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Abstract
Nanotechnology is emerging to be one of the most important scientific disciplines that
physics, chemistry and biology truly overlap with each other. Over the last two decades
science and technology have witnessed tremendous improvement in the hope of unveiling the
true secrets of the nature in molecular or atomic level. Today, the regime of nanometer is
truly reached.
ZnO is a promising material due to the wide direct band gap (3.37 eV) and the room
temperature large exciton binding energy (60 meV). Recent studies have shown considerable
attraction towards ZnO nanostructures, particularly on one-dimensional ZnO nanorods,
nanowires, and nanotubes due to the fact that, for a large number of applications, shape and
size of the ZnO nanostructures play a vital role for the performance of the devices. The
noncentrosymmetric property of ZnO makes it an ideal piezoelectric material for
nanomechanical devices. Thus, mechanical characterization of one dimensional ZnO
nanostructures including strength, toughness, stiffness, hardness, and adhesion to the
substrate is very important for the reliability and efficient operation of piezoelectric ZnO
nanodevices. Moreover, owing to the large effective surface area with high surface-to-volume
ratio, the surface of one dimensional ZnO nanowires, nanorods, and nanotubes is very
sensitive to the changes in surface chemistry and hence can be utilized to fabricate highly
sensitive ZnO electrochemical sensors.
This thesis studies mechanical properties and electrochemical sensor applications of ZnO
nanostructures.
The first part of the thesis deals with mechanical characterization of vertically grown ZnO
nanorods and nanotubes including buckling, mechanical instability, and bending flexibility.
In paper I, we have investigated mechanical instability and buckling characterization of
vertically aligned single-crystal ZnO nanorods grown on Si, SiC, and sapphire substrates by
vapor-liquid-solid (VLS) method. The critical loads for the ZnO nanorods grown on Si, SiC,
and sapphire were measured and the corresponding buckling and adhesion energies were
calculated. It was found that the nanorods grown on SiC substrate have less residual stresses
and are more stable than the nanorods grown on Si and sapphire substrates.
i

Paper II investigates nanomechanical tests of bending flexibility, kinking, and buckling
failure characterization of vertically aligned single crystal ZnO nanorods/nanowires grown by
VLS and aqueous chemical growth (ACG) methods. We observed that the loading and
unloading behaviors during the bending test of the as-grown samples were highly
symmetrical and the highest point on the bending curves and the first inflection and critical
point were very close. The results also show that the elasticity of the ZnO single crystal is
approximately linear up to the first inflection point and is independent of the growth method.
In Paper III, we quantitatively investigated the buckling and the elastic stability of vertically
well aligned ZnO nanorods and ZnO nanotubes grown on Si substrate by nanoindentation
technique. We found that the critical load for the nanorods was five times larger than the
critical load for nanotubes. On the contrary, the flexibility for nanotubes was five times larger
than nanorods. The discovery of high flexibility for nanotubes and high elasticity for
nanorods can be utilized for designing efficient piezoelectric nanodevices.
The second part of this thesis investigates electrochemical sensor applications of ZnO
nanorods, nanotubes , and nanoporous material.
In paper IV, we utilized functionalized ZnO nanorods on the tip of a borosilicate glass
capillary coated with ionophore-membrane to construct intracellular Ca2+ selective sensor.
The sensor exhibited a Ca2+-dependent electrochemical potential difference and the response
was linear over a large dynamic concentration range, which enabled this sensor to measure
Ca2+ concentrations in human adipocytes or in frog oocytes. The results were consistent with
the values of Ca2+ concentrations reported in the literature.
In paper V, ZnO nanotubes and nanorods were used to create pH sensor devices. The
developed ZnO pH sensors display good reproducibility, repeatability, and long-term
stability. The ZnO pH sensors exhibited a pH-dependent electrochemical potential difference
over a large dynamic pH range. We found that the ZnO nanotubes provide sensitivity as high
as twice that of the ZnO nanorods. The possible reasons of enhanced sensitivity were
explained.
Paper VI investigates an improved potentiometric intracellular glucose biosensor based on
the immobilization of glucose oxidase on the ZnO nanoporous material. We demonstrated
that using ZnO nanoporous material as a matrix material for enzyme immobilization
improves the sensitivity of the biosensor as compared to using ZnO nanorods. In addition, the
fabrication method of the intracellular biosensor was simple and excellent performance in
sensitivity, stability, selectivity, reproducibility, and anti-interference was achieved.

Keywords: Nanotechnology, Zinc Oxide, nanorods, nanotubes, nanoporous, buckling,
electrochemical sensor.
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1

INTRODUCTION
Semiconductor devices have become a huge part of our daily life. Devices made from
semiconductor materials are the core of modern electronics including computers, TV,
telephones, and many other devices. The true starting point of the semiconductor industry
was 1947 when the bipolar transistor was demonstrated at Bell Laboratory. What followed
after the invention of the transistor was the invention of integrated circuit (IC) that allowed an
increasing number of components to be put onto a single silicon chip. Miniaturization of ICs
has increased the efficiency of electronic devices. The process of miniaturization was best
summarized by Gordon E. Moore in the now famous ‘‘Moore’s law’’ and it states that the
number of transistors on a chip doubles every second year [1]. However, as the size of the
devices continues to shrink, the miniaturization will eventually reach a point where quantum
mechanical effect dominates and becomes a reality that is indispensable in device design.
With the invention of Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy
(AFM), scientists have entered the fascinating new era of nanotechnology that has the
potential to create many new materials and devices with a vast range of applications, such as
in medicine, environment, information technology, and many other fields. Due to the physical
properties arising from quantum confinement, one dimensional semiconductor nanowires,
nanorods, and nanotubes have attracted considerable interests. Thus, these one-dimensional
nanostructures have the great potential of being the fundamental building blocks for
optoelectronic devices, nanosensors, nanolaser, nanoelectromechanical systems (NEMS), and
nanocantilevers that the conventional bulk materials are not capable of.
Based on the bibliometric data from information-services provider Thomson Reuters [2], the
number of publications and the cross-referenced areas based on ZnO nanostructures are as
large and as important as literatures on carbon nanotubes, semiconductor thin films, and dark
matter. ZnO has a wide range of applications in optics, sensors, optoelectronics, and
biomedical science as described in Figure 1.1 [3]. One-dimensional ZnO nanorods,
nanowires, and nanotubes are of particular interest because, for a large number of
applications, the shape and size of the ZnO nanostructures play a key role for the
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performance of the devices. Thus, ZnO nanorods, nanowires, and nanotubes have found a
variety of applications in the field of optoelectronics [4, 5], nanomechanics [6, 7],
nanosensors [8-14], resonators [15], electric nanogenerator [16], and nanolasers [17]. Not
only ZnO nanostructures have piezoelectric property that can form the basis for
electromechanically coupled sensors and transducers, but also exhibit the most splendid and
abundant configurations of nanostructures that a material can form, such as nanorings,
nanobows, platelet circular structures, Y-shape split ribbons, and crossed ribbons that could
be unique for many applications in nanotechnology [18].

Figure 1.1: A summary of some applications and properties of ZnO. Reprinted with permission from Ref. [3].

Mechanical characterization of ZnO nanostructures is of importance for making reliable and
efficient piezoelectric nanodevices. Mechanical reliability and stability of nanostructures
include strength, stiffness, hardness, and adhesion to the substrate. Thus, investigating
mechanical properties of nanostructures is the core of designing efficient and reliable
piezoelectric nanodevices because structure failure can be due to the improper design called
design failure rather than material failure.
ZnO nanostructures have been frequently used for electrochemical sensor purpose since the
large surface-to-volume ratio property leads to an improved signal-to-noise ratio, faster
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response times, enhanced analytical performance, and increased sensitivity [19, 20]. In
addition, ZnO nanostructures have unique biological advantages including non-toxicity, biosafety, bio-compatibility, and high electron communication features, which make them one of
the most promising materials for biosensor applications.
The first aim of this thesis has been addressed to the investigation of mechanical properties of
ZnO nanostructures by nanoindentation. The second aim of this thesis has been to
demonstrate new electrochemical sensor applications of ZnO nanostructures.
This thesis is organized as follows: Chapter 2 focuses on some of the basic properties of ZnO,
related to this thesis. Chapter 3 describes the experimental methods used for this work and
Chapter 4 presents the results. Finally, the thesis is concluded in Chapter 5.
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C H A P T E R

2

PROPERTIES OF ZNO
ZnO represents an important semiconductor material due to its wide band-gap (3.37 eV at
room temperature), large exciton biding energy (60 meV), and high optical gain. Thus, ZnO
is one of the few dominant materials for nanotechnology. In addition, ZnO is lack of center
symmetry, which results in a piezoelectric effect, by which a mechanical stress/strain can be
converted into electrical voltage, and vice versa, owing to the relative displacement of the
cations and anions in the crystal [21]. Furthermore, polar surfaces exist in ZnO, such as
Zn2+-terminated (0001) and O2- -terminated (0001) and the interaction of the polar charges at
the surface results in the growth of a wide range of unique nanostructures, such as nanobelts,
nanosprings, nanorings and nanohelices. These varieties of ZnO nanostructures can be easily
synthesized on cheap substrates such as glass and silicon with cost-efficient methods. At last
but not least, ZnO is an excellent material for sensor applications due to its large surface-tovolume ratio that leads to enhanced sensitivity, non-toxicity, bio-safety, and biocompatibility. All these advantages properties are originated from unique and basic properties
of ZnO. Therefore, this chapter aims to discuss some of the basic properties of ZnO that are
relevant to this thesis.

2.1 Basic properties of ZnO
The thermodynamically stable phase of ZnO is crystallized hexagonal wurtzite structure
4
(space group C6v
= Ρ63 mc) while it is subject to an ambient condition such as atmospheric

pressure at room temperature, see Figure 2.1, with lattice parameters a = 3.25 Å and
c = 5.12 Å. Its structure can simply be described as a number of alternating planes composed
of tetrahedrally coordinated O2- and Zn2+ ions, stacked alternately along the c-axis. Each
oxygen anion is surrounded by four zinc cations at the corner of a tetrahedron, and vice versa.
Although the entire unit cell of ZnO is neutral, the distribution of the cations and anions
could take specific configuration as determined by crystallography, so that some surfaces can
be terminated entirely with cations or anions, resulting in positively or negatively charged
surfaces, called polar surfaces. Wurtzite ZnO has four common surfaces, the polar Zn 0001
and O 0001 terminated faces and the non-polar 1120 and 1010 faces. The most
Page | 4
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common polar surface is the basal plane. The oppositely charged ions produce positively
charged Zn- 0001 and negatively charged O- 0001 polar surfaces, resulting in a normal
dipole moment and spontaneous polarization along the c-axis as well as a divergence in
surface energy. To maintain a stable structure, the polar surfaces generally have facets or
exhibit massive surface reconstructions, but ZnO ± 0001 are exception, which are
atomically flat, stable and without reconstruction [22, 23]. Understanding the superior
stability of the ZnO ± 0001 polar surfaces is a forefront research in today’s surface physics
[24-27]. The non-polar faces contain equal numbers of Zn and O atoms. Like other II-VI
semiconductors, wurtzite ZnO can be transformed to the rocksalt (NaCl) structures at
relatively modest external hydrostatic pressures. In ZnO, the pressure-induced phase
transition from the wurtzite (B4) to the rocksalt (B1) phase occurs at approximately 10 GPa
[28].

Figure 2.1: Wurtzite ZnO crystal structures. Reprinted with permission from Ref. [3].

