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SUMMARY

Metal oxide semiconductor nanowires (NWs) have received a lot of research
attention because of their unique and wide-ranged optical, electronic, and piezoelectric
properties. Among the metal oxide semiconductor NWs zinc oxide (ZnO) NWs have been
the focus of much research due to their unique optical, electrical and piezoelectric
properties. ZnO is a compound semiconductor with a wide direct band gap (3.37 eV) and a
large exciton binding energy (60 meV) which makes this material a promising candidate
for optoelectronic applications such as short-wavelength semiconductor lasers and light-
emitting diodes. ZnO NWs have additional functionality arising from their size which
allows for further flexibility in band gap engineering.

In addition to the novel optical properties of ZnO NWs, utilization of ZnO NWs as
nano-scale energy harvester devices has made them a very exciting topic of research. ZnO
can possess two crystal structures, cubic zinc blende (ZB) and hexagonal wurtzite (WZ) in
which each atom is tetrahedrally coordinated by atoms of the opposite species. In the
crystal structure of ZnO, Zn®* cations and O? anions are tetrahedrally coordinated in
crystal structure of ZnO, and the centers of the positive and negative ions overlap.
Therefore, if a stress is applied at an apex of the tetrahedron, the centers of the cations and
anions are relatively displaced, resulting in a dipole moment and consequently,
polarization from all of the units result in a macroscopic potential drop along the straining

direction in the crystal.
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SUMMARY (continued)

Due to the large surface-to-volume ratio of semiconductor NWs the surface effects
such as geometric properties, surface states, surface roughness, and surface passivation can
strongly modify the optical and electrical properties of nano-structure materials such as
ZnO NWs. Hence, understanding the surface effects, on the transport behavior of ZnO
nanostructures is crucial for reliable device fabrication.

In the first part of this dissertation, the effect of surface passivation on the near-
band-edge emission (NBE) of as grown ZnO nanowires has been studied. It was shown
that decorating the ZnO nanowires with sputtered metallic nano-particles can strongly
enhance the NBE of as grown ZnO nanowires. Since the ZnO NWs have a weak NBE,
numerous studies have been done to enhance the NBE and photoluminescence (PL)
efficiency of ZnO NWs. Different methods such as polymer coating of ZnO NWs and
hydrogen plasma treatment are seen to boost the NBE and photoluminescence efficiency of
ZnO NWs. Recently, among the different passivation methods the effect of metallic
nanoparticles (NPs) on PL properties of ZnO NWs have been the focus of much research.
In most studies an enhancement of NBE was observed and the results were interpreted in
terms of surface plasmons, unintentional hydrogen incorporation and the nature of the
contact formed between the metal and ZnO NWs. Our study demonstrates that decorating
the ZnO NWs with metal NPs in the presence of high energy Ar atoms cleans the surface
of ZnO NWs from near surface traps and surface adsorbed species, thus it leads to a strong

enhancement of NBE emission and a relative reduction of visible peak.
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SUMMARY (continued)

Furthermore, we have investigated the effect on the intensity of PL spectra of
deposited nanostructure materials such as ZnO NWs when deposited on different
substrates (gallium arsenide, silicon, glass and indium tin oxide-coated glass). The
experimental results show that the PL intensity is the highest for the gallium arsenide
(GaAs) and the least from the indium tin oxide-coated glass (ITO-coated glass) substrate
for both the quantum dots and the ZnO NWs. These experimental results were simulated
by taking into account the scattered field from different substrates and were seen to be in
agreement to the experimental results. We found that the PL intensity is a function of
scattered light from the surface of substrate rather than the type of heterojunction formed
between the deposited material and substrate.

As discussed in addition to novel optoelectronic applications of ZnO nanowires,
utilization of ZnO nanowires as nano-scale piezoelectric energy harvesters have made
them a hot topic of research. In the second part of this thesis, the piezoelectric properties of
ZnO nanowires have been the focus of the study. Since demonstration of the first nano-
scale energy harvester device based on one single ZnO NWs a comprehensive model
which can explain the generation of strain induced piezoelectric field in the presence of
free carriers has not been proposed. The piezoelectric constitutive equations, which are
used to calculate the strain induced piezoelectric potential, can be applied in a medium

with zero or negligible free carriers.
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SUMMARY (continued)

Therefore, in case of piezoelectric metal oxide semiconductor materials such as
ZnO NWs with a free carrier density about 10'® cm™ the constitutive equations cannot be
applied directly. Here, we have developed a model which strongly conciliates some
strongly divergent opinions behind operation of the semiconductor piezoelectric nano-
generators. In order to develop such a physics-based model, first the electrostatic potential
and depletion width in piezoelectric semiconductor NWs are derived by considering a non-
depleted region and a surface depleted region and solving the Poisson equation. By
determining the piezoelectric induced charge density, in terms of equivalent density of
charges, the effect of piezoelectric charges on the surface depletion region and the
distributed electric potential in NW have been investigated. The numerical results
demonstrate that the ZnO NWs with smaller radii have a larger surface depletion region
which results in a stronger surface potential and depletion region perturbation by induced
piezoelectric charges.

Furthermore, we have also studied another type of piezoelectric materials which
have a negligible free carrier concentration and constitutive equations can be applied
directly. In this domain, we have investigated the effect of applied stress on the generated
electrical pulse of Polyvinylidene fluoride (PVDF). PVDF is a piezoelectric polymer that
has been the focus of much research in many piezoelectric applications due to its high

piezoelectric coefficient.
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SUMMARY (continued)

The electromechanical properties of PVDF can be defined by the constitutive
equations. In this study, the effect of applied stress frequency on the electrical response of
PVDF-TrFE has been investigated. The experimental results demonstrate that increasing
the frequency of applied stress results in increasing of pulse width of the electrical
response. A model based on the mechanical creep and relaxation of PVDF has been
proposed, which agrees well with the observed experimental results.

In the last part of our study on piezoelectric energy harvesters the low power
interface circuits which are one of the fundamental building blocks of any self-powered
devices has been studied. Utilization of piezoelectric energy harvesters to power electronic
devices has attracted significant attention recently. However, the power generated by a
piezoelectric energy harvester is too small to power an electronic device directly. Hence, a
low power, efficient interface circuit between the energy harvester and a storage unit is
essential in any piezoelectric energy harvesting system. Here, a new interface circuit
topology for piezoelectric energy harvesting applications is proposed and various design
factors for circuit-level optimization are discussed. In the proposed interface circuit a peak
detector circuit operating in the sub-threshold region with power dissipation around 160
nW together with a delay circuit form the control block, which is one of the more

important units of the piezoelectric energy harvesting systems.
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1. INTRODUCTION

1.1 Introduction to semiconductor nanowires

Ongoing device scaling is the most important factor for economic survival of the
current integrated circuit industry. However, further decreases in device dimensions are
now starting to reach the regime that classical physics becomes invalid and the function of
the device cannot be guaranteed [1]. The above concerns necessitate development of new
technological concepts and materials. From this point of view, a “bottom-up” approach is
thought to be a potential alternative. The bottom-up approach is a common technique to
synthesis the nanowire structures. In this technique using a metal catalyst has enabled the
routine fabrication of sophisticated one-dimensional devices that is otherwise not possible
with conventional top-down approaches. This growth method is most frequently described
through the vapor—liquid—solid (VLS) mechanism which is introduced by Wagner and Ellis
with silicon whiskers growth. Other techniques used for nanowire growth including
chemical vapor deposition (CVD), laser ablation, supercritical fluid solution phase,
metallorganic chemical vapor deposition (MOCVD), chemical beam epitaxy (CBE) and
molecular beam epitaxy (MBE) [2]. However, among the different growth techniques the
VLS mechanism has proven to be extremely flexible and allows for the controlled growth
of complex nanostructures. For instance, heterojunctions can be formed axially along the
nanowire simply by changing the material precursors present in the reaction environment
[2].

As a result of the rapid progress of modern microelectronics, semiconductor NWs

and their related heterostructures are intensively being investigated due to their unique



growth mechanisms and novel properties. Semiconductor NWs have a broad application
range including diodes, field effect transistors, optoelectronic devices, sensors,
thermoelectrical devices, photocatalysis, and piezoelectronics. NW structures exhibit
unique and superior properties compared to their bulk counterparts, properties in which
their one-dimensional (1D) confined transport of electrons or photons, large surface to
volume ration, quantum confinement, and excellent mechanical properties play major roles
[3]. Among the semiconductor nanowires the wide variety of electronic and chemical
properties of metal oxide semiconductor nanowires makes them exciting materials for
basic research and for technological applications alike. Oxides span a wide range of
electrical properties from wide band-gap insulators to metallic and superconducting. One
of the metal oxide semiconductor nanowires which has been the focus of much research is
ZnO NWs. ZnO NWs provide enormous advantages such as high aspect ratio, good field
electron emission property and excellent molecular absorption and desorption
characteristics in catalyst applications.

1.2 Background on nanostructure ZnO material

Since the 1960s, synthesis of ZnO thin films has been an active field due to their
applications as sensors, transducers and catalysts. Nanostructured ZnO materials have
attracted broad attention due to their remarkable performance in electronics, optics and
photonics. ZnO is a key technological material with unique optical and piezoelectric
properties. The lack of a center of symmetry in ZnO crystal structure, combined with large
electromechanical coupling, results in strong piezoelectric and pyroelectric properties

which makes ZnO a great candidate material to be used in mechanical actuators,



piezoelectric sensors and piezoelectric energy harvesters. Furthermore, ZnO is a wide
direct band-gap (3.37 eV) compound semiconductor that makes it a suitable candidate for
short wavelength optoelectronic applications. ZnO has a high exciton binding energy (60
meV) which can ensure efficient excitonic emission at room temperature and room
temperature ultraviolet (UV) luminescence applications. ZnO is a versatile functional
material that has a diverse group of growth morphologies including nanocombs, nanorings,
nanosprings, nanobelts and nanowires. Crystal structure of ZnO can be cubic zinc blende
ZB or hexagonal WZ in which each atom is tetrahedrally coordinated by atoms of the
opposite species. The stability of WZ as compared to ZB is closely related to the deviation
of the lattice-parameter ratio from the ideal value. The structure of ZnO can be explained
as a number of alternating planes composed of tetrahedrally coordinated O* and Zn?* ions,
stacked alternately along the c-axis as shown in figure 1. The non-centro-symmetric
structure and consequently piezoelectricity and pyroelectricity result from the tetrahedral
coordination in ZnO [4]. The schematic diagram of piezo-potential in wurtzite structure is

shown in figure 2.
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Figure 1: The wurtzite structure model of ZnO.

