes of the NRs are in the range of few hundred nanometers and non-
uniform diameters are due to variation in the local thickness of ZnO seed layer. ZnO seeds
act as a nucleation sites for the NRs growth and importantly offers very negligible lattice
mismatch or almost mismatch free interface between seed layer and NRs, which results in
the high quality vertically aligned growth of ZnO NRs arrays. NRs grown at 900 and 850°C
have larger diameter and highly aligned as comparable to the NRs grown at 700°C.

1,

hﬂ!ﬁlh %’l'..—.l.; ._N

Fig. 4. SEM images of seeded layer and Au catalyst assisted grown aligned ZnO NRs grown
at different substrate temperatures: (a) 900°C, (b) 850°C, (c) 700°C, respectively.
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2.3 Aqueous chemical growth

Aqueous chemical growth methods are attractive for several reasons: low cost, less
hazardous, and thus capable of easy scaling up; growth occurs at a relatively low
temperature, compatible with flexible organic substrates; there is no need for the use of
metal catalysts; in addition, there are a variety of parameters that can tuned to effectively
control the morphologies and properties of the final products (Pearton et al., 2005; Xu et al.,
2009; Guo et al., 2011b). The growth process ensures that a majority of the NRs in the array
are in direct contact with the substrate and provide a continuous pathway for carrier
transport, an important feature for future electronic devices based on these materials.
Aqueous chemical methods have been demonstrated as a very powerful technique for the
growth of 1D ZnO nanostructures via selective capping mechanisms. It is believed that
molecular capping agents play a significant role in the kinetic control of the nanocrystal
growth by preferentially adsorbing to specific crystal faces, thus inhibiting growth of that
surface. Probably the most commonly used chemical agents in the existing literature for the
hydrothermal synthesis of ZnO NRs are Zn(NO;)> and hexamethylenetetramine (HMT)
(Boyle et al., 2002; Vayssieres, 2003; Tak & Yong, 2005; Song & Lim, 2007). In this case,
Zn(NOg3), provides Zn2+* ions required for building up ZnO NRs. Using HMT as a structural
director, Greene et al. (Greene et al., 2006)produced dense arrays of ZnO NRs in aqueous
solution having controllable diameters of 30 - 100 nm and lengths of 2 - 5 um. With addition
of polyethylenimine (PEI) in the hydrothermal method, Qiu et al. able to synthesized well-
aligned ZnO NRs arrays with a long length of more than 40 ym. However, without the
additive PEI, the length of the NRs was not more than 5 ym. Guo et al. (Guo et al., 2011b)
studied the factors influencing the size, morphology and orientation of the epitaxial ZnO
NRs on the solution using hydrothermal method and discussed about tuning of the size and
morphology.

The role of HMT in aqueous chemical method is still not clearly understood. HMT is a
nonionic cyclic tertiary amine that can act as a Lewis base to metal ions and has been shown
to be a bidentate ligand capable of bridging two zinc(Il) ions in solution. In this case, HMT
acts as a pH buffer by slowly decomposing to provide a gradual and controlled supply of
ammonia, which can form ammonium hydroxide as well as complex zinc(Il) to form
Zn(NHs)42* (Greene et al., 2006). Because dehydration of the zinc hydroxide intermediates
controls the growth of ZnO, the slow release of hydroxide may have a profound effect on
the kinetics of the reaction. Additionally, ligands such as HMT and ammonia can kinetically
control species in solution by coordinating to zinc(Il) and keeping the free zinc ion
concentration low. HMT and ammonia can also coordinate to the ZnO crystal, hindering the
growth of certain surfaces.

For the chemical growth of ZnO NRs, uniform distribution of ZnO nanocrystal seeds ware
prepared on the Si substrate by thermal decomposition of a zinc acetate precursor. Then
well-aligned ZnO NRs were synthesized by hydrolysis of zinc nitrate in water in the
presence of HMT at 90°C. 25 mM equimolar concentration of zinc nitrate and HMT was
used in the growth solution.

Figure 5 shows the well aligned ZnO NRs grown by aqueous chemical method with the help
of ZnO seed layer. A high density ZnO NRs grew vertically on the substrate over a large
area. The diameters of the NRs ranged from 30 to 40 nm and the length was about few
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microns. As a characteristic, hexagonal facet of the ZnO NRs are clearly seen from the top
view image.

Fig. 5. FESEM images of ZnO nanorods grown on ZnO/Si substrate: (a) top view and (b) 45°
tilted view.

3. Fabrication of ZnO nanorod heterostructures

It is considered that heterostructures are superior for the modulation of selective properties
of that material. Using suitable external materials for the heterostructures, one can modify
the properties of that material according to their requirements. In NRs structures, two types
of heterostructures could be fabricated either longitudinal or radial/axial with suitable
materials. Fabrication of planar semiconductor heterostructures for thin films is common,
whereas the synthesis of one-dimensional heterostructures is difficult. Axial
heterostructures, along the length of the NRs axis, have been reported for a few systems,
such as InAs/InP, GaAs/GaP and Si/SiGe nanowires (Bjo'rk et al., 2002; Gudiksen et al.,
2002; Wu et al., 2002a). Recently there are reports on radial heterostructures of ZnO
nanowires/NRs using several organic/inorganic materials (Bera & Basak, 2009a; Liu et al,,
2010a; Bera & Basak, 2010; Liu et al., 2010b; Cheng et al., 2010a; Chang et al., 2011; Um et al.,
2011). Bera et al. studied the radial heterostructure effect with poly(vinyl alcohol) on the
photocarrier relaxation of the aqueous chemically grown ZnO nanowires. The photocurrent
(PC) decay time during steady ultraviolet illumination has been reduced in the
heterostructure, a decrease in the PC only by 12% of its maximum value under steady
illumination for 15 min and a decrease in the PC by 49% of its maximum value during the
same interval of time in the as-grown NWs. Three times enhancement in excitonic emission
has been obtained by Liu et al. from the polymethyl methacrylate based ZnO NWs
heterostructure. They explain this enhancement on the basis of surface states and energy
band theory, due to the decrease in nonradiative process by surface modification. When
ZnO NRs heterostructure was fabricated with another semiconducting material, ZnS, very
high and faster photoconductivity and also enhanced UV PL intensity are obtained.

ZnO NRs covered with dense and uniform ultra small metal nanoparticles (NPs) is another
form of heterostructures. Using suitable noble metal or low work function metal one could be
able to achieve very high intense UV PL with significant reduction in visible emission, which is
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one of the most important requirements for the application in UV LED or laser. Earlier, Lin et
al. (Lin et al., 2006) and later Cheng et al. (Cheng et al., 2010b) reported on the significant
enhancement of UV PL intensity and subsequent reduction in the defect related visible
emission from the ZnO NRs covered with ultra small Au NPs. It is also observed that, after
certain size of the Au NPs, the UV PL intensity start decreasing. They proposed that the
obtained enhancement is due to the defect loss along with the localized surface Plasmon
assisted recombination. Whereas when the NRs surface is covered with Ag NPs, a significant
improvement in the yellow-green light emission is obtained (Lin et al., 2011). Interestingly, it is
also observed that NRs covered with some metal gives rise to the decrement of the PL
intensity (Fang et al., 2011). Although a significant changes is obtained from the metal NPs
covered NRs, however a general mechanism for all types of metal covering is yet to emerge.

Here we fabricated ZnO NRs heterostructure by capping the surface with thin layer of
anthracene (Dhara & Giri, unpublished). Anthracene/ZnO NRs heterostructures was
fabricated by dip coating of the NRs in the diluted anthracene solution. We also fabricated
another two heterostructure systems one with decoration of Au NPs and other with Ti NPs
(Dhara & Giri, unpublished). From these heterostructures we investigated the origin of the
enhanced photoconduction and photoluminescence. Metal NPs decoration was done by
directly depositing NPs on the surface of the NRs by sputtering in a controlled way. For
systematic study we decorated the surface with different sizes of the NPs by varying the
sputtering time. Transmission electron microscope (TEM) image (Fig. 6) of the Au sputtered
ZnO NRs shows uniform distribution Au NPs with sizes 3-6 nm coated over the surface of
the NWs. The NRs grown by combined ZnO seed layer and Au catalyst using vapor
transport method is used for heterostructure fabrication. Due to the vertical alignment of the
NRs, Au NPs density is more at the top surface.

4. Structural and optical properties of the ZnO NRs

After the synthesis of nanostructures, it is essential to characterize the as-grown sample to
know the structure and related properties. Low-dimensional nanostructures, with possible
quantum-confinement effects and large surface area, show distinct mechanical, electronic
and optical properties, compared to the bulk materials counterpart. In this section, we will
summarise the structural characteristics of the ZnO NRs by x-ray diffraction (XRD), and
TEM imaging, followed by optical properties, in particular optical absorption and emission.

4.1 Structural characterization

The structural characterization of the mechanosynthesized NRs was done by XRD shows
(Fig. 7) characteristic peaks of pure hexagonal wurtzite phase of ZnO. It is observed that full
width at half maximum (FWHM) of the XRD peaks increase monotonically with increase in
reaction time. It is primarily due to the reduction of size of the NRs with increase in milling
time. With increasing reaction time, the size of NRs decreases and strain is induced during
the milling process, resulting in broadening of the XRD peaks.

Figure 8 (a) shows the low magnification TEM image of the 30 min reacted ZnO NRs.
Length and diameter of the NRs for ZNR-0.5h sample varies in the range of 300-800 nm and
25-40 nm, respectively. With increase in reaction time, both diameter and length of the ZnO
NRs are decreased due to mechanical milling process. During milling, the strain is
developed; however, for prolonged milling when the strain is high, the crystal breaks up
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and thus produces smaller sized NRs. After 5 h of milling, minimum diameter of ~15 nm is
obtained (Fig. 8(b)). Fig. 8(b) also shows the high resolution lattice image of the NR with
measured lattice spacing, 2.6 A. The measured lattice spacing is in close agreement with the
(002) plane of hexagonal structure. The selected area electron diffraction patterns (not
shown) of the corresponding NR show the one-dimensional single-crystalline structures of
the as-grown NRs.

Fig. 6. TEM image of the Au NPs covered ZnO NRs, ultra small Au NPs on the surface of
ZnO NRs are shown by solid arrows.
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Fig. 7. XRD patterns of the mechanosynthesized ZnO NRs with reaction time: (a) 30 min, (b)
2h,and (c) 5 h.
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Fig. 8. TEM images of the mechanosynthesized ZnO NRs with reaction time; (a) 2 h, and (b)
high-resolution lattice image of the 5h sample.

Figure 9 shows the XRD patterns of the ZnO NRs grown on Au coated ZnO seed layer at
900, 850 and 700°C respectively. The observed patterns shows only one strong diffraction
peak indicates very high crystallinity. One strong (002) peak of hexagonal ZnO indicates the
c-axis orientation of the single crystalline ZnO NRs, which are well aligned and the growth
direction is perpendicular to the base surface. Relative intensities of the XRD peaks in Fig. 9
show that NRs grown at higher temperature have higher value of peak intensity, which
confirms higher crystallinity. From XRD analysis, we have found that Au coating on ZnO
seed layer induces a (111) orientation of the Au clusters at high temperature. Note that NRs
grown without the seed layer does not show any preferred orientation and possess inferior
crystallinity as compared to that grown with a seed layer. We have found that a substrate
temperature below 800°C is not favourable for the growth of aligned NRs by VLS method.
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Fig. 9. XRD patterns of ZnO seed layer and Au catalyst assisted grown NRs array: grown at
substrate temperature (a) 900, (b) 850 and (c) 700°C, respectively

4.2 Optical properties

As the energy band structure and bandgap reflects on the optical properties of the
semiconductors, optical absorption spectroscopy is one of the important tool to probe the
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energy bandgap. UV-Vis absorption spectra of all the mechanosynthesis samples are shown
in Fig. 10. Observed peaks in the UV region correspond to the excitonic absorption of ZnO.
A clear blueshift in the absorption peak is observed from 369 nm to 365 nm, as the size
reduces from 40 nm to 15 nm. The observed blueshift is indicative of the increase in
bandgap with decrease in size of the NRs. This blueshift with size reduction cannot be
attributed fully to quantum size effect in ZnO NRs as these NRs have diameters in the range
15-40 nm, which is much higher than excitonic-Bohr diameter in ZnO (~6.48 nm). Therefore,
the change in bandgap is partly contributed by the strain induced band-widening. Rapid
thermal annealing (RTA) is an effective and simple tool to reduce the strain as well as to
improve structural quality. After RTA, a redshift in the excitonic absorption is observed
from all the samples, with respect to as-synthesized sample. This redshift is an indication of
the decrease in band gap energy as the result of recrystallization and strain relaxation of the
NRs (Chakraborty et al., 2011).
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Fig. 10. UV-visible absorption spectra of (a) 5 h, (b) 2 h, and (c) 30 min mechanosynthesized
ZnO NRs. Effect of RTA at (d) 500°C and (e) 700°C on the 2 h samples.

The room temperature PL spectra of the mechanosynthesized NRs show three distinct peaks
(I-IIT) in the UV-blue region and one strong broad peak (IV) in the visible region. From 30
min to 5 h samples a blueshift in peak I is observed from 379 to 374 nm. This UV emission is
due to the bound excitonic recombination. The peak II at ~390 nm is likely to be due to
band-to-band transition between band tail states (Wang et al., 2002a). These band tail states
are primarily caused by the presence of defects at the surface of the NRs. The peak III at
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~409 nm is caused by the presence of zinc vacancy related defect states. The visible peak (IV)
at 582 nm is very broad and it is likely to be related to the atomic disorder at the surface of
the NRs caused by milling-induced lattice strain (Giri et al., 2007). An elegant review on
presence of various defects in ZnO and corresponding emissions is presented by McCluskey
et al. (McCluskey & Jokela, 2009). RTA-treated NRs show reduction in intensity of the peak
IV as a result of strain relaxation, whereas intensity of the other three peaks is significantly
enhanced. Interestingly, after RTA treatment, peaks II and IIl are shifted to higher
wavelengths. The lattice strain may change the position of the intermediate defect-related
states in the band structure of ZnO NRs. Recrystallization of NRs during RTA process is
responsible for the change in the band gap and corresponding redshift in the PL spectra.

Figure 12 is corresponding to the PL spectra of the as-grown NRs grown at 900, 850, 700°C,
respectively. VLS grown NRs shows two peaks in the PL spectra, one at UV region and
other one at green region. The first one is the near band edge (NBE) related excitonic
emission and latter one is the oxygen vacancy related defect emission, so called green
emission band. The intensity of the UV PL gradually increases with the decrease in growth
temperature. The lower intensity of NBE emission from vertically aligned NRs is primarily
due to the lower area of absorption by the tip of the aligned NRs and corresponding
emission. It is also possible that at higher temperature presence of oxygen vapour is
relatively low compared to the low temperature region, which results in the formation of
large no of oxygen vacancy states in the ZnO NRs. As a result strong green emission is
observed from the NRs grown at higher temperature
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Fig. 11. PL spectra of 2 h mechanosynthesized ZnO NRs (a), after RTA at 500°C (b) and
700°C (c), respectively. Four peaks are fitted with Gaussian function (solid line) to the exp.
data (symbol).
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Fig. 12. PL spectra of combined seeded layer and Au catalyst grown aligned ZnO NRs at
various substrate temperatures: (a) 900°C, (b) 850°C, (c) 700°C.

5. Photodetection behaviours of the ZnO NRs

Electronic conductivity of the ZnO NRs significantly enhanced when it is exposed to the
light with wavelength below 380 nm. Using this property, ZnO NRs can be used for UV
photodetectors. The dramatic change of conductance between dark and UV exposure
suggest that the ZnO NRs photodetectors are also good candidates for optoelectronic
switches, with the dark state as “OFF” and the UV exposed state as “ON” . In the step
towards the efficient and faster photodetection from ZnO NRs/nanowires some important
works have been done recently, which are summarize in Table 1. Several types of
approaches have been reported e.g. structural improvement, efficient doping, and
heterostructures formation with suitable external materials. Zhou et al. (Zhou et al., 2009)
used nonsymmetrical Schottky-type (ST) contact devices and obtained higher sensitivity and
faster reset time. Pt microelectrode arrays were first fabricated on a SiO, /Si substrate by UV
lithography to make Schottky-type contact on one end of the nanowires and a focused-ion-
beam (FIB) deposited Pt-Ga electrode on other end of the ZnO nanowire for a good Ohmic
contact. He and coauthors utilized FIB technique to deposit Pt metal on ZnO nanowires to
effectively reduce the contact resistance, and thus achieved high photoconductive gain as
high as 108. Chang et al. report the synthesis of a ZnO NR/graphene heterostructure by a
facile in situ solution growth method (Chang et al., 2011). By combining the attributes of
photosensitive ZnO NRs and highly conductive graphene, they are able to fabricate a highly
sensitive visible-blind ultra UV sensor. Recently, Park and coauthors obtained enhanced
photoresponse from isopropyl alcohol treated ZnO nanowire devices by introducing surface
roughness induced traps (Park et al.,, 2011). They propose that obtained enhancement is
attributed to an increase in adsorbed oxygen on roughening induced surface traps.

Therefore it is very important to have detail understanding about current conduction
mechanism and origin of enhancement from the heterostructures. It should be mentioned
that, till now, the lack of well-established fabrication method and standard procedures make
it difficult to compare the experimental results between different devices.
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Morphology Device Lightof  Bias Maximum Photosensitivity Reference
Type Detection (V) Photosensitiv enhancement
(nm) ity factor from
unmodified
photodetector
Nanowire Resistor 365 104-10¢ - (Kind et al., 2002)
Nanorods Resistor 325 19 - (Ahn et al., 2004)
Nanowires film  Resistor 254 5 17.7 - (Li et al., 2005)
Nanorod FET 254 0.2 1000 - (Park et al., 2005)
Nanowire Resistor 390 104 - (Soci et al., 2007)
Nanowires arrays Resistor 325 18000 ~2.6 (Bera & Basak,
2009a)
Nanowires arrays Resistor 360 3 104 ~2.8 (Bera & Basak,
2009b)
Nanowire Resistor 365 1 1500 ~4 (Zhou et al., 2009)
Nanowire Resistor 254 1800 ~9.4 (Lin et al., 2009)
Nanowires arrays Resistor 370 3367 ~5.2 (Bera & Basak,
2010)
Nanowires film  Resistor 365 8 - ~4.7 (Liu et al., 2010a)
Nanorods Resistor 360 10 80 - (Manekkathodi et
al., 2010)
Nanowires arrays Resistor 369 25 24200 ~5.4 (Dhara & Giri,
2011a)
Nanorod Resistor 370 20 - ~3.0 (Chang et al., 2011)
Nanowires n-i-n 365 -5 1345 - (Kim et al., 2011a)
junction
Nanorods Resistor 379 5 12.1mA/W - (Guo et al., 2011a)
(interdigitated)
Nanowires arrays Resistor 360 5 7600 ~2.2 (Bera & Basak,
2011)
Nanowire FET 365 0.4 100 ~1.8 (Park et al., 2011)
NWs network  Resistor 254 5 52 ~3 (Kim et al., 2011b)

Table 1. The performance characteristics of ZnO NRs/nanowires based photodetectors
reported in the literature.

5.1 Dark |-V characteristics

Recently we have shown that presences of native surface defects (oxygen vacancies) could
be identified from the dark I-V curves (Dhara & Giri, 2011a). The charge-depletion layer
induced by surface adsorption of oxygen molecules completely controls the charge transport
in NRs, if the diameter of the NRs is comparable to the depletion layer thickness. Another
important step in determination of the electrical properties of NRs is the metal-NRs
interface through metal electrode. In addition to the above factors, in case of nanowires
network structures, charge transport is also determined by the nanowire- nanowire
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contacts. The dark current-voltage (I-V) characteristic of the as-grown NRs shown in Fig. 13
shows a linear behavior up to a certain bias voltage. A linear fit to log-log plot of the I-V
data could give detailed information about the mechanism of current conduction process.
There is a crossover point of linear fitting around at 8V. Below this bias voltage, the power
dependence of current on voltage is exactly 1, indicating an Ohmic conduction region,
beyond which the current dependence on voltage is greater than one. This is most likely to
be space charge limited current (SCLC) (Rose, 1955; Ohkubo et al., 2008), which arise from
charge carriers trapped at the surface defect states that contribute to the current at higher
bias voltage. In case of SCLC, power dependence greater than two could be observed
depending on the energy distribution of trap centers. As the RTA treated NRs have very less
native defects due to structural improvement and release of built in stress, a linear curve is
expected. The NRs RTA treated at 800°C shows exactly a linear behavior, as expected.
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Fig. 13. The dark current-voltage characteristics of as-grown and RTA-treated ZnO NWs
processed at 700°C and 800°C. Inset shows the magnified view of the selected region in log-
log scale.

5.2 Spectral dependence of photodetection

Wavelength dependent PC studies of the ZnO NRs shows that it gives very high PC when it
is exposed to the UV light (Fig. 14). The maximum PC is obtained at the excitation of 369 nm
light, which is the band gap wavelength of ZnO NRs. The observed strong peak at 369 nm in
the PC spectra is due to the band-edge absorption followed by generation of photocarriers
(electron-hole pair). The small hump-like peaks in the visible region are due to the
generation of carriers from the native defect states. In this case, the photosensitivity (photo-
to-dark current ratio) is ~4500, which is quite low. By structural improvement or
heterostructure formation, above hump could be eliminated and a visible-blind ZnO NRs
based photodetectors with high sensitivity could be made.
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Fig. 14. The photocurrent spectra of the ZnO NRs measured at 2.5 V bias.

5.3 Photoresponse

The photoresponse behaviour of the ZnO NRs measured under the excitation of 365 nm UV
light is shown in Fig. 15. It is seen that PC initially grows very fast and then slowly
increased with time and finally saturated (mechanism is explain in next sub-section). The
time-dependent PC growth and decay curves are fitted with the following equation (Dhara
& Giri, 2011a),

Iph(l‘)=1-1—Al(l_e*t/n)_Azeft/r2 (1)

]ph(l)zIph(oo).,_A}e—r/r3 +A46—t/1_,, 2

where I, A1, Az, A3 and A4 are positive constants and I,;() refers to the photocurrent after
infinitely long time of the decay experiment, which essentially is the dark current. The first
exponential term in the growth and decay equations corresponds to the electron-hole
generation and recombination processes and the last exponential term represents the oxygen
adsorption process. Calculated time constants from fittings are t; = 25.7 s and 1, = 347.9 s for
PC growth, 13 =19.3 and 14 =316.0 s for PC decay, respectively. The photoresponse time for
the as-grown NRs is very slow due to the presence of intrinsic defects/trap centres.

5.4 Photodetection mechanism of ZnO NRs

It is known that, the photoresponse of the ZnO NRs consists of two parts: a rapid process of
photogeneration and recombination of electron-hole pairs, and a slow process of surface
adsorption and photodesorption of oxygen molecules (Dhara & Giri, 2011a). The oxygen
plays a crucial role in the photoresponse of ZnO. In dark condition, oxygen molecules from
the air are easily stuck on the NRs surface by adsorption process and trapped electrons
[Oz(g)+e~— O»7] available on the surface near the Zn lattice and decreased the conductivity
(Kind et al., 2002), which is shown schematically in Fig. 16(a). This process leads to the
formation of depletion layer near the surface resulting in the band bending of the
conduction band (C.B) and the valence band (V.B). Formation of large number of ionized
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oxygen on the NWs surface enhances the band bending, resulting in a very low
conductivity. During the UV illumination, electron-hole pairs are generated [hv—e~+h*] by
light absorption. Now these electrons/holes easily cross the depletion layers and contribute
to the photoconduction process. At the same time, holes take part in the oxidization of
ionized oxygen (O +h*—0Ox(g), photodesorption process) and release one oxygen gas
molecule by electron-hole recombination process (Fig. 16(b)). Then few of the released
oxygen molecules are re-adsorbed on the surface and decrease the free electron carriers. The
energy band diagram during UV illumination is shown in (c). After certain time electron-
hole generation rate and oxygen re-adsorption rate becomes constant resulting in a steady
photocurrent. It is known that adsorption process is slower than the photodesorption
process. Therefore, during UV illumination, not all the holes are recombine with the
electrons present in the ionized oxygen. As a result, excess holes are available for
recombination with the exciton related free electrons. During photocurrent decay, the
exciton related electron-hole recombination dominates, which corresponds to the faster
decay component, so the photocurrent initially decreases very rapidly. With the surface re-
adsorption of oxygen, the photocurrent comes to the initial value very slowly.
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Fig. 15. The Photocurrent growth and decay behaviors (photoresponse) of as-grown ZnO
NRs.

5.5 Effect of structural improvement

We have shown that a fivefold enhancement of photosensitivity in the UV region and faster
photoresponse could be obtained from the ZnO NWs/NRs by structural improvement
using RTA processing (Dhara & Giri, 2011a). The photocurrent growth and decay rates
(photoresponse) from RTA-treated NWs are improved by a factor of approximately 2. After
RTA at 800°C, the PC at 369 nm reaches a maximum value of 84.1 pA (Fig. 17) from that of
9.6 pA for the as-grown NWs, results in a sensitivity value of 24.2 x 103, leading to an
enhancement factor of five. The PC growth and decay time constants are improved to 12.3
and 107.0 s for growth, 13.6 and 118.4 s for decay. The RTA processing substantially
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removes the surface defect-related trap centers and modified the surface of the ZnO NWs,
resulting in enhanced PC and faster photoresponse. During RTA processing, the NRs
recrystallize and structural quality is improved by releasing built-in stress and removing the
defect states. Due to reduction of surface defects, the PC in the visible region drastically
decreased. Therefore RTA processed photodetector is fully visible-blind and only sense the
UV light. The high photosensitivity even in low light intensity is an indication of very low
value of detection limit.

(a) ©; (b) (c)

O W<

M

e o ot = e
2 . h\) u \
08 W a wa 02 @ trapped electron
) 2 _ lxe / @ free electron
O 90 R 1o ® hole

Fig. 16. A schematic of photoresponse mechanism of ZnO NRs: (a) at dark condition and (b)
during UV illumination. (c) Schematic energy band diagram of photoresponse process
during UV illumination.
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Fig. 17. The photocurrent spectra of the ZnO NRs after RTA treated at 800°C.

5.6 Effect of heterostructure by surface capping

Here we present the effect of surface capping on the ZnO NRs with anthracene on the
enhancement of PC and photoresponse. Although the dark current is almost doubled after
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the capping, however a significant improvement in the photosensitivity is obtained.
Compared to the as-grown case, the photoresponse time becomes much faster for the
ZnO/anthracene system with response and reset times within second (Dhara & Giri,
unpublished). The reasons for choosing anthracene are that it can act as UV sensitive
material to enhance the photosensitivity and it can influence the oxygen adsorption process.
After anthracene capping the maximum photocurrent increases to 50 pA from 4 pA, which
is for as-grown NRs (Fig. 18). Photosensitivity value is also increased to 4183, leading to the
six-fold enhancement. Very high photosensitivity and low dark current are the basic
requirements for efficient photodetection. Due the surface capping, the surface of the NRs
becomes modified and in this case thickness of the depletion layer is much lower than the
case of as-grown NRs. When the sizes of the nanostructures are comparable to the space
charge layer, surface depletion greatly affects the density and the mobility of the carriers in
ZnO NWs rather than the contact potential (Li et al., 2007). Here anthracene layer is very
thin and the carriers easily tunnel through the layer to the electrodes, resulting in increment
in dark current.

The photoresponse spectrum (Fig. 19) measured at 360 nm shows very fast response with
response and reset times of 1.5 and 1.6 s, respectively (the response and reset time can be
defined as 1-1/e, (63%) of the maximum photocurrent increased and 1/e, (37%) of the
maximum photocurrent decreased, respectively). In contrast, the as-grown NRs have
response and reset time about 7.2 and 63.2 s, respectively. Therefore anthracene capped ZnO
NRs heterostructure has five times faster response time and about forty times faster reset
time, which is very good for real time application. Here, the anthracene has strong
absorption in the UV region, when it is excited with UV light the photoexcited charge
carriers transfer to the conduction band of ZnO NRs. This process results in high
photocurrent and consequent higher photosensitivity. Modification/reduction of surface
defects related traps by anthracene capping is also responsible for the obtained very high
photocurrent.
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Fig. 18. Photocurrent spectra of the as-grown ZnO NRs and ZnO/anthracene based NRs
heterostructure.
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Fig. 19. Photoresponse behavior (at 360 nm) of the ZnO/anthracene based NRs
heterostructure in a repetitive UV light “ON” and “OFF” conditions.

5.7 Metal NPs decorated ZnO NRs heterostructures

In case of Au/ZnO heterostructures, Au NPs and ZnO NRs interface actively interplay on
the photodetection process. Au/ZnO heterostructure shows nearly linear dark I-V
characteristic with reduced dark current. The decrement of current is more prominent in the
lower bias voltage and at higher bias voltage it reached very close to the dark current of as-
grown NWs. It is known that when a metal is brought in contact with semiconductor, it
induces band bending due to the equilibrium of Fermi level (Liao et al., 2007; Dayeh et al.,
2007). Depending on the difference in the work-functions of metal and semiconductor, two
types of contacts have been formed at the metal semiconductor interface. Therefore, the
decrement in dark current is due to the large upward band bending and formation of
Schottky barrier at the interface between Au and ZnO. Because, Au has larger work-
function, 5.47 eV (Lide, 2009) than ZnO, 4.65 eV (Aguilar et al., 2009). As a result, no electron
will be transfer from Au to the conduction band of ZnO. However, at a lower bias voltage
few numbers of electrons can pass from ZnO to the Al electrode, giving very low dark
current. At higher bias voltage, which is greater than the Schottky barrier height, all the
electrons can flow to external circuit giving almost equal dark current as for the case of as-
grown NRs.

As expected, the as-grown NRs shows low PC in the UV region (Fig. 20.), whereas it is
significantly enhanced after Au NPs decoration. Here seven times enhancement in the
photosensitivity is obtained. The broad photocurrent peak from the Au/ZnO heterostructures
in the visible region is due to the Au NPs absorption related carrier transfer to the conduction
band of ZnO. As the dark current of the Au/ZnO heterostructures is lower than the as-grown
ZnO NRs, a lower PC is expected. However, the obtained PC is quite high. In this case, with
respect to the vacuum level, the energy level of oxygen vacancy defect states (5.43 eV) and
Fermi level of Au (5.47 eV) is very close to each other (Lide, 2009). Therefore, the electrons
from this defect states can transfer to the Fermi level of Au, which increases the electron
density at the Fermi level of Au. The Au NPs are excited by incident light in the UV-violet
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region due to interband transition and in the green region due to the surface Plasmon
resonance (SP band) (Garcia, 2011). After that the excited energetic electrons are stay in higher
energy states, and these are so active that they can escape from the surface of the NPs and can
transfer to the conduction band of ZnO. Under bias, these electrons along with electrons
generated by band edge absorption of ZnO contributed to the current conduction process.
Therefore, the obtained enhanced photocurrent in the UV as well as in the visible region is due
to the increase of electron density in the conduction band of ZnO by ZnO band edge
absorption and electron transport via Au NPs (Dhara & Giri, unpublished).
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Fig. 20. Photocurrent spectra of the as-grown NRs and Au NPs decorated Au/ZnO NRs
heterostructures.

A faster photoresponse is obtained from the Au/ZnO heterostructures and it is almost
independent of the thickness of the Au layer. The response and reset times are as fast as 26.5
s and 70.0 s. In this case due to the decoration of Au NPs, surface of the ZnO NWs becomes
modified and facilitated to increase the adsorption and desorption process, resulting in
faster photoresponse.

On the contrary, Ti NPs decorated heterostructures show a linear I-V behavior with very
high dark current. The dark current gradually increases with increase in Ti coverage. Due to
the lower work-function of Ti (4.26 eV) (Lide, 2009) compared to ZnO, an Ohmic contact is
formed with downward band bending. In this case, more numbers of electrons can easily
transfer from Ti to the conduction band of ZnO at the interface. Then under the bias these
electrons contributes to the current conduction process results in high dark current.

The PC in the UV region is drastically enhanced at an excitation wavelength of 369 nm. The
Ti/ZnO heterostructure gives PC of 65.5 pA. Although the obtained PC from Ti/ZnO
heterostructure is very high, but due to higher dark current the photosensitivity values are
low. The photoresponse behaviours of the Ti decorated ZnO NRs show very fast response
with response and reset time within few seconds. The fastest response time of 5.5 s and reset
time of 7.7 s is obtained. These data indicate a significant improvement in the photoresponse
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process and much faster photoresponse could be obtained from Au or Ti decorated ZnO
NRs heterostructures.
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Fig. 21. Photoresponse behaviours of the as-grown NRs and Au NPs decorated Au/ZnO
NRs heterostructures under the illumination of 365 nm UV light.
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Fig. 22. Photoresponse behaviours of the as-grown NRs and Ti NPs decorated Ti/ZnO NRs
heterostructure under the illumination of 365 nm UV light.
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6. Summary

Here we reviewed our recent achievement on the controlled growth of vertically aligned
ZnO NRs arrays and their heterostructures for the applications of efficient UV
photodetection. We provided a summary of effects of several growth parameters on
different growth methods for the well aligned ZnO NRs arrays. ZnO NRs arrays grown by
three different methods; mechanosynthesis, vapour-liquid-solid and aqueous chemical
methods are presented here. It is shown that the combined effects of ZnO seed layer and Au
catalyst are favourable for the growth of well aligned ZnO NRs arrays. Three different types
of ZnO NRs based heterostructures were fabricated; one with surface capping of anthracene
and others with surface decoration of Au and Ti NPs with suitable sizes. Photodetection
behaviours of the different systems are studied by dark I-V characteristics, wavelength
dependent photocurrent and photoresponse. The results demonstrate that ZnO NRs
heterostructures are indeed excellent candidates for UV photodetectors with very high
sensitivity and faster response for real time sensing applications. Possible mechanisms of
improved photodetection behaviours from different systems are also presented. These
understanding will help to design and fabricate a ZnO NRs heterostructure based efficient
UV photodetectors. An up-to-date summary of important results by several research
groups worldwide on the ZnO NRs/NWs heterostructures based UV photodetectors is
presented in Table 1. Our approaches show comparable significant improvement over
several reports on ZnO NRs based photodetectors.
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1. Introduction

ZnO is a direct band gap semiconductor with hexagonal wurzite crystal structure (a = 0.325
nm, ¢ = 0.520 nm), and has a wide band gap of 3.37 eV at 300 K (Kligshirn, 1975), large
exciton binding energy of 60 meV (Ozgiir et al., 2005), and high refractive index (nsso nm =
2.01). ZnO thin films have attracted many researchers to study because of its good optical
and electrical characterizations for the applications to light-emitting diodes (Saito et al.,
2002), field emitters (Zhu et al., 2003), and solar cells (Lee et al., 2000).

There are many methods for the fabrications of ZnO films such as metal-organic chemical
vapor deposition (Yang et al., 2004), laser ablation (Henley et al.,, 2004), and sputtering
(Jeong et al., 2003). However, most of technologies are correlated to the vacuum and high-
temperature processes, which results in the high cost. In recent years, the solution-growth
route has been used to fabricate the ZnO nanorod thin films (Vayssieres, 2001, 2003; Li et al.,
2005; Tak & Yong, 2005; Lee et al., 2007). Vayssieres et al. developed the large three-
dimensional (3D) and highly oriented porous microrod or nanorod array of n-type ZnO
semiconductor by the equimolar (0.1 M) aqueous solution of zinc nitrate [Zn(NOs)> 6H>O]
and methenamine (CsH12Ny) at low temperature. The crystallographic faces of well-aligned
single-crystalline hexagonal rods are perpendicularly grown along the [001] direction onto
the substrate, resulting in the formation of very large uniform rod arrays (Vayssieres, 2001,
2003). Tak and Yong demonstrated that uniform ZnO nanorods were grown on the zinc-
coated silicon substrate by the aqueous solution method containing zinc nitrate and
ammonia water. Although the growth mechanism of ZnO nanorods in an organic amine
solution has not completely been understood, there are several parameters influencing the
growth characteristics (i.e.,, width, length, growth rate, and preferred orientation) of ZnO
nanorods such as growth temperature, growth time, zinc ion concentration, pH of solution,
and ZnO seed-layer morphology, which can be applied to control the tailored growth
dimensions and orientation of ZnO nanorods (Li et al., 2005; Lee et al., 2007; Tak & Yong,
2005; Vayssieres, 2001, 2003).

It is noted that the surface morphology of ZnO nanorod thin films developed by Vayssieres
et al. exhibited hexagonal-shaped nanorods and many unfilled inter-columnar voids
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between nanorods (Vayssieres et al, 2001). However, this kind of hexagonal surface
morphology is obviously different from that of other oxide films (e.g., TiO», SiO2, SnO», and
ZrO;) fabricated by other solution-growth routes such as chemical bath deposition (CBD)
and liquid phase deposition (LPD) (Kishimoto et al., 1998; Lin et al., 2006; Mugdur et al.,
2007; Tsukuma et al., 1997). In general, the films synthesized by CBD or LPD exhibits the
spheroidal grain morphology. We found that hexagonal-shaped ZnO nanorod thin films
with less voids can be synthesized under specific processing parameters and their optical
properties are similar to that of ZnO films prepared by sputtering methods. Although there
are extensive reports on the structural and physical properties of ZnO nanorod thin films
prepared by solution methods, few reports are available on the preparations and
characteristic investigations of high packing-density ZnO nanorod thin films.

In this chapter, we fabricated the dense and well-aligned ZnO nanorod thin films by the
simple solution method. Structural and optical properties of the resulting ZnO nanorod thin
films were systematically examined in terms of the structural evolution of the films at
different zinc ion concentrations, growth temperatures, growth time, growth routes, and
ZnO seed-layer morphology. We believe that the dense and well-aligned ZnO nanorod thin
films fabricated by solution-growth method can satisfy the basic requirement of optical-
grade thin films, and has the merits of low temperature, large scale, and low cost.

2. Fabrication of the solution-growth ZnO nanorod thin films
2.1 Fabrication of ZnO seed layers

The ZnO-coated glass substrate acted as the seed layer for the growth of well-aligned ZnO
nanorods in aqueous solution. The ZnO seed-layer thin films were fabricated by sol-gel
spin-coating technology. 2-methoxyethanol (2-MOE, HOC,H4OCH3, 99.5%, Merck) and
monoethanolamine (MEA, HOCHsNH,, = 99%, Merck) with molar ratio of Zn/2-
MOE/MEA= 1/21/1 were first added to zinc acetate [Zn(CH3COO),, 99.5%, Merck],
followed by stirring for 10 h to achieve the sol-gel ZnO precursor solution. Then the ZnO
precursor solution was spin-coated on silica glass substrates (Corning, Eagle 2000). The as-
deposited sol-gel films were first dried at 100 °C/10 min, pyrolyzed at 400 °C/10 min, and
further annealed at 400-800 °C/1 h to achieve the seed-layer ZnO thin films with an average
grain sizes of 20-100 nm and a thickness of ~90 nm.

2.2 Fabrication of ZnO nanorod thin films

For the fabrication of solution-grown ZnO nanorod thin films, the ZnO seed-layer substrates
were deposited in the Zn2+ aqueous solutions which were compose of the mixture of zinc
nitrate [Zn(NO3)2 6H>O, = 99%, Merck], hexamethylenetetramine (HMT, CsH12Ny, > 99 %,
Merck), and H,O with molar ratio of Zn/HMT/H>0=0.1-1/1/1000 to make 0.005-0.05 M
zinc ion solutions. The growth temperatures and time were precisely controlled at 55-95 °C
and 1.5-6 h, respectively. The multiple-stepwise and one-step solution-growth routes were
employed to the growth of the ZnO nanorod thin films. Figure 1 depicts the schematic
flowchart of the multiple-stepwise and one-step solution-growth routes for the fabrication of
ZnO nanorod thin films. For example, for the ZnO nanorod thin film grown at 75 °C/6 h by
the multiple-stepwise route, the ZnO seed-layer substrate was first immersed in the growth
solution, and then the growth solution was heated at 75 °C for 1.5 h. After ZnO nanorods
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growth, the ZnO nanorod thin film was removed from the solution and we immediately put
it in another new growth solution, and then the growth solution was heated at 75 °C for
another 1.5 h. The same process was repeated 2-4 times and the total growth time was
accumulated from 3 to 6 h. On the other hand, the substrate was immersed in the growth
solution at 75 °C for continuous 6 h for the one-step route.

immersing withdrawing
lid o
multiple- iﬂ
stepwise 1)
route new
solution
ZnO
seed layer T : |
spin- repeating
coating
1 — —
glass
substrate
U
> new
one-step |solution
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Fig. 1. Schematic flowchart of the multiple-stepwise and one-step solution-growth routes for
the fabrication of ZnO nanorod thin films.

2.3 Measurement of physical properties

The crystal structure was detected by an X-ray diffractometer (Shimadzu, XRD 6000).
Scanning electron microscope (Hitachi, S4800-I) was used for microstructural examination.
The thickness of ZnO films was measured by the a-step profile meter (KLA-Tencor, Alpha-
Step 1Q). Transmission spectra in the UV and visible ranges were determined on a
Shimadzu UV-2100 spectrophotometer. Samples were excited by using a 325 nm He-Cd
laser with an output power of 4 mW at room temperature. the UV and visible fluorescence
was detected by spectrophotometer (Horiba Jobin-yvon, iHR 550) equipped with a
photomultiplier tube detector (Hamamatsu, 7732P-01) at room temperature.

3. Structure, morphology, and optical properties of the compact, vertically-
aligned ZnO nanorod thin films

3.1 Film morphology

In our experiments, the zinc ion concentrations were adjusted from 0.005 to 0.05 M, the
growth temperatures were controlled from 55 to 95 °C, the growth time was selected in the
range of 1.5 to 6 h, the grain sizes of ZnO seed layer varied from 20 to 100 nm, and two kind



36 Nanorods

of growth routes, i.e.,, multiple-stepwise and one-step route, were used. However, the most
compact and densest ZnO nanorod thin film with the thickness of ~800 nm can only be
fabricated under very specific conditions, i.e., 0.05 M, 75 °C, 6 h, multiple-stepwise route,
and ZnO seed layer with an average grain size of ~20 nm. Figs. 2(a)-(j) illustrate the top-
view and cross-sectional scanning electron microscopy (SEM) imagines of ZnO nanorod thin

100nm

100nm

500 nm

Fig. 2. Top-view and cross-sectional SEM imagines of ZnO nanorod thin films fabricated under
the conditions of 0.05 M, seed-layer grain size of ~20 nm, and (a, b) 75 °C/1.5 h (multiple-
stepwise route), (c, d) 75 °C/6 h (multiple-stepwise route), (e, f) 95 °C/1.5 h (multiple-stepwise
route), (g, h) 75 °C/4.5 h (one-step route), and (i, j) 75 °C/6 h (one-step route).
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films fabricated under the conditions of 0.05 M zinc ion concentration, ZnO seed layer with
an average grain size of ~20 nm, different growth temperatures/time, and different
solution-growth routes (one-step and multiple-stepwise routes). Obviously, the surface
morphology of ZnO nanorod thin film fabricated by multiple-stepwise route at 75 °C/6 h
exhibits larger aggregated hexagonal grains and more compact structure than others’, as
shown in Figs. 2(c) and 2(d). Cross-sectional SEM image also exhibits well-developed and
larger fused columnar grains, which is very similar to the sputtered thin films (Mirica et al.,
2004). However, for the ZnO nanorod thin film fabricated at 95 °C/1.5 h, the film is
obviously composed of a large bundle of the ZnO nanorods and most of nanorods do not
fuse together, as shown in Figs. 2(e) and 2(f), which resulted in the formation of lots of
unfilled inter-columnar volume between nanorods. In addition, some ZnO nanorods do not
vertically align very well and they are inclined to the substrate surface.

Figure 3 shows the average diameters and lengths versus growth time and temperatures of
ZnO nanorods prepared under the conditions of 0.05 M, one-step route, multiple-stepwise
route, and ZnO seed layer with an average grain size of ~20 nm. The diameter and length of
ZnO nanorod thin films fabricated by multiple-stepwise route at 95 °C/6 h are ~240 and ~2300
nm, respectively, which is obviously larger than that of ZnO nanorod thin films fabricated by
multiple-stepwise or one-step route at 75 °C/6 h. Therefore, the higher growth temperature
can induce ZnO nanorods with larger diameter and length, consistent with others’
investigations (Li et al., 2005; Lee et al., 2007; Tak & Yong, 2005; Vayssieres, 2001, 2003).
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Fig. 3. Average diameters and lengths of ZnO nanorod thin films fabricated under the
conditions of 0.05 M, seed-layer grain size of ~20 nm, different growth methods (one-step
route and multiple-stepwise route), growth temperatures, and growth time.

For the ZnO nanorod thin films fabricated at 75 °C/1.5 h, short nanorods with the diameters
of 60-80 nm and the height of ~200 nm are very crowded and combined each other at side
faces, as shown in Figs. 2(a) and 2(b). Further increase in growth time to 6 h causes the
highly c-axis-oriented hexagonal ZnO grains (as shown in Figure 4 in the next section) to
coalesce and form larger aggregated hexagonal grains with the average diameter of ~200 nm
and the height of ~800 nm, resulting in the reduction of unfilled inter-columnar volume and
voids [see Figs. 2(c) and 2(d)].
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Compared the SEM images of ZnO nanorod thin films fabricated by multiple-stepwise route
at 75 °C/6 h [Figs. 2(c) and 2(d)] with that fabricated by one-step route at 75 °C/6 h [Figs.
2(i) and 2(j)], the former exhibited the larger aggregated hexagonal grains and fused
columnar structure with the average diameter of ~200 nm and the height of ~800 nm;
however, the latter exhibited the smaller aggregated hexagonal grains with the average
diameter of ~140 nm and the height of ~1100 nm.

3.2 Crystal structure

Figure 4 shows the X-ray diffraction (XRD) patterns of ZnO nanorod thin films fabricated
under growth temperatures, growth time, multiple-stepwise route, and the ZnO seed layer
with an average grain size of ~20 nm. Obviously, all of the XRD patterns exhibits only one
diffraction peak and the peak position at ~34.53-34.57°, i.e. (002) is the characteristic of
wurzite ZnO (JCPDS No. 36-1451). Hence, these ZnO nanorod thin films possess highly
preferred orientation with c-axis normal to the substrate.
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Fig. 4. XRD patterns of ZnO nanorod thin films fabricated under the conditions of 0.05 M,
seed-layer grain size of ~20 nm, multiple-stepwise route, and different growth
temperatures/time.

The diffraction intensity of ZnO nanorod thin film prepared at 75 °C /6 h is similar to that of
ZnO nanorod thin film prepared at 95 °C/1.5 h, which implies that they have similar
crystallinity because of similar thickness (~ 800 nm) between these two samples. Although
the 75 °C growth temperature is much lower than 95 °C, these coalesced and aggregated
hexagonal nanorods fabricated at 75 °C still possess good crystallinity in comparison with
the uncoalesced and well-shaped hexagonal nanorods fabricated at 90 °C and possessing the
single crystalline nature (Li et al., 2005). However, the photoluminescence (PL) spectra show
that ZnO nanorod thin film prepared at 75 °C/6 h had more oxygen defects as compared
with that prepared at 95 °C/1.5 h, and this phenomenon will be discussed in the section of
optical properties.

In addition, the (002) peak position of ZnO nanorod thin films prepared at 75 °C/1.5-6 h
deviates from the randomly orientated ZnO powder value (34.42°) and shifts toward higher



Structure, Morphology, and Optical Properties of the Compact,
Vertically-Aligned ZnO Nanorod Thin Films by the Solution-Growth Technique 39

value, indicating the compressive stress existing in these extremely c-axis-oriented ZnO
nanorod thin films (Sagar et al., 2007). The (002) peak position progressively varies from
34.50° to 34.54° by increasing growth time, which means that the compressive stress
increases with the increase of thickness and aggregated hexagonal grain size. After
calculation, the strains vary from -0.21 to -0.32% (Puchert et al., 1996).

3.3 Grown mechanisms of compact, vertically-aligned ZnO nanorod thin films

Some growth characteristics such as average diameters and lengths of ZnO nanorods could
be determined by some significant parameters such as the morphology of a zinc metal seed
layer, pH, growth temperature, and concentration of zinc salt in aqueous solution (Tak &
Yong, 2005). Li et al. proposed the growth mechanism of ZnO nanorods fabricated by the
aqueous solution method. The proposed mechanism includes three steps: (1) fine and
independent ZnO nanorods grew and bundled together. (2) fine ZnO nanorods coalesced.
(3) single large dimension hexagonal ZnO nanorod was formed (Li et al., 2005). Lee et al.
systematically examined that the degree of alignment of dense ZnO nanorod arrays
synthesized via a two-step seeding and solution-growth process was significantly
influenced by the ZnO seed layer roughness. The highly c-axis aligned and dense ZnO
nanorods can be obtained during the roughness of ZnO seed layer was = 2 nm (Lee et al,,
2007).

