
��������

����������������������

����������������������

�������������������������������������
��������
��
�	���������	���
��������
���������������������
�����	����������
�
������������������
������������������

�������	��������������
���	����	���
��������
���������
��������������������
��
��	�
���	���
�������������������������������
������������������•�
����
���	��
�����•�

�	��
������
�
�•������
������
��•���
���
������
����•��
��������������������
����
�
��
��
�������
��
�	������������������
�������������
������•������•�•��
��
��•�•��	���•�

•�
����	�•������•�•���������
��•������	���
������
�����������
��
�•��
����
�•�������������
������	����
�
����	������������������������

�������������������������

��
���
	��������������

��������



NANORODS 
 

�����]�š���������Ç Orhan Yalç�fn��
 
� 1 � 1

INTECHOPEN.COM



NANORODS 
 

�����]�š���������Ç Orhan Yalç�fn��
 
� 1 � 1

INTECHOPEN.COM



Nanorods
http://dx.doi.org/10.5772/2046
�(�G�L�W�H�G���E�\���2�U�K�D�Q���<�D�O�×�ê�Q

Contributors

P K Giri, Soumen Dhara, Babak - Sadeghi, Fei Liu, Mariana Chirea, Carlos M. Pereira, Antonio Fernando Silva, Mohamad 
Hafiz Mamat, Zuraida Khusaimi, Musa Mohamed Zahidi, Mohamad Rusop Mahmood, Oleg Kononenko, Chu-Chi 
Ting, Qiaoling Li, Masanobu Iwanaga, Sadegh Sadeghzadeh, Mahdi Moradi, Abdolhosein Fereidoon, Yinthai Chan, 
Sabyasachi Chakrabortty

© The Editor(s) and the Author(s) 2012
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Nanorods
�(�G�L�W�H�G���E�\���2�U�K�D�Q���<�D�O�×�ê�Q

p. cm.

ISBN 978-953-51-0209-0

eBook (PDF) ISBN 978-953-51-5609-3



Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

4,100+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

���›�‘�Š�—�1���Š�•�³�Í�—�1� �Š�œ�1�‹�˜�›�—�1�’�—�1���’�Â�•�Ž�ð�1���ž�›�”�Ž�¢�1�Š�—�•�1�œ�•�ž�•�’�Ž�•�1�’�—-
�˜�›�•�Š�—�’�Œ�1�œ�™�’�—�,���Ž�’�Ž�›�•�œ�1�œ�¢�œ�•�Ž�–�œ�ï�1�
�Ž�1�›�Ž�Œ�Ž�’�Ÿ�Ž�•�1�‘�’�œ�1���‘���1�•�Ž�•�›�Ž�Ž�1
�’�—�1���‘�¢�œ�’�Œ�œ�1�•�›�˜�–�1�	�Ž�‹�£�Ž�1���—�œ�•�’�•�ž�•�Ž�1�˜�•�1���Ž�Œ�‘�—�˜�•�˜�•�¢�ð�1�
�˜�Œ�Š�Ž�•�’�ð�1
���ž�›�”�Ž�¢�ï�1�
�Ž�1� �˜�›�”�Ž�•�1�Š�•�1�	�Š�£�’�˜�œ�–�Š�—�™�Š�ó�Š�1���—�’�Ÿ�Ž�›�œ�’�•�¢�ð�1�	�Ž�‹�£�Ž�1
���—�œ�•�’�•�ž�•�Ž�1�˜�•�1���Ž�Œ�‘�—�˜�•�˜�•�¢�ð�1���›�Œ�’�¢�Ž�œ�1���—�’�Ÿ�Ž�›�œ�’�•�¢�ð�1�Š�—�•�1���˜�£�˜�”�1
���—�’�Ÿ�Ž�›�œ�’�•�¢�ï�1���’�—�Œ�Ž�1���Š�—�ž�Š�›�¢�1�X�V�W�W�1���›�ï�1���Š�•�³�Í�—�1�’�œ�1�Š�—�1�Š�Œ�Š�•�Ž�–�’�Œ�1
�™�Š�›�•�—�Ž�›�1�˜�•�1�•�‘�Ž�1���’�Â�•�Ž�1���—�’�Ÿ�Ž�›�œ�’�•�¢�ï�1�
�’�œ�1�Œ�ž�›�›�Ž�—�•�1�›�Ž�œ�Ž�Š�›�Œ�‘�1

�’�—�•�Ž�›�Ž�œ�•�œ�1�’�—�Œ�•�ž�•�Ž�1�–�Š�•�—�Ž�•�’�Œ�1�—�Š�—�˜�œ�•�›�ž�Œ�•�ž�›�Ž�œ�1�û�–�Š�•�—�Ž�•�’�Œ�1�—�Š�—�˜� �’�›�Ž�œ�ð�1�–�Š�•�—�Ž�•�’�Œ�1
�—�Š�—�˜�™�Š�›�•�’�Œ�•�Ž�œ�1�Š�—�•�1�–�Š�•�—�Ž�•�’�Œ�1�—�Š�—�˜�1���,�›�’�—�•�ü�ð�1�•�Ž�›�›�˜�–�Š�•�—�Ž�•�’�Œ�1�›�Ž�œ�˜�—�Š�—�Œ�Ž�ð�1�–�’-
�Œ�›�˜� �Š�Ÿ�Ž�1�•�Ž�Œ�‘�—�˜�•�˜�•�¢�ð�1�Š�—�•�1�œ�™�’�—�,���Ž�’�Ž�›�•�œ�1�œ�¢�œ�•�Ž�–�œ�ï�1���›�ï�1���Š�•�³�Í�—�1�‘�Š�œ�1�™�ž�‹�•�’�œ�‘�Ž�•�1�Š�1
�—�ž�–�‹�Ž�›�1�˜�•�1�™�Š�™�Ž�›�œ�1�’�—�1�“�˜�ž�›�—�Š�•�œ�1�•�’�œ�•�Ž�•�1�’�—�1�•�‘�Ž�1���Œ�’�Ž�—�Œ�Ž�1���’�•�Š�•�’�˜�—�1���—�•�Ž�¡�1�Š�—�•�1�œ�Ž�Ÿ�Ž�›�Š�•�1
�’�—�Ÿ�’�•�Ž�•�1�Œ�‘�Š�™�•�Ž�›�œ�1�’�—�1�‹�˜�˜�”�œ�1�›�Ž�•�Ž�Š�œ�Ž�•�1�‹�¢�1�’�—�•�Ž�›�—�Š�•�’�˜�—�Š�•�1�™�ž�‹�•�’�œ�‘�Ž�›�œ�ï�1