Figure 2: Schematic diagram of piezo-potential in Wurtzite structure.



1.3 Optoelectronic applications of ZnO Nanowires

From many points of view, ZnO is considered to be an alternative material to GaN
for device applications owing to its relatively low production cost and superior optical
properties due to its high exciton binding energy (60 meV) [5]. ZnO is a multifunctional
compound semiconductor material which has been the focus of much research for short-
wavelength optoelectronic applications, such as light-emitting diodes (LEDs), laser diode,
photodetectors (PDs) and ultraviolet lasers. ZnO NWs have additional functionality arising
from their size which allow for further flexibility in band gap engineering. One of the most
advanced optoelectronic devices based on ZnO NWs is the ultraviolet semiconductor laser
which is widely used for applications in photonics, information storage, biology and
medical therapeutics. Single-crystalline semiconductor NWs are considered as an excellent
means by which to realize small and cost effective Fabry—Perot (FP) type lasers, because
of the optical feedbacks provided by the naturally formed flat facets in the ends of NWs
[6]. Although the performance of gallium nitride ultraviolet lasers has improved
significantly over the past decade, demand for lower costs, higher powers and shorter
wavelengths has motivated interest in ZnO, which has a wide direct band-gap and a large
exciton binding energy. However, due to the large surface-to-volume of nanostructure
materials such as NWs the optical and electrical properties of these material structures can
be strongly modified by surface effects. Hence, understanding the surface effects such as
geometric properties, surface states, surface roughness, and surface passivation, on the

transport behavior of ZnO nanostructures is crucial for reliable device fabrication [7].



1.4 Piezoelectric materials and piezoelectric energy harvesting

As described in Section 1.1 piezoelectric effect is the ability of certain materials
which have no center of symmetry in their crystal structure to generate an electric charge
in response to applied mechanical stress. The word Piezoelectric is derived from the Greek
piezein, which means to squeeze or press, and piezo, which is Greek for "push™ [8]. The
piezoelectric effect is a reversible effect. It means that materials exhibiting the direct
piezoelectric effect (the generation of electricity when stress is applied) also exhibit the
converse piezoelectric effect (the generation of stress when an electric field is applied).
Piezoelectric materials can be divided into two main groups, insulator piezoelectric
materials such as Lead zirconium titanate (PZT) and Polyvinylidene fluoride (PVDF) as
well as piezoelectric semiconductor materials such as ZnO and GaN.

Insulator piezoelectric materials have been long used in piezoelectric energy
harvester and sensor devices. However, the large unit size, large triggering force and
specific high resonance frequency of the traditional cantilever-based energy harvester limit
their applicability and adaptability in nanoscale devices and systems. In this domain, one
dimensional (1D) nanostructures have attracted much attention in the fabrication of nano-
generators. Recently, it has been demonstrated that nano-generators (NGs) based on
piezoelectric NWs have the potential to harvest mechanical energy. The first nano-scale
energy harvester based on ZnO NWs was introduced by Wang et al [9]. Among the
piezoelectric nanostructures such as lead zirconate titanate (PZT) NWs and PVDF nano-
fibers, the piezoelectric semiconductor NWs such as ZnO NWs and GaN NWs have been

the focus of considerable research. Because piezoelectric semiconductors can be used to



convert mechanical energy to electrical energy and also since they are semiconductors,
they can be used as a junction device for performing diode and transistor-type functions.
These properties make them strong candidates for use in electromechanically coupled
sensors and transducers. However, due to the presence of free carriers in semiconductor
piezoelectric materials the physics behind the semiconductor nanogenerators such as ZnO
NWs is not well known. Hence, the application of piezoelectric semiconductor NWs
requires a good understanding of their electrical and piezoelectric properties. As described
in Section 1.1 Zn** cations and O anions are tetrahedrally coordinated in crystal structure
of ZnO, and the centers of the positive and negative ions overlap. Therefore, if a stress is
applied at an apex of the tetrahedron, the centers of the cations and anions are relatively
displaced, resulting in a dipole moment as shown in figure 1. Consequently, polarization
from all of the units results in a macroscopic potential drop along the straining direction in

the crystal.



2. PHOTOLUMINESCENCE CHARACTERIZATION OF ZNO

NANOWIRES DECORATED WITH SPUTTERED METALLIC

NANOPARTICLES

ZnO is a promising candidate for optoelectronic applications such as short-
wavelength semiconductor lasers and light-emitting diodes [10-12]. ZnO NWSs have
additional functionality arising from their size which allow for further flexibility in band
gap engineering. Since the ZnO NWs have a weak NBE, numerous studies have been
done to enhance the NBE and PL efficiency of ZnO NWs. Different methods such as
polymer coating of ZnO NWs [13, 14] and hydrogen plasma treatment [15] are seen to
boost the NBE and photoluminescence efficiency of ZnO NWs. Recently, the effect of
metallic nanoparticles (NPs) on the PL properties of ZnO NWs have been the focus of
much research [12, 16]. In most studies an enhancement of NBE was observed and the
results were interpreted in terms of surface plasmons [17], unintentional hydrogen
incorporation [18], and the nature of the contact formed between the metal and ZnO NWs
[16].

Here we investigate the effect of the presence of Ar plasma during the metallic NP
deposition on the PL intensity of ZnO NWs. A strong enhancement of the NBE and a
relative reduction of visible emission from the gap are seen for those ZnO NWSs on which
metallic NPs have been sputtered. By considering the nature of the contact formed between
ZnO NWs and metallic NPs, the concentration of ambient hydrogen during metal
sputtering, and comparison of the PL intensities from the NP sputtered ZnO NWs and
those NWs with NPs deposited by e-beam evaporation, a model is proposed that satisfies

the observed strong enhancement of NBE and related reduction of the visible peak.



2.1 Growth of ZnO nanowires

The VLS nanowire growth mechanism is based on a process which starts with the
dissolution of gaseous reactants in nano-sized liquid droplets of the catalyst metal and it is
followed by nucleation and growth of single-crystalline wires or rods. It is reported that the
size of the alloy droplet, which is dependent to the size of the starting metal seed, is
determined the diameter of a NW and using mono-dispersed metal nano-clusters as catalyst
results in synthesis of NWs with a narrow diameter distribution [19].

However it does not necessarily imply that the diameter of NWs is constant along
its axis. It has been recently reported that the dynamic reshaping of the catalyst particles
during the NW growth determines the length and shape of the NWs [20]. In order to
achieve more vertically oriented nanowires the conventional epitaxial crystal growth
techniques can be applied to this VLS process. For instance the techniques such as vapor—
liquid—solid epitaxy (VLSE) is particularly powerful in the controlled synthesis of
nanowire arrays. ZnO prefers to grow along the [001] direction and readily forms a highly
oriented array when grown epitaxially on a sapphire (110) substrate [19].

At the growth temperature, carbothermal reduction of the ZnO powder yields Zn

vapor based on the following reactions:

ZnO(s) + C(s) = Zn(v) + CO(g) 1)

Catalyst alloy formation:

Zn(v) + Au(s) = Au - Zn(l) 2

The NW formation can be explained by the following reaction:
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Au - Zn(l) + Zn(v) +(1/ 2)O, = Au - Zn(l) + ZnO(s) (3)
The oxidation process of the Zn which leads to the formation of ZnO and contributing to
the NW growth is a critical step. In the present situation, it is likely that ZnO NWs
originate from the oxidation of the Zn atoms within the Au-Zn alloy particle due to the
increase of the activity of metals upon alloying [20].

2.2 Experimental details

The ZnO nanowires were grown by the VLS in a horizontal quartz tube at
atmospheric pressure on n-type, 100 plane silicon wafer as substrate. Prior to the growth
substrates were cleaned by acetone and dried in a stream of nitrogen, then coated with a
layer of 3 nm gold thin film using e-beam evaporation. Zinc oxide powder (99.99%,
Aldrich Company) mixed with graphite (powder< 20 um, Aldrich Company) in a weight
ratio of 1:1 was used to carry out the carbothermal reaction process. The coated substrates
and ceramic boat with the ZnO and graphite powders were placed in the middle of a 2
inches quartz tube. The system was heated to 900-910°C with a constant flow (350 sccm)
of Ar for 30-50 min and then cooled down to room temperature. The grown ZnO
nanowires were characterized with a variable-pressure Hitachi S-3000N scanning electron
microscope (SEM) and an x-ray photoelectron spectroscopy (XPS).

In figure 3 is shown the SEM images of as grown ZnO NWs under an inappropriate
and an appropriate growth condition. Figure 4 shows the as grown ZnO NWs from
different view angles. The grown ZnO NWs have an average length about 20 um and a
diameter in range of 50 to 200 nm. Aluminum (Al) and nickel (Ni) metal nano-particles

were deposited on the ZnO NWs by a radio-frequency (RF) magnetron system with the
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corresponding metal target at room temperature. Before starting the plasma and metal
deposition, the experimental chamber was pumped down to a high vacuum (~10° Torr)
and sputtering process was carried out under a constant flow of ultra-pure Ar (45 sccm) at
a power of 100 watt. The XPS spectra of as grown ZnO nanowires and coated ZnO NWs
measured by a Kratos AXIS-165 spectrometer are shown in figure 5(b). The transmission
electron microscope (TEM) images of as grown ZnO NWs and coated ZnO NWs with Al
nanoparticles are shown in figure 5(c) and figure 5(d). As seen in figure 5(d) the metallic
NPs have an island-like morphology which consists of a network of sputtered metallic NPs
on the surface of ZnO NW. The room temperature PL was excited by a 325 nm HeCd laser
and the PL emission was collected by an Acton 2500i spectrometer. The low temperature
PL measurement was performed in a closed cycle helium cryostat at 8.5 K. The schematic
diagram of RF magnetron system and used for decorating the ZnO NWs is shown in figure
6. Figure 7 is also showing the schematic diagram of the experimental PL setup used for

PL measurements.