Many properties of the material depend also on its polarity, for example, growth, etching,
defect generation and plasticity, spontaneous polarization, and piezoelectricity. In wurtzite
ZnO, besides the primary polar plane (0001) and associated direction 0001 , which are the
most commonly used surface and direction for growth, many other secondary planes and
directions exist in the crystal structure.
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Other wide band-gap semiconductors such as GaN have already been used for different
optical and sensor applications and ZnO has always been compared to GaN in terms of their
properties and applications. In fact, ZnO has several advantages as compared to existing
devices made from other wide band-gap semiconductors in which most important of these is
the high exciton binding energy of ZnO (~ 60 meV at room temperature), as compared to
GaN ( ~ 25 meV). The higher exciton binding energy enhances the efficiency of light
emission.
There are several general reviews on ZnO bulk, thin film, and one-dimensional materials. A
comprehensive review on all aspects of ZnO bulk material, thin films, and nanostructures is
given in Ref. [29].

2.2 Physical properties of ZnO
Some basic physical properties of ZnO at 300 K are listed in Table 2.1 [29-32]. Some of the
values have uncertainty in terms of thermal conductivity variation due to crystal defects [33]
as well as uncertain values for hole mobility and effective mass because of the problems of
producing robust and reproducible p-type doping of ZnO.

Page | 6

Linköping University

Table 2.1: Basic physical properties of ZnO at 300 K [29-32].

Parameters

Values

Lattice constants at 300 K

a = 0.32495 nm, c =
0.52069 nm

Density

5.67526 g/cm3

Molecular mass

81.389 g/mol

Melting point

2250 K

Electron effective mass

0.28 m0

Hole effective mass

0.59 m0

Static dielectric constant

8.656

Refractive index

2.008, 2.029

Bandgap energy at 300 K

3.37 eV

Exciton binding energy

60 meV

Thermal conductivity

0.6 – 1.16 W/Km

Specific heat

0.125 cal/g°C

Thermal constant at 573

1200 mV/K

Electron mobility

∼ 210 cm2 /Vs

2.3 Electronic band structure
The electronic band structure information of semiconductors is very crucial for device
applications. Several theoretical methods have been employed to calculate the band structure
of ZnO for its wurtzite, zinc-blende, and rocksalt polytypes [34-51]. Local density functional
(LDA) and tight-binding methods were early used by considering the 3d states as core levels
to simplify the calculation [35-38]. Despite the fact of achieving satisfactory agreements with
qualitative valence-band dispersions, the quantitative disagreement with experimental results
occurred and location of the Zn 3d states could not be predicted. More recently, researchers
have started to include the effect of the Zn 3d level in their calculations and obtained
reasonable match with the experimental data [39-42]. Recently, Vogel et al. [42] showed an
alternative way to treat II-VI semiconductor compounds in which self-interaction corrections
were added to the LDA. Figure 2.2 shows band structure calculations of ZnO both by LDA
and self-corrected pseudopotential (SIC-PP) approaches included in LDA.
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Figure 2.2: The band structure of bulk Wurtzite ZnO calculated by LDA method (left panel) and self-interaction
corrected pseudopotential (SIC-PP) method. Reprinted with permission from Ref. [42].

In Figure 2.2, it has been showed that valence band maxima and the lowest conduction band
minima were obtained at Γ point k = 0, which proved that ZnO is a direct band gap
semiconductor. The bands in the bottom of the right panel of Figure 2.2 represent Zn 3d
levels. On the other hand, there is no band in the bottom of the left panel of Figure 2.2, which
results from using conventional LDA method that does not include the effect of Zn 3d levels.
The next 6 bands from -5 eV to 0 eV in the right panel of Figure 2.2 represent O 2p bonding
states. In SIC-PP calculation, the bands are shifted down in energy considerably and the band
gap is opened drastically. The band gap determined from this method is 3.77 eV, which is in
better agreement with experiments.
There are several experimental methods to study the band structure of ZnO such as X-ray
induced photoemission spectroscopy [52-54], UV photoemission measurements [55, 56],
angle-resolved photoelectron spectroscopy [57, 58], and low-energy electron diffraction [59].
These experimental tools greatly facilitate the understanding and improvement of theoretical
calculations.
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2.4 Optical properties of ZnO
Optical properties of ZnO, especially ZnO nanostructures, have always been the core of ZnO
research due to its wide band-gap (≈ 3.37 eV at room temperature [30]), which makes ZnO a
promising material for photonic applications in the UV or blue spectral range, while the high
exciton-binding energy (60 meV [30]), which is much larger than that of GaN (25 meV),
allows efficient excitonic emission even at room temperature. There are a variety of
experimental techniques available for the study of optical transitions in ZnO such as
reflection, photoreflection, transmission, optical absorption, photoluminescence [PL],
cathodoluminescence, spectroscopic ellipsometry, and calorimetric spectroscopy. Roomtemperature PL spectra of ZnO typically consists of a UV emission band and a broad
emission band, which is also called deep band emission (DBE). Figure 2.3 shows a typical PL
spectrum of single crystal bulk ZnO at room-temperature.

Figure 2.3: PL spectrum of single crystal bulk ZnO. The spectrum is normalized to the free exciton (FE)
emission.

Low temperature PL measurements of variety of ZnO nanostructures, such as nanowalls [60],
nanosheets [61], nanowires [62-64], nanorods [65-68], nanoparticles [69], nanowire/nanowall
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systems [70], nanoblades and nanoflowers [71], have been reported. At low temperature (410 K), 12 prominent PL peaks are observed (I0-I11) and they represent bound excitons [72].
Recent experiments showed that some of them can be identified such as hydrogen (I4) [7274], I6, I8, and I9 have been assigned to excitons bound to Al, Ga, and In donors, respectively
[72]. However, the chemical identity of the donors and acceptors responsible for different
bound-exciton peaks still remains unclear. In room-temperature PL spectra, some difference
in UV peak positions for different shaped ZnO nanostructures can occur [68, 75-87]. One
possible assumption is that the variations in the position of the UV emission in various ZnO
nanostructures may be ascribed to the different surface-to-volume ratio that ZnO
nanostructures have, which lead to different native defects and defect concentrations that will
affect the position of the UV emission as well as the shape of the luminescence spectrum.
The origin of various peaks in the visible spectral region of room-temperature PL spectra of
ZnO has been extensively studied and a number of assumptions have been presented. Green
emission is the most commonly observed defect emission in ZnO nanostructures and is often
attributed to single ionized oxygen vacancies [75, 78, 79, 88, 89]. Lin et al. [90] presented a
hypothesis that includes antisite oxygen vacancy according to the band structure calculation.
Furthermore, Dingle [91] and Graces et al. [92] suggested that Cu impurities as the origin of
the green emission in ZnO. However, Cu impurities hypothesis run into problems when
defect emission exhibits strong dependence on annealing temperature. Several other groups
linked the origin of the green emission to Zn vacancy [93-97]. Even though extensive effort
has been given to study the origin of green emission, it is ironically still an open and
controversial problem and requires further study.
ZnO can achieve excitonic stimulated emission at room temperature due to its high binding
energy. Despite the fact that there are many reports on optically pumped lasing, to the
author’s understanding, there are only two reports on electrically pumped lasing by X. Y. Ma
et al. [98] and S. Chu et al. [99]. Stimulated emission is usually achieved either by excitonexciton (EE) scattering or electron-hole plasma (EHP) recombination. Sharp peaks with
increased intensity will appear in the emission spectra of ZnO while subject to increased
excitation power. The peak position of the exciton-exciton radiative recombination resulting
from inelastic collisions between excitons is given by [100]:
b
En = Eex − Eex
1 − 1 n2 − 3𝑘 T 2
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b
where n = 2,3,4,…, 𝑘 is the Boltzmann constant, T is the temperature, and Eex
= 60 meV is

the exciton binding energy. Further increase of excitation energy will lead to EHP at densities
higher than ‘‘Mott density’’, which is given in the review article by Ü. Özgür et al. [30]. Mott
density is estimated to be 3.7 × 1019 cm−3 , but lower value was estimated by J. C. Johnson
et al. [101]. The complete study of lasing spectra with an increase of excitation power has
been presented in details for single ZnO nanowires in Ref. [101].

2.5 Mechanical properties of ZnO
In the past decade, mankind witnessed a dramatic increase in energy demand and
consumption. At some point, the well-known existing energy resources that power the world
today, such as petroleum, coal, hydroelectric, natural gas, and nuclear energy are
experiencing problems of meeting the demand. In some cases, some of the energy sources do
huge harm to the environment. Thus, alternative clean, sustainable, and self-powered energy
options are desperately needed. At a much smaller scale, sustainable and self-powered energy
is highly desired for continuous operation of implantable biosensors, ultrasensitive chemical
and bio-molecular sensors, nanorobotics, micro-electrochemical systems and even portable
wearable personal electronics. Therefore, one of the most important goals of nanotechnology
is to build self-powered nanosystems that are ultra-small in size, and exhibit super sensitivity,
extraordinary multifunctionality, and extremely low power consumption [102]. In the
beginning of this chapter, it was mentioned that ZnO is lack of center symmetry and this
unique property results in a piezoelectric effect, by which mechanical stress/strain can be
converted into electrical voltage. In addition, ZnO has a rich family of nanostructures that can
be used in piezoelectric nanodevices. Wang and his colleges recently have reported the
vertical and lateral integration of ZnO nanowires into arrays that capable of producing
sufficient power to operate a nanowire pH sensor and nanowire UV sensor, thus
demonstrating a self-powered system composed entirely of ZnO nanowires [103]. Therefore,
the mechanical characterization of nanostructures is of great importance. There have been
several groups using various analytical methods to study mechanical properties of different
metal and semiconductor nanostructures including atomic force microscopy (AFM), in-situ
electron transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
nanoindentation [104-116].
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Mechanical properties such as reliability and stability include strength, stiffness, hardness,
toughness, fatigue, buckling, Young’s and bulk moduli, piezoelectric constants, and yield
strength. The bulk modulus is related to the elastic constants by [117]:
𝐵=

2
𝐶11 + 𝐶12 𝐶33 − 2𝐶13
𝐶11 + 𝐶12 + 2𝐶33 − 4𝐶13

(2.2)

where 𝐶11 , 𝐶33 , 𝐶12 , 𝐶13 are the four independent elastic constants.
With approximation, the Young’s modulus 𝐸 and shear modulus 𝐺 are evaluated according to
following equations:
𝐸 = 3𝐵 1 − 2𝜐
𝐺 = 𝐸 2 1+𝜐

(2.3)

The term 𝜐 is the Poisson ratio and given by 𝜐 = 𝐶13 / 𝐶11 + 𝐶12 .
Nanostructures represent excellent model systems to investigate the size dependence of
mechanical properties, particularly the ability to tune the dimension over continuous range to
investigate mechanical properties as a function of shape and size [118]. In spite of the fact
that ZnO has been considered the next generation material for use in nanoscale systems, its
mechanical properties are not well studied. This is due to the challenges of material
characterization at the nanoscale.
There have been several theoretical results of using density functional theory (DFT) and
molecular dynamics simulations to calculate the Young’s modulus of ZnO nanostructures
[119-121]. J. H. Song et al. [122] used an AFM based technique to measure the elastic
modulus of individual ZnO nanowires/nantubes without destructing or manipulating the
sample. They acquired the topology and lateral force image of the aligned nanowires and
related these data to the elastic modulus of the individual nanowires. For the ZnO
nanowires/nanorods on a sapphire surface with an average diameter of 45 nm, the elastic
modulus was measured to be 29±8 GPa. M. Lucas et al. [123] reported that elastic modulus
was dependent on the dimension of the ZnO nanobelt, demonstrating that the mechanical
properties of nanostructures are size dependent. S. J. Young et al. [124] studied the buckling
instability of vertical well-aligned single crystal nanowires using fixed-fixed column and
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fixed-pinned column mode. Young’s modulus was estimated to be 232 GPa and 454 GPa for
both modes, respectively.
L. W. Ji et al. and S. J. Young et al. found that the buckling load increased with increased
diameter of the ZnO nanowires but that the Young’s modulus increased with decreasing
diameter. In addition, the Young’s modulus for the nanowires was larger than for bulk ZnO
[125,126]. S. O. Kucheyev et al. [127] studied the deformation behavior of ZnO single
crystals by a combination of spherical nanoindentation and AFM. They found multiple
discontinuities in force-displacement curves during indentation loading. No discontinuities
were observed on un-loading. They found the slip was the major mode of plastic deformation
in ZnO. The determined hardness and Young’s modulus were 5.0±0.1 and 111.2±4.7 GPa,
respectively. C. Q. Chen et al. [128] also reported the size dependence of Young’s modulus
in ZnO nanowires. They found the measured modulus for nanowires with smaller than 120
nm was increasing dramatically with the decreasing diameters. A core-shell composite
nanowire model was proposed and assessed that the size-related elastic properties of GaN
nanotubes can be explained by this model. On the other hand, B. M. Wen et al. [129] reported
that in contrast to recent reports, Young’s modulus was essentially independent of diameter
and close to bulk value, whereas the ultimate strength increased for small diameter wires, and
exhibits values up to 40 times that of the bulk. Table 2.2 is the summary of Young’s modulus
values reported in literature for ZnO nanowires.
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Table 2.2: Young’s modulus values of ZnO nanostructures reported in literature.

