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ABSTRACT

Organic electronic devices are sustainable alternatives to the conventional electronics, due
to their advantages of low cost, mechanical flexibility and wide range of applications. With the
myriad list of organic materials available today, the opportunities to imagine new innovative
devices are immense. Organic electronic devices such as OLEDs (organic light emitting diode),
OPVs (Organic photovoltaics) and OFETSs (organic field effect transistors) are among the leading
device categories. Although OLED’s have been a huge commercial success, other categories are
not lagging.

Radical thinking is necessary to improve on the current performances of these devices. One
such thinking is to combine the versatile ZnO (Zinc Oxide) material to organic semiconductors.
This can be achieved by exploiting the dual nature of ZnO’s semiconducting and piezoelectric
property. Many devices have used ZnO in combination with organic semiconductors for
applications ranging from sensors, photovoltaics, OFET’s, memory and many others. The goal of
the work is to incorporate the piezoelectric nature of hydrothermally grown ZnO nanowires for
Opto-electronic applications.

Although the initial research work was done on incorporating the piezo effect of bulk
grown ZnO nanowires in improving the efficiency of an OPV, we discovered a unique memory
effect in this device by incorporating ZnO nanowires in an inverted organic photovoltaic
architecture. The device switched between a rectifying response in dark to resistive behavior under
illumination with a finite transition time and was reversible. Since then we decided to explore few

of the opto-electronic applications of this technology.

viii



The synthesis and characterization of crystalline ZnO nanowires, nanoforest and planar
ZnO nanofilm are reported along with the application of these ZnO nanostructures in
optoelectronic devices. Noncentro symmetry of crystalline ZnO nanostructures makes it an
excellent candidate to be used as piezo functional material and these nanostructures are
characterized using electrochemical cell containing ZnO electrode as the working electrode.

ZnO nanostructures like nanowires, nanoforest and planar nanofilm are similarly
characterized for piezo property using electrochemical technique. Different devices require
distinguishing physical and electrical properties of ZnO nanostructures, hence morphology, effect
of pre-strain, surface area, surface coverage and thickness of these nanostructures were evaluated
for its piezoresponse. It is shown that it was possible to obtain similar piezoresponse among
different ZnO nanostructures in addition to taking advantage of the structural benefits among
various categories of nanostructures as per requirement.

The presented research can be used as the proof-of-the-concept that ZnO nanostructures
can be designed and fabricated with a prestrain to adjust the piezo response of the material under
external forces. Therefore, the structure with the prestrain can be employed in various electronic
and optical devices where the piezo voltage can be used for adjusting the energy band bending at

an interface.



CHAPTER 1: INTRODUCTION

1.1 Overview

Nanotechnology has been the epicenter of innovation with focus on research and
development in the recent years. In this modern era of miniaturization, there has been an influx of
nanotechnology devices and materials for targeted solutions in applicable fields such as medicine,
biotechnology, engineering, electronics, clean energy, and many more. As devices are
continuously shrinking ever so rapidly, energy requirement for these power hungry devices has
become a critical roadblock for progress to occur [1] .Energy harvesters refer to the breed of
devices that can harvest energy through ambient sources such as wind, heat, vibration and so on.
Many energy-harvesting devices have been developed previously, such as solar cells, piezoelectric
energy generators, rectennas, thermoelectric generators, and many more. Also, hybrid devices
have been developed for more efficient energy harvesting and better use of available energy
sources [2] . An emerging technology for self-powered wireless electronics is the new generation
of piezoelectric-based nanogenerators for harvesting mechanical vibrations and converting the
power to the electric form[3].