Vayssieres pointed that the diameter of ZnO nanorods could increase 10 times from 100-200
nm to 1000-2000 nm when the zinc ion concentration increased from 0.001 M to 0.01 M
(Vayssieres, 2003). The higher zinc ion concentration can accelerate a smaller bundle of ZnO
nanorods to coalesce together and form larger dimension ZnO nanorods for reducing the
surface energy (Li et al., 2005). Hence, the zinc ion concentration can obviously influence the
diameter of ZnO nanorods. For the one-step route, the growth solution is limited in a closed
system. When the growth time increases, the zinc ions will be gradually depleted and the zinc
ion concentration on the top of nanorods should be less than the initial solution, which reduces
the lateral aggregation rate of hexagonal nanorods, induces the continuous growth of
nanorods in vertical direction, and results in the nanorods with smaller diameter and larger
length. However, multiple-stepwise route can supply and maintain the zinc ion concentration
and accelerate the lateral coarsening growth of nanorods, which leads to the aggregation of
hexagonal nanorods and the formation of close-packed columnar structure with larger
diameter and shorter length. The growth mechanism of ZnO nanorod thin film prepared at 75
°C/1.5-6 h (multiple-stepwise route) is depicted in Figure 5. In addition, the formation of ZnO
nanorods can be attributed to the following reaction equations (Li et al., 2005).

CH,), N, +6H,0 — 6HCHO+4NH 1
2)6 V4 2 3

NH, + H,0 =2 NHj + OH™ @)

20H™ +Zn*" - ZnO,+H,0 €)

On the other hand, the (002) plane in ZnO structure has the highest atomic density and
possesses the lowest surface free energy. Therefore, the growth of a preferred c-axis oriented
ZnO nanorod thin films can be easily driven at such low growth temperature. Additionally,
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Lee et al. pointed that the surface morphology of ZnO seed layer can also significantly
influence the prefer-oriented growth of ZnO nanorods (Lee et al., 2007). The smaller surface
roughness of ZnO seed layer can induce the growth of ZnO nanorod with highly c-axis
preferred orientation. In our system, when the grain size of ZnO seed layer is larger than 20
nm, the (100) and (101) diffraction peaks can be detected (XRD patterns are not shown here),
which indicates that some ZnO nanorods do not vertically align very well and are inclined
to the substrate surface. The ZnO seed layer with larger grains has higher roughness and
can induce the formation of inclined ZnO nanorods and more unfilled inter-columnar voids
between ZnO nanorods, as described in some published literatures. (Lee et al., 2007; Zhao et
al., 2006) This phenomenon results in the ZnO nanorod thin films with lower densification
and transmittance. The influence of ZnO seed-layer morphology on the preferred
orientation of resulting ZnO nanorod thin films will be the subject of a separate study in the
future.
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Fig. 5. Growth mechanism of ZnO nanorod thin film prepared at 75 °C/1.5-6 h (multiple-
stepwise route).

3.4 Optical properties
3.4.1 Optical transmittance spectra

Figures 6(a)-6(c) show the optical transmittance spectra of ZnO nanorod thin films
fabricated at 75 °C/1.5-6 h (multiple-stepwise route), 75 °C/1.5-6 h (one-step route), and 95
°C/1.5-6 h (multiple-stepwise route), respectively. The obvious interference fluctuation in
the transmission spectra of ZnO nanorod thin films fabricated at 75 °C/1.5-6 h (multiple-
stepwise route) are due to the interference phenomena of multiple reflected beams between
the three interfaces: air-ZnO nanorods film, ZnO nanorods film-silica glass, and silica glass-
air. The average visible transmittance calculated in the wavelength ranging 400-800 nm of
the ZnO nanorod thin films fabricated at 75 °C for 1.5, 3, 4.5, and 6 h are 87.9, 87.5, 84.9, and
84.7%, respectively. Generally, there are three factors influencing the transmittance of ZnO
nanorod thin films: (a) surface roughness, (b) defect centers, and (c) oxygen vacancies
(Mohamed et al., 2006). In our system, the decrease of transmittance for the ZnO nanorod
thin films fabricated at 75 °C for 1.5, 3, 4.5, and 6 h with the 100-800 nm in thickness could be
related to two factors. One is the thicker ZnO nanorod thin films had larger hexagonal grain
size and larger surface roughness. The other is the higher absorption effect for thicker films.
The absorption coefficient can increase with the present of oxygen vacancies which is
disclosed by the PL spectra (Figure 9) in the next section. Moreover, it is interesting to note
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that Figure 6(a) clearly indicates the red-shift in the fundamental absorption edge with the
increase of film thickness. The sharp absorption edge at wavelengths of approximately 370
nm is very close to the intrinsic band gap of ZnO (3.37 eV) and the red-shift of absorption
edge will be also discussed in the later part.

No obvious interference fluctuations in the transmission spectra were observed in the ZnO
nanorod thin films fabricated at 75 °C/4.5 and 6 h (one-step route), and 95 °C/1.5-6 h
(multiple-stepwise route), as shown in Figs. 6(b) and 6(c). Based on the SEM photographs
[Figs. 2(e)-(j)], these films are composed of a bundle of the ZnO nanorods with smaller
diameter, and these ZnO nanorods do not coalesce together very well, which results in the
formation of lots of unfilled inter-columnar volume and coarse surface in these ZnO
nanorod thin films. In addition, some ZnO nanorods do not vertically align very well and
they are inclined to the substrate surface. Therefore, the low transmittance and no
fluctuation could be attributed to the incident light experiencing multiple random scattering
between unfilled inter-columnar voids, inclined ZnO nanorods, and perpendicular ZnO
nanorods in the poor-quality ZnO nanorod films. This effect leads to the destruction of the
interference of multiple reflections, no obvious interference fluctuations in the transmission
spectra and lower transmittance.

3.4.2 Refractive index and packing density

The refractive index () of the ZnO nanorod thin films were derived from the transmittance
spectra using Swanepoel’s method (Swanepoel, 1983). For those ZnO nanorod thin films
with no obvious interference fluctuations in the transmission spectrum, the refractive index
of can not be derived by Swanepoel’s method. Figure 7 shows that the refractive index of
ZnO nanorod thin films fabricated at 75 °C are strongly dependent on the growth time.

The refractive indices (1 at A = 550 nm) of the ZnO nanorod thin films fabricated at 75 °C for
3,4.5, and 6 h are 1.70, 1.71, and 1.74, respectively. The increase in n of the ZnO nanorod
thin films with rising growth time is considered as a result of the increase in compactness
and crystallinity, which is consistent with previous XRD and SEM investigations.

In order to evaluate the extent of porosity presenting in the ZnO nanorod thin films, the
packing density (P) was evaluated using the following Bragg-Pippard formula which is
more suitable for the film with columnar or cylindrical grains (Harris et al., 1979).

2 (L-Pny +(1+ Pyngni
L+ P2+ (1-Pd

“)

where P is expressed as the packing density. The ng, 1, and ny, are the refractive indices of
the porous films, the voids (n,=1or empty voids) and the bulk materials, respectively.

After calculation, Figure 8 shows the variation of packing densities with growth time for the
ZnO nanorod thin films grown at 75 °C. The packing densities of the ZnO nanorod thin
films fabricated at 75 °C for 3 and 6 h increase from 0.81 to 0.84. The packing density
increases with the increase of thickness and refractive index, and reaches to a maximum
value at a film thickness of ~800 nm, which could be attributed to the significant reduction
in the porosity and increase in the crystallinity [supporting SEM photographs, Figs. 2(a)-(d),
and XRD pattern, Figure 4].
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Fig. 6. Optical transmittance spectra of ZnO nanorod thin films fabricated under the
conditions of 0.05 M, seed-layer grain size of ~20 nm, and (a) 75 °C/1.5-6 h (multiple-
stepwise route), (b) 75 °C/1.5-6 h (one-step route), and (c) 95 °C/1.5-6 h (multiple-stepwise

route).
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Fig. 7. Wavelength dependence of refractive index for ZnO nanorod thin films fabricated
under the conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route,
and 75 °C/different growth time.

Because of the demands of compactness and high transmittance, most of the commercialized
optical thin films are made by reactive sputtering technology under the high-vacuum and
high-temperature condition. For comparisons, refractive indexes and packing densities of
the sputtered ZnO films are quoted from some published reports. According to an
investigation by Moustaghfir et al., the refractive index (n at A = 633 nm) and packing
density of the radio frequency (r.f.) magnetron reactive sputtered ZnO film (a thickness of
~800 nm) fabricated under the sputtering conditions of a working pressure of 1 Pa, a r.f.
power density of 0.89 Wcm2, Ar-O; ratio 95: 5, and the substrate temperature of room
temperature (RT) were 1.89 and 0.93, respectively, and they could be enhanced to 1.91 and
0.94 by further annealing at 400 °C/1 h (Moustaghfir et al., 2003). Additionally, an earlier
study of the r.f. magnetron reactive sputtered ZnO film (a thickness of 1000 nm) fabricated
under the sputtering conditions of a working pressure of 1.33x10-2 m bar, a r.f. power of 500
W, Ar-O; ratio 40: 60, and the substrate temperature of room temperature (RT) by Mehan et
al. revealed that the refractive indexes (n at A = 550 nm) were 1.980 (ncp: extra ordinary
refractive index ) and 1.963 (np: ordinary refractive index), as well as packing densities were
0.986 and 0.978 (extra ordinary refractive index of bulk ZnO, ne, = 2.006, and ordinary
refractive index of bulk ZnO, ng, = 1.990), respectively (Mehan et al., 2004). Although lots of
parameters can influence the quality of sputtered ZnO films, such high refractive index and
packing density may be the extreme values for the sputterred ZnO films. In our system, the
optical transmittance (85 %), refractive index (1.74) and packing density (0.84) of optimum
solution-growth ZnO nanorod thin film (a thickness of ~800 nm) is lower than that of the
high-quality sputtered ZnO films. However, the solution-growth method is still a good
technology for the fabrication of low-cost and low-temperature grown ZnO thin films.
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Fig. 8. Variation of packing densities and refractive indexes as a function of growth time for
the ZnO nanorod thin films prepared under the conditions of 0.05 M, seed-layer grain size
of ~20 nm, multiple-stepwise route, and 75 °C.

3.4.3 Photoluminescence spectra

Figure 9 shows the room temperature photoluminescence (PL) spectra of ZnO nanorod films
fabricated at 75 °C/4.5 h, 75 °C/6 h, 95 °C/1.5 h, and 95 °C/3 h by multiple-stepwise route.
The intense UV emission at 377-383 nm is due to the recombination of free excitons (Chen et
al.,, 1998; Cho et al., 1999; Park et al., 2003). Obviously, the ZnO nanorod films prepared at 95
°C has more intense UV emission than that of ZnO nanorod films prepared at 75 °C. The
intensity of UV emission is ascribed to film crystallinity, and the higher crystallinity
possesses the higher intensity of UV emission (Wang & Gao, 2003). Compared the UV
intensity of ZnO nanorod films prepared at 75 °C/6 h with that of the ZnO nanorod films
prepared at 95 °C/1.5 h, these two films have similar thickness (~800 nm) and XRD
diffraction intensities but the UV intensities are quite different. Therefore, the crystallinity of
well-shaped hexagonal ZnO nanorod films prepared at 95 °C/1.5 h should be higher than
that of ZnO nanorod films prepared at 75 °C/6 h even though the XRD diffraction
intensities could not be used to make a judgment of crystallinity for these two films.

On the other hand, all of the PL spectra of ZnO nanorod films exhibit the obvious green-
yellow emission at ~572 and ~600 nm, which are associated with the oxygen vacancies and
oxygen interstitials, respectively (Ohashi et al., 2002; Studenikin et al., 1998; Wu et al., 2001).
However, the ZnO nanorod films prepared at 75 °C had more intense green-yellow emission
than that of ZnO nanorod films prepared at 95 °C, which indicates that the lower growth
temperature could induce the formation of more oxygen vacancies and interstitials during
the ZnO nanorods coarsen and aggregate together. In addition, the yellow emission of ZnO
nanorod films prepared at 75 °C gradually dominated by increasing growth time, which
indicates that the green emission and yellow emission compete with each other, and more
oxygen interstitials are produced with increasing growth time and film thickness. The
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above-mentioned PL phenomena imply that our most compact and highly c-axis-oriented
ZnO nanorod films still possess lots of oxygen vacancies and interstitials.
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Fig. 9. Room temperature PL spectra of ZnO nanorod thin films fabricated under the
conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route, and different
growth temperatures/time.

3.4.4 Optical band gap

The optical band gap (Eg) of the ZnO nanorod thin film which is a direct-transition-type
semiconductor can be related to absorption coefficient (a) by

ahv = const - (hv - Eg)'/? ®)

Here we assume the absorption coefficient a=(1/d)In(1/T), where T is the transmittance and
d is the film thickness (Serpone et al., 1995; Tan et al., 2005). Figure 10 plots the relationship
of (ahv)2 versus photon energy (E) of the ZnO nanorod thin films fabricated under 75 °C/3-6
h and the extrapolated optical band gaps of the films are determined. When the growth time
increases from 3 to 6 h, the values o f Eg decrease from 3.35 to 3.31 eV which gradually
diverges from the intrinsic band gap of ZnO (3.37 eV). It is known that the energy band gap
of a ZnO thin film could be affected by the residual strain (Mohamed et al., 2006; Puchert et
al., 1996; Srikant & Clarke, 1997), defects (Burstein, 1954; Dong et al., 2007; Moss, 1954; Sakai
et al., 2006), and grain size confinement (Prathap et al., 2008; Wang et al., 2003). For ZnO
nanorod thin films fabricated at 75 °C for 3 to 6 h, the average grain sizes enlarge from ~105
to ~200 nm and the film thicknesses increase from ~460 to ~800 nm, which results in the
variation of strain from -0.26 to -0.32%. In addition, the PL intensity of yellow emission
gradually increases and the more oxygen interstitials are produced. Prathap et al. found the
energy band gaps increased with the increase of film thickness and grain size in ZnS films
fabricated by thermal evaporation (Prathap et al., 2008). Wang et al. also observed that the
peak position of free excitonic emission redshifted from 3.3 to 3.2 eV with an increase of
grain size from 21 to 64 nm, which could be attributed to the quantum confinement effect
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(Wang et al., 2003). Although many factors influence the variation of energy band gap, in
our system the energy band gaps increasing with the increase of film thickness might be
related to the dependence of enhanced strain, enlarged grain size and more oxygen
interstitials.

6
. m 75°C/3h
5r o0 75°C/4.5h

“ " A 75°C/6h

e

&

o]

% 3t

>

Al

X 2t

=

S I+

~ A
s ®
omuméﬁﬁﬁ-o . . L
320 325 330 335 340 345 3.0

hv (eV)

Fig. 10. (ahv)? as a function of photon energy for the ZnO nanorod thin films prepared
under the conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route, 75
°C, and different growth time.

4. Conclusion

Highly c-axis-oriented ZnO nanorods thin films were obtained on silica glass substrates by a
simple solution-growth technique. The fabrication of highly dense ZnO nanorod thin films
are highly dependent on the different zinc ion concentrations, growth temperatures, growth
time, growth routes, and ZnO seed-layer morphologies. The higher zinc ion concentrations,
growth temperature, and growth time can induce ZnO nanorods with larger diameter and
length. The most compact and vertically-aligned ZnO nanorod thin film with the thickness
of ~800 nm and average hexagonal grain size of ~200 nm exhibits the extremely C-axis
orientation, average visible transmittance 85%, refractive index 1.74, packing density 0.84,
and energy band gap 3.31 eV, and it was fabricated under the optimum parameters: 0.05 M,
75 °C, 6 h, multiple-stepwise, and ZnO seed layer with an average grain size of ~20 nm. The
photoluminescence spectrum indicates that the densest ZnO nanorod thin film possesses
lots of oxygen vacancies and interstitials.

As we demonstrate here, the solution-growth technique is a non-vacuum, low-temperature,
low-cost, large-scale, easily controlled process for the fabrication of high-quality, optical-
grade ZnO thin films with highly compact ZnO nanorod arrays. In particular, this process
can operate at low temperature without organic binders/surfactants or further heat
treatment, and thus can be applied to flexible electronics.
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1. Introduction

Zinc oxide (ZnO) is a unique functional semiconductor material with a wide band gap (3.37
eV), high binding energy of the exciton (60 meV) at room temperature, and an effective
ultraviolet luminescence (Ozgiir et al., 2005). Materials based on ZnO can be used as
chemical (Fan & Lu, 2005) and biological (Yang et al., 2009, Yeh et al., 2009) sensors, solar
cells (Law et al., 2005, Wei et al., 2010), light emitting diodes (Park & Yi, 2004), laser (Huang
et al., 2001, Govender et al., 2002), and composite materials (Hu et al., 2003). Zinc oxide is a
biocompatible material with antiseptic properties. Quasi one-dimensional (1D) structures on
the basis of zinc oxide are a promising material for nanoelectronics (Park et al., 2005).

In recent years, there has been an increasing interest in quasi one-dimensional
nanocrystalline zinc oxide (nanorods, nanowires, and nanowhiskers), motivated by its
perfect crystal structure and unusual properties due to size effects. In addition, single-
crystal samples make it possible not only to raise the exciton density and create low-
threshold gain media but also to reduce scattering losses. In this context, aligned arrays of
single-crystal nanorods 20-200 nm in diameter and several microns in length are of special
interest. Currently the optical properties of ZnO as a semiconductor material with good
luminescent properties are of greatest interest. This is due to the possibility of applying
materials on the basis of zinc oxide in the creation of new effective optoelectronic devices.

An effective approach for creation of nanodevices for light emitting and field emission is
fabrication of vertically aligned ZnO 1D structures. Aligned ZnO nanocrystal arrays on
substrates are commonly grown using thin metal film as a catalyst for 1D growth and
different methods, such as vapor-liquid-solid (VLS) process (Zhao et al., 2003), metal-
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organic chemical vapor deposition (MOCVD) (Park & Yi, 2004) or sol-gel process (Krumeich
etal., 1999). The drawback to this method is that the nanocrystals may be contaminated with
the catalyst (Collins et al., 1957 and Oh et al 2008). Moreover, catalyst particles as a rule
remain on the tips of the grown zinc oxide nanocrystals (Kim et al., 2005 and J. Park et al.,
2003). Catalyst-Free Chemical Vapor Deposition (CVD) is a promising method for ZnO
nanostructure synthesis of high structural and optical perfection. Up to now, few papers
have been devoted on the subject of catalyst-free growth of ZnO nanowire and nanorod
arrays at temperature below 600°C (W.I. Park et al., 2003; Umar et al., 2005; Liu et al., 2005;
Wang et al., 2005).

It is well known that the dopants can control the electronic and luminescence properties of
the material. In recent years, attention has also focused on spin-dependent phenomena in
dilute magnetic zinc oxide in which stoichiometric fraction of the zinc atoms are replaced by
transition metal atoms. The growth from the salt mixture is promising method for doping of
ZnO nanorods by transition metals and acceptor dopants.

2. Catalyst-free CVD synthesis of ZnO nanorods

The growth of ZnO nanorods was carried out by the elemental vapor-phase synthesis at a
reduced pressure in flow-type reactor, developed earlier (Red’kin et al., 2007). A high-purity
metallic granulated zinc (99.99%) was placed in an alumina boat which was then inserted at
the end of quartz ampoule sealed at one end. At the open end, the ampoule had a wide slit,
below which substrates were mounted with their front sides up. The ampoule was
introduced into a horizontal two-zone flow-type quartz reactor so that the zinc source was
located in one of the zones (evaporation zone), and the substrates, in the other (growth
Zone).

The reactor was first evacuated with forevacuum pump for 1 h and then high-purity argon
(99.999%) was introduced into the reactor without terminating of evacuation. As a result, the
steady-state pressure in the reactor reached 10° Pa. Then the temperature in the growth zone
(t2) was raised to the working one, 500 - 550 °C. Next, the temperature in the evaporation
zone (t1) was raised to reach 610 - 620 °C, and then high-purity oxygen (99.999%) was
introduced into the reactor. The total flow of argon-oxygen mixture was 66.7 sccm. The
oxygen concentration in the mixture was 10 vol. %.

During the process zinc vapor from the evaporation zone reached the growth zone and reacted
with oxygen. Zinc vapor flow was 10 - 12 g/h. Under the above conditions, zinc/oxygen
molar ratio in the vapor phase was about 5/1. The synthesis time was 30 - 40 min.

The growth of arrays of ZnO well aligned nanorods is very sensitive to synthesis
parameters. In earlier works we made an extensive study in order to determine the
regularities and optimum conditions for elemental vapor synthesis of highly aligned ZnO
nanorod arrays on (100) and (111) silicon and glass substrates (Red’kin et al., 2007, 2009).
Note also, that neither 1D growth catalyst nor zinc oxide buffer layers were deposited
preliminary onto the substrates. The vertical growth of nanorods was observed on single-
crystalline substrates and on amorphous glass substrates, which indicates that a substrate
crystallography exerts no appreciable effect on nanorod growth direction under the
conditions of these experiments.
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Electron microscopy examination of the samples showed that ZnO nanorods normally
directed towards a substrate surface grew on all the substrates used. The degree of array
misalignment primarily depends on their position in the growth zone. In the first part of the
growth zone located closer to the zinc vapor source, arrays of nanorods are uniform in size
and mainly directed normal to the substrate surface irrespective of a substrate type.

As a rule, nanorods with the most uniform vertical alignment grow at the beginning and in
the middle of the growth zone. A more detail analysis of the arrays revealed a relationship
between the density of nanorod positioning on a substrate and the degree of their ordering.
In more ordered arrays on Si (100) and Si (111) the density of nanorods is by 20 - 25% higher
than in less ordered arrays on substrates of the same type. Arrays of approximately equal
density on various substrates have similar distribution of nanorod growth directions. As
have shown rocking curves the deviation from the normal direction of growth in these
samples do not differ very much. So, the density of ZnO nanocrystals per square unit on a
substrate is one of the factors which determine the uniformity of nanorod direction
distribution in an array. Nanorod diameter also plays a certain role. It was noted that arrays
of thicker nanorods are more uniformly vertically aligned. In other words, the more closely
packed the growing nanorods, the more uniform is their vertical growth.

Note that initial stages of ZnO nanocrystals nucleation are of important role. Earlier we
supposed that the growth of ZnO nanorods proceeds by VLS process under the conditions
of our experiment. In the initial step nanodrops of metal zinc condensed on the substrate
surface because of the temperature difference in the evaporation and growth zones. Further
they act as a 1D growth catalyst (Red’kin et al., 2009). This “self-catalysis”, with metal zinc
droplets acting as catalyst of 1D growth of ZnO nanocrystals, was also described elsewhere
(Wei et al., 2005; Zha et al., 2008). According to this mechanism, the initial density of zinc
nanodrops on a substrate determines the nanorod density in a grown array. It explains why
the uniformity of vertical growth is, as a rule, higher in the part of the growth zone which is
closer to the zinc evaporation zone. The relationship of ZnO nanorods density and thickness
and uniformity of vertical nanorod growth was observed earlier (Reiser et al., 2007, Zhao et
al., 2005, Lee et al., 2007), where a similar conclusion was made concerning the effect of
nucleation density on predominant direction of ZnO nanocrystal growth and uniformity of
arrays grown by different methods.

Another difference of the self-catalysis from Au catalyst growth is that the diameter of
catalyst droplets can both to decrease, and to increase, depending on relationship of zinc
and oxygen partial pressure. It allows us to control nanorod shape by varying growth
parameters such as zinc source and substrate temperature, reactor pressure and oxygen
concentration. Figures 1-5 shows various types of nanorod morphology, which can be
obtained by changing growth parameters during nanorod synthesis. Diameter of nanorods
can decrease (fig.1, 2) or increase (fig.3) or it can alternately occur (fig.4). If change Zn partial
pressure occurs suddenly rather big Zn drops can break up to the small ones. It leads to that
on the tip of nanorods several nanorods with smaller diameters start to grow (fig.5).

To estimate the crystal perfection of nanorods in the grown samples, we studied their
cathode-luminescence (CL) spectra. CL spectra were measured in two modes: direct and
panchromatic, which allowed a comparison of the emission areas and the electron
microscopy image of the nanorods on the substrate. As is seen from fig.6, the measured
emission was mainly from the top faces of ZnO nanorods. The CL spectra showed that the
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grown nanorods were of high quality, irrespective of the substrate type. The spectra of all
samples (fig.7) contain only one strong UV band of the edge emission peaking at 382 nm
due to free exciton recombination and no green and blue lines which are usually attributed
to point defects in ZnO, such oxygen and zinc vacancies (Gruzintsev & Yakimov, 2005).

EHT =10.00 kv Signal A = SE1 Date :3 Feb 2009 EHT =10.00 kv Signal A = SE1 Date :3 Feb 2009
WD = 7.0mm Photo No. = 954 Time :16:16:11 — WD = 8.5mm Photo No. = 952 Time :16:12:26

Fig. 1. (Left) scanning electron microscope (SEM) image of the cross-section of the ZnO
nanorods arrays grown on Si (100) substrate. In the end of synthesis partial pressure of zinc
was decreased. (Right) magnified SEM image of the ZnO nanorods shown in the left photo.

EHT = 25.00 kV Signal A= SE1 Date :21 Jan 2009
WD = 6.0 mm Photo No. = 864 Time :18:32:23

Fig. 2. SEM image of the cross-section of the ZnO nanorods arrays grown on Si (100)
substrate. During synthesis zinc partial pressure was lowered in equal intervals.



ZnO Nanorods: Synthesis by Catalyst-Free CVD
and Thermal Growth from Salt Composites and Application to Nanodevices

55

EHT = 15.00 kv Signal A = SE1 Date :2 Dec 2008
WD= 50mm Photo No. = 696 Time :13:26:42

Fig. 3. SEM image of the cross-section of the ZnO nanorods arrays grown on Si (100)
substrate. A partial pressure of oxigen was decreased near the end of synthesis.

EHT = 25.00 kV Signal A = SE1 Date :23 Jan 2009
WD = 5.5 mm Photo No. = 882 Time :17:49:20

Fig. 4. SEM image of the cross-section of the ZnO nanorods arrays grown on Si (100)
substrate. During synthesis zinc partial pressure was lowered and raised alternately.
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EHT =10.00 kv Signal A = SE1 Date :3 Feb 2008
WD = 7.5mm Photo No. = 930 Time :12:02:04

Fig. 5. SEM image of the cross-section of the ZnO nanorods arrays grown on Si (100)
substrate. In the end of synthesis partial pressure of zinc was sharply lowered.

3. Zn0O nanorod p-n homojunction

Stable and reproducible p-type ZnO for fabricating ZnO homojunction optoelectronic
devices still remains challenging (Look et al., 2004).

ZnO single crystals and epitaxial films contain, as a rule, quite a few of intrinsic defects
(usually higher than 1016 cm-3). Majority of intrinsic defects are donors. When ZnO is doped
with an acceptor, the compensation of donors takes place. The inversion of the n-type
conductivity into the p-type one is possible only in samples with a low initial concentration
of intrinsic defects under conditions when the compensation of the acceptors by the donor
defects is minimized.

Sb was deposited by thermal evaporation onto the tops of aligned ZnO nanorod arrays
grown by the catalyst-free elemental vapor-phase synthesis on n*-Si(100) substrats. Then
samples were annealed at 420°C in air atmosphere during different time.

CL spectrometry was used to measure the optical properties of Sb-doped ZnO nanorods
(fig.8-10). For short-time annealed samples, a peak at 370.5 nm is dominant, which may be
associated with donor-bound exciton emissions (fig.8). A peak at 380.3 nm may be
associated with Sb-dopant. For medium-time annealed samples, both peaks are about of the
same intensity (fig.9). For long-time annealed samples, a peak at 377.7 nm becomes
dominant (fig.10). The peak positions are shifted to lower energies due to effects arising
from the increased Sb-dopant concentration.
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Fig. 7. CL spectrum of a ZnO nanorod array grown by the elemental vapor-phase synthesis.

Electrical contacts were prepared to Sb-doped ZnO nanorods and to n*-Si (100) substrate. I-
V characteristics were measured for all three samples. However, I-V curve only of the long-
time annealed sample shows good rectification (fig.11). Blue light could be seen clearly from
the diode by the naked eye (fig.12). The emission has been detected at ~6 V and increases
with increasing the bias voltage (Kononenko et al., 2009).

4. ZnO nanorod p-n heterojunction

As the inversion of n-type conductivity to p-type conductivity in ZnO is a challenge so far,
the other p-type wide band gap semiconductors and organic materials can be used for p-n
junction fabrication on the basis of ZnO materials. Such semiconductors those are
compatible with zinc oxide are SrCu;O,, CuAlO,, GaN and NiO (Ohta & Hosono, 2004). The
fabrication of hybrid heterojunction diodes have been reported in several works (Park & Yi,
2004, Zhang et al., 2009). These materials however require complex deposition techniques,
such as the Molecular Beam Epitaxy, Chemical Vapor Deposition, Pulsed Laser Deposition.
NiO and organic materials are an exception to this range. NiO can be synthesized by the
thermal vacuum evaporation at the oxygen pressure of the order of 10-4-10-> Torr. In
addition, a high enough (on the order of 10% - 1020 cm-3) hole concentration in the NiO films
can be obtained. Organic materials can be deposited on ZnO materials by the spin coating.
The fabrication of an inorganic/organic heterostructure diodes have been reported in
references (Konenkamp et al., 2004, Konenkamp et al., 2005, Sun et al., 2008).
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Fig. 8. CL spectrum of short-time annealed Sb-doped ZnO nanorod arrays grown on n*-Si
(100) substrate.
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Fig. 9. CL spectrum of medium-time annealed Sb-doped ZnO nanorod arrays grown on n*-
Si (100) substrate.
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Fig. 10. CL spectrum of long-time annealed Sb-doped ZnO nanorod arrays grown on n*-Si
(100) substrate.
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Fig. 11. The current-voltage characteristics of the Sb-doped ZnO nanorods diode.
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Fig. 12. The optical micrograph of blue emission from the Sb-doped ZnO nanorods diode.

Two types of vertical structures were fabricated on the basis of ZnO and NiO. NiO film was
deposited by e-beam evaporation of high purity Ni in an oxygen atmosphere at a partial
pressure of 10~ Torr on Si (100) substrate. Vertically aligned ZnO nanorods were grown by
the catalyst-free elemental vapor-phase synthesis on the NiO film. Indium electrodes were
prepared on the top of nanorods and the NiO film. The other structure was fabricated as
follows. Vertically aligned ZnO nanorods were grown on Si (100) substrate. Then NiO was
deposited by e-beam evaporation of high purity Ni in an oxygen atmosphere at a partial
pressure of 10-5 Torr. Ni electrode was deposited in vacuum onto NiO and indium electrode
was deposited on ZnO.

An inorganic-organic hybrid heterostructure was fabricated as follows. Vertically aligned ZnO
nanorods were grown on indium tin oxide (ITO) glass substrate. Poly(methyl methacrylate)
(PMMA) was spin-coated on the grown nanorods to provide a smooth surface for subsequent
thin film deposition. A drop of poly(34-ethylene-dioxythiophene) (PEDOT)/
polystyrenesulfonate(PSS) was spin coated on the top of ZnO nanorods at a spin speed of 2000
rpm. Finally, a copper wire was attached on the surface of the PEDOT/PSS film using silver
paste as an electrode. The other copper wire was soldered by indium to ITO film.

4.1 NiO-ZnO nanorods p-n heterojunctions

We produced heterogeneous p-n junctions on the basis of the ZnO nanorods with n-type
conductivity and NiO films with p-type conductivity having sufficiently good rectifying
characteristics. Figure 13 shows the [-V characteristics of a p-type NiO/n-type ZnO
nanorods heterojunction diode measured in dark and UV (420 nm wavelength) illumination
at room temperature. Rectifying I-V characteristics were obtained with a forward threshold
voltage of ~1.5 V. The diode showed a strong, reversible response to above band gap
ultraviolet light, with the UV-induced current being approximately a factor of 2.5 larger
than the dark current at a given voltage.
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Fig. 13. Typical I-V characteristics of a pn-heterojunction diode under dark and UV-
illumination conditions at room temperature. The threshold voltage is ~1.5 V.
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Figure 14 (left) shows the I[-V characteristic of a n-type ZnO nanorods/p-type NiO
heterojunction diode measured in dark. Rectifying I-V characteristics were obtained with a
forward threshold voltage of ~1.5 V. A structure of the heterojunction was investigated with
the use of a focused ion beam system Strata 201 (FEI Company). A cross-section of the ZnO
nanorods coated by NiO was prepared by FIB milling. Figure 14 (right) shows FIB image of
the cross-section. It is seen in the picture that nickel oxide grown on ZnO nanorods have a

fiber structure with fiber diameters of ~50 nm and fiber length of ~100 - 500 nm.
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Fig. 14. (Left) Typical I-V characteristics of a pn-heterojunction diode under dark conditions
at room temperature. The threshold voltage is ~1.5 V. (Right) FIB image of the cross-section
of the ZnO nanorods coated by NiO, prepared by FIB milling,.
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4.2 Inorganic-organic hybrid diodes

Figure 15 shows the [-V characteristics of an inorganic-organic pn-heterojunction diode
measured in dark and UV illumination at room temperature. Rectifying I-V characteristics
were obtained with a forward threshold voltage of ~0.4 V. The inorganic-organic pn-
heterojunction diode showed a strong, reversible response to above band gap ultraviolet
light, with the UV-induced current being approximately a factor of 10 larger than the dark
current at a given voltage in a negative branch and a factor of 1.7 in a positive branch.
Electroluminescence was observed in such diodes. The emission has been detected at ~15 V.
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Fig. 15. I-V characteristics of the inorganic-organic pn-heterojunction diode under dark and
UV-illumination conditions at room temperature (left). The optical micrograph of blue-
white emission from the inorganic-organic diode (right).

5. Thermal growth of ZnO nanorods from salt composites

It is well known that the dopants can control the electronic and luminescence properties of
the material. In recent years, attention has also focused on spin-dependent phenomena in
dilute magnetic zinc oxide in which stoichiometric fraction of the zinc atoms are replaced by
transition metal atoms. The growth from the salt mixture is promising method for doping of
ZnO nanorods by transition metals and acceptor dopants.

ZnO nanorods were prepared by thermal growth from the solution processed precursor
using a freeze drying and milling technique (Baranov et al., 2004). The details of nanorods
growth were described earlier (Baranov et al., 2005). Synchrotron X-ray diffraction and high
temperature SEM examinations were used to study crystallochemical and morphological
evolution of a ZnO-NaCl system during thermal processing.

Aqueous solution of 0.5M Zn(NOs), and Mn(CH3COO); in a Zn/Mn mole ratio of 50/1
(sample Mn2) was vigorously mixed with excessive amount of 2M (NH4)>COs solution.
Aqueous solution for the second sample (MS) was prepared from Zn(NOs), 6H»0,
Mn(CH3COO), 4H,0 and SnCl, 2H,O in a Zn/Mn/Sn mole ratio of 20/1/1. A few drops of



64 Nanorods

concentrated nitric acid were added to avoid hydrolysis of SnCl, at dissolution. Then the
solution was precipitated by excessive amount of 2M aqueous (NH4)>,CO;s solution.
Precipitates were centrifuged, thoroughly washed by distilled water and freeze dried at
P =5 Pa using Alpha 2-4 (Christ, Germany) laboratory freeze drier. The main component of
as-obtained powder samples was zinc carbonate hydroxide Zny(OH),CO;*xH,O (ZCH)
composed of 50 nm diameter amorphous nanofibres. Mixture of the Zn-containing
precursor with NaCl/Li>COj3 salt composition in a 0.5/9/1 weight ratio was milled for 12 h
in zirconia jar with zirconia balls using Pulverisette 5 (Fritsch) planetary mill at 700 rpm.
Growth of ZnO nanorods was performed from the as-prepared powder in a muffle furnace
at 700°C for two hours. Finally product was placed onto dense paper filter and salts were
washed many times by water. Supernatant solution was checked on the absence of CI-
anions by reaction with aqueous solution of AgNOs.

For the synthesis of iron doped nanorods we prepared aqueous solutions of Zn(NOj3), and
Fe(NO:s)3 salts in a Zn/Fe mole ratio of 100/3 (sample ZnO:FeLi). All other procedures were
performed as previously described.

For the synthesis of antimony doped nanorods we dissolved ZnO in a concentrated nitric
acid. SbCl; was added to the hot tartar acid solution and dissolved upon boiling in
accordane with reaction:

SbCly +3H,C4H,0,4 — Sb(HC4H,04)3 + 3HCI .

Then zinc and antimony contained solutions were mixed in order to obtain 0.01, 0.1, 0.3, 0.5,
0.7, 1 molar % of Sb. All other procedures were performed as previously described.

Elemental analysis was performed by mass-spectrometer Optima 3000XL ICP (Perkin
Elmer). For analysis diluted solutions of analyzed samples were prepared (~1 mg of
nanorods per 1000 ml of solution in 0.01 M hydrochloric acid). Atomization and ionization
were reached by inductive coupled plazma. Calibration was made using standard solutions
with known concentration of Sb, Fe, Mn, Li.

SEM (Philips SEM or Supra 50VP (LEO) measurements and cathodoluminescence (CL)
spectra of the samples were taken by XL 30S FEG high-resolution scanning electron
microscope (HRSEM) with a MonoCL system for CL spectroscopy, and energy dispersive X-
ray analysis were used to examine the samples. The morphologies and size distributions of
ZnO nanorods were examined by using the JEM-4010 high-resolution transmission electron
microscope (HRTEM) at the accelerated voltage of 400kV. TEM with EDAX was employed
for characterization of microstructure and distribution of Mn and Sn ions in the ZnO matrix.
Magnetic properties of the samples were examined using a Quantum Design SQUID
magnetometer in the temperature range from 5 K to 300 K. X-ray powder diffraction (XRD)
data of the synthesized nanorods have been collected by a Rigaku D/MAX 2500
(CuKq.radiation).

Figures 16 (top) and (bottom) show HRSEM images of Mn and MnSn-doped ZnO nanorods,
respectively M2 and MS samples, synthesized from the NaCl-Li;COs-containing salt
mixture. The detailed SEM analysis revealed that as-prepared ZnO nanorods are straight in
morphology and smooth on the surface. Both samples show the quite uniform nanorods
with diameters ranging from 15 to 100 nm and from 0.5 to 5 um in length. The size and the
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shape of the nanorods correlate well with the annealing temperature in the range 600-700°C.
ZnO nanorods of the smallest size were formed at 600°C. Our experiments have shown that
the resulting morphologies strongly depend on the growth temperature.
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Fig. 16. High resolution scanning electron microscopy images of ZnO nanorods doped with
Mn (top) and Mn and Sn (bottom).
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Figure 17 shows XRD patterns of Mn (Fig. 17a) and MnSn-doped (Fig. 17b) ZnO nanorods.
All the main peaks in Figures 17a and 17b match well with zincite (S.G. P63/mmc (186);
JCPDS card 36-1451) although some minor unidentified impurities are obviously present in
the samples.
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Fig. 17. XRD patterns of ZnO nanorods doped with (a) Mn and (b) Mn and Sn.

The lattice parameters of the samples a = 3.2472(2) A and ¢=5.1981(8) (M2 sample), and a =
3.234(2) A and c= 5.179(4) nm A (MS sample) were calculated from XRD data. These
parameters differ slightly from those of bulk ZnO (a = 3.2498(9) A and c = 5.20661(15) A).
The lattice parameters for samples M2 and MS revealing that the doping of Mn and Mn/Sn,
does not change the wurtzite structure of ZnO, but lead to moderate decreasing of lattice
parameters indicating doping effect.

To assess stoichiometry of ZnO nanorods and distribution of Mn and Sn ions in samples,
energy dispersive X-ray spectrometry of individual ZnO nanorods was performed using a
high-resolution TEM. Manganese and tin contents did not exceed 1 and 0.3 at %,
respectively, for the sample marked as MS. For the sample M2 manganese was not more
than 0.5%. High-resolution TEM (Fig. 18) confirmed that the nanorods grow along the c-axis
direction. Manganese and tin incorporate into the ZnO lattice instead of being precipitated,
demonstrated neither second phase inside the nanorods, nor attachments at the nanorod
surface. Both the selected area electron diffraction (SAED) pattern and HRTEM images
revealed an ordered structure of ZnO hexagonal structure. The absence of any
superstructure reflection in the SAED pattern images indicates the absence of any additional
long- or short-range ordering in the samples. The typical single crystal defects like twins are
obvious from the pictures and denoted by arrows.
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Fig. 18. High resolution transmission electron microscopy images of ZnO nanorods doped
with Mn and Sn. Insets: selected area of electron diffraction viewed along [110] direction
and the ZnO atom-scale resolution images.

6. Planar device structures from doped ZnO nanorods synthesized by the
thermal growth from salt composites

6.1 Resistance switching in ZnO:Fe,Li nanorods

Individual ZnO nanorods doped by Fe, Li were configured as two terminal devices with the
Al electrode-ZnO-Al electrode structure on an oxidized silicon substrate (fig.19). E-beam
lithography was used to pattern electrodes contacting individual nanowires. Electrical
transport properties of the nanorods were studied by applying to the electrodes quasi-dc
voltage 0—3— -3— 0 with a constant sweep velocity.

The current-voltage characteristics of the ZnO:2%Fe,Li nanorods exhibits a rectifying
behavior indicating the Schottky-like barrier formation and displays stable hysteresis
(fig.20). The hysteresis at negative voltages is more pronounced than at positive voltages.
The nanorod starts in the low resistive state when sweeping the voltage from zero to
positive voltages. In the subsequent voltage sweep from positive to negative the nanorod
shows an increased resistance. At negative voltage the nanorod resistance switches back
from a high to a low resistance. The virgin nanorod shows a higher resistance than obtained
in the subsequent cycles with a carrier injection. In contrast to abrupt resistance changes, a
smooth resistance change is observed. It is likely, that electric-field domains are built and
attenuated resulting in the observable switching effect. Moreover one has to take a
nonuniform distribution of trapped charges and the surface band bending into account,
which can be altered by applying voltage in forward or reverse directions. Two state
resistive switching at RT can be realized using the ZnO nanorods. Emploing a positive
voltage of +3V switches the nanorod device into a high impedance state. After applying
negative voltage of -3 V the low impedance state is recovered. Between these write and erase
voltages the state can be readout with 1.5V (fig.21) (Panin et al., 2007a, 2007b).
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Fig. 19. A SEM image (left) and a scheme (right) of the nanorod with deposited Al contacts
patterned by e-beam lithography.
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Fig. 20. I-V characteristics of a ZnO:2%Fe,Li nanowire for a voltage sweep from 0-—>3—>-3—0
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6.2 Field effect transistors from Cr- and Sb-doped ZnO nanorods

Devices for transport measurements were fabricated from Cr- and Sb-doped ZnO nanorods
using standard photo- and electron beam lithography and a lift-off technique (Kononenko et
al,, 2009). Nanorods were transferred onto the surface of thermally oxidized silicon chips
with Au pads and lanes. E-beam lithography and a lift-off process were used to pattern e-
beam evaporation deposited aluminum electrodes contacting a single nanorods. Two-
terminal structures were used for measurements of I-V characteristics. n* Si(100) substrate is
used as a gate. Diameters of both Cr-doped and Sb-doped nanorods were about 50 nm.
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Fig. 21. Two state resistive switching of the ZnO nanowire device at RT. Applied voltage
versus time (lower curve); readout resistance versus time (upper curve).

The electrical characteristics of Cr- and Sb-doped ZnO nanorods are shown in figures 22 and
23. The current-voltage curves were measured under different back gate voltages.
Conductance of the nanorod increases with increasing back gate voltage which can be
explained using energy band bending caused by back gating (Tans et al., 1998). The positive
back gate potential increases electron concentration and bends the conduction band towards
the Fermi level. Result of that is increasing of conductance. The negative back gate depletes
the electron concentration. The conduction band bends from the Fermi level, yielding lower
conductance. From the dependence of source-drain current on gate voltages we found that
source-drain current increased with changing of voltages from negative to positive in both
Cr-doped and Sb-doped nanorods. That is both transistors are n-channel.

We also observed from data of source-drain current versus gate voltages that threshold
voltage is about +6V for the Cr-doped nanorods and that is about -7V for the Sb-doped
nanorods. It indicates that first one is n-channel enhancement-mode FET and second one is
n-channel depletion-mode FET. An on/ off current ratio in both FETs as large as 10°.

It is known that the electronic transport of nanowires can be strongly influenced by the
surface effects due to such surface states and/or defects (Dayeh et al., 2007, Jones et al., 2007,
Hanrath & Korgel 2005a, Hanrath & Korgel 2005b). Therefore, control of the density of
surface states is a key factor in various device applications. Hong et al. have previously
reported that ZnO nanowire FETs with n-channel depletion-mode and enhancement-mode
transistors can be realized due to the difference of surface states and/or defects induced by
the surface morphology of ZnO nanowire side walls (Hong et al., 2007). The realization of
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such nanowire transistors having different operational modes can lead to wide applications
for the logic circuits (Park et al., 2005).
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Fig. 22. Output characteristics (Ips-Vps) for Cr-doped nanorod n-channel enhancement-mode
FET.
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Fig. 23. Output characteristics (Ips-Vps) for Sb-doped nanorod n-channel depletion-mode FET.

The surface depletion can have a significant influence on the electronic transport behavior of
ZnO nanorods since the depletion width can be comparable to the diameter size of nanorod.
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The trapping of carrier electrons in trap states can cause electron depletion in the channel.
The depletion width in small diameter nanorods can be comparable to the diameter size of
nanorod. In our case Cr-doped nanorod is completely depleted under the no gate bias
condition due to the larger depletion region than the nanorod diameter and Sb-doped
nanorod is partially depleted under the no gate bias condition due to the smaller depletion
region than the nanorod diameter. Since the diameters of both nanorods are the same, the
surface states discrepancy can be connected with dopant concentration or dopant nature.
Additional investigations is necessary to clarify this issue.

7. Conclusion

In conclusion, arrays of high crystalline and optical quality ZnO nanorods vertically
oriented to a substrate surface can be grown on single-crystalline and amorphous substrates
by catalyst-free elemental chemical vapor deposition at a reduced pressure and large excess
of zinc vapor. A low level of intrinsic defects in such nanorods facilitates inversion of n-type
conductivity to p-type one at doping by acceptor impurity. Homogeneous p-n junctions
were formed in vertically aligned ZnO nanorods by diffusion of antimony deposited onto
their tops during annealing. Inorganic and inorganic-organic heterogeneous p-n junctions
were fabricated on the basis of vertically aligned ZnO nanorods. Blue-white emission was

observed from the homogeneous p-n junction ZnO nanorod and inorganic-organic hybrid
diodes.

The growth from the salt mixture is promising method for doping of ZnO nanorods by
transition metals and acceptor dopants in order to control the electronic and Iuminescence
properties of the nanorods. ZnO nanorods doped by transition metals and acceptor dopants
can be used for nanoelectronic applications. Two-level resistive switching of ZnO:Li,Fe
nanorods at room temperature were demonstrated. Si back gate Field Effect Transistors
were fabricated from Cr- and Sb-doped ZnO nanorods. Transport properties of the Field
Effect Transistors were investigated. We found that both type (Cr-doped and Sb-doped) of
transistors are n-channel. Field Effect Transistor fabricated from ZnO:Cr nanorod
demonstrated enhancement mode behavior and Field Effect Transistor fabricated from
ZnO:Sb nanorod demonstrated depletion mode behavior. It can be important for design of
ZnO nanorod logic circuits.
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1. Introduction

Plasmons are well known as collective excitations of free electrons in solids. Simple unit
structures are nanoparticles such as spheres, triangles, and rods. Optical properties of
metallic nanoparticles were reported at the beginning of the 20th century (Maxwell-Garnett,
1904, 1906). Now it is well known that the resonances in metallic nanoparticles are described
by Mie theory (Born & Wolf, 1999). It is interesting to note that the studies on nanoparticles
were concentrated at the beginning of the century, at which quantum mechanics did not
exist. Shapes and dimensions of metallic nanoparticles such as triangles and rods were
clearly classified by their dark-field images after a century from the initial studies on
nanoparticles (Kuwata et al., 2003; Murray & Barnes, 2007). Nanoparticles were revived
around 2000 in the era of nanotechnology.

It may be first inferred that dimers and aggregations of metallic nanostructures have bonding
and anti-bonding states stemming from Mie resonances in the nanoparticles. The conjecture
was confirmed in many experimental studies (For example, Prodan et al., 2003; Liu et al., 2007;
Liu et al., 2009). Dimer structures composed of a pair of nanospheres or nanocylinders are one
of the most examined structures. At the initial stage of the dimer study, very high-
enhancement of electric field at the gap was frequently reported based on a computational
method of finite-difference time domain (FDTD), which is directly coded from classical
electromagnetics or Maxwell equations. However, recent computations including nonlocal
response of metal, which is quantum mechanical effect, disagree the very high-enhancement
(Garcia de Abajo, 2008; McMahon et al., 2010). Especially, as the gap is less than 5 nm, the
discrepancies in cross section and extinction becomes prominent. While the physics in
dimensions of nm and less obeys quantum mechanics in principal, many experimental and
theoretical results show that classical electromagnetics holds quite well even in tens of nm
scale. Thus, it is not yet conclusive where the boundary of classical electromagnetics and
quantum mechanics exists in nm-scale plasmonics. It will be elucidated when further
development of nanofabrication techniques will be able to produce nm-precision metallic
structures with reliable reproducibility. Taking the present status of nanotechnology into
account, we focus on structures, such as gap, of the dimension more than 5 nm, where classical
electromagnetics holds well.

Contemporary nanofabrication technology can produce a wide variety of plasmonic
structures, which are usually made of metals. In addition to unit structures such as
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nanoparticles, periodic structures are also produced, where surface plasmon polaritons
(SPPs) are key resonances. Strictly, the SPPs in periodic structures are different from the
original SPPs induced at ideally flat metal-dielectric interface. Periodic structures enable to
reduce the original SPP into the first Brillouin zone; it is therefore reasonable to call the SPPs
in periodic structures reduced SPPs. The reduced SPPs were known since 1970s (Raether,
1988) and were revived as a type of resonances yielding extraordinary transmission in a
perforated metallic film (Ebbesen et al., 1998).