 
��

 

�
�

�
�
���������
 

�������� ���

���������  ��������������������� ���
����������������
�����
��
	�
�����	�	�������
���������	��� ��
������������������
�
��
�
 �

��������	  ��������������•
�•����������•�	��•����•���	���
����
��•�••���������	�� ••�•�•	�����������������
•
	�� 	••��­���
����•� �	��•€��‚�
�•��
�	ƒ��� „„�
������
��
���

���������  ������������…�����
��	� �­��•���•���• ����
•�†�����•
��•�•�€��‚�
����•���•��
•�••��	���������•••	���	�������������	���� ‡��
������
����������•�•����•�•
�•���
�•�
•����•�•
�•����� •�������•�•
����
�•�
•�����•
��� �����������•�����•�•
�­
��� �

��������€  •�••���	����•��•��	���������ˆ•������
	������••	��������������������•
�	���•••	���	��� ‰‡�
‚�����ƒ��„…������

��������†  �����������������������
��	������	���
�•������	�•���	�������••€� •������••���	������
����
�����•����	�•����
���������� 	�����������•••	���	���� Š„�
‚�������‡�ˆ
‰�‚����•�Š���
��������
�
•�
‚����‚�������Š��
�
 �����‚�������•�����‚�������

��������‹  ����
��	�������•••	���	��������������� ��‰�
•�ƒ���������
 �

��������Œ  •
�����•��������‹	�
	��
��•�	•������� 	••�����€�•����������� �ŒŠ�
‚��
������
���•��������‚
����
�������•
­���������
� � �

��������Ž  ���•����	�������•
�������	Ž��	������€�•����������� �‡Š�
‘
���
���’
�����“��������� �











1 

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 th e recent achievements on the controlled growth 
of vertically aligned ZnO NRs arrays and hete rostructures by our group and other research 
groups. Then we will describe the basic properti es 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 photodetecti on 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 c, in the ratio of c/ a=1.633 and belongs to the space group of C6�Î4or P63mc. 
The hexagonal lattice of ZnO is characterized by two interconnecting sublattices of Zn 2+ and 
O2-, 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 th ese 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 grow th 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 a ssistance 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(CH 3COO)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 perfor med 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 re move 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 sh ows 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. 
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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. 
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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 a ll 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 in organic 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 w ill 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 grow th 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 rati o 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 diam eter of the NRs varies in the range of 100-200 
nm with a length up-to 1µm. Although the ZnO NRs are grown vertic ally 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.  
 

 

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 wi th 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 nanowi res 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 loca tion, 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 si ze 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 expre ssion for the NR growth rate was obtained by 
materials’ balance in the liquid droplet and gr owth 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 catalyze d 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 Al2O3 substrates by using Cu or NiO or tin as catalyst (Li et al., 2003; Lyu 
et al., 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 micr ons. 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 transp ort 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 nucl eation 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 ultrathi n 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. Th e 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.  

 

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 fi nal 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 el ectronic 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 3)2 and hexamethylenetetramine (HMT) 
(Boyle et al., 2002; Vayssieres, 2003; Tak & Yong, 2005; Song & Lim, 2007). In this case, 
Zn(NO 3)2 provides Zn 2+ 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 �Ím. 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 �Ím. However, without the 
additive PEI, the length of the NRs was not more than 5 �Ím. Guo et al. (Guo et al., 2011b) 
studied the factors influencing the size, morp hology 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(II) 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(II) to form 
Zn(NH 3)42+ (Greene et al., 2006). Because dehydration of the zinc hydr oxide 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 HM T and ammonia can kinetically 
control species in solution by coordinating  to zinc(II) 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 na nocrystal 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 NR s 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¨r k 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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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. 
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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¨r k et al., 2002; Gudiksen et al., 
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nanowires/NRs using several organic/inorganic materials (Bera & Basak, 2009a; Liu et al., 
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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 
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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 
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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 ap plication 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 d iluted 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 heterost ructures 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 fabr ication. 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. Lo w–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 reduct ion 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 Å. 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. 

Fig. 7. XRD patterns of the mechanosynthesized ZnO NRs with reaction time: (a) 30 min, (b) 
2 h, and (c) 5 h. 
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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 Å. The measured lattice spacing is in close agreement with the 
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shown) of the corresponding NR show the one–dimensional single–crystalline structures of 
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Fig. 7. XRD patterns of the mechanosynthesized ZnO NRs with reaction time: (a) 30 min, (b) 
2 h, 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 stro ng (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 analys is, 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.  
 

 

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 Zn O 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 redshi ft 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). 
 