Piezo technology has applications in fields such as medical technology, automotive
engineering, and semiconductor technology. Consumer and industrial electronics alike uses
piezoelectric materials and devices for applications such as diesel fuel injectors, ultrasonic
transducers, vibration sensors, engine knock sensors, pressure sensors, and sonar equipment. In
these lines, looking deep into the market of piezoelectric technologies gives a better understanding

on the economics of this particular technology and its importance. According to the new market
1



research report on piezoelectric devices, the market is expected to reach USD 31.33 billion by
2022, growing at a Compound Annual Growth Rate (CAGR) of 4.88% between 2016 and 2022
[4]. The prime factors driving this grow are the increased demand for piezoelectric devices and
technologies. A greater interest from government and corporate investors towards piezoelectric
technologies has helped in the increased research and development. Although there is an increase
in the demand for piezoelectric technologies, some piezo technologies enjoy greater interest than
others. For example, piezoceramics have a greater share in market owning to better piezoelectric
sensitivities and ability to manufacture piezoceramics of the desirable shapes and sizes [5].
Currently the most widely used piezoelectric ceramic is Lead Zirconate Titanate (PZT) [5].
Piezoelectric actuators and sensor use in automotive industry are in line to witness a huge growth
due to its improved reliability and low cost [5]. Industrial and manufacturing is the main
application region for piezoelectric devices. Piezoelectric motors, sensors, actuators, and
transducers have various critical uses in industrial procedures [6]. A main reason behind the
difficulties faced in the development of the business sector for piezoelectric devices includes the
high cost of materials utilized as a part of assembling piezoelectric items, high R&D cost identified
with the advancement of piezo items, and legitimate prohibitive measures that confine the
utilization of lead in these items [5].

In addition to the traditional applications of piezo devices, the piezo effect has been
employed in other fields such as photonic and semiconductor technologies, generating new fields
called piezophotonics and piezotronics (Figure 1). Professor Zhong Lin Wang and his group from
Georgia Tech have worked on the founding principles of piezotronics and helped in better
understanding the physical phenomenon of piezoelectric application in conventional

semiconductor electronics [7]. Optoelectronics, Piezophotonics, Piezotronics and Piezo-



phototronics all require the thorough understanding of piezoelectricity exhibited among many
materials. With the ever increasing piezoelectronic applications, it only necessitates more focused
research and development on the different materials and their properties to further improve on the

current status quo.

Piezo-photronics

Piezotronics Q

Piezoelectricity Photoexcitation

1

Piezophotonics

Figure 1. Possible combinations of piezoelectricity, semiconductor and photoexcitation
including optoelectronics, organic electronics, biotechnology and others.

1.2 Background
1.2.1 Piezoelectricity

The phenomenon of electric charge accumulation by certain solid materials in response to
the applied mechanical stress, or mechanical dimensional change upon electrical stimulus is called
as piezoelectricity or piezoelectric effect. Piezoelectric effect is a reversible process where the
materials are able to amass electric charge upon mechanical stimulation and are also able to induce
mechanical strain resulting from applied electric field. Piezoelectric effect is a product of

electrostatics and mechanics.



The piezoelectric effect was discovered in 1880 by the Jacques and Pierre Curie brothers.
It was discovered that when a mechanical stress was applied on crystals including tourmaline,
topaz, quartz and others, electrical charges were generated and were found to be proportional to
the stress applied [8]. Curie brothers were unable to demonstrate the reversible nature of
piezoelectric effect (i.e. Mechanical deformation under applied electric field) [9]. Latter Lippmann
(1881) mathematically deduced the reversible property from fundamental thermodynamic
principles [9]. Curie brothers immediately acknowledged the converse effect in their next