When producing periodic array of nanoparticles, what is expected? Periodic structures are
aggregation of monomers and dimers, and have photonic band structures. By structural
control, it is expected to obtain desired photonic bands, for example, wave-number-
independent, frequency-broad band, which is not obtained in dimers and so on. In terms of
photovoltaic applications, light absorbers working at a wide energy and incident-angle (or
wave-number) ranges are preferred. On the other hand, if one access highly enhanced
electromagnetic fields, states of high quality factor, which are associated with narrow band,
may be expected. Thus, the designs of plasmonic structures vary in accordance with needs.
Main purpose of this chapter is to show some of concrete designs of plasmonic structures
exhibiting collective oscillations of plasmons and broad-band plasmonic states, based on
realistic and precise computations.

This chapter consists of 7 sections. Computational methods are described in section 2. One-
dimensional (1D) and two-dimensional (2D) plasmonic structures are examined based on
numerical results in sections 3 and 4, respectively. As for applications, light absorption
management is examined in section 3 and polarization manipulators of subwavelength
thickness are shown in section 4. Conclusion is given in section 5.

2. Computational methods

Before describing the results of 1D and 2D plasmonic structures, computational methods are
noted in this section. In section 2.1, Fourier modal method or rigorously coupled-wave
approximation (RCWA) is described, suitable to compute linear optical spectra such as
reflection and transmission. In section 2.2, finite element method is explained, which is
employed to evaluate electromagnetic field distributions. Although the two methods have
been already established, the details in implementation are useful when researchers unfamiliar
to plasmonics launch numerical study. Furthermore, the detailed settings are described.

Realistic simulations are intended here. As material parameters, constructive equations in
Maxwell equations for homogeneous media have permittivity and permeability (Jackson,
1999). In the following computations, we took permittivity of metals from the literature
compiling measured data (Raki¢ et al., 1998). The permittivity of transparent dielectric was
set to be typical values: that of air is 1.00054 and that of SiO» is 2.1316. The permittivity of Si
was also taken from literature (Palik, 1991). At optical wavelengths, it is widely believed
that permeability is unity in solids (Landau et al., 1982); to date, any exception has not been
found in solid materials.!

1 Metamaterials were initially intended to realize materials of arbitrary permittivity and permeability by
artificial subwavelength structures (Pendry & Smith, 2004). This strategy has been successful especially at
microwaves.
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2.1 Optical spectra

Linear optical responses from periodic structures are observed as reflection, transmission
and diffraction. To calculate the linear optical responses, it is suitable to transform
Maxwell equations into the Fourier representation. By conducting the transformation, the
equation to be solved is expressed in the frequency domain; therefore, optical spectra are
obtained in the computation with varying wavelength. In actual computations, it is crucial
to incorporate algorithm which realizes fast convergence of the Fourier expansion. If one
does not adopt it, Fourier expansion shows extremely slow convergence and practically
one cannot reach the answer. The algorithm could not be found for a few decades in spite
of many trials. The issue was finally resolved for 1D periodic systems in 1996 (Lalanne &
Morris, 1996; Li, 1996b; Granet & Guizal, 1996) and succeedingly for 2D periodic systems
in 1997 (Li, 1997). The Fourier-based method is often called RCWA. Commercial RCWA
packages are now available. In this study, we prepared the code by ourselves
incorporating the Fourier factorization rule (Li, 1997) and optimized it for the vector-
oriented supercomputers.

In general, the periodic structures are not single-layered but are composed of stacked layers.
Eigen modes in each layer expressed by Fourier-coefficient vectors are connected at the
interfaces by matrix multiplication. The intuitive expression results in to derive transfer
matrix (Markos, 2008). Practically, transfer matrix method is not useful because it includes
exponentially growing factors. To eliminate the ill-behaviour, scattering matrix method is
employed. Transfer and scattering matrices are mathematically equivalent. In fact, scattering
matrix was derived from transfer matrix by recurrent formula (Ko & Inkson, 1988; Li,
1996a). The derivations were independently conceived for different aims: the former was to
solve electronic transport in quantum wells of semiconductors as an issue in quantum
mechanics (Ko & Inkson, 1988) and the latter was to calculate light propagation in periodic
media as an issue in classical electromagnetics (Li, 1996a).

In actual implementation, truncations of Fourier expansions are always inevitable as written
in equation (1), which shows Lth-order truncation. Of course, the Fourier expansion is exact
as L—oo,

E(x,y)= zm,n:O,il,iZ,“-,iL E,,, exp(ik,x +ik,y + 2zim / d, + 27in / d,)) 1)

In equation (1), 2D periodic structure of the periodicities of d. and d, is assumed and
incident wave vector has the components k. and k,. The term E,;, is Fourier coefficient of
function E(x, y). For 2D periodic structures shown later, the truncation order is set to be L=
20. Then, estimated numerical fluctuations were about 1%. For 1D periodic structures, one
can assume that d, is infinity in equation (1); as a result, requirements in numerical
implementation become much less than 2D cases. It is therefore possible to set large order
such as L=200 and to suppress numerical fluctuations less than 0.5%.

Optical spectra calculated numerically by the Fourier modal method were compared with
measured spectra; good agreement was confirmed in stacked complementary 2D plasmonic
crystal slabs, which have elaborate depth profiles (Iwanaga, 2010b, 2010d).
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2.2 Electromagnetic-field distributions

Electromagnetic-field distributions were computed by employing finite element method
(COMSOL Multiphysics, version 4.2). One of the features is to be able to divide constituents
by grids of arbitrary dimensions.

To keep precision at a good level, transparent media were divided into the dimensions less
than 1/30 effective wavelength. As for metals, much finer grids are needed. Skin depth of
metals at optical wavelengths is a few tens of nm; therefore, grids of sides of a few nm or
less were set in this study. Such fine grids result in the increase in required memory in
implementation. Even for the unit domain in 2D periodic structures, which is minimum
domain and becomes three-dimensional (3D) as shown in Fig. 7, the allocated memory
easily exceeded 100 GB. As for 1D structures, the unit domain is 2D and requires much less
memory in implementation. Accordingly, computation time is much shorter; in case of Fig.
3, it took about ten seconds to complete the simulation.

si0,

Fig. 1. Schematic drawing of an efficient 1D plasmonic light absorber of Ag nanorod array
on SiO; substrate, which was found based on the search using genetic algorithm. Plane of
incidence is set to be parallel to the xz plane.

The finite element method was applied for resolving the resonant states in the stacked
complementary 2D plasmonic crystal slabs and revealed the eigen modes successfully
(Iwanaga, 2010c, 2010d).

3. 1D periodic metallic nanorod array

Light absorbers of broad band both in energy and incident-angle ranges were numerically
found (Iwanaga, 2009) by employing simple genetic algorithm (Goldberg, 1989). One of the
efficient absorbers is a 1D metallic nanorod array as drawn in Fig. 1. The Ag nanorods (dark
grey) are assumed to be placed on the step-like structure of SiO. (pale blue). Periodic
direction was set to be parallel to the x axis, and the periodicity is 250 nm. The nanorods are
parallel to the y axis and infinitely long. The nanorods in the top layer have the xz rectangular
sections of 10050 nm2. The other nanorods have the xz square sections of 50x50 nm?2.
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In 1D structures, it was found that depth profiles are crucial to achieve desired optical
properties. Single-layered 1D structures have little degree of freedom to meet a designated
optical property whereas 1D structures of stacked three layers have enough potentials to
reach a given goal (Iwanaga, 2009).

In this section, we clarify the light-trapping mechanism by examining the optical and
absorption properties, and electromagnetic field distributions. Collective electrodynamics
between the nanorods plays a key role to realize the doubly broad-band absorber.

3.1 Optical responses and light absorption

Incident plane waves travel in the xz plane (that is, the wave vectors kj, are in the xz plane) as
shown in Fig. 1, keeping the polarization to be p polarization, that is, incident electric-field
vector Ei, is in the xz plane. To excite plasmonic states in 1D periodic systems, the p
polarization is essential. If one illuminates the 1D object by using s-polarized light (that is, Ein
parallel to ), plasmonic states stemming from SPPs are not excited. Absorbance spectra under
p polarization at incident angles 6 of -40, 0, and 40 degrees are shown in Fig. 2(a) with solid
line, dashed line, and crosses, respectively. The sign of incident angles 0 is defined by the sign
of x-component kinx(= | kin | sinf) of incident wave vector. Absorbance A in % is defined by

A=100-% 1 (Ri+T) ®
where R, and T, are nth-order reflective and transmissive diffractions, respectively. Ro
denotes reflectance and Ty stands for transmittance. We computed linear optical responses
R, and T, by the Fourier modal method described in section 2.1, and evaluated A by use of
equation (2). The symbols Ro and Ty are respectively expressed simply as R and T from now
on. In the 1D structure in Fig. 1, since the periodicity is 250 nm, T,, and R, for n # 0 are zero
for 6 = 0° in Fig. 2(a) and zero for 6 = -40° at more than 525 nm.

In Fig. 2(a), absorption significantly increases at 6 = -40° in the wavelength range longer
than 600 nm. It is to be stressed that absorption is more than 75% in a wide range from 600
to 1000 nm. Thus, the 1D structure in Fig. 1 works as a broad-band absorber in wavelengths
from the visible to near-infrared ranges.
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Fig. 2. (a) Absorption spectra at -40° (solid line), 0° (dashed line), and 40° (crosses) under p
polarization. (b) Spectra of A (solid line), R (dotted line), and T (dashed line) at 620 nm
dependent on incident angles.
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In Fig. 2(b), The A spectrum at 620 nm dependent on incident angles is shown with solid
line. The corresponding T and R spectra are shown with blue dashed and red dotted lines,
respectively. Note that diffraction does not appear at this wavelength.

The T spectrum in Fig. 2(b) exhibits asymmetric distribution for incident angles 0, indicating
that the structure in Fig. 1 is optically deeply asymmetric. In contrast, the R spectrum is
symmetric for 0 and the relation of R(0)=R(-0) is satisfied; the property is independent of
structural symmetry and is known as reciprocity (Potten, 2004; Iwanaga et al., 2007b). The A
spectrum takes more than 80% at a wide incident-angle range from 5° to -60°. It is thus
shown that the 1D periodic structure in Fig. 1 is a doubly broad-band light absorber.

3.2 Magnetic-field and power-flow distributions

To reveal the plasmonic state inducing the doubly broad-band absorption in Fig. 2, we
examine here the electromagnetic field distributions at 620 nm and 0 = -40°, evaluated by the
finite element method. As described in section 3.1, incident plane waves are p-polarized and
induce transverse magnetic (TM) modes in the 1D periodic structure. Therefore, magnetic-
field distribution is suitable to examine the features of the plasmonic state.

In Fig. 3(a), magnetic-field distribution is presented; the magnetic field has only y
component under p polarization and the y-component of magnetic field is shown with
colour plot. Figure 3(a) shows a snapshot of the magnetic field, where the phase is defined
by setting incident electric field Ei,=(sin(-40°), 0, cos(-40°)) at the left-top corner position. The
propagation direction of incidence is indicated by arrows representing incident wave
vectors kin. To show a wide view at the oblique incidence, the domain in the computation
was set to include five unit cells. We assigned the yz boundaries (that is, the left and right
edges) periodic boundary condition.

The magnetic field distribution in Fig. 3(a) forms spatially oscillating pairs indicated by the
signs + and -. It is to be noted that the oscillating pairs are larger than each metallic nanorod
and are supported by three or four nanorods. The distributions are enhanced at the vicinity
of nanorod array and strongly suggest that collective oscillations take place, resulting in the
broad absorption band. As for plasmonic states, resonant oscillations inside metallic
nanorod have been observed in most cases, which are attributed to Mie-type resonances
(Born & Wolf, 1999). The present resonance is distinct from Mie resonances and has not been
found to our best knowledge.

In Fig. 3(b), time-averaged electromagnetic power-flow distribution is shown. The power
flow is equivalent to Poynting flux at each point. The z-component of the power flow is
shown with colour plot and the vectors of power flow are designated by arrows, which are
shown in the logarithmic scale for clarity. Oblique incidence is seen at the top of the panel
and the power flow successfully turns around the nanorods, going into SiO; substrate. In
addition to this finding, let us remind that the sum of R and T are at most 10% as shown in
Fig. 2(b), that the power flow in the substrate is not far-field component but mostly
evanescent components, and that most of incident power is consumed at the vicinity of the
nanorod array. Therefore, incident radiation is considered to be effectively trapped at the
vicinity of the nanorod array, especially in the substrate. Management of electromagnetic
power flow is a key to realize photovoltaic devices of high efficiency.
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Fig. 3. (a) A snapshot of y-component of magnetic field (colour plot). Incident wave vectors
are shown with arrows on the top. (b) Time-averaged electromagnetic power flow of z
component (colour plot). Vectors (arrows) are represented in the logarithmic scale.

3.3 Management of incident light for photovoltaic applications

As is shown in sections 3.1 and 3.2, periodic structure of metallic nanorod array can be
broad-band light absorber concerning both wavelengths and incident angles. Good light
absorbers are preferred to realize more efficient photovoltaic devices. Possibility for the
application is discussed here.

In considering producing efficient photovoltaic devices, it is crucial to exploit incident light
fully. In the context, perfect light absorbers are usually preferred. However, light absorption
and management of light have to be discriminated. If plasmonic absorbers consume incident
light by the resonances resident inside metallic nanostructures such as Mie resonance,
photovoltaic parts cannot use the incident light. Thus, it is not appropriate to optimize light
absorption by metallic nanostructures when one tries to incorporate them into photovoltaic
devices. Instead, one should manage to convert incident light to desired distributions by
metallic nanostructures (Catchpole & Polman, 2008a, 2008b). In Fig. 3(b), we have shown
that incident light effectively travels into substrate, in which photovoltaic parts will be
made. Additionally, most of the light taken in is converted to enhanced evanescent waves.
In comparison with the incident power, the power of the evanescent wave is more than a-
few-fold enhanced. Such local enhancement of electromagnetic fields is preferable in
photovoltaic applications.

As is widely known, management of incident light has been conducted in Si-based solar cells.
At the surface, textured structures are usually introduced to increase the take-in amount of
light (Bagnall & Boreland, 2008). The difference between the textured structures and the
designed metallic nanostructures exists in the enhancement mechanism; the former has no
enhancement while the latter can have local resonant enhancement as described above.

In actual fabrications of photovoltaic devices incorporating metallic nanostructures,
plasmonic structures will be made on semiconductors. The structure in Fig. 1 is made on
SiO; and has to be redesigned because the permittivity of SiO, and semiconductor such as Si
is quite different at the visible range. In this section, we have shown actual potentials of
plasmonic structures for light management through a concrete 1D periodic structure of
nanorod array. Since genetic algorithm search is robust and applicable to issues one wants
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to find solutions (Goldberg, 1989), we positively think of finding plasmonic structures for
photovoltaic applications.

In further search, 2D structures will be the targets, independent of incident polarizations. As
for the actual fabrications, one may think that the step-like structure as shown in Fig. 1 are
hard to produce by current top-down nanofabrication technique. In fact, there is hardly
report that 90° etching is successfully executed. However, there is enough room to improve
fabrication procedures; for example, if one could prepare hard mask and use calibrated
aligner to conduct dry etching of semiconductors, it would be possible to etch down at
almost 90° and even to produce step-like structures.

Sio,

Fig. 4. Schematic drawing of 2D periodic Ag nanorod arrays on SiO- substrate. (a) Free
standing in air. (b) Embedded in a Si layer.

4. 2D periodic metallic nanorod array

2D periodic nanorod array has much variety in design. In this section, we show how
modification of unit cell drastically changes the optical properties. As concrete structures,
we present the results on the rectangular nanorod array as shown in Fig. 4 and refer to those
on circular nanorod array. In addition, it is shown that well-adjusted 2D nanorod arrays
work as efficient polarizers of subwavelength thickness. As the application, circular dichroic
devices are presented, which include 2D nanorod array as a component.

Before describing the numerical results on 2D metallic nanorod arrays, we mention how
they can be fabricated. It is probably easier to produce the structure in Fig. 4(b) than that in
Fig. 4(a). Since thin Si wafers can be fabricated in nm-precision as Si photonic crystal slabs
are made (Akahane et al., 2003), the procedure of electron-beam patterning, development,
metal deposition, and removal of resist results in the structure in Fig. 4(b) Free-standing
metallic nanorods seem to be relatively hard to produce. Simple procedure described as for
Fig. 4(b) is unlikely to be successful. Instead, other procedures have to be conceived. One of
the ways is to modify the fabrication procedure to produce metallic nanopillars of about 300
nm height (Kubo & Fujikawa, 2011).

4.1 Optical properties

In Fig. 5, T and R spectra of free-standing Ag nanorod arrays are shown. Unit cell structures
in the xy plane are drawn at the left-hand side. The periodicity is 250, 275, and 240 nm along
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both x and y axes in Figs. 5(a), 5(b), and 5(c), respectively. Grey denotes the xy section of Ag
nanorods, which is 50x50 nm? in the xy plane. The height of the nanorods was set to be 340
nm. The gaps between nanorods were set to be 0, 5, and 10 nm along the x and y axes in
Figs. 5(a), 5(b), and 5(c), respectively.
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Fig. 5. Unit cell structures and the optical spectra of free-standing Ag nanorod array on SiO;
substrate. Grey denotes Ag nanorod of 50x50 nm? in the xy plane. Gaps between each
nanorod are set along the x and y axes: (a) 0 nm, (b) 5 nm, and (c) 10 nm. Dimensions are
written in units of nm. T and R spectra at y = 45° are shown with solid and thin lines,
respectively. T and R spectra at y = 135° are represented with dashed and dotted lines,
respectively.

Incident plane waves illuminate the 2D structures at normal incidence. Incident polarization
Ei» was set to be linear, defined by azimuth angle y, that is, the angle between the x axis and
the E;, vector, as drawn in Fig. 5(a). In accordance with the symmetry of the unit cell, two
polarizations y = 45° and 135° were probed. T and R spectra at y = 45° are displayed with
blue solid and red thin lines, respectively. T and R spectra at y = 135° are shown with blue
dashed and red dotted lines, respectively.

T spectra at y = 45° are sensitive to the gaps. In Fig. 5(a), at the visible range of wavelength
less than 800 nm, definite contrast of T at y = 45° and 135° is observed. As gaps becomes
larger, the contrast of T rapidly diminishes. Actually, in Fig. 5(c) where the gap is 10 nm, T
spectra at y = 45° and 135° become quite similar in spectral shapes and lose the difference
seen in Fig. 5(a). The gap dependence of T spectra implies that there exists resonant state in
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the structure of Fig. 5(a) at y = 45° and less than 800 nm and that the resonant state is lost by
the nm-order gaps between nanorods.

The strong contrast of T in Fig. 5(a) indicates that the 2D nanorod arrays serves as a good
polarizer of subwavelength thickness, which is employed in section 4.3.

Dimers or aggregations of rectangular and circular metallic nanostructures have attracted
great interest in terms of so-called gap plasmons in terms of enhanced Raman scattering
(Futamata et al., 2003; Kneipp, 2007). T spectra in Fig. 5 suggest that gap plasmons rapidly
disappear as the gap increases and are lost even with a small gap of 10 nm.

In Fig. 5, we show the results on rectangular Ag nanorod array; similar spectral
examinations were conducted for circular Ag nanorod arrays though the spectra are not
shown here. The qualitative tendency is similar and the contrast of T is rapidly lost as the
gaps between the circular nanorods increases in nm order.

In Fig. 6, we show T spectra of Ag nanorod arrays embedded in a Si layer of 340 nm height
along the z axis. Incident polarizations were y = 45° and 135°. T spectra at y = 45° and 135°
are shown with blue solid and blue dashed lines, respectively. It is first to be noted that T
spectra at y = 135° are almost independent of the gaps between Ag nanorods; T’s at the
wavelength range more than 1000 nm are several tens of % and exhibit Fabry-Perot-like
oscillations coming from the finite thickness of the periodic structure, suggesting that the 2D
structure for y = 135° is transparent due to off resonance. In contrast, T spectra at y = 45°
vary the shape significantly with changing the gaps and are very sensitive to the gaps. At
the 0 nm gap in Fig. 6(a), contrast of T is observed at the wavelength range longer than 1500
nm, indicating that the 2D structure in Fig. 4(b) also works as an efficient polarizer. The
states at 1770 nm (arrow in Fig. 6(a)) are examined by electric field distributions in Fig. 7.

4.2 Electromagnetic-field distributions on resonances

In Fig. 7, electric-field distributions are shown which correspond to the 2D periodic
structure of the unit cell in Fig. 6(a). Incident wavelength is 1770 nm; the wavelength is
indicated by an arrow in Fig. 6(a). Colour plots denote intensity of electric field |E| and
arrows stand for 3D electric-field vector. The unit domain used in the computations by the
finite element method is displayed. Periodic boundary conditions are assigned to the xz and
yz boundaries.

Figures 7(a) and 7(b) present the electric-field distributions at incident azimuth angle y =
45° and 135°, respectively. Incident plane wave travels from the left xy port to the right xy
port. The phase of incident wave at the input xy port was defined by Ei, = -(sin(45°),
cos(45°), 0) in Fig. 7(a) and by Ei, = (sin(135°), cos(135°), 0) in Fig. 7(b). The left panels show
3D view and the right panels shows the xy section indicated by cones in the left panels.

Electric-field distributions at y = 45° in Fig. 7(a) are prominently enhanced at the vicinity of
the connecting points of Ag nanorods. The enhanced fields are mostly induced outside the
Ag nanorods and oscillate in-phase (or coherently), suggesting that the resonant states are
not Mie type. On the other hand, electric-field distributions at y = 135° in Fig. 7(b) have local
hot spots at the corners of the Ag nanorods. It is usually observed at off resonant conditions.
The electromagnetic wave propagates dominantly in the Si part.
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Fig. 6. Unit cell structures and the T spectra of Ag nanorod array embedded in a Si layer on
SiO; substrate. Gaps of Ag nanorods along the x and y axes are (a) 0 nm, (b) 5 nm, (c) 10 nm,

and (d) 20 nm, respectively. Unit cells were set similarly to Fig. 5. T spectra at y = 45° and

135° are shown with solid and dashed lines, respectively.

Incident power was set to be 2.56x102 W/m? at the input xy port and the corresponding
electric-field intensity was 4.39x102 V/m. The resonant electric field at the vicinity of
nanorod array reaches 4.6x103 V/m at the maximum and shows about tenfold enhancement;
the scale bar has the maximum of 8.2x102 V/m and the distributions are displayed in a
saturated way to clearly present them near the connecting points. In air, incident and
reflected waves are superimposed in phase and consequently the electric-field intensity
takes larger values than the incident power.

4.3 Application for subwavelength circular dichroic devices

As shown in section 4.1, 2D periodic metallic nanorod arrays can serve as polarizers of
subwavelength thickness. In this section, we make use of such an efficient polarizer and
introduce subwavelength optical devices of circular dichroism.
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Fig. 7. Electric field distributions of the 2D periodic structure of the unit cell of Fig. 6(a): (a)
1770 nm and y = 45°% (b) 1770 nm and y = 135°. Left: 3D views of the unit domain. Right:
the xy sections, indicated by cones in the left panels.

Efficient polarizers selecting polarization vectors are one of the key elements to realize
various subwavelength optical devices. Another key element is wave plates which
manipulate the phase of electromagnetic waves. In Fig. 8(a), a concrete design of wave plate
of subwavelength thickness is presented, which is multilayer structure composed of Ag and
SiO; and made thin along the layers. Thickness of each Ag and SiO; layer along the x axis is
assumed to be 30 and 270 nm, respectively. Incident light sheds on the side or the xy plane.
Azimuth angle y is defined similarly to Fig. 5(a).

To clarify the basic optical properties of the multilayer structure, R spectra at y = 0° and 90°
under normal incidence are shown in Fig. 8(b). For simplicity, the thickness is assumed to be
sufficiently thick to eliminate interference pattern in R spectra. For y = 0° (that is, Ei, is
parallel to the x axis), the structure shows small R (red dashed line) and is transparent. For
y = 90° (that is, Ej, is parallel to the y axis), it shows R spectrum (red solid line) just as a
typical Drude metal (Ashcroft & Mermin, 1976). At longer wavelength range than 1000 nm,
the structure serves as wire-grid polarizer whereas, at shorter wavelength range than 1000
nm, the structure becomes transparent for any polarization and can work as an efficient
wave plate (Iwanaga, 2008).
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Fig. 8. Wave plate of subwavelength thickness. (a) Schematic drawing of structure and
optical configuration. (b) Reflectance spectra under normal incidence at yp = 0° (dashed line)
and y = 90° (solid line).

The strong anisotropy of the multilayer structure is quantitatively expressed by using
effective refractive index (Iwanaga, 2007a); it was found that, as a wave plate, the x axis is
fast axis of effective refractive index of about 2 and the y axis is very slow axis of effective
refractive index less than 1. It is to be emphasized that such strong anisotropy has not been
found in solid material and makes it possible for the wave plates of multilayer structure to
be extremely thin. In artificial structures, working wavelength can be tuned at desired
wavelength by structural modifications; in contrast, it is very hard to change the working
wavelength in solid materials because resonance is intrinsic property of materials. The
feasibility in tuning is another advantage in subwavelength artificial structures.

Once key elements are found, the combinations are naturally derived and usually realized
by producing stacked structures. A recent example is orthogonal polarization rotator of
subwavelength thickness, which was numerically substantiated by designing a skew
stacked structure of wave plates (Iwanaga, 2010a). By introducing stacked structures,
potentials of subwavelength optical devices are greatly extended.

Figure 9(a) shows a concrete design of circular dichroic device (named I), which transforms
incident circular polarization to transmitted linear polarization. The circular dichroic device
has stacked structure of a wave plate of multilayer structure and a polarizer of 2D Ag
nanorod array. The wave plate basically plays a role as a quarter wave plate at the
wavelength range of the present interest. Each unit cell of the stacked layers is drawn in
detail at the bottom; the dimensions are written in units of nm. Grey denotes Ag and pale
blue SiO;. The thickness of the wave plate and the polarizer was set to be 284 and 210 nm,
respectively; therefore, the total thickness of the circular dichroic device was 494 nm.

In Fig. 9(b), T spectra under right-handed circular (RHC) and left-handed circular (LHC)
polarizations are shown with blue solid and blue dashed lines, respectively. Obviously,
definite contrast of T appears at about 850 nm. The degree of circular dichroism o is defined
by the following equation.

o = riic ~ Trnc 3)
Truc + Trnc
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When o = 1, the optical device is optimized for RHC and when o = -1, it is done for LHC. In
Fig. 9(c), the o is shown and takes the value almost equal to unity at 855 nm, which is
indicated by a red arrow in Fig. 9(b). Since the thickness of the device is 494 nm, it is
confirmed that the circular dichroic device I is certainly subwavelength thickness, which is
58% length for the working wavelength.
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Fig. 9. Circular dichroic device I of subwavelength thickness. (a) Stacked subwavelength
structure transforming circular into linear polarizations. (b) Transmittance spectra under
RHC (solid line) and LHC (dashed line). (c) Degree of circular polarization o, defined by
equation (3). (d) Polarization of transmitted light.

Figure 9(d) presents polarization of transmitted light (red closed circles). Electric field was
recorded for one wavelength and projected onto the xy plane. Clearly, the transmitted light
is linearly polarized, characterised as y = 45° by using azimuth angle y.

Figure 10(a) shows schematic drawing of circular dichroic device II, transforming incident
circular polarization into counter-circular polarization. The device is composed of stacked
structure of wave plate, polarizer, and wave plate and has subwavelength thickness for the
working wavelength. Each unit cell of the components is drawn at the bottom and is
specified; the first layer means that incident plane waves illuminate first, and succeedingly
the incident waves travel through the second and third layers. Grey denotes Ag and pale
blue SiO,. The thickness of the first, second, and third layers is 284, 210, and 255 nm,
respectively; the total thickness is 749 nm. Although the basic design of the circular dichroic
device I is similar to the device II in Fig. 9, the thickness of the third layer was finely
adjusted to obtain ideally circular polarization of transmitted light because evanescent
components contribute at the interface of the second and third layers, and modify the
electrodynamics in the device II from that at homogeneous interface by plane waves.

Figure 10(b) shows T spectra under RHC (blue solid line) and LHC (blue dashed line)
incidence. Definite contrast of T is observed at 820-900 nm; T under LHC incidence is well



Collective Plasmonic States Emerged in Metallic Nanorod Array and Their Application 89

suppressed. In Fig. 10(c), the degree of circular dichroism o is shown, evaluated by equation
(3). Almost ideal circular dichroism is realized at 855 nm, indicated by a red arrow in Fig.
10(b).
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Fig. 10. Circular dichroic device II of subwavelength thickness. (a) Stacked subwavelength
structure transforming circular into counter-circular polarizations. (b) Transmittance spectra
under RHC (solid line) and LHC (dashed line). (c) Degree of circular polarization o, defined
by equation (3). (d) 3D plot of the trajectory of polarization of transmitted light with wave
vector ky; the wavelength is 855 nm and indicated by an arrow in (b).

Figure 10(d) presents 3D plot of trajectory of the transmitted polarization (or electric field) at
855 nm. The polarization circularly rotates in the left-handed direction along the transmitted
wave vector k.. Thus, it is shown that a unique circular dichroic device transforming
incident circular polarization into the counter-circular polarization can be realized with
subwavelength thickness by employing metallic nanostructures such as thin line and
nanorods. Miniature optical devices shown in this section can serve as key elements in
micro-optics circuits in the future.

In considering circular dichroism, it is often preferred to use helical structures. Probably,
helical structures are connected unconsciously in mind to helical distributions of
polarization such as Fig. 10(d), that is, circular polarizations. In principal, circular dichroism
originates from simultaneous manipulations of polarization vector and the phase as proved
in Figs. 9 and 10.

Resonances inducing simultaneous change of polarization vector and phase are possibly to
be resident in helical structures; an example is periodic array of gold helical structures
which serves as a circular dichroic device in infrared range (Gansel et al., 2009). Note that it
is impossible to move the working wavelength to the visible range by simply making the
smaller structures because scaling law does not hold in the periodic structures including
metals which have wavelength-dependent permittivity.

To find new structures serving as circular dichroic devices, nature can provide clues.
Jewelled beetles are rather widely known as circular dichroic insects. It turned out that the
wings have helically stacked structures (Sharma et al., 2009). Biomimetics thus reminds us to
learn from nature.
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5. Conclusion

Periodic metallic nanorod arrays have been investigated based on the numerical methods. It
was shown that the nanorod arrays have collective resonant states or coherent oscillations
outside each nanorod; the field distributions suggest that the resonant states are distinct
from Mie resonance. The resonant states form broad band in wavelength, indicating that
they are continuum. In the 1D periodic structure of stacked layers, the resonant states are
also broad band in incident angles. The doubly broad-band features have not been reported
in metallic nanostructures. It was also shown in 2D structures of nanorod array that the
structures are crucial to realize the broad-band plasmonic states and that geometrical
modifications in the order of 5 nm significantly affect the collective states. Further
development of nanofabrications will lead us to the novel plasmonic states. In terms of
applications, the 1D nanorod array was discussed as a light managing element for
photovoltaic devices and the 2D nanorod arrays were incorporated in highly efficient
subwavelength circular-dichroic devices which were concretely designed to work at optical
wavelengths, transforming incident circular polarizations to desired polarizations.
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1. Introduction

Zinc oxide (ZnO) nanomaterials have emerged as one of the most promising materials for
electronic devices such as solar cells, light-emitting devices, transistors, and sensors. The
diverse structures of ZnO nanomaterials produce unique, useful, and novel characteristics
that are applicable for high-performance devices. The ZnO nanorod array is a beneficial
structure that has become extremely important in many applications due to its porosity,
large surface area, high electron mobility, and variety of feasible techniques. The chemistry
and physical tuning of its surface state, including processes such as annealing and chemical
treatments, enhance its functionality and sensitivity and consequently improve the device
performance. These useful characteristics of ZnO nanorod arrays enable the fabrication of
ultraviolet (UV) photoconductive sensors with high responsivity and reliability. Although
there are many techniques available to synthesise the ZnO nanorod arrays, solution-based
methods offer many advantages, including the capacity for low-temperature processing,
large-scale deposition, low cost, and excellent ZnO crystalline properties. In this chapter, the
synthesis of ZnO nanorod arrays via ultrasonic-assisted sol-gel and immersion methods will
be discussed for application to UV photoconductive sensors. The optical, structural, and
electrical properties of deposited ZnO nanorod arrays will be reviewed, and the
performance of the synthesised ZnO nanorod array-based UV photoconductive sensors will
be discussed.

2. Ultraviolet photoconductive sensor using ZnO nanomaterials

Recently, ZnO nanostructures have received much attention due to their promising
characteristics for electronic, optical, and photonic devices. Generally, ZnO exhibits
semiconducting properties with a wide band gap of 3.3 eV at room temperature and a
strong binding energy of 60 meV, which is much larger than that of gallium nitride (GaN, 25
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meV) or the thermal energy at room temperature (26 meV). ZnO is naturally an n-type
semiconductor material that is very transparent in the visible region, especially as a thin
film, and has good UV absorption. ZnO is a biosafe and biocompatible material that has
many applications, such as in electronics and biomedical and coating technologies. A
reduction in size of the ZnO particle to the nanoscale level produces novel and attractive
electrical, optical, mechanical, chemical, and physical properties due to quantum
confinement effects. Moreover, ZnO nanostructures have a high aspect ratio, or a large
surface-to-volume ratio and high porosity, which can fulfil the demand for high
performance and efficiency in numerous applications (Lee et al., 2009, Galoppini et al., 2006,
Park et al., 2011, Hullavarad et al., 2007).

UV photoconductivity, where the electrical conductivity changes due to the incident UV
radiation, is characteristic of few semiconductors (wide band gap) or materials. This
characteristic involves a number of mechanisms, including the absorption of light, carrier
photogeneration, and carrier transport (Soci et al., 2010). Generally, a change in conductivity
is related to the number of photogenerated carriers per absorbed photon or quantum yield
and the mobility of the photogenerated carriers. The photoresponse time usually involves
factors such as carrier lifetime and the defects state of the material. In other words, the UV
photoconductivity represents important electrical properties that are related to carrier
mobility, carrier lifetime, and defects in the materials.

There are various reports regarding UV photoconductive sensors that utilise ZnO
nanostructures as the sensing elements. For example, Pimentel et al. developed ZnO thin-
film-based UV sensors using radio frequency (RF) magnetron sputtering (Pimentel et al.,
2006). They produced ZnO thin films with resistivities from 5 x104 to 1 x10? Q cm and
revealed that the preparation of ZnO films without oxygen exposure in an RF sputtering
chamber produced a UV detector with higher sensitivity at thicknesses below 250 nm than
ZnO films with oxygen exposure. They theorised that the result might have been due to the
smaller grain size of the ZnO films without oxygen exposure, which increased the sensor
active areas for UV detection.

Additionally, Xu et al. developed an Al-doped ZnO thin-film-based UV sensor using the sol-
gel method (Xu et al., 2006). They produced a 5 mol % Al-doped ZnO film that was highly
oriented along the c-axis of a Si (111) substrate. Their study detailed the suitability of Al-
doped ZnO thin films for UV detection, where a high photocurrent value was obtained
when the film was irradiated with UV light between 300 nm and 400 nm. However, their
study revealed that the cut-off wavelength of Al-doped ZnO was blue-shifted to a shorter
wavelength compared with the undoped film. They also observed that the photocurrent
value of the Al-doped ZnO film in the visible region was reduced slightly compared to the
undoped ZnO film, which improved the UV sensor sensitivity.

Zheng et al. developed a photoconductive ultraviolet detector based on ZnO films (Zheng et
al., 2006). The ZnO thin films were deposited by pulsed laser deposition (PLD) at a thickness
of 300 nm on glass substrates. Al metal contacts with 0.1 mm separation were deposited
onto the ZnO films to complete the UV photoconductive sensor configuration. The
crystallite size of the PLD-deposited ZnO film was around 23 nm, and the ZnO films grew
along the c-axis, or perpendicular to the substrate. They found that the crystallite
boundaries that were induced by the small crystallite size of the ZnO nanoparticles
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contributed to the oxygen adsorption at the interfaces of the ZnO crystallites. This condition
also resulted in carrier scattering, which decreased the carrier mobility. They also observed
that the ZnO-nanoparticles based UV detector from their method showed a large dark
current of approximately 0.2 mA at a bias voltage at 5 V, which was due to intrinsic defects,
such as oxygen vacancies and zinc interstitials.

Jun et al. fabricated ultraviolet photodetectors based on ZnO nanoparticles with a diameter
size of 70 nm using a paint method on thermally oxidised Si substrate (Jun et al., 2009). They
used gold as the metal contacts with a gap of 20 pm. They addressed the surface defect
problem experienced by nanoparticle-based UV detectors. Surface defects cause a rise time
delay during UV illumination and irradiative recombination between the holes and
electrons, which lowers the performance of ZnO nanoparticle-based devices.

Liu et al. fabricated a ZnO/diamond-film-based UV photodetector on a Si substrate (Liu et
al.,, 2007). The ZnO films were deposited on a freestanding diamond-coated Si substrate by
RF magnetron sputtering. They used gold as the metal contacts, which were deposited onto
the film by DC magnetron sputtering with 2 mm of electrode separation. They found that
the dark current of their UV sensor decreased with the grain size, which was due to the
reduction of the ZnO grain boundaries. It was also mentioned that the ZnO-film-based UV
photodetector showed a slow photoresponse due to a carrier-trapping or polarisation effect.

Hullavarad et al. developed UV sensors based on nanostructured ZnO spheres in a network
of nanowires (Hullavarad et al., 2007). They produced the nanostructured ZnO using a
direct vapour phase (DVP) technique. The sizes of the microspheres varied from 600 nm-2
pm, while the nanowire diameters were 30-65 nm. Based on their analysis, the dark current
value of their sensor was 1 x 10-10 A at 1 V, which is less than the dark current of a ZnO thin
film-based sensor reported by Yang et al. (Yang et al., 2003) and is a result of the low
surface-defect properties of their ZnO nanostructures, as observed in the photoluminescence
(PL) spectra.

Another interesting study that utilised a single nanobelt as a UV photoconductive sensor
was conducted by Yuan et al. (Yuan et al., 2011). The nanobelt has a very similar structure as
the nanorod, except the nanobelt exists in a box-like dimension where it has height
(nanobelt thickness), width and length. In this case, the prepared nanobelt had a thickness of
120 nm and a width of 600 nm. With this structure, a sensor was constructed with a
photocurrent value that was four orders of magnitude higher than the dark current. The
sensor also possessed other excellent performance features, such as a high photosensitivity
of 104, a low dark current of 103 pA, a low power consumption of 2.45 uW, a typical rise
time of 0.12 s, and a decay time of 0.15 s. They explained that the high surface-to-volume
ratio and the high coverage-area-to-total-area ratio contributed to the superior performance
of their device.

A UV photoconductive sensor using a film of ZnO nanowall networks has been fabricated
by Jiang et al. (Jiang et al., 2011). The films were prepared on a Si (111) substrate using
plasma-assisted molecular beam epitaxy, with the inner diameters of the nanowalls ranging
from 100 to 500 nm. In their sensor configuration, 200 nm-thick Au metal contacts were
deposited in an interdigitated electrode design with electrode fingers that were 5 pum wide,
500 pm long, and on a pitch of 2 um. The sensor showed a huge response to 352 nm UV
light, with a responsivity of 24.65 A/W under a biased voltage of 5 V. The cut-off
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wavelength of the sensor was approximately 360 nm. They showed that the nanostructure-
based device had a high photoconductive gain due to the presence of oxygen-related hole-
trap states on the nanowall surface.

Based on these previous studies, the use of nanostructure materials for UV photoconductive
sensor applications have many advantages over bulk structures, including high gain, low
power consumption, high sensitivity, reduced dimensionality, and the use of an extremely
small fraction of the device’s active materials. There are a number of factors that contribute
to the high photosensitivity of nanostructure-based devices, including the surface-to-volume
ratio, surface defects, light trapping, and porosity (Soci et al., 2007). Current research has
mainly focused on the fabrication of UV photoconductive sensors using ultra-small
nanostructures that contribute to the large surface area of the sensing element. Research has
also emphasised prolonging the carrier lifetime of the device during UV illumination to
lower the charge-carrier recombination. The carrier transit time also plays an important role
in the device performance; thus, high mobility nanostructures are needed for good device
performance.

3. Zn0O nanorod arrays in ultraviolet photoconductive sensor

Currently, ZnO nanorods are receiving considerable attention for UV photoconductive
sensor applications due to their unique characteristics and quantum confinement properties.
The nanorod structure shows good surface area availability with excellence carrier transport
characteristics that are very suitable for UV sensor applications. Depending on the method
and experimental parameters used, the nanorod sizes (i.e., diameter and length) are
tuneable, which may give different sensor performances. Additionally, by modifying the
surface, the performance of the sensor can also be improved because of the relationship
between surface defects and surface adsorption of gas molecules from the atmosphere,
which tremendously influence the sensor characteristics. According to Soci et al., one-
dimensional (1D) structures have several advantages over bulk or thin films in UV sensor
applications, including light scattering enhancements that reduce optical losses, improved
light absorption, large photosensitivity due to the high gain, and the possibility to integrate
functionalities within single 1D devices (Soci et al., 2010). The prolonged photocarrier
lifetime, which is due to charge separation promoted by surface states, and the reduction in
carrier transit time, which can be achieved in high-quality, low-defect ZnO nanorod
together with small gap of metal contacts, both contribute to the high gain in the nanorod-
based devices.

Surface area plays a very important role in the UV sensing mechanism, as the sensing
mechanism involves the surface reactions between free carriers and the surrounding
environment, such as oxygen molecules and humidity (Mamat et al., 2011). The nanorod
area possesses a high surface area on the film surface that is suitable for UV
photoconductive sensor applications. Moreover, these nanorods exhibit higher carrier
mobility than that of ZnO nanoparticles, which works effectively during the surface reaction
process. Generally, the photoresponse of a UV photoconductive sensor is influenced by the
adsorption and desorption of oxygen on its surface during UV illumination. Oxygen
molecules from the surrounding are adsorbed onto the nanorod surface by capturing free
electrons from ZnO, as shown in the following equation (Su et al., 2009, Zheng et al., Lupan
etal., 2010):
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where O; is an oxygen molecule, ¢ is a free electron, and O, is an adsorbed oxygen on the

nanorod surface. When the UV light is incident on the nanostructure surface, electron-hole
pairs are photogenerated according to the following equation:
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where hv is the photon energy of UV light, i* is a photogenerated hole in the valence band
and e is a photogenerated electron in the conduction band. A large surface area availability
in the nanorod film facilitates a fast surface reaction process as the photogenerated hole
reacts with a negatively charged adsorbed oxygen, as shown by:
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This condition leaves behind the electron of the pair, which increases the conductivity of the
nanostructures. When the illumination is turned off, the oxygen molecule recombines with
the electron, leading to a decrease in film conductivity.

This sensor behaviour that is related to the adsorption and desorption of oxygen was
studied by Jun et al. (Jun et al.,, 2009). They measured their fabricated UV sensor under
different atmospheric pressures (0.1-1 atm), with different oxygen levels. They found that
the photoresponse decay time constant of the sensor increased with decreasing atmospheric
pressure. Because the lower atmospheric pressure had a lower oxygen content, it reduced
the ability of the sensor to return to its initial state (dark current) due to a reduction of
oxygen adsorption onto the ZnO surface. This condition increased the decay time constant
of the device as the atmospheric pressure was lowered.

Basically, the nanorod-based UV photoconductive sensor represents the simplest
configuration of the UV sensor. It consists of just the nanorods and metal contacts for the
photogenerated carrier transport to the outer circuit. In this UV photoconductive sensor
configuration, ZnO nanorods are used either vertically or horizontally with the substrates.
The vertical standing nanorod is commonly used in an array form or a film-based sensor,
while the horizontal nanorod is used in single-nanorod-based sensors. However, a single-
nanorod-based UV sensor is very complicated and involves a very challenging fabrication
process using high-cost instruments. The realisation of single-nanorod-based UV sensors
might reduce the size and the power consumption of the UV sensor. For example, a single-
ZnO-nanorod-based UV sensor has been fabricated by Chai et al. (Chai et al., 2011). They
used chemical vapour deposition (CVD) method to synthesise a ZnO nanorod with a
diameter approximately 1-3 pm and a length of 20-200 um. To fabricate the UV sensor, a
focused ion beam (FIB) in situ lift-out technique was used. In their sensor configuration,
Au/Ti metal electrodes separated by 20 um were used. They showed that the single
nanowire had a good response to UV light, where the resistance decreased from 52.4 to 48.0
kQ during 365 nm UV illumination with an optical power of 0.1 mW.

A nanorod array-based UV photoconductive sensor is a promising device structure that has
an easier fabrication process compared to a single nanorod-based UV sensor. Moreover, it
produces large photocurrent signals due to the large surface coverage and nanorod density.
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Various techniques are available to fabricate the ZnO nanorod array, including metal-
organic chemical vapour deposition (MOCVD), CVD, sputtering, and solution-based
synthesis. Solution-based synthesis has shown promising results for producing aligned ZnO
nanorod arrays. This technique is simple, versatile, low-temperature and can be used for
large-scale depositions. Another advantage of this technique is that it is a vacuum and gas-
free deposition method in which the chemical reactions completely depend on the prepared
solution. The biggest advantage of this method is its low-temperature processing, which
could even be used to deposit nanostructures on polymer substrates. Unlike other methods
that require high temperature for nanostructure growth, this hydrothermal synthesis can be
operated at temperatures as low as 50°C for the deposition of ZnO nanostructures (Niarchos
etal., 2010).

4. Synthesis of ZnO nanorod arrays via ultrasonic-assisted sol-gel and
immersion methods

Recently, ultrasonic irradiation has been applied in hydrothermal processes to prepare ZnO
nanostructures. This sonochemical methods use ultrasound irradiation at ranges between 20
kHz to 10 MHz (Suslick et al., 1991). For example, Mishra et al. have synthesised flower-like
ZnO nanostructures using a starch-assisted sonochemical method (Mishra et al., 2010). Jia et
al. also produced ZnO nanostructures using a sonochemical method (Jia et al., 2010). Using
ultrasonic irradiation, they produced hollow ZnO microspheres during hydrothermal
synthesis. Another example of ultrasonic-assisted hydrothermal synthesis is a study
performed by Mazloumi et al. They produced cauliflower-like ZnO nanostructures using a
sonochemical method (Mazloumi et al., 2009). The products that were synthesised by the
three sonication methods were similar in that they consisted of powder-form
nanostructures. Unfortunately, the powder-forms structures require a seperate process to
deposit them onto the substrate for electronic device applications.

In our process, we apply ultrasonic irradiation to the precursor solution, which is used to
grow ZnO nanorod arrays on a seed-layer-coated substrate using an immersion process. The
sonication process uses powerful ultrasound radiation that can induce molecules to undergo
chemical reactions. Sonication is usually used in cleaning processes to remove
contaminations, such as substrate and glass wear, from solid surface. Ultrasound radiation
involves the creation, growth and collapse of bubbles that can break the chemical bonds of
materials in a liquid medium. Generally, growing nanomaterials using a chemical solution
method requires a precursor, stabiliser, and solvent. The precursor material supplies the
main atoms or ions of the nanomaterials, while the stabiliser material is used to ensure that
the growth of the nanomaterial is controlled to a specific rate or structure. The reaction
process between the stabiliser and the precursor material prevents the nanomaterials from
growing too fast in a certain direction or plane. However, if the reaction process between the
precursor and stabiliser does not occur uniformly throughout the solution (e.g., due to
agglomerated precursor materials at the beginning or early stages), the size of the end
product materials will be large, consequently reducing the surface area. This condition
reduces the quantum confinement effect in the produced nanomaterials. In our case, we
apply sonication to rupture agglomerated precursor and stabiliser materials and, at the
same time, ensure a highly homogenous and uniform reaction process between the
precursor and stabiliser.
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ZnO nanorod array films were fabricated using an ultrasonic-assisted sol-gel and immersion
method wusing zinc nitrate hexahydrate (Zn(NOs)26H>O) as a  precursor,
hexamethylenetetramine (HMT, CgHi2Ny) as a stabiliser, and aluminium nitrate
nonahydrate (AI(NOs); 9H>O, 98 %, Analar) as a dopant (Mamat et al., 2010). Aluminium
(Al) doping is especially attractive because it contributes to the higher conductivity of the
film without deteriorating the optical and crystalline properties of the ZnO. The precursor,
stabiliser, and dopant were dissolved in deionised (DI) water before being subjected to the
sonication process using an ultrasonic water bath (Hwasin Technology Powersonic 405, 40
kHz) for 30 min at 50°C. Subsequently, the solution was stirred and stored at room
temperature for 3 h.

Next, the solution was poured into a vessel, where the seed-layer-coated glass substrate was
positioned at the bottom of the vessel. The seed layer, or Al-doped ZnO nanoparticle layer,
was coated onto the substrate with a thickness of approximately 200 nm using sol-gel spin-
coating (Mamat et al., 2010). The existence of the seed layer on the glass substrate reduced
the formation energy for the crystallisation of the ZnO and, thus, helped the nanorod grow
more easily on the glass substrate. The vessel was then sealed before being immersed into a
water bath for 4 h at 95°C. After the immersion process, the sample was removed from the
vessel and rinsed with DI water. The sample was then dried at 150°C for 10 min and
annealed at 500°C for 1 h in a furnace. Next, 60-nm-thick Al metal contacts were deposited
onto the nanorod array using thermal evaporation to complete the sensor structure. The
distance between the electrodes was approximately 2 mm.