No.

1

Young’s

Nanostructure

modulus GPa

type

52

Nanobelts

Reference

Technique

(130)

Mechanical
resonance in
TEM

2

50

Nanobelts

(131)

TEM resonance

3

29±8

Nanowire

(122)

AFM bending
(vertical
nanowire)

4

140-210 (size

Nanowire

(128)

SEM resonance

effect reported)
5

58

Nanowire

(132)

TEM resonance

6

90-100

Nanowire

(133)

Nanoindentation

Nanobelt

(134)

Nanoindentation

38.2 by AFM
7

31.3

and 3-point
AFM bending
8

106±25

Nanowire

(135)

Detecting
resonance under
an optical
microscope

9

97±18

Nanowire

(136)

Tensile and
cantilever
bending
experiment

10

117, 229 (100

Nanowire

(125)

Buckling of

nm diameter)

nanowires using

232, 454 (30 nm

nanoindentation

diameter)
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ZnO has relatively higher piezoelectric tensor compared to GaN and AlN [137]. In addition,
ZnO can be grown with variety of shapes and morphology in nanoscale. These advantageous
make ZnO a favorable choice for piezoelectric nanodevices [16]. An electric dipole is defined
as a pair of points with equal magnitude and opposite sign that are separated by a fixed
distance d. An electric dipole inherently produces an electric field, at a distance z from the
midpoint of the dipole, along the dipole axis. Then the electric-field intensity of a dipole is
proportional to the dipole moment 𝑃 = 𝑞𝒅 :
𝐸=

1 𝑃
2𝜋𝜀0 𝑧 3

(2.4)

where 𝜀0 is permittivity of free space.
Consequently, any change in the dipole moment 𝑃 = 𝑞𝒅 will cause a corresponding change
in the electric field. This concept is the origin of the piezoelectric effect [138]. In details,
piezoelectricity is commonly viewed as a two-dimensional molecular model where anions (-)
and cations (+) are displaced relative to one another under the influence of a mechanical
force. Prior to the stimulation, the two-dimensional molecular model stays neutral because its
centers-of-charge coincide. However, upon mechanical deformation, the centers-of-charge
separate, thereby producing a dipole moment 𝑃 = 𝑞𝒅 . The accumulation of dipole moments
within a piezoelectric crystal causes the polarization of surface charges. Such polarization
generates an electric field and commonly used to transform mechanical energy into electric
energy.

2.6 Electrochemical sensing aspects of ZnO
A chemical sensor is defined in Brian R. Eggins’s book [139] as a device which responds to a
particular biological analyte or chemical species in a selective way through a chemical
reaction and can be used for the qualitative and quantitative determination of the analyte.
Biosensors can be defined as a device incorporating a biological sensing element connected
to a transducer. The history of biosensor began in 1962 with the development of the first
device by Clark and Lynos [140]. Advancement in science and technology has enabled
biosensors to be used in a wide variety of disciplines, including medicine, food industry, and
environmental science. In recent years, semiconductors nanomaterials have been the main
interest of chemical and biosensor research field due to their excellent properties [141-144].
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Among them, ZnO nanostructure materials have been important for biosensor research field
not only because they have excellent properties compared to bulk materials, but also because
a wide variety of ZnO nanostructures such as nanowires, nanorods, nanotubes, and
nanoporous can easily be synthesized on different substrates [145]. In terms of sensors, the
main selling points of ZnO nanostructures are large surface-to-volume ratio and low power
requirements that lead to a short diffusion distance of the analyte towards the electrode
surface, resulting in an improved signal-to-noise ratio, faster response times, enhanced
analytical performance, and increased sensitivity. Therefore, ZnO nanostructures have
already found a variety of applications in electrochemical sensor and biosensors [8-14, 146149]. In order to be used in vivo environment, it is essential to study the bio-compatibility
and bio-safety of ZnO nanostructures. Z. Li et al. [150] reported that ZnO nanorods are biocompatible and bio-safe when they are used in biological environment at normal
concentration range. In addition, ZnO is relatively stable around biological pH-values which
makes ZnO compatible with biological fluids and species [151]. Recently, we have
successfully demonstrated that ZnO nanorods can be also used to measure the intracellular
Ca2+ and glucose concentrations in human adipocytes and frog oocytes [152, 153]. The main
effort has been directed to construction of tips coated with functionalized ZnO nanorods that
are selective to Ca2+ and glucose concentrations and capable of gently penetrating the cell
membrane. This also makes ZnO suitable for intracellular biosensors.
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C H A P T E R

3

EXPERIMENTAL METHODS
ZnO has a diverse family of nanostructures, whose configurations are much richer than any
known nanomaterials including carbon nanotubes [145]. There are several growth methods
for synthesizing ZnO nanostructures such as vapor-liquid-solid (VLS) method [154-161],
metal organic chemical vapor desopition [162], electrodeposition [163, 164], and aqueous
chemical growth (ACG) method [165]. ZnO nanostructures in this work were synthesized by
VLS and ACG methods. This chapter is divided into two sections: growth of ZnO
nanostructures and characterization techniques.

3.1

Sample preparation

ZnO nanowires, nanorods, nanotubes, and nanoporous used in this work were grown on Si,
SiC, sapphire, silver, gold, and aluminum substrates. Before these nanostructures were
grown, the substrates were cleaned for the purpose of eliminating unwanted dirty particles
and chemicals on the surface of substrates.

3.1.1 Cleaning
Pre-cleaning treatment of substrates is of great importance for growing high quality and
vertically aligned nanowires and nanorods because the unwanted chemicals and particles on
the surface of the substrates cause instability and unpredictability in the growth. In this work,
the SiC and sapphire substrates were only treated with sonication and oxygen plasma.
In VLS growth method, gold or nickel is used as precursor. At high temperatures, a thin gold
film on the Si substrate has the tendency to diffuse into the substrate and disappear. In order
to prevent this, we used two-step silicon cleaning process which is capable to prevent the
gold thin film diffusing into Si by depositing a thin barrier layer of SiO2 on top of Si
substrate. SiO2 prevents the diffusion of gold into bulk Si. During the first step of the Si
cleaning process, the wafer is put into preheated solution of 5:1:1 deionized-water:hydrogen
peroxide:ammonium hydroxide (DI-H2O:H2O2:NH4OH) at 70 °C for 15 min to remove the
insoluble organic deposits based on the oxidation desorption and
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solution. Thereafter, the wafer is taken out from the solution and rinsed with deionized-water
for several minutes. In order to remove the possible organic contaminants gathered in the
oxide layer during the first step of the cleaning process, etching method by diluted
hydrofluoric acid (HF) is used.
In the second step of the cleaning process, metal ions and heavy metal contamination are
removed by placing the wafer in a 70 °C preheated bath of 6:1:1 DI-H2O:HCl:H2O2 solution
for 10 min. Then the wafer is removed and rinsed with deionized-water.
Prior to the gold deposition, the organic contaminations on the substrate again are removed
using sonicating the wafer in the solution of acetone 40 °C for 5 min and then
trichloroethylene at 40 °C for 5 min followed by alcohol solution. Between the sonication
processes the wafer is cleaned with deionized-water.
In ACG method, first we make sure to remove the possible organic contaminants gathered in
oxide layer by using etching method in diluted hydrofluoric acid (HF) if we choose to grown
ZnO nanostructures on Si substrate. Then the organic contaminations on the substrates are
removed by sonicating the substrates in the solution of acetone 40 °C for 5 min and then in
isopropenal at 40 °C for 5 min. Between the sonication processes the substrates are cleaned
with deionized-water. Thereafter, the substrates are ready for the ACG growth.

3.1.2 Growth of various ZnO nanostructures
Growth of ZnO nanowires and nanorods: We used two growth methods: 1) the vaporliquid-solid (VLS) growth method and 2) the aqueous chemical growth (ACG) method.
Si, SiC and sapphire substrates were used for VLS growth method. Gold is an ideal choice as
catalyst for growing ZnO nanostructures. Graphite is mixed with Zn powder with 1:1 ratio to
prevent as-formed ZnO from reducing into Zn vapor at high temperatures. 50 mg mixed
powder was placed in the ceramic boat and the substrate was placed above the boat facing
directly to powder. The substrate was coated with thin gold layer (1-5 nm). The growth
procedure was carried out at temperature between 890 °C to 910 °C after adjusting the
distance between the powder and the substrate. The growth time is usually between 30 to 90
min. The detailed growth procedure is described in Ref. [161].
The most common ACG method was described by L. Vayssieres et al. [165]. In this ACG
method, zinc nitride hexahydrate [Zn(NO3)2.6H2O] was mixed with hexamethylenetetramine
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[C6H12N4] using the same molar concentration for both solutions. The molar concentration
was varied from 0.025 M to 0.05 M. The substrates were put inside solution and was heated
up to 90 °C for 3 to 5 h. After the growth, the samples were cleaned with deionized-water and
left to dry in air inside a closed beaker. Before the samples were put into the solution, a
nucleation layer was generated on the substrates by spin coating technique for the purpose of
improving the alignment and orientation of ZnO nanowires and nanorods. This nucleation
layer is prepared by the procedure describe in Ref. [166]. This seed layer results in excellent
alignment and orientation of ZnO nanorods as shown in Figure 3.1. The substrate was
annealed at 250 °C to solidify the seed layer.
Growth of ZnO nanotubes: ZnO nanotubes were obtained by etching the as-grown ZnO
nanorods along the c-axis direction. After the growth of ZnO nanorods, the sample was
immersed in KCl solution of a concentration in the range from 0.1 M to 3.4 M for time
periods ranging from 3 to 17 h. The temperature of the solution was kept at 95 °C. After
immersion of the samples in KCl solution, the ZnO nanorods finally turned into ZnO
nanotube arrays with good yield. The etching mechanism is that Cl- ions in the solution might
be preferentially adsorbed onto the top of the ZnO nanorods to decrease the positive charge
density of the (0001) ZnO surface therefore makes the (0001) ZnO surface less stable to
easily etch through c-axis while chloride adsorption onto lateral walls seems to be less
probable because the surface 1010 faces appear to be the most stable ZnO surface [167].
Typical SEM images of ZnO nanotubes are shown in Figure 3.1.
Growth of ZnO nanoporous structure: ZnO nanoporous structure was synthesized on
aluminum substrate, which facilitates the growth of ZnO nanoporous. In addition, the
aluminum layer was also used as conducting layer to transfer signals in intracellular
experiment. First, the tip was dipped into a seed solution for 2 min and then baked for 3 min
at a temperature of 110 °C as described in Ref. [168]. In the second step, ZnO nanoporous
structure was grown by a hydrothermal process as described in Ref. [169]. In brief, the
growth solution contained 0.025 M [Zn(NO3)2.6H2O] and 0.025 M hexamethylenetetramine.
The solution was kept at 90 °C for 4 h to form ZnO nanoporous structure. Typical scanning
electron microscopy (SEM) images of ZnO nanoporous structure is shown in Figure 3.1.
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Figure 3.1: (a) A SEM image of ZnO nanorods. (b) A SEM image of ZnO nanotubes obtained by etching ZnO
nanorods shown in (a). (c) A SEM image of ZnO nanoporous material.