publication [9].

~~~~~~
--------------

Piezo | ' Piezo ,

{Imaterial \V J

Figure 2. Pictorial illustration of piezoelectric effect upon (a) stress along the material and (b)
shear stress.

The materials that present piezoelectric effect are called piezo materials. Piezo materials
can be found in different forms including but not limited to single crystals, ceramics and thin films.
Figure 2 pictorially depicts the piezoelectric effect. In general, piezo materials have a non centro
symmetry, meaning the materials without center of symmetry in the molecular structure. Upon
mechanical deformation, the nonsymetrical structure generates a charge dipole.

In amonocrystal, all the dipoles are aligned as shown in figure 3(a). Hence, the monocrystal
exhibits the effect of summation of all dipoles by introducing a net positive charge at one side of

the material and a net negative charge at the oposite side of the material. Comapring this to a



polycrystal with random orientation of the dipoles in the volumer of the material (figure 3(b)), the

net charge is almost zero at the serfaces of the material (no net piezo effect).

Figure 3. (a) Monocrystal and (b) polycrystal classification of materials for piezoelectric
property demonstration.

The amount of the charge generated from the dipoles (piezo charge) is characterized by the
charge density at the surface (unit C/cm?) which is same as the electric displacement (D). The
amount of the electric displacement is a function of the applied mechanical stress (T). The
mechanical stress can be either in a tensile or compressive form and that affects the polarity of the
piezo charges. At the same time, because of the dielectric nature of the piezo-materials, the piezo
charges introduce a potential difference across the material (AV) and an electric field (E) through
the material. The situation when a piezo-material generates electric displacement in response to a
mechanical stress is called sensing mode and can be calculated by:

D=d.T+e¢E, (1)
where d is the piezoelectric charge coefficient and ¢ is the dielectric constant. Since the
piezoelectric effect is a mutual effect between mechanical deformation and polarization of the
material, a piezo-material can be used in the actuation mode when an electric field is applied to
produce strain (S) (elongation or contraction). In this mode, the strain can be calculated by:

S=sT+dE, )

where s is the elasticity coefficient [8].



Considering that S, T, D, and E are vectors, generally s, d, and € are in form of matrices
[8]. Therefore, Equation 1 suggests that any stress to a piezo material may generate electric
displacement (D), which is linearly related to the electric dipole moment in the material [8].
According to equation (1), the magnitude of the generated dipole depends on the magnitude and
direction of the stress and the value of d in the material. The piezo electric coefficient is different
in different materials, and its value depends on the molecular structure and the orientation of the
crystal. Likewise, the different mechanical stresses applied on the piezoelectric material also play
a critical role in the piezoelectric effect and its piezoelectric potential as depicted in Figure 4.

Tension Compression

1 | |
oy
1 1

(a) (b) (c)

o

Figure 4. Schematic representation of the piezo charge generation as a result of tension and
compression to the piezoelectric material. (a) Piezoelectric material under no strain
(b) energy generation under tension and (c) energy generation under compression.

1.2.2 Piezo Energy Harvesters
Although the presented work is not much about usage of piezo-materials for energy
harvesting, due to a significant amount of studies on nanoscale piezo-generators, this application

of the piezo-materials is reviewed in this section.
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Vibrational energy harvesting covers a wide variety of materials from large micro sized
devices to nanoscales systems. The most commonly investigated device type is that of resonant
mass spring system, piezoelectric cantilever with a tip mass (Figure 5). A major pitfall for such
devices is that they are tuned to a specific frequency and the output power declines significantly
due to the departure from the resonant frequency. Several types of vibrational energy harvesters
such as non-linear oscillators, non-linear bi-stable laminates, tuneable resonators and others have
been studied. Also, potential applications of piezo-generators were demonstrated in shoe implants,
pressure mats, flexible sails and flag shaped scavengers [10].

Although PZT is the most used piezoceramic, it is not suitable for most of the previously
mentioned harvesting methods due to its inherent mechanical ruggedness. Hence, the use of novel
nanostructured piezoelectric materials is very much necessary. A few important criterion for these