The surface morphologies of the ZnO nanorod array films were observed by field-emission
scanning electron microscopy (FESEM, ZEISS Supra 40VP and JEOL JSM-7600F). The surface
topology of the nanorod arrays was characterised using atomic force microscopy (AFM, Park
System). The crystallinity of the samples was investigated using X-ray diffraction (XRD,
Rigaku Ultima IV). The transmittance and absorbance characteristics of the seed layer and the
thin film were characterised using an ultraviolet-visible (UV-Vis) spectrophotometer (Perkin
Elmer Lambda 750). The photoluminescence (PL) properties of the synthesised nanorods were
investigated using a PL spectrophotometer with a helium-cadmium (He-Cd) excitation laser
operating at 325 nm (PL, Horiba Jobin Yvon-79 DU420A-OE-325). The UV photoresponse
measurements of the fabricated sensor were conducted using a spectral sensitivity analysis
system (Bunko-Keiki, CEP 2000) with a monochromatic xenon (Xe) lamp operating at 365 nm
and a power intensity of 5 mW/cm? as well as photocurrent measurement system operating at
365 nm and a power density of 750 pW/cm?. The thicknesses of the samples were measured
using a surface profiler (VEECO/D 150+). The fabrication process of the ZnO-nanorod-based
UV photoconductive sensor is shown in Fig. 1.

5. Performance of synthesised ZnO-nanorod-array-based ultraviolet
photoconductive sensor

We have investigated the performance of the ZnO-nanorod-array-based UV
photoconductive sensor prepared via ultrasonic-assisted sol-gel and immersion methods.
There are numerous factors that influence the sensor performance, such as nanorod size,
surface area, surface defects, film thickness, metal contacts, and doping. In this subchapter,
we will highlight the effects of surface modifications, film thickness, and Al ions doping on
the performances of the fabricated ZnO-nanorod-array-based UV sensor.
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Fig. 1. Fabrication process of aligned ZnO nanorod array-based UV photoconductive sensor
via sonicated sol-gel and immersion methods.

5.1 Surface modification

A ZnO nanorod array was prepared on glass substrate utilising an Al-doped ZnO
nanoparticle thin film catalytic seed layer. Figure 2(a) shows a field-emission scanning
electron microscopy (FESEM) image of the seed layer that was prepared using the sol-gel
spin-coating technique. The particle sizes of the Al-doped ZnO nanoparticles were
estimated to range from 10 to 40 nm. From the FESEM figure, synthesised Al-doped ZnO
nanoparticles exhibited some edges rather than perfect curved surfaces due to the
differenced in the surface energy of crystallographic directions of the ZnO growth. In the
wurtzite structure, the relative growth rate of each crystallographic plane differed
somewhat according to the crystal orientation, so it was difficult for crystalline ZnO to grow
symmetrically into spherical particles (Lee et al., 2007). The FESEM figure also indicates that
the particles were well connected to each other and that it was very important to develop a
continuous transport pathway in the granular film for electron movement in the UV sensor
application. Figure 2(b) shows an AFM image of the seed catalyst layer. Based on the AFM
image, the root mean square (RMS) roughness of the Al-doped ZnO nanoparticle thin film
was 17.51 nm over an area of 100 um?2.

In the UV photoconductive sensor, this seed layer plays a very important role in increasing
the sensor performance. Generally, one of the factors that degrades the sensor performance
is the strain of the film or the material, which influences the density of the defects and the
photoelectric activity of the sensor (Shinde & Rajpure, 2011). This seed layer facilitates the
homogenous growth of the compressive-strained layer, i.e., the high quality ZnO nanorod
material, which has a low defect density and allows for a smooth charge transfer process
during UV photo-illumination. As a result, the seed layer results in a higher responsivity of
the ZnO-nanorod-array-based UV photoconductive sensor.
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Fig. 2. (a) FESEM image of Al-doped ZnO nanoparticle thin film seed layer. (b) AFM
topography image of the seed layer.

Figure 3 shows an FESEM image of the Al-doped ZnO nanorod array before (Fig. 3(a)) and
after (Fig. 3(b) and 3(c)) the annealing process at 500°C. The nanorods were prepared using a
1000 ml solution that was sonicated in a beaker. The images show that well-oriented,
hexagonal-shaped ZnO nanorod arrays were deposited onto the seed-layer-coated glass
substrate with good uniformity and high density. The diameters and lengths of the
nanorods were not strongly affected by the annealing process, as the diameter of the
nanorods ranged between 40 to 150 nm and the nanorods were 1.1 pm long. The nanorods
were aligned well, which indicates that this low-temperature ultrasonic-assisted sol-gel and
immersion processes produce high-quality ZnO nanorod arrays. We believe that the
excellent alignment of the nanorod arrays is due to the seed layer films, which act as
nucleation centres that provide an almost mismatch-free interfacial layer between the
nanorods and the seed layers. This layer assists an epitaxial nanorod growth process on the
seed-layer-coated glass substrates. Figure 3(d) shows an AFM topography image of an
annealed ZnO nanorod array measured in a 1 pm? area. Based on this topography image,
the root mean square (RMS) roughness of the nanorod array was approximately 21.95 nm.

As shown in Fig. 3(b) and 3(c), nanoholes appeared on the surfaces of the nanorods after the
annealing process. A closer look at the cross-sectional images indicates that nanoholes exist
on nearly the entire nanorod surface. We suspect that these nanoholes are the result of the
evaporation of impurities, such as hexamethylenetetramine (HMT), during the annealing
process at high temperature. Interestingly, these nanoholes facilitate a larger surface area
availability of the single nanorod and facilitate effective sites for the oxygen adsorption
process. Thus, the existence of these nanoholes on the nanorod surface could improve the
performance of the UV photoconductive sensor because of the increased surface area and
surface photochemistry. The condition of the Al-doped ZnO nanorod with nanoholes after
annealing process is shown in Fig. 4.

XRD spectra of the as-grown nanorods and the 500°C annealed nanorods are shown in
Figure 5. The spectra confirmed that the synthesised nanorods belong to the ZnO hexagonal
wurtzite structure (joint committee on powder diffraction standards (JCPDS) PDF no. 36-
1451). Both the as-grown and annealed samples contained a dominant XRD peak at the
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Fig. 3. FESEM image of (a) as-grown and (b) 500°C annealed Al-doped ZnO nanorod arrays.
(c) Cross-sectional image of the annealed Al-doped ZnO nanorod arrays, clearly showing
nanoholes on the ZnO surface. (d) AFM image of the annealed Al-doped ZnO nanorod
array.
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Fig. 4. Nanoholes produced on the surface of the nanorod after the annealing process as a
result of the evaporation of impurities.

(002)-plane, implying that the nanorods were grown along the c-axis, or perpendicular to
the substrates. This result indicates that the Al-doped ZnO nanorod arrays prepared in this
work had a very good ZnO crystal quality. The weak peaks intensities of the other
orientations might be due to the vertical alignment imperfections of the nanorods (Qiu et al.,
2009). Based on the spectra, the peak intensities of the annealed nanorods were higher than
the as-grown sample, indicating an improvement in the nanorod crystallinity after the
annealing treatment. Based on these results, we predicted a possible growth mechanism for
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the formation of the well-aligned ZnO nanorod arrays on the seed-layer-coated glass
substrate using the ultrasonic-assisted sol-gel and immersion methods (Mamat et al., 2011).
We suspect that the growth along the c-axis might be caused by the effects of the sonication
process on the precursor solution, which disperses and mixes the zinc nitrate (i.e., the
precursor), aluminium nitrate (i.e., the dopant), and the HMT (i.e., the stabiliser) very well.
The sonication process also helps dissolve the agglomerated zinc nitrate and HMT particles,
which hasten the physical and chemical reaction activity in the solution. This process
enables the Zn2* ion to react effectively with the HMT, as shown by (Khusaimi et al., 2010)

ZI’I(NO3)2 + CgH1oNy — [ZI‘[(CﬁI—IlzI\L;)]Z+ + 2NO3~ (4)

The HMT plays a very important role in controlling the growth of the aligned ZnO
nanorods. When it attaches to the Zn2* ions, particle agglomeration is reduced and ZnO
formation in the solution is slowed.
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Fig. 5. XRD patterns of Al-doped ZnO nanorod array before (as-grown) and after annealing.

During the hydrothermal process, the seed catalyst layer provides a base that initiates the
growth of the nanorod arrays through heterogeneous nucleation. It is generally accepted
that heterogeneous nucleation on a seed layer surface occurs more easily than does
homogenous nucleation (Guo et al., 2005). The seed layer provides the lowest energy barrier
for heterogeneous nucleation, which produces almost negligible lattice mismatch between
the nanorods (Chen et al., 2009, Giri et al., 2010). This condition results in the growth of
high-quality aligned nanorod arrays on the substrates. The general reactions occurring
during the hydrothermal process can be described by the following equations (Khusaimi et
al., 2010, Lupan et al., 2007):

CgH1oNy + 4H,0O = CgH1pN4Hyt + 40OH- (5)
[ZH(C6H12N4)]2+ +40H- — Zn(OH) 2= + CeH1oNy (6)
Zn(OH) 42~ — Zn?+* + 40H- (7)

Zn2* + 20H- = ZnO + H,O or Zn2* + 20H- = Zn(OH); = ZnO + H,0 ®)
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Initially, when the Zn2* and OH- ion concentrations exceed the boundaries of
supersaturation, ZnO nuclei form on the seed layer surface, initiating the growth of aligned
ZnO nanorods. It has been suggested that the HMT also acts as a chelating agent that
attaches to the nonpolar facets of ZnO nanorods (Sugunan et al., 2006). Because of this
attachment behaviour, epitaxial growth along the c-axis is facilitated because only the (0001)
plane is exposed during the growth process. Because the growth rate in the (0001) plane
proceeds the fastest in the hydrothermal system (Laudise & Ballman, 1960, Laudise et al.,
1965), the ZnO nanorods grow preferentially in the (0001) plane, which is vertically aligned
with the substrate.

Good dispersion and mixing processes between the precursor and the stabiliser through
sonication help control the diameter sizes of the nanorods because the HMT can immediately
attach onto the nonpolar facets (i.e., six prismatic side-planes) after the ZnO nanorod
nucleation process is initiated on the seed layer. The HMT acts as a buffer layer at the nonpolar
surfaces, which disturbs the ZnO deposition onto these surfaces. This condition disables rapid
growth on the side walls, or the nonpolar surface of the nanorod, which served to maintain an
almost constant diameter size throughout the length. The rapid attachment of the HMT onto
the ZnO surface prevents any nanorod growth in the direction of the nonpolar facets, thus
hindering an enlargement in the nanorod diameter. Therefore, because the ZnO nanorods are
confined by the HMT molecules on their nonpolar surfaces and only grow from the polar
surface for further growth, directional growth along the c-axis is achieved.

The photoluminescence (PL) spectra of the as-grown nanorod and the annealed nanorod
with nanoholes are depicted in Fig. 6. The main peaks that were observed in the spectrum of
the annealed nanorods are located at 380 and 580 nm, and the main peaks in the spectrum of
the as-grown nanorods is located at 380 and 590 nm. The UV emission at 380 nm
corresponds to free exciton recombination, while the orange emission at 580 and 590 nm are
related to the emission from defects, such as oxygen deficiencies and zinc interstitials.
According to Rosa et al., this orange emission is due to zinc interstitials that occur close to or
on the surface of the ZnO structure (De la Rosa et al., 2007). The shift in the visible emission
peak from 590 to 580 nm for annealed nanorods might be due to the desorption of the OH
groups from the nanorod surface (Lee et al., 2010). The as-grown nanorods exhibited a very
weak UV emission peak intensity compared to the annealed nanorods. The annealing
process increased the UV emission peak intensity, which indicates that the crystallinity of
the sample improved at the higher annealing temperatures.

During the annealing treatment, the concentrations of defects in the nanorods were reduced
according to equations (9-10) shown below (Lin et al., 2001):

Vo + %Oz = OO (9)

Zni +%O2 =an1’l +OO (10)

where Vo is an oxygen vacancy, Zn; is a zinc interstitial, and Znz, and Op represent zinc and
oxygen at a lattice site, respectively. Because the supplied thermal energy induces an
oxygenation process during the annealing treatment, oxygen from the atmosphere occupies
the vacant sites of the ZnO lattice, which eventually reduces both the zinc interstitial and
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oxygen vacancy concentrations. To investigate this phenomenon, we calculated the ratio of
the UV emission intensity over the visible emission intensity to be 0.6 and 7.1 for the as-
grown and the 500°C annealed nanorods, respectively. It is generally accepted that this ratio
value is a good way to evaluate the optical quality and stoichiometric properties of ZnO. An
increase of this ratio indicates that the stoichiometric properties of ZnO and its optical
properties were improved after the annealing process. Lee et al. reported that the ratio of the
UV peak intensity over the visible peak intensity is directly related to the oxygen deficiency
in the ZnO nanorods (Lee et al., 2010). Based on this ratio analysis, the defect concentrations
from oxygen vacancies and zinc interstitials were suppressed during the annealing
treatment, as indicated by in equations (9-10). The reduction of defect concentrations in the
nanorods strengthened the UV emission and reduced the visible emission of the nanorods
after the annealing process.
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Fig. 6. Room temperature PL spectra of the as-grown and annealed ZnO nanorod arrays.

Figure 7 shows the time-dependent photocurrent properties of the fabricated UV
photoconductive sensors under a bias voltage of 10 V. The measurements were conducted
using 365 nm UV illumination with an optical power density of 5 mW/cm?2. Both the as-
grown and annealed nanorods showed a response to the UV light but with different sensing
characteristics. The dark currents/photocurrents of the fabricated devices were 3.49 x 10-6
A/4.08 x 104 A and 1.78 x 106 A/1.35 x 104 A for the annealed and as-grown nanorods,
respectively. The responsivity of the fabricated devices was calculated according to equation
(11) (Jun et al., 2009):
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where I, is the photocurrent, I, is the dark current, and P,, is the optical power of the
UV source. For the annealed nanorod-array-based UV sensor, the calculated responsivity
was 1.35 A/W. For the as-grown nanorod-array-based UV sensor, the responsivity was 0.44
A/W. The desirable crystallinity properties and low defect concentrations of the annealed
nanorods may have contributed to the high responsivity of this sensor. The rise and decay
time constants for the fabricated sensors were estimated using equations (12-13) (Jun et al.,
2009, Li et al., 2009):

Rise process upon UV illumination ON:

-t

I=Iy|1-¢" (12)

Decay process after UV illumination OFF:

—t
I=1Ipe™ (13)

where I is the magnitude of the current, I is the saturated photocurrent, ¢ is time, 7, is the
rise time constant and 7; is the decay time constant. The calculations show that the

annealed Al-doped ZnO nanorod array-based UV sensor exhibited small rise and decay
time constants at 20 s and 22 s, respectively. For the as-grown sample, the rise time constant
was 280 s, while the decay time constant was estimated to be 300 s. This result indicates that
the annealing process greatly improved the performance of the UV sensor.

044l _-mcemmmme- -

Photocurrent (mA)

0.0 ===

0 500 1000 1500 2000 2500 3000
Time (s)
Fig. 7. Plot of the growth and decay of the photocurrent measured at 10 V of the as-grown

and annealed Al-doped ZnO nanorod array-based UV photoconductive sensors under 365
nm, 5 mW/cm?2 UV illumination.
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The annealing process plays an important role in improving the sensor performance and is
considered a surface treatment or surface modification. For example, Kim et al. reported that
water molecules and residual carbon from the fabrication process could be effectively
desorbed from the surface of a ZnO nanowire during the annealing process (Kim et al.,
2011). As a consequence, oxygen molecules from the air could occupy the existing defect
sites more easily, which contributed to a faster photocurrent decay, higher sensitivity, and
faster response when the UV light was turned off. Because their fabricated sensor consisted
of a ZnO nanowire network that depended on the interconnections between the nanowires
for the carrier transportation, the annealing process improved the contact between the
nanowire interfaces. As a result, the contact resistance was reduced, and the potential
barrier was lowered. Other important effects of the annealing process included an
improvement of the nanowire crystallinity and a reduction in defects, which also
significantly improved the photocurrent properties of the sensor.

Improvements of UV sensor performances from surface modifications have also been
reported by other groups. For instance, Park et al. showed that a larger photocurrent value
and faster photoresponse time were achieved for roughened ZnO nanorods in a UV
photodetector (Park et al., 2011). They demonstrated that the surfaces of the nanorods could
be roughened by immersing the nanorods in isopropyl alcohol (IPA) for 30 days. The etched
areas of the nanorod surfaces from IPA contained defects state that enhanced the adsorption
of oxygen molecules onto the surface. This condition resulted in a large quantity of oxygen
molecules that adsorbed onto the nanorod surfaces.

Another method for increasing the sensor responsivity involved the surface passivation of
ZnO nanorods by thin layer coating (e.g., with polyvinyl alcohol (PVA)). The idea is to
increase the photoluminescence (PL) UV emission of the ZnO while reducing the green
emission that is related to ZnO surface defects. Recent research on coating ZnO
nanoparticles with PVA has shown a suppression in the number of defects evidenced by a
reduction in the parasitic green emission (Qin et al., 2011). This characteristic increased the
ratio of the photocurrent over the dark current compared to the uncoated ZnO particles. The
coatings effectively decreased the number of holes in the deep level, which helped the UV-
excited electrons to recombine with the holes in the valence band without being trapped in
the deep-level defects of ZnO.

5.2 Role of nanorod array thickness

We investigated the performance of the UV sensor at different nanorod array thicknesses. In
this study, we prepared the nanorod array films at different thicknesses by varying the
immersion times from 1 to 5 h. In this case, we used a 100 ml solution in the vessel to grow
the Al-doped ZnO nanorod arrays. We have previously shown that the volume of solution
in the vessel affects the nanorod length or film thickness during the deposition process
(Mamat et al., 2011). Therefore, it was expected that the film prepared for this study would
be thinner than the nanorod array discussed in section 5.1. Figure 8 depicts FESEM images
of the Al-doped ZnO nanorod arrays at different immersion times. The sizes of the nanorod
diameters in the sample prepared after a 1 h immersion (Fig. 8(a)) ranged from 40 to 150 nm.
Notably, the diameters of the nanorods remained almost unchanged after increasing the
immersion time to 2, 4, and 5 h, as observed in Fig. 8(b), 8(c), and 8(d).
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Fig. 8. Top-view FESEM images of Al-doped ZnO nanorod arrays prepared at immersion
times of (a) 1, (b) 2, (c) 4, and (d) 5 h.

To investigate the growth behaviour, we performed thickness measurements to characterise
the lengths of the nanorods, i.e., the film thicknesses that were grown with at different
immersion times. The thicknesses of the nanorods were 629, 677, 727, 768, and 834 nm after
being immersed for 1,2,3,4, and 5 hours, respectively. From this result, we concluded that
the nanorod growth behaviour occurs primarily along the c-axis when the immersion
process is carried out at longer times. It is interesting to note that the nanorod dimension
increased only in length when immersed for longer times, without significantly affecting the
size of the nanorod diameter. This result indicates that the controllable growth of the
nanorods along the c-axis could be achieved under different immersion times using our
sonicated sol-gel immersion method while maintaining the diameter sizes of the nanorods.
It demonstrated that the sonication process provides a good dispersion process of the
starting materials to produce a mixture of zinc-aluminium-hexamethylenetetramine (Zn-Al-
HMT) complexes, which inhibit growth at the nonpolar surfaces of ZnO while promoting
growth along the c-axis, or polar surface, at longer immersion times.

Figure 9 shows the photoresponse spectra of the Al-doped ZnO nanorod array-based UV
sensor at different thicknesses. The photocurrent value of the UV sensor decreased with
increasing film thickness up to 834 nm. The decrease in photocurrent value with film
thickness also influenced the responsivity of the device, as it exhibited a lower value with
thicker films. The responsivity of the device was calculated to be 2.13, 1.75, 1.21, 0.94, and
0.83 A/W for sensors with thicknesses of 629, 677, 727, 768, and 834 nm, respectively.
Thicker films also increased the rise (decay) time constant of the devices. The rise (decay)



ZnO Nanorod Arrays Synthesised Using Ultrasonic-Assisted
Sol-Gel and Immersion Methods for Ultraviolet Photoconductive Sensor Applications 109

process time constants of the device were calculated to be 3(12), 4(13), 6(15), 8(16), and 9(20)
s for 629, 677,727, 768, and 834 nm-thick nanorod array-based UV sensors, respectively.
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Fig. 9. UV photoresponse properties of Al-doped ZnO nanorod arrays at different
thicknesses under a 365 nm, 750 pW/cm?2 UV light at 10 V bias voltage.

In the UV sensor, the film has an optimum thickness for effectively detecting UV irradiation.
If the film is too thin, the UV light can pass through the film and not be fully absorbed
because the transmittance depth of light is proportional to its wavelength. Therefore, the
photocurrent value would be weak due to the low carrier photogeneration within the
limited absorbed UV light. A thicker film should increase the UV absorption, which would
result in an enhancement of the photocurrent value and responsivity of the UV sensor.
However, an excessively thick film would saturate the UV absorption and would not
contribute to an increase in photogenerated carriers. In this study, a reduction of
responsivity of the sensor with increasing film thickness might be influenced by the
extension of the diffusion lengths of the carriers to the metal contacts (Fu & Cao, 2006). An
increase in film thickness should increase the recombination probability of the electron-hole
pairs, leading to a decrease in photocurrent, and thus reducing the responsivity value of the
UV sensor. This phenomenon might also contribute to a larger rise (decay) time constant of
the device.

A similar observation of thickness-dependent UV photoconductive sensor was also reported
by Shinde et al. when they produced a gallium (Ga)-doped ZnO thin-film-based UV
photoconductive sensor fabricated using a spray pyrolysis method (Shinde & Rajpure, 2011,
2011). They found that by decreasing the Ga-doped ZnO thin film from 225 nm to 139 nm,
the responsivity of the sensor at a 5 V bias voltage at 365 nm improved from 1125 A/W to
1187 A/W.
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5.3 Aluminium doping effects

The doping process also plays an important role in the performance of the UV sensor. There
are several elements that could be used as a dopant in the nanorods, such as gallium (Ga),
indium (In), and aluminium (Al). In our study, we used Al ions doping because it could be
easily incorporated into the ZnO lattice and because it enhanced some of the ZnO nanorod
properties, such as optical transmittance and electrical conductivity. Furthermore, Al can
serve as a donor and induce chemical defects, which tremendously improve the optical and
electrical properties of ZnO (Yun & Lim, 2011).

Figure 10 shows the FESEM morphologies and cross-sectional images of undoped (Fig 10(a-
¢)) and Al-doped ZnO nanorod arrays (Fig. 10(d-e)). In this experiment, we sonicated 500 ml
of the precursor solution in a smaller beaker to increase the ultrasonic power density
applied to the solution. We observed that the diameter sizes of nanorods decreased after Al
ions doping. The sizes of the undoped ZnO nanorods varied from 80 to 120 nm, while the
sizes of the Al-doped ZnO nanorods ranged from 30 to 70 nm. The reduction in size may
have originated from the different radii of Zn?* and AI3* ions, which are 0.074 nm and 0.054
nm, respectively. The existence of Al in the ZnO lattice may influence the attractive forces
between the atoms and thus reduce the diameter sizes of the ZnO nanorod. A similar
behaviour of the decrease in diameter was also reported by Hsu et al. (Hsu & Chen, 2010).
We also observed that the diameter sizes of Al-doped ZnO nanorods were smaller than
those of nanorods produced using a solution that was sonicated in a volume of 1000 ml, as
discussed in section 5.1 and 5.2. We suspect that the mixing process between the precursor
(i.e., zinc nitrate), stabiliser (i.e., HMT), and dopant (i.e., aluminium nitrate) was improved
by the stronger and more intense ultrasonic irradiation.

Figure 11 shows the photoresponse spectra of undoped and Al-doped ZnO nanorod array-
based UV photoconductive sensors under 365 nm UV illumination with an optical power
density of 750 pW/cm2. The spectra reveal that the Al-doped ZnO nanorod array-based UV
sensor almost doubled the magnitude of the photocurrent compared to the undoped ZnO
nanorod. The responsivity of the Al-doped ZnO-based UV sensor was 3.24 A/W, while the
responsivity of the undoped ZnO-based UV sensor was 1.60 A/W. From the calculation
results, we found that the rise (decay) process time constant of the undoped and Al-doped
ZnO nanorod array-based UV sensors were 16(16) and 3(10) s, respectively. This result
suggests that the Al-doped ZnO nanorod array improved the photoresponse of the sensor
by increasing the responsivity and decreasing the rise (decay) process time constant.

By adding Al, the carrier concentration of ZnO nanostructures were improved because the
substitution of Al3* at the Zn2* site created an extra free carrier in the process (Mridha &
Basak, 2007, Fournier et al., 2008). Because of the high electron concentration, this condition
reduced the barrier height between the Al-doped ZnO nanorod and the seed layer and
between the film and the Al metal contact interface. This reduction initially allowed the
photogenerated electrons to move more easily from the Al-doped ZnO nanorods to the seed
layer, then from the seed layer back to the Al-doped ZnO nanorods underneath the metal
contact, and finally to the metal contact. The flow of the photogenerated electrons during
UV illumination is depicted in Fig. 12. Additionally, Al ions doping led to a suppression of
defects in the film, such as zinc interstitials and oxygen vacancies, which served to increase
the stability and performance of the Al-doped ZnO film-based sensor (Mamat et al., 2011,
Sharma & Khare, 2010).
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Fig. 10. FESEM images of undoped (a-c) and Al-doped ZnO (d-e) nanorod arrays prepared
using 500 ml sonicated solution.
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Fig. 11. The dependence of the photocurrent on operating time for undoped and Al-doped
ZnO-nanorod-array-based UV photoconductive sensors under 365 nm UV light with a
power density of 750 pW/cm?2 and a bias of 10 V.
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6. Conclusions

The performance of a UV photoconductive sensor using ZnO nanostructures, particularly
ZnO nanorod arrays, was discussed. The problems related with grain boundaries and poor
electron mobility have motivated researchers to develop ZnO nanostructure-based UV
sensors. The ZnO nanostructures which could be prepared in many shapes such as nanorod
and nanobelt might provide a way in improving electronic device performance through
reducing grain boundaries concentration and increasing the electron mobility in the
structure. Numerous techniques have been used to fabricate ZnO nanostructure-based UV
sensors, such as radio frequency (RF) magnetron sputtering, chemical vapour deposition
(CVD), sol-gel, molecular beam epitaxy (MBE), and pulsed laser deposition. Based on
previous studies, the use of nanostructure materials for UV photoconductive sensor



ZnO Nanorod Arrays Synthesised Using Ultrasonic-Assisted
Sol-Gel and Immersion Methods for Ultraviolet Photoconductive Sensor Applications 113

applications have many advantages over bulk structures, including high gain, low power
consumption, high sensitivity, reduced dimensionality, and the use of an extremely small
fraction of the device’s active materials. There are a number of factors that contribute to the
high photosensitivity of nanostructure-based devices, such as the surface-to-volume ratio,
surface defects, light trapping, and porosity. Current research has mainly focused on the
fabrication of UV photoconductive sensors using smaller ZnO nanostructures that
contribute to the large surface area of the sensing element and prolonging the carrier
lifetime of the device during UV illumination to lower the charge-carrier recombination. The
nanostructures that have high carrier mobility also have been used to improve the transit
time of carriers, which results in the improvement of the device performance. A review of
the current status of the UV photoconductive sensor found that ZnO nanorods are very
promising nanostructures for UV detection due to their large surface area, high mobility,
and good surface photochemistry. However, there are still many challenges in the
fabrication of ZnO nanorod-based UV sensors because of certain ZnO defects that are
produced during the fabrication process. These defects eventually contribute to a lower
photoresponsivity, a low photogenerated carrier lifetime, and less effective UV light
absorption properties of the ZnO-nanorod-array-based UV sensor. In this chapter, we have
discussed the fabrication of ZnO-nanorod-array-based UV photoconductive sensors via
ultrasonic-assisted sol-gel and immersion methods. The fabrication of ZnO nanorod arrays
using a solution-based method is very attractive because of its simplicity, versatility, and
low-temperature processing. We found that several factors influence the UV sensor
performance, including surface treatment, film thickness, and doping of the ZnO nanorod
arrays.
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1. Introduction

In nanotechnology, nanorods are morphology of nanoscale objects. Each of their dimension
ranges from 1-100 nm. Nanorods may be synthesized from metals or semiconducting
materials with ratios (length divided by width) are 3-5. One way for synthesis of nanorods is
produced by direct chemical synthesis. The combinations of ligands act as shape control
agents and bond to different facets of the nanorod with different strengths. This allows
different faces of the nanorod to grow at different rates, producing an elongated object.

Gold nanorods are considered excellent candidates for biological sensing applications
because the absorbance band changes with the refractive index of local material [1], allowing
for extremely accurate sensing. In addition, nanorods with near-infrared absorption peaks
can be excited by a laser at the absorbance band wavelength to produce heat, potentially
allowing for the selective thermal destruction of cancerous tissues [2].

Nanoscale materials such as fullerenes, quantum dots and metallic nanoparticles have
unique properties, because of their high surface area to volume ratio [3]. Gold nanospheres
and nanorods also have unique optical properties, because of the quantum size effect [4].
Gold nanorods are cylindrical rods which range from less than ten to over forty nanometers
in width and up to several hundred nanometers in length. These particles are typically
characterized by their aspect ratio (length divided by width) [5-6].

In order to study and exploit the unique properties of nanorods, it is necessary to have a
robust extinction coefficient which can predict the concentration of a solution at a particular
absorbance. It is difficult to accurately obtain a measure of nanoparticle (as opposed to metal
atom) concentration in moles per liter[2]. No spectroscopic device can provide concentration
data, and only approximations are currently available.

Biomedical applications of nanoparticles require nanorods to be capped with biological
molecules such as antibodies.

The El-Sayed method of nanorod concentration determination [7-8] is currently the standard
way of measuring extinction coefficients (¢), and involves the coupling of bulk gold
concentration, Transmission Electron Microscopy (TEM) size analysis and absorbance data.
Recently, Liao and Hafner calculated ¢ values of nanorods by preparing films of
immobilized nanorods [2]. Liao and Hafner note that spherical byproducts lower the
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extinction coefficient calculated by the El-Sayed method, but they do not discuss the
sensitivity of ¢ to this kind of error.

Synthesis of gold nanorods has recently undergone dramatic improvements. It is possible to
produce high yields of nearly monodispersed short gold nanorods [6-7,9]. The rods
synthesized for this chapter were synthesized using Murphy’s method [9]. First, a “seed”
solution of spherical gold nanoparticles was prepared by adding the following;:

Reagents Quantity(ml)
0.01M HAuCly.3H,0 0.250
0.1 M CTAB (cetyltrimethylammonium
. 7.5
bromide)
0.01 M NaBH,4 0.6

Table. 1. Preparation of Gold seed

NaBHj reduces the gold salt to form nanoparticles, and cetyltrimethylammonium bromide
(CTAB) ( Fig.1) is a surfactant which stabilizes the seeds to prevent aggregation. To make
nanorods, the reagents in Table.l1 are added in order from top to bottom. Gold rods are
synthesized with a small amount of silver to control rod size and make short rods [7,9].
CTAB is a directing surfactant; without it, only spheres would form. CTAB forms a rod
shaped template that is filled with gold atoms as they are reduced by ascorbic acid. Ascorbic
acid is a weaker reducing agent than NaBHy, but in the presence of seeds and a CTAB
template, it reduces gold ions at the seed surface [6].

2. Synthesis of nanorods
General idea is the same as the growth of nanorods (seed-mediated method)

To make surfactant-coated nanorods, the well-documented seed-mediated procedure
developed by was employed. This method yields nanorods that are stabilized as verified
from transmission electron microscopy (TEM) analysis [10].

Slightly change the conditions when growing nanorods (concentration of different
reactants)

The nanorods were coated with a very thin (ca. 3-5 nm) silica film that

i.  improved the colloidal stability of the nanorods by reducing aggregation,
ii. improved the shape stability of the nanorods, and
iii. allowed for further modification of the nanorod surface.

This silication method was first developed for citrate-stabilized (Fig.2.) gold NPs,[11-13] and
has been applied successfully to gold nanorods[14-19].

Cubes, hexagon, triangle, tetropods, branched

A two-step growth method has been developed to grow nanorods by changing the oxygen
content in gas mixture during nucleation and growth steps. This is based on our systematic
studies of nucleation and growth under different conditions. Due to the large lattice
mismatch (~;18%) between molecule and sapphire, the nucleation of molecule on sapphire
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follows the three-dimensional island growth; that is, the Volmer-Weber mode, as reported
by Yamauchi et al. in their observation of plasma-assisted epitaxial growth of molecule on
sapphire [20,21]. At high temperature, the nucleation of nanorods islands on the surface of
substrates depends strongly on the amount of active oxygen. When grown entirely in 90%
oxygen plasma, nanorods has a high nucleation density and forms.

Direct chemical synthesis and a combination of ligands are all that are required for
production and shape control of the nanorods. Ligands also bond to different facets of the
nanorod with varying strengths. This is how different faces of nanorods can be made to
grow at different rates, thereby producing an elongated object of a certain desired shape.

STEP 1: SYMMETRY BREAKING IN FCC METALS

A) NUCLEATION B) GROWTH C) DEVELOPMENT OF FACETS

STEP 2: PREFERENTIAL SURFACTANT BINDING TO SPECIFIC CRYSTAL FACES

ok & & &

B) CONTINUED GROWTH IN 1-D
UNTIL THE REAGENTS
ARE EXHAUSTED

A) BINDING OF CTAB
TO AU(100) FACE

£ =cTaB

THE POSITIVELY CHARGED CTAB BILAYER STABILIZES THE NANORODS

+++ ++

Fig. 1. Growth mechanism of nanorods

We synthesized silver nanorods with the average length of 280 nm and diameters of around
25 nm were synthesized by a simple reduction process of silver nitrate in the presence of
polyvinyl alcohol (PVA) and investigated by means of scanning electron microscopy (SEM),
X-ray diffraction (XRD), transmission-electron microscopy (TEM).

It was found out that both temperature and reaction time are important factors in
determining the morphology and aspect ratios of nanorods (Fig.2.). TEM images showed the
prepared silver nanorods have a face centered shape (fcc) with fivefold symmetry consisting
of multiply twinned face centered cubes as revealed in the cross-section observations. The
five fold axis, i.e. the growth direction, normally goes along the (111) zone axis direction of
the basic fcc Ag-structure. Preferred crystallographic orientation along the (111), (200) or
(220) crystallographic planes and the crystallite size of the silver nanorods are briefly
analyzed [22-26].
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Fig. 2. Transmission electron microscopy (TEM) images of (a,b) individual and (c) cross
section of Ag/PVA nanorods.

Fig. 3. (a,b,c) SEM image showing high concentrated distribution of Ag/PVA nanorods.

In our research, synthesis of silver nanorods with the controllable dimensions was described
by using a reducing agent that involves the reduction of silver nitrate with N-N'-Dimethyl
formamide (DMF) in the presence of PVA as a capping reagent. In this process the DMF is
served as both reductant and solvent [27, 28]. SEM and TEM observations (fig.2,3) along a
series of relevant directions show that the silver nanorods have an average length of 280 nm
and diameters of around 25 nm. TEM observations from cross section of nanorods show that
the transformation of silver nanospheres to silver nanorods is achieved by the oriented
attachment of several spherical particles followed by their fusion. Resulted Ag-nanorods
have a twinned fcc structure, appeared in a pentagonal shape with fivefold twinning. The
fivefold axis, i.e. the growth direction, normally goes along the (110) zone axis direction of
the fcc cubic structure. The XRD data (fig.4) confirmed that the silver nanorod is crystalline
with fcc structure with a preferred crystallographic orientation along the (220) direction and
straight, continuous, dense silver nanorod has been obtained with a diameter 25 nm. [22].

On the other hand, gold nanorods were prepared by adopting a photochemical method that
employs UV-irradiation to facilitate slow growth of rods Tetraoctylammonium bromide as a
co-surfactant used instead of tetradodecylammonium bromide. The growth solution was
prepared by dissolving 440 mg of cetyltrimethylammonium bromide (CTAB) and 4.5 mg of
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tetraoctylammonium bromide (TOAB) in 15 mL of water and transferred to a cylindrical
quartz tube (length 15 cm and diameter 2 cm). To this solution, 1.25 mL of 0.024 M HAuCl
solution was added along with 325 pL of acetone and 225 pL of cyclohexane. The formation
of the gold nanorod and its aspect ratio was confirmed from Transmission Electron
Microscopic analysis. A drop of a dilute solution of Au nanorods was allowed to dry on a
carbon coated copper grid and then probed using a JEOL JEM-100sx electron microscope.
The average length and diameter of rods employed in the present investigation are 50.0 nm
and 20.0 nm, respectively and an average aspect ratio of 2.5 [29].
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Fig. 4. XRD pattern of Ag/PVA nanocomposite indicative the face-centered cube structure.

Changes in nanorod dimensions have the greatest impact on extinction coefficients. Fig.5(a)
shows the change in the Beer’s law plot with increasing polydispersity. As variation in the
rod dimensions increases, the extinction coefficient increases. However, these increases are
not excessive - from 3.85 + 0.07 to 4.90 = 0.08 x 108 M is not significant, and errors in
concentration resulting from this magnitude of change in ¢ would not be enough to cause
aggregation or substantial miscalculations of antibodies. However, the effect of spherical
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byproducts is more pronounced, and the presence of spheres can alter the extinction
coefficient enough to cause concern.

Fig. 5(b) shows that the extinction coefficient nearly doubles as percentage of spherical by
products is increased from 5% to 40%. Spherical byproducts are an ongoing challenge in
nanorods synthesis, and it is important to consider how they can change the extinction
coefficient.
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Fig. 5. Effect of error as (a) polydispersity of particles change and (b) number of spherical

byproducts increases. In both cases, total gold concentration was held constant. Error bars
are very narrow.

The ranges of extinction coefficients found in this model are quite different from the values
calculated by [2] and [6], which were on the order of 109 M. However, the rods used in these
calculations, while of approximately the same aspect ratio, had dimensions of 50 x 15 nm
instead of 30 x 8 nm. The same aspect ratio implies the same peak wavelength, but can result
in a different rod volume (and thus different concentration measurements). Small changes
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in aspect ratio can substantially change absorbance peak location [7]. Literature values must
be used cautiously in nanorod studies.

4. Application of nanorod

Nanorods have wide application.

4.1 Nanorods for dye solar cells

The dye-solar cell (DSC or Grétzel) first presented in 1991 offers an interesting paradigm
with regards the generation of electricity directly from sunlight via the photovoltaic effect.
In essence the DSC is not a definite structure but more a design philosophy to mimicking
nature in the conversion of solar energy [30]. The DCS is formed by an electrode, preferably
with a large internal surface area onto which is attached a light absorbing dye. The dye
upon absorption of a photon by photo-excitation of an electron (moving from the HOMO to
the LUMO levels) will, if in favourable conditions, inject the photo-excited electron into the
supporting structure. The dye is regenerated by a supporting Reduction & Oxidation
(REDOX) electrolyte (or hole conducting semiconductor) which permeates the working
electrode [31]. One of the many components of the DSC that can be altered is the working
electrode. General requirements are that it be porous (i.e. large internal surface area) and be
n-type semiconducting. Several metal-oxides fulfil these requirements (e.g., TiO,, ZnO,
WO3) [32].

There are several reports describing the electrodeposition of ZnO with various conditions
explored resulting in a variety of geometries as for e.g., nanorods, nanoneedles, nanotubes,
nanoporous and compact layers [33]. In this work, a high-density vertically aligned ZnO
nanorods arrays, Fig. 6, were prepared on fluorine doped SnO, (FTO) coated glass
substrates, prepared at 70 °C from a neutral zinc nitrate solution, varying the deposition
time.

ZnO

FTO

Glass

— g
X 10,000 5.0kV SEI SEM

Fig. 6. Cross section view of ZnO nanorod arrays electrodeposited on FTO glass
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4.2 The use of nanorods for oligonucleotide detection

Functionalization of nanoparticles with biomolecules (antibodies, nucleic acids, etc.) is of
interest for many biomedical applications [34]. One of the most perspectives is application of
gold nanorods (GNRs) for detecting target sequences of infecting agents of many dangerous
diseases, for example, a HIV-1 [35]. The method is based on electrostatic interaction between
GNRs and DNA molecules. As single-stranded DNA molecules are zwitterions, and double-
stranded are polyanions, their affinity towards polycationic GNR  stabilizer
(cetiltrimetilammoniumbromide, CTAB) is various. The GNRs plasmon-resonant [7-8] labels
are functionalized with probe single-stranded oligonucleotides by physical adsorption or by
chemical attachment. By adding complement targets to the GNRs-probe conjugate solution a
formation of aggregates is observed. It has been shown recently [35] that GNRs aggregation,
induced by DNA-DNA hybridization on their surface, can be detected by extinction and
scattering spectroscopy techniques. We have found that the characteristic parameter of
biospecific interaction is change of amplitude and differential light scattering method for
detection DNA-DNA interaction. This work is aimed at study of aggregation properties of
single-stranded probe DNA-GNRs conjugates as applied to biospecific detection of target

oligonucleotides (fig.7).
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Fig. 7. Experimental diagram for oligonucleotide detection
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Fig. 8. Schematic diagram of the surface reactions employed to obtain DNA-functionalized
gold nanorods.

In Fig.8, First the nanorods were coated with a thin silica layer using the silane coupling
agent, MPTMS, followed by reaction with sodium silicate. Surface-bound aldehyde
functional groups were attached to the silica film by using TMSA and then used to
conjugate the amine-modified DNA in a reductive amination reaction.

GNRs were produced by seed-mediated growth method in presence of CTAB. Extinction
and scattering spectra were measured in the wavelength range from 450 to 900 nanometers
which includes the transversal and longitudinal plasmon resonance [7-8] bands of GNRs.
The particle and aggregate average size were measured by the dynamic light scattering
method (DLS), and the particle shape and cluster structure were examined by transmission
electron microscopy (TEM). 21-mer oligonucleotide complement pair was taken as a
biospecific pair, and the target sequence was related to human immunodeficiency virus-1
(HIV-1) genome. In this experiments demonstrated that reproducibility of aggregation test
depends on the GNRs synthesis protocol. In particularly, the use of protocol [36] led to
unsatisfactory results. According to TEM data, the method realization was successful while
using «dog-bone» morphology particles.

The functionalized gold nanorod synthesis can be divided into three main steps:

e  Gold Nanorod Fabrication.
e  Silica Shell Formation.
e  DNAFunctionalization.
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4.3 The use of nanorods for applied electric field

Prominent among them is in the use in display technologies. By changing the orientation of
the nanorods with respect to an applied electric field, the reflectivity of the rods can be
altered, resulting in superior displays. Picture quality can be improved radically. Each
picture element, known as pixel, is composed of a sharp-tipped device of the scale of a few
nanometers. Such TVs, known as field emission TVs, are brighter as the pixels can glow
better in every color they take up as they pass though a small potential gap at high currents,
emitting electrons at the same time.

Nanorod-based flexible, thin-film computers can revolutionize the retail industry, enabling
customers to checkout easily without the hassles of having to pay cash.

The semiconductor nanorod structure is based on a junction between nanorod structure and
another window semiconductor layer for solar cell application. The possibility of band gap
tuning by varying the diameter of the nanorods along the length, higher absorption
coefficient at nanodimensions, the presence of a strong electrical field at the nanorod-
window semiconductor nanojunctions and the carrier confinement in lateral direction are
expected to result in enhanced absorption and collection efficiency in the proposed device.
Process steps, feasibility, technological tasks needed for the realization of the proposed
structure and the novelty of the present structure in comparison to the already reported
nanostructured solar cells are also discussed [37].

4.4 The use of nanorods for applied humidity sensitive

ZnO nanorod and nanowire films were fabricated on the Si substrates with comb type Pt
electrodes by the vapor-phase transport method, and their humidity sensitive characteristics
have been investigated. These nanomaterial films show high-humidity sensitivity, good
long-term stability and fast response time. It was found that the resistance of the films
decreases with increasing relative humidity (RH). At room temperature (RT), resistance
changes of more than four and two orders of magnitude were observed when ZnO
nanowire and nanorod devices were exposed, respectively, to a moisture pulse of 97%
relative humidity. It appears that the ZnO nanomaterial films can be used as efficient
humidity sensors [38]. The gas sensor fabricated from ZnO nanorod arrays showed a high
sensitivity to Hy from room temperature to a maximum sensitivity at 250 °C and a detection
limit of 20 ppm. In addition, the ZnO gas sensor also exhibited excellent responses to NH3
and CO exposure. Our results demonstrate that the hydrothermally grown vertically
aligned ZnO nanorod arrays are very promising for the fabrication of cost effective and high
performance gas sensors [39].

To use nanorods in biomedical applications, it is advised that samples are produced in bulk
and ¢ is calculated for each batch. In addition, Nanorod aggregation, induced by biospecific
interaction, was shown by four methods (extinction and scattering spectroscopy, DLS, TEM).

5. Conclusion

The mechanism of the nanorod formation is not yet completely understood. However, it has
now been demonstrated that the necessary requirements are at least (i) a mild reducing
agent, (ii) a protecting agent (for example consisting of a solution of PVA in DMF), and (iii)
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the presence of metal ions in solutions. It is found that both temperature and reaction time
are important factors in determining the morphology and aspect ratios of nanorods. Lower
temperature and longer time are favorable to form polycrystalline metal nanorods with high
uniformity and aspect ratios. In addition to the nanoparticles with controllable size, silver
nanorods were successfully synthesized by converting nanoparticles at a relatively low
temperature of 80°C. We believe that the detailed investigation of silver nanorods [22] will
also help us to synthesize other metal nanorod more easily by using the similar technique.

6. Acknowledgment

The financial and encouragement support provided by the Research vice Presidency of
Tonekabon Branch, Islamic Azad University and Executive Director of Iran-Nanotechnology
Organization (Govt. of Iran).

7. References

[1] J. Pérez-Juste, 1. Pastoriza-Santos, L. M. Liz-Marzan, and P. Mulvaney. “Gold nanorods:
Synthesis, characterization and applications”, Coordination Chemistry Reviews,
vol. 249, 2005, pp. 1870-1901.

[2] H. Liao and J. H. Hafner. “Gold Nanorod Bioconjugates”. Chemistry of Materials, vol. 17,
2005, pp. 4636-4641.

[3] S. Link and M. A. El-Sayed. “Shape and size dependence of radiative, non-radiative and
photothermal properties of gold nanocrystals” International Reviews in Physical
Chemistry, vol. 19, 2000, pp. 409-453.

[4] M.-C. Daniel and D. Astruc. “Gold Nanoparticles: Assembly, Supramolecular Chemistry,
Quantum-Size-Regulated Properties, and Applications toward Biology, Catalysis,
and Nanotechnology” Chemical Reviews, vol. 104, 2004, pp. 293-346.

[5] C. J. Murphy and N. R. Jana. “Controlling the Aspect Ratio of Inorganic Nanorods and
Nanowires” Advanced Materials, vol. 14, 2002, pp. 80-82.

[6] C.J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, ]. Gao, L. Gou, S. E. Hunyadi, and T.
Li. “Anisotropic Metal Nanoparticles: Synthesis, Assembly, and Optical
Applications”, Journal of Physical Chemistry B, vol. 109, 2005, pp. 13857-13870.

[7] S. Link and M. A. El-Sayed. “Spectral Properties and Relaxation Dynamics of Surface
Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods”,
Journal of Physical Chemistry B., vol. 103, 1999, pp. 8410-8426.

[8] B. Nikoobakht, J. Wang and M. A. Al-Sayed. “Surface-enhanced Raman scattering of
molecules adsorbed on gold nanorods: off-surface plasmon resonance condition”,
Chemical Physics Letters, vol. 366, 2002, pp. 17-23.

[9] T. K. Sau and C. ]J. Murphy. “Seeded High Yield Synthesis of Short Au Nanorods in
Aqueous Solution”, Langmuir, vol. 20, 2004, pp. 6414-6420.

[10] Nikoobakht, B.; El-Sayed, M. A. Chem. Mater. 2003, 15, 1957-1962.

[11] Liz-Marz_an, L. M.; Giersig, M.; Mulvaney, P. Chem. Commun. 1996, 6, 731- 732.

[12] Liz-Marz_an, L. M.; Giersig, M.; Mulvaney, P. Langmuir 1996, 12, 4329- 4335.

[13] Roca, M.; Haes, A.]J.]J. Am. Chem. Soc. 2008, 130, 14273-14279.

[14] Obare, S. O,; Jana, N. R.; Murphy, C. J. Nano Lett. 2001, 1, 601-603.

[15] Perez-Juste, J.; Correa-Duarte, M. A.; Liz-Marzan, L. M. Appl. Surf. Sci. 2004, 226, 137-143.

[16] Zhang, J.].; Liu, Y. G; Jiang, L. P.; Zhu, J. J. Electrochem. Commun. 2008, 10, 355-358.

[17] Wang, G. G.; Ma, Z. F.; Wang, T. T.; Su, Z. M. Adv. Funct. Mater. 2006, 16, 1673-1678.



128 Nanorods

[18] Omura, N.; Uechi, I.; Yamada, S. Anal. Sci. 2009, 25, 255-259.

[19] Niidome, Y.; Honda, K.; Higashimoto, K.; Kawazumi, H.; Yamada, S.; Nakashima, N.;
Sasaki, Y.; Ishida, Y.; Kikuchi, J. Chem. Commun. 2007, 3777~ 3779.