3 ) A
- ;‘Q ; L O :;\n.?\u»n‘ oo o
8D 25 mm KL OOk VA 3O K NELO tim

5
B\ - R S

Figure 3: SEM image of the as grown ZnO NWs (a) under an inappropriate growth

condition and (b) under an appropriate growth condition
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Figure 4: SEM image of the as grown ZnO NWs from different views (a) side view (b) top
view and (C) with a tilt angle 30 degree.
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Figure 5: (a) SEM image of the as grown ZnO NWs, (b) XPS spectra of the as grown ZnO
NWs (red), Ni coated ZnO NWs (blue) and Al coated ZnO NWs (black), (c) TEM images
of the as grown ZnO NW and (d) the Al coated ZnO NW.



Figure 6: The schematic diagram of RF magnetron system.

Source

I Grating 7 Mirro:

"
Detector

Figure 7: The schematic diagram of experimental PL setup.

15



16

2.3 Results and discussion

The room-temperature PL spectra of the as grown ZnO NWs and those coated with
RF magnetron sputtered Al and Ni nanoparticles are compared in figure 8(a) and 8(b). A
strong enhancement of NBE is seen for both ZnO NWs decorated with Al and Ni nano-
particles. Since the junction between ZnO NW and Al is an ohmic contact and the the
junction between the Ni and ZnO NW is a Schottky contact [16], the experimental results
shown in figure 8(a) and 8(b) demonstrate that this strong enhancement of NBE is not
mainly due to the nature of the contact formed between the metallic NPs and ZnO NWs.
However, the type of contact formed between the ZnO and metallic NPs may have a small
effect as a higher enhancement ratio of NBE is seen in case of ZnO NWs decorated with
Al nano-particles. In addition to the increase in intensity of the NBE peak we also see the

related reduction of the visible peak as shown in figure 8(a) and figure 8(b).
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Figure 8: (a) Room temperature PL spectra of as grown ZnO NWs (red) and the PL
spectra of ZnO NWs coated with Al nanoparticles for 120 seconds (black), (b) Room
temperature PL spectra of as grown ZnO NWs (red) and the PL spectra of ZnO NWs

coated with Ni nanoparticles for 120 seconds (black).
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The room temperature and low temperature (8.5 K) PL spectra of as grown ZnO
and those sputtered with Al nanoparticles with a shorter sputtering time (90 seconds) is
presented in figure 9(a) and figure 9(b) where the first emission peak in figure 9(b) can be
assigned to the free exciton (FX) at 367.6 nm (3.372 eV) [13, 21] and the second peak at
368.5 nm (3.364eV) is due to the surface-excitonic emission band (SX) [21]. On the low-
energy side, contributions from the recombination of excitons bound to neutral donors
(DX) are observed at 3.69 nm (3.359 eV) [21] and defects located in the nanowires (A-
line) gives rise to a PL peak at 373.5 nm (3.319 eV). Finally the PL peak located at
382.45nm (3.242 eV) comes from the first-order longitudinal phonon replica of A- line
[16, 22]. As is presented in the figure 9(b) the strong enhancement of NBE mostly is
related to the enhancement of SX peak. Temperature dependent photoluminescence
spectra of the as grown ZnO NWs and Al sputtered NWs are shown in figure 9(c) and
figure 9(d) and the inset figure shows the peak energy versus temperature. The PL
transitions are dominated by excitons bound to neutral donors at low temperatures with a
very small free exciton peak visible. As the temperature increases, the free exciton
thermalizes and cannot be seen at higher temperature. It can be observed that all peaks
systematically shift to lower energy with increasing temperature. The temperature

dependence of the PL intensity can be expressed by the Arrhenius expression [23]:

1) =t @

A
1+ Aex
Pl 1)

where AE is the activation energy of the thermal quenching process, K, is the Boltzmann

constant, 1, is the emission intensity at 0 K, T is the thermodynamic temperature, and A is
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a constant. The dependence of the integrated PL intensity of the ultra-violet (UV) band on
temperature is shown in figure 9(e). By fitting the PL spectra with the Arrhenius
expression the activation energy of SX was obtained which are 17.32 meV for as grown
ZnO NWs and 14.47 meV for those ZnO nanowires decorated with sputtered metallic NPs

which are in reasonable agreement with reported values [21, 24].
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Figure 9: (a) Room temperature PL spectra of as grown ZnO NWs and Al sputtered (90
seconds) ZnO NWs, (b) PL spectra of as grown ZnO NWs and Al sputtered NWs at 8.5 K,
(c) Temperature dependent Photoluminescence spectra (near UV region) of as grown ZnO

NWs, (d) Al sputtered ZnO NWs and the insets show the peak energy versus temperature
and, (e) integrated intensity of the neutral donor-bound exciton of ZnO nanowires as a

function of temperature with theoretical fitting curve.
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To investigate the effect of metallic NPs unexposed to Ar plasma, the PL from ZnO
NWs coated with e-beam evaporated Al NPs were studied. The PL spectra of ZnO NWs
before and after the e-beam Al evaporation under different deposition times are illustrated
in figure 10. Here is seen a quenching of the NBE which may be due to the formation of

metal induced gap states on the surface layer of NW [25].
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Figure 10: The room temperature PL spectra of as grown ZnO NWs (red) and ZnO NWs
coated with Al nanoparticles by e-beam evaporation (black) under different evaporation

times (a) 60 seconds and (b) 120 seconds.

It has been reported that when ZnO NWs are coated with a thin layer of metal, a
large number of additional states within the band gap will be introduced [25]. These
additional defects in the surface region will results in a higher trapping rate of electrons
and therefore reducing the rate of excitonic recombination in the surface layer. As seen in
the figure 10, e-beam evaporated thin film of Al on ZnO NWs is resulted in a relative
quenching of NBE peak [25]. In the case of one-dimensional systems such as ZnO NWs
where the ratio of surface to volume area is high, the surface defects, near surface traps and
surface adsorbed species such as O, molecules and OH" offer alternative pathways for the
de-excitation of photo-excited carriers and plays a significant role in the carrier relaxation

dynamics [26, 27]. Typically, the O, molecule, one of the most common adsorbates on the
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surface of ZnO NW, undergo the chemisorption on the surface of NW by capturing a free

electron from the n-type ZnO in a oxidizing ambient as shown in equation (2) [26-29].
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Figure 11: (a) Schematic diagram of the band bending of ZnO NWs and (b) the
corresponding phenomenological model of the trapping pathways.
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It is well known that intrinsic defects such as oxygen vacancies of as-grown ZnO
NWs can be reduced by O, or Ar annealing and it results in a relative quenching of visible
emission peak while the NBE peak is not changed in O, or Ar annealed ZnO NWs [30,
31]. However, the focus of this study is the reduction of surface defects and traps, not
intrinsic defects. At the growth temperature of 900 °C in atmospheric pressure, a major part
of the adsorbed species on the surface of ZnO NWs will be O, which acts as a surface trap.
Upon the illumination, some photo-excited carriers will migrate to these surface traps. As
shown in figure 11 a part of photo-excited holes are trapped by the adsorbed oxygen
species on the surface of NW [26] and other photo-excited carriers are trapped by point
defects such as oxygen vacancies and are believed to be the origin of visible emission peak
in the PL spectra of ZnO NWs [24]. It is well known that the PL emission band at about
3.367 eV has its origin in the surface region of ZnO nanowires [14, 21] and with
decreasing wire diameter its relative contribution to the NBE increases continuously [21].
Hence, fewer screened surface trapping sites lead to a smaller density of separated
electrons and holes in the surface region which results in a higher density of excitons near
the nanowires surface. So, surface cleaning of ZnO NWs from the trapping cites results in
an increase of the SX band intensity [14]. The relative reduction of visible emission seen in
ZnO NWS decorated with sputtered metallic NPs can also be attributed to the trapping
cites at the surface of NW. Oxygen vacancies are believed to be the origin of visible
emission peak in the PL spectra of ZnO NWs [24] and the mechanism of the visible
emission peak with a maximum at 2.45 eV originates from single positively charged

oxygen vacancies (Vo+) located within the ZnO nanowire. Three different types of oxygen
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vacancies can occur in ZnO NWs: the doubly ionized oxygen vacancies Vo++, the singly
ionized oxygen vacancies Vo+ and the neutral oxygen vacancies Vo* are shown in figure
11(b) [24]. These vacancies need to be activated by a hole. So, the activation process
requires photo-excited holes which are trapped at surface. Then, the holes may tunnel into
the deep-level defects to create the optically active oxygen vacancies [14]. This model is
based on the assumption that the surface related processes are dominating for ZnO
nanowires [14]. The trapping sites like O*~, O™ or OH™ are located at the surface of NW
lead to a separation of electron and hole pairs in this region. Then the holes will be
captured at the surface traps. By cleaning the surface of ZnO NWs from the trapping sites,
fewer holes are able to be captured at the surface traps which quench the visible emission
peak [14].

The experimental results demonstrate that decorating the ZnO NWs with metal NPs
in presence of high energy Ar atoms cleans the surface of ZnO NWs from near surface
traps and surface adsorbed species, thus it leads to a strong enhancement of NBE emission
and a relative reduction of visible peak. Comparison of the room temperature PL spectra
shown in the figure 8(a) and figure 9(a) is also showing that the increasing of sputtering
time can lead to a better surface cleaning and therefore a stronger enhancement of NBE.

Although it is reported that hydrogen atoms can act as shallow donors and occupy
interstitial sites in addition to the oxygen vacancies and it can results in the enhancement of
the near band edge emission and quenching of the visible emission peak [15, 32].
However, since the metal deposition is performed in a high vacuum (10 Torr) before

starting the plasma, and ultra-pure Ar was used, it is expected that the presence of
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hydrogen is negligible during sputtering process and the strong enhancement of the NBE

and guenching of visible peak cannot be because of hydrogen incorporation.