large-area, compliant piezoelectric nanostructures are manufacturability with large degrees of

bending to withstand stress.

Figure 5. Illustration of a piezoelectric cantilever with a tip mass energy harvester.



1.2.3 Piezo Nanostructures

A wide range of piezoelectric nanostructures have been studied for its electromechanical
properties such as (Zinc Oxide) ZnO, Sodium Niobate (NaNbO3), Barium Titanate(BaTiO3),
Gallium Nitride (GaN), polyvinylidene difluoride (PVDF), PZT, Zinc Sulfide (ZnS) etc. [5].
Among all, ZnO has been vastly studied for nano-generators and nano-sensors, due to feasibility
of fabricating/growing various forms of ZnO nanstructures [11]. The atomic structure of ZnO

crystal is shown in Figure 6.

Oxygen |

Figure 6. The atomic structure of ZnO crystal (Wurtzite structure). Adapted from [12].

For example, Figure 7 shows a scanning electron microscopy (SEM) image of ZnO
nanowires grown using the hydrothermal process. There are distinct advantages of nanostructured
piezomaterials in comparison to the bulk piezo counterparts, for example their nano-micro
dimensions permits their use in integrated micro-electro mechanical systems (MEMS) and
miniaturized optoelectronic devices [13]. Also, the flexibility of nanostructures is useful in
fabricating flexible and stretchable electronics. This is mainly due to the small scale of
nanostructures. A common method of fabricating piezo-nanostructures is through bottoms-up
techniques. Various forms of nanostructures, including nanowires, nanorods, nanoribbons, and
nanoflowers can be fabricated by controlling the growth process [14].

8



Figure 7. SEM image of the hydrothermally grown ZnO nanowires on an indium tin oxide
(ITO) substrate. Adapted from [15].

1.2.4 Piezoelectric Characterization in Nanostructures

Designers of piezo actuators, sensors, or generators often use Equations 1 and 2 to estimate
the output of their system based on material characteristics. Employing the equations requires
knowing d (piezoelectric charge coefficient), ¢ (dielectric constant), and s (elasticity coefficient).
The parameters, especially d, can be measured in a relatively large piece of crystalline material by
applying a stress to the material and measuring the piezo response of that. However, piezo
characterization of the materials in a nanostructure form is more complicated. Electromechanical
characterization of piezoelectric nanostructures either fall under converse piezoelectric or direct
piezoelectric measurement [16]. In converse piezoelectric characterization, a piezo response force
microscopy is most commonly employed to detect any surface displacement as a result of applied
electric field [16]. The displacement usually ranges a few pico meters for materials in nano-
dimensions [16]. A conducting tip of atomic force microscope (AFM) can be used to apply the
local electric field to the 1D piezo nanostructures such as nanowires or nanorods [16].

Direct piezoelectric measurement involves tensile loading of the piezoelectric

nanostructure and simultaneous measurement of the induced piezo charge. Piezoelectric



nanogenerators comprising 1D nanostructures are typically characterized using the direct
piezoelectric characterization. Although there are several ways to electromechanically characterize
piezomaterials, both the characterization techniques cannot be satisfactorily used for large area 1D
piezo nanostructures, due to the countless number of individual structures to be analyzed and
characterized. The correlation between the individual characterizations may be a problem to get a
complete idea of the piezo layer. A newer technique for piezo electromechanical characterization
is called nano- indentation method[17]. Converse piezoelectric effect can be measured by applying
a DC voltage to the sample and measuring the displacement with a fixed load nano indentator as

shown in Figure 8.

Fixed Low Load

» Ground

Indenter —» i  Applied

J Voltage

NWs

PEDOT: PSS Electric contact

Substrate

Figure 8. Schematic drawing of the experimental setup for the measurement of the converse
piezoelectric effect by nanoindentation. Adapted from [17].

Direct piezoelectric effect can be measured by using nanoindentator under load control and
the generated piezoelectric voltage can be measured as a function of the applied load. A pictorial

depiction of the direct piezoelectric effect measurement is shown in figure 9.
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Figure 9. Schematic drawing of the experimental setup for the measurement of the direct
piezoelectric effect by nanoindentation.

Nanoindentation technique provides an efficient way to obtain the electromechanical
coefficients, converse and direct piezoelectric effect measurement, however it is relatively a slow