[20] S. Yamauchi, H. Handa, A. Nagayama, and T. Hariu, Thin Solid Films 345, 12 (1999).

[21] S. Yamauchi, T. Ashiga, A. Nagayama, and T. Hariu, J. Cryst. Growth 214/215, 63 (2000).

[22] M.AS. Sadjadi, Babak Sadeghi, M. Meskinfam, K. Zare, ]J. Azizian. “Synthesis and
characterization of Ag/PVA nanorods by chemical reduction method” Physica E:
Low-dimensional Systems and Nanostructures, Vol.40, Issue 10,P 3183-
3186, September 2008.

[23] Babak Sadeghi, M.AS. Sadjadi, A.Pourahmad “Effects of protective agents (PVA &
PVP) on the formation of silver nanoparticles” Internatinal journal of Nanoscience
and Nanotechnology (IJNN), Vol.4.No.1,P 3-11, December 2008.

[24] Babak Sadeghi, M.A.S.Sadjadi, R.A.R.Vahdati, "Nanoplates controlled synthesis and
catalytic activities of silver nanocrystals"Superlattices and Microstructures, Vol.46,
Issue 6, P 858-863, December 2009.

[25] Babak Sadeghi, Afshin Pourahmad, "Synthesis of silver/poly (diallyldimethylammonium
chloride) hybrid nanocomposite", Advanced Powder Technology, Vol.22, Issue.5, P
669-673, 2011.

[26] Babak Sadeghi, Sh.Ghammamy, Z.Gholipour, M.Ghorchibeigy, A.Amini Nia, "
Gold/HPC hybrid nanocomposite constructed with more complete coverage of
gold nano-shell ", Mic & Nano Letters, Vol.6, Issue 4, P 209-213, 2011.

[27] P.K. Khanna, N.Singh, S.Charan, V.V.V.S.Subbarao, R.Gokhale, U.P.Mulik, Mater.Chem
and Phys.2005; 93:117-121.

[28] I.Pastoriza-Santoz, M.Luiz, L.Marzan, Nano lett.2002; 2:903-905.

[29] Kim, F.; Song, ]. H.; Yang, P. D. J. Am. Chem. Soc. 2002, 124, 14316.

[30] B. O'Regan, M. Gritzel, Nature 335 (1991) 737;

[31] Q. Zhang, G. Cao, Nano Today 6 (2011) 91;

[32] M. Gritzel, J. Photochem. Photobiol. C: Photochem. Rev. 4 (2003) 145;

[33] O. Lupan, V. M. Guérin, I. M. Tiginyanu, V. V. Ursaki, L. Chow, H. Heinrich, T.
Pauporté, J. Photochem. Photobiol. A: Chem. 211 (2010) 65.

[34] Rosi N.L., Mirkin C.A. Nanostructures in biodiagnostics // Chem. Rev. 2005. V. 105, Ne
4. P. 1547-1562.

[35] He W., Huang C.Z,, Li Y.F,, Xie ].P., Yang R.G., Zhou P.F., Wang ]J. One-step label-free
optical genosensing system for sequence-specific DNA related to the human
immunodeficiency virus based on the measurements of light scattering signals of
gold nanorods // Anal. Chem. 2008. V. 80, Ne 22. P. 8424-8430.

[36] He W., Huang C.Z,, Li Y.F,, Xie ].P., Yang R.G., Zhou P.F., Wang ]. One-step label-free
optical genosensing system for sequence-specific DNA related to the human
immunodeficiency virus based on the measurements of light scattering signals of
gold nanorods // Anal. Chem. 2008. V. 80, Ne 22. P. 8424-8430.

[37] B. R. Mehta, F. E. Kruis. A graded diameter and oriented nanorod-thin film structure
for solar cell application: a device proposal Solar Energy Materials and Solar Cells,
Volume 85, Issue 1, 1 January 2005, Pages 107-113.

[38] C.M. Chang, M.H. Hon, I.C. Leu .Preparation of ZnO nanorod arrays with tailored defect-
related characterisitcs and their effect on the ethanol gas sensing performance Sensors
and Actuators B: Chemical, Volume 151, Issue 1, 26 November 2010, Pages 15-20.[35]
Yongsheng Zhang, Ke Yu, Desheng Jiang, Zigiang Zhu, Haoran Geng, Laiqiang Luo .
Zinc oxide nanorod and nanowire for humidity sensor. Applied Surface Science,
Volume 242, Issues 1-2, 31 March 2005, Pages 212-217.



7

Charge Transfer Within Multilayered
Films of Gold Nanorods

Mariana Chirea, Carlos M. Pereira and A. Fernando Silva
University of Porto, Faculty of Sciences, Chemistry and Biochemistry Department, Porto,
Portugal

1. Introduction

Controlling the charge transport across hybrid nanostructures composed of metal
nanoparticles, carbon nanonostructures or quantum dots is very important for developing
functional sensing, optoelectronic, and photovoltaic devices (Kamat, 2008; Katz & Willner,
2004). The unique electronic, optical, and catalytic properties of metal nanoparticles (1-100
nm), together with the large variety of the synthetic methods available for their synthesis
with precise control over the shape and size, provide exciting possibilities for the fabrication
of nanoscale assemblies, structures, and devices (Feldheim & Foss Jr, 2004). The self-
assembly of nanoparticles into hybrid nanostructures is achieved by using functional
molecular linkers which exhibit specific interactions with both the nanoparticles and the
substrate. The most stable hybrid nanostructures can be built based on covalent interactions.
For example, self-assembled monolayers (SAMs) of aliphatic chain thiols form well defined
films on gold surfaces based on spontaneous covalent bonding to the substrate (Love et al.,
2005). The charge transfer through these types of molecular linkers is characterized by a
decay of the tunnelling current with the length of the linker, the tunnelling coefficient being
around ﬁzo.SA-l (Adams et al, 2003; Finklea, 1987, 1996). However, recent studies
demonstrate that the tunnelling decay is not the dominant property of the films when the
nanomaterials are tethered at the end of the molecular bridges determining a fast electron
transfer process and moreover, this fast electron transfer process is dependent on the size
and the shape of the nanomaterials (Bradbury et al., 2008; Chirea et al, 2009, 2010; Kissling et
al., 2010). A more detailed research has to be developed in order to fully understand the
mechanism behind this fast electron transfer processes taking place at electrodes modified
with hydrid nanostructures. Various electrochemical techniques have been use for the
investigation of the electron transfer processes taking place at hybrid nanostructured
modified electrodes. Cyclic voltammetry, electrochemical impedance spectroscopy, square
wave voltammetry, differential pulse voltammetry, potential step chronoamperometry and
rotating disk electrodes are among the most used techniques for these electrochemical
studies (Chen &Pei, 2001; Chirea et al, 2005, 2007; Hicks et al., 2002, Horswell et al.,2003).
Electrochemical impedance spectroscopy (EIS) has been proven as one of the most powerful
tools for the investigation of interfacial electrode reaction mechanisms (Katz & Willner,
2003, Yan & Sadik, 2001, Lasia, A. 1999). EIS measures the response (current and its phase)
of an electrochemical system to an applied oscillating potential as a function of the
frequency. The electrochemical behaviour of redox probes at hybrid nanostructures
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modified electrodes is rather complex and depends not only on the nature of the outermost
layer but also on the composition of the whole nanostructured film. The EIS technique
allows the accurate evaluation of electron transfer kinetics and mass transport despite the
complexity of the systems studied (Katz & Willner, 2004 and references therein). In this
chapter, it will be presented the fabrication procedure and the electrochemical properties
of hybrid nanostructures composed of anisotropic gold nanomaterials, namely gold
nanorods (AuNRs) and 1,6hexanedithiol (1,6HDT) which was used as a molecular bridge
to covalently bond the rods to the electrodes. The gold nanorods were synthesized based
on a seed mediated method using cetyltrimetylammonium bromide as the stabilizing and
shape inducing agent (Nikoobakht &El-Sayed, 2003). Control over the size of the gold
nanorods was achieved by varying the volume of silver nitrate used during the growth
step of these nanomaterials. Multilayered films of gold nanorods and 1,6hexanedithiol
were built-up on clean gold electrodes based on the layer-by-layer self-assembly method
(Decher & Schlenoff, 2003). Quartz crystal microbalance (QCM), ellipsometry and atomic
force microscopy (AFM) measurements were performed in order to determine the self-
assembly time of AuNR and 1,6HDT layers, the films’ thicknesses, the type of surface
bonding of the AuNRs and the films’ topographies. The charge transport mechanism
through these films was studied as a function of the type of the outermost layer, number
of layers within the multilayered films and size of the gold nanorods using [Fe(CN)s]3-/4-
as redox probes. Cyclic voltammetry, square wave voltammetry and electrochemical
impedance spectroscopy were used for the electrochemical characterization of the film
modified electrodes. Accurate fittings of the EIS spectra were obtained by using nonlinear
square fit software. An excellent agreement between the experimental data and the fitted
data has been obtained allowing an accurate correlation of the electrochemical
parameters.

2. Experimental section
2.1 Chemicals

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly3-3H2O, 99,999 %, Sigma Aldrich),
cetyltrimetyl ammonium bromide (Ci9HpNBr, Sigma, 99%), silver nitrate (AgNOs pa
quality, Riedel-de Haén), sodium borohydride (NaBH,, 96%, Sigma Aldrich), L-ascorbic acid
(CeHsOs¢, 99%, Aldrich), 1,6 hexanedithiol (CeH14S,, Fluka, 97%) methanol (CHsOH, 99.8%,
Sigma), potassium hexacyanoferrate (III), potassium hexacyanoferrate(Il) (pa quality, Merck,
NaClOy (pa quality, Merck), HCIO, (70%, redistilled, 99.999%, Aldrich), H>O, 30% (Fluka),
H>SO4 (pure, Pronalab) were used as received. Millipore filtered water (resistivity > 18
MQ cm) was used to prepare all aqueous solutions and for rinsing. Prior use, all the
glassware were cleaned with freshly prepared aqua regia (HNOs: HCl =1:3, % v/v), rinsed
abundantly with Millipore water and dried.

2.2 Synthesis of 2.44 and 3.48 aspect ratios gold nanorods

The gold nanorods were prepared following the procedure published in the literature
(Nikoobakht, & El-Sayed, 2003). First, spherical gold nanoparticles were synthesized by
reducing HAuCl, (aqueous solution of 5.0 mL, 0.00050M) with ice-cold NaBH4 solution (0.60
mL, 0.01M) under strong stirring in the presence of cetyltrimetylammonium bromide (5 mL
aqueous solution, 0.20 M). The resulted seeds were kept for 2 hours at 25°C. Consecutively,
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growth solutions were prepared by adding ascorbic acid (70 pL of 0.0788 M) into two
solution mixtures composed of cetyltrimetylammonium bromide aqueous solution (5 mL,
0.20 M), 0.050 or 0.15 mL of AgNOs solution (0.0040 M) respectively, and HAuCl, (5.0 mL of
0.0010 M). To these mixtures 12 puL of the prepared seed solution were added at 30°C
solution temperature, which determined the growth of the nanorods proved by the
apparition of the specific colour for each sample within 10 minutes. The short rods featured
a blue colour in aqueous solution whereas the large rods featured a pink-brownish colour
(Figure 1a and 1d). The gold nanorods were purified by washing with Millipore water,
centrifugation and decantation. This procedure of purification was performed twice.

2.3 Transmission electron microscopy measurements

A drop of each rod solution was cast on formvar copper carbon grids, let to dry for at least
24 hours and imaged. The TEM images were recorded using a transmission electron
microscope Hitachi 8100 equipped with a Rontec Standard EDS detector and digital images
acquisition, operating at 200 kV and having a point resolution of 1.6 nm. The length/width
ratio of the rods was evaluated using Image ] software.

2.4 UV-Vis spectroscopy measurements

The optical spectra of the AuNRs samples were recorded on a Hitachi U-3000
spectrophotometer in the range 200-900 nm, using quartz cuvettes with 1cm light path and
freshly prepared Au NRs solutions.

2.5 Fabrication of 1,6hexanedithiol/gold nanorod multilayers
2.5.1 Quartz Crystal Microbalance measurements

The QCM measurements were performed with a QCM-Z500 apparatus (KSV, Finland)
which can monitor AF changes for six overtone frequencies (5, 15, 25, 35, 45 and 55MHz).
The QCM electrodes (gold coated quartz crystals, 0.785 cm?2 area) were washed with freshly
prepared Piranha solution (3:1 mixture of concentrated sulphuric acid and hydrogen
peroxide, 30%, Caution! Piranha solution is corrosive and reacts violently with organic materials)
rinsed with large amounts of Millipore water, dried in a stream of nitrogen and placed in
the QCM cell for surface modification. The base line was recorded in the presence of
ethanol. Consecutively, the pure solvent was gently removed from the QCM cell and an
ethanolic solution of 1,6 hexanedithiol (15 mM) was injected into the cell. The frequency
change was recorded continuously during the adsorption process of the dithiol, at 25 °C
solution temperature (results not shown). Consecutively, the SAM modified QCM electrode
were washed with ethanol and Millipore water, dried in a stream of nitrogen and analyzed
by tapping mode atomic force microscopy (AFM). After AFM imaging the 1,6HDT modified
QCM electrode was reinserted in the QCM chamber and a second base line was recorded for
20 minute using Millipore water as the solvent. The Au-1,6HDT modified electrode was
further modified with gold nanorods by gentle injection of freshly prepared AuNR; solution
(0.50 mg/mL) at a solution temperature of 35°C. The resulted Au-1,6HDT-AuNR; modified
electrode was removed from the QCM cell, washed persistently with Millipore water, dried
in a stream of nitrogen and imagined by tapping mode AFM. The Au-1,6HDT-AuNR;
modified electrode was reinserted in the QCM cell and a third layer, (a 1,6HDT layer) was
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self-assembled from ethanolic solution. These steps were repeated until a number of 8 layers
were built-up on the QCM electrode. The same procedure was followed for the build-up of
multilayers containing hexanedithiol and large gold nanorods (AuNRy, 0.50mg/mL). The
resulted QCM-multilayer modified electrodes were analyzed by atomic force microscopy.
The QCM measurements were performed in order to estimate the necessary self-assembly
time for each layer.

2.5.2 Atomic force microscopy measurements

The resulted 1,6HDT/ AuNR multilayer modified QCM electrodes were imaged in air using
a Molecular Imaging PicoLe AFM in tapping mode and Silicon cantilevers (Nanosensors)
with a resonance frequency of 200-400 kHz. Topographic, amplitude and phase images were
recorded for all the samples with a resolution of 512x512 pixels.

2.5.3 Ellipsometry measurements

The thickness of the multilayers was determined using a Multi-Wavelength Discrete
Ellipsometer. First, the Brewster angle was determined for the bare gold QCM electrode
previously washed with Piranha solution, large amounts of Millipore water and dried in a
stream of nitrogen. The search of the Brewster angle was performed for several angles of the
ellipsometer: 74°, 70°, 69°, 68° and the best results were obtained for the angle of 68°. The
refraction index (n) and the extinction coefficient (K) determined for the bare gold QCM
were n = 0.496 + 0.011 and K = 2.323 £ 0.006. These parameters values were used for the
determination of the multilayers” thicknesses.

2.5.4 Electrochemical measurements

Cyclic, square wave voltammetry and electrochemical impedance spectroscopy
measurements were performed on a PGSTAT 302N potentiostat (EcoChemie B.V., The
Netherlands) for each new layer self-assembled on the working electrodes. All
electrochemical experiments were carried out in a conventional three-electrode cell
equipped with a working electrode of gold (with an area of 0.0314 cm?), a Pt wire as the
counter electrode and an Ag/AgCl (3M KCI) electrode as the reference electrode. The
electrochemical cell was placed in a Faraday cage in order to minimize the electrical noise.
The gold electrodes were cleaned as previously explained (Chirea et al, 2005) and
consecutively modified following the procedure used for the QCM experiments. The
electrolyte solution consisted of 0.0006M [Fe(CN)s¢]3>/4 and 0.1NaClO4. Cyclic
voltammograms were measured between -0.2 and 0.6 V at several scan rates (25, 50, 75,
100mV/s) for each layer self-assembled on the gold electrodes. The square-wave
voltammograms were measured for the same potential window, at frequency varying
between 10Hz to 75Hz, using 50mV amplitude and a step potential of 2mV.
Electrochemical impedance spectroscopy (EIS) measurements were performed for a
frequency range of 10000 to 0.1 Hz and amplitude of 20 mV at the formal potential of the
[Fe(CN)e]3/4 redox couple (0.210V vs. Ag/AgCl (KCl, 3M). Before each measurement, N»
was purged into the solution for 15 minutes for deaeration. The electrochemical
measurements were performed twice on freshly modified electrodes and similar results
were obtained.
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3. Results and discussions
3.1 Characterization of gold nanorods

It has been demonstrated that the growth of gold nanorods in aqueous solution from
spherical gold nanoparticles (4nm average diameters) in the presence of cetyltrimetyl
ammonium bromide takes place simultaneously on all directions until the seeds are
reaching a critical size allowing surfactant binding (Nikoobakht &El-Sayed, 2003).
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Fig. 1. Transmission electron microscopy images, size distribution histograms, and UV-Vis
spectra of 2.44 aspect ratio gold nanorods (a, b, c) and 3.48 aspect ratio gold nanorods (d, e,
f).Insets of a and d : digital images of the gold nanorods solutions.

Moreover, the growth in the longitudinal direction takes place parallel to the {001} planes,
which is accompanied by formation of four relatively unstable {110} facets and four {111}
facets. The surfactant has a stronger affinity to {110} facets determining a slower growth on
the width of the rods than on the longitudinal direction characterized mainly by {111} facets.
The growth rate on different facets determines the final shape of these nanomaterials. The
presence of Ag ions in the growth solution (from AgNO; used as growth agent) generates
Ag-Br pairs between the headgroups of the capping material. These Ag-Br pairs may
decrease the charge density on the bromide ions determining less repulsion between the
neighbouring headgroups on the rods surface and as a result controlling the size of the rods.
This seed-mediated method allows control over the size of the rods by varying the AgNOs
volume, at high concentration of surfactant. In accordance, two different sized gold nanorod
samples were synthesized following this method. The morphology (size, shape) and the
optical properties of the gold nanorods were analyzed by transmission electron microscopy
and UV-Vis spectroscopy (Figure 1). An accurate size distribution was estimated based on
TEM images. The gold nanorods were 2.44 aspect ratio (AuNRy, 35.48 nm length per 14.52
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nm width, Figure 1a and 1b) and 3.48 aspect ratio (AuNRy, 51.56 nm length per 14.80 nm
width, Figure 1d and le). Transverse plasmon bands at 517 nm and longitudinal plasmon
bands at 652 nm (Figure 1c, AuNR;, blue colour) or 770 nm (Figure 1f, AuNR,, pink-
brownish colour ) were observed in the optical spectra of the rods demonstrating an evident
increase of rods size with increased volumes of AgNO; added during the growth procedure
(see section 2.2).

3.2 Characterization of 1,6hexanedithiol/gold nanorod multilayers by quartz crystal
microbalance, ellipsometry and atomic force microscopy

In the following discussion n denotes the number of layers self-assembled on the QCM gold
electrodes. The bare gold corresponds to n = 0, the 1,6hexanedithiol layers correspond to n
odd (n =1, 3, 5, 7) whereas the gold nanorods layers correspond to n even (n = 2, 4, 6, 8).In
accordance, the first bilayer corresponds to n = 2, the second bilayer corresponds to n = 4,
the third bilayer corresponds to n = 6 whereas the forth bilayer corresponds to n = 8. The
1,6HDT layers were self-assembled on the QCM gold electrodes from ethanolic solution at
25°C whereas the consecutive AuNRs layers were self-assembled from aqueous solution at
35°C. As determined previously, (Chirea et al., 2010) these are the adequate self-assembly
condition in order to obtain dense and vertically aligned gold nanorods using
1,6hexanedithiol as a bridge molecule. The self-assembly time for each layer was determined
by QCM measurements. The first hexanedithiol layer (1 = 1) was self-assembled after 14
hours whereas the consecutive gold nanorod layer (n = 2), was self-assembled after 7 hour
in the case of short rods or 15 hours in the case of large rods at a solution temperature of
35°C (Chirea, 2010). For the multilayer containing short rods (AuNR;, 2.44 aspect ratio), the
third layer self-assembled on the modified electrodes, a 1,6HDT layer (1 = 3) was formed
after 16 hours, the consecutive AuNR; layer ( n = 4) was self-assembled after 10 hours, the
5th Jayer , a 1,6HDT layer, was self-assembled after 19 hours, the consecutive AuNR; layer
was self-assembled after 12 hours (1 = 6), whereas the last two layers were self-assembled
after 19 hours (n = 7) and 15 hours (1 = 8). The multilayer containing 3.48 aspect ratio gold
nanorods was build-up for the self-assembly times of 14 hours (n = 1), 15 hours (1 = 2), 11
hours (1 = 3), 16 hours (n = 4), 18 hours (1 = 5), 18 hours (1 = 6), 15 hours (n =7) and 6 hours (n
= 8) respectively. The deposited mass has decreased with increasing number of layers self-
assembled on the gold electrodes (results not shown). This decrease of deposited mass with
each new layer self-assembled on the Au-QCM electrodes suggests a pyramidal growth of the
multilayers. For example, the highest number of small gold nanorods was self-assembled on
the first 1,6hexanedithiol monolayer formed on the Au-QCM electrodes which is a well
organized film. The tapping mode AFM image of this bilayer illustrates a vertical alignment of
the rods to the substrate surface (Figure 2a, n = 2, AuNR;, 3548 nm length per 14.52 nm
width). The third layer self-assembled on the modified QCM electrode, a 1,6hexanedithiol
layer (n = 3) determined no evident change in topography (results not shown).

Based on the strong affinity of thiols toward covalent bonding to gold surfaces (Love et al.,
2005), it is expected that the 1,6HDT layer (n = 3) will cover the rods removing the
cetyltrimetyl ammonium bromide from their surface through a place exchange reaction
(Hostetler, M. J. et.al, 1999), and possibly will connect them on a horizontal plane if they are
in very close vicinity. However, the chemical bonding of the rods on a horizontal plane may
change or not the films topographies. The consecutive self-assembly of a fourth layer,
namely an AuNR; layer, (Figure 2b, n = 4) has generated a similar film topography
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(vertically aligned nanorods) with a lower surface coverage of rods than the previous
AuNR; layer (Figure 2a, n = 2). It seems that the only possibility to connect gold nanorods
on an upper layer (1 = 4) is at the ends of the gold nanorods from the previous layer (n = 2)
through the 1,6hexanedithiol molecules acting as molecular bridges (n = 3). In consequence,
the number of 1,6hexanedithiol molecules available for further chemical interactions are the
molecules at the ends of each vertically aligned rod from a previous layer which implies
already a lower number of 1,6HDT molecules than in the n =1 layer. This chemical structure
has determined a pyramidal growth of the multilayered film (Figure 2). Moreover, the AFM
images have revealed the presence of neighbour rods within the same layer (the thicker
“rods” features) together with a decreasing surface coverage of the gold nanorods in the
upper layers of the multilayered film (Figure 2b, ¢, d). The sequential self-assembly of
AuNR; and 1, 6 hexanedithiol layers up to a maximum 8 layers have generated similar
topographies (Figure 2c, d). The surface roughness has increased with the numbers of
bilayers self-assembled on the electrodes from 12.24 nm (Figure 2a, n = 2), to 15.36 nm
(Figure 2b, n = 4), to 18.55 nm (Figure 2c, n = 6) and to 20.20 nm (Figure 2d, n = 8). The
increase of surface roughness proves a progressive growth of the film upon self-assembly of
each (1,6HDT/AuNRy) bilayer. The AFM analysis of the film confirms its pyramidal growth
with decreasing surface coverage of gold nanorods within consecutive layers (Figure 2). The
tapping mode AFM analysis of the multilayer film containing layers of 1,6hexanedithiol and
large rods (AuNRy, 51.56 nm/14.80 nm average sizes) is illustrated in Figure 3.
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Fig. 2. Tapping mode atomic force microscopy images of Au-(1,6HDT-AuNR;); multilayers
showing the progressive build-up of the film:(a) first bilayer, (n = 2), (b) second bilayer, (n =
4), (c) third bilayer (1 = 6), and (d) fourth bilayer (1 = 8). AuNR; were 35.48nm/14.52nm
average sizes.
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Fig. 3. Tapping mode atomic force microscopy images of Au-(1,6HDT-AuNRy), multilayers
showing the progressive build-up of the film: (a) first bilayer, (n = 2), (b) second bilayer, (1 =
4), (c) third bilayer (n = 6), and (d) fourth bilayer (n = 8). AuNR; were 51.56 nm/14.80nm
average sizes.

The topographic features of this film suggest that the AuNR; were attached vertically at the
ends of the rods from the previous layer with a decreased surface coverage (compare Figure
3b and 3a). The consecutive self-assembly of 1,6hexanedithiol and AuNR; layers (Figure 3c,
n = 6) has generated a more dense structure implying a covalent bonding of the large rods
both at the tips of the previous AuNR; layer (n = 4) and, in higher number, in-between the
rods of the same n = 4 layer. A similar dense surface coverage was observed after the self-
assembly of the next 1,6hexanedithiol/ AuNR; bilayer (Figure 3d, n = 8). The surface
roughness increased progressively with increasing number of bilayers from 14.26 nm
(Figure 3a, n = 2), to 18.23 nm (Figure 3b, n = 4), to 24.20 nm (Figure 3¢, n = 6) and to 28.0 nm
(Figure 3d, n = 8), respectively. The progressive increase of surface roughness demonstrates
also a progressive increase of film thickness. If the gold nanorods within a layer are in very
close vicinity, then the 1,6hexanedithiol is connecting them on a horizontal plane generating
quit ordered features with twin nanorods as illustrated in Figure 4. The topographic analysis
of both types of films demonstrates that the film growth and film density depend on the size
of the gold nanorods. The short rods tend to organize themselves within quit homogeneous
films being covalently bonded at their ends through the 1,6hexanedithiol molecular bridges
and generating a well organized network.

Contrarily, the large rods tend to fill-up first the free spaces in-between the rods in a
previous layer and to covalently bond in an upper layer only with a low surface coverage.
The different chemical structures of these two types of multilayers will determine a different
electrochemical behaviour as it will demonstrate in the following paragraphs. The vertical



Charge Transfer Within Multilayered Films of Gold Nanorods 137

alignment of the rods within these films is in accordance with previous observation related
to the type of surface bonding (end-bonding) of the rods when self-assembled on gold
electrodes at 35°C solution temperature and using the 1,6hexanedithiol as bridge molecules
(Chirea et al., 2009, 2010). The thicknesses of the multilayers were determined by
ellipsometry measurements. The average thickness of Au-(1, 6HDT-AuNR;); multilayered
film was 188, 85 £ 1.05 nm yielding a refraction index of 2.78 + 0.11 and an extinction
coefficient of K = 3.42 + 0.03 whereas the average thickness of the Au-(1, 6HDT-AuNRy)4
multilayered film was 227, 10 1.2 nm yielding a refraction index of n = 3.70 + 0.15 and a
extinction coefficient of K = 3.93 + 0.05. The estimated film thicknesses are in accordance
with a vertical alignment of the nanorods to the substrate surface as demonstrated also by
AFM measurements (Figure 2, 3 and 4).
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Fig. 4. Tapping mode atomic force microscopy images of the multilayered film illustrating the
effect of the 1,6HDT monolayer as the outermost layer on the overall film topography: (a) Au-

1,6HDT-AuNR;-1,6HDT film (1 =3) , (b) Au-1,6HDT-AuNR>-1,6HDT-AuNR>-1,6HDT-AuNRo-
1,6HDT film (n = 7). The surface roughness was 7.47nm (a) and 15.32 nm (b).

3.3 Electrochemical characterization of 1,6hexanedithiol/gold nanorod multilayers

As previously mentioned n denotes the number of layers self-assembled on the gold
electrodes. The bare gold corresponds to n = 0, the 1,6hexanedithiol layers correspond to n
odd (n =1, 3, 5, 7) whereas the gold nanorods layers correspond to n even (n =2, 4, 6, 8). The
electrochemical properties of the 1,6hexanedithiol/gold nanorod multilayers were studied
as a function of the number of layers self-assembled on the gold electrodes and as a function
of the sizes of the gold nanorods. The electrolyte consisted of 0.0005M Kj[Fe(CN)g]*- and
0.0005M Ky[Fe(CN)g]4-(0.0005M) dissolved in 0.1IM NaClO; aqueous solution. Cyclic and
square wave voltammetry measurements as well as electrochemical impedance
spectroscopy measurements were performed for each layer self-assembled on the gold
electrodes in order to elucidate the electron transfer process taking place at the
1,6hexanedithiol / gold nanorod modified electrodes.

3.3.1 Electrochemical characterization of multilayers containing short gold nanorods

Figure 5 shows the cyclic (Figure 5a and 5b) and square wave voltammograms (Figure 5c
and 5d) recorded at the Au-(1,6HDT-AuNR;); multilayer modified gold electrodes in
aqueous solution of 0.1M NaClO4 and 0.0005M [Fe(CN)g]3-/4-. As mentioned previously, the
average sizes of the rods incorporated into this film were 35.48 nm lengths per 14.52 nm



138 Nanorods

width (AuNR;, Figure 1a, b) with an aspect ratio of 2.44. The gold nanorods were self-
assembled in end-bonding topography through 1,6hexanedithiol bridges generating a quit
homogeneous film (Figure 2). The electrical properties of this film were highly dependent on
the type of outermost layer. The Faradaic process was highly hindered by the
1,6hexanedithiol layers (Figure 5, n=1, 3, 5, 7). This electrochemical behaviour is caused by
the insulating properties of this dithiol when self-assembled on gold electrodes (Chirea et
al., 2009, 2010; Chou et al., 2009). For example, the first layer self-assembled on the gold
electrodes determined a disappearance of the Faradaic currents in the cyclic and square
wave voltammograms (Figure 5, n = 1, black curve) as compared to the bare gold electrode
(Figure 5, n=0, dashed black curve) illustrating a dense packing of the 1,6hexanedithiol layer
on the gold electrodes. In other words, the 1,6hexanedithiol is blocking the electronic
communication between the [Fe(CN)g]4/3- in solution and the underlying bare gold electrode.
The consecutive self-assembly of an AuNR; layer determined the reappearance of the Faradic
currents in the cyclic and square wave voltammograms (Figure 5a, ¢, n = 2, red curve)
generating a quasi reversible behaviour of the [Fe(CN)g]3/4 redox couple. The third layer self-
assembled on the modified electrodes (a 1,6HDT layer) has determined a drastic decrease of
peak currents in the cyclic and square wave voltammograms (Figure 5b, d, n = 3, purple
curve), again due to its insulating properties confirming a high coverage with 1,6HDT
molecules on AuNR; surfaces from the previous layer. Nevertheless, the presence of the small
gold nanorods in the inner layer (n = 2) seems to facilitate the electron transfer process despite
the complete electronic blocking generated by the 1,6hexanedithiol layers (n =1 and n = 3). At
this stage of the multilayer build-up, the electron transfer process is based on electron
tunnelling through the dithiol layers (very low peak currents (1 = 3) or no peak currents (1 =1)
in the CVs and SQWVs, Figure 5) and electron transport mediated by the gold nanorods from
the inner layer (n = 2). A similar electrochemical behaviour has been observed at citrate
stabilized gold nanoparticle/1,4 benzenedimethanethiol multilayers modified gold electrodes.
Abdelrahman et al. have shown that these gold nanoparticles have a good catalytic activity
toward [Ru(NHs)e]** in solution, despite the electronic blocking induced by the 1,4
benzenedimethanethiol layers used to connect the gold nanoparticles into dense films.
Moreover these gold nanoparticle/1,4 benzenedimethanethiol multilayers have proven also
highly efficient for oxygen reduction (Abdelrahman et al., 2006).

In the present work, the self-assembly of a fourth layer, a AuNR; layer, re-established an
efficient electron transfer process depicted through high peak currents in the CVs and
SQWVs (Figure 5a, c , n = 4, green curve) demonstrating also a high catalytic activity of
these rods. These electrical features demonstrate a stepped electron transfer process
consisting of : (i) increase of the interfacial concentration of the negatively charged redox
probes at the positively charge gold nanorods surfaces by electrostatic attraction (ii) electron
transport mediated by the gold nanorods and (iii) and coherent electron tunnelling through
the 1,6hexanedthiol layers toward the underlying bare gold electrode (Scheme 1). A
remarkable feature is to be mentioned: the Faradaic currents are slightly lower at the four
layers modified electrode than at the two layers modified electrode (in Figure 5 a, ¢ compare
n =2 and n = 4) but both films determined a faster electron transfer than at the bare gold
electrode (higher Faradaic currents in SQWVs than at the bare gold, see Figure 5c). This
electrochemical behaviour is caused by two features: (i) high catalytic activity of the short
rods which is nullifying the electronic blocking induced by the 1,6hexanedithiol layers
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assuring an coherent electron tunnelling through these molecular bridges and (ii) the surface
coverage with gold nanorods is decreasing as shown by AFM imaging (compare Figure 2a

and Figure 2b).
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Fig. 5. Cyclic voltammograms (a, b) and square wave voltammograms (c, d) recorded at the
Au-(1, 6HDT-AuNR;)4 multilayer modified gold electrodes in aqueous solution of 0.1M
NaClOy and 0.0005M [Fe(CN)g]3-/4-: bare gold (n = 0), 1,6HDT outermost layers (n = 1,3,5,7)

and AuNR; outermost layers (1 = 2,4,6,8), respectively.
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Scheme 1. Schematic representation of the electron transfer process at 1,6hexanedithiol /gold
nanorods multilayers modified electrode.

The sequential self-assembly of the fifth layer, a 1,6hexanedithiol layer, determined a
complete electronic blocking between the redox probes in solution and the underlying
bare gold electrode depicted through the disappearance of the Faradaic current in the CV
(Figure 5b, n = 5, wine curve) or a drastic decrease of Faradaic current in the SQWV
(Figure 5d, n = 5, wine curve) and shifting of the peak current toward less positive
potentials. This difference of the electrochemical features in the cyclic and square wave
voltammograms for the same layer is due to the difference of electrochemical sensitivity
between the two techniques. Square wave voltammetry has as main advantage the
discrimination of the non-Faradaic (capacitative) currents which is achieved by measuring
the current at the end of the imposed square-wave pulse. In this way the ratio between the
Faradaic and non-Faradaic currents is very high because almost no capacitative currents
are measured at the end of the measuring time. This cannot be achieved by cyclic
voltammetry. The square wave signal consists of a symmetrical square wave pulse
superimposed on a staircase waveform (Mirceski et al.2007) which assures a higher
sensitivity of this technique toward surface confined electron transfer processes than the
cyclic voltammetry. In consequence, the square wave voltammograms illustrate more
accurate the effect of each layer self-assembled on the gold electrodes. The sixth layer self-
assembled on the gold electrodes, an AuNR; layer, restored the efficient electronic
communication between the redox probes in solution and the underlying bare gold
electrode generating cyclic and square wave voltammograms with well defined peak
currents and diminished peak separations (Figure 5a, b n =6, blue curve). The 7t layer
self-assembled on the gold electrodes (Figure 5, n = 7, orange curve) showed a similar
electrochemical behaviour as the previous dithiol layers, namely an insulating effect,
whereas the 8th layer determined no evident increase of Faradaic current (Figure 5a,c, n =
8, pink curve). At this stage of the multilayer build-up the low surface density of the rods
does not allow a further improvement of the overall electron transfer process. The peak
currents and the peak-to-peak separations in the cyclic voltammograms varied as follows:
I.=3.95pA, AEp= 0.071V, for n = 0 (bare gold electrode), I.= 3.85pA, AE,= 0.091V, for n = 2,
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(Au-1,6HDT-AuNRy), L= 0.58nA, AE,= 0.369V, for n = 3, (Au-1,6HDT-AuNR;-1,6HDT),
I.= 3.75nA, AE,= 0.095V, for n = 4,(Au-1,6HDT-AuNR1),, I.= 3.64pA, AE,= 0.097V, for n =
6 ,(Au-1,6HDT-AuNR;1); whereas for the other layers (n = 1,5,7 and 8) there were no peak
currents in the CVs (Figure 5a,b). As proven by these parameters value, the current
densities in the CVs are decreasing with the number of AuNR; present in each layer. As
seen by AFM analysis, the number of gold nanorods in direct contact with the
electroactive species from solution is decreasing within each new layer self-assembled on
the gold electrodes (Figures 2). Due to their high surface to volume ratio, the gold
nanorods act as nanoelectrodes proving a strong catalytic effect in the overall
electrochemical process. If their number decreases then the current generated at these
nanoelectrodes is decreasing. In consequence the surface density of the rods has a strong
influence on the overall electrochemical process. In the square wave voltammograms, the
lowest peak current was recorded at the film containing all 8 layers (n = 8, Figure 5c), for
which the number of AuNR; covalently bonded to the modified electrode is the smallest
(Figure 3d) and the distance from the underlying bare gold surface is the longest. The
corresponding peak currents and shifting of the peak potentials in the square wave
voltammograms varied as follows: I,= 9.40pA at 0.247V for n =0, [,=15.04 pA at 0.233V for
n =2, 1,= 0.35pA at 0.274V for n =3, I,= 13.37pA at 0.232V for n =4, I,= 0.28pA at 0.142V for
n =5, I,= 11.72pA at 0.236V for n =6, I,= 0.32pA at 0.065V for n =8 (Figures 5c and 5d). For
the 1,6hexanedithiol outermost layers having an insulating effect, the redox current at any
potential is given by the expression (Xu et al., 1993):

e )

where Iy is the current measured at the bare electrode, p is the potential independent
electron tunnelling coefficient, and d is the thickness of the monolayer. For an
electrochemical reaction at equilibrium, using equation (1) it can be obtained:

k =kye P @)

where ky and k are the electron transfer rate constants at the bare and 1,6HDT-SAM modified
electrode. The heterogeneous electron-transfer rate constant (ket) at the modified electrodes
can be calculated using equation (3) (Chirea et al, 2007and references therein):

ket =(RT) / (n?F*ARcyc°) 3)

where R is the gas constant, T is temperature (K), F is the Faraday constant, A is the
electrode area (0.0314 cm?2), Rcr is the charge-transfer resistance, ¥ is the concentration of the
redox couple in the bulk of solution (0.5%10-% mol/cm3) and n is the number of transferred
electrons per molecule of the redox probe (n = 1 for the [Fe(CN)s]3-/4probes). From the
fittings of the impedance spectra (Figures 6, 7), it was obtained the apparent charge transfer
resistance, Rcr, for each layer self-assembled on the gold electrodes (table 2). The
heterogeneous electron-transfer rate constants, ke, for each layer self-assembled on the gold
electrode were estimated using Rcr parameters and based on equation (3), (table 1). The
variation of the heterogeneous electron-transfer rate constant, ke, shows a three order
magnitude increase upon the self-assembly of the first AuNR; layer (ke=1.63x10 cmXxs-1
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n=2, table 1) as compared to the first 1,6HDT-SAM (ke = 0.48%10-8 cmxs, n =1, tablel). The
consecutive self-assembly of a 1,6HDT layer (n = 3, table 1) determined two orders
magnitude decrease of the ke, followed by a two orders magnitude increase of the ke for the
next AuNR; self-assembled layer (n = 4, tablel). This oscillation of the k. is repeated up to
the 7th layer. For the last layer self-assembled on the multilayer modified electrodes (n = 8,
an AuNR; outermost layer) the ket decrease was more pronounced (ket=0.14x107cmxs1) as
compared to the previous AuNR; layer (ke=0.35x105cmxs-1, n = 6, tablel) confirming the
presence of very few gold nanorods within this last layer. The variation of the
heterogeneous electron-transfer rate constants at the Au-(1,6HDT-AuNR;); multilayer
modified electrode confirms the alternative electrochemical behaviour observed in the cyclic
and square wave voltammograms depicted through peak shaped and plateau shaped CVs
and SQWVs.

n Ket (cmxs-1) self-assembly time B(A1) Tunnelling distance
(h) (A)

1 0.48x10-8 14 0.92 17.04

2 1.63x10- 7

3 0.62x107 16 0.77 17.04

4 0.94x10° 10

5 0.22x107 19 0.83 17.04

6 0.35%x10- 12

7 0.20x107 19 0.86 17.04

8 0.14x107 15

Table 1. Heterogeneous electron-transfer rate constants, ket and tunnelling parameter,

B, calculated for each self-assembled layer within the Au-(1,6HDT-AuNR;); multilayer,
using the Rcr parameters obtained from the fittings of the EIS spectra (table 2) and based on
equations (1)-(3).

The electron transfer process is switched on when the outermost layer is an AuNR; layer
(high ke, table 1, n = 2, 4, 6) and switched off when the outermost layer is a 1,6HDT layer
(low ke, tablel, n =1, 3, 5, 7). As the distance from the underlying bare gold electrode is
increasing and the surface coverage with rods is decreases, the electron transfer process
becomes slower (low ke, table 1, n = 8, total film thickness: 188,85+1.05 nm). The tunnelling
distance was estimated taking into consideration the length of the C-C, C-S and S-Au bonds
which are 1.54A, 1.82 A and respectively 2.85 A (Jiang, J.; Lu, W. & Luo, Y., 2004). The
variation of the tunnelling parameter, (3, suggest that the electron tunnelling process is more
efficient at the thiol layers self-assembled on the gold nanorods than at the 1,6HDT self-
assembled on the bare gold electrode (lower values of P). Overall, the electron transfer
process is faster at Au-(1,6 HDT-AuNR1); multilayer modified electrode than at bare gold
electrode (up to n = 6) demonstrating a catalytic effect of the small rods as outermost layers.
Electrochemical impedance spectroscopy (EIS) measurements were performed for each layer
self-assembled on the gold electrodes. The Nyquist plots of the bare gold (n = 0) and Au-
1,6HDT-SAM modified electrode (1 =1) are presented in Figure 6 whereas the Nyquist plots
recorded at the Au-(1, 6HDT-AuNR:); multilayer modified electrode (1 = 2-8) are presented
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in Figure 7. The fittings of the EIS spectra were performed using the non-linear least square-
fit procedure and the equivalent electrical circuits presented in Figure 8. Randles circuit was
used for fittings of the bare gold EIS spectra (n =0, Figure 6), whereas the other two
equivalent electrical circuits were used for fittings of the EIS spectra of the film modified
electrodes. The impedance responses varied with the type of layer self-assembled on the
gold electrodes. The Warburg impedance for semi-infinite planar diffusion is the sum of
concentration impedances which are linked to the mass transport (ionic diffusion) and to the
kinetics of the charge transfer being given by the equation (4):

Zy=r @
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5o RT 11
WA |y o,

®)

The parameters Dr and Do represent the diffusion coefficients of the reduced and oxidized
species (1.76x10¢ cm2s1), cg and co are the solution concentrations of the reduced and
oxidized species (cr = co = 0.5x103 mol/cm3), o is the mass transfer coefficient and  is the
angular frequency (o=21f, f is the alternative voltage signal frequency, Hz). The other
parameters have the same meaning as previously mentioned. The total impedance at the
bare gold electrode is described by the equation (6) and the Randles electrical circuit
pictured in Figure 8a:

1 1 1
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where R; () is the solution resistance, Rer () is the charge transfer resistance and Cq (F) is
the double layer capacitance. The Nyquist plots (Figure 6, n =1) shows that the self-assembly
of the 1,6hexanedithiol on bare gold electrode generates a very high resistance to the charge
transfer (table 2), depicted through depressed semicircle for all range of frequencies with no
evident diffusion profile at low frequencies. The 1,6hexanedithiol monolayer is changing the
dielectric properties of the electrode surface generating a new film resistance R¢ and film
capacitance C:. The total impedance at the Au-1,6HDT-SAM and Au-(1,6HDT-AuNR;:)3
modified electrodes is given by the equation (7). The detailed expression of the real (Z,") and
imaginary (Z,”) complex impedances are presented in Appendix A, at the end of this
chapter. The complex impedances where written by taking Rct, Ry, as resistances, 1/ioCdl,
1/ioCf, as capacitances and applying Ohm’s and Kirchhoff’s laws to the connection of these
elements in the electrical circuit. The parameter “i” is vV—1.

Zy=2Zy+17y @)

For a higher number of layers (1 = 7, 8) the fittings of the EIS spectra were performed using
the electrical circuit depicted in Figure 8c. The equation describing the total impedance Z,
corresponding to this electrical circuit is presented in Appendix A. The electronic blocking
effect induced by the 1,6hexanedithiol monolayer determined an increase of 3 orders
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magnitude in the charge transfer resistance, Rer (1 = 1, table 2, Figure 6) as compared to the
bare gold electrode (n = 0, table 2, Figure 6) and ~16 times decrease of Cqi demonstrating
that the distance between the redox probes in solution and the underlying bare gold surface
has increased.

This effect of the aliphatic chain thiol has been frequently observed at SAM modified
electrodes (Chou et al., 2009; Su et al.,2006). The sequential self-assembly of the AuNR; layer
has determined a decrease of the charge transfer resistance by 3 orders of magnitude (n = 2,
table 2). The corresponding EIS spectrum featured a small semicircle at high and
intermediate frequencies, which is due to the coupling between Rer and Cq; parameters and
a straight line at low frequencies (Figure 7a, n = 2, red circles) implying semi finite planar
diffusion to the film (slope unity). The Rcr parameter relates to surface modifications that
enhance/hinder the electron transfer process at the electrode/solution interface. The strong
decrease of Rer upon self-assembly of the AuNR; layer proves that these small rods (35.48
nm length per 14.52 nm width, Figure 1a and 1b) have a high catalytic activity for the
[Fe(CN)g]>/+ redox probes facilitating the electron transfer at the electrode/solution
interface. Additionally, the strong decrease in film resistance, Rf, which is a tunnelling
resistance in this case, proves that the gold nanorods assures a highly efficient electron
tunnelling through the underlying 1,6HDT-SAM.
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Fig. 6. Nyquist diagrams recorded at bare gold (1 =0) and Au-1,6HDT-SAM modified

electrode (n =1) in aqueous solution of 0.1M NaClOy and 0.0005M [Fe(CN)s]3-/4-.The

experimental data are represented by circles whereas the theoretical curves calculated using
the parameters values in Table (2) are represented by lines.

The film capacitance, C; has slightly increased upon AuNR; self-assembly implying an
increase of electrode area. Further build-up of the film on the gold electrodes, by the self-
assembly of a third layer (1,6HDT) has determined a two orders magnitude increase in the
charge transfer resistance (n = 3, table 2, Figure 7b, wine circles plot) as compared to the
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previous AuNR; layer (n = 2, table 2, Figure 7a) demonstrating a hindered electron transfer
process. It is interestingly to remark the fact that the 1,6hexanedithiol seems to have a
weaker insulating effect when self-assembled on gold nanorods surface than on bulk gold.
The decrease of Cq for n = 3, (table 2) as compared to the Cq of the previous layer (n =2,
table 2) demonstrates an increase of distance between the redox probes in solution and the
underlying gold nanorod layer. This decrease of Cq for the dithiol layers confirms the
supposition that the cetyltrimetyl ammonium bromide stabilizing the rods will be removed
during the self-assembly of the dithiol layers. Moreover, the consecutive increase of film
resistance, Ry, and decrease of film capacitance, C;, (n = 3, table 2) demonstrates that the
electron tunnelling process is slow and the increase of area of the electrode is smaller at the
1,6HDT outermost layer. These alternating insulating/conductive features of the multilayer
modified electrode are repeated through similar variation of the Rer, Cai, Ry, Cr parameters
up to the 6 layers (table 2).
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Fig. 7. Nyquist diagrams recorded at the Au-(1, 6(HDT-AuNR;)4 multilayered modified gold

electrodes in aqueous solution of 0.1M NaClO4 and 0.0005M [Fe(CN)s]3/+: 1,6HDT

outermost layers (n = 3,5,7) and AuNR; outermost layers (1 = 2,4,6,8), respectively.

The charge transfer resistance has drastically increased from 7th to the 8th layer self-
assembled on the gold electrodes demonstrating that the last layer of gold nanorods has a
low surface coverage with rods (n = 7,8, table 2) and in consequence the electron transfer



146 Nanorods

process is slow. The Cdl has practically no variation passing from the 7t to the 8th layer
proving that the main effect in the electrochemical process is caused by the 1,6HDT layer (n
= 7, hindered electron transfer) than by the few rods from the 8t layer. Similarly, the
capacitance of the film, Cj, is practically constant for the two last layers suggesting that area
of the electrode has no variation upon self-assembly of the 8th layer (AuNR; layer).The film
resistance has increased (compare Rf , n =7 and Rf n=8) implying that some material is still
attached to the substrates. The variation of these parameters confirms the pyramidal growth
of the multilayered film on gold electrodes, as shown by AFM imaging (Figures 2, 3). The
additional Rt and C’¢ parameters may suggest that the electron transfer process becomes
very slow when the film thickness is too high. Overall, the variation of Rcr, Ca, Ry Ct
parameters demonstrate that a maximum of 6 layers self-assembled on the gold electrodes is
the optimal number of layers which assures a very efficient electron transfer through the
small gold nanorods layers and efficient electron tunnelling through the dithiol layers in the
electrochemistry of [Fe(CN)g]3-/4 redox probes. Moreover, the overall electrochemical
process is strongly dependent of the nature of the outermost layer. This dependence of the
electrochemical process on the nature of the outermost layer has been observed for the first
time at mercaptosuccinic stabilized gold nanoparticle (Au-MSA)/poly-Lysine multilayers
self-assembled on gold electrodes (Chirea et al., 2005). The difference between these two
types of multilayers is in the nature of the interaction between the redox probes in solution
and the outermost layers. The depressed semicircles observed in the EIS spectra of the
1,6HDT outermost layers are due to the insulating properties of the aliphatic chain of the
dithiol which is blocking the electronic communication between the redox probes in solution
and the underlying bare gold electrodes (Chou et al., 2009; Su et al.,2006).