3. INFLUENCE OF SUBSTRATE ON THE FLUORENSCENCE ON
THE EMISSION OF ZINC OXIDE NANOWIRES AND CORE-
SHELL CADMIUM SELENIDE/ZINC SULFIDE QUANTUM
DOTS

In this chapter we have investigated the effect on the intensity of
photoluminescence (PL) spectra of cadmium selenide/zinc sulfide (CdSe/ZnS) core-shell
guantum dots (QDs) and as grown ZnO NWs when deposited on different substrates
(gallium arsenide, silicon, glass and indium tin oxide-coated glass). The experimental
results show that the PL intensity is the highest for the gallium arsenide (GaAs) and the
least from the indium tin oxide-coated glass (ITO-coated glass) substrate for both the
guantum dots and the ZnO NWs. These experimental results were simulated by taking into
account the scattered field from different substrates and were seen to be in agreement with
the experimental results. We found that the PL intensity is a function of scattered light
from the surface of substrate rather than type of heterojunction formed between the
deposited material and substrate.

3.1 Experimental

The CdSe/ZnS core-shell quantum dots were home-grown with an average
diameter size around 10 nm and ZnO NWs were grown as described in Section 2.2. Four
substrates were used for our experimental work and were n-type GaAs (100), n-type silicon
(100), Glass and ITO-coated glass substrates from Aldrich Company. Each substrate was
cut into equal sizes of 1 cm by 1 cm. To remove any surface impurities, the substrates were
rinsed thoroughly using deionized water and isopropanol and dried with dry nitrogen gas

before they were used. Equal amounts of the CdSe/ZnS QDs as well as the ZnO NWs were

28
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dropcast on the four substrates and the samples were allowed to dry. The samples made
with the QDs and ZnO NWs were characterized using PL set-up described in chapter 1.

3.2 Results and discussion

The room temperature PL spectra of CdSe/ZnS quantum deposited on the GaAs,
Silicon, Glass and ITO-coated glass are shown in figure 12. For all the samples, the PL
spectra has a peak value at a wavelength of about 582 nm with different PL intensities.
Quantum dots deposited on the GaAs have the highest PL intensity and quantum dots on
the ITO-coated glass show the lowest PL intensity. The experiments were repeated by
replacing the CdSe/ZnS quantum with the ZnO NWs. Figure 13 represents the PL spectra
of ZnO NWs on the four different substrates that were used for the quantum dots. The
results were again similar in that the PL intensity varies in similar manner to the PL
intensity in the case of the CdSe/ZnS quantum dots on the different substrates. The
physical gap between the deposited materials and substrates may results in presence of
surface dangling bonds, which can act as trap states for charge carriers and thereby reduce
the fluorescence. Hence, In order to investigate the effect of trap states the room
temperature PL spectra of quantum dots deposited on the different substrates were
measured under exposure of different light intestines. As seen in figure 14 the PL intensity

varies in similar manner to PL spectra shown in figure 14.



14000
- GaAs
12000 - _ - -Si
e / N - - -Glass
= 10000 - \ = =110
<
N’
£ 8000 / \
w2
s
2 6000 / Lot~
= Pl S
- - Sy .
= 4000 /', i N\
aoner L AL e
.//. st - - - \-\.c\
OIF;'- _I‘ ¥ T Y T ) T L) T i ‘l‘.
550 560 570 580 590 600 610

Wavelength (nm)

30

Figure 12: Photoluminescence spectra of CdSe/ZnS quantum dots on different substrates.
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3.2.1 Heterojunction effects

Since it has been reported that the energy barrier at the interface might affect the
PL spectra of ZnO NWs [33] and the lower barrier at the interface might result in a
stronger PL intensity, we investigated the PL intensity difference by characterization of the
different types of junctions formed at the interface between the deposited materials and
substrates. The energy band gap discontinuities for each substrate material, ZnO and QDs
are considered as shown in figure 15, separately. GaAs with an electron affinity about 4.07
eV and silicon with an electron affinity about 4.05 eV form a heterojunction in contact
with ZnO NWs. Substituting the values of the respective coefficients from table I, the
energy band diagram of the heterojunction formed between the ZnO/GaAs and
ZnO/Silicon are shown in figure 15(a) and figure 15(b), where ¢@s and y s are the work
function and electron affinity, respectively. The work function of ITO is reported to vary
between 4.1eV to 4.7eV for the oxygen plasma treatment [34]. By choosing the value of
4.1eV and using the data from table | the estimated negative Schottky barrier height of
ITO-ZnO contact is -0.11 eV which confirms that the ITO-ZnO interface behaves as ohmic
contact as is reported experimentally [35, 36]. The energy band diagram of ITO-ZnO
junction is shown at figure 15(c). The last type of heterojunction is the contact between a
ZnO NWs serving as a semiconductor and glass as an insulator shown in figure 15(d).
Using a value about 5.5eV as work function [37] and an electron affinity value about 4.95
eV for CdSe [38] the energy band diagram of CdSe/ZnS and different substrates are also

calculated and illustrated in figure 15(e) to figure 15(h).
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ZnO CdSe

Figure 15: (a) Energy band diagram of ZnO-GaAs heterojunction, (b) Energy band
diagram of ZnO-Si heterojunction where @51 and y <1 be the work function and electron
affinity of substrates and @s, and x s be the work function and electron affinity of ZnO
respectively (c) Energy band diagram of ZnO-1TO contact, where y s is the electron affinity
of ZnO; s be the work function of ZnO and ¢@n-work function of ITO (d) Energy band
diagram of ZnO-glass heterojunction, where ¢s and y s be the work function and electron
affinity of ZnO respectively, () Energy band diagram of CdSe/ZnS-GaAs heterojunction
(ZnS is too narrow and has not been put in the heterojunction because of the very small
effect), (f) Energy band diagram of CdSe/ZnS-Si heterojunction, (g) Energy band diagram
of CdSe/ZznS -ITO contact, and (h) Energy band diagram of CdSe/ZnS -glass

heterojunction.
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Here the band bending due to defects at the interface has been ignored. The
comparison of energy barriers at the interface shows that the energy barrier
seen by electrons at the interface of 1TO/ZnO and ITO/CdSe is minimum showing a
negative energy barrier offset, while the energy barrier between glass and deposited
materials is the highest. Thus the hypothesis that the substrates produce additional carriers
that contribute to the observed PL intensities is contradictory to the experimental results.

3.2.2 Scattering effects

To investigate the effects of scattering of the incident light from the substrates on
the intensity of the PL spectra, we used FEKO, commercial Electromagnetic simulation
software. Figure 5 shows the schematic diagram of the structure used for simulation. The
substrates used in experiments are modeled by an infinite plane with a thickness, 40 times
thicker than incident light wavelength and a normal vector parallel to the Z direction as
shown in figure 16. The incident wave is a single frequency plane wave with a wavelength
equal to 325 nm and the incident angle 6 = 30. The total Poynting vector value (Px, Py, and
P,) of the near-field is illustrated in figure 17. The Poynting vector represents the

directional energy flux density from the substrate which can be described as the following:

P=ExH (1)

where E is the electric field and H is the magnetic field. As shown in figure 16, the
Poynting vector value of the near field which represents the intensity of incoming and
scattered electromagnetic wave from the surface of GaAs, silicon and glass decreased for
the different substrates as that for the PL intensity obtained from the experimental results.

Since the intensity of incident plane wave and incident angle (6 = 30) wave were kept
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constant the near filed Poynting vector shown in figure 16 can be interpreted as the

Poynting vector value of scattering wave.

Table I: Band gap and electron affinities of different material

Material Parameters GaAs?* SiP InOs
Band gap (eV) 1.43 1.12 3.37
Electron Affinity (eV) 4.07 4,05 4.5

*References 39 and 42
bReferences 40 and 43
‘References 41 and 44

N

Incident Plane wave <

Figure 16: The schematic diagram of structure used in simulation and the incident plane
wave where the red arrow represents the electric field component and the blue arrow
represents the magnetic field component.
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Figure 17: The Poynting vector of scattered filed versus the X position.

The scattered wave can be thought as reflection from all angles from the surface of
substrate while reflection coefficient of plane waves polarized normal and parallel to the

substrate can be expressed as shown in equation 2 and equation 3.

[ _cosdi — (e, 1e,,) —sin %6i 2
cosbi +(& 5, /,,) —sin “6i

_—cosbi+ (e, /e ,)(e 8 ,,) —sin *6i 3)

cosbi+ (s, /2, (e, )E ) —sin 20

where 0i is the incident angle and € is the relative permittivity of medium [45]. The

simulation results indicate that it is the scattering field from the surface of the substrate that
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influences the intensity of the PL for the quantum dots as well as the nanowires. This
argument can be extended in case of ITO-coated glass as well. Metals cause absorption
loss into the cavity causing a loss in the scattering [46]. Hence, the PL intensity of those
quantum dot and ZnO NWs deposited on the ITO-coated glass is even lower than glass
substrate. The comparisons of simulation and experimental results demonstrate that the
intensity of scattered field at the surface is responsible for the different PL intensity from
different substrates rather than the band-gap discontinuity between the deposited material
and the substrate.

However the absorption of scattered light in colloidal systems of aggregated
particles should be considered. The influence of aggregation is strongly depending on the
size and shape of the aggregate for absorbing particles when the single sphere shows
resonant extinction. In this case, the resonance of the single sphere splits into many new
resonances for the aggregate, most of which are positioned at larger wavelengths than the
single sphere resonance. However, in the case of non-absorbing particles the scattering
spectra of aggregates scarcely differ from the scattering spectra of single spheres [47].
Hence, in case of CdSe/ZnS QDs and ZnO NWs which have absorbing properties between
metals and non-absorbing materials the influence of aggregation on the scattering spectra
should be considered. By considering the difference in scattering field from different
substrates and different aggregation morphologies formed on the different substrates it can
be concluded that the different PL intensities seen in experimental results can be a result of

these two effects.
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4. MODELING THE EFFECT OF PIEZOELECTRIC CHARGES ON
THE SURFACE DEPLETION REGION AND SURFACE
POTENTIANL OF ZINC OXIDE NANOWIRES.