3.2 Characterization techniques
Different techniques were used to investigate morphology, crystal structures, chemical
compositions, and nanoindentation to investigate mechanical properties of ZnO
nanostructures.

3.2.1 Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX)
Morphology of the ZnO nanostructures was studied both by JEOL JSM-6335F and LEO
1550 scanning electron microscope (SEM). Figure 3.2 shows SEM images of ZnO nanorods
and nanotubes grown by ACG method and Figure 3.3 shows SEM images of ZnO
nanorods/nanowires grown by VLS method. Dimensional information such as length,
diameter, and density of ZnO nanostructures were obtained by SEM images.
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LEO 1550 SEM also has energy-dispersive X-ray spectroscopy (EDX) that analyzes the
chemical composition of object nanostructures. Figure 3.4 shows a typical EDX spectrum,
which indicates that the as-grown samples are indeed ZnO.

Figure 3.2: Typical SEM images of ZnO nanorods and nanotubes grown on Si substrate by ACG method. (a, c)
show lower magnification of nanorods and nanotubes, respectively. (b, d) higher magnification.
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Figure 3.3: SEM images of ZnO nanorods grown on Si (a, b), sapphire (c), and SiC (d) by VLS method.
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Figure 3.4: EDX spectra of ZnO nanorods on Si (a), on SiC (b), on sapphire (c), and EDX spectra of ZnO
nanotubes (d).

3.2.2 X-ray diffraction (XRD)
X-ray diffraction is a powerful tool to study the crystal structure of ZnO nanostructures. XRD
gives information about crystalline phase, quality, orientation, composition, lattice
parameters, defects, stress, and strain of the object samples. Every crystalline solid has its
unique characteristic X-ray diffraction pattern, which is identified by this unique
‘‘fingerprint’’. Crystals are regular arrays of atoms and they are arranged in a way that a
series of parallel planes separated from one another by a distance d. If an X-ray beam with
wavelength 𝜆 strikes the object sample with 𝜃 incident angle then the scattered ray is
determined by Bragg’s law:
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𝑛𝜆 = 2𝑑 sin 𝜃

(3.1)

where 𝑛 is any integer, 𝜆 is the wavelength of the beam, 𝑑 is the spacing between diffracting
planes, and 𝜃 is the incident angle. The set of d-spacing in a typical X-ray scan provides a
unique characteristic of the samples in question. Figure 3.5 shows typical X-ray diffraction
patterns of ZnO nanorods and nanotubes.

Figure 3.5: XRD spectra of ZnO nanorods grown on (a) Si, (b) SiC, sapphire (c) by VLS method, and XRD
spectra of ZnO nanotubes (d) by ACG method.

3.2.3 Nanoindentation
Nanoindentation is a widely used technique to characterize mechanical properties of
materials of small dimension. In a typical nanoindentation experiment, the material
underneath the indenter is first constrained elastically. On the scanner head of AFM, a
nanoindentation device (Hysitron Triboscope) can be mounted, instead of a cantilever holder.
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The basic idea of nanoindentation originates from the classic macroscopic hardness
measurements, in which a rigid body is driven into a material and form a mark. This mark
gives information of hardness and elastic modulus.
A typical force-displacement curve obtained by nanoindentation is shown in Figure 3.6. In
this thesis work, the vertical ZnO nanowires, nanorods, and ZnO nanotubes were used for
nanoindentation experiment. First, the ZnO nanostructures were loaded to a predefined load
and at the end were unloaded in force controlled mode. These nanostructures have one unique
property, which is a critical load that makes them unstable. The force-displacement curve
shown in Figure 3.6 is divided in three regions. First region represents an initial increase of
the load vs displacement and ZnO nanostructures are stable. The linear rise of the
displacement in the first region is followed by an immediate change of the curve starting to
be flat, which indicates that a slight increase in load force larger than the critical load will
produce instability. In region three, the ZnO nanostructures either break or the indenter tip
goes into the substrates. So the nanoindentation test can be destructive in nature.

Figure 3.6: A typical buckling curve of ZnO nanorods grown on Si substrate.
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3.2.4 Experimental methods for ZnO pH sensor and intracellular
sensors
pH sensor: Electrochemical studies were conducted using a two-electrode configuration
consisting of ZnO nanotubes or nanorods as the working electrode and an Ag/AgCl/Cl- as a
reference electrode. The electrochemical responses were performed using a Metrohm pH
meter model 826 (Metrohm Ltd, Switzerland) at room temperature (23 ± 2 °C). The
electrochemical response was observed until the equilibrium potential reached and stabilized
then the electrochemical potential was measured. Figure 3.7 shows schematics of ZnO
nanorod and nanotube pH sensor devices.
Intracellular sensors: In intracellular experiments, the main effort has been directed to make
the tip geometry of intracellular electrodes sharp and small enough to be manipulated into
small living cells. Borosilicate glass capillaries (sterile Femtotip II) with inner diameter 0.5
μm, tip outer diameter of 0.7 μm were used to construct intracellular working electrode and
reference electrode. ZnO nanorods and nanoporous material were grown on the tip of
capillaries with the methods described in section 3.1.2. Figure 3.8 shows the schematic
diagram illustrating intracellular glucose sensor.

Figure 3.7: Schematic of (a) ZnO nanorod pH sensor. (b) ZnO nanotube pH sensor.
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Figure 3.8: A schematic diagram illustrating the selective intracellular glucose sensor.
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C H A P T E R

4

RESULTS
The results of this work are presented in this chapter, which is divided in two sections. The
first section discusses buckling, mechanical instability, and bending flexibility of ZnO
nanorods and nanotubes. It includes results from paper I-III. In the second section,
electrochemical sensor applications of ZnO nanostructures are investigated. Results in this
section come from paper IV-VI.

4.1 Buckling,

mechanical

instability,

and

bending

flexibility of ZnO nanorods and nanotubes (Paper I - III)
Paper I-III describe mechanical nanoindentation experiments on ZnO nanorods and
nanotubes.

4.1.1 Buckling, mechanical instability, and flexibility study of
ZnO nanorods grown by VLS and ACG methods on different
substrates (Paper I, II)
Paper I demonstrates nanoindentation experiments to analyze the buckling and instability
behavior of ZnO nanorods grown by VLS method. Figure 4.1 shows typical SEM images of
the as-grown ZnO nanorods. The approximate diameter, length and density of the nanorods
on Si, SiC, and sapphire substrates were determined to be about 280±96 nm, 900±30 nm,
2.547 × 108 cm−2 , 330 ± 140 nm, 3300 ± 750 nm, 1.76 × 108 cm−2 and 780 ± 67 nm,
3000±720 nm, 4.32 × 107 cm−2 , respectively. The ± sign indicates the range of the longest
and shortest nanorods. The nanorods were loaded in nanoindenter to a prescribed force and
then unloaded in force controlled mode. Figure 4.2 shows the force-displacement curves for
the ZnO nanorods. The nanorods were observed to be unstable at a load of 188 μN when
grown on the Si substrate, 205 μN when grown on the SiC substrate and 130 μN when grown
on the sapphire substrate. The corresponding buckling energies are 8.46 × 10−12 , 1.158 ×
10−11 , and 1.092 × 10−11 J, respectively.
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Adhesion energy can be calculated by taking into account the buckled number of the
nanorods. During nanoindentation, approximately 8 nanorods are buckled, and this release
around 8.46 × 10−12 J buckling energy Eb Si , as calculated from Figure 4.2. The average
diameter of the as grown single ZnO nanorods on Si substrate is 2.80 × 10−5 cm and having
an area of 6.16 × 10−10 cm2. 8 nanorods give an area of 4.93 × 10−9 cm2. Because the
nanorods are vertical thus 4.93 × 10−9 cm2 is the interfacial area of the 8 nanorods on Si
substrate. 1 cm2 area contains 1015 primary bonds with energy of 1 eV per bond [170], so 8
ZnO nanorods with an area of 4.93 × 10−9 cm2 have 4.93 × 106 bonds having adhesion
energy, Ea Si of approximately 4.93 × 106 eV or 7.9 × 10−13 J. Similarly, in this way the
buckling and adhesion energies of the as-buckled ZnO nanorods on SiC and sapphire were
also calculated.

Page | 29

Linköping University

Figure 4.1: SEM images showing typical morphologies of the vertically aligned ZnO nanorods. ((a), (b)) show
the top and side views grown on Si, ((c), (d)) show the top and side views grown on sapphire substrate, and ((e),
(f)) show the top and side views grown on SiC substrate.
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Figure 4.2: Load versus displacement curve of the as-grown ZnO nanorods grown on (a) Si, (b) SiC, and (c)
sapphire substrates.

The behavior of an ideal nanorod compressed by a uniaxial load P can be summarized as
follows [171]:
I. If the load P < the critical load Pcrt, the nanorods are in stable equilibrium in a
straight position. This corresponds to zone-I in Figure 4.2 and also shown in Figure
4.3(a).
II. If P = Pcrt the nanorods are in neutral equilibrium either in straight or a slight bent
position. This corresponds to zone-II in Figure 4.2 and also shown schematically in
Figure 4.3(b).
III. If P > Pcrt the nanorods are in unstable equilibrium or an alternative buckling
configuration has developed. This corresponds to zone-III in Figure 4.2 and also
shown in Figure 4.3(c).
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Figure 4.2 also shows a displacement or deflection and bending of the nanorods, which shows
that ZnO nanorods are flexible. This flexibility originates from the low dimension of the
nanostructures. Another reason may be due to the movement of the nanorods at the end
supports, as a perfect rigid support is impossible. Such an experiment is of great interest for
piezoelectric devices. Deformation in the direction of the compressive load can suddenly
change at a critical load into a transverse deformation, resulting in a sudden or catastrophic
collapse of the nanorods. Change of the deformation direction is mainly due to the loss of
verticality of the nanorods. In loss of verticality either the nanorods are broken or de-adhered
from the substrate.

Figure 4.3: Schematic diagram showing different stability conditions: (a) stable, (b) critical stable and (c)
unstable.
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The general form of the Euler equation for a straight column under uniaxial compression is
[171]:
𝑃𝑐𝑟𝑡
𝐶𝜋𝐸
=
𝐴
𝑙 𝑘 2

(4.1)

where 𝐶 is the end condition of the column, E is the modulus of elasticity, 𝑃𝑐𝑟𝑡 𝐴 is the unit
load, 𝐴 is the area of the nanorods, 𝑙 is the length of the nanorods and 𝑘 is the radius of
gyration (equal to 𝐼 𝐴). The moment of inertia, 𝐼, for nanorods is equal to,
𝐼=

𝜋𝐷4
64

(4.2)

where 𝐷 is the diameter of the nanorods. The Johnson’s formula, Eq. 4.3, is an extension of
the Euler formula, in which a parabola is fitted to the Euler curve [171],
𝑃𝑐𝑟𝑡
𝑙
=𝑎−𝑏
𝐴
𝑘

2

(4.3)

The constants 𝑎 and 𝑏 are determined from the fit to the Euler curve. Both the Euler and
Johnson parabola fit are shown in Figure 4.4.