Cd] Cf

Fig. 8. Equivalent electrical circuits used for the fitting of impedance spectra represented in
Figures 6, 7 and 10.
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n R. (kQ) C't (uF) R(kQ) C (uF) Ri(kQ) Ca(@F) R (kQ)
0.292 0.83 261
(1.05) (0.72) (0.58)
. 1.20 0.14 2674 0.05 3510
(0.98) (1.25) (0.28) (0.35) (0.68)
) 0.297 0.97 358 2.48 1.03
(1.17) (0.70) (0.43) (1.06) (0.88)
1.24 0.13 430 0.18
3 (13) (0.60) (0.56) (1.58) 269.3
A 0.303 043 19.87 1.56 1.78
(1.59) (0.45) (0.74) (1.20) (0.32)
5 1.73 0.07 2.60 0.03 772
(1.64) (0.37) (1.08) (1.06) (0.91)
6 0.34 157 438 1.77 482
(1.50) (0.94) (0.60) (0.52) (0.84)
; 214 0.16 2012 0.08 207.6 0.06 8183
(1.04) (0.55) 12) (1.16) (0.54) (0.38) (0.55)
g 7.67 0.11 3306 0.07 3245 0.08 1234
(1.20) (0.51) (1.69) (0.76) (0.53) (0.61) (0.73)

Table 2. Parameter values obtained from the fittings of the impedance spectra presented in
Figures 6 and 7 using the nonlinear least-square fit. The percent errors from the fit for each
element are given in parentheses.

In our previous work (Chirea et al., 2005), the depressed semicircles observed in the EIS
spectra were due to a repelling effect (electrostatic repulsion ) between the outermost layers
of negatively charged gold nanoparticles (Au-MSA NPs) and negatively charge redox
probes ([Fe(CN)s]3/4) in solution. It has to be mentioned also that the electron transfer was
mediated by the Au-MSA NPs when they were covered by a positively charged poly-Lysine
layer which facilitated the diffusion of the electroactive species through the film based on
electrostatic attraction. In the case of the gold nanorod outermost layers, the diffusion of the
electroactive species is favoured by the positively charged cetyltrimetyl ammonium
bromide stabilizing the rods (proven by the diffusion profiles with slope unity at low
frequencies in Figure 7a, n=2, 4, 6) whereas the electron transfer process is mediated by all
the gold nanorods from a layer (proven by high Faradaic currents in the CVs and SQWV
and decreased peak-to-peak separations, Figure 5a, c). The surface density of the rods is also
decisive for the overall electrochemical process, an optimal surface coverage assuring a fast
electron transfer (Chirea et al., 2010).

3.3.2 Electrochemical characterization of multilayers containing large gold nanorods

A different electrochemical behaviour was observed at the Au-(1,6HDT-AuNR;); modified
electrodes. In this case, the size of the gold nanorods seems to have a high influence on the
film growth and implicitly on the overall electron transfer process. Figure 9 shows the cyclic
voltammograms (Figure 9a,b) and the square wave voltammograms (Figure 9c,d) recorded
at the Au-(1,6HDT-AuNR); multilayer modified gold electrodes in aqueous solution of
0.1M NaClOy and 0.0005M [Fe(CN)¢]3-/4. The average sizes of the rods incorporated into this
film were 51.56 nm lengths per 14.80 nm width (AuNRy, Figure 1d, e) with an aspect ratio of
3.48. Although these large rods were self-assembled in an end topography (vertically
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aligned to the substrate surface) as the small rods, the film growth was different starting
with the 4th layer self-assembled on the electrodes when the film density has increased upon
the self-assembly of the AuNR; layer (compare Figure 3a and Figure 3b). The electrical
properties of Au-1,6HDT-AuNR; multilayered modified electrodes were highly dependent
on the type of outermost layer and the surface coverage with rods. As seen previously, the
Faradic process was highly hindered by the 1,6hexanedithiol layers and this is proven by
either a disappearance or a drastic decrease of peak currents in the CVs and SQWVs (Figure
9b, d, n =1, 3, 5, 7). The electrochemistry of [Fe(CN)g]3-/4 redox probes was recovered upon
the self-assembly of a AuNR; layers. For example, cyclic and square wave voltammograms
with high peak currents and decreased peak separation were recorded at the Au-1,6HDT-
AuNR; bilayer modified electrode (n = 2, Figure 9a,c red curve). The consecutive self-
assembly of a 1,6HDT layer has diminished the Faradaic currents in the CVs and SQWVs
(n = 3, Figure 9b, d, purple curve) which is equivalent to a hindered electron transfer
process. The 4th layer self-assembled on the modified gold electrodes (an AuNR; layer) has
restored the Faradaic currents in the CVs and SQWVs, but the electrochemical process
seems to be slower than at the previous AuNR; outermost layer due to lower peak currents
and higher peak to peak separation in the voltammograms (compare n = 4 and n = 2 in
Figure 9a, c). The 5th layer self-assembled on the electrodes determined a complete blocking
of the electronic communication between the [Fe(CN)g]3-/4 couple in solution and the
underlying bare gold electrode (1 = 5, Figure 9b,d wine curve). At the 6t layer (an AuNR;
outermost layer) the electrochemical process is improved although it is even slower than at the
previous AuNR; outermost layers (lowest Faradaic peaks and highest increase of peak-to-peak
separations in the CVs and SQWVs, nn = 6, Figure 9a, c). The last two layers bring no evident
improvement of the electron transfer process at the 1,6HDT-AuNR; multilayer modified
electrodes (n =7, 8, Figure 9, orange and pink curves). At this stage of the multilayer build up,
the surface coverage with rods is the lowest as compared to the previous AuNR; layers and
the film density is the highest (Figure 3d). The Faradaic currents and the peak-to-peak
separations in the CVs were: I,= 3.95nA, AE,= 0.071V for n = 0 (bare gold electrode), I.=
3.41pA, AE,= 0.100V for n = 2, (Au-1,6HDT-AuNRy), I,= 0.33pA and AE,= 0.368V for n = 3,
(Au-1,6HDT-AuNR>-1,6HDT), I.= 2.97uA and AE,= 0.172V for n = 4,(Au-1,6HDT-AuNRy)y,
L= 2.61pA and AE,= 0.244V for n = 6 ,(Au-1,6HDT-AuNR;)3 whereas for the other layers (n =
1,5,7 and 8) there were no peak currents in the CVs (Figure 9a,b). A more evident effect of
each outermost layer self-assembled on the gold electrodes is proven by square wave
voltammetry measurements which are showing a progressive decrease of Faradaic currents
with increasing number of layers (Figure 9c,d) for both types of outermost layers. The peak
currents and peak potential shifts were: I,= 9.40pA at 0.247V for n =0, .= 11.8pA at 0.232V for
n =2, I,= 0.180uA at 0.283V for n =3, I,= 5.12uA at 0.246V for n =4, I,= 0.107pA at 0.283V for n
=5, .= 2.79pA at 0.286V for n =6, I,= 0.084pA at 0.267V for n =7 (Figure 9c and 9d).

The highest peak currents in the SQWYVs were recorded at the Au-1,6HDT-AuNR; modified
electrode (n =2, Figure 9c¢) for which the electron transfer process is faster than at the bare
gold electrode. A lower surface coverage of gold nanorods in the upper layers of the Au-
(1,6HDT-AuNRy), film (Figure 3) determined a slightly slower electron transfer (lower peak
currents in the CVs and SQWVs, n = 4,6,8, Figure 9c¢) than at the Au-1,6HDT-AuNR; bilayer
modified electrode (n =2, Figure 9c).The variation of the heterogeneous electron-transfer rate
constants (table 3) estimated based on equation (1) -(3) and using the Rcr parameters
obtained from the fittings of the EIS spectra (Figure 10, table 4) demonstrate that the electron
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transfer process at the Au-(1,6HDT-AuNRy); modified electrodes is slower than at the at the
Au-(1,6HDT-AuNR;)s modified electrodes in the presence of the [Fe(CN)]3/4 redox couple.
The heterogeneous electron-transfer rate constants estimated for the AuNR; outermost layers
(n =2, 4,6, 8, table 3) are slightly lower than the heterogeneous electron-transfer rate constants
estimated for the AuNR; outermost layers (n = 2,4,6,8, table 1). This difference demonstrates a
size effect of the gold nanorods, the short rods having a stronger catalytic activity toward the
electrochemical process than the large rods. The k. variations are consistent with previous
published work in which was demonstrated a size effect of the rods for low and high surface
coverages with rods at Au-1,6HDT-AuNR bilayers modified electrodes (Chirea et al. 2009,
2010). In those two reports was demonstrated for the first time the dependence of the
electron transfer process on the size of these anisotropic gold nanorods and on the type of
surface bonding (end or side surface bonding of rods). Other authors are starting to pursue
similar studies. For example, it has been demonstrated a size effect toward electrochemistry
of the same [Fe(CN)s]3/4 couple at CdTe QD self-assembled on gold electrodes by means of
mercaptoundecanoic acid and poly(diallyldimethylammonium chloride) (Kissling et al,
2010). The CdTe dots being very small (2.2nm, 2.5nm 2.9 nm) have slightly enhance mainly
the reduction process. A size of 3nm or higher average diameters of the nanomaterials
induces a higher enhancement of the electron transfer process as it was demonstrated in
another report (Chirea et al., 2007).
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Fig. 9. Cyclic voltammograms (a, b) and square wave voltammograms (c, d) recorded at the
Au-(1, 6HDT-AuNRy)4 multilayered modified gold electrodes in aqueous solution of 0.1M
NaClOy and 0.0005M [Fe(CN)g]3-/4-: bare gold (n = 0), 1,6HDT outermost layers (n = 1,3,5,7)

and AuNR; outermost layers (1 = 2,4,6,8), respectively.
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4 self-assembly time 54 Tunnelling distance

n Ket (cmxs-1) (h) B(AT) A)

1 0.50x108 14 0.91 17.04

2 1.02x105 15

3 0.25x107 11 0.82 17.04

4 0.45x105 16

5 0.42x108 18 0.92 17.04

6 0.15x105 18

7 0.30x10-8 15 0.96 17.04

8 0.89x108 6

Table 3. Heterogeneous electron-transfer rate constants, ket and tunnelling parameter,

B, calculated for each self-assembled layer within the Au-(1,6HDT-AuNRy); multilayer,
using the Rer parameters obtained from the fittings of the EIS spectra (table 4) and based on
equations (1)-(3).

The impedance responses recorded at the Au-(1,6HDT-AuNR;); multilayered modified
electrodes in aqueous solution of [Fe(CN)g]3-/4- redox probes were dependent on the type of
outermost layer (Figure 10). The EIS spectra featured depressed semicircles at 1,6HDT
outermost layers (Figure 10b, n=3, 5, 7) for all range of frequencies. The charge transfer
resistance Rcr has increased 3 or 2 orders of magnitude at the 1,6HDT outermost layers
(n=1, 5, 7 and n=3, table 4) than at the bare gold electrode or AuNR; outermost modified
electrodes (n =2, 4, 6, table 4). The Cq varied with the insulating (decrease) or conductive
properties (increase) of the outermost layers (table 4). Although, the charge transfer resistance
Rer has decreased at the AuNR; outermost layers, its tendency is to increase with increasing
numbers of layers self-assembled on the gold electrodes implying that the electron tunnelling
through the aliphatic chains of the dithiol and the electron transport mediated by the large
gold nanorods is less efficient when the number of gold nanorods is decreasing due to the
pyramidal growth of the film (Figure 3). The R¢ has also a tendency to increase with increasing
number of layers self-assembled on the electrodes being either 1,6HDT layers (higher Ry, n =1,
3, 5,7, table 4) or AuNR; layers (lower R, n =2, 4, 6, 8, table 4).

The variation of these parameters demonstrates that the electron transfer is faster at the
AuNR; outermost layers than at the 1,6HDT outermost layers and overall the increasing
film thickness is affecting the overall electron transfer process. Interestingly, the additional
parameters Rt and C't have an evident effect on the overall electron transfer process starting
the 3rd layer (table 4). These parameters are related to the electron tunnelling on a
horizontal plane through the 1,6HDT layer connecting neighbours AuNR; (Scheme 1). As
shown in the AFM images (Figure 4) these large rods can be covalently bonded on the
horizontal plane, not only on a vertical plane. The increase of both film resistances R and R’
and progressive decrease of the capacitances Ct and C’r demonstrates that the efficiency of
the electron tunnelling process is progressively diminished at low surface coverage with
rods (in the upper layers) and the area of the electrodes is increasing. These electrochemical
features do not imply that the Au-1,6HDT-AuNR; multilayers modified electrodes can be
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less efficient for other electrochemical processes. For example, Chen-Zhong et al. have
demonstrated that gold nanoparticles of 20-40 nm average diameters electrochemically
deposited on gold electrodes and chemically modified by the self-assembly of thiolated
DNA layers specific for anticancer drugs detection have determined a 20-40 fold increase of
the detection limit (Chen-Zhong et al.,2005).

0 10 20 30 40 50 60 70

Z' (kQ)

6000 — T T

0 1000 2000 3000 4000 5000 6000
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Fig. 10. Nyquist diagrams recorded at the Au-(1, 6HDT-AuNR;)s multilayered modified
gold electrodes in aqueous solution of 0.1M NaClO4 and 0.0005M [Fe(CN)g]3-/4: 1,6HDT
outermost layers (n = 3,5,7) and AuNR; outermost layers (n = 2,4,6,8), respectively.

Furthermore, recent studies have demonstrated that citrate stabilized gold nanoparticles
embedded into poly-Lysine matrix through electropolymerization on glassy carbon
electrodes from aqueous solution have improved the electron transfer kinetics of the
[Fe(CN)g]>/4 redox probes (Chirea et al, 201la). Additionally, the citrate gold
nanoparticles/poly-Lysine films where used for the electrostatic self-assembly of dsDNA.
The resulted hybrid nanostructure has proven an improved sensitivity and a good detection
limit for an anticancer drug, namely actinomycin D (Chirea et al., 2011b).
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n R (kQ)  Cr(wF) RYkQ)  CiuF) RakQ) Ca@F) Rer(kQ)
0 0.290 0.78 2.53
(0.95) (0.93) (0.89)
) 1.05 0.18 2523 0.04 3427
(0.87) (0.73) (0.62) (0.67) (0.98)
) 0.290 0.90 553 1.79 1.64
(1.06) (0.53) (0.55) (1.34) (0.60)
3 1.44 0.81 274.7 0.10 625.6 0.05 682.4
(0.93) (1.51) (1.63) (0.50) (0.52) (0.97) (0.80)
. 0.296 0.58 14.65 143 3.75
(1.30) (0.42) (1.26) (1.05) (1.16)
5 477 0.17 2650 0.08 1330 0.03 3973.0
(1.68) (0.83) (0.83) (0.83) (1.74) (0.57) (0.91)
‘ 033 0.56 39.64 1.02 11.29
(1.18) (0.32) (1.16) (1.36) (0.65)
; 10.23 0.011 293 0.05 5558.3
(0.95) (0.69) (0.63) (0.65) (1.20)
g 7.07 0.014 2254 0.013 459 0.072 1899
(1.31) (1.38) (1.32) (0.82) (0.98) (0.61) (1.05)

Table 4. Parameter values obtained from the fittings of the impedance spectra represented in
Figures 10 using the nonlinear least-square fit.

4. Conclusion

The dynamics of charge transfer at multilayered films composed of 1,6hexanedithiol/gold
nanorods sequentially self-assembled on gold electrodes have been investigated as a
function of the nature of the outermost layer and the size of the gold nanorods. The increase
of Rer upon covalent self-assembly of the 1,6hexanedithiol layers on bulk gold and gold
nanorods layers is rationalized in terms of electronic blocking between the redox probes in
solution and underlying gold nanorod layers or bare gold surface. The 3 orders magnitude
decrease of Rer upon consecutive covalent self-assembly of gold nanorods as outermost
layers was rationalized in terms of increase in the interfacial concentration of the
electroactive species at the gold nanorods surface (due to electrostatic attraction) , electron
transport mediated by the rods and coherent electron tunnelling through the underlying
1,6hexanedithiol layers. The electron transfer process was faster (higher ke values) at the
multilayers containing short rods (35.48nm/14.52nm average sizes) than at the multilayers
containing large rods (slightly lower ke values, 51.56nm/14.80nm average sizes). An
evident size effect, due to higher catalytic activity of the short rods, was observed in the
electrochemical process. An optimal number of maximum 6 layers within the multilayered
films have determined a fast electron transfer and coherent electron tunnelling at the hybrid
nanostructured modified electrodes. The chemical structures of these films with an end
bonding topography of the rods and their enhanced electrochemical properties make them
very appealing for the fabrication of electronic devices or biosensors applications (Katz,
E.&Willner, 1., 2003).
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1. Introduction

Numerous characteristics of nanomaterials depend on size and shape, including their
catalytic, optical, electronic, chemical and physical properties. The shape and
crystallographic facets are the major factors in determining the catalytic and surface activity
of nanoparticles. The size can influence the optical properties of metal nanoparticles. This is
especially important when the particles have aspect ratios (length/diameter, L/D) larger
than 1. So, in the synthesis of metal nanoparticles, control over the shape and size has been
one of the important and challenging tasks.

A number of chemical approaches have been actively explored to process metal into one-
dimensional (1 D) nanostructures. Among these objects of study, rodlike gold nanoparticles
are especially attractive, due to their unique optical properties and potential applications in
future nanoelectronics and functional nanodevices. Gold nanorods show different color
depending on the aspect ratio, which is due to the two intense surface plasmon resonance
peaks (longitudinal surface plasmon peak and transverse surface plasmon peak
corresponding to the oscillation of the free electrons along and perpendicular to the long
axis of the rods) (Kelly et al., 2003). The color change provides the opportunity to use gold
Nanorods as novel optical applications. Gold nanorods are used in molecular biosensor for
the diagnosis of diseases such as cancer, due to this intense color and its tunablity.
Nanorods also show enhanced fluorescence over bulk metal and nanospheres, which will
prove to be beneficial in sensory applications. The increase in the intensity of the surface
plasmon resonance absorption results in an enhancement of the electric field and surface
enhanced Raman scattering of molecules adsorbed on gold nanorods. All theses properties
make gold nanorod a good candidate for future nanoelectronics (Park, 2006). In this chapter,
we will describe the preparation and characterization of gold nanorods.

2. Preparation of gold nanorods

Although quite a few approaches have been developed for the creation of gold nanorods,
wet chemistry promises to become the preferred choice, because of its relative simplicity
and use of inexpensive materials. There are three main methods used to produce gold rods
through wet chemistry. Chronological order is followed, which in turn implies successive
improvement in material quality. Each new method is also accompanied by a decrease in
difficulty of the preparation (Pérez-Juste et al., 2005).
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2.1 Template method

The template method for the preparation of gold nanorods was first introduced by Martin
and co-workers (Foss, 1992; Martin, 1994, 1996). The method is based on the electrochemical
deposition of Au within the pores of nanoporous polycarbonate or alumina template
membranes. The rods could be dispersed into organic solvents through the dissolution of
the appropriate membrane followed by polymer stabilization (Cepak & Martin, 1998). The
method can be explained as follows: initially a small amount of Ag or Cu is sputtered onto
the alumina template membrane to provide a conductive film for electrodeposition. This is
used as a foundation onto which the Au nanoparticles can be electrochemically grown
(stage I in Fig. 1). Subsequently, Au is electrodeposited within the nanopores of alumina
(stage II). The next stage involves the selective dissolution of both the alumina membrane
and the copper or silver film, in the presence of a polymeric stabilizer such as poly(vinyl
pyrrolidone) (Il and IV in the Fig. 1). In the last stage, the rods are dispersed either in water
or in organic solvents by means of sonication or agitation (Pérez-Juste et al., 2005).

The length of the nanorods can be controlled through the amount of gold deposited within
the pores of the membrane (van der Zande et al., 2000). The diameter of the gold
nanoparticles thus synthesized coincides with the pore diameter of the alumina membrane.
So, Au nanorods with different diameters can be prepared by controlling the pore diameter
of the template (Hulteen & Martin, 1997; Jirage et al., 1997). The fundamental limitation of
the template method is the yield. Since only monolayers of rods are prepared, even
milligram amounts of rods are arduous to prepare. Nevertheless, many basic optical effects
could be confirmed through these initial pioneering studies.

Fig. 1. (a and b) Field emission gun-scanning electron microscopes images of an alumina
membrane. (c) Schematic representation of the successive stages during formation of gold
nanorods via the template method. (d) TEM micrographs of gold nanorods obtained by the
template method (van der Zande et al., 2000).

2.2 Electrochemical method

An electrochemical route to gold nanorod formation was first demonstrated by Wang and
co-workers (Chang et al.,, 1997, 1999). The method provides a synthetic route for preparing
high yields of Au nanorods. The synthesis is conducted within a simple two-electrode type
electrochemical cell, as shown in the schematic diagram in Fig. 2A.
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In the representative electrochemical process, the following conditions are necessary and
important:

1. A gold metal plate (3 cmx1 cmx0.05 cm) as a sacrificial anode

2. A platinum plate similar as a cathode (3 cm*1 cmx0.05 cm)

3. A typical current of 3 mA and a typical electrolysis time of 30 min

4.  Electrolytic solutions to immerse the both electrodes at 36 °C, it contained:

A cationic surfactant, for example: hexadecyltrimethylammonium bromide (CisTAB) to
support the electrolyte and to behave as the stablilizer for the nanoparticles to prevent
aggregation.

A small amount of a tetradodecylammonium bromide (TCi2AB), which acts as a rod-
inducing cosurfactant.

Appropriate amount of acetone added to the electrolytic solution for loosening the micellar
framework to assist the incorporation of the cylindrical-shape-inducing cosurfactant into the
C16TAB micelles.

Suitable amount of cyclohexane to enhance the formation of elongated rod-like CicTAB
micelles.

A silver plate is gradually immersed close to the Pt electrode to control the aspect ratio of
Au nanorods.

(a)

Fig. 2. (a) Schematic diagram of the set-up for preparation of gold nanorods via the
electrochemical method containing; VA, power supply; G, glassware electrochemical cell; T,
teflon spacer; S, electrode holder; U, ultrasonic cleaner; A, anode; C, cathode. (b) TEM
micrographs of Au nanorods with different aspect ratios 2.7 (top) and 6.1 (bottom). Scale
bars represent 50 nm (Chang, 1999).

During the synthesis, the bulk gold metal anode is initially consumed, forming AuBry-.
These anions are complexed to the cationic surfactants and migrate to the cathode where
reduction occurs. It is unclear at present whether nucleation occurs on the cathode surface
or within the micelles. Sonication is needed to shear the resultant rods as they form away
from the surface or possibly to break the rod off the cathode surface. Another important
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factor controlling the aspect ratio of the Au nanorods is the presence of a silver plate inside
the electrolytic solution, which is gradually immersed behind the Pt electrode. The redox
reaction between gold ions generated from the anode and silver metal leads to the formation
of silver ions (Pérez-Juste et al., 2005). Wang and co-workers found that the concentration of
silver ions and their release rate determined the length of the nanorods. The complete
mechanism, as well as the role of the silver ions, is still unknown.

2.3 Seeded growth method

Seeded growth of monodisperse colloid particles dates back to the 1920s. Recent studies
have successfully led to control of the size distribution in the range 5-40 nm, whereas the
sizes can be manipulated by varying the ratio of seed to metal salt (Jana et al., 2001). In the
presence of seeds can make additional nucleation takes place. Nucleation can be avoided by
controlling critical parameters such as the rate of addition of reducing agent to the metal
seed, metal salt solution and the chemical reduction potential of the reducing agent. The
step-by-step particle enlargement is more effective than a one step seeding method to avoid
secondary nucleation. Gold nanorods have been conveniently fabricated using the seeding-
growth method (Carrot et al., 1998).

The preparation of 3.5 nm seed solution can be explained as follows: C1sTAB solution (5.0
mL, 0.20 M) was mixed with 2.0 mL of 5.0x104 M HAuCls. To the stirred solution, 0.60mL of
ice-cold 0.010 M NaBH4 was added, which resulted in the formation of a brownish yellow
solution. After vigorous stirring of the seed solution for 2 min, it was kept at 25 °C without
further stirring. The seed solution was used between 2 and 48 h after its preparation (Jana et
al., 2001).

By controlling the growth conditions in aqueous surfactant media it was possible to inhibit
secondary nucleation and synthesize gold nanorods with tunable aspect ratio. Some
reserches showed addition of AgNOj3 influences not only the yield and aspect ratio control
of the gold nanorods but also the mechanism for gold nanorod formation, correspondingly
its crystal structure and optical properties (Pérez-Juste et al., 2005). At this point, it is thus
convenient to differentiate seed-mediated approaches performed in the absence or in the
presence of silver nitrate.

2.3.1 Preparation of gold nanorods without AgNO;

Murphy and co-workers were able to synthesize high aspect ratio cylindrical nanorods
using 3.5 nm gold seed particles prepared by sodium borohydride reduction in the presence
of citrate, through careful control of the growth conditions, i.e., through optimization of the
concentration of C;sTAB and ascorbic acid, and by applying a two- or three- step seeding
process (see Fig.3).

(1) Preparation of 4.6+1 Aspect Ratio Rod.

In a clean test tube, 10 mL of growth solution, containing 2.5x10¢ M HAuCly and 0.1 M
C1sTAB, was mixed with 0.05 mL of 0.1 M freshly prepared ascorbic acid solution. Next, 0.025
mL of the 3.5 nm seed solution was added without further stirring or agitation. Within 5-10
min, the solution color changed to reddish brown. The solution contained 4.6 aspect ratio rods,
spheres, and some plates. The solution was stable for more than one month (Jana et al., 2001).
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(2) Preparation of 13+2 Aspect Ratio Rod.

A three-step seeding method was used for this nanorod preparation. Three test tubes
(labeled A, B, and C), each containing 9 mL growth solution, consisting of 2.5 x104 M
HAuClyand 0.1 M Ci6TAB, were mixed with 0.05 mL of 0.1 M ascorbic acid. Next, 1.0 mL of
the 3.5 nm seed solution was mixed with sample A. The color of A turned red within 2-3
min. After 4-5 h, 1.0 mL was drawn from solution A and added to solution B, followed by
thorough mixing. The color of solution B turned red within 4-5 min. After 4-5 h, 1 mL of B
was mixed with C. Solution C turned red in color within 10 min. Solution C contained gold
nanorods with aspect ratio 13. All of the solutions were stable for more than a month (Jana
etal., 2001).

(3) Preparation of 18 2.5 Aspect Ratio Rod.

This procedure was similar to the method for preparing 13 aspect ratio rods. The only
difference was the timing of seed addition in successive steps. For 13 aspect ratio rods, the
seed or solutions A and B were added to the growth solution after the growth occurring in
the previous reaction was complete. But to make 18 aspect ratio rods, particles from A and B
were transferred to the growth solution while the particles in these solutions were still
growing. Typically, solution A was transferred to B after 15 s of adding 3.5 nm seed to A,
and solution B was transferred to C after 30 s of adding solution A to B (Jana et al., 2001).

In the above method, the yield of the nanorods thus synthesized is ca. 4 % (Jana et al., 2001).
The long rods can be concentrated and separated from the spheres and excess surfactant by
centrifugation. Later, the same group reported an improved methodology to produce
monodisperse gold nanorods of high aspect ratio in 90 % yield (Busbee et al., 2003), just
through pH control. In the new proposed protocol, addtion of sodium hydroxide, equimolar
in concentration to the ascorbic acid, to the growth solution raised the pH. The pH of the
growth solution was changed from 2.8 to 3.5 and 5.6, which led to the formation of gold
nanorods of aspect ratio 18.8+1.3 and 25.1+5.1, respectively. The newer procedure also,
resulted in a dramatic increase in the relative proportion of nanorods and reduced the
separation steps necessary to remove smaller particles.

)

Fig. 3. TEM images of shape-separated 13 (a) and 18 (b) aspect ratio gold nanorods prepared
by the seed-mediated method (Jana et al., 2001).
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The mechanism of formation of rod-shaped nanoparticles in aqueous surfactant media
remains unclear. Based on the idea that C;sTAB absorbs onto gold nanorods in a bilayer
fashion, with the trimethylammonium headgroups of the first monolayer facing the gold
surface (Nikoobakht et al., 2001), Murphy and co-workers (Johnson et al., 2002) proposed
that the C1TAB headgroup preferentially binds to the crystallographic faces of gold existing
along the sides of pentahedrally twinned rods, as compared to the faces at the tips. The
growth of gold nanorods would thus be governed by preferential adsorption of C1sTAB to
different crystal faces during the growth, rather than acting as a soft micellar template
(Johnson et al., 2002). The influence of C,TAB analogues in which the length of the
hydrocarbon tails was varied, keeping the headgroup and the counterion constant was also
studied (Gao et al., 2003). It was found that the length of the surfactant tail is critical for
controlling not only the length of the nanorods but also the yield, with shorter chain lengths
producing shorter nanorods and longer chain lengths leading to longer nanorods in higher
yields (Pérez-Juste et al., 2005).

Considering the preferential adsorption of Ci¢TAB to the different crystal faces in a bilayer
fashion (Nikoobakht et al.,, 2001; Johnson et al., 2002; Gao et al., 2003), a “zipping”
mechanism was proposed taking into account the van der Waals interactions between
surfactant tails within the surfactant bilayer, on the gold surface, that may promote the
formation of longer nanorods from more stable bilayers (see Fig. 4) (Gao et al., 2003).

1
|
H
4
i

Fig. 4. Schematic representation of “zipping”: the formation of the bilayer of CnTAB
(squiggles) on the nanorod (black rectangle) surface may assist nanorod formation as more
gold ions (black dots) are introduced (Gao et al., 2003).

Recently, Pérez-Juste et al. investigated the factors affecting the nucleation and growth of
gold nanorods under similar conditions (Pérez-Juste et al., 2004). They showed that the
aspect ratio, the monodispersity and the yield could be influenced by the stability of the
seed, temperature, the nature and concentration of surfactant. The yield of nanorods
prepared from CisTAB capped seeds is much higher than that from naked (or citrate
stabilized) seeds. This indicates that the more colloidally stable the gold seed nanoparticles
are, the higher the yield of rods.

2.3.2 Preparation of Gold Nanorods with AgNO3

The presence of silver nitrate allows better control of the shape of gold nanorods
synthesized by the electrochemical method, and Murphy and co-workers proposed a
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variation of their initial procedure for long nanorods (Jana et al., 2001), in order to increase
the yield of rod-shaped nanoparticles (up to 50 %) and to control the aspect ratio of shorter
nanorods and spheroids (Jana et al., 2001). Under identical experimental conditions, a small
amount of silver nitrate is added (5x10-¢ M) prior to the growth step. The aspect ratio of the
spheroids and nanorods can be controlled by varying the ratio of seed to metal salt, as
indicated in the spectra of Fig.5. The presence of the seed particles is still crucial in the
growth process, and there is an increase in aspect ratio when the concentration of seed
particles is decreased.

The mechanism by which Ag* ions modify the metal nanoparticle shape is not really
understood. It has been hypothesized that Ag* adsorbs at the particle surface in the form of
AgBr (Br- coming from CisTAB) and restricts the growth of the AgBr passivated crystal
facets (Jana et al., 2001). The possibility that the silver ions themselves are reduced under
these experimental conditions (pH 2.8) can be neglected since the reducing power of
ascorbate is too positive at low pH (Pal et al., 1998). This shape effect depends not only on
the presence of AgNO;, but also on the nature of the seed solution. By simply adjusting the
amount of silver ions in the growth solution, a fine-tuning of the aspect ratio of the
nanorods can be achieved, so that an increase in silver concentration (keeping the amount of
seed solution constant) leads to a redshift in the longitudinal plasmon band. Interestingly,
the aspect ratio can also be controlled by adjusting the amount of seed solution added to the
growth solution in the presence of constant Ag* concentration (Pérez-Juste et al., 2004).
Contrary to expectations, an increase in the amount of seed produces a red-shift in the
longitudinal plasmon band position, as shown in Fig. 6, pointing toward an increase in
aspect ratio.

1,84

400 600 800 1000 1200 1400 1600 500
wavelength (nm) 100 nm

Fig. 5. UV-vis spectra of Au nanorods with increasing aspect ratios (a-h) formed by
decreasing the amount of added seed (left). TEM image of Au nanorods synthesized in the
presence of silver nitrate (right) (Jana et al., 2001; Jana et al., 2002).
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Fig. 6. UV-vis spectra of Au nanorods prepared in the presence of silver nitrate by the El-
Sayed’s protocol (Pérez-Juste et al., 2004).

2.4 Photochemical method

Yang and co-workers developed a photochemical method for the synthesis of gold nanorods
(Kim et al., 2002), which is performed in a growth solution similar to that described for the
electrochemical method (Chang et al., 1997), in the presence of different amounts of silver
nitrate and with no chemical reducing agent.

The growth solution containing gold salts and others such as surfactants and reducing
agents, was irradiated with a 254 nm UV light (420 pW/cm?) for about 30 h. The resulting
solution was centrifuged at 3000 rpm for 10 minutes, and the supernatant was collected, and
then centrifuged again at 10,000 rpm for 10 minutes. The precipitate was collected and
redispersed in deionized water. The colour of the resulting solution varies with the amount
of silver ions added, which is indicative of gold nanorods with different aspect ratios (Boyes
& Gai, 1997) as shown in Fig. 7.

Fig. 7. (a) Image of photochemically prepared gold nanorods solution, and (b)
corresponding UV-vis spectrum. The left most solution was prepared with no silver ion
addition. The other solutions were prepared with addition of 15.8, 31.5, 23.7, 31.5 pL of
silver nitrate solution, respectively. The middle solution was prepared with longer

irradiation time (54 h) compared to that for all other solutions (30 h), and the transformation
into shorter rods can be seen (Gai, 1998).

Absorbance (AU)
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Seen from Fig. 7 two absorption peaks were obtained, which resulted from the longitudinal
and transverse surface plasmon (in the UV-vis spectrum) that indicates gold nanorods are
formed when silver ions are added (Gai, 1998). The aspect ratio increases when more silver
ions are added, and this is accompanied by a decrease in rod width, while in the absence of
silver ions, spherical particles are obtained. Therefore, the possibility of a rod-like micellar
template mechanism can be discarded and these experiments indicate the critical role
played by silver ions in determining the particle morphology.

2.5 Other methods

Markovich and co-workers adapted the seed-mediated method in the absence of silver
nitrate proposed by Murphy and co-workers (Jana et al., 2001) for the growth of gold
nanorods directly on mica surfaces (Taub et al., 2003). The method involves the attachment
of the spherical seed nanoparticles to a mica surface, which is then dipped in a C;sTAB
surfactant growth solution. About 15 % of the surface-bound seeds are found to grow as
nanorods. This yield enhancement of nanorods, compared to that obtained for the solution
growth technique (ca. 4 %) (Jana et al., 2001), was attributed to a change in the probability of
the growing seed to develop twinning defects. Subsequently, Wei et al. adapted the method
to grow nanorods directly on glass surfaces (Wei et al., 2004). They studied the influence of
the linker used to attach the seed particles and the gold salt concentration in the growth
solution on the formed gold nanostructures.

3. Optical properties of gold nanorods

Gold nanorods show unique optical properties depending on the size and the aspect ratio
(the ratio of longitudinal-to-transverse length). Although the spherical gold nanoparticle
(nanosphere) has only one surface plasmon (SP) band in the visible region, the nanorod has
a couple of SP bands. One SP band corresponding to the transverse oscillation mode locates
in the visible region at around 520 nm, while the other corresponding to the longitudinal
oscillation mode between far-red and near-infrared (near-IR) region. This is the distinctive
optical characteristic of the nanorod as compared with the nanosphere. So, nanosphere may
have electronic, crystallographic, mechanical or catalytic properties that are different to the
nanorods. Such differences may be probed through optical measurements. Spectroscopic
measurements are often the easiest methods for monitoring surface processes such as
dissolution and precipitation, adsorption and electron transfer. If nanocrystals of any
specific geometry could be grown then it is conceivable that optical materials could be
designed from scratch. Photonic devices could be created from molecular growth reactors.
In the section, we will only describe the optical properties of gold nanorods.

3.1 Plasmon resonance for ellipsoidal nanoparticles

For gold nanorods, the plasmon absorption splits into two bands (Fig. 8) corresponding to
the oscillation of the free electrons along and perpendicular to the long axis of the rods (Link
and EL-Sayed, 1999). The transverse mode (transverse surface plasmon peak: TSP) shows a
resonance at around 520 nm, while the resonance of the longitudinal mode (longitudinal
surface plasmon peak: LSP) occurs at higher wavelength and strongly depends on the aspect
ratio of nanorods. As aspect ratio is increased, the longitudinal peak is redshifted. To
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account for the optical properties of Nanorods, it has been common to treat them as
ellipsoids, which allows the Gans formula (extension of Mie theory) to be applied.
Gans’formula (Gans, 1912) for randomly oriented elongated ellipsoids in the dipole
approximation can be written as

y o) (/7)<
NV 34 j=A[.91+((1—P]v)/P]-)£mT+€22
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where N, represents the number concentration of particles, V the single particle volume, 1
the wavelength of light in vacuum, and ¢, the dielectric constant of the surrounding
medium and ¢; and ¢; are the real (n? - k?) and imaginary (2nk) parts of the complex dielectric
function of the particles. The geometrical factors Pj for elongated ellipsoids along the A and
B/C axes are respectively given by

Fig. 9 shows the absorbance spectra for gold nanorods with varied aspect ratio calculated
using the Gans expressions. The dielectric constants used for bulk gold are taken from the
measurements done Johnson and Christy ( Johnson, 1972), while the refractive index of the
medium was assumed to be constant and same as for HO (1.333). The maximum of the
longitudinal absorbance band shifts to longer wavelengths with increasing aspect ratio.
There is the small shift of the transverse resonance maximum to shorter wavelengths with
increasing aspect ratio. Electron microscopy reveals that most nanorods are more like
cylinders or sphero-capped cylinders than ellipsoids. However, an analytical solution for
such shapes is not derived yet, and so while the results are compared to the formula given
by ellipsoids, such comparisons are somewhat approximate (Sharma et al., 2009).

A
~F

Fig. 8. Transverse and longitudinal modes of plasmon resonance in rod-like particles
(Sharma et al., 2009).
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Fig. 9. Absorbance spectra calculated with the expressions of Gans for elongated ellipsoids

using the bulk optical data for gold. (a) The numbers on the spectral curves indicate the

aspect ratio (L/D). (b) Enlargement of the shaded area of (a) showing slight blue shift of

transverse plasmon resonance peak on increasing aspect ratio (Park, 2006).

3.2 Absorption spectrum of colloidal dispersions of gold nanorods

The longitudinal and transverse plasmon resonance can be computed as a function of aspect
ratio either by using analytical expression put forth by Gans in 1912 (Gans, 1912) or by using
one of numerical techniques (Bohren, 1983; Kelly, 2001). Sharma et al. describe the how the
absorption spectrum measured experimentally compares to the results from Gans theory
(Gans, 1912; Sharma et al., 2009) and DDA simulations (Kelly, 2001). The gold nanorods
cited from their research were synthesized using a seed-mediated method based on use of
binary surfactant and all UV-vis-NIR spectra were acquired with a Cary 5G UV-visible-near-
IR spectrophotometer. Even though optical properties of pure water were used for
calculating the spectrum, the peak resonance measured experimentally show a remarkable
agreement with theoretical and simulation results (Fig. 10). Several groups have observed
similar trends ( Murphy, 2005; Link, 1999).
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Fig. 10. Longitudinal surface plasmon peak (nm) versus the aspect ratio of nanorods.
Simulation results using the DDA method (Kelly, 2003) and the corresponding fit (red
straight line) and Gans’calculation (blue straight line). Experimental data from the work
(gray squares). Experimental data from our study (black circles) (Park, 2006).
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It is well known though that the plasmon resonance is very sensitive to change in the
dielectric constant of the medium, and in case of mixed solvents or in sensing applications,
this effect must be taken into consideration. Theoretically predicted change in optical
properties of colloidal gold suspensions expected upon changing medium has been
observed experimentally by several groups (Templeton, 1999; Underwood, 1994). For the
gold nanorods, the computed longitudinal plasmon peak increases with an increase in the
dielectric constant of medium, as shown in Fig.11. The effect of medium seems more
pronounced for longer nanorods, as is evident from the increase in slope observed for
higher aspect ratios.
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Fig. 11. Calculated LSP as a function of refractive index of medium (Park, 2006).

3.3 Local field enhancements and sensing applications

The electric field is the gradient of potential, and hence using the expression for potential
derived earlier, the electric fields inside and outside the sphere are:

3¢,
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3ii(ii-p)-p 1
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ﬂ'gogm T

Resonance in polarizability leads to the resonant enhancement of both the internal and the
external dipolar fields. The wavelength at which this resonance occurs depends upon the
dielectric function of the metal as well as the medium around it. Since the resonance
condition and resulting enhancements of the fields are directly correlated with the shape
and size of particle, the basic understanding of this relationship is crucial for their
widespread use. The sensitivity of plasmon resonance to the local dielectric environment,
implies that any changes within a few nanometers of the particles can be used in say
biological or chemical sensing applications (Sharma et al., 2009). For the perfectly spherical
particles that can be described by electrostatic approach (Rayleigh limit), only the dipole
surface plasmon contributes to the localized enhancement, limiting the overall enhancement
achieved. In rod-like particles, highly localized fields can be generated at the tips, providing
a much stronger response function for sensing applications. The theoretical and
experimental aspects of surface-enhanced Raman scatting and plasmonics based sensing are
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widely discussed and debated in literature (Willets, 2007; Maier, 2007) and it forms one of
the most anticipated applications of non-spherical gold and noble metal particles.

3.4 Color of colloidal dispersions of gold nanorods

Since the color of colloidal gold depends on both the size and shape of the particles, as well
as the refractive index of the surrounding medium, it is important to independently account
for the color change of gold nanorod suspension due to presence of either nanospheres or
any substance that affects the refractive index of the solvent. Since color of the gold sols is
traditionally linked to their shape or size, Sharma et al. characterized the dependence of
perceived color on shape and dimensions of the nanoparticles using color science. The color
was identified by positioning x and y values in the CIE chromaticity diagram.

This visible light region consists of a spectrum of wavelengths, which range from
approximately 700 to 400 nm. For the nanorods, the transverse plasmon resonance peak is
not quite as sensitive to the change of aspect ratio, as the longitudinal peak, which shows
noticeable shifts in the aspect ratio as seen in Fig.12 which shows the UV-vis-NIR spectrum
of gold nanorods dispersions. The relatively intensity of transverse peaks shows that mostly
nanorods are present, which were obtained by optimizing synthesis and separation
techniques. As predicted by theory, the transverse peak blue shifts with an increasing aspect
ratio.
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Fig. 12. (a) UV-vis-NIR spectra of dispersions containing gold nanorods with different
aspect ratios and (b) transverse peak, showing the blue shift with increase in aspect ratio
(Park, 2006).

Fig.13 shows the photograph of the colloidal dispersions of gold nanorods and the color
patches simulated using theoretical absorbance data equivalent to the aspect ratio of gold
nanorods. The color of solution is basically the same beyond an aspect ratio of around 4.
Therefore in a visible region, the dramatic color change cannot be achieved by only
changing aspect ratio. But once the longitudinal peak goes beyond 700 nm, (for aspect ratio
~3) the change in peak absorption cannot be detected by the human eye and color of gold
nanorod dispersion does not change with further increase in aspect ratio. Therefore the color
change could be only observed for relatively short range of aspect ratios. But the tunability
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of optical properties gold nanorods as a function of aspect ratio provides potentials to use
gold nanorods as an optical filter in near infrared region.

(a) I
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Fig. 13. (a) Photograph of 4 sols of colloidal gold prepared in water. Aspect ratios are 2.6, 4.1,
5.6 and 7.4 (from the left), respectively. (b) The simulated color of dispersion of gold
nanorods of different aspect ratio (Park, 2006).

Sharma et al. found that the color in a visible region is rather sensitive to the amount of
spherical particles included as byproducts since surface plasmon peak of sphere positions
between 500 and 550 nm. Fig.14 shows the color of colloidal dispersion of gold nanorods
containing different amount spheres as byproducts. The color changes from purple to
brown as the amount of byproducts decreases.

(h)

Fig. 14. The color of dispersion of gold nanorods containing different amount of spheres as
byproducts: (a) 50 %, (b) 30 %, (c) 10 % and (d) 0 % (Park, 2006).

3.5 Polarization dependent color and absorption in polymer-gold nanocomposite films

The optical properties of gold nanorods are dependent on the state of polarization of
incident light, on size and aspect ratio of the particles, and the dielectric properties of the
medium. The optical response of a colloidal dispersion of nanorods, as revealed by UV-vis
spectroscopy can be thought of as the response from randomly oriented rods. The
polarization dependent response of nanorods can be observed by dispersing them in a gel or



Preparation and Characterization of Gold Nanorods 173

polymer matrix, and then stretching the matrix uniaxially, thus aligning the dispersed rods.
When the incident light is polarized in the direction of stretching or in the direction
coinciding with the average orientation of long axis of nanorods, absorbance is dominated
by the response due to the longitudinal resonance. As the angle between the stretching
direction and polarization of incoming light is increased, the absorbance shows a marked
blue shift. Thus the composite films show a marked polarization dependent color and
absorption, making them suitable for use as polarization dependent color filters and for
other optical applications (Caseri, 2000; Al-Rawashdeh, 1997).

Caseri (Caseri, 2000) presented a very comprehensive historical perspective and discussion
of optical properties of polymer/nanoparticle composites. Caseri and co-workers (Caseri,
2000; Dirix, 1999; Dirix, 1999) found that spherical gold nanoparticles can form “pearl
necklace type arrays” by aggregating along the stretching direction and produce dichroic
filters that have potential application in creating bicolored displays as illustrated in Fig.15.
Al-Rawashdeh (Al-Rawashdeh, 1997) studied the linear dichroic properties of
polyethylene/gold rods composites and studied how the local field enhancement could
make these composite films impacts the infrared absorption of probe molecules attached to
the surface of nanorods.
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Fig. 15. (a) UV-vis spectra of uniaxially stretched films of high-density polyethylene/gold
composites. The angle on spectra indicates the angle between the polarization direction of
the incident light and the drawing direction. (b) Twistednematic liquid crystal displays
(LCD) equipped with a drawn polyethylene-silver nanocomposite. The “M” represents the
on state, the drawing direction is in the picture above parallel and below perpendicularly
oriented to the polarizer (Caseri, 2000; Park, 2006).

The transmittance spectra as a function of polarizer angle are shown in Fig.16 for a
nanocomposite with gold nanorods of aspect ratio 2.8, and draw ratio of 4 was used for this
study. The longitudinal plasmon resonance blue shifts as polarization angle is increased,
and the intensity of the peak drops, in accordance with the observations by other groups
(Caseri, 2000) (Fig. 17).

Sharma et al. obtained transmittance spectra at different polarizer angles and calculated
extinction ratio, E.R. =10 logio(T+/T,;) [dB] where T+ and T,, are the transmittance
perpendicular and parallel to the stretching direction, respectively. Maximum extinction
ratio (Park, 2006) is 18 dB at A= A 1sp and is comparable to those previously reported in the
literature ( Matsuda, 2005). The thickness of the film is 50 x m and it has good flexibility.
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When the aspect ratio of nanorods is sufficiently large, the LSP shifts to the near-IR region.
This indicates that the wavelength region displaying optical dichroism can be shifted from
the visible to the near-IR. This enables the fabrication of thin film optical filter that respond
to the wavelengths in the near-IR region (Fig.18).
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Fig. 16. UV-vis-NIR spectra of PVA/gold nanorods nanocomposites for varying polarization
angles L/D of gold Nanorods is 2.8 (Park, 2006).

Fig. 17. Optical micrographs of drawn PVA-gold nanocomposites (4 % w/w gold, draw
ratio 4): (a) unpolarized, polarization direction, (b) parallel and (c) perpendicular to the
drawing direction. Scale bar is 50 mm (Park, 2006).