1D nanostructures have attracted much attention recently in the fabrication of
various nanoelectronic devices [48], nanogenerators [49] and sensors [50]. In particular,
piezoelectric semiconductor materials such as ZnO and GaN have been the focus of much
research. They can be used to convert mechanical energy to electrical energy and also
since they are semiconductors, they can be used as a junction device for performing diode
and transistor-type functions [51]. These properties make them strong candidates for use
in electromechanically coupled sensors and transducers [52]. The application of
piezoelectric semiconductor NWs, however, requires good understanding of the electrical
properties which might be modified by its piezoelectric properties. For instance, since the
demonstration of first nano-scale piezoelectric energy harvester device based on single
ZnO nanowires there have been many conflicts ideas behind the operation of piezoelectric
nano-generator devices mainly due to the large density of free carriers which exist in the
crystal structure of piezoelectric semiconductor materials such as ZnO. The piezoelectric
constitutive equations can be applied to estimate the generated piezoelectric potential
inside the crystal structure of piezoelectric materials with a zero or negligible free carriers.
But, the piezoelectric metal oxide semiconductors such as ZnO nanowires have a large
density of free carriers up to 10'® cm™.

In this chapter, the effect of induced piezoelectric charges on the surface depletion
region and the electrostatic surface potential of ZnO NWs have been studied and a new

model is developed which strongly satisfied the observed experimental results reported in
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the literature. In the developed model the presence of free carriers in the crystal structure is
also considered. In order to develop our model first the electrostatic potential and depletion
width in piezoelectric semiconductor nanowires are derived by considering a non-depleted
region and a surface depleted region and solving the Poisson equation. By determining the
piezoelectric induced charge density, in terms of equivalent density of charges, the effect
of piezoelectric charges on the surface depletion region and the distributed electric
potential in the nanowire have been investigated. The numerical results demonstrate that
the ZnO NWs with a smaller radius have a larger surface depletion region which results in
a stronger surface potential and depletion region perturbation by induced piezoelectric
charges.

4.1 Relevant properties of piezoelectricity

Piezoelectricity is the result of two processes. One is the rearrangement of
electronic states in the crystal and another one is displacement of charged constituents
within the lattice [53]. Compound semiconductors usually belong to non-Centro symmetric
crystal groups. They are thus piezoelectric materials and their crystals usually possess
spontaneous polarization. The crystal symmetry of ZnO is responsible for the different
components of the internal polarization, spontaneous polarization and piezoelectric
polarization. The charge produced by the piezoelectric effect is a bound charge
(polarization or dielectric displacement) and the piezoelectric strain equations can be
expressed as the following [54, 55].

T=-eE+cE:S (1)
_ s .
D=¢>E+e:S )
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where T is the stress, c is the elastic stiffness constant, e is the polarization constant, E is
the electric field, D is the electric displacement, S is the strain and, and ¢ is the electric
permittivity. On application of an external strain to a piezoelectric crystal, a macroscopic
polarization is produced as a result of the displacements of ions [56]. The above equations
imply that in the case of an ideal insulator, in which the density of free carriers is zero or
negligible, the generation of the piezoelectric charge might be considered equivalent to the
generation of an electrical field or a potential [54]. However, in case of a piezoelectric
semiconductor where the density of free carriers is not negligible, the piezoelectric
constitutive equations cannot be applied. In the depletion region of semiconductor where
the density of free carriers is negligible the piezoelectric charges may be added to the
ionized impurities (donor or acceptor). In the non-depleted region where the density of free
carriers is not negligible the free carries migrate to the region where piezoelectric
polarization appears to maintain the quasi-neutrality. The migration time of free carries is
on the order of the dielectric relaxation time which can be described as the following [55,

57].

3)

where ¢ is electric permittivity and o is the conductivity of the material. In the case of ZnO
NWs which have a density of free electrons around 10*® cm™ [54, 58], the relaxation time
is about one picosecond. Since the piezoelectric polarization will be canceled in the non-
depleted region of a piezoelectric semiconductor, we investigate the effect of piezoelectric

polarization in the depleted region of a single ZnO NW.
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4.2 Mechanical analysis

The application of ZnO NWSs as nano generators has been demonstrated [52] by
applying a bending force to convert the mechanical energy to electrical energy. In detailed
studies by Araneo et al. [59] and Romano et al. [60] the created piezoelectric potential
created in a 1D structure subjected to a compressive/tensile force has been studied and the
piezopotential drop between the tip and the base of the nanowire as a function of the
force/pressure has been investigated. In our study, the stress components at the cross-
sectional area of nanowire which result in a radial piezoelectric polarization are the focus
of study. Considering a uniform plane wave propagating with an arbitrary angle in the XZ
plane of a wurtzite crystal, the radial component of the piezoelectrically induced

polarization tensor in cylindrical coordinate system can be given as shown in equation 4

[55, 56].
' 3 ' H ' H H aur
p, = (&}, cos® D +e}, cosdsin’ P + ¢, sin dsin 20 )
or (4)
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In the cylindrical polar coordinate system, the piezoelectric stress tensor e’ for propagation

at an angle n in the XZ plane of a wurtzite crystal transforms as [55, 56, and 61]

"= [a’][e’}[l\ﬁ '] (5)
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where the coordinate transformation matrix [a'] is given by

cos® sind O
[a]=|-sin® cos® O (6)
0 0 1

where the transformation matrix [M'] can be derived from [a'], and the piezoelectric stress
tensor ¢’ is given by [55, 56 and 61]

€ €. € 0 €5 0
7 ' '
e=0 0 0 e, 0 eg (7)
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Hence, in cylindrical coordinates the piezoelectric stress tensors can be expressed as [56]
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Thus the piezoelectrically induced electric polarization 5 which is a three component
vector is expressed by the matrix equation of the piezoelectric tensor e” and the acoustic
strain vector s a six-component strain vector

p=e's

©)

w |
Il

Therefore, the components of the piezoelectrically induced polarization tensor can be given
as [56]

. . . ou
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In following sections the effect of this piezoelectric polarization component in the surface

depletion region of ZnO is modeled by considering an equivalent density of piezoelectric

charges.
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4.3 Depletion region in a 1D structure

It is well known that the surface depletion region is not negligible in 1D structures
where the ratio of surface to volume area is high. In case of ZnO NWs, by capturing
electrons, the adsorption of ambient oxygen on ZnO nanowire surface causes a space
charge region and an upward band bending near the surface, which results in a surface
depletion layer [62]. In figure 18, the schematic representation of a single nanowire and its
band bending in the radial direction is depicted, the radius of non-depleted region is rejec
and the depletion region width is d. The depletion region in a 1D structure can be derived
based on the theory proposed by Schmidt et al. [63]. The surface charges (Ns) should be
balanced by a negative depletion charge to satisfy charge neutrality. The surface charge
density can be described as following [55, 63 and 64]:

N .=e’D, ¥, (14)

where Dj; is the interface state density, e is the electron charge and s is the surface
potential. Defining the electrostatic potential y; in a way that is illustrated in figure 18 and
considering the fully ionized donors and acceptors the charge density in the depletion

region can be written as [65].

—E q —E q
r)=qg[N . ex 9)ex —N ex 9)ex N _—N 15
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Ev

Figure 18: The schematic representation of the nanowire (a) and its band bending (b).

where N, and N are the effective densities of states. Assuming an abrupt transition
between the depletion layer and the non-depleted semiconductor and neglecting diffusion
of charge carriers between the two regions, the charge density in the depletion region can
be approximated as [55]:

p(r)=q(Np=N,) (16)
By solving the Poisson equation in polar coordinates, the electrostatic potential y; can be

obtained.
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where the yy is the potential at r = 0 and the value of the potential y, can be obtained by
setting equation (17) to zero and solving for yo = y(0). Starting with neutrality condition

the surface depletion width (d) in a 1D structure can be derived as the following [55, 63]:
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The critical radius which NWs with a smaller radius than that will be completely depleted

can be obtained as given below [55, 63]

2
r criz_(quitWO) (19)
o
In case of rynys < rii the electrostatic potential y, can be describe as
P 2 2
l//(r)zl//s+_(r hs_r )
4e (20)

Where, the surface potential can be described as the following.

W = " prys P
*29°D, (21)
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As it described in case of NWs with a radius smaller than critical radius the surface
potential has a linear relationship with static charges (ionized impurities and induced
piezoelectric charges). In the case of ronys > reri, by considering the piezoelectric induced
charge density, in terms of equivalent density, the effect of piezoelectric charges on the
surface potential and surface depletion region of ZnO NWs have been investigated. The
equivalent density of piezoelectric charges in a general term can be expressed as [55, 57];

10, au
N pe= _aa_xi(eijk-ax_k) (22)

where, u; is the vector displacement of ions in the crystal structure of the piezoelectric
material and q is the electron charge. As shown in section 3.2 an external applied force
propagating with arbitrary angle (1)) in the XZ plane of a wurtzite crystal can result in a
radial piezoelectric polarization in the piezoelectric material. Noting that the internal
electric field in the surface depletion region of NWs has a radial direction, the radial
piezoelectric polarization component (P;) may increase or decrease the internal electric
field strength in the surface depletion region. The effect of radial piezoelectric polarization
component in the surface depletion region of ZnO NWs can be modeled by considering an

equivalent density of piezoelectric charges as following [55]:
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In the depletion region of the semiconductor where the density of the free carriers is
negligible, the piezoelectric charges may be added to the ionized impurities (donor or
acceptor) [55, 57]. In other words, in presence of piezoelectric charges the charge density

in depletion region p(r) will be modified. Therefore charge density in the depleted region
will be modified as following:

P(r)~dq(N ;=N ,+N ) (24)

The sign of piezoelectric charge is a function of applied stress tensor and dependent on the
direction of generated electric field may be considered as positive or negative piezoelectric
charges. Using the equations derived in this section and substituting the values of the
respective coefficients from table I the numerical simulation have been performed [55].

4.4 Results and discussion

Since the piezoelectric polarization will be cancelled in the non-depleted region of
a ZnO NW, the nanowires with a larger surface depletion region will be affected more by
the induced piezoelectric charges. The surface depletion thickness of ZnO NWs with the
different radius is shown in figure 19. The NWs with smaller radius have a larger surface
depletion width. In case of ZnO NWs, the critical radius at which the nanowires of smaller
radius will be completely depleted is about 50 nm. Figure 20 presents the surface depletion
perturbation caused by immobile piezoelectric charges for NWs with different radius and it
is shown that the nanowires with the smaller radius are affected more by immobile

piezoelectric charges [55].



Table 11: CONSTANTS USED IN THE NUMERICAL ANALYSIS.