Figure 4.4: Euler and Johnson curves using Eq. 4.1 and for C = 2.
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If the parabola starts at the yield strength of the material, 𝑆𝑦 , and if the point P in Figure 4.4
is selected such that

𝑃𝑐𝑟𝑡
𝐴

=

the slenderness ratio 𝑙 𝑘

𝑆𝑦

𝑝′

𝑙 𝑘

2

, then by using Eq. 4.1 we find the corresponding equation for

to be:

𝑝′

=

𝑆𝑦
2𝜋 2 𝐶𝐸
,⇒ 𝑏 =
𝑆𝑦
2𝜋

2

1
𝐶𝐸

(4.4)

Putting the known values of 𝑎 and 𝑏 in Eq. 4.3, the Johnson formula becomes:
𝑃𝑐𝑟𝑡
= 𝑆𝑦 −
𝐴

𝑆𝑦 𝑙
2𝜋𝑘

2

1
𝑙
𝑙
𝑓𝑜𝑟 ≤
𝐶𝐸
𝑘
𝑘

𝑝′

(4.5)

The slenderness ratio, Eq. 4.4, is calculated with 𝐸 and 𝑆𝑦 obtained from literature. The
columns are then categorized as follows:
I. If 𝑙 𝑘

𝑝′

is greater than the actual slenderness ration, the column is called an

intermediate column and Johnson model is used.
II. If 𝑙 𝑘

𝑝′

is less than the actual slenderness ratio, the column is called long column

and then it is more appropriate to use the Euler model for evaluating the modulus of
elasticity and critical strain.
The average buckling load of an individual nanorod can be calculated. The diamond tip
which we used has conical shaper (60 degree) and is 1 μm in radius. 8, 6, 2 nanorods were
loaded axially on the Si, SiC, and sapphire substrates, thus the averages buckling load of the
individual nanorod is approximately 23.5 μN, 34.2 μN, and 65 μN, respectively. In zone-I,
the load is almost linear up to the first critical point, so we assume that the linear elasticity
theory is applicable. The stress is directly proportional to the strain according to the linear
elasticity theory,
𝜎𝑐 = 𝐸𝜀𝑐

(4.6)

𝑃𝑐𝑟𝑡
𝐴

(4.7)

𝜎𝑐 =

Using Eq. 4.1, 4.4 and various end conditions for the nanorods, the modulus of elasticity,
critical stress and critical strain are calculated and given in the results in appended paper I.
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In paper II, bending flexibility, kinking, and buckling of the vertical ZnO nanorods grown on
different substrates with both the VLS and the ACG method were studied. Figure 4.5 shows
the buckling and bending force-displacement curves for the as-grown samples by ACG
method. Figure 4.5(a) and (c) correspond to load displacement curves for kinking and
buckling of ZnO nanorods grown by ACG method on SiC and Si substrates. The loading
portion of the curves consist of multiple zones, i.e., zone ‘‘ 0-1, 1-2, 2-3, 3-4, 4-5, 5-6, 6-7,
and 7-8’’. Zone ‘‘0-1’’, ‘‘1-2’’, and ‘‘2-3’’ correspond to stable (Figure 4.3a), critical
equilibrium (Figure 4.3b), and unstable (Figure 4.3c) conditions, respectively. Other zones
after the first inflection show that the nanorods lead into an alternative buckled configuration.
Point 3, 5, 7 are other multiple critical and inflection points of the as-grown samples. These
alternative buckled configurations become strain hardened and larger force is required for
buckling to occur. This strain hardening is due to the increase in dislocation density. Figure
4.5(b) and (d) correspond to the bending flexibility curves, which shows that the loading and
unloading behavior of ZnO nanorods is highly symmetrical. During bending, we did not
observe the buckling critical points of the nanorods. After bending, exactly on the same area
of nanorods the load was increased to achieve the first and other buckled critical points for
the as-grown samples. This shows that ZnO nanorods have linear elastic behavior in the
vertical configuration. Experimental results showed that ACG as-grown nanorods on SiC
substrates and VLS grown ones on the Si substrates have the highest modulus of elasticity
and lowest critical buckling point. This is due to the larger slenderness ratio as compared with
other samples. The buckling energies were also calculated and found to be much greater than
the strain energy. Euler model for long nanorods and Johnson model for intermediate
nanorods were used to evaluate the modulus of elasticity, critical stress, critical strain, and
strain energy of single ZnO nanorod for each sample. It was observed that the modulus of
elasticity (E) is dependent on the slenderness ration and independent of the growth method.
Multiple kinks were observed due to the plasticity of ZnO nanorods.
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Figure 4.5: Load vs displacement curve, where (a) and (c) show displacement curves for kinking and buckling
and (b) and (d) show the bending flexibility curves for ZnO nanorods grown by ACG method on SiC and Si
substrates, respectively.

4.1.2 Buckling and elastic instability of vertical ZnO nanotubes
and nanorods (Paper III)
We have done the buckling and elastic study of vertical well aligned ZnO nanorods grown on
Si substrate and ZnO nanotubes etched from the same nanorods. Figure 4.6 show buckling
and bending flexibility curves of ZnO nanotubes and naorods.
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Figure 4.6: Load vs displacement curve of ZnO nanorods and naotubes. (a) buckled ZnO nanorods, (b) buckled
ZnO nanotube, (c) bending flexibility of ZnO nanorods, and (d) bending flecxibility of ZnO nanotubes.

By comparing the critical load, the ZnO nanorods have a larger critical force, approximately
five times more than the ZnO nanotubes etched from the same nanorods. This difference in
critical load is due to (1) as tubular structures are more fragile than the solid structures, and
because tubular structures have more porosity than the solid structures. (2) In Euler model
Eq. 4.1 the critical load is mainly dependent on the second moment inertia, 𝐼, which is equal
to 𝜋𝐷4 64 for the solid object while in the shell cylindrical model [172] for nanotubes it is
dependent on the thickness of the nanotubes. The diameter of the solid nanorods is usually
larger than the thickness of the hollow nanotube, which can also further contribute to the
reduction of the critical load of the nanotubes when compared to the nanorods. (3) Etching
process is not uniform and it leaves the inside surface of the nanotubes uneven and have some
defects and kinks. These defects and kinks are more sensitive to buckling, making the
nanotubes more fragile as compared to solid nanorods. This is also seen from the force
displacement curves. Finally (4), the indenter tip interaction with the solid uniform surface
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and hollow uneven surface may also contribute to the reduction of the nanotube critical load
compared to the solid nanorod.
Using Euler model and shell cylindrical model for ZnO nanotubes were used to evaluate the
buckling energies, modulus of elasticity, critical stress, and critical strain. It is concluded that
critical buckling load for ZnO nanorods is 5 times larger than ZnO naotubes. In addition,
ZnO nanotubes are more flexible and fragile, very sensitive to axial loading than solid
nanorods. It was also observed that the ZnO nanotubes are approximately 5 times more
flexible than the nanorods.

4.2 Electrochemical pH sensor and intracellular selective
Ca2+ and glucose sensors (Paper IV - VI)
Paper IV-VI describe electrochemical sensors applications ZnO nanostructures such as pH
sensor, intracellular biosensors.

4.2.1 pH sensors based on ZnO nanotubes/nanorods (Paper V)
Figure 3.7 schematically shows the as-constructed ZnO nanorod and nanotube pH sensor.
The performance of pH sensors is usually characterized by measuring the electrochemical
potential of the electrodes. The most important parameter for the ion-selectice layers is the
density of surface sites that form the pH-dependent surface potential. The use of the ZnO
nanotubes or nanorods as pH sensor is based on the activity at the electrolytenanotube/nanorod interface, in which the H+ specific bonding sites residing at the ZnO
surface can hydrogenate after contact with the electrolyte solution. This sites can protonate or
deprotonate, leading to a surface charge and a surface potential that is dependent on the
electrolyte solution pH. To obtain an accurate and reusable pH sensors for applications,
parameters such as reproducibility, repeatability, and stability were examined. Figure 4.7
shows the reproducibility test of the 10 independently developed ZnO nanotube and ZnO
nanorod (5 ZnO nanotube electrodes and 5 ZnO nanorod electrodes) pH sensor electrodes in
buffer solution at pH 6. The relative standard deviation determined from these measurements
for both ZnO nanotube and nanorod pH sensor electrodes was less 5 %. Therefore, the
procedure of determining pH of the solution is reliable.
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Figures 4.8 (a), (b) show good repeatability of the ZnO nanotube and nanorods pH sensor
electrodes in various buffer solutions.

Figure 4.7: Reproducibility test of the developed ZnO nanotube and nanorod pH sensors in buffer solution at pH
6.

Figure 4.8: Repeatability test of five ZnO nanorod pH sensor electrodes at various pH buffer solutions. (b)
Repeatability test of five ZnO nanotube pH sensor electrodes at various pH buffer solutions.
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The sensitivity of ZnO nanotube electrode is -45.9 mV pH-1 and sensitivity of the same
dimension ZnO nanorod electrode is about -28.4 mV pH-1 as shown in Figure 4.9. The most
important discovery in our experiment was that we found an increased sensitivity of the ZnO
nanotube pH sensor electrode in buffer solutions that is 1.6 times that of ZnO nanorod pH
sensor electrodes. The enhanced sensitivity of ZnO nanotube pH sensor compared to ZnO
nanorod pH sensor can be interpreted as a result of a large effective surface area with higher
surface-to-volume ratio [173] (Figure 4.10(a), (b) show schematic diagram of the ZnO
nanorod and nanotube immersed in the CaCl2 electrolyte showing the charge distribution at
two walls of metal oxide-electrolyte interface with surface charges and ZnO nanotube has a
larger effective surface). In addition, existence of a greater fraction of surface and subsurface
oxygen vacancies in the ZnO nanotubes than in the nanorods and nanowires may cause
enhanced performance and sensitivity in ZnO nanotubes compared to ZnO nanorods [174].
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Figure 4.9: Experimental measurements of electrochemical potential vs pH comparison curves for ZnO
nanorods and nanotubes immersed in (a) buffer and (b) CaCl2 solutions.
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Figure 4.10: Schematic diagram showing the charge distribution at the metal oxide-electrolyte interface with
surface charges in CaCl2 for (a) ZnO nanorods and (b) ZnO nanotubes.
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4.2.2 Intracellular selective Ca2+ and glucose sensors (Paper
IV,VI)
ZnO nanorods were grown on the tip of glass capillaries and coated with ionophoremembrane to make it selective for Ca2+. A typical SEM image of the ZnO nanorods grown on
Ag-coated capillary before ionophore-membrane coating is shown in Figure 4.11.

Figure 4.11: A typical SEM image of ZnO nanorods on the tip of a glass capillary.

First we used the nanosensor to measure the free concentration of intracellular Ca2+ in single
human adipocyte. Once the ZnO nanorod working electrode and Ag/AgCl reference electrode
were inside the cell, i.e. isolated from the buffer solution surroundings, an electrochemical
potential difference signal was detected and identified the activity of Ca2+. The intracellular
concentration was 123 ± 23 nM, corresponding closely with intracellular concentration
determined after loading human adipocytes with the Ca2+-binding flurophore fura-2 [175]. In
a second experiment the intracellular Ca2+ concentration in single frog oocytes was measured.
The intracellular Ca2+ concentration of frog oocytes was 250±50 nM, also very close to
previous report [176]. To test the sensitivity of our constructed biosensor we inserted the half
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of the working functionalized ZnO nanorods in a single cell and other half was in contact
with the surrounding buffer solution. As shown in Figure 4.12, the functionalized ZnO
nanorods exhibited a stepwise decrease in the induced electrochemical potential. While no
stepwise characteristics were observed when the working electrode inserted inside the cell.
This implies that the constructed working electrode is sensing good sensitivity.

Figure 4.12: Shows the potentiometric response versus time as the concentration of Ca2+ concentration is
changed in the buffer surrounding the cell. The inset shows a typical calibration curve of the present working
electrode (100 nM-10 mM).