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-III) in the UV–blue region and one strong br oad 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 stat es (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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The room temperature PL spectra of the mechanosynthesized NRs show three distinct peaks 
(I-III) in the UV–blue region and one strong br oad 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 stat es (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-indu ced 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 III 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 th e decrease in growth 
temperature. The lower intensity of NBE emissi on 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 
 

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 signif icantly enhanced when it is exposed to the 
light with wavelength below 380 nm. Using th is 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 �8OFF�9 and the UV exposed state as �8 ON�9. In the step 
towards the efficient and faster photodetecti on 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 extern al 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 SiO2 /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 gr aphene, 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 de tail 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 
Type 

Light of 
Detection 

(nm) 

Bias 
(V) 

Maximum 
Photosensitiv

ity 

Photosensitivity 
enhancement 
factor from 
unmodified 

photodetector 

Reference 

Nanowire Resistor 365 5 104-106 – (Kind et al., 2002) 

Nanorods Resistor 325 2 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 5 104 – (Soci et al., 2007) 

Nanowires arrays Resistor 325 3 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 4 1800 ~9.4 (Lin et al., 2009) 

Nanowires arrays Resistor 370 3 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 2.5 24200 ~5.4 (Dhara & Giri, 
2011a) 

Nanorod Resistor 370 20 – ~3.0 (Chang et al., 2011) 

Nanowires n-i-n 
junction 

365 -5 1345 – (Kim et al., 2011a) 

Nanorods 
(interdigitated) 

Resistor 379 5 12.1mA/W – (Guo et al., 2011a) 

Nanowires arrays Resistor 360 5 7600 ~2.2 (Bera & Basak, 
2011) 

Nanowire FET 365 0.4 106 ~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 I–V characteristics 

Recently we have shown that presences of native surface defects (oxygen vacancies) could 
be identified from the dark I–V curves (D hara & Giri, 2011a). The charge-depletion layer 
induced by surface adsorption of oxygen molecules completely controls the charge transport 
in NRs, if the diameter of th e NRs is comparable to the depletion layer thickness. Another 
important step in determination of the elec trical 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 al so 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 arou nd 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 treate d 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.  
 

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 struct ural 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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Morphology Device 
Type 

Light of 
Detection 

(nm) 

Bias 
(V) 

Maximum 
Photosensitiv

ity 

Photosensitivity 
enhancement 
factor from 
unmodified 

photodetector 

Reference 

Nanowire Resistor 365 5 104-106 – (Kind et al., 2002) 

Nanorods Resistor 325 2 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 5 104 – (Soci et al., 2007) 

Nanowires arrays Resistor 325 3 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 4 1800 ~9.4 (Lin et al., 2009) 

Nanowires arrays Resistor 370 3 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 2.5 24200 ~5.4 (Dhara & Giri, 
2011a) 

Nanorod Resistor 370 20 – ~3.0 (Chang et al., 2011) 

Nanowires n-i-n 
junction 

365 -5 1345 – (Kim et al., 2011a) 

Nanorods 
(interdigitated) 

Resistor 379 5 12.1mA/W – (Guo et al., 2011a) 

Nanowires arrays Resistor 360 5 7600 ~2.2 (Bera & Basak, 
2011) 

Nanowire FET 365 0.4 106 ~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 I–V characteristics 

Recently we have shown that presences of native surface defects (oxygen vacancies) could 
be identified from the dark I–V curves (D hara & Giri, 2011a). The charge-depletion layer 
induced by surface adsorption of oxygen molecules completely controls the charge transport 
in NRs, if the diameter of th e NRs is comparable to the depletion layer thickness. Another 
important step in determination of the elec trical 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 al so 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 
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data could give detailed information about the mechanism of current conduction process. 
There is a crossover point of linear fitting arou nd 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 treate d 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.  
 

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 struct ural 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 (mec hanism is explain in next sub-section). The 
time-dependent PC growth and decay curves are fitted with the following equation (Dhara 
& Giri, 2011a),  

 ���� ��
��

��
�� ���������� �� tt

ph eAeAItI �� ����   (1)
 

 ���� ��
��

��
���������� �� tt

phph eAeAItI �� ����   (2)
 

where I, A1, A2, A3 and A4 are positive constants and Iph(�’)  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 �Õ1 = 25.7 s and �Õ2 = 347.9 s for 
PC growth, �Õ3 =19.3 and �Õ4 =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 
[O2(g)+e�ï�D O2�ï] 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 [h�Î�De�ï+h+] by 
light absorption. Now these electrons/holes eas ily cross the depletion layers and contribute 
to the photoconduction process. At the same time, holes take part in the oxidization of 
ionized oxygen (O2- +h+�DO2(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 el ectrons. 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. 
 

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 improv ed by a factor of approximately 2. After 
RTA at 800°C, the PC at 369 nm reaches a maximum value of 84.1 �ÍA (Fig. 17) from that of 
9.6 �ÍA for the as-grown NWs, results in a sensitivity value of 24.2 × 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. 
 

 

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. 

 

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 improvemen t 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 photocu rrent increases to 50 µA from 4 µA, 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. Du e 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 a pplication. Here, the anthracene has strong 
absorption in the UV region, when it is excited with UV light th e photoexcited charge 
carriers transfer to the conduction band of  ZnO NRs. This process results in high 
photocurrent and consequent higher photosensitivity. Modification/r eduction of surface 
defects related traps by anthracene capping is also responsible for the obtained very high 
photocurrent.  
 

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 gr eater 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 absorp tion 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 ar e 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. Un der 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). 
 

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 in creases 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 Zn O 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 µA . Although the obtain ed 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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Fig. 19. Photoresponse behavior (at 360 nm) of the ZnO/anthracene based NRs 
heterostructure in a repetitive UV light “ON” and “OFF” conditions. 
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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 in creases 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 Zn O 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 µA . Although the obtain ed 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. 
 

 

Fig. 21. Photoresponse behaviours of the as-grown NRs and Au NPs decorated Au/ZnO 
NRs heterostructures under the illu mination of 365 nm UV light.  