T

a0

80

0

Gl

S0

40

Transmittance

30

20

il

0

420 620 820
wavelengths{nm}

Fig. 18. UV-vis-NIR spectra of PVA/gold nanorods nanocomposites for varying polarization
angles L/D of gold Nanorods is 2.8 (Park, 2006).
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4. Conclusion

In metal nanomaterial research, the optical properties have been of interest especially
because of the applications to medical diagnostics and nanooptics. Gold nanoparticles are
attracting great attention due to their unique optical that is dependent on their size and
shape. In spherical gold nanoparticles, the plasmon absorption is red shifted with an
increase in the diameter of the nanoparticle. Gold nanorods show different color depending
on the aspect ratio, which is due to the two intense surface plasmon resonance peaks. The
color change provides the opportunity to use gold nanorods as novel optical applications.
There have been many applications utilizing this intense color and its tunablity (Pérez-Juste
et al., 2005). One of them is in the field of biological system. Nanorods bind to specific cells
with greater affinity and one can visualize the conjugated cell using a simple optical
microscope due to the enhanced scattering cross section (EI-Sayed, 2005). This is how gold
nanorods are used in molecular biosensor for the diagnosis of diseases such as cancer.
Nanorods show enhanced fluorescence over bulk metal and nanospheres, due to the large
enhancement of the longitudinal plasmon resonance (Eustis, 2005), which will prove to be
beneficial in sensory applications. All theses properties make gold nanorod a good
candidate for future nanoelectronics, once appropriate techniques allow for the generation
of artificial structures in 2D or 3D (Park, 2006).
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1. Introduction

Wide bandgap semiconductor nanostructures have been the research focus in recent years
because of their unique physical and chemical properties and low electron affinity, which
benefits for tunnel emission (Geis et al., 1991; Zhirnov et al., 1997; Kang et al., 2001; Liu et al.,
2009). Among them, AIN nanostructures should deserve paid much attention due to their
high melting-point (> 2300 °C), high thermal conductivity (K ~ 320 W/m k), large exciton
binding energy and strong endurance to harsh environment (Davis, 1991; Nicolaescu et al.,
1994; Sheppard et al.,, 1990; Ponthieu et al., 1991). There have emerged many synthesis
methods to fabricate different morphology of AIN nanostructures, such as nanocone,
nanorod, and nanorods (Liu et al., 2009; Zhao et al., 2004; Liu et al., 2004; Tang et al., 2005;
Shi et al., 2005, 2006; Wu et al., 2003; Paul et al., 2008). But for actual device applications of
AIN nanostructures, there still exist many technique questions, which need to be solved as
soon as possible. Firstly, the controlled growth of large area AIN nanostructures with
uniform morphology is very difficult because of which cares about the uniformity of their
physical properties in devices. Secondly, systemic investigation on the field emission (FE)
properties of AIN nanostructures is not enough, which has fallen behind the development of
the preparing method. Thirdly, it is unknown to us all that what factors take effect on their
FE behaviors and how to find optimal growth conditions for their device applications. So
developing a suitable way to controllably prepare AIN nanostructures and investigate on
their FE properties in detail is essential for promoting their progress in FE area.

Chemical vapor deposition (CVD) technique is an effective way to fabricate high density
nanostructures with uniform morphology. Moreover, it has some merits in comparison with
other ways, for example low-cost and easy to realize the controlled growth. By CVD
technique, it is reported that different morphologies of AIN nanostructures (nanocones,
nanorods, nanocraters and ultra-long nanorods) have been successfully fabricated on the
substrate. Their formation mechanisms are respectively proposed for different morphology
of nanostructures. In addition, their FE properties are investigated in detail.

* Corresponding Author
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2. Experimental

Different mass ratios of Al powders (99.99 %) to Fe O3 powders (99.99 %) were used as
source materials. Fe3Os nanoparticles were synthesized as the catalysts of the AIN
nanocones, nanorods and nanocraters by high temperature solution phase reaction (Yang et
al., 2003; He et al., 2001), which were spread over the substrate. The CVD system has been
described in our recent works (Liu et al., 2004, 2005, 2008; Cao et al., 2003), as shown in Fig.1.

Mass flow controller
Fumace (Water-cooled)

Vacuum gauge

@ 700 ~ 1200 °C Gas valve

A

Si substrate
Alumina boat with Al/Fe,0, powders

Fig. 1. A scheme of the chemical vapor deposition system in this experiment.

The reaction boat was put in the central region and the substrate was placed above the boat.
A two-step increasing temperature method was used to synthesize AIN nanostructures.
When the temperature arrived at 400 °C, the reaction vessel was maintained here for 20 ~ 30
min in the carrier gas. In this step, the only difference between the growth of the nanorods
and those of other nanostructures is that the carrier gas is H, instead of N,. The base
pressure of the chamber was better than 5 Pa, and the flow rate of N> or H; was kept at 200
sccm. When the temperature of central region was raised to the reaction temperature, and
the mixed gas consisted of N> and NH3 was introduced into the chamber. The flow rate ratio
of N> to NH3 was fixed at 200: 5 sccm ~ 200: 20 sccm and the reaction pressure was kept at
10 Torr in this procedure. The reaction temperature was ranging from 700 oC to 1200 °C and
kept 1-8 hours for the synthesis of different morphologies of AIN nanostructures. When the
chamber was cooled to room temperature, a grey white film was found on the substrate.

A field-emission type scanning electron microscope (XL-SFEG, FEI Corp.) was used to
observe the morphologies of AIN nanostructures. Transmission electron microscopy
(Tecnai-20, PHILIPS) and high-resolution transmission electron microscopy (Tecnai F20, FEI
Corp.) were used to obtain the crystalline structure of the nanostructures, respectively. Field
emission (FE) properties and work function of AIN nanostructures were performed on the
Field emission analysis system and Omicron VT-AFM system equipped with ultraviolet
photoelectron spectroscope (UPS), respectively.

3. Results and discussion

By adjusting the synthesis conditions, controlled growth of different morphologies of single-
crystal AIN nanostructures has been successfully realized. XRD (X-ray diffraction) technique
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was applied on four kinds of samples to confirm their chemical compositions. Typical XRD
patterns of these four samples are provided in Fig. 2. It is found that there are four AIN
characteristic peaks existing in these patterns, which correspond to the data of the Joint
Committee for Powder Diffraction Standards (JCPDS) card No. 25-1133. Moreover, these
four kinds of AIN nanostructures are found to be well-crystallized. It is also observed that Si
(220) peak presenting in these patterns, which should come from the substrate. From these
patterns, we can conclude that the alignment of all four samples is not very good because
there still have other peaks than the growth direction of [001] existing in the patterns. Based
on these patterns, it comes to a conclusion that all of the nanostructures in different
morphology are AIN phase with a wurtzite structure.
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Fig. 2. Typical XRD patterns of AIN nanostructures with different morphologies.

The morphologies of four kinds of samples (nanocone, nanorod, nanocrater and ultra-long
nanorod) are shown in Fig. 3. It is seen in Fig. 3a that the AIN nanocones have sharp tips
and stand vertically to the substrate. From their high resolution SEM (scanning electron
microscope) image (Fig. 3b), the nanocones are observed to have a length of about 2 pm and
a mean radius at the top of 40 nm as well as they have smooth surface and high growth
density. Fig. 3c shows the SEM image of AIN nanorod arrays in large area. These nanorods
are perpendicular to the substrate and well-aligned. It is observed in Fig. 3d that the top of
the nanorods seem to be well-facet hexagon and have uniform diameter. The length of the
nanorods is about 2 micrometers and their averaged diameter is about 150 nanometers. The
perspective view of AIN nanocrater arrays is provided in Fig. 3e. One can see that these AIN
nanostructures grow perpendicularly to the silicon substrate and have uniform shapes. They
are composed of many surrounded AIN nanocones with the same morphology and have
crater-like shapes, so we denote them as nanocraters. In Fig. 3f they are seen have an outer
diameter of 400 nm and a length of 2 pm. The top-view and side-view images of ultra-long
AIN nanorod are respectively provided in Figs. 3g and 3h. The ultra-long nanorods are seen
to have a mean diameter of 100 nm and an averaged length of 50 pum. Their diameter
gradually decreases along their growth direction and lie to the substrate with an angle of
70°. Among these four samples, it is obviously that the ultra-long AIN nanorod array has the
highest aspect ratio (500) and the lowest growth density (3 x108/cm?2). Moreover, it is also



182 Nanorods

found that the AIN nanostructures are nearly in vertical arrays whether they are in what
morphology, which will benefit for their FE applications.

Fig. 3. (a, b) Low-resolution and high-resolution SEM images of the AIN nanocones,
respectively. (c, d) Typical SEM images of the AIN nanorods in low magnification and high
magnification, respectively. (e, f) The low magnification and high magnification images of
the AIN nanocraters, respectively. (g, h) Top-view and side-view images of the ultra-long of
nanorods.
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To confirm the crystalline characteristics of AIN nanostructures in different morphology,
TEM (transmission electron microscopy) technique was performed on these samples.
Typical TEM image of AIN nanocone is shown in Fig. 4a. It is seen that the diameter of the
nanocone is gradually decreasing from the bottom to the top, which is in agreement with
our SEM results in Fig. 3a. The corresponding selected area electron diffraction (SAED)
pattern is in the inset, in which one can see that the diffraction spots are clear and sharp.
By identifying their clear diffraction spots, these nanocones are proved to have a perfect
single crystalline AIN structure and have a growth direction of [001]. And the AIN
nanorods have a uniform diameter through the whole length, as shown Fig. 4c. Further
SAED (the inset) and HRTEM (Fig. 4d) characterizations indicate that they are also AIN
single crystalline structures and grow along [001] direction, which is similar with the
nanocones. Figs. 4e and 4f provide the general TEM image of AIN nanocraters,
respectively. It is seen that the nanocrater is composed of several surrounded nanocones,
as shown in Fig. 4e. Typical SAED pattern (the inset) and HRTEM image (Fig. 4f) of a
nanocone (white ellipse) are provided to investigate their crystalline structures. It is noted
that every nanocone appears the same diffraction spots and HRTEM (high resolution
transmission electron microscopy) images, which proves that they all grow along the
[001]. The ultra-long AIN nanorods also exhibit the same crystalline structure and growth
direction, as indicated in Fig. 4g and 4h. So it comes to a conclusion no matter what
morphology these AIN nanostructures belong to, all of them are perfect single crystals
with a growth orientation of [001].

Energy dispersive x-ray (EDX) characterization is performed on different morphologies of
AIN nanostructures. These nanostructures have resembled EDX spectrum, so only a typical
spectrum is given here. It is clear that the Al L;, L, and Ls-edge peaks (corresponding to its
inner energy levels) are existed in Fig. 5a. From the inset, the characteristic peak of N k-edge
can be also found in the spectrum. Moreover, Gatan EELS analysis also shows that the total
content of element Al and N is over 98 %, thus it can be confirmed that these nanostructures
are pure AIN single crystals whether they are in any morphology.

To further comprehend the effect of the experimental parameters to the morphology of AIN
nanostructures and understand the growth mechanism for different nanostructures, the
detailed synthesis conditions are provided in Table 1. As for the growth of AIN nanocone,
nanorod and nanocrater, Fe3O4 nanoparticles are used as the catalyst. So we preferred the
vapor-liquid-solid (VLS) mechanism to illustrate the formation of AIN nanostructures.
Because not any catalysts are found to exist at the top of these three nanostructures, it is
proposed that the growth model of these nanostructures is the bottom growth model. As
explained in the reference, the tight bonding force may exist between the catalyst and the
substrate at the beginning of the growth (Fan et al., 1999). The formation mechanism of three
morphologies of AIN nanostructures may be attributed to the diffusion mediated growth
mechanism (Shi et al., 2005). Based on this model (Shi et al., 2005), AIN precursors have
different diffuse length for different growth planes, and these growth planes should have
different growth rate at different temperature at the same time. The anisotropy of the
growth plane at different temperature will lead to the formation of nanorod or nanocone,
i.e., high temperature (>900 °C) benefits for the synthesis of AIN nanorods, as shown in
Table 1.
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Fig. 4. Typical TEM and HRTEM images of four kinds of AIN nanostructures (a, b) AIN
nanocones; (¢, d) AIN nanorods; (e, f) AIN nanocraters. (g, h) ultra-long AIN nanorods. The

inset is their corresponding SAED pattern and the white circle in Fig. 4e and 4g respectively
corresponds to the region in the HRTEM image of Fig. 4f and 4h.
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Experimental conditions Sourc.e Growth Growth

material Carri Length Outer .
. arrier gas temperature . density
Sample ratio (pm) || diameter (nm)
Q) (/cm?)
(Al : Fe203)

Nanocone 02g:0g Nz, NH3 700-800 2 40 2.2x10°
| Nanorod [ 02g:0g ][ NoNHs |[ 9001000 |[ 2 | 150 [ 1.5x100 |
| Nanocrater [ 02g:0g ][ N NHs |[ 800900 |[ 2 400 [ 3x108 ]
[ Ultra-longnanorod ][ 06g:02g |[N;,NHs, Ho|[  1000-1200 ][ 50 || 100 [ 3.2x107 ]

Table 1. The list of morphological characteristics and experimental conditions for different
morphologies of AIN nanostructures.

When slightly increasing the growth temperature (still lower than the temperature of the
nanorod) at the same molecular ratio of the reaction gas (NHs/N>) of the nanocone, the AIN
nanocraters can be synthesized. More AIN vapors can dissolve in the catalyst solutions at
the growth stage of nanocrater than the formation of AIN nanocones at this situation.
Subsequently more AIN seeds can separate from oversaturated solutions because of the
overmuch supplement of the vapors in the following stage. Because the concentration of the
catalyst is too high, the density of the catalyst becomes too high and the distance between
the catalysts turns short accordingly. At the driving of high temperature, the neighbor
catalysts migrate to gather together to form larger precursors for the new seeds in
synthesizing new nanostructures, which should be the most energy favorable structures.
Finally, the nanocraters are fabricated from these gathered precursors with the progress of
the reaction.

Although the VLS mechanism may be used to illustrate the formation of the nanocone,
nanorod and nanocrater, it is not suitable for the ultra-long nanorods because no catalyst is
used in their synthesis process. So the self-catalyzing Vapor-Liquid-Solid (VLS) mechanism
(Liu et al., 2004; Z. L. Wang et al., 2003) is proposed to explain the growth of ultra-long AIN
nanorod. At the initial stage, the Al powders were evaporated to Al atoms at melting point
of about 650 °C and transferred to the region of the substrate by the carrier gas.
Subsequently, the transportation Al atoms deposited on the substrate with lower
temperature and formed a continuous Al film. At the function of H» gas, the continuous film
gradually separated into Al nanoparticle film, as described in Ref. (Yao et al., 2008; Jung et
al.,, 2001.) When the temperature was increased to 1000 °C, NHj; gas was introduced into the
vacuum chamber and decomposed into N atoms. At high temperature (>1000 °C), Al
nanoparticle precursors turned liquid droplets on the substrate. So the foreign N atoms
reacted with the Al liquid droplets and formed the AIN precursors as the seeds of the ultra-
long nanorod in the solutions. AIN seeds can continuously separate from oversaturated
solutions because of the overmuch supplement of AIN precursors. Finally, with the progress
of the reaction, high density of ultra-long AIN nanorod arrays was synthesized on the
substrate. And the steric overcrowding (Liu et al., 2004, 2005, 2008; Cao et al., 2003) for these
nanostructures is considered as the possible aligned mechanism of AIN nanostructure
arrays.

As summarized in Table 1, the growth conditions will influence their density. Through a
series of designed experiments, it is found that the growth temperature is the determinate
factor for the formation of different morphology of AIN nanostructures. Moreover, the total
mass of the source materials has effect on the growth density of the nanostructures. It is
observed that the lower mass of raw materials will induce lower density of nanostructure. It
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is also seen that the ultra-long Al nanorod is hard to be synthesized when the mass ratio of
Al powders to Fe;O; powders is lower than 8:1. In addition, the pressure of the carrier gas
also takes effects on the synthesis of these nanostructures. If the growth pressure is adjusted
to be lower than 100 Pa, only AIN thin film can be found on the substrate.

The surface electron affinity is one of important parameters determining the field emission
property of cathode nanomaterials. It is known that AIN nanostructures may have a little
positive or negative affinity on (001) crystalline plane, which make them as one of the
promising cathode materials in future. The Ultraviolet Photoemission Spectroscopy (UPS)
technique is applied to measure the electron affinity of the AIN nanostructures before the
beginning of FE measurements. Because these nanostructures have similar UPS spectrum,
only a representative spectrum of the sample is given in Fig. 5b. To confirm that the detector
can collect all emission electrons from the valence band, a negative 5 voltage was applied to
the sample. The whole spectral width (Wspectra) of the sample can be calculated by linearly
extrapolating the emission onset edges to zero intensity at both the low kinetic energy cutoff
and the high kinetic end, which are equal to the energy difference between the deepest level
in the valence band and the edge of the valence band for semiconductor. According to this
method, its width is determined to be about 14.3 eV. The surface electron affinity y of a
sample may be obtained using the equation given below (Benjamin et al., 1996):

x=hv— Eg - Vvspectm @

where E; is the energy band gap, and hv=21.2 eV, which is the radiation energy of He I line.
The energy band gap of AIN nanostructures can be assumed to be the same as that of bulk
AlN, i.e., 6.28 eV (Edgar et al., 1999). Then the y values are deduced to be 0.62 eV, which
suggests the electron affinity of the as-prepared AIN nanostructures is low enough for
electron emission at low voltage operations in FE area.
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Fig. 5. (a) Representative EELS spectrum of the AIN nanostructures. (b) Their UPS spectrum.

Whether these synthesized AIN nanostructures are promising cold cathode nanomaterials
needs to be further valued by their FE properties. Their field emission measurements are
carried out in the field emission analysis system, whose base pressure is lower than 3x10-7
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Pa. Transparent anode method was used in the measurements to obtain the FE behaviors of
the total film in different morphology. These three samples were applied as the cathodes
and the indium-tin-oxide (ITO) glass was used as anode. The area of the samples was
around 1x1 cm? and the measurement distance between the anode and the cathode is about
400 pm. The J-E curves and FN plots of the nanocones, the nanorods, the nanocraters and
the ultra-long nanorods are shown in Fig. 6a and 6b, respectively. By comparing their FE
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Fig. 6. (a) The field current density-electric field (J-E) curves of the AIN nanostructures in
different morphology; (b) Their corresponding FN plots. (c) The stability curves of the AIN
nanostructures in different morphology in field emission process.
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behaviors, it is clear that the AIN nanocraters have the best FE performance with a turn-on
field (defined as the field at 10 pA/cm?) of 3.9 V/pum and a threshold field (defined as the
field at 1 mA/cm?) of 7.2 V/pm. It is also found that the FE properties of the AIN nanorods
are better, those of the nanocone are worse, and those of the ultra-long AIN nanorods are
the worst among them, as provided in Table 2. But even for the AIN ultra-long nanorods
with the worst FE performance, their FE behaviors are comparable with many cathode
nanomaterials, such as ZnO, WO3 and CuO. In addition, all of their FN plot exhibits a
nonlinearity relationship within the range.

What leads to their different FE performance for different nanostructures is an important
question, which is intensively related with their applications. We proposed the following
interpretations to analyze the possible mechanism. According to the Metal-Insulator-
Vacuum (MIV) theory (Latham & Xu, 1995), the microscopic field Eroca acting at the tip of
microtrusion is proportional to the enhancement factor B, which is given by

14
Epocal = BE= ﬂg @
In this expression, V is the applied voltage, d is the distance between the anode and the

cathode, and E is the applied macroscopic field. And the enhancement factor 3 can be
expressed as (Fursey & Vorontsov-vel yaminov, 1967)

(42 —1)1'5

B= : T ®)
ﬁ,ln[ﬂ,+(12 —1)21-(,12 —1)5

where A=1/r is the aspect ratio, i.e., the length of the nanostructure versus its top radius.
As discussed in the above theory, the nanostructure with the large aspect ratio should have
high B value because they have more strong ability of amplification macroscopic field than
other nanostructures at the same applied field. So the nanorod, the nanocones and the
nanocraters should have better FE behaviors than the ultra-long nanorods according to this
theory. But as observed in Table 2, the FE properties of the ultra-long nanorod with the
highest aspect ratio (500) are worse than those of the nanocrater with lower aspect ratio (50),
which suggests that this theory can’t be directly used to explain the phenomena.

Then at this situation, another discrepancy existed in these nanostructures must be
considered due to the screen effects (Bonard et al., 2001; Wang & Tong, 1996), which is their
growth density. According to this theory, the surface of the nanostructured film will be very
close to a plane when the growth density of the nanostructure is very high. So when the
field is applied between the anode and the cathode, it will prevent the macroscopic electrical
field from penetrating into the nanostructures film (Bonard et al., 2001), which in versus
lowers the local field amplification existing among the nanostructures and make electron
emission hard to occur. Based on the classical Fowler-Nordheim (FN) theory (Fowler &
Nordheim, 1928), the relationship between current density ] and applied field E should be
described as follows:



The Controlled Growth of Long AIN

Nanorods and In Situ Investigation on Their Field Emission Properties 189
3
212
E —Bp?2
J=mal 5 |exp| 207, @
2 BE

Where a=1.54x10-6 (AV-2eV), B=6.83x10° (Vm-leV-3/2), and ¢ is the work function of the
cathode emitters, which adopts 3.7 eV for AIN (Edgar et al.,, 1999). So the enhancement

. Turn-on Threshold .
FE Properties . . s Emission
Aspect field field . e
. B | (field screen || Instability
Morpholo ratio || - at 10 pA at 1 mA arameter) (2h)
P (V/pm) || (V/pm) P
Nanocone 50 4.2 11.3 1740 0.087 9%
Nanorod 23 4.9 124 1250 0.234 7%
Nanocrater 50 3.9 7.2 2140 0.2675 4 %
Ultra-long Nanorod 500 4.5 104 1997 0.250 6 %

Table 2 The list of comparisons on the field emission parameters of the as-prepared AIN
nanostructures in different morphology.

factor P values of the AIN nanostructures can be calculated from the slopes of their FN plots,
which reflect the amplification ability of macroscopic field. From Table 2, it is observed that the
obtained [ values are ranging from 1250 to 2140, which suggests that AIN nanostructures are
one of the most promising FE materials in future. It can be observed in Table 2 that the
nanorod and the nanocrater with lower density have higher field enhancement factor p than
the nanocones with higher density. Combined the nonlinearly (low and high electric
field)exhibited in their FN plots with the screen effect, Filip model was more appropriate for
these samples (Filip et al., 2001), which can be expressed as follows:

\% 1%
Elocal=57+(1_s)g’ (5)

Where Ejoca is the local field nearby the emitters when considering the screen effect, r is the
radium of the tip of the emitter, s is the screen effect parameter, V is the applied voltage and
d is the distance between the anode and cathode, which is 400 pm in our measurements.
Combined equation (2) with (5) and considered the d/r value is far higher than 1 in our
experiment, the field enhancement factor can be derived as:

(B-1r
d

p=1+ sé =>s= , (6)
T
Substitute typical d value, r value and {3 value obtained for four samples, their
corresponding field effect parameter s can be obtained, which is indicated in Table 2. It is
clear that the smaller the s value, and the greater the role that screening effect plays in the
actual field emission process. So it is concluded that the field screen effect of the nanocone is
the most distinguished among these four nanostructures because of its smallest s value
(0.087). Therefore, the nanocraters should have the best FE behaviors and the nanorods
should have better FE behaviors among these four nanostructures based on this rule, which
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is in well agreement with our observed results in Fig. 6. Moreover, the nonlinearity of the
FN plots of four samples can also be explained by Filip model (Filip et al., 2001). It is also
proposed that the morphology and the growth density of the AIN nanostructures determine
their FE behaviors to a great extent.

The emission stability of nanostructures is another question need to be paid much attention
for their actual application in FE area, and Fig. 6c shows the stability curves of the AIN
nanostructures in different morphology. Because the stability appearance at high working
current is more important than at low current for application, the emission current was kept
at 500 pA at the beginning of the measurement whether they are in what morphology. The
whole measurement lasted for 2 hours. It is seen in Fig. 6¢ that the nanocraters are found to
possess the most stable emission performance with a current fluctuation lower than 4 % and
the nanocones are the worst (9 %), as indicated in Table 2. Other nanostructures also exhibit
excellent field emission stability, which is good enough for the potential application in field
emission area. In combined with all the field emission behaviors of these four AIN
nanostructures, we can draw a conclusion that the AIN nanocrater arrays have the best FE
performance whether from the turn-on field or the stability, which should have the most
promising future in FE applications.

Then, what to do for further inproving their field emission properties? We should firstly
find the important factor, which strongly affects their emission performance. In order to
confirm this, measurement on individual AIN ultra-long nanorod is very essential because
many physical information of AIN nanostructure is concealed by the continuous film due to
some effects. Few reports so far are concerned with the characterization of individual single
AIN ultra-long nanorods because the AIN nanostructures are often fabricated in high
density, which is hard to carry out the in-situ measurement on the physical properties of
individual nanostructures. Since we have mastered the controlled growth tecnique of the
AIN ultra-long nanorod in growth density, measurement on the physical properties of
individual nanostructure becomes feasible. The measurement was carried out in a modified
SEM system, which has been depicted in detail in our previous papers (Liu et al., 2008,
2010a, 2010b; She et al., 2007). Figs. 7a and 7b provides the SEM image of the measurement
during the electric conductivity process and during field emission process, respectively. It is
seen from Fig. 7a that the W probe tightly contacts to individual ultra-long AIN nanorod on
its end. Individual ultra-long nanorod has a length of about 50 pm and a diameter of about
100 nm, which is consistent with the observed images in Fig. 2. One can see in Fig. 7b that
the distance between the W probe and individual nanorod was kept at about 2 pm through
field emission measurement.

Representative curve of the electrical transportation property of individual ultra-long AIN
nanorod is shown in Fig. 8a. Here only a typical I-V curve of a single nanostructure is given
because their electrical conductivity is similar, having the same order (in the range from 2 x
104 - 7 x 104 Q-lem-1). From the shape of the I-V curve of Fig. 8a, it can be concluded that the
electric contact in conductivity measurement should be Schottky barrier rather than the
ohmic contact because it is nonlinear and asymmetrical. We use the following descriptions
to illutrate this phenomena. The contact resistance Rcontact in measurements can be divided
into two types, in which one is the contact resistance R; between the nanorod and the
substrate and another is the contact resistance R, between the nanorod and the W probe,
which can be written as:
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)

Reontact =R1 + Ry

So the total resistance Ryt consists of the contact resistance Rcontact and the intrinsic
resistance Ran of AIN nanorod, which is as follows:

®)

- Ryt = Rain + Reontact = Raiv + R + Ry

Fig. 7. The SEM images of individual AIN nanorod and the tungsten probe (a) during the
conductivity measurement, and (b) during the field emission measurement.
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Fig. 8. (a) Representative electrical transport curve of single AIN nanorod. (b) The Inl versus
V curve in conductivity measurment. (c) The field emission I-E curves of single nanorod. (d)

Its corresponding FN plots.



192 Nanorods

The work function of W, AIN and n-doped Si is usually 4.5 eV, 3.8 eV and 4.2 eV,
respectively. At high growth-temperature over 1100 °C, the AIN clusters and n-doped Si will
be alloyed together, which suggests that their contact resistance R is very low close to
ohmic contact after the growth. But for R», high contact resistance will occur because their
large discrepancy of the work function between W probe and individual AIN nanorod,
which results in the formation of Schottky barrier. In this situation, Ry determines the
contact resistance Rcontact. Based on the thermionic emission theory (Heo et al., 2004; Sze et
al., 1971), the reverse current of an ideal Schottky barrier should be at a very low level
because the barrier is often elevated to a very high value at reverse voltage, so the reverse
current can be neligible in contrast to their positive current. The positive current will
exponentially increase with the positive voltage applied on the Schottky diode, followed by
the equation (Sze et al., 1971)

J(V,0,)=A'T? exp[—gjexp[%jx[l —exp(—;](‘;ﬂ )

, where A*=4rmm*qk2/h?3 is the Richardson constant of the semiconductor, ¢ is the effective
height of Schottky barrier, k is the Boltzmann constant, q is the magnitude of electron
charge, n is usually adopted to be 1 for ideal Schottky diode, T is the absolute temperature.
According to this equation, the linear behavior of Inl versus V should be observed at
positive voltage. It is clearly seen in Fig. 8b that Inl has a linear relation with V, which is in
well agreement with the proposed theoretical results. It suggests that the electron
transportation process of measurement on individual nanorod should obey the thermionic
emission model, which proves our explaination on Schottky barrier is reasonable. Moreover,
the electrical conductivity can be obtained by approximately calculating the slope of I-V
curve at high voltage. It can be understood that the intrinsic resistance Rainv dominates the
total resistance Rrotal because the Schottky barrier at positive voltage will rapidly decreased
to a very low value with the the increasing of the applied voltage, which is far lower than
Ram. So based on this way, the intrinsic conductivity of AIN nanorod is deduced to be
2.7x104 Q-1lcm, which is almost 102 times larger than with that (8x10-¢ Q-lcm?) of other
researcher group (Zheng et al., 2008). The relatively higher conductivity should be
originated from the doping of element Si and Fe, which incorporated into the engergy gap
of AIN to be a shallow impuries energy level. Element Si may come from the Si substrate or
quartz tube, and element Fe may come from Fe;Os in source powders, which possibly
diffused into AIN nanorods during the high-temperature growth process. Therefore, the
intrinsic electric conductivity of ultra-long AIN nanorod is overestimated in this
measurement.

Fig. 8c gives typical field emission current versus applied field (J-E) curve of a single ultra-
long AIN nanorod, and its corresponding Fowler-Nordheim (FN) plot is indicated in Fig. 8d.
From Fig. 8d, individual AIN nanorod is observed to have a mean 1 nA field (defined as the
electric field when the emission current is 1 nA) of 440 V/pm and 1 pA field (defined as the
electric field when the emission current is 1 pA) of 480 V/pm. The FE performance of the as-
synthesized ultra-long AIN nanorod is better than that of AIN nanocones (500 nA at 1000
V//pm) in recent report (Bonald et al., 2001), which should come from the conductivity of
individual nanorod on our synthesis process is higher than that in other researher groups
due to the doping of element Fe and Si. It is also found that the field emission current
exhibits a increase tendency with the applied field and doesn’t reach the saturation until the
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applied field arrives at 800 V/pm, which proposes AIN nanorod has a high endurance
ability to large emission current due to its high thermal conductivity. The FN plots of
individual AIN nanorod is seen to be nonlinear. We attributed the nonlinear behavior of the
FN plots to be the drecrease of the contact resistance R, with the increase of the temperature
followed by high applied field, because of which induces higher effective field appearing
between cathode and anode. Even though it is found from Fig. 8c that the FE property of
individual AIN nanorod is not very good, in comparison with the others such as boron
nanotubes and nanowires (Liu et al., 2008, 2010a, 2010b), W1sOu9 (Li et al., 2009) etc, as we
reported early, and that this finding is in consistent with the findings reported above for the
FE performance of AIN nanorod films. The relatively worse FE performance of a single AIN
nanorod is strongly related to its low intrinsic electrical conductivity, as may be explained in
the following. It is obvious that the intrinsic conductivity of individual AIN nanorod in our
experiment is lower than that of many nanomaterials with excellent FE properties, such as
CNTs (1 - 2 x 10° Q1cm?) (Dai et al., 1996), W1gO49 nanorod (101 - 102 Q-lcm?) (Li et al,,
2009), ZnO (2 - 4 x 102 Q-1cm-1) (She et al., 2008) and boron nanotube (10 - 20 Q-lcm-1) (Liu et
al., 2010). So when an equal voltage is applied, more voltage drops on the nanorod’s
intrinsic reistance rather than falls across the vacuum gap between nanorod and anode
probe, which leads to a lower effective field at the tip of the nanorod. Thus, relatively higher
turn-on and threshold field is needed for the AIN nanorod in order to realize the tunnel
effects, which results in their not very good FE performance. The relatively worse FE
properties of individual nanorod must naturally take effect on the emission performance of
their corresponding film. It is known that the element-doping can effectively improve the
electric conductivity of individual nanostructures by forming a impurities energy level in
their energy gap, which can provide enough electrons for tunnel current at low applied
field. Once the electric conductivity of AIN nanostructures can be enhanced to a high level,
they should have a more promising future in FE devices.

4. Conclusions

Different morphology of AIN nanostructure arrays have been successfully synthesized by
CVD technique. They are confirmed to have perfect single crystalline AIN structures with a
growth direction of [001]. The VLS and Self-catalyzing VLS mechanism is respectively used
to explain the formation mechanism for these four nanostructures. And the AIN nanocrater
arrays are found to have the best FE properties among four kinds of nanostructures, which
have a turn-on field of 3.9 V/pm and a threshold field of 7.2 V/pm. Moreover,
measurements on individual ultra-long nanorods show that they have a lower electric
conductivity (2.7 x 104 Q-1cm-!) and relative worse FE performance (1 nA field of 440 V/pm
and 1 pA field of 480 V/pum) than CNTs. The former leads to their FE performance. All of
the synthesized AIN nanostructure arrays exhibit good FE performance, which suggests that
they should be one of the most promising cold cathode nanomaterials in future.
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1. Introduction

Nanorods are one of the nano-scale structures in nanotechnology that may be synthesized of
metal or semiconductor materials. Nanorod range of applications is different, ranging from
display technology (reflection of the nanorod can be changed by applying electric field) to
build Micro Electro Mechanical systems (MEMS).

Nano-manipulation, or controlled positioning at nanoscale, is the first step towards
fabrication and assembly purposes. In this process, the Atomic Force Microscope (AFM) tip
makes contact with nanoparticles and pushes them on the substrate. The AFM deflections
during pushing task can be sensed and recorded using photodiode and optical methods.

This chapter of the book reviews manipulation of nanorods in various functional conditions.
This review includes:

- Nanorod applications

- Different types of nanorods

- Applications of nanorods kinesiology in different technology

- Different methods of manipulation of Nanorods.

- C(lassification of effective parameters in manipulation of Nanorods

- Effective forces and available theory in nanorod modeling

- Various theories to model nanorod

- Appropriate strategy for manipulation of Nanorods and efficient algorithm
- A complete sample modeling and motion simulation

- The basic variables and their effects in manipulation

1.1 Nanorod applications, applications of nanorods kinesiology in different
technology

The applications of nanorods are diverse, ranging from display technologies (the reflectivity
of the rods can be changed by changing their orientation with an applied electric field) to

“*Corresponding Author
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MEMS. Nanorods based on semiconducting materials have also been investigated for
application as energy harvesting and light emitting devices (wikipedia website).

Prominent among them is in the use in display technologies. By changing the orientation of
the nanorods with respect to an applied electric field, the reflectivity of the rods can be
altered, resulting in superior displays. Picture quality can be improved radically. Each
picture element, known as pixel, is composed of a sharp-tipped device of the scale of a few
nano meters. Such TVs, known as field emission TVs, are brighter as the pixels can glow
better in every colour they take up as they pass through a small potential gap at high
currents, emitting electrons at the same time.

Nanorod-based flexible, thin-film computers can revolutionize the retail industry, enabling
customers to checkout easily without the hassles of having to pay cash (articleworld
website).

1.2 Different types of nanorod

There are several demands to use manipulation of Nanorods based on how the nanowire is
placed on the sample substrate (fig 1a-c). Also, different kinds of nanorod such as biological,
metallic, etc exist in nature and industry. Rigid particles can be moved without considerable
deflection; flexible particles can be moved with considerable deflection; but soft particles
may be damaged when pushing force exceeds the yield stress (Fig. 1).

: _

;

c / b / a /
[ [ (

Fig. 1. Three expected results: a- rigid nanorod, b- flexible nanorod, c- soft nanorod

1.3 Different methods of manipulation of nanorods

Generally, there are two methods for nanorod and nanowire manilulation. These are
Pick/Place and Push/Pull. Figures 2 and 3 show strategies for Pick/Place and Push/Pull
manipulation, respectively.

2. Manipulation of nanorods
2.1 Classification of effective parameters on manipulation of nanorods

In the AFM, there are five effective parts in manipulation and each of them has different
parameters (Tablel). Several processes can be designed composing these parts and their
parameters.

2.2 Effective forces in manipulation of nanorods

There exist various nano forces in the AFM based nano-manipulation with a micro probe.
However, what are main forces and how they work to remain not very clear (Tian et al.,
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2007). Based on the recent researches (Bhushan, 2005; Israelachvili, 1991) and considering
effective factors such as humidity and electrostatic charge, the crucial nano forces can be
summarized as van der Waals, repulsive contact force and friction (three basic nano forces).
Furthermore, the capillary force aroused by humidity or biological substrates, where, the
electrostatic force caused by the electrostatic charge. Based on their effect in nano-
manipulation, these forces can be categorized into attractive, repulsive and frictional forces
(Tian et al., 2007) . The nano forces between tip and particle can be described as shown in
figure 4.

General Factors 1 2 3 4
Manipulation Push/pull Pick/Place Cutting Bending/ Buckling
Task
AFM Contact/Non- Wet/Dry Cantilever/ Rectangular/ V
Specification | contact/ Tapping |Environment Gripper Shaped Cantilever
Mode
Particle Sphere/Rod/Tube | Dimensions | Rigid/Elastic Metallic/ Biologic
Substrate Smooth/Rough |Rigid/Elastic Metallic/ Solid/ Fluid
Biologic
Process Dominant Forces 2D/3D  [Straight/Curved Constant
Dynamics Path Velocity/ Acceleration

Table 1. General effective parts and parameters in manipulation process (Moradi et al., 2011)

A
—
(a) Tensile Pull (b) Shear Pull (c)  Surface Release
A
[
, [ _—
((D Peeling (e) "Mikado" Peeling

Fig. 2. Strategies for picking up a nanorod. Picking nanorods can be done by pulling along
(a) or sideways (b) to the axis of a standing nanorod. Nanorods lying on substrates can beare
attractiv ich consistforces,tractive van der Waals force, capillar are repulsive forces
composed of repulsive contact force, repulsive van der Waals force and repulsive
electrostatic force, respectively (Sitti & Hashimoto, 2000).
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A
‘-,___ *
Touching Pushing/Pulling
A
Indenting/Lithography Cutting

Fig. 3. Possible mechanical push/pull task using AFM probe

1
[
1
|
i
i
i
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i

Fig. 4. The nano forces among tip, particle and substrate (Sitti & Hashimoto, 2000)

Where subscripts p, t and s correspond to probe, tip and substrate and superscripts f, r and a
correspond to the friction, repulsive and attractive forces, respectively. F/ and F] are
rictional forces, F, and F, are attractiv ich consistforces,tractive van der Waals force,
capillary force and attractive electrostatic force, and F, and F, are repulsive forces
composed of repulsive contact force, repulsive van der Waals force and repulsive
electrostatic force, respectively (Sitti & Hashimoto, 2000).

Like gravitational force, van der Waals forces exist for every material in any ambient
condition. These forces originate from electromagnetic forces between two dipoles and
depend on material types, separation distances and object geometry (Bhushan, 2005) . For
spherical tip-flat surface, the van der Waals force is as
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_ AuR,

f(h)wdv - 61’12

1)

Where Ay, R; and h are Hamaker constant (about 10-19), tip radius and distance between tip
and substrate, respectively. The minus sign indicates attractive force and the plus sign
indicates repulsive one (Serafin & Gewirth, 1997). When the tip approaches to the substrate,
reaches to a region of mechanical instability that the force gradient of the potential prt
exceeds the spring constant of the cantilever (Serafin & Gewirth, 1997)

)y

T @)

At this instability, the probe will jump into contact with the surface with a characteristic
“snap-in” distance, d; as
AuR,

— 1/3
=50 ®)

Snap in substrate phenomena using photodiode data can be detected (Serafin & Gewirth,
1997).

The water layers on the surfaces of probe, particle, or substrate result in the adhesion force.
A liquid bridge occurs between the tip surfaces at close contact (Sitti & Hashimoto, 2000).
The adhesion force between a non-deformable spherical particle of radius R and a flat
surface in an atmosphere containing a condensable vapor is

Fs =47zR,(7Ly cose+7s.) 4)

Where ¢ is the contact angle, the first term is due to the Laplace pressure of the meniscus
(7.v : Liquid-Vapor surface energy) and the second one is due to t: Solid-Liquid surface
energy) (Israelachvili, 1991).

As there will be some electrical charge accumulated on the surface of particles or the tip, the
particle is prone to adhere on the tip and manipulation may be failed. Since the particles are
not picked up, the electrostatic force between the particle and the substrate is not important.
However, after pushing, the charge on the particle is transferred to the tip which can cause
an electrostatic force. Electrostatic force between tip and substrate will be as

F, = kR, Ze™" (5)

Where is the Debye length, Z is the characteristic parameter of the tip - particle and # is
distance (Bhushan, 2005) . In actual experiment condition, probe and substrate can be
grounded to release the electrostatic charge for minimizing electrostatic force and also the
experiment condition can be kept dry to minimize the capillary force. Thus, the crucial
forces between the tip and the substrate are mainly van der Waals, Friction and repulsive
contact force (Tian et al., 2007) .

Contact force causes the indention on contact surfaces, which is considerable in nano-scale
and affect the manipulation. Several models like Hertz, Johnson-Kendall-Roberts (JKR),
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Maugis-Dugdale (MD) has been utilized as the continuum mechanic's approaches in
nanoscale (Bhushan, 2005) . The Hertz model only takes consideration of mechanical
deformation under external force. However, the surface adhesion force becomes
significant in the contact of micro and nano objects, which must be taken into
consideration. Using JKR model (Bhushan, 2005) , the adhesion force (F,4;) and the surface
energy (W) are related as

F

a

3
dh = 5 TR W, (6)

In JKR theory, the contact radius was found to be

At %(PO +31RW +/6nRWP, + (3nRW)? @)

Where Py, R, a and K are normal force, equivalent radius, contact radius and equivalent
elastic modulus of particle- surface, respectively (Israelachvili, 1991). R and K are as

_ 2 _ 2
k=2 Iove ®)
3 E | E
R, R
R=R <R )
1 2

Where v; and E; are poisson ratio And modulus of elasticity in (8). R; and R are radius of
curvature of particle and surface in (9), respectively. Contact area has an important effect in
nanorod friction and so in motion behavior. Friction in nanoscale can be calculated as

f=uF+S.4 (10)

Where u, F, S. and A are friction coefficient, normal force, critical shear stress and contact
area (Bhushan, 2005) .

3. Theories for nanorod modeling

Common approaches to model cylindrical elastic system are Euler-Bernoulli and
Timoshenko beam theory (Falvo et al., 1999; Falvo et al., 1997; Wu et al., 2010; Hsu et al.,
2008). Falvo et al. studied behavior of a TMV virus using Euler- Bernoulli beam. In another
work, they modeled CNTs as an Euler- Bernoulli beam to study rolling and sliding in
nanoscale. Also, Hsu et al. used Timoshenko beam theory on the elastic substrate to
calculate natural frequencies and mode shapes of CNTs (Hsu et al., 2008). Wu et al.
manipulated CNTs with various diameters using a cantilever tip of the AFM to investigate
the motion properties. They used Euler- Bernoulli theory to model flexible behavior of one-
dimensional nanomaterials on a structured surface (Wu et al., 2010). In the present study, at
the first time, manipulation process is considered nanorod as an Euler- Bernoulli beam on
the elastic substrate (Fig. 5).

Euler- Bernoulli equation is as
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Fig. 5. Free-body-diagram of nanorod and corresponding parameters
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Where y, K;, E and I are deflection in a plane perpendicular to the substrate, elastic constant
of substrate- nanorod interface, nanorod modulus of elasticity and moment of inertia.
General solution of equation is

y=e""(C cos fx+C,sin fx)+e” (C,cos fx+ C,sin Bx), B =4 4KTS] 12)

Due to fourth order equation, we need four boundary conditions (Boresi et al., 1993). These
boundary conditions can be defined as pushing force in center of nanorod and finiteness of
nanorod length. So, boundary conditions in finite beam are

2
T N VY L
2 dx

x=0:>®=d—y=0 (13)
dx
d3y_ P

x>0 =V =-E[—
dx 2

Where O, P, V and M are deflection angle, normal pushing force, shear force and moment.

Using definition a = ﬁ , exact solution will be (Boresi et al., 1993)
2aePt . 2ae” )
y= W[—(l + e'B")cos,Bx +(1—e)sin Bx]+ W[_(l + et )cosﬂx +(1—e)sin Bx] (14)

Mechanical model of an elastic nanorod under pushing force is illustrated in figure 6,
schematically. In this figure, A and B are the ends of the sample; T is the push point. Unlike
prior works, g changes along the nanorod length as friction force. Which g in each section
can be obtained as
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q(x) :£+ S, A(x)

7 7 (15)

Where z, S., L and A are friction coefficient, critical shear stress, length of nanorod and
contact area. In each instance, contact area using JKR model calculates and adds to (15).
According to contact area along the length, this relation improves accuracy of the model. So,
deflection deviation along length can be obtained as (Boresi et al., 1993)

2
Uz_q(x)x (4Lx+x2+6L2),—£<x<O
24EI 2
(x)x? L 16
U:+q (4Lx—x2—6L2),0<x<—
24EI 2
+ A
T
&
X
N B

Fig. 6. Free-body-diagram of nanorod along path

In this problem, both the substrate and the nanorod are stationary at the beginning. Then,
the probe moves with constant velocity and pushing force causes deflection along the path.

4. Strategy and algorithm for manipulation of Nanorods

The manipulation process cannot be observed in real time. During the pushing of the
objects, imaging is not possible because imaging and manipulation tools are same. As a
solution, surface and targeted particles could be imaged before and after manipulation.
Using the obtained images, relative position of particles to the basic reference point can be
determined (Requicha, 1999). Due to lack of real time images using the force feedback data
during the for proper manipulation is crucial.

Two methods can be considered for pushing nanoparticles in constant speed: (1) Moving the
substrate while AFM probe is in contact with particle; (2) AFM probe tip moves and pushes
the targeted particle on the immobile substrate. Dynamic results for both methods would be
the same (Korayem & Zakeri, 2008; Tafazzoli et al., 2005). The first method is used in this
paper where the probe forces Fr acting between the tip and the particle is kept constant
during nanoparticles movement on substrate (Fig. 7).
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Initicl Position

Final Position
Substrate

Fig. 7. AFM tip moves nanorod on substrate (Moradi et al., 2010)

4.1 Manipulation strategy

As mentioned above, at the beginning of the process both the substrate and particle are in
the stationary state. Then, the probe moves down to approach substrate (Auto Parking).
Van der Waals force increases until snap in instability point, respectively. In this point,
the tip jumps to the substrate. This phenomenon can be detected using photodiode data.
Then the tip starts to move upward. Deflection in the cantilever increases until pulling
force overcame attraction force. According to the adhesion force between the tip and
substrate, retraction force is more than attraction force. Next, the tip moves to reach the
desired particle, horizontally. Also, van der Waals force between the tip and the particle
increases until snap in particle. Then, the substrate motion follows and pushing force on
particle increases. The tip may be crossed the particle and the process being failed. To
ensure the desired contact, a small normal preload, F is exerting by providing normal
deflection offset, Zpy on the AFM probe. Then, substrate moves in constant velocity and
particle sticks to that and moves with substrate. Lateral motion of particle assists to
increase pushing force, FT. Finally, pushing force reaches to the critical force required to
overcome adhesion forces between particle/substrate. The particle motion with the
substrate stops, when particle reached to desired position. At this time, the suggested
behavior will be expected by particle depending on dynamic mode diagrams of particle.
The probe moves upward and goes to the initial reference position when process
completes (Fig. 8).

4.2 Manipulation algorithm

A new algorithm is presented to manipulate nanorods automatically (Fig. 9). As mentioned
in manipulation strategy, both actuator and sensor in the AFM as nanorobots are same. Due
to the image- manipulation- image cycle of the process for proper manipulation this
algorithm has three parts; imaging before motion, manipulation and imaging after
manipulation (Requicha, 1999).
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Fig. 8. Nano-manipulation strategy using the AFM: a) Auto parking, b) Snap in substrate, c)
Pull out substrate, d) Approach to nanorod, e) Snap in nanorod, f) Offset in Z direction, g)
Pushing, h) Pull out nanorod, k) Going to Reference point (Moradi et al., 2011)

In manipulation before motion, the AFM in the non-contact mode starts imaging and
specifies particle geometries. User can choose particles and their desired position to the
operation. Then the AFM detects center of particles. If the center of particles placed in the
desired position, the process will be finish. Otherwise, second part of process will be start. In
the second part, after contact between the probe- particle, stage moves with defined constant
velocity. This motion makes the cantilever bend and increase pushing force. As mentioned
above, pushing force affects on deformation, depression and indention of particle and
substrate. According to the presented model these changes can be obtained and damage
condition can be checked for different kinds of nanorods. If primary pushing force don’t
damage nanorod, the pushing should be follow to desired place.

Stage turn down when the particle pushing take place. In third part, the AFM scans the path
in line backward and controls achievement. If the particle had been placed in desired
position with minimum deviation, the process completed. It may some deviation occur due
to different nonlinearities such as drift, creep and hysteresis in the process. When there is
deviation, the AFM goes to the second part and process continues until the particle reaches
to its destination.

5. Complete modelling

The AFM nanorobot has a cantilever as a manipulator. This cantilever probe consists of a
connected canonical tip. The AFM is modelled as a linear spring to account for normal
deflection in z direction, and a torsional spring to record lateral twisting of the probe. Spring
coefficients of the springs in expression (17) (Tafazzoli et al., 2005) are a function of the
geometry and the mechanical properties of the AFM probe.
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Ewt® Ewt’

K. K,=
’6L(1+D)

Tap

(17)

Where L, w, and ¢ are the length, width, and thickness of the cantilever. E and v are the
young’s modulus and poison’s ratio of the probe, respectively.

Spring force/moment is linear product of the spring constant and deflection/twisting.
Spring force and moment (F., Mp), shear force (F,), normal (Fz) and lateral tip force (Fy), and
tip pushing force (Fr) are depicted during lateral movement of the particle in AFM tip free
body diagram (Fig. 10).
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Fig. 9. Manipulation of Nanorods algorithm
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Fig. 10. Free body diagram of the AFM tip and corresponding parameters

Since the nano-manipulation task is implemented by the very front part of the tip which is
very small compared with the whole probe tip body, the forces applied on tip can be viewed
as applied on the tip apex (Sitti & Hashimoto, 2000).