Paper VI describes an improved intracellular glucose sensor based on a ZnO nanoporous
material. The ZnO nanoporous material with a wall thickness of 200 nm was grown on the tip
of a borosilicate glass capillary and used as a selective intracellular glucose sensor for the
measurement of glucose concentrations in human adipocytes and frog oocytes. The schematic
diagram of the device is shown in Figure 3.8. Figure 4.13 shows SEM images of the ZnO
nanoporous material on the tip before enzyme immobilization. The extracellular
potentiometric response of the sensor electrodes for calibration purpose was studied in
glucose solutions made in buffer (PBS pH 7.4) with glucose concentrations ranging from 500
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nM to 10 mM. The response time when glucose is added to the solution is fast, reaching 95%
of the steady-state voltage within 4 s. A typical example with 50 μM glucose is shown in
Figure 4.14 (a). The steady-state voltage exhibited a linear glucose concentration-dependent
electrochemical potential difference over the complete glucose concentration (Figure
4.14(b)). As compared to the previous ZnO-nanorod-based intracellular glucose biosensor
[153], where simple enzyme immobilization process was used and failed to respond to
glucose concentration from 1 mM to 10 mM, our new sensor shows higher sensitivity and
capability to respond to a wider glucose concentration range. This wider glucose
concentration range could be due to the different immobilization technique used in the ZnOnanoporous-based sensor, in which immobilized GOD retained its enzymatic activity for a
longer duration and the prevention of possible enzyme leakage from the electrode by the
Nafion membrane coating which also reduces foreign interferences. The sensitivity of the
ZnO-nanoporous-based sensor was -65.2 mV/decade (Figure 4.14(b)), which is a much
better sensitivity as compared to earlier reported glucose sensors [177,153] i.e. 1.8 and 1.6
times respectively. The higher sensitivity may be ascribed to the fact that nanoporous
structures provide larger surface area, which will lead to more enzymes coverage. Due to this
fact, our fabricated intracellular glucose sensor is capable to respond to very small analyte
glucose concentrations and produces a good electrical signal. Subsequently, this generated
signal will be easily interfaced and processed with electronic read-out circuitry.
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Figure 4.13: Typical SEM images of ZnO nanoporous material grown on aluminum covered glass capillary
before enzyme coating (The four panel show different magnifications).
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Figure 4.14: Time response of the sensor electrode in 50 μM glucose concentration. (b) A calibration curve
showing the electrochemical potential difference of functionalized ZnO nanoporous working sensor vs Ag/AgCl
reference electrode. The glucose concentration range is varied from 500 nM to 10mM.
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The measured intracellular glucose concentration for a single human adipocyte was 60±15
μM (n = 5), corresponding well with the 70 μM intracellular concentration determined by
nuclear magnetic resonance spectroscopy in rat muscle tissue in the presence of a high, 10
mM, extracellular glucose concentration and our previous report [153,178]. As soon as we
got the stable potential for intracellular measurements, 10 nM insulin was added to the cell
medium. Upon insulin addition, the glucose concentration in the cell increased from 60±15
μM to 130±10 μM (n = 5). It took a few minutes to reach the final potential for intracellular
glucose uptake as shown in Figure 4.15(a). The increase in intracellular glucose after insulin
treatment was expected because insulin stimulates cellular glucose uptake as shown
schematically in Figure 4.15(b). Insulin binds to its receptor at the cell surface. This initiates
an intracellular signal transduction causing translocation of the insulin-sensitive glucose
transporter type 4 (GLUT4; encoded by the GLUT4 gene) from intracellular stores to the
plasma membrane. After integration in the plasma membrane, GLUT4 allows glucose to
enter the cell down a concentration gradient. In another set of experiment, we used the
nanosensor to measure the intracellular glucose concentration in a single frog oocytes. The
intracellular concentration was 110±20 μM (n = 5), which was higher than what has been
reported in a previous investigation using another method [179], and however, is similar to
our previous report [153]. The ZnO nanoelectrode was placed in the solution surrounding the
cells directly after the intracellular measurement and obtained a glucose concentration
slightly different than the actual glucose concentration of the surrounding solution. Thus this
discrepancy could be ascribed to the fact that the difference between the actual and the
measured glucose concentration came from the strong association constant of the binding
with cell material to nanosensor electrode. However, to test if the electrode can measure the
glucose concentration inside the frog oocytes, 10 nM insulin was added to the cell medium
and the glucose concentration in the frog oocytes increased from 110±20 to 225±10 μM.
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Figure 4.15: (a) The output response with respect to time for positioned electrodes inside cell when insulin is
applied to the extracellular solution. (b) An illustration diagram showing insulin activation of glucose uptake.

Figure 4.16(a) shows the reproducibility test of 5 independently developed ZnO nanoporous
material sensor electrodes in human adipocytes. Figure 4.16(b) displays the results of three
experiments for the same ZnO nanosensor electrode showing good repeatability and linearity
in various glucose concentrations PBS solution (pH 7.4). Figure 4.16(c) shows antiinterference test with the sensor.
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Figure 4.16: (a) The sensor to sensor reproducibility test of five intracellular electrodes in human adipocytes. (b)
Calibration curve from three different experiments using the same sensor electrode showing the different
electrochemical potential difference at different glucose concentration. (c) Calibration curve showing the study
of interferences after adding 0.1 mM ascorbic acid (UA) or 0.1 mM uric acid (UA) in 1 mM glucose
concentration.

In summary, in this device design, the ZnO nanoporous material was purposely introduced to
enhance the sensitivity and performance of the developed sensor in terms of stability,
selectivity, reproducibility, and anti-interference. The effect of the hormone insulin, which
increased the concentration of intracellular glucose, was also demonstrated. We found that
the ZnO nanoporous material provides sensitivity as high as 1.8 times higher than that
obtained using ZnO nanorods under the same conditions.
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C H A P T E R

5

CONCLUSION AND OUTLOOK
This thesis studies mechanical properties and electrochemical sensor applications of ZnO
nanostructures.
Starting with Paper I, we have investigated mechanical instability and buckling
characterization of vertically aligned single-crystal ZnO nanorods grown on Si, SiC and
sapphire substrates by VLS method. The critical loads for the as-grown ZnO nanorods on Si,
SiC and sapphire were measured and corresponding buckling and adhesion energies were
calculated. It was found that the nanorods grown on SiC substrate have less residual stresses
and are more stable than the nanorods grown on Si and sapphire substrates.
Paper II investigates nanomechanical tests of bending flexibility, kinking, and buckling
failure characterization of vertically aligned single crystal ZnO nanorods/nanowires grown by
VLS and ACG methods. We observed that the loading and unloading behaviors during the
bending test of the as-grown samples were highly symmetrical and the highest point on the
bending curves and the first inflection and critical point were very close. The results also
show that the elasticity of the ZnO single crystal is approximately linear up to the first
inflection point and is independent of the growth method.
Paper III we quantitatively investigate buckling and elastic stability of vertically well aligned
ZnO nanorods grown on Si substrate and ZnO nanotubes etched from the same nanorods by
nanoindentation technique. We found that the critical load for the nanorods was five times
larger than the critical load for nanotubes. On the contrary, the flexibility for nanotubes was
five times larger than nanorods. The discovery of high flexibility for nanotubes and high
elasticity of nanorods can be efficiently used for designing piezoelectric nanodevices.
In paper IV we utilized functionalized ZnO nanorods on the tip of a borosilicate glass
capillary coated with ionophore-membrane to construct intracellular Ca2+ selective biosensor.
The biosensor exhibited a Ca2+-dependent electrochemical potential difference and the
response was linear over a large dynamic concentration range, which enabled this sensor to
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measure Ca2+ concentrations in human adipocytes or in frog oocytes. The results were
consistent with the values of Ca2+ concentrations reported in the literature.
In paper V, ZnO nanotubes and nanorods were used to create pH sensor devices. The
developed ZnO pH sensors display good reproducibility, repeatability and long-term stability
and exhibited a pH-dependent electrochemical potential difference over a large dynamic pH
range. We found that the ZnO nanotubes provide sensitivity as high as twice that of the ZnO
nanorods. The possible reasons of enhance sensitivity was explained.
Paper VI investigates an improved potentiometric intracellular glucose biosensor based on
the immobilization of glucose oxidase on the ZnO nanoporous material. We demonstrated
that using ZnO nanoporous material as a matrix material for enzyme immobilization
improves the sensitivity of the biosensor as compared to using ZnO nanorods. In addition, the
fabrication method of the intracellular biosensor is simple and the excellent performance in
sensitivity, stability, selectivity, reproducibility and anti-interference was achieved.
Mechanical characterization of ZnO nanostructures will provide vital information regarding
the design of effective and efficient piezoelectric nanodevices. The new design technique of
growing ZnO nanostructures on the sharp tip makes it possible to penetrate the cell
membrane with nanosensor devices and measure biological species in living cells. The
extension of this work is to design reliable nanodevices base on piezoelectric property of ZnO
and make a sensor device that can detect in vivo chemical injection in the living cells.

Page | 52

Linköping University

BIBLIOGRAPHY
[1] G.E.Moore, Cramming more components onto integrated circuits. Electronics, 38, 1965.
[2] Physics World, October (2008) 36.
[3] Z. L. Wang, Mat. Sci. Eng R 2009, 64, 33.
[4] A. Wadeasa, O. Nur, and M. Willander, Nanotechnology 2009, 20, 065710.
[5] M. Willander, Y. E. Lozovik, Q. X. Zhao, O. Nur, Q.H. Hu, and P. Klason, Proc. SPIE
2007, 6486, 648614.
[6] M. Riaz, A. Fulati, Q. X. Zhao, O. Nur, M. Willander, and P. Klason, Nanotechnology
2008, 19, 415708.
[7] M. Riaz, A. Fulati, L. L. Yang, O. Nur, M. Willander, and P. Klason, J. Appl. Phys 2008,
104, 104306.
[8] J. P. Liu, C. X. Guo, C. M. Li, Y. Y. Li, Q. B. Chi, X. T. Huang, L. Liao, T. Yu,
Electrochem. Commun 2009, 11, 202.
[9] O. Lupan, G. Y. Chai, L. Chow, Microelectron. Eng 2008, 85, 2220.
[10] A. Umar, M. M. Rahman, A. Al-Hajry, Y. B. Hahn, Talanta 2009, 78, 284.
[11] A. Umar, M. M. Rahman, M. Vaseem, Y. B. Hahn, Electrochem. Commun 2009, 11,
118.
[12] A. Umar, M. M. Rahman, Y. B. Hahn, J. Nanosci. Nanotechnol 2009, 9, 4686.
[13] A. Umar, M. M. Rahman, Y. B. Hahn, Talanta 2009, 77, 1376.
[14] A. Umar, M. M. Rahman, S. H. Kim, Y. B. Hahn, Chem. Commun 2008, 166.
[15] X. D. Bai, P. X. Gao, Z. L. Wang, and E. G. Wang, Appl. Phys. Lett 2003, 82, 4806.
[16] Z. L. Wang, and J. H. Song, Science 2007, 312, 242-246.
[17] Q. X. Zhao, P. Klason, M. Willander, P. J. Bergman, W. L. Jiang, and J. H. Yang, Phys.
Scr 2006, T126, 13; H. J. Zhou, M. Wissinger, J. Fallert, R. Hauschild, F. Stelzl, C.
Klingshirn, and H. O. Kalt, Appl. Phys. Lett 2007, 91, 181112.
[18] P.X. Gao and Z.L. Wang, J. Appl. Phys 2005, 97, 044304.
[19] P. D. Batista, and M. Mulato, Appl. Phys. Lett 2005, 87, 143508.
[20] B. S. Kang, F. Ren, Y. W. Heo, L. C. Tien, D. P. Norton, and S. J. Pearton, Appl. Phys.
Lett 2005, 86, 112105.