 

Fig. 22. Photoresponse behaviours of the as-grown NRs and Ti NPs decorated Ti/ZnO NRs 
heterostructure under the illumi nation 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 di fferent systems are also presented. These 
understanding will help to design and fabric ate 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, c = 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 (Özgür et  al., 2005), and high refractive index (n550 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 (Vay ssieres, 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(NO 3)2  6H2O] 
and methenamine (C6H12N4) 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, gr owth 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 (L i et al., 2005; Lee et al., 2007; Tak & Yong, 
2005; Vayssieres, 2001, 2003). 

It is noted that the surface morphology of Zn O 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., TiO2, SiO2, SnO2, and 
ZrO 2) 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 pr epared by sputtering methods. Although there 
are extensive reports on the structural and physical properties of ZnO nanorod thin films 
prepared by solution methods, few report s 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 te mperatures, 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 2H4OCH3, 99.5%, Merck) and 
monoethanolamine (MEA, HOC 2H4NH 2, �  99%, Merck) with molar ratio of Zn/2-
MOE/MEA= 1/21/1 were first added to zinc acetate [Zn(CH 3COO)2, 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 1 00 °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 nanoro d thin films, the ZnO seed-layer substrates 
were deposited in the Zn2+ aqueous solutions which were compose of the mixture of zinc 
nitrate [Zn(NO 3)2  6H2O, �  99%, Merck], hexamethylenetetramine (HMT, C6H12N4, �  99 %, 
Merck), and H 2O with molar ratio of Zn/HMT/H 2O=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 he ated at 75 °C for 1.5 h. After ZnO nanorods 
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growth, the ZnO nanorod thin film was remove d 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. 

 
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 �Â-step profile meter (KLA-Tencor, Alpha-
Step IQ). 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 
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of growth routes, i.e., multiple-stepwise and on e-step route, were used. However, the most 
compact and densest ZnO nanorod thin film wi th 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  

 
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 sim ilar 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 nanoro ds. In addition, some ZnO nanorods do not 
vertically align very well and they ar e 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-s tepwise 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). 

 
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 aggr egated 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) pa tterns of ZnO nanorod thin films fabricated 
under growth temperatures, growth time, mult iple-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.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. XRD patterns of ZnO nanorod thin film s 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 na norod 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 discu ssed 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 po wder value (34.42°) and shifts toward higher 
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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 na norod 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 concentratio n 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 in creases, 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 su pply 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). 

 � �2 4 2 36
CH N +6H O 6HCHO+4NH�  (1) 

 3 2 4NH H NH OHO � �� ��R  (2) 

 � �
2

2s2OH Zn ZnO +H O� �� �  (3) 

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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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 aggr egated 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) pa tterns of ZnO nanorod thin films fabricated 
under growth temperatures, growth time, mult iple-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.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. XRD patterns of ZnO nanorod thin film s fabricated under the conditions of 0.05 M, 
seed-layer grain size of ~20 nm, multiple-stepwise route, and different growth 
temperatures/time. 
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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 discu ssed 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 po wder value (34.42°) and shifts toward higher 
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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 na norod 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 concentratio n 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 in creases, 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 su pply 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). 
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 3 2 4NH H NH OHO � �� ��R  (2) 
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2s2OH Zn ZnO +H O� �� �  (3) 

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 na norods (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 gr ain 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 nano rods 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. 

 
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 fo r 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 tr ansmission 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 additi on, 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, in clined 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 (n) of the ZnO nanorod thin films we re 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 (n at �Ì = 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 ti me is considered as a result of the increase in compactness 
and crystallinity, which is consistent wi th previous XRD and SEM investigations. 

In order to evaluate the extent of porosity pr esenting 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). 

 n
4 2 2

2 v v b
f 2 2

v b

(1 - ) + (1 + )
=

(1 + ) + (1 - )

P n P n n

P n P n
 (4) 

where P is expressed as the packing density. The nf, nv and nb are the refractive indices of 
the porous films, the voids ( nv=1or empty voids) and the bu lk 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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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 tr ansmission 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 additi on, 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, in clined 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 (n) of the ZnO nanorod thin films we re 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 (n at �Ì = 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 ti me is considered as a result of the increase in compactness 
and crystallinity, which is consistent wi th previous XRD and SEM investigations. 

In order to evaluate the extent of porosity pr esenting 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). 
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where P is expressed as the packing density. The nf, nv and nb are the refractive indices of 
the porous films, the voids ( nv=1or empty voids) and the bu lk 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 qu oted from some published reports. According to an 
investigation by Moustaghfir et al., the refractive index (n at �Ì = 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 condit ions of a working pressure of 1 Pa, a r.f. 
power density of 0.89 Wcm-2, Ar-O 2 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 1.33×10 -2 m bar, a r.f. power of 500 
W, Ar-O 2 ratio 40: 60, and the substrate temperature of room temperature (RT)  by Mehan et 
al. revealed that the refractive indexes (n at �Ì = 550 nm) were 1.980 (neb: extra ordinary 
refractive index ) and 1.963 (nob: ordinary refractive index), as well as packing densities were 
0.986 and 0.978  (extra ordinary refractive index of bulk ZnO, neb = 2.006, and ordinary 
refractive index of bulk ZnO,  nob = 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 thic kness 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. 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 qu oted from some published reports. According to an 
investigation by Moustaghfir et al., the refractive index (n at �Ì = 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 condit ions of a working pressure of 1 Pa, a r.f. 
power density of 0.89 Wcm-2, Ar-O 2 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 1.33×10 -2 m bar, a r.f. power of 500 
W, Ar-O 2 ratio 40: 60, and the substrate temperature of room temperature (RT)  by Mehan et 
al. revealed that the refractive indexes (n at �Ì = 550 nm) were 1.980 (neb: extra ordinary 
refractive index ) and 1.963 (nob: ordinary refractive index), as well as packing densities were 
0.986 and 0.978  (extra ordinary refractive index of bulk ZnO, neb = 2.006, and ordinary 
refractive index of bulk ZnO,  nob = 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 thic kness 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 co nditions 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 photolumi nescence (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 f ilm 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 film s have similar thickness (~800 nm) and XRD 
diffraction intensities but the UV intensities ar e quite different. Therefore, the crystallinity of 
well-shaped hexagonal ZnO nanorod films prepar ed 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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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 (�Â) by  