Mate ]'ial E. N‘c N D N—\ Es

L1

ZnO  3.37eV [62] Tx10%cm?[58] 10'cm?[54] 0 8.5[54]

x 10

N W BN 9)]
L 1 1 1

Surface depletion width (nm)

—
T
1
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05 1 15 2 25 3
Nanowire radius (nm) x 102

Figure 19: The surface depletion width of ZnO NWs with different radii.
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Figure 20: The surface depletion width of ZnO NWs with different radii in the

presence of piezoelectric charges.

Figure 21 shows the electric potential distribution in a ZnO NW with a radius of 80 nm in
the presence of different piezoelectric charge density in its depletion region. It is seen that
besides the 10 nm depletion region modulation there is a surface potential change of

around 250 mV [55].
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Figure 21: The potential electric distribution in a ZnO NW with radius 80 nm in
presence of different piezoelectric charge densities.
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Figure 22: The surface potential of a ZnO NWs with different radii as a function of

piezoelectric charges.
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different piezoelectric charge densities.
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The surface potential of ZnO NWs with different radii in presence of different
piezoelectric charge has been illustrated in figure 22. As is shown, the surface potential of
nanowires with the smaller radius are more affected by the induced piezoelectric charges.
The surface potential of ZnO NWs with two different radii (60 nm and 100 nm) in the
presence of different piezoelectric charge densities across the nanowire is shown in figure

23.



5. INVESTIGATION OF EFFECT OF APPLIED STRESS
FREQUNCY ON THE ELECTRICAL RESPONSE OF PVDF-TRFE
NANO-FIBERS

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer that has been the focus
of much research in many piezoelectric applications due to its high piezoelectric
coefficient. The electromechanical properties of PVDF can be defined by the constitutive
equations. In this chapter, the effect of applied stress frequency on the electrical response
of PVDF-TrFE has been investigated. We found that increasing the frequency of the
applied stress results in increasing of pulse width of the electrical response. A model based
on the mechanical creep and relaxation of PVDF has been proposed which agrees well
with the observed experimental results.

5.1 Piezoelectricity in PVDF polymers

The emergence of portable and light-weight mobile devices has led to a need for
alternative power sources instead of conventional batteries. In many applications such as
biomedical drug-delivery implants, implantable medical electronics devices and wireless
micro-sensor remote locations batteries are not feasible. So harvesting energy from the
environment is becoming essential for self-powered devices. One of the promising
methods of energy harvesting is the use of piezoelectric materials to capitalize on the
ambient vibrations [67-70]. The conversion of mechanical energy to electrical energy has
been well demonstrated using piezoelectric cantilever-based MEMS devices [71].
However, the large unit size, large triggering force and specific high resonance frequency
of the traditional cantilever based energy harvesters limit their applicability and

adaptability in nanoscale device and systems. From this point of view, nano structure
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materials such as nanowires and nanofibers have been the focus of much research as
promising nanogenerators [72]. Among the piezoelectric materials PVDF and lead
zirconate titanate (PZT) have been more extensively studied because of their high
piezoelectric coefficients. Energy harvesters and generators made of PVDF or PZT can be
fabricated by means of electrospinning processes such as conventional, modified or near-
field electrospinning (NFES) [70]. Polymer based piezoelectric materials such as
Polyvinylidene fluoride (PVDF-TrFE) gives us some advantages over the other
piezoelectric materials. PVDF-TrFE is inexpensive, easy to process, light weight and more
flexible compared to the other piezoelectric materials [73].

However the generated power by piezoelectric energy harvesters is too small to
directly power an electronic device. Hence, much of the research into power harvesting has
focused on methods of accumulating the generated energy until the charge stored is enough
to power an electronic device. From this domain, characterization of generated pulses by
piezoelectric energy harvesters is one of the key factors in designing nano-scale self-
powered devices. In this study, the effect of applied stress frequency on the electrical
response of randomly oriented PVDF-TrFE nanofibers has been investigated. A model
based on the mechanical creep and relaxation of PVDF has been proposed which satisfies
the observed experimental results. As described in chapter 3 the constitutive relations
above equations imply that in the case of an ideal insulator such as PVDF-TrFE, in which
the density of free carriers is negligible, the generation of the piezoelectric charge may be
considered equivalent to the generation of an electrical field or a potential [74-76]. The

piezoelectric properties of PVDF-TrFE come from the remnant polarization obtained by
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orienting the crystalline phase in strong poling field. Piezoelectric behavior is seen when
the material is below its curie temperature and the copolymer exhibits paraelectric
behaviors above its curie temperature. The origin of piezoelectric behavior of PVDF-TrFE
is the ferroelectric characteristics of the material, where the copolymer generates an
electric field based on applied stress or change in shape. Since piezoelectric properties of
this copolymer depend on the degree of crystallinity and thin PVDF-TrFE copolymers
show higher phase separation under stronger electric fields, PVDF-TrFE is considered as
one of the best candidates for energy harvesting applications [77].
5.2 Experimental

The PVDF-TrFE nanofibres were grown by the electrospinning process. The basic
experimental setup and the possible dipole orientation during the electrospinning process
are shown in figure 24. The body of the polymer liquid droplet charges due to the
application of the high electric field on the liquid droplet and the electrostatic repulsion
counteracts the surface tension. As a result the droplet is stretched and due to molecular
cohesion of the liquid, the stream does not break up. Under the condition that molecule
cohesion is not tight enough, the droplets are electro-sprayed and a jet of charged liquid is
formed. Due to the charge migration to the surface of the fiber the jet is elongated by a
whipping process set up by the electrostatic repulsion initiated at the small bends in the

fiber.
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Figure 24: Schematic of the electrospinning setup and poling process.

Figure 25: The optical image of the as-electrospun nanofibers.
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O

PVDF nanofibers

Figure 26: The schematic diagram of the energy harvester based on PVDF nanofibers.

This process is carried on until it is deposited on the grounded collector, which
leads to the formation of uniform nanofibers. Prior to the electrospinning process a
copolymer of PVDF-TrFE in the ratio of 70:30 was used. Then 1 g of PVDF-TrFE was
mixed with 3 g of N-dimethylformamide (DMF) and 2 g of acetone and then the mixture
was heated on a hotplate at 75 °C with vigorous stirring overnight until a clear solution
resulted. During the electrospinning process the flow rate was kept equal to 0.25 ml/h
under the application of electric field ~1-2 kV/cm. To produce the PVDF nanofibers, the
ITO coated plastic was used as a conductive substrate which has enough flexibility for
vibration purposes. An optical image of the as-electrospun nanofibers and the schematic
diagram of fabricated device are shown in figure 25 and figure 26, separately.

5.3 Effect of vibration frequency on generated pulse width

A typical electrical response of the PVDF-TrFE nanofibers is shown in figure 27
(a). As seen the typical amplitude of pulses are around 1 V with a duty cycle of about few
ms. To study the effect of vibration frequency on the pulse width of electrical responses,

the electrical response of PVDF-TrFE nanofibers at different frequencies are investigated.
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Figure 27: (a) A typical electrical response of PVDF nanofibers and electrical response of
PVDF nanofibers at different vibration frequencies, (b) at frequency = 2.6Hz, (c) at
frequency = 3.7Hz and (d) at frequency = 6.5Hz.

The electrical response shown in figure 27 demonstrates that by increasing the frequency,
the pulse width of the electrical responses is increased and this increase is not a function of
the amplitude of the electrical response. As shown increasing the vibration frequency from

2.7 Hz to 6.5 Hz is resulting in increasing of pulse width from 5 ms to 35 ms.
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5.4 Estimation of maximum output power

As discussed the generated power by piezoelectric energy harvesters is too small to
directly power an electronic device. By using the fast Fourier transform (FFT) technique
the maximum output power generated by PVDF nanofibers is estimated. By considering a
single time period of the electrical response, the FFT data shown at figure 28 are obtained.
Considering the main harmonic located at frequency 0.6 and ignoring other harmonics and
by considering one external resistance load equal to the internal resistance of energy

harvester, the power is calculated which is around 0.6 nW.
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Figure 28: Fast Fourier Transform (FFT) for one cycle output voltage and the insert

picture is corresponding sin waves of odd frequency.



62

5.5 Mechanical creep and relaxation of PVDFE

In this section a model based on mechanical creep and relaxation of PVDF is
proposed to explain the experimental results. Creep is a common phenomenon for
engineering applications where products are subjected to an external stress and a simple
way to obtain information concerning the viscoelastic properties of materials [78]. From a
more practical point of view, the creep behavior of PVDF materials can be characterized

by using the constitutive equations of linear viscoelasticity in the form [79]:
; do

&(t) = o(0)c, (1) + [ c,(t-7)——dr (1)
0 dr

where stress () and strain (¢) are functions of time, and C, (n = 1,2) represent the creep
compliances in the respective material direction of PVDF. The direction 1 represents the
direction aligned to the molecular chains (n = 1) and in the direction 2 is normal to the
orientation of the aligned molecular chains (n = 2). The creep compliances C, (t) of PVDF

can be expressed analytically as shown below [79]:

c,(t)=a,+b (ta,),n=12 (2)

Hence, the creep properties of PVDF can be defined in the form:
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Figure 29: The mechanical relaxation function of PVDF in the directions of n = 1(a) and n
=2 (b).

et) = o(t)+ bncnj[a(r) /(t—7)"* [dz,(n=12) ©)

0

The mechanical relaxation of PVDF in both material directions can be characterized by
solving Eq. (4) in terms of o (t). Therefore stress relaxation of the material for any given

strain history can be represented as follows [13]:
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a(t) i L j (ba/a (e)(t-2)" ()
e (t—7)'(ne,)

n

where F(an)and F(nan)are gamma functions. The mechanical relaxation function of

PVDF in the directions of 1 and 2 are illustrated in figure 29. As shown in figure 6, the
mechanical relaxation is a function of time. Considering a situation that piezoelectric
material is subjected to a periodic external stress pulse, and noting that the material is not
completely relaxed after each applied stress pulse, the material will be subjected to a value
of stress equal to the summation of non-relaxed previous stress and new applied stress
pulse. Hence, increasing the frequency of applied stress results in the increase of the pulse

width of electrical response as observed.