Page | 53

Linköping University

[21] Z. L. Wang, Ad. Funct. Mater 2008, 18, 3553.
[22] O. Dulub, L. A. Boatner, and U. Diebold, Surf. Sci 2002, 519, 201.
[23] B. Meyer, and D. Marx, Phys. Rev. B 2003, 67, 035403.
[24] P. W. Tasker, J.Phys. C: Solid State Phys 1979, 12, 4977.
[25] O. Dulub, U. Diebold, and G. Kresse. Phys. Rev. Lett 2003, 90, 016102.
[26] A. Wander, F. Schedin, P. Steadman, A. Norris, R. McGrath, T. S. Turner, G. Thornton,
and N. M. Harrison, Phys. Rev. Lett 2001, 86, 3811.
[27] V. Staemmler, K. Fink, B. Meyer, D. Marx, M. Kunat, S. G. Girol, U. Burghaus, and Ch.
Wöll, Phys. Rev. Lett 2003, 90, 106102.
[28] C. H. Bates, W. B. White, R. Roy, Science 1962, 137, 993.
[29] C. Jagadish, and S. J. Pearton (eds.), Zinc Oxide Bulk, Thin Films, and Nanostructures
(Elsevier, Amsterdam, 2006), p. 1.
[30] Ü. Özgür, Ya. L. Alivov, C. Liu, A. Teke, M. Reshchikov, S. Dogan, V. Avrutin, S.J.
Cho, and H. Morkoc, J. Appl. Phys 2005, 98, 041301.
[31] D. C. Look, Mater. Sci. Eng 2001, 80, 383.
[32] T. Olorunyolemi, A. Birnoim, Y. Carmel, O. Wilson, I. Lioyd, S. Smith, and R.
Campbell, J. Am. Cera. Socie 2002, 85, 1249.
[33] D. I. Florescu, L. G. Mourokh, F. H. Pollak, D. C. Look, G. Cantwell, and X.Li, J. Appl.
Phys 2002, 91, 890.
[34] U. Rössler, Phys. Rev 1969, 184, 733.
[35] S. Bloom, and I. Ortenburger, Phys. Stat. Sol B 1973, 58, 561.
[36] J. R. Chelikowsky, Solid. State. Commun 1977, 22, 351.
[37] I. Ivanov, and J. Pollmann, Phys. Rev. B 1981, 24, 7275.
[38] D. H. Lee, and J. D. Joannopoulos, Phys. Rev. B 1981, 24, 6899.
[39] P. Schröer, P. Krüger, and J. Pollmann. Phys. Rev. B 1993, 47, 6971.
[40] S. Massidda, R. Resta, M. Posterna, and A. Baldereschi, Phys. Rev. B 1995, 52, R16977.
[41] P. Schröer, P. Krüger, and J. Pollmann. Phys. Rev. B 1994, 49, 17092.
[42] D. Vogel, P. Krüger, and J. Pollmann. Phys. Rev. B 1995, 52, R14316.

Page | 54

Linköping University

[43] Y. R. Wang, and C. B. Duke, Surf. Sci. 1987, 192, 309.
[44] S. H. Wei, and A. Zounger, Phys. Rev. B 1988, 37, 8958.
[45] J. L. Martins, N. Troullier, and S. H. Wei, Phys. Rev. B 1991, 43, 2213.
[46] Y. N. Xu, and W. Y. Ching, Phys. Rev. B 1993, 48, 4335.
[47] O. Zakharov, A. Rubio, X. Blase, M. L. Cohen, and S. G. Louie, Phys. Rev. B 1994, 50,
10780.
[48] J. E. Jaffe, and A. C. Hess, Phys. Rev. B 1993, 48, 7903.
[49] J. E. Jaffe, J. A. Snyder, Z. Lin, and A. C. Hess, Phys. Rev. B 2000, 62, 1660.
[50] N. A. Hill, and U. Waghmare, Phys. Rev. B 2000, 62, 8802.
[51] J. E. Jaffe, R. Pandy, and A. B. Kunz, Phys. Rev. B 1991, 43, 14030.
[52] D. W. Langer, and C. J. Vesely, Phys. Rev. B 1970, 2, 4885.
[53] L. Ley, R. A. Pollak, F. R. McFeely, S. P. Kowalezyk, and D. A. Shirley, Phys. Rev. B
1974, 9, 600.
[54] C. J. Vesely, R. L. Hengehold, and D. W. Langer, Phys. Rev. B 1972, 5, 2296.
[55] P. A. Powell, W. E. Spicer, and J. C. McMenamin, Phys. Rev. Lett 1971, 27, 97.
[56] R. A. Powell, W. E. Spicer, and J. C. McMenamin, Phys. Rev. B 1972, 6, 3056.
[57] R. T. Girard, O. Tjernberg, G. Ghiana, S. Söderholm, U. O. Karlsson, C. Wigren, H.
Nylen, and I. Lindau, Surf. Sci. 1997, 373, 409.
[58] K. Ozawa, K. Sawada, Y. Shirotori, K. Edamoto, and M. Nakatake, Phys. Rev. B 2003,
68, 125417.
[59] C. B. Duke, A. R. Lubinsky, S. C. Chang, B. W. Lee, and P. Mark, Phsy. Rev. B 1977,
15, 4865.
[60] X.H. Zhang, Y. C. Liu, X. H. Wang, S. J. Chen, G. R. Wang, J. Y. Zhang, Y. M. Lu, D.
Z. Shen, X. W. Fan, J. Phys. Condens. Matter 2005, 17, 3035.
[61] S. Chen, Y. Liu, C. Shao, R. Mu, Y. Lu, J. Zhang, D. Shen, X. Fan, Adv. Mater. 2005,
17, 586.
[62] H. C. Hsu, W. F. Hsieh, Solid State Commun. 2004, 131, 371.
[63] S. Ozaki, T. Tsuchiya, Y. Inokuchi, S. Adachi, Phys. Stat. Sol. A 2005, 202, 1325.
[64] H. C. Hsu, W. F. Hsieh, Solid. State. Commun 2004, 131, 371.

Page | 55

Linköping University

[65] B. P. Zhang, N. T. Binh, Y. Segawa, K. Wakatsuki, N. Usami, Appl. Phys. Lett 2003, 83,
1635.
[66] W. I. Park, Y. H. Jun, S. W. Jung, G. C. Yi, Appl. Phys. Lett 2003, 82, 964.
[67] J. Jie, G. Wang, Y. Chen, X. Han, Q. Wang, B. Xu, J. G. Hou, Appl. Phys. Lett 2005, 86,
031909.
[68] L. E. Greene, M. Law, J. Goldberger, F. Kim, J. C. Johnson, Y. Zhang, R. J. Saykally, P.
Yang, Angew. Chem 2003, 115, 3030; Angew. Chem. Int. Ed 2003, 42, 3031.
[69] Y. H. Tong, Y. C. Liu, S. X. Lu, L. Dong, S. J. Chen, Z. Y. Xiao, J. Sol-Gel Sci. Technol
2004, 30, 157.
[70] J. Grabowska, A. Meaney, K. K. Nanda, J. P. Mosnier, M. O. Henry, J. R. Duclere, E.
McGlynn, Phys. Rev. B 2005, 71, 115439.
[71] H. W. Suh, G. Y. Kim, Y. S. Jung, W. K. Choi, D. Byun, J. Appl. Phys 2005, 97,
044305.
[72] B. K. Meyer, H. Alves, D. M. Hofmann, W. Kriegseis, D. Forster, F. Bertram, J.
Christen, A. Hoffmann, M. Straßburg, M. Dworzak, A. V. Rodina, Phys. Stat. Sol B
2004, 241, 231.
[73] D. C. Look, C.C. Kun, B.Claflin, and G. C. Farlow, Physica B 2003, 340-342, 32.
[74] D. C. Look, R. L. Jones, J. R. Sizelove, N. Y. Garces, N. C. Giles, L. E. Halliburton,
Phys. Stat. Sol A 2003, 195, 171.
[75] R. C. Wang, C. P. Liu, J. L. Huang, S. J. Chen, Appl. Phys. Lett 2005, 87, 053103.
[76] H. J. Fan, R. Scholz, M. Zacharias, Appl. Phys. Lett 2004, 85, 4142.
[77] H. J. Fan, R. Scholz, F. M. Kolb, M. Zacharias, U. G. Gösele, F. Heyroth, C.
Eisenschmidt, T. Hempel, and J. Christen, Appl. Phys. A 2004, 79, 1895.
[78] X. Q. Meng, D. Z. Shen, J. Y. Zhang, D. X. Zhao, Y. M. Lu, L. Dong, Z. Z. Zhang, Y.
C. Liu, X. W. Fan, Solid. State. Commun 2005, 135, 179.
[79] H. T. Ng, B. Chen, J. Li, J. Han, M. Meyyappan, J. Wu, S. X. Li, E. E. Haller, Appl.
Phys. Lett 2003, 82, 2023.
[80] X. Liu, X. Wu, H. Cao, R. P. H. Chang, J. Appl. Phys 2004, 95, 3141.
[81] D. Zhao, C. Andreazza, P. Andreazza, J. Ma, Y. Liu, D. Shen, Chem. Phys. Lett 2004,
399, 522.
[82] L. Huang, S. Wright, S. Yang, D. Shen, B. Gu, Y. Du, J. Phys. Chem. B 2004, 108,
19901.
Page | 56

Linköping University

[83] F. Wen, W. Li, J. H. Moon, J. H. Kim, Solid. State. Commun 2005, 135, 34.
[84] Q. Yang, K. Tang, J. Zuo, Y. Qian, App. Phys. A 2004, 79, 1847.
[85] F. Wang, Z. Ye, D. Ma, L. Zhu, F. Zhuge, J. Cryst. Growth 2005, 274, 447.
[86] S. Choopun et al. J. Cryst. Growth. 2005, 282, 365.
[87] W. Yu, X. Li, X. Gao, Cryst. Growth Des. 2005, 5, 151.
[88] Y. Q. Chen, J. Jiang, Z. Y. He, Y. Su, D. Cai, L. Chen, Mater. Lett. 2005, 59, 3280.
[89] Z. Chen, N. Wu, Z. Shan, M. Zhao, S. Li, C. B. Jiang, M. K. Chyu, S. X. Mao, Scr.
Mater. 2005, 52, 63.
[90] B. X. Lin, Z. X. Fu, and Y. B. Jia, Appl. Phys. Lett 2001, 79, 943.
[91] R. Dingle, Phys. Rev. Lett 1969, 23, 579.
[92] N. Y. Graces, L. Wang, L. Bai, N. C. Giles, L. E. Halliburton, and G. Cantwell, Appl.
Phys. Lett 2002, 81, 622.
[93] Y. W. Heo, D. P. Norton, and S. J. Pearton, J. Appl. Phys 2005, 98, 073502.
[94] Q. X. Zhao, P. Klason, M. Willander, H. M. Zhong, W. Lu, and J. H. Yang, Appl. Phys.
Lett 2005, 87, 211912.
[95] E. G. Bylander, J. Appl. Phys 1978, 49, 1188.
[96] X. T. Yang, G. T. Du, X. Q. Wang, J. Z. Wang, B. J. Liu, Y. T. Zhang, D. Liu, D. L. Liu,
H. C. Ong, S. R. Yang, J. Cryst. Growth 2003, 252, 275.
[97] J. Zhong, A. H. Kitai, P. Mascher, and W. Puff, J. Electrochem. Soc 1993, 140, 3644.
[98] X. Y. Ma, P. L. Chen, D. S. Li, Y. Y. Zhang, and D. R. Yang, Appl. Phys. Lett 2007, 91,
251109.
[99] S. Chu, M. Olmedo, Z. Yang, J. Y. Kong, and J. L. Liu, Appl. Phys. Lett 2008, 93,
181106.
[100] Y. Sun, J. B. Ketterson, G. K. L. Wong, Appl. Phys. Lett 2000, 77, 2322.
[101] J. C. Johnson, H. Yan, P. Yang, R. J. Saykally, J. Phys. Chem B 2003, 107, 8816.
[102] Z. L. Wang, Adv. Funct. Mater 2008, 18, 3553.
[103] S. Xu, Y. Qin, C. Xu, Y. G. Wei, R. S. Yang, Z. L. Wang, Nature Nanotech 2010, doi:
10.1038/nnano.2010.46.