 ��.h�� h�� 1/2
g= const ( - E )  (5) 

Here we assume the absorption coefficient �Â=(1/ d)ln(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 (�Âh�Î)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 thickn esses 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 redshift ed from 3.3 to 3.2 eV with an increase of 
grain size from 21 to 64 nm, which could be attributed to the quantu m confinement effect 
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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 co nditions 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 photolumi nescence (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 f ilm 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 film s have similar thickness (~800 nm) and XRD 
diffraction intensities but the UV intensities ar e quite different. Therefore, the crystallinity of 
well-shaped hexagonal ZnO nanorod films prepar ed 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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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 (�Â) by  

 ��.h�� h�� 1/2
g= const ( - E )  (5) 

Here we assume the absorption coefficient �Â=(1/ d)ln(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 (�Âh�Î)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 thickn esses 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 redshift ed from 3.3 to 3.2 eV with an increase of 
grain size from 21 to 64 nm, which could be attributed to the quantu m confinement effect 
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(Wang et al., 2003). Although many factors influence the variat ion 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. 

 
Fig. 10. (�Âh�Î)2 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 io n concentrations, growth temperatures, growth 
time, growth routes, and ZnO seed-layer morpho logies. The higher zinc ion concentrations, 
growth temperature, and growth time can indu ce 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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(Wang et al., 2003). Although many factors influence the variat ion 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. 

 
Fig. 10. (�Âh�Î)2 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. 
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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 
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1. Introduction  

Zinc oxide (ZnO)  is a unique functional semi conductor 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 (Özgür 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 properti es. 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, nanowi res, 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-so lid (VLS) process (Zhao et al., 2003), metal-
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1. Introduction  

Zinc oxide (ZnO)  is a unique functional semi conductor 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 (Özgür 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 properti es. 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, nanowi res, 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-so lid (VLS) process (Zhao et al., 2003), metal-
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organic chemical vapor deposition (MOCVD) (Park & Yi, 2004) or sol-gel process (Krumeich 
et al., 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 grow th from the salt mixture is promising method for doping of 
ZnO nanorods by transition me tals 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-typ e 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 103 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 vert ical alignment grow at the beginning and in 
the middle of the growth zone. A more detail anal ysis 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 vertica lly 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 pr oceeds by VLS process under the conditions 
of our experiment. In the initial step nanodr ops 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 duri ng 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, irrespec tive 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).  

  
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.  

 
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. 
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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. 

 
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.  



 
Nanorods 

��

54

grown nanorods were of high quality, irrespec tive 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).  

  
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.  

 
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 

 
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. 

 
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.  



 
Nanorods 

��

56

 
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. ZnO nanorod p-n homojunction  

Stable and reproducible p-type ZnO for fa bricating 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 on ly 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. 6. SEM (top) and CL (bottom) images of a ZnO nanorod array grown by the elemental 
vapor-phase synthesis. 



 
Nanorods 

��

56

 
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. ZnO nanorod p-n homojunction  

Stable and reproducible p-type ZnO for fa bricating 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 on ly 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.  

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

��

57 
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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 volt age (Kononenko et al., 2009).  

4. ZnO nanorod p-n heterojunction  

As the inversion of n-type conductivity to p-ty pe 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 2O2, CuAlO 2, GaN and NiO (Ohta & Hosono, 2004). The 
fabrication of hybrid heterojunc tion 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 10–4–10–5 Torr. In 
addition, a high enough (on the order of 10 19 - 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. 

 
Fig. 9. CL spectrum of medium-time annealed Sb-doped ZnO nanorod arrays grown on n +-
Si (100) substrate. 



 
Nanorods 

��

58

 
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 volt age (Kononenko et al., 2009).  

4. ZnO nanorod p-n heterojunction  

As the inversion of n-type conductivity to p-ty pe 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 2O2, CuAlO 2, GaN and NiO (Ohta & Hosono, 2004). The 
fabrication of hybrid heterojunc tion 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 10–4–10–5 Torr. In 
addition, a high enough (on the order of 10 19 - 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).  

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

��

59 

 
Fig. 8. CL spectrum of short-time annealed Sb-doped ZnO nanorod arrays grown on n +-Si 
(100) substrate. 

 
Fig. 9. CL spectrum of medium-time annealed Sb-doped ZnO nanorod arrays grown on n +-
Si (100) substrate. 



 
Nanorods 

��

60

 
Fig. 10. CL spectrum of long-time annealed Sb-doped ZnO nanorod arrays grown on n +-Si 
(100) substrate. 

 
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 puri ty Ni in an oxygen atmosphere at a partial 
pressure of 10-5 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 puri ty 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 hete rostructure 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(3,4-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 conduc tivity having sufficiently good rectifying 
characteristics. Figure 13 shows the I-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 approxim ately a factor of 2.5 larger 
than the dark current at a given voltage. 



 
Nanorods 

��

60

 
Fig. 10. CL spectrum of long-time annealed Sb-doped ZnO nanorod arrays grown on n +-Si 
(100) substrate. 

 
Fig. 11. The current-voltage characteristics of the Sb-doped ZnO nanorods diode. 