6. LOW POWER INTERFACE CIRCUITS FOR PIEZOELECTRIC
MICRO-SCALE ENERGY HARVESTING SYSTEMS

Utilization of piezoelectric energy harvesters to power electronic devices has
attracted significant attention recently. However, the power generated by a piezoelectric
energy harvester is too small to power an electronic device directly. Hence, a low power
efficient interface circuit between the energy harvester and a storage unit is essential in any
piezoelectric energy harvesting system. In this chapter, a new interface circuit topology for
piezoelectric energy harvesting applications is proposed and various design factors for
circuit-level optimization are discussed. In the proposed interface circuit a peak detector
circuit operating in the sub-threshold region with power dissipation around 160 nW
together with a delay circuit form the control block, which is one of the more important
units of the piezoelectric energy harvesting systems.

6.1 Introduction to low power interface circuits for enerqgy harvesting applications

Since the power generated by piezoelectric energy harvesters (PEH) is too small to
directly power an electronic device. Therefore, much of the research into power harvesting
has focused on methods of accumulating the generated energy until the charge stored is
enough to power an electronic device. From this point of view, any PEH needs to be
equipped with a very efficient interface circuit where the ultra-low power design
characteristics of that circuit ensures maximum output power extracted from the
piezoelectric devices. Full-bridge rectifiers and voltage doublers are one of the most
commonly used rectifiers for converting the AC output of a PEH into a DC voltage.
However, the voltage drop across the p-n junction rectifiers results in a low output power,

which is the main disadvantage [80, 81]. Due to the low output voltage of PEH,
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conventional approaches, where the incoming AC voltage is rectified with a diode and
diode configured transistors, are not suitable. Although output power can be increased by
increasing the damping force of the transducer, the incoming voltage still needs to
surmount threshold minimum to extract energy. Hence an efficient low power interface
circuit is a key component in micro-scale energy harvesting systems. Even though power
converters have been extensively used in battery-powered embedded systems, the
optimization objective in those systems is very different from micro-scale energy
harvesting systems. In this study, we will discuss various design factors that help to
optimize the circuit-level design of interface circuit for micro-scale energy harvesting
systems. In addition to addressing circuit-level optimization for efficient power
conversion, a new circuit topology will be proposed and considerations at the architecture
level discussed.

6.2 Block component diagram of a micro-scale piezoelectric energy harvesting system

The block diagram of a micro-scale energy harvesting system is shown in figure
30. The system comprises five main blocks: the piezoelectric energy harvester, the power
converter, the control unit, the energy buffer, and the application unit. The piezoelectric
energy harvester converts ambient mechanical energy into electrical power and the power
converter extracts power from the PEH and transfers as much power as possible to the

energy buffer or application unit.
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Figure 30: The block diagram of a micro-scale energy harvesting system.

The control unit plays a crucial role in reducing the system power loss and maximizing the
overall system efficiency. The control block of an energy harvester system should be as
simple as possible; otherwise the control circuit will consume a major part of the harvested
energy.

6.2.1 Piezoelectric energy harvester

In order to optimize the device structure, the relationship between the device
parameters and device performance should be known. To this end an analytical model of
the generator is important not only for estimating the amount of power possible from a
given vibration source, but also for making explicit relationships that can give some
indication for improvement of device performance [82]. Piezoelectric elements can be
modeled by representing both the mechanical and electrical portions of the piezoelectric
system as circuit elements, as shown in figure 31. The current (i) represents the current
generated as a result of the mechanical stress evaluated at zero electric field. Applying the
zero electric field condition to constitutive equations and substituting strain for stress

yields [82]:
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D=d;c,S (1)

where ds; is the piezoelectric coefficient, c, is the elastic constant and S is the induced
strain. However, depending on the crystal structure of the piezoelectric material, other
piezoelectric coefficients may be important [83, 84]. Noting that electrical displacement is
the charge density across a dielectric element, electrical displacement can be related to

current for the bender device as given below [82]:
. oS
i=awl,d,c, (E) 2)

where w is the width and I, is the length of the piezoelectric element shown in figure 31.
The impedance of a piezoelectric element having a rectangular shape can be given as

follows [82, 85]:
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Figure 31: the schematic diagram of a cantilever based piezoelectric energy harvester and
its equivalent circuit [82].
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where k; is the electromechanical coupling factor, o is the wave velocity in the Z direction,
t is the thickness of the piezoelectric element, a is constant between 1 and 2 depending on
the device configuration, € is the permittivity of the piezoelectric element, vs the wave
velocity in the propagation direction and @ is the vibration frequency [82, 85]. Therefore
the piezoelectric energy harvester can be represented as the circuit shown in figure 31 [82].
Since an ideal PEH has infinite input impedance, an ideal PEH can be achieved by
minimizing the dimensions of the piezoelectric element. However, considering the
relationship between the generated current and the device dimensions, minimizing the
piezoelectric element will also result in a very low current as shown above. Hence, there is
a trade-off between the generated current and input impedance of a PEH.

6.2.2 Power converter

There are several methods to achieve AC-DC voltage conversion. Each of these
methods has its specific benefits and disadvantages, such as voltage conversion ratio range,
the maximal output power, power conversion efficiency, number of components, and
power density [81, 86 and 87]. As discussed, due to the low output power of PEHS,
conventional approaches, where the incoming AC voltage is rectified with a diode and

diode configured transistors, are not suitable for piezoelectric energy harvesting systems.
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Here, two major types of efficient power converters frequently used for self-powered
energy-efficient devices are explored.

6.2.2.1 Charge-pump AC-DC converters

Unlike an inductor-based converter, a switched capacitor (SC) converter does not
rely on magnetic energy storage, which makes it an ideal candidate for integrated
implementations. However, SCs suffer from a finite number of conversion ratios [88]
which limit their applications. One major type of conventional SC voltage converters is
shown in figure 32. In this scheme, a non-overlap clock generator is employed to drive the
switch matrix with a clock frequency generated by a control unit. During each half period
the system waits until the PEH reaches its maximum voltage, then the switch S; is closed
to discharge the internal capacitor of the PEH into capacitors C; and C, and then the
energy is transferred from C; and C, to C. by closing the switch S, while the switch S; is
open. The ideal condition for energy transfer is when the internal capacitor of the PEH
completely discharges into C; and C, during each half cycle, otherwise the remaining
charge will be dissipated during the next half period as shown in figure 33. The percentage
of power dissipation can be controlled by changing the capacity of C; and C, as shown in

figure 33.
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Figure 32: The schematic diagram of conventional SC voltage converter.
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Considering the relationship between the output voltage and n, there is a trade-off between
the power dissipation in the PEH and output voltage so that increasing n results in a lower
output voltage. In the case of small-scale systems and micro-systems (e.g., MEMS
devices), some considerations may occur with respect to the implementation of the control
systems. In particular, the magnetic components, such as the inductor, may be seen as a
limitation in terms of integration and miniaturization of the device. In this domain it seems
that changing the inductor with a capacitor for better integration could be one ideal option.
However, as discussed above the dielectric nature of piezoelectric elements make such an
approach unsuitable for micro-scale energy harvesting systems [89].

6.2.2.2 Boost converters

Considering the dielectric nature of piezoelectric elements, boost converters seem
to be the best candidate for the power converter unit in piezoelectric energy harvesting
systems. Recently different circuit topologies using boost converters have been proposed
[80, 90]. Here, a new circuit topology employing the boost converter scheme as power

converter is proposed.

A. Proposed Circuit Topologies

The block diagram of the proposed interface circuit is shown in figure 34. As seen a zero
crossing peak detector, together with a time delay block is used to control the transfer of
energy across the vibration cycle from the energy harvester into the storage unit. The
prototype of the proposed interface circuit, control signals and its theoretical currents are

illustrated in figure 35. The energy flow in the proposed interface circuit is similar to the
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mechanism described in [80] with a major difference in the control block and energy
storage unit, which comes from the difference in the circuit topology. The proposed circuit
topology employs a simple control unit which should be as simple as possible, otherwise a

major part of the harvested energy will be dissipated in the control unit.

Energy Energy Storage
Harvester in Inductor Ratiery
Peak Delay
Detector f[——— >{ Circuit

Figure 34: The block diagram of the proposed interface circuit.
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Figure 35: The prototype diagram of proposed interface circuit and control and timing

signals generated by control block and the theoretical currents of proposed interface

circuits.
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B. Energy Flow

During the vibration cycles the system waits until the Vi, reaches its maximum value,
when the output of peak detector circuits (A), together with delay versions of signal A (B
and C) are used to generate the control signals S; and S,. As shown in figure 36, the
proposed circuit topology needs the same switch states in positive and negative half-period
contrary to the piezoelectric energy harvester-charger IC given in [80]. The switches S;
and S, will be ON to energize the harvesting inductor from C;, in energizing time (tc).
Then when the current in the inductor peaks, the switch S, is OFF and CMOS-Controlled
Rectifiers (CCR) are turned ON to discharge L into the battery in time t = t4h. The
equivalent circuit of the proposed interface circuit at charging and discharging modes can
be represented as shown in figure 36, where the switches are represented by a small

resistance (Rs) during operation.
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The current flowing through the inductor in charging mode can be expressed as seen
below:

i (t)=1 0e(%t)sin(aoat)

Lo, (5)
1 R?
= (m—ﬁ)

And the output voltage (V) at the discharging mode can be given as follows:

R

V,b=V Oe[it) sin(w,t) (6)

1 _R
LC, 412

)

o= [(

Therefore, charging time (tc,) and discharging time (t=tq4) can be given as follows:

LT (7)
4 2w,

t dchzT_bz ~ (8)
4 2w,

6.2.3 Control unit

A. Peak-Detector Circuit

In the proposed circuit topology, when Vi, reaches its maximum value, switches S; and S,
should be ON to start discharging Ci, into L. In other words, the switches need to be turned

ON when i, crosses zero. The zero crossing point can be detected by the proposed



79

continuous time comparator shown in figure 37. The comparator is modeled based on the
circuit described in [91] and in order to minimize the power consumption the circuit is
designed to operate in sub-threshold region with power consumption around 160 nW.
Since the input of the comparator is 90 degrees phase-shifted from V., [80], the zero
crossing point is where Cj, reaches its maximum voltage.