Page | 57

Linköping University

[104] L. T. Ngo, D. Almecija, J. E. Sader, B. Daly, N. Petkov, J. D. Holmes, D. Erts, and J. J.
Boland, Nano Lett 2006, 6, 2964.
[105] X. Tao, and X. Li, Nano. Lett 2008, 8, 505.
[106] J. Biener, A. M. Hodge, J. R. Hayes, C. A. Volkert, L. A. Zeped-Ruiz, A. V. Hamza,
and F. F. Abraham, Nano. Lett 2006, 6, 2379.
[107] Q. Xiong, N. Duarte, S. T. Adigadapa, and P. C. Eklund, Nano. Lett 2006, 6, 1904.
[108] B. Wu, A. Heidelberg, and J. J. Boland, Nano. Lett 2006, 6, 468.
[109] X. Li, X. Wang, Q. Xiong, and P. C. Eklund, Nano. Lett 2005, 5, 1982.
[110] A. Heidelberg, L. T. Ngo, B. Wu, M. A. Phillips, S. Sharma, T. I. Kamins, J. E. Sader,
and J. J. Boland, Nano. Lett 2006, 6, 1101.
[111] G. Stan, C. V. Ciobanu, P. M. Parthangal, and R. F. Cook, Nano. Lett 2007, 7, 3691.
[112] S. C. Hung, Y. K. Su, T. H. Fang, S. J. Chang, and L. W. Ji, Nanotechnology 2005, 16,
2203.
[113] J. F. Waters, P. R. Guduru, M. Jouzi, J. M. Xu, T. Hanlon, and S. Suresh, Appl. Phys.
Lett 2005, 87, 103109.
[114] J. P. Salvetat, J. M. Bonard, N. H. Thomson, A. J. Kulik, L. F. Forro, W. Benoit, and L.
Zuppiroli, Appl. Phys. A 1999, 69, 255.
[115] R. S. Ruoff, D. Qian, W. K. Liu, C. R. Physique 2003, 4, 993.
[116] Z. L. Hu, X. M. Guo, and C. Q. Ru, Nanotechnology 2008, 19, 305703.
[117] A. Polian, M. Grimsditch, and I. Grzegory, J. Appl. Phys 1996, 79, 3343.
[118] J. E. Shigley et al. Mech. Eng. Desig (7th ed.) 2004, McGraw-Hill.
[119] A. J. Kulkarni, M. Zhou, and F. J. Ke, Nanotechnology 2005, 16, 2749.
[120] L. Zhang, and H. Huang, Appl. Phys. Lett 2006, 89, 183111.
[121] G. Wang, and X. Li, Appl. Phys. Lett 2007, 91, 231912.
[122] J. H. Song, X. D. Wang, E. Riedo, and Z. L. Wang, Nano. Lett 2005, 5, 1954.
[123] M. Lucas, W. J. Mai, R. S. Yang, Z. L. Wang, and E. Riedo, Nano. Lett 2007, 7, 1314.
[124] S. J. Young, L. W. Ji, S. J. Chang, T. H. Fang, and T. J. Hsueh, Physica E 2007, 39,
240.
[125] L. W. Ji, S. J. Young, T. H. Fang, and C. H. Liu, Appl. Phys. Lett 2007, 90, 033109.

Page | 58

Linköping University

[126] S. J. Young, L. W. Ji, S. J. Chang, T. H. Fang, T. J. Hsueh, T. H. Meen, and I. C. Chen,
Nanotechnology 2007, 18, 225603.
[127] S. O. Kucheyev, J. E. Bradly, J. S. Williams, C. Jagadish, and M. V. Swain, Appl. Phys.
Lett 2002, 80, 956.
[128] C. Q. Chen, Y. Shi, Y. S. Zhang, J. Zhu, and Y. J. Yan, Phys. Rev. Lett 2006, 96,
075505.
[129] B. M. Wen, J. E. Sader, and J. J. Boland, Phys. Rev. Lett 2008, 101, 175502.
[130] Z. L. Wang, J. Phys.: Condens. Matter 2004, 16, R829.
[131] X. D. Bai, P. X. Gao, Z. L. Wang, and E. G. Wang, Appl. Phys. Lett 2003, 82, 4806.
[132] Y. Huang, X. Bai, and Y. Zhang, J. Phys.: Condens. Matter 2006, 18, L179.
[133] G. Feng, W. D. Nix, Y. K. Yoon, and C. J. Lee, J. Appl. Phys 2006, 99, 074304.
[134] H. Ni, and X. Li, Nanotechnology 2006, 17, 3591.
[135] J. Zhou, C. S. Lao, P. X. Gao, W. J. Mai, W. L. Hughes, S. Z. Deng, N. S. Xu, and Z.
L. Wang, Solid. State. Commun 2006, 139, 222.
[136] S. Hoffmann, F. Östlund, J. Michler, H. J. Fan, M. Zacharias, and C. Ballif,
Nanotechnology 2007, 18, 205503.
[137] A. D. Corso, M. Posternak, R. Resta, and A. Baldereschi, Phys. Rev. B 1994, 50,
10715.
[138] C. K. Campbell, Surface acoustic wave devices for mobile and wireless
communications. 1998, New York.
[139] Brian R. Eggins, Chemical sensors and biosensors. 2002, Wiley.
[140] L. Clark, and C. Lynos, Ann. NY Acad. Sci. 1962, 102, 29.
[141] F. Patolsky, G. F. Zheng, and C. M. Lieber, Anal. Chem. 2006, 78, 4260.
[142] Y. Cui, Q. Q. Wei, H. K. Park, and C. M. Lieber, Science 2001, 293, 1289.
[143] F. Patolsky, B. P. Timko, G. H. Yu, Y. Fang, A. B. Greytak, G. F. Zheng, and C. M.
Lieber, Science 2006, 313, 1100.
[144] F. Patolsky, G. F. Zheng, and C. M. Lieber, Nanomedicine 2006, 1, 51.
[145] Z. L. Wang, Materials Today 2004, 7, 26.
[146] A. Wei, X. W. Sun, J. X. Wang, Y. Lei, X. P. Cai, C. M. Li, Z. L. Dong, and W.
Huang, Appl. Phys. Lett 2006, 89, 123902.
Page | 59

Linköping University

[147] J. P. Liu, C. X. Guo, C. M. Li, Y. Y. Li, Q. B. Chi, X. T. Huang, L. Liao, and T. Yu,
Electrochem. Commun 2009, 11, 202.
[148] J. X. Wang, X. W. Sun, A. Wei, Y. Lei, X. P. Cai, C. M. Li, and Z. L. Dong, Appl.
Phys. Lett 2006, 88, 233106.
[149] B. S. Kang, F. Ren, Y. W. Heo, L. C. Tien, D. P. Norton, and S. J. Pearton, Appl. Phys.
Lett 2005, 86, 112105.
[150] Z. Li, R. S. Yang, M. Yu, F. Bai, C. Li, and Z. L. Wang, J. Phys. Chem. C 2008, 112,
20114.
[151] J. Zhou, N. S. Xu, and Z. L. Wang, Adv. Mater 2006, 18, 2432.
[152] M. Asif, A. Fulati, O. Nur, M. Willander, C. Brännmark, P. Strålfors, S. I. Börjesson,
F. Elinder, Appl. Phys. Lett 2009, 95, 023703.
[153] M. Asif, S. M. U. Ali, O. Nur, M. Willander, C. Brännmark, P. Strålfors, U. H.
Englund, F. Elinder, and B. Danielsson, Biosens. Bioelectron 2010, doi:
10.1016/j.bios.2010.02.025.
[154] R. S. Wagner, and W. C. Ellis, Appl. Phys. Lett 1964, 4, 89.
[155] P. D. Yang, H. Yan, S. Mao, R. Russo, J. Johnson, R. Saykally, N. Morris, J. Pham, R.
He, and H. J. Choi, Adv. Funct. Mater 2002, 12, 323.
[156] X. D. Wang, C. J. Summers, and Z. L. Wang, Nano. Lett 2004, 4, 423.
[157] X. D. Wang, J. H. Song, P. Li. J. H. Ryon, R. D. Dupuis, C. J. Summers, and Z. L.
Wang, J. Am. Chem. Soc 2005, 127, 7920.
[158] N. S. Ramgir, D. J. Late, A. B. Bhite, M. A. More, I. S. Mulla, D. S. Joag, and K.
Vijayamohanan, J. Phys. Chem. B 2006, 110, 18236.
[159] J. H. Song, X. D. Wang, E. Riedo, and Z. L. Wang, J. Phys. Chem. B 2005, 109, 9869.
[160] J. H. Park, and J. G. Park. Curr. Appl. Phys. 2006, 6, 1020.
[161] Q. X. Zhao, P. Klason, and M. Willander, Appl. Phys. A 2007, 88, 27.
[162] W. Lee, M. C. Jeong, and J. M. Myoung, Nanotechnology 2004, 15, 254.
[163] J. Cembrero et al., Thin Solid Films 2004, 198, 451.
[164] B. Mari, M. Mollar, A. Mechkour, B. Hartiti, M. Perales, J. Cembrero, Microelectron. J
2004, 35, 79.
[165] L. Vayssieres, K. Keis, S. E. Lindquist, and A. Hagfeldt, J. Phys. Chem. B 2001, 105,
3350.
Page | 60

Linköping University

[166] H. Womelsdorf, W. Hoheisel, G. Passing, DE-A 199 07 704 A 1, 2000.
[167] B. Meyer, and D. Marx, Phys. Rev. B 2003, 67, 035403.
[168] L.E. Greene, B. D. Yuhas, M. Law, D. Zitoun, and P. Yang, Inorg. Chem 2006, 45,
7535.
[169] J. P. Cheng, X. B. Zhang, and Z. Q. Luo, Surf. Coat. Technol 2008, 202, 4681.
[170] M, Ohring, Material Science of Thin Film Deposition and Structure 2nd edn 2002, (San
Diego, CA: Academic).
[171] J. E. Shigley, C. R. Mischke and R. G. Budynas, Mech. Eng. Design. 7th ed. 2004,
McGraw-Hill.
[172] S. P. Timoshenko and J. M. Gere, Theory of Elastic Stability, 2nd ed. 1961, (McGrawHill, New York.).
[173] Y. F. Qiu, and S. H. Yang, Nanotechnology 2008, 19, 265606.
[174] G.Q. Zhang, M. Adachi, S. Ganji, A. Nakamura, J. Temmyo, and Y. Matsui, Japan. J.
Appl. Phys 2007, 46, L730.
[175] B. Draznin, K. E. Sussman, R. H. Eckel, M. Kao, T. Yost, and N. A. Sherman, J. Clin.
Invest 1988, 88, 1848.
[176] T. Takahashi, E. Neher, and B. Sakmann, Proc. Natl. Acad. Sci 1987, 84, 5063.
[177] S. M. Usman, O. Nur, M. Willander, and B. Danielsson, Sens. Actuators, B 2010, 145,
869.
[178] B. M. Jucker, A. J. Rennings, G. W. Cline, K. F. Petersen, G.I. Shulman, Am J Physiol
Endocrinol Metab 1997, 273, E139.
[179] J. A. Umbach, M. J. Coady, E. M. Wright, Biophys. J. 1990, 57, 1217.

Page | 61