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

��

61 

 
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 puri ty Ni in an oxygen atmosphere at a partial 
pressure of 10-5 Torr on Si (100) substrate. Vertically aligned ZnO nanorods were grown by 
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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 conduc tivity having sufficiently good rectifying 
characteristics. Figure 13 shows the I-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 approxim ately 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. 

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.  

    
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.  

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

��

63 

4.2 Inorganic-organic hybrid diodes  

Figure 15 shows the I-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 volt age 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.  

    
Fig. 15. I-V characteristics of the inorganic-organic pn-heterojunction diode under dark and 
UV-illumination conditions at room temperat ure (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 grow th from the salt mixture is promising method for doping of 
ZnO nanorods by transition me tals and acceptor dopants.  

ZnO nanorods were prepared by thermal grow th from the solution processed precursor 
using a freeze drying and milling technique (Bar anov 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(NO 3)2 and Mn(CH 3COO)2 in a Zn/Mn mole ratio of 50/1 
(sample Mn2) was vigorously mixed with excessive amount of 2M (NH 4)2CO3 solution. 
Aqueous solution for the second sample (MS) was prepared from Zn(NO 3)2 6H20, 
Mn(CH 3COO)2 4H2O and SnCl2 2H2O in a Zn/Mn/Sn mole ratio of 20/1/1. A few drops of 
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concentrated nitric acid were added to avoid hydrolysis of SnCl 2 at dissolution. Then the 
solution was precipitated by excessive amount of 2M aqueous (NH 4)2CO3 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 Zn2(OH) 2CO3•xH 2O (ZCH) 
composed of 50 nm diameter amorphous nanofibres. Mixture of the Zn-containing 
precursor with NaCl/Li 2CO3 salt composition in a 0.5/9/1 weight ratio was milled for 12 h 
in zirconia jar with zirconia balls using Pulv erisette 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 plac ed onto dense paper filter and salts were 
washed many times by water. Supernatant solution was checked on the absence of Cl- 
anions by reaction with aqueous solution of AgNO 3.  

For the synthesis of iron doped nanorods we prepared aqueous solutions of Zn(NO 3)2 and 
Fe(NO3)3 salts  in a Zn/Fe mole ratio of 100/3 (sam ple 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. SbCl3 was added to the hot tartar acid solution and dissolved upon boiling in 
accordane with reaction:  

3 2 4 4 6 4 4 6 33 ( ) 3SbCl H C H O Sb HC H O HCl� � � . 

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 �ú 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 distri bution of Mn and Sn io ns 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 
(CuK�Â.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-Li2CO3-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 � m in length. The size and the 
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shape of the nanorods correlate well with th e 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.  

 

 
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.  

 
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) Å and c=5.1981(8) (M2 sample), and a = 
3.234(2) Å and c= 5.179(4) nm Å (MS sample) were calculated from XRD data. These 
parameters differ slightly from those of bu lk ZnO (a = 3.2498(9) Å and c = 5.20661(15) Å). 
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 indi vidual 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 na nowires. Electrical 
transport properties of the nanorods were stud ied by applying to the electrodes quasi-dc 
voltage 0�ˆ3�ˆ  –3�ˆ 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. 

 
Fig. 20. I-V characteristics of a ZnO:2%Fe,Li nanowire for a voltage sweep from 0�f3�f-3�f0 
V.  

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 litho graphy 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 electr odes 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 cu rrent ratio in both FETs as large as 105.  

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-ch annel 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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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 cu rrent ratio in both FETs as large as 105.  

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-ch annel 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 oper ational modes can lead to wide applications 
for the logic circuits (Park et al., 2005).  

 
Fig. 22. Output characteristics (IDS-VDS) for Cr-doped nanorod n-channel enhancement-mode 
FET. 

 
Fig. 23. Output characteristics (IDS-VDS) 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 an d 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 luminescence 
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 interest ing 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 aggreg ations 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 (FDT D), 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 
(García 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 w ill 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 th an 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-dielec tric interface. Periodic structures enable to 
reduce the original SPP into the first Brillouin zo ne; 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 extraordinar y 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 work ing 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 oscillat ions 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) pl asmonic 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 descr ibed, 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. Furthe rmore, 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 �þ et al., 1998). The permittivity of transparent dielectric was 
set to be typical values: that of air is 1.00054 and that of SiO2 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 

��������������������������������������������������������������������������������������������������
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 representa tion. 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 wavele ngth. 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 intuit ive expression results in to derive transfer 
matrix (Markoš, 2008). Practically, transfer matrix method is no t useful because it includes 
exponentially growing factors. To eliminate th e 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�D�’.  
 

 
, 0, 1, 2, ,

( , ) exp( 2 / 2 / )mn x y x ym n L
E x y E ik x ik y im d in d� �

� � � �
� � � ��¦ �"  (1) 

In equation (1), 2D periodic structure of the periodicities of dx and dy is assumed and 
incident wave vector has the components kx and ky. The term Emn 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 dy 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 comp uted 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, computat ion time is much shorter; in case of Fig. 
3, it took about ten seconds to complete the simulation.  

 
Fig. 1. Schematic drawing of an efficient 1D plasmonic light absorber of Ag nanorod array 
on SiO2 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 re solving 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 SiO2 (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 100×50 nm2. The other nanorods have the xz square sections of 50×50 nm2.  
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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 distribution s. 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 k in are in the xz plane) as 
shown in Fig. 1, keeping the polarization to be p polarization, that is, incident electric-field 
vector Ein 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 y), plasmonic states stemming from SPPs are not excited. Absorbance spectra under 
p polarization at incident angles �É 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 �É is defined by the sign 
of x-component kin,x(=|k in|sin �É) of incident wave vector. Absorbance A in % is defined by  
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where Rn and Tn are nth-order reflective and transmi ssive diffractions, respectively. R0 
denotes reflectance and T0 stands for transmittance. We computed linear optical responses 
Rn and Tn by the Fourier modal method described in section 2.1, and evaluated A by use of 
equation (2). The symbols R0 and T0 are respectively expressed simply as R and T from now 
on. In the 1D structure in Fig. 1, since the periodicity is 250 nm, Tn and Rn for n �• 0 are zero 
for �É = 0° in Fig. 2(a) and zero for �É = -40° at more than 525 nm.  