Van der Waals force between the cantilever tip and the flat surface is as

AI Zh Rt

Sy ==

(18)
Where Ay, Ry and hh are Hamaker constant (about 10-19), tip radius and distance between tip
and substrate, respectively. The minus sign indicates attractive force and the plus sign
indicates repulsive one (Dong & Mao, 2005). When tip approaches to substrate, reaches to a
region of mechanical instability that the force gradient of the potential exceeds the spring
constant of the cantilever (Dong & Mao, 2005)

df (h),,
— o = K 19
= K, 19)
At this instability, the probe will jump into contact with the surface with a characteristic
“snap-in” distance, d; as

A,R
d, = (S 20
=G (20)

Snap in substrate phenomena using photodiode data can be detected (Dong & Mao, 2005).
Then the probe moves upward until spring force equals to pull out force (21).

3
f (h) = _E”RtVVadh =-K,Z, (21)



Manipulation of Nanorods on Elastic Substrate, Modeling and Analysis 209

Now, the probe approaches to the nanorod, horizontally. Van der Waals force between the
tip and the nanorod increases when the distance decreases (Serafin & Gewirth, 1997). This
force and snap in point are presented in (22) and (23).

A, R R R
fi(h)=——="5 R, =—"— (22)
3 8\/5h5/2 pi R,."'R;
PRRELTL )
' 16v2HK,

Where H is the tip height. To ensure the contact with the particle a small normal deflection
offset is exerted on the AFM probe. The positioning stage is moved with a constant velocity.
Assuming this velocity to be small, the quasi-static assumption can be considered to be valid
]

dr’
and acceleration of the tip in Y direction can be defined as relations (24) to (26).

=0) (Korayem & Zakeri, 2008; Tafazzoli et al., 2005). Thus, the lateral position, velocity

yr =y, —Hsin® (24)
yr=7, —H6cosh (25)
¥y =0—HbBcosb + HO’sin = 0 = 6*tand (26)

Where P corresponds to the probe and T corresponds to the tip; 0 represents the twisting
angle of the probe. To determine the dynamics of the system, the normal deflection of the
probe (Zp) is critical.

Z,=7,—-Hcost;Z, =Z,,+H=cte. (27)
Z, =Hbsind (28)
7., = HOsin® + H6?cosd (29)

Using Newton-Euler method, forces on the AFM tip can be derived as

16-M
E, = [PHBJ sinf + (F, — ?Ep)cos2 0 (30)
1 m
F=—|F —-F +—% 31
v sine[z Z+2Zp) e
F, =F, cosb (32)

Where I, is the AFM tip moment of inertia through its rigid contact with the probe, and m is
the mass of the AFM tip. Forces expressions (30) to (32) would determine the pushing force
and pushing angle of the nanoparticle.
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E =\F +E, y=tan'(F,/E,) (33)

Where o is the pushing force angle. Normal (F) and frictional forces (f) on the particle (Fig.
2) using the pushing force, are derived as (34) to (37)

f, =F,cosC, §=w—cp—g (34)
F, = —F,sing (35)
f, = Fisiny (36)
F, =F,cosy (37)

Where t and s corresponds to the AFM tip and the substrate; ¢ is contact angle. Normal
forces (F, Fs) would cause deformations on the tip-nanorod and the nanorod- substrate
interfaces, respectively.

According to the increase in the lateral pushing force and the contact deformation, frictional
force grows and reaches to its critical value. Expressions (38) to (40) indicate sliding and
rolling conditions on the tip and the substrate (Tafazzoli et al., 2005).

FS > ﬂSSFS + SSYAS (38)
F{ > Il'ltSFt + St.\‘A[ (39)
(£ +£)R, >(M,+M,) where M, =u,F +85,4, (40)

Where s and r correspond sliding and rolling. So, u:- indicates tip friction coefficient in the
rolling mode. Using expressions (34) to (39) and simplifying relations (38) to (40), critical
forces for sliding on the tip (41), sliding on the substrate (42) and rolling the nanorod (43) in
Y directions are obtained as

. S A,

F oy, =——"B"t 41
t-Sliding Sln§ _ ﬂtscosc ( )
F:—Sliding = St (42)
sy — L Cosy
SSI‘ (AS + )
Fs—Rol[ing = AT (43)

R, (siny + cosQ) — 4, (sing — cosy)

6. Simulations

Aim of this section is simulation of nanorods and studies its behavior during motion. Critical
force, critical time, maximum deflection and safety factor are some of the most important
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parameters of the process. The Si AFM probe is used to simulate nanorod. Geometrical and
mechanical properties of the probe are summarized in Table 2 (Israelachvili, 1991). Due to few
available experiments with complete quantitative parameters of materials, the reference 21 is
selected for simulation. In this reference, complete parameters for polystyrene particles are
presented. Polystyrene is a hard and solid polymer with specified tribological properties
(Table 3) (Israelachvili, 1991). Recently, Dong and Mao (Requicha, 1999) have reported the
synthesis and characterization of polystyrene nanorods. After 3 hours reaction time, they
produced nanorods with length =1 pm and width = 60-85 nm (Requicha, 1999).

Polystyrene nanoparticles are pushed on transparent glass slide (ITO glass) substrate using
the Si AFM probe. This model is verified by using available theoretical and experimental
results. Then polystyrene nanorod is pushed to study the process. In this simulations,
polystyrene nanorod with diameter Rp=85 nm and different length are pushed on the ITO
glass substrate that moves with 5nm/s constant velocity. Contact mechanics and tribological
parameters can be obtained experimentally for different materials which are in contact
(Table 3). The constant friction coefficients for static and dynamic movement of the
nanoparticle on the substrate are ps=0.8, pd=0.7, respectively. Shear strength is assumed to
be constant on the both contact surfaces between the particle/substrate and the
tip/substrate. Surface energy between the nanorod and the tip/substrate is ®=0.1 J/m2 and
contact angle is ¢ =45 (Israelachvili, 1991).

Geometrical parameters Mechanical properties
L(pm) W(um) t(um) H(um) R¢(nm) E(GPa) 0 G(GPa) p(kg/m3
225 48 1 12 20 169 027  66.54 2330

Table 2. Geometrical and mechanical parameters of the AFM cantilever

Friction Coefficient Shear Strength
Us Uy (Nm) S (MPa) S: (Pa.m)
0.8 80 28 28

Table 3. Tribological parameters between nanorod/substrate (Israelachvili, 1991)

7. Results and discussions

As mentioned in Modeling based on AFM Section, the manipulation process modeling is
presented considering various forces and nano-scale features. A polystyrene nanorod with
85 nm diameter and 1 pm length is selected to push on the ITO glass substrate.

Initially, the tip has 50 nm distances from the nanorod in both vertical and longitudinal
directions. Since the stage moves with a constant velocity (5 nm/s), the probe moves down
to reach 1.5 nm in heights (instability region) after 9.7 seconds (Fig. 11). In this region, the
probe snaps in the substrate. Jump to the surface can be detected using registered
photodiode data. Then, the cantilever moves up to overcome the adhesion forces. The probe
motion will continue to reach 16 nm heights (pull out). Then, the cantilever moves up 73 nm
after 11.4 seconds to create a proper contact angle. After that, it moves 90 nm after 9 seconds
to contact with the desired nanorod, horizontally. The tip jumps to the particle when the
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tip-particle distance reaches to 10 nm. The probe is in contact with the nanorod and the
necessary conditions for pushing are provided (Moradi et al., 2011).
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Fig. 11. Height & Time During approach/retract to the surface (Moradi et al., 2011)

The cantilever may pass over the nanorod and losses it during the pushing process. To
prevent unpredicted effects and to ensure the desired contact angle of 45 degrees, initial
offset in Z direction should be considered. Here 50 nm have been applied to the model. As
shown in figure 12, initial pushing force is larger than critical sliding force on the tip. The
substrate motion increases the pushing force to reach the critical sliding force. At critical
time (0.17 seconds), the critical force (about 27.8 nN) overcomes the critical adhesion and
friction forces (Table 4). The nanorod is stationary up to critical time. In the critical time, it
begins sliding on the substrate. Unlike micro particles, for the nanorods, the sliding is
dominant dynamic mode (Moradi et al., 2011).
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Fig. 12. Critical force to sliding the polystyrene nanorod on the ITO glass substrate (Moradi
etal., 2011)
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Here based on von mises yield criteria, particle damage condition is checked in each
instance. Operation may be failed when safety factor being less than one. Shear force and
moment variation along length are used to calculate safety factor in critical time. Using
common elastic relations (Dong & Mao, 2005), the Safety factor for this process is estimated
about 1.01 that shows safe pushing process of nanorod to a desired position. Complete
nanorod pushing procedure consists of initial position, maximum deflection of the nanorod
at critical time, the nanorod motion in each instance and the final desired position
respectively (Fig. 13). This process takes about 50 seconds, totally (Moradi et al., 2010, 2011).

No Process Output Value
1 Critical Force (nN) 27.8
2 Critical Time (Sec.) 0.161
3 | Maximum Deflection (nm) 75
4 | Maximum Indention (nm) | 0.033
5 Process Safety Factor 1.01
6 Adhesion Energy (10-16]) 1.38
7 Potential Energy (10-16]) 10.4

Table 4. Results of process simulation

Y(nm) 80
60
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500
0

X(nm) Initial Position

=300

0 -400
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Fig. 13. The polystyrene nanorod pushing procedure to a desired position (Moradi et al.,
2010, 2011)

7.1 After manipulation

When nanorod reached to desired position, tip move upward and goes to reference position.
There is a question that based on adhesive force, if nanorod remain deflected or no. To
answer this question, first we calculate adhesion energy using JKR theory (44) and potential
energy (45) in deflected position. Then, these values are compared. Nanorod relaxes to its
straight shape If adhesion energy is less than potential energy else it remain deflected.
Figure (14) shows these energy values for different aspect ratio. As shown in this figure,
when aspect ratio is less than 6, nanorod remain deflected after tip removal. But for higher
aspect ratio, adhesion force can't keep it deflected. So, nanorod starts to relax to its straight
position.
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Fig. 14. Aspect ratio effects on adhesion and potential energy

7.2 Nanorod length effect analysis

The effect of aspect ratio on the process is one of the most important issues in manipulation
of Nanorods. To study this parameter, a lot of simulations are repeated for different aspect
ratio with constant radius. For aspect ratios 1:1 to 1:11, effects on the process are shown in
Fig. 15. As shown in Fig. 15, for very short length (1:1 aspect ratio), deflection is very small
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Fig. 15. Aspect ratio effects on deflection and motion of a nanorod (Moradi et al., 2010)
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and negligible. The length increment causes the deflection to be more considerable. The
maximum deflection is observed at 61 nm in 1:11 aspect ratios. The purpose of manipulation
was 100 nm displacements in the straight path, but the longest nanorod pushed 61 nm
because of the critical deflection. So, for fabrication in the nanoscale, deflection should be
considered before process setting. To ensure a safe process, yield criteria, maximum shear
and deflection should be considered. Using Von Mises theory, the safety factor is calculated
for each one. When the aspect ratio is greater than 1:11.76, the nanorod approaches the
failure region and may be damaged. Owing to the adhesion force, increasing the aspect ratio
causes critical force and time increment, respectively (Moradi et al., 2010).

Also, based on presented model, for different aspect ratio pushing force and maximum
deflection are obtained. As shown in figure 16, increase in aspect ratio increase these two
outputs respectively.
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Fig. 16. Aspect ratio effects on Critical pushing force and maximum deflection

9. Conclusion

Using accurate model in the nano scale, physical phenomena of nanotechnology can be
understood. However, this model can be used in accurate prediction of manipulation of
Nanorods, control of process, optimization of parameters and user interface system
development for SPMs. In addition, it can be a suitable tool in automation of nano assembly
and nano manufacturing.

It obviously has been shown that after manipulation, nanorod relaxes to its straight shape If
adhesion energy is less than potential energy else it remain deflected. When aspect ratio is
less than 6, nanorod remain deflected after tip removal. But for higher aspect ratio, adhesion
force can't keep it deflected. So, nanorod starts to relax to its straight position. In addition, in
this book chapter, using Von Mises theory, the safety factor is calculated for various
criterions. When the aspect ratio is greater than 1:11.76, the nanorod approaches the failure
region and may be damaged. Owing to the adhesion force, increasing the aspect ratio causes
critical force and time increment, respectively
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Also, based on presented model, for different aspect ratio pushing force and maximum
deflection are obtained. As shown in figures, increase in aspect ratio increase these two
outputs respectively.
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Recent Developments in the Synthesis
of Metal-Tipped Semiconductor Nanorods

Sabyasachi Chakrabortty and Yinthai Chan
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Singapore

1. Introduction

Semiconductor nanocrystals (NCs), commonly known as quantum dots (QDs), have
received great attention over the last two decades due to their, unique size and shape-
dependent optoelectronic properties, as well as their flexible surface chemistry. While efforts
to produce colloidal NCs date back to the pioneering work of Rossetti et al at Bell Labs! and
Ekimov et al at the Vavilov State Optical Institute? in the early 1980's, the ability to obtain
monodisperse spherical and highly crystalline NCs remained largely elusive until the
introduction of the hot injection method by Murray et al. in 19933 In this method,
organometallic precursors of the semiconductor material are rapidly injected into an organic
solvent at an elevated temperature under inert conditions. This results in a rapid cooling of
the reaction mixture, effectively separating the nucleation and growth phases of the
intended semiconductor NCs. Despite the addition of organic surface-capping groups, as-
synthesized core NCs typically suffer from poor surface passivation and possess surface
trap states. These surface trap states result in fast non-radiative relaxation pathways for
photogenerated charge carriers, thus leading to reduced fluorescence quantum yields (QYs)
typically on the order of ~10-20%. In order to improve the fluorescence efficiency as well as
the photostability of semiconductor NCs, growth of an inorganic shell (typically a wider
bandgap semiconductor) is generally adopted. One of the earliest and most widely used
techniques for the overcoating of semiconductor NCs even today was introduced by Hines
et al. in 1996,4 where precursors of the semiconductor shell material are added dropwise to a
relatively dilute solution of NC cores at temperatures sufficiently low to prevent
homogeneous nucleation of the precursors or Ostwald ripening of the NC cores. Growth of
the semiconductor shell can lead to effective surface passivation of the core NC, leading to
near unity QYs in the case of CdSe/CdS core-shell NCs,> although QYs in the range of 50-
70% are more common. The synthetic development of various II-VI, IV-VI and III-V
colloidal semiconductor NCs have been reported to date,367 and have led to intense
research efforts in the study of their fundamental optoelectronic properties as well as their
use in applications in areas as diverse as light-emitting diodes (LEDs),8 solar cells,® and
biological imaging.10

While early efforts in the synthetic development of semiconductor NCs focused on
minimizing polydispersity in single component spherical particles such as the now-
ubiquitous CdSe NCs, a more sophisticated understanding of the underlying mechanisms of
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NC growth over the last decade or so oversaw the field evolving quickly towards more
complicated structures ranging from highly anisotropic shapes to multi-component particles
bearing more than one nanoparticle within the same nanostructure.!12 Previous reports
have suggested that several experimental parameters are important in controlling the size as
well as the shape of the nanoparticles, such as the choice of precursors and their respective
concentrations, the reaction temperature, and the types of ligands used.’317 These
parameters play a decisive role in the overall morphology and size dispersity of the
nanoparticles ultimately synthesized. To date, semiconductor nanoparticles of a wide
variety of different shapes have been reported: rods,!8 tetrapods,!® stars,20 cubes,?! and
hyperbranched structures,222 as illustrated in Fig. 1. Owing to the exhibition of strong
quantum confinement effects in semiconductor NCs whose dimensions are comparable to
their Bohr exciton radius, the shape of such nanostructures is expected to play a significant
role in their size-dependent optoelectronic properties. For example, in the case of CdSe
nanorods, fluorescence emission is linearly polarized along the long axis of the rod?* while
non-radiative Auger relaxation processes are less pronounced as compared to spherical
CdSe NCs. Additionally, it has been suggested that branched semiconductor NCs may be
more desirable than their spherical counterparts as the active material in solution-processed
photovoltaics due to increased percolation pathways for charge transport.2> A more recent
thrust in the field has been the development of hybrid heterostructures in which different
functionalities of individual components may be incorporated into the same nanostructure,
thus offering a basis for multifunctional NCs. Hybrid metal-semiconductor
nanoheterostructures comprising of a metal nanoparticle in intimate contact with a
semiconductor NC serve as a good example of such multi-component systems. Such
structures either possess the inherent functionalities of the metal and semiconductor
nanoparticle, or unique optoelectronic properties that result from close coupling between
the two components.

This chapter traces the development of hybrid metal-semiconductor NCs as a current
research trend in the field of colloidal semiconductor NCs. Despite the plethora of examples
of different-shaped metal-semiconductor nanostructures reported,1226-22 metal-tipped
semiconductor nanorods are perhaps the most intensively studied, and will be the focus of
the chapter. Different wet-chemical synthetic strategies to fabricate various colloidal
semiconductor nanorods and their growth mechanisms are presented, and methods to
deposit metal nanoparticles at specific sites on nanorods are discussed. The possible
applications of such metal-tipped nanorod structures are then elaborated on in the context
of their unique physicochemical properties. Finally, we present a relatively recent technique
in which previously inaccessible metals may be specifically deposited onto the tips of
semiconductor nanorods via a photoinduced mechanism.

2. Colloidal semiconductor nanorods

An enormous effort has been made in the past decade or so in developing strategies for the
synthesis of colloidal semiconductor nanorods in terms of their composition, morphology,
size dispersity and surface properties.11.2932 Exquisite control over these parameters is
undoubtedly very important in terms of gaining a good understanding of the fundamental
properties in such systems as well as for their purported applications in solution processed
photovoltaics,3 catalysis,?* etc. The colloidal synthesis of semiconductor nanorods via the
hot injection method is in many respects similar to that of spherical NCs, where the injection
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of a high concentration of monomers into a solvent at elevated temperatures results in near
instantaneous generation of semiconductor nuclei, whereupon the temperature drops
significantly and subsequent monomer consumption occurs primarily via the growth of the
NCs. Growth into anisotropic structures involves the formation of a preferred crystalline
phase in which the adsorbing surfactant molecules specifically bind to individual
crystallographic planes® as illustrated by a wurtzite-based nanocrystal structure in Fig. 2.
This in turn exerts a degree of control over the addition of monomers to specific facets on
the growing crystal, resulting in anisotropic growth. Thus it is relatively straightforward to
visualize how the exclusive addition of monomers to opposite facets of a spherical construct
would eventually result in elongated rod-like structures. The mechanism by which such
growth occurs will be elaborated in more detail in the next section which describes the
different synthetic strategies to make colloidal semiconductor nanorods of various material
compositions.

nanorods,!8 (b) CdTe tetrapods,’® (c) PbS Stars,? (d) PbSe cubes?! and (e) hyperbranched
CdSe/ CdS octapods (scale bar 100 nm). Inset showing one single structure(scale bar 50 nm).2
Courtesy: (a) ]. Am. Chem. Soc. 2000, 122, 12700-12706; (b) Chem. Mater. 2003, 15, 4300-4308; (c)
Adv. Mater. 2006, 18, 359; (d) Nano Lett. 2003, 3, 857-862; (e) Nano Lett. 2010, 10, 3770-3776.
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Fig. 2. Model wurtzite nanocrystals showing different facets. Courtesy: J. Phys. Chem. 1995,
99, 17417-17422.

2.1 Known mechanisms of growth
2.1.1 Selective adhesion

Surfactant molecules which are able to bind to the facets of semiconductor NCs influence
their relative growth rates, resulting in anisotropic growth when particular facets are
preferred. The extent of growth anisotropy is governed by the binding affinity of the
surfactant molecules present in the reaction mixtures to a particular facet, thus influencing
the growth kinetics at those facets. It has also been suggested that the anisotropic growth
occurs via kinetically driven processes where the system is flooded by a high concentration
of monomers.13 Under these circumstances, the least passivated facets (and therefore most
reactive) will have a tendency to grow faster. In addition to the monomer concentration, the
growth times and reaction temperatures are also crucial factors for obtaining rod-like
structures of relatively high aspect ratios. Sufficient growth times would be required in
order to observe dominant growth long a unique axis while adequately high reaction
temperatures facilitate the breakdown of precursors and raise the monomer concentration.
In the literature, the anisotropic shape control in binary II-VI semiconductor nanorods are
mostly reported on the basis of this selective adhesion technique. Among the II-VI
semiconductor nanorods such as ZnS, CdTe, CdSe and CdS,1136-38 the latter two are arguably
the most well-developed in terms of chemical synthesis. The first wet-chemical synthesis of
colloidal semiconductor nanorods (CdSe) via the hot injection method is widely ascribed to
Alivisatos, Peng and co-workers in which Cd and Se precursors were injected into a mixture
of n-trioctylphosphine oxide (TOPO) and hexylphosphonic acid (HPA) at ~ 360°C.1! Fig. 3
(a) shows different batches of as synthesized CdSe nanorods obtained through this method.
The amount of HPA plays a decisive role for obtaining the rod-like structure as it helps to
favor growth at the (OOT) facet of the wurtzite CdSe nanocrystal (see Fig. 2) relative to its
other facets.’8 This results in the anisotropic growth of wurtzite (w-) CdSe nanoparticles
along its C-axis into elongated rod-like structures, as exemplified by Fig. 3(b).1* Thus with a
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judicious combination of surfactant molecules, growth kinetics at the various facets of
semiconductor NCs may be tailored such that semiconductor nanorods of different aspect
ratios may be reproducibly synthesized. It should be pointed out that the formation of
nanorods in a monosurfactant system cannot be satisfactorily explained using this growth
model, however, since it relies heavily upon the distinct binding affinities of different
surfactant molecules to the facets of the NC.

Fig. 3. (a) Low resolution TEM images of colloidal CdSe nanorods (scale bar 50 nm). (b)
Showing the growth along C-axis to obtain rod shape from spherical nanpparticle(scale bar
10 nm). Courtesy: Nature 2000, 404, 59-61.

2.1.2 Oriented attachment

The oriented attachment growth mechanism involves the formation of nearly isotropic
spherical NCs and then subsequent fusion of these NCs preferentially along a specific set of
crystallographic facets, ultimately leading to the formation of elongated structures. Thus the
size dispersity of the resulting rod-like nanostructures is influenced by that of the initial
ensemble of spherical particles. Diametrically located regions on the NCs bearing high
energy facets serve as nucleation sites for attachment, and the coalescence of the individual
crystals along a certain direction may be energetically favorable as it can reduce the
existence of the high energy facets, thus providing the driving force for oriented
attachment.® The wet-chemical synthesis of colloidal PbSe nanorods with rock-salt structure
provides an example of the oriented attachment growth mechanism, where it has been
shown that the formation of monodisperse PbSe nanorods, as shown in Fig. 4(a), takes place
via the coalescence of spherical PbSe NCs.2? Analogous to the synthesis of CdSe nanorods,
single crystalline PbSe nanorods may be prepared (Fig. 4) via the introduction of a Se
precursor to a Pb precursor containing solvent at ~ 170 °C in the presence of oleic acid as a
surfactant. The presence of high energy Pb or Se terminated (111) facets in the initial PbSe
NC cores were found to be most likely responsible for the oriented attachment into rod-like
structures. Use of HRTEM revealed that the synthesized PbSe nanorods are highly
crystalline in nature, with no obvious grain boundaries or periodic stacking faults to suggest
their formation via the fusion of multiple spherical NCs. In order to prove the oriented
attachment mechanism of growth, aliquots at different time intervals were taken from the
reaction vessels and carefully characterized via TEM.? The formation of coalesced particles
at early reaction times provided strong evidence for the oriented attachment mechanism, as
depicted in Fig. 4(c).
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2.1.3 Seeded growth

While the previous two mechanisms for nanorod formation described were based on the
homogeneous nucleation and growth from the breakdown of semiconductor precursors,
another method to fabricate monodisperse colloidal semiconductor nanorods using pre-
formed spherical semiconductor NCs as seeds was reported independently by Carbone
et.al.3 and Talapin et. al.3132 The resulting nanorod structures thus comprise of a spherical
core within a rod-like shell, which in their case were CdSe/CdS core-shell nanorods, or

Fig. 4. (a) Low resolution TEM image of PbSe nanorods that formed via an oriented
attachment mechanism. (b) It is not readily evident from the High-resolution TEM (HRTEM)
image of an individual PbSe nanorod after the synthesis reaction has gone to completion
that the formation of the rod occurs through the linear adhesion of a couple of sphere-like
PbSe NCs. Inset showing the FFT image. (c) TEM image from an aliquot, taken in the
intermediate state of the oriented attachment process. Courtesy: J. Am. Chem. Soc. 2010, 132,
3909-3913.
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perhaps more widely known as CdSe seeded CdS nanorods. For this seeded growth
approach, a mixture of spherical CdSe nanocrystal seeds (separately prepared) and a S
precursor was injected at elevated temperatures of ~ 350°C to a Cd precursor containing
solvent in the presence of alkyl phosphonic acids as surfactants.30 As the activation energy
barrier for heterogeneous nucleation is generally lower compared with homogeneous
nucleation, nearly exclusive heterogeneous nucleation and growth of CdS on the CdSe seed
occurs. Owing to the different binding affinities of the alkyl phosphonic acids to the various
facets of the CdSe seed and subsequently CdS, continued addition of monomers resulted in
a unidirectional growth of the CdS shell, consistent with the growth mechanism described
earlier in Section 2.1.1. By obviating the need for homogeneous nucleation, the CdS
precursors could be utilized primarily for growth of the shell material on CdSe, thus
allowing for very monodisperse rods with a wide range of aspect ratios. Fig. 5 shows
transmission electron microscopy (TEM) images of as synthesized CdSe seeded CdS
nanorods with aspect ratios ranging from 1:3 to 1:30.30 The CdSe seed was found to be
asymmetrically located along the length of the CdS shell due to the fast growth rate along

one axis of the wurtzite seed (i.e., (OOT) facet, see fig. 2) compared to the other, where the
preferential binding affinities of different capping groups play the decisive role. Available
examples include ZnSe/CdS,3® ZnTe/CdS30 CdSe/CdTe# etc. Thus, these numerous

varieties of materials composition could be further exploited to advance applications in
various fields.

(a)
CdSe Ccds CdSe@C....
. precursors
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Fig. 5. (a) Schematic illustration of seeded growth approach resulting in the formation of
CdSe seeded CdS nanorods. (b) - (f) show CdSe seeded CdS nanorods with aspect ratios
ranging from 1:3 to 1:30. Courtesy: Nano Letters 2007, 7, 2942-2950.
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3. Hybrid metal-semiconductor composites

Multicomponent nanoparticles pave the way to create smart materials by potentially
incorporating different functionalities of the individual components within the same
nanostructure. Hybrid metal-semiconductor nanostructures are one example of such
multicomponent materials, which possibly hold such promise. In these hybrid structures,
the metal and its semiconductor nanoparticle counterpart are closely coupled such that
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novel properties or applications may emerge. For example, the selective growth of metal tips
onto semiconductor nanorods or tetrapods offers contact points for self-assembly,* good
electrical contacts in optoelectronic devices,*2 modification of its nonlinear optical response®
or impart magnetic functionality.#* Recently, there has been a fairly large number of
examples in the literature where growth of Pt Au,2045 or Co24 onto semiconductor
nanorods have been reported.The following section will focus on different synthetic
strategies adopted for combining a metal with its semiconductor nanorod counterpart.

3.1 Synthetic strategy

It has been shown that the facets at the tips of nanorods such as CdS or CdSe seeded CdS are
different in terms of their reactivity when compared with the facets along the length of the
rod. The facet reactivities of the two tips of the nanorod themselves differ, and it may
generally be concluded that the distribution of facet reactivities on anisotropic
semiconductor NCs is quite wide.? The difference in facet reactivities may be exploited to
yield selective metal deposition, which may be understood from the standpoint of
monomers of the metal precursor exclusively nucleating and growing at the most reactive
facets of the semiconductor nanostructure. In terms of thermodynamics, the preferential
deposition of a secondary (metal, in this case) particle is governed by minimizing the overall
surface and interfacial energy of the system. However, kinetic factors such as reactant
diffusion and how labile the surfactant molecules on the semiconductor are play a pivotal
role in the fabrication of the hybrid metal-semiconductor nanostructure as well. The next
few sections will introduce different techniques that have been reported for the fabrication
of hybrid metal-semiconductor nanorods.

3.1.1 Site selective metal deposition

It was previously suggested that the atomic arrangements in the apex facets in
semiconductor nanorods are dissimilar compared to their longitudinal sidewalls, which
gives rise to different surface energies depending on whether it was the facets at the apex or
sides of the nanorod that were being considered. This phenomenon is illustrated well by the
wurtzite (w-) lattice, which is generally believed to have chemically non-equivalent surface
termination at opposing ends of the structure’s growth axis. For example, in w-CdS
nanorods, one end is Cd rich whereas the other is S rich.4¢ As a result, the corresponding
reactivity of the facets at the sulfur- and cadmium-rich ends can differ significantly, which
would be expected to lead to dissimilar rates of heterogeneous nucleation and growth of
metal clusters at the different ends on the nanorod. Saunders et. al.,% previously showed
that under anaerobic conditions, Au growth occurs preferentially at the S-rich tip of the CdS
nanorod. In contrast, dumbbell-like Au-CdS-Au structures are obtained in the presence of
O (as summarized in Scheme 1) due to etching of the Cd rich end, which is expected to
increase its surface reactivity and allow for Au nucleation and growth. By taking into
account that the reactivities at the sides of the nanorod are very different as compared to its
ends, a hierarchical order of free energy barriers to nucleation at the different sites of the
nanorod can be anticipated. Under this basis, Chakrabortty et. al. 45 reported a facile Au
deposition process to synthesize CdSe seeded CdS nanorods of various Au decorated
morphologies by using the concentration of the Au precursor as the only adjustable
parameter. Fig. 6(a)-(c) summarizes the different morphologies of Au on the CdS rod surface
as concentrations of the Au monomers were increased. This trend of selective Au growth
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with increasing concentrations of added Au precursor was reproduced at a variety of fixed
temperatures (25 -90 °C) and sufficiently long growth times (up to 6 h), which in turn
supports the presence of a hierarchical order of reactivities between the facets at the tips and
sides of the nanorod.> In order to exploit this hierarchy of facet reactivities for the
fabrication of nanostructures of higher structural complexity and therefore functionality,
sequential exposure to precursors of Au and then Ag was pursued. Thus the deposition of
Au to give matchstick-like Au-CdSe/CdS nanostructures was followed by exposure to Ag.
Unlike the Au precursors, the Ag precursors undergo cationic exchange with CdS, which
results in the formation of AgS nanoparticles at the end of the nanorod that did not bear a
Au tip. This resulted in novel "Janus-type" dumbbell structures,*> where Au is primarily
located at one end of the nanorod while AgyS is located at the other end as shown in Fig.
6(d). Several other groups have also utilized the fact that the differences in facet reactivities
at the sides and tips of semiconductor nanorods can be exploited to yield site selective
deposition, and a rapidly growing library of metal-tipped semiconductor nanorod
heterostructures (e.g. Co-CdSe/CdS? and Pt-CdSe/CdS??) have been synthesized.

Aucl, o,
—— ——
DDA/DDAB H,0
CdS nanorod with Selective /.. growth Etching of Cd-end
S-and Cd-terminated onto S-terminated end in the presence of 0, and
end facets growth

Scheme 1. Schematic of the growth process of Au nanocrystals onto CdS nanorods, where in
the absence of O, Au deposited on the S-rich facet and in presence Au deposited at both
end. . Courtesy: J. Phys. Chem. B 2006, 110, 25421-25429.

3.1.2 Light controlled metal deposition

The ground state electronic structure of semiconductors is generally characterized by a valence
band that is filled with electrons and a conduction band that is empty. Upon light absorption
an electron is promoted from the valence band into the conduction band, leaving behind a hole
in the valence band. The photo-generated hole in the valence band and electron the conduction
band can react with electron donors and acceptors, respectively, thus allowing the
semiconductor surface to act as an oxidation or reduction point. Thus a solution containing
metal cations can undergo photoreduction at the semiconductor surface to nucleate and
subsequently grow into metal nanoparticles assuming that it is energetically favorable for
electron transfer from the semiconductor to the metal to occur. In 2004, Pacholski et. al., 4
demonstrated photoinduced Ag* reduction at the surface of ZnO nanorods to obtain Ag-ZnO
nanorod composites, as shown in Fig. 7. The use of stabilizer molecules facilitated the
deposition of Ag monomers primarily at the end of the long ZnO nanorods, as shown in Fig.
7(b), thus offering a certain degree of control over the site-selectivity of the Ag deposition
process. The large, dominant Ag particle growth at a particular region of the nanorod and the
absence of smaller clusters of Ag throughout the rod surface strongly suggests that once a
small Ag nucleus is formed, the rest of the monomers preferentially add to that nucleus
instead of heterogeneously nucleating at other locations on the rod. This photoinduced
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strategy to facilitate the deposition of metals onto a semiconductor surface was not only
exploited to synthesize various metal-semiconductor hybrid structures but also to allow for
the growth of very large metal domains. As an example, the average diameter of Au domains
on Au-CdSe/CdS nanorods synthesized via a thermal growth process® is typically on the
order of ~2.0 nm. However, UV irradiation of the Au-CdSe/CdS nanorod causes a transfer of
electrons from CdS to the Au particle, allowing for the additional reduction of Au ions in
solution at the Au particle surface, thus increasing the size of the Au particle to diameters as
large as ~ 15 nm.# The holes are left behind in the CdS nanorod, and are eventually transferred
to the solvent bath. Fig. 8(a) illustrates the growth of large Au domains in Au-CdSe/CdS
nanorods via a photoinduced process. Fig. 8(b) is a TEM image showing the dramatic
enlargement of the Au domains on CdSe/CdS nanorods via the photoinduced process
described above and may becontrasted with the Au-CdSe/CdS structures shown in Fig. 6(a),
which were synthesized via a thermal growth process. The addition of hole scavengers such as
EtOH, CHCl; etc, increase the efficiency of the charge separation by ensuring that there is no
buildup of holes in the semiconductor. In summary, this light driven mechanism of getting
metals to deposit onto semiconductors may be exploited to achieve more complex hybrid
metal-semiconductor nanostructures, as will be elaborated on in a later Section.

increasing amounts of Au precursor where the deposition trends proves the hierarchical order
of facet reactivities. (d) TEM image of the “Janus-dumbbell” having Au nanoparticle at one
end and Ag,S nanoparticle at the other end. Courtesy: Angew. Chem. Int. Ed. 2010, 49, 2888-2892.
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Fig. 7. TEM images of (a) ZnO nanorods with deposited silver particles, (b) gallery of
different Ag decorated ZnO surface. Courtesy: Angew. Chem. Int. Ed. 2004, 43, 4774 -4777.
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Fig. 8. (a) Schematic, showing the mechanism photo induced large Au growth technique.
(b) TEM image of Au-CdS hybrid nanorods formed after UV irradiation having lagre Au
domain (scale bar 50 nm). Courtesy: Nano Lett. 2009, 9, 3710-3714.

3.1.3 Electrochemical Ostwald-ripening

Ostwald ripening in NCs is a process in which under conditions where all the monomers
have been depleted during growth, the smallest and least thermodynamically stable NCs in
the ensemble dissolve and re-deposit onto the largest and most thermodynamically stable
NCs. While Ostwald ripening in NCs is typically an inter-particle process, it was shown in
the case of hybrid Au-CdSe nanorods that the Ostwald ripening of Au occurs via an
electrochemical, intra-particle process. While the initial Au deposition was done via
synthetic strategies described in Section 3.1.1, continuation of the reaction after all Au
monomers had been depleted resulted in the transformation of dumbbell-like Au-CdSe to
matchstick-like Au-CdSe nanocomposites,26 as shown in Fig. 9.

The electrochemical Ostwald ripening process that is relevant to this Au-CdSe nanorod
system first involves the dissolution of Au atoms from the smallest Au particles into the
solution via an oxidative process. The released electrons are shuttled across the
semiconductor nanorod surface by hopping through surface states to the largest Au
nanoparticles, where upon reduction of the Au ions in solution occurs.4® This entire process
is summarized in Scheme 2 below. It is evident from Fig. 9(a) that the two Au domains in
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the dumbbell-like morphology are significantly different in size, and the smaller Au domain
possesses a higher surface energy and stronger susceptibility towards oxidation than its
larger counterpart, thus providing a driving force for the electrochemical ripening process.
The continued dissolution and re-deposition of small Au particles onto the largest ones
eventually results in semiconductor nanorods with a single large Au tip.
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Fig. 9. TEM image of (a) Au-CdSe-Au nanodumbbell and (b) Au-CdSe nano “nano-bell-
tongues.” Courtesy: Nat. Mater. 2005, 4, 855-863.
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Scheme 2. Schematic of the ripening process in which matchstick-like Au-CdSe nanorods
(also known as nano-bell-tongues) are obtained from a dumbbell-like Au-CdSe morphology.
Courtesy: Nat. Mater. 2005, 4, 8§01-802.
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3.1.4 Surfactant driven metal deposition

Facet-preferential adhesion of ligands or surfactants may also direct the metal deposition
process and the resulting morphology of the hybrid metal-semiconductor nanorod
structure. An example of such a system is that of magnetic/semiconductor Co decorated
TiO; nanorods,® where careful variation of the amounts of different surface ligands allowed
for the derivation of different Co-decorated TiO, nanorod morphologies. Through the
systematic tuning of different ratios of 1-octanoic acid and oleylamine as strong binding
surface capping groups, it was found to be possible to switch from tip-preferential growth to
non-selective Co deposition, as summarized in Scheme 3. When the effective concentrations
of the ligands are high, they inhibit heterogeneous nucleation on the semiconductor surface,
and homogeneous nucleation and growth of Co takes place. A more optimium amount of
the surfactants, on the other hand, passivates the sides of the semiconductor surface such
that tip selective growth of Co occurs almost exclusively. When exceedingly low amounts of
the capping ligands are used, their expectedly insufficient ability to effectively passivate the
side facets of the nanorods results in the growth of Co nanoparticles at the tips and
throughout the sides of the nanorod. The TEM images corresponding to the various
morphologies depicted in Scheme 3 are summarized in Fig. 10. Thus, it is seen from this
example that the surfactant can play a very significant role in determining the architecture
of anisotropic metal-semiconductor nanostructures.
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homogeneous selective heterogeneous nonselective heterogeneous
nucleation nucleation nucleation

Scheme 3. Schematic for the mechanism of Surfactant-Controlled Co Deposition on TiO,
nanorod Seeds. Courtesy: Nano Lett. 2007, 7, 1386-1395.
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Fig. 10. (a)-(c) Low resolution TEM images corresponding to the various morphologies of
Co/TiO; hybrid structure, where (a) represents the homogeneous nucleation of Co, (b)
shows the tip-preferential growth and (c) illustrate the non-selective Co deposition with
TiO; nanorods. Courtesy: Nano Lett. 2007, 7, 1386-1395.

3.2 Nature of interface

As described earlier, various metal nanoparticles can be specifically deposited onto
semiconductor nanorods at different locations such as the tip region or throughout the
nanorod surface. While the overall morphology of the hybrid metal-semiconductor
nanostructure is undoubtedly important from the standpoint of applications in a more
general sense, the nature of the interface between the metal and semiconductor plays a
pivotal role for charge transfer processes across the metal-semiconductor interface. In the
case of Au-Cd chalcogenide nanorods, which is one of the most studied metal-
semiconductor nanorod systems,5152 it was found that under the mild chemical synthesis
conditions reported by most groups,* the Au particle typically does not grow epitaxially on
the host semiconductor surface, as illustrated in Fig. 11(a). A study by Figuerola et, al.,%
investigated the effects of thermal annealing under solvent-less conditions in vacuum for Au
nanoparticle decorated CdSe nanorods that were deposited onto a substrate, as shown in
Fig. 11(b). Upon heating at 250 °C, all small Au clusters along the sides of the nanorods had
disappeared, as evident from Fig. 11(c), while it was noticed that the Au domains at the tips
grew significantly larger. This phenomenon cannot be ascribed to the intra-particle
electrochemical Ostwald ripening described earlier since the dissolution of Au into its ions
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cannot take place without the presence of a solvent. In contrast, it has been proposed that
the combination of atomic diffusion and cluster diffusion mechanism is responsible for the
steady disappearance of Au nanocrystals from the lateral facets of CdSe nanorods. These
mechanisms can occur on the substrates and were supported by in situ TEM movies.5
Closer investigation of the Au-CdSe region via HRTEM (as shown in Fig. 11(d)) revealed a
well-defined epitaxial interface between the Au nanoparticle and CdSe nanorod, thus
suggesting that thermal annealing may be a viable strategy towards reconstructing the
metal-semiconductor interface in wet-chemically synthesized hybrid metal-semiconductor
nanostructures. This would certainly be important in optoelectronic applications involving
the transport of charges across the metal-semiconductor interface.

Fig. 11. (a) HRTEM image showing a gold nanoparticle at the apex of the nanorod.

(b), (c) TEM images of Au decorated CdSe nanorods heterostructures before and after
themmal annealing respectively. (d) HRTEM image of one representative example of
epitaxial Au domain with respect to the nanorod. Courtesy: (1) Angew. Chem. Int. Ed. 2010, 49,
2888-2892; (b),(c),(d) Nano Lett. 2010, 10, 3028-3036.

3.3 Various applications

As mentioned before, hybrid metal-semiconductor nanostructures can potentially have
applications in areas such as directed self-assembly, solution processed optoelectronics and
in photocatalysis. Here we describe a few of these applications in order to illustrate the
utility of such multicomponent nanostructures. In terms of directed self-assembly processes,
the presence of metal tips on semiconductor nanorods provides anchor points for



232 Nanorods

functionalizing ligands with functional groups that differ from the ligands bound to the
semiconductor. Zhao et. al. fabricated close-packed films of dumbell-like Au-tipped CdSe
nanorods where the rods are aligned parallel to each other due to interactions between
alkyl phosphonic acids bound to the CdSe surface, as shown in Fig. 12(b). In addition, the
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Fig. 12. Examples of the directed assembly of metal-tipped semiconductor nanorods. (a)
Schematic illustration of the self-assembly of dumbbell like Au-tipped CdSe NRs (b) SEM
image of assembly triggered by interactions between ligands at sides of Au tipped CdSe
nanorods. (c) Schematic of directed assembly process with one tipped Au-CdSe/CdS
nanorods (d) Showing the fluorescent patterned surfaces on glass substrate. Courtesy: (a),(b)
Nano Lett. 2009, 9, 3077-3081; (c),(d) Small 2011, 7, 2847-2852
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formation of closed-packed films were facilitated by the use of 11-mercaptoundecanoic acid
which can conjugate with the Au-tips via the thiol moiety and also help to build hydrogen
bonding networks through carboxylic acid groups between them. Recently Chakrabortty et.
al. demonstrated that careful engineering of the Au-tipped CdSe seeded CdS nanorod
architectures can lead to a significant retention of their fluorescence properties,5 unlike in
the case of Au-CdSe nanorods whose fluorescence are nearly wholly quenched. By
patterning a surface with accessible thiol functional groups as illustrated in Fig. 12(c), they
were able to show highly specific directed assembly onto the patterned surface via strong
Au-S interactions.> Fig. 12(d) is a fluorescence microscope image of Au-tipped CdSe seeded
CdS nanorods assembled onto the patterned glass slide. The uniformity of the fluorescence
pattern formed showcases the fidelity of the directed assembly process. The photocatalytic
properties of metal-semiconductor nanorods was also studied by a number of research
groups.”8 It was suggested that under light irradiation, charge separation of the
photogenerated exciton can take place at the interface between the semiconductor and metal
depending on the relative position of the Fermi energy level of the metal with respect to the
conduction band of the semiconductor. The transfer of these separated charges to
surrounding molecules in the solvent thus becomes a basis for photocatalytic, redox-based
reactions. One example of such a system is that of dumbbell-like Au-CdSe, where enhanced
charge-separation at the metal-semiconductor interface upon light irradiation leads to the
highly efficient degradation of methylene blue (Fig. 13(a)-(b)).>” Given the vast combinations
of metals and semiconductor nanomaterials that have already been reported, opportunities
for exploring the photocatalytic properties of such systems seem numerous. The use of
metal tips as electrical contacts for semiconductor nanorods has also been explored at the
single nanorod level by Sheldon et. al.,#2 and it was found that the conductance could be
enhanced by a factor of at least 100,000-fold compared to standard CdSe rods (Fig. 13(c)-(d)).

4. Light-induced metal deposition on metal tipped semiconductor nanorods

Expanding the range of metals that can be deposited onto the semiconductor nanorod
surface can result in properties previously inaccessible, opening up avenues for newfound
applications or enhancing current ones. However, successful deposition of a particular metal
on a semiconductor nanostructure depends on the affinity of the metal and its precursor for
the semiconductor. Thus exposure of the CdSe seeded CdS nanorods to Pd precursors under
the same reaction conditions as those used for Au deposition does not yield any observable
Pd deposition onto the semiconductor surface, which can be rationalized by the fact that the
Pd-S interaction is much weaker than the Au-S interaction on the CdS surface. This can
place a limit on the range of metals that can be attached to a given semiconductor. In order
to circumvent this problem, Li et. al.,® reported a deposition approach where existing metal
tips in a metal-semiconductor nanostructure are used as heterogeneous nucleation sites for
the subsequent deposition of a different metal under conditions of UV photo-irradiation Fig.
14 illustrates the resulting structures when Pd precursors are exposed to Au-tipped CdSe
seeded CdS nanorods under UV excitation. It is readily observed that Pd can selectively be
deposited onto the Au tipped CdSe seeded CdS nanorods, resulting in a significant increase
in particle diameter. Interestingly, it was found from HRTEM (High-Resolution
Transmission Electron Microscopy) and HAADF- STEM (high angle annular dark field-
scanning transmission electron microscopy) data that the Pd forms a homogeneous alloy
with the Au particle rather than an expected core-shell structure. The successful deposition
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of Pd may be understood as follows: under UV excitation, the photogenerated electron
migrates to the Au tip, making it more reducing, while the hole is left behind in the CdS rod
and is eventually transferred to the solvent bath by hole scavengers. The Pd2* ions are then
reduced to Pd® upon coming into contact with the Au nanoparticle surface, and end up
forming an alloy with Au. This strategy was also extended to the deposition of Fe, which
can exhibit magnetic properties even upon oxidation.
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Fig. 13. (a) Scheme of a light-induced charge separation mechanism in Au-tipped CdSe
nanorod where the photo-generated electron resides at the gold tip to serve as a reduction
point. (b) Comparing the reduction efficiency of CdSe nanorods and gold nanoparticles
mixture (blue triangles) with hybrid CdSe-Au nanodumbbells (black squares) in methylene
blue dye. (c) and (d) are the schematic and SEM image of a single nanocrystal two-terminal
device, respectively. Courtesy: (a), (b) Nano Lett, 2008, 8, 637-641; (c), (d) Nano Lett, 2009, 9,
3676-3682.

Unlike in the case of Pd, however, it was observed that a hollow shell of Fe;O4 develops
around the Au core at the tip of the CdSe seeded CdS nanorod, as shown by the TEM image
in Fig. 15 (a). This was comprehensively verified by HRTEM and HAADF-STEM techniques,
as illustrated in Fig. 15(b)-(d). The use of light-induced techniques which exploit the transfer
of electrons from the semiconductor to its metal tips in order to facilitate the deposition of
other metals that are difficult to grow directly onto the semiconductor surface opens up new
avenues for the hierarchical build-up of very complex metal-semiconductor nanostructures.
Such structurally complex multicomponent nanoparticles can potentially exhibit unique
physicochemical properties that address some of the current outstanding challenges in
semiconductor NC-based applications, and perhaps form the basis for new ones.
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Fig. 14. (a) TEM image of Pd-Au-tipped CdSe-seeded CdS nanorod matchsticklike
structures. (b) HAADF-STEM image of a typical rod, showing Au/Pd alloycomposition in
it. (c) Corresponding EDX line scan across the spherical tip. (d) HRTEM image of a Pd-Au-
CdSe-seeded CdS rod. The lattice spacing clearly related to the literature value here.
Courtesy: ]. Am. Chem. Soc. 2011, 133, 672-675.
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Fig. 15. (a) TEM image core Au nanoparticles with thick hollow shell of Fe,Oy. (b) HRTEM
image of part of the core-shell-tipped rod. The inset is an FFT image of the spherical tip
region. (c) HAADF-STEM image showing three distinct materials composition within the
same structure. (d) EDX line scan of the spherical tip shown in (C). Courtesy: |. Am. Chem.
Soc. 2011, 133, 672-675.
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5. Conclusion

In summary, this chapter describes a diverse set of wet-chemical synthesis routes to obtain
monodisperse semiconductor nanorods of different materials composition. One of the most
promising synthetic methods for obtaining semiconductor nanorods is that of the seeded
growth approach, where very monodisperse rods with aspect ratios as large as 1:30 can be
achieved. A number of strategies to achieve a wide range of metal-semiconductor
heterostructures was presented, and the conditions used to achieve site-selective deposition
were elaborated on. As the nature of the interface between the metal and the semiconductor
is of paramount importance in the context of optoelectronic applications, a method to obtain
epitaxial growth of metals on semiconductor nanorods was provided. The multicomponent
architecture of the hybrid metal-semiconductor nanostructures potentially incorporates
multiple functionalities within a single nanoparticle, and can demonstrate utility in a whole
host of applications ranging from directed self-assembly to photocatalysis. Some of these
salient applications were demonstrated in this chapter, though there is clearly still a lot of
progress to be made. Lastly, we described a recently reported light-induced synthetic
strategy which potentially expands the range of metals that can be deposited at the tips of
semiconductor nanorods. These developments collectively suggest that hybrid metal-
semiconductor nanostructures will continue to generate very active research interest from
both the standpoints of fundamental science and impactful applications.
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