B. Delay Circuit

To generate the control signals S; and S,, the delay versions of the peak detector circuit
output are required, which can be generated by using the designed delay circuit shown in

figure 8.
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C. CMOS-Controlled Rectifiers (CCR)

To reduce the diode voltage conduction loss in the interface circuits used in energy
harvesting systems, the diodes can be replaced by active rectifiers. A schematic diagram
of an active rectifier is presented in figure 38. As shown a power transistor (NMOS or
PMOS) is used as a switch control of the conduction in the forward path. The rectifier
conducts when the input to the rectifier is higher than the converter output. An ideal active
rectifier must work similarly to an ideal diode, with almost perfect reverse current blocking
and nearly zero dropped voltage in the forward direction. Hence the quick response and
low energy dissipation are the main properties of an ideal active rectifier [90]. Different
circuit topologies such as sub-threshold differential comparators [92], input power
comparators [87] and CMOS-control rectifiers [90] have been proposed to operate as the
controlled rectifier block in energy harvesting systems. However, due to the common-
mode-voltage in common-source-differential input and a strong trade-off between response
time and quiescent-current consumption [80, 90], the classical design with common-
source-differential input and current-tail bias are not suitable for use as active rectifiers. To
overcome the common problem with the classical design the CMOS-control rectifier

introduced by Man and Mok [90] can be used as an active rectifier.
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Figure 38: The schematic diagram of an active rectifier.

6.3 Power transfer loss model

The main contributors to the power loss inside the interface circuitry are conduction power
loss, switching power loss and biasing power loss [93].

A. Conduction Power Loss

Every MOS transistor has non-negligible resistance when it is switched on, which can be

modeled by the following:

R — 1 9
T ey (MY eV -V )
HC o L Gs TS DS

where V14 is the threshold voltage, and Vgs and Vps are the gate and drain voltage,
respectively. And W is the power transistor size. Then the conduction power loss of a

power transistor can be estimated as:

I 2
P = on (20)
on W 1
HMC o (T)(V GS -V _EV DS)
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B. Switching Power Loss

Switching power loss is a result of charging and discharging of the gate capacitance of
power transistors and their driving buffers during switching. Assume that the gate
capacitance per unit area is Cox. The switching power loss of a power transistor can be
expressed as [93]:

P our=CoWLWV? ;i f ok (11)

where in the proposed circuit topology the clock frequency (fcik) is two times the

vibration frequency.
C. Biasing Power Loss

Biasing power loss is due to static biasing, which is required to power the analog amplifier

and current mirror branches and is given by:

P BIAS — I BIASV dd (12)

Considering all of the above components of power loss, the total power transfer loss in an
interface circuitry can be given as:
P loss=PeontPswr TP ains (13)

The various power loss components are calculated and shown in figure 39.

6.4 Optimal power transistor size

As discussed above, P oss is a function of the power transistor size and the
switching frequency. Estimating the switching frequency, which is determined by the

resonant frequency of PEHSs, the optimal power transistor size can
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Figure 39: Power loss of a power transistor versus the power transistor size.

be determined by solving the derivative of equation 13 with respect to W. The total power

transfer loss using the optimal power transistor size is expressed as [93]:

10f ¢« (14)
1
1V gV oy _EV bs)

P LOSS — OptSize — P BIAS+I ONV dd L\/

6.5 Component value considerations

Since the optimal energy transfer in the proposed interface circuit is strongly
dependent on the value of harvesting inductor (L), determination of the inductor value is
one of the most critical design parts. Considering the maximum ratio of storage energy in
the inductor to the power dissipated by switches in conduction mode and considering the
charging and discharging times, the minimum and maximum limits of the inductor value

can be determined as shown:



85

1,
=Ll
%:ép Ozl‘ (15)
tdch: ~ = d (16)
20, 1 R?
2
c,L 4L
Therefore:
2
L>Ce§ s @an

and since the tych<tn the following condition also should be met:

T

t <— 18
dch 20) ( )

where o is the vibration frequency. Considering the above condition a maximum and

minimum for the inductor value can be given as:

1 1 1
L =—J]—_ ’ —R? @? 19
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There is also another important consideration in terms of integration and miniaturization of
the device, which limits the maximum inductor value and it may also determine the

maximum inductor value.



7. CONCLUSIONS AND FUTURE WORK
7.1 Conclusions

We grew ultra-long high-quality ZnO NWs using the VLS method. Although VLS
Is a standard technique, this was the first time it was grown at UIC. First the VLS setup
was built and NWs were grown on the n-type, 100 plane silicon wafer at a temperature
around 900-910 °C. For the first time, we demonstrated that decorating the ZnO NWs with
sputtered metallic nano-particles in presence of high energy Ar atoms result in a strong
enhancement of NBE peak on the PL spectra of ZnO NWSs. Our experimental results
demonstrated that this enhancement is much stronger and more stable than other
introduced methods such as polymer coating and hydrogen treatment techniques.

The first part of this work focused on the investigation of surface defect passivation
in ZnO NWs and in particular the effect of sputtered metallic nanoparticles on the PL
spectra of as grown ZnO NWSs has been studied. The room temperature and low
temperature PL spectra of as grown ZnO NWs and those coated with metallic NPs by
different deposition methods were investigated. It was shown that the PL spectra of ZnO
NWs coated with sputtered metallic NPs demonstrate a strong enhancement of NBE peak
and a relative reduction of visible peak. Effects of type of contact formed between metallic
NPs and ZnO NWs and unintentional hydrogen incorporation have been investigated. The
observed experimental results revealed that decorating the ZnO NWs with metal NPs in
presence of high energy Ar atoms can decrease the non-radiative relaxation pathways and
lead to a strong enhancement of NBE emission and a relative reduction of visible peak. A

model was proposed which strongly satisfied the observed experimental results.
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In addition to the PL study of as grown and decorated ZnO NWs, in the first part
of this study, we have also investigated the PL intensities of the CdSe/ZnS core-shell QDs
and as grown ZnO NWs deposited on GaAs, silicon, glass and ITO-coated glass and
simulated our experimental data. For the first time we found that PL intensity of both QDs
and NWs is dependent on the substrate and scattering field from the substrates can modify
the PL intensity of deposited materials on the substrate. Our analysis indicates that the PL
intensity variation on different substrates is not a function of material type and the band-
gap discontinuities formed between the substrates and the deposited materials. The
simulation demonstrates that the substrates having the maximum scattered field has the
strongest PL intensity.

In the second part of this study, the piezoelectric materials and piezoelectric energy
harvesting devices were the focus of our study. First, ZnO NWs, as the first demonstrated
piezoelectric nano-generators, were studied and for the first time we have developed a
model which conciliates some strongly divergent opinions behind operation of the
semiconductor piezoelectric nano-generators. So far, no model has been developed which
includes the presence of free carriers exist in the crystal structure of piezoelectric
semiconductor materials used for piezoelectric energy harvesting.

The proposed model strongly satisfies the reported experimental results while the
effect of free carriers in the crystal structure of piezoelectric material was also considered.
In this treatment, the piezoelectric semiconductor was modeled with two separate regions:
non-depleted region and depleted region. By solving the Poisson equation in the depleted

region, the electrostatic potential and depletion region width obtained. A numerical
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analysis was performed by considering the piezoelectric induced charge density, in terms
of equivalent density of charges. The numerical analyses show that the immobile
piezoelectric charges cause a change on the surface depletion thickness and the electric
potential distribution in the surface depletion region of nanowire. The changes are more
obvious in case of nanowires with smaller radii.

We have also investigated another type of piezoelectric materials which have
negligible free carriers in its crystal structure investigated. In this domain, first the growth
of electrospun nano-fibers of PVDF-TrFE has been explained and then the effect of
applied stress frequency on the electrical response of piezoelectric nano-fibers has been
investigated. The maximum power can be extracted from PVDF nano-fibers was
calculated. It was shown that increasing the vibration frequency from 2.7 Hz to 6.5 Hz
resulted in the increase of the pulse width from 5 ms to 35 ms. Considering the mechanical
creep and relaxation of PVDF a model was proposed which satisfied the observed
experimental results. Since the piezoelectric energy harvester devices have a low output
power the low power interface circuits between the energy harvester and storage unit is a
key component of any self-powered device. From this domain, an efficient low power
interface circuit suitable for piezoelectric micro-scale energy harvesting systems was
proposed and various design challenges, tradeoffs and considerations from circuit,
architecture and system perspectives for an optimal energy transfer and storage have been
discussed. It was shown that the switched capacitor converters are not suitable for
piezoelectric energy harvesting systems, whereas using a boost converter as the power

converter can enhance the net energy gain. Moreover, the effect of different component
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values on the performance of the system has been investigated and the optimal component
values have been determined.
7.2 Future works

Since ZnO NWs have a weak NBE emission the enhancement of NBE is a key
factor in the development of novel optoelectronic devices such as nano-lasers where a
strong enchantment in the UV region of ZnO NWs will results in a device with a lower
lasing threshold power. Hence, investigation of the electrical properties of decorated ZnO
NWs with metallic nano-particles is suggested as future work of this study. Future work in
doing pump probe optical experiments would allow further investigations into the decay
mechanisms of the carriers and provide further answers to the questions towards
developing ZnO NW lasers.

In investigating of the effect of different substrates on the PL intensity of deposited
materials the drop-casting method was used to deposit the materials (NWs and QDs) on the
different substrates. Due to the influence of aggregation on the PL spectra, which is
strongly depending on the size of particles, future work can include an investigation of the
effect of different deposition methods such as sputtering and molecular beam epitaxy
(MBE) on the PL spectra of deposited materials.

In our proposed model, which explains the operation of nano-scale piezoelectric
energy harvesters, ZnO NWs were treated as perfect crystal structures with a constant
density of free carriers. Further investigation will be appropriate to add the effect of native

defects and non-uniform free carrier density in the proposed model.
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The utilization of the ZnO NWs as nano-generators requires metal contacts for
extracting the generated voltage and it should be done through a sophisticated fabrication
process. Hence, investigation of the P-N heterostructures based on a polymer such as
P3HT and ZnO NWs can be one alternative approach. These heterostructure devices also
have this advantage to be made on the flexible substrates. Therefore the complexity of

bending the ZnO NWs will also reduced.
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