In Fig. 2(a), absorption significantly increases at �É = -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.  

 
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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2.2 Electromagnetic-field distributions 

Electromagnetic-field distributions were comp uted 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, computat ion time is much shorter; in case of Fig. 
3, it took about ten seconds to complete the simulation.  

 
Fig. 1. Schematic drawing of an efficient 1D plasmonic light absorber of Ag nanorod array 
on SiO2 substrate, which was found based on the search using genetic algorithm. Plane of 
incidence is set to be parallel to the xz plane.  
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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 do es not appear at this wavelength.  

The T spectrum in Fig. 2(b) exhibits asymmetric distribution for incident angles �É, indicating 
that the structure in Fig. 1 is optically deeply asymmetric. In contrast, the R spectrum is 
symmetric for �É and the relation of R(�É)=R(-�É) is satisfied; the property is independent of 
structural symmetry and is known as reciprocit y (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 po wer-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 �É = -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 examin e 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 Ein=(sin(-40°), 0, cos(-40°)) at the left-top corner position. The 
propagation direction of incidence is indicated by arrows representing incident wave 
vectors k in. To show a wide view at the oblique in cidence, 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 collect ive 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. Obliq ue incidence is seen at the top of the panel 
and the power flow successfully turns around the nanorods, going into SiO 2 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) ar e 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 li ght 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 su bstrate, 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 li ght 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 
SiO2 and has to be redesigned because the permittivity of SiO 2 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 th rough a concrete 1D periodic structure of 
nanorod array. Since genetic algorithm search is robust and applicable to issues one wants 
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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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are shown with arrows on the top. (b) Time-averaged electromagnetic power flow of z 
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that incident light effectively travels into su bstrate, 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 
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As is widely known, management of incident li ght 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 
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to find solutions (Goldberg, 1989), we positive ly think of finding plasmonic structures for 
photovoltaic applications.  

In further search, 2D structures will be the targ ets, 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 nanofabr ication 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.  

 
Fig. 4. Schematic drawing of 2D periodic Ag nanorod arrays on SiO2 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 th e 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 procedur e 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 

 
Collective Plasmonic States Emerged in Metallic Nanorod Array and Their Application 

��

83 

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 50×50 nm2 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. 

 
Fig. 5. Unit cell structures and the optical spectra of free-standing Ag nanorod array on SiO2 
substrate. Grey denotes Ag nanorod of 50×50 nm2 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 �Ù = 45° are shown with solid and thin lines, 
respectively. T and R spectra at �Ù = 135° are represented with dashed and dotted lines, 
respectively. 

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

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

T spectra at �Ù = 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 �Ù = 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 �Ù = 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 �Ù = 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 �Ù = 45° and 135°. T spectra at �Ù = 45° and 135° 
are shown with blue solid and blue dashed lines , respectively. It is first to be noted that T 
spectra at �Ù = 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 fini te thickness of the periodic structure, suggesting that the 2D 
structure for �Ù = 135° is transparent due to off resonance. In contrast, T spectra at �Ù = 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 stru cture 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). Inci dent 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 �Ù = 
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 Ein = -(sin(45°), 
cos(45°), 0) in Fig. 7(a) and by Ein = (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 �Ù = 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 �Ù = 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 
SiO2 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 �Ù = 45° and 
135° are shown with solid and dashed lines, respectively.  

Incident power was set to be 2.56×102 W/m 2 at the input xy port and the corresponding 
electric-field intensity was 4.39×102 V/m. The resonant electric field at the vicinity of 
nanorod array reaches 4.6×103 V/m at the maximum and shows about tenfold enhancement; 
the scale bar has the maximum of 8.2×102 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 �Ù = 45°; (b) 1770 nm and �Ù = 135°. Left: 3D views of the unit domain. Right: 
the xy sections, indicated by cones in the left panels.  

Efficient polarizers selecting polarization vect ors are one of the key elements to realize 
various subwavelength optical devices. An other 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 
SiO2 and made thin along the layers. Thickness of each Ag and SiO2 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 �Ù is defined similarly to Fig. 5(a).  

To clarify the basic optical proper ties of the multilayer structure, R spectra at �Ù = 0° and 90° 
under normal incidence are shown in Fig. 8(b). For simplicity, the thickness is assumed to be 
sufficiently thick to eliminat e interference pattern in R spectra. For �Ù = 0° (that is, Ein is 
parallel to the x axis), the structure shows small R (red dashed line) and is transparent. For 
�Ù = 90° (that is, Ein 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 wh ereas, 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 �Ù = 0° (dashed line) 
and �Ù = 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 artifici al 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 circ ular 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 writte n in units of nm. Grey denotes Ag and pale 
blue SiO2. 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 �Ô is defined 
by the following equation.  
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When �Ô = 1, the optical device is optimized for RHC and when �Ô = -1, it is done for LHC. In 
Fig. 9(c), the �Ô 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.  

 
Fig. 9. Circular dichroic device I of subw avelength 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 �Ô, defined by 
equation (3). (d) Polarization of transmitted light.  

Figure 9(d) presents polarization of transmitte d 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 �Ù = 45° by using azimuth angle �Ù.  

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 SiO2. 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 polariza tion of transmitted lig ht 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 
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suppressed. In Fig. 10(c), the degree of circular dichroism �Ô is shown, evaluated by equation 
(3). Almost ideal circular dichroism is realiz ed at 855 nm, indicated by a red arrow in Fig. 
10(b).  

 
Fig. 10. Circular dichroic device II of subw avelength thickness. (a) Stacked subwavelength 
structure transforming circular into counter-ci rcular polarizations. (b) Transmittance spectra 
under RHC (solid line) and LHC (dashed line). (c) Degree of circular polarization �Ô, defined 
by equation (3). (d) 3D plot of the trajectory  of polarization of transmitted light with wave 
vector k t; 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 th e left-handed direction along the transmitted 
wave vector k t. 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 ofte n 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 su ggest 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 structur e 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 signific antly 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 di scussed 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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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 su ggest 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 structur e 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 signific antly 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 di scussed 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 devi ces. 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 photocondu ctive 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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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 devi ces. 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 photocondu ctive 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 transparen t 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 nanostructur es 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 applicat ions (Lee et al., 2009, Galoppini et al., 2006, 
Park et al., 2011, Hullavarad et al., 2007).   

UV photoconductivity, where th e 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 carrier s. 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 electric al 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 film s with resistivities from 5 x10 4 to 1 x109 �Ÿ cm and 
revealed that the preparation of ZnO films wi thout oxygen exposure in an RF sputtering 
chamber produced a UV detector with higher sensitivity at thicknesses below 250 nm than 
ZnO films with oxygen ex posure. 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-f ilm-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 lig ht 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 redu ced slightly compared to the 
undoped ZnO film, which improved the UV sensor sensitivity. 

Zheng et al. developed a photoconductive ultrav iolet 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 ph otoconductive 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 in terfaces 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 �Ím. 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 
�Ím, 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 le ngth. 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 10-3 µA, a low power consumption of 2.45 µW, 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 µm wide, 
500 µm long, and on a pitch of 2 µm. 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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meV) or the thermal energy at room temperature (26 meV). ZnO is naturally an n-type 
semiconductor material that is very transparen t 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 nanostructur es 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 applicat ions (Lee et al., 2009, Galoppini et al., 2006, 
Park et al., 2011, Hullavarad et al., 2007).   

UV photoconductivity, where th e 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 carrier s. 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 electric al 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 film s with resistivities from 5 x10 4 to 1 x109 �Ÿ cm and 
revealed that the preparation of ZnO films wi thout oxygen exposure in an RF sputtering 
chamber produced a UV detector with higher sensitivity at thicknesses below 250 nm than 
ZnO films with oxygen ex posure. 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-f ilm-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 lig ht 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 redu ced slightly compared to the 
undoped ZnO film, which improved the UV sensor sensitivity. 

Zheng et al. developed a photoconductive ultrav iolet 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 ph otoconductive 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 in terfaces 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 �Ím. 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 
�Ím, 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 le ngth. 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 10-3 µA, a low power consumption of 2.45 µW, 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 µm wide, 
500 µm long, and on a pitch of 2 µm. 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 poro sity (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 surf ace area of the sensing element. Research has 
also emphasised prolonging the carrier lifetim e 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 mobilit y nanostructures are needed for good device 
performance. 

3. ZnO 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 pr omoted 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. Moreov er, 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 
et al., 2010): 
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 2 2O e O� �� �    (1)  

where O2 is an oxygen molecule, e- is a free electron, and 2O� 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: 

 hv h e� �� �    (2) 

where hv is the photon energy of UV light,  h+ 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: 

 2 2O h O� �� �      (3) 

This condition leaves behind the electron of the pair, which increases the conductivity of the 
nanostructures. When the illumination is turn ed 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 sing le-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 consumptio n 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 µm and a length of 20-200 µm. 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 µm we re used. They showed that the single 
nanowire had a good response to UV light, wh ere the resistance decreased from 52.4 to 48.0 
k�º 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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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, AlN nanostructures should deserve paid much attention due to their 
high melting-point (> 2300 oC), 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 AlN 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 
AlN nanostructures, there still exist many techni que questions, which need to be solved as 
soon as possible. Firstly, the controlled growth of large area AlN 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 AlN nanostructures is not enou gh, 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 AlN 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 th at different morphologies of AlN 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. 
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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 

 
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 Mi ses 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 (Mor adi 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. 

 
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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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 pi oneering work of Rossetti et al at Bell Labs1 and 
Ekimov et al at the Vavilov State Optical Institute 2 in the early 1980's, the ability to obtain 
monodisperse spherical and highly crystallin e NCs remained largely elusive until the 
introduction of the hot injection method by Murray et al. in 1993.3 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, grow th 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,5 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,3,6,7 and have led to intense 
research efforts in the study of their fundamen tal optoelectronic properties as well as their 
use in applications in areas as diverse as light-emitting diodes (LEDs),8 solar cells,9 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. 11,12 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.13-17 These 
parameters play a decisive role in the overall morphology and size dispersity of the 
nanoparticles ultimately synthesized. To da te, semiconductor nanoparticles of a wide 
variety of different shapes have been reported: rods,18 tetrapods,19 stars,20 cubes,21 and 
hyperbranched structures,22,23 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 24 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. 25 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 proper ties 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-semicond uctor nanostructures reported, 12,26-28 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 struct ures are then elaborated on in the context 
of their unique physicochemical properties. Fina lly, 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.11,29-32 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, 33 catalysis,34 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 planes35 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 grow th. 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-lik e 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. 

 
Fig. 1. Examples of colloidal NCs grown with different shapes: TEM images of (a) CdSe 
nanorods,18 (b) CdTe tetrapods,19 (c) PbS  Stars,20 (d) PbSe cubes21 and (e) hyperbranched 
CdSe/CdS octapods (scale bar 100 nm). Inset showing one single structure(scale bar 50 nm).23 
Courtesy: (a) J. 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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