process and requires high precision electronics to perform accurate measurements. In addition, the
nanoindentation technique cannot be scaled up for large area piezo application and
characterization. As it has been established that it is critical to characterize the electromechanical
property of piezo materials precisely to fully utilize their piezo property in various applications, it
creates a unique opportunity to explore piezo potential measurement techniques to suit large area
piezo applications.

In exploring the best possible measurement technique to characterize piezo materials, it is
important to be mindful of the research problems that need to be solved. Few of the research
questions are, firstly if a fast and facile measurement technique available to perform

electromechanical characterization on large area piezo surfaces. Secondly, if the measurement
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strategy is suitable for different morphologies of ZnO nanostructures. Finally, what can the
measured characteristics be used for? It should be noted that ZnO is not only a piezo-material but
also a semiconductor that is used in various optical devices. While the semiconducting and optical
properties of ZnO have been employed to make efficient optoelectronic devices, exploiting the
piezo characteristics of the material in those devices is the subject of new studies.

A part of this work focuses on analyzing the piezoelectric effect from a packed layer of
ZnO nanowires (NWs) through a devised electrochemical study method. Compare to the slow
method of characterizing all NWs individually with the nano-indenter, the new method is able to
give a relatively fast response to a stress applied to a flexible substrate where NWs were grown.
This method was employed to study the effect of various shapes of ZnO nanostructures. Other part
of this dissertation is focused on employing ZnO nanowires for fabricating and studying a new
electro-optical sensor with a dynamic optical memory.

To summarize the chapters in the dissertation, Chapter 1 introduces the market need for
piezoelectric technology, piezoelectricity concepts and the background of the problem being
studied, in this case being the piezoelectricity in ZnO nanostructures through electrochemical
characterization rather than other established techniques. Purpose of the study is investigated
through the need for a solution to characterize large area piezo surfaces. Key research questions
are highlighted along with the significance of this study.

Chapter 2 describes the material properties of the piezoelectric material of interest, in this
case ZnO. Arguments are presented to justify the selection of ZnO for piezo applications as well
as its usage in optoelectronics. ZnO NWs low temperature hydrothermal fabrication is detailed.
The electrochemical detection method of piezoelectric effect from ZnO NWs is explained. Chapter

3 presents the finding from the flexible substrate orientation for growth to optimize piezo charge
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generation. Chapter 4 details the morphology study performed to understand the best morphology
to use for various applications and feasibility. Sputtered Planar, hydrothermally grown ZnO NWs
and ZnO nanoforest are investigated. Chapter 5 is about the integration of hydrothermally grown
ZnO NWs into a photovoltaic device to study the energy band engineering capability of ZnO
through piezoelectric effect. An Optical memory made by ZnO NWs integration into an organic
bulk heterojunction device is discussed in detail. Oxygen absorption and desorption effect on the
optical memory is analyzed. Chapter 6 captures the idea of oxygen deprivation organic bulk
heterojunction device in order to understand the effect on the optical memory. Chapter 6 discusses
the application of the developed piezo characterization technique and future enhancements to the

work.
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CHAPTER 2: ANALYSIS OF ZnO AS FUNCTIONAL PIEZO MATERIAL

This chapter dwells deep into the selection of ZnO as the material of interest for both
piezoelectric and optoelectronic applications looking into the key properties of ZnO and its
nanostructures. Piezo-phototronic effect is analyzed for its application in many optoelectronic
devices utilizing the dual property of ZnO as a piezoelectric and semiconducting material. Also,
the fabrication of ZnO NWs is elaborated. Electrochemical detection of piezoelectric effect from
misaligned ZnO NWs grown on a flexible electrode has been explained.

2.1 Introduction

ZnO has attracted significant attention due to its excellent physical, chemical, electrical
and optical properties and is being increasingly used in electronics, optics, acoustics and sensing
applications. ZnO is a wide direct band gap (3.37 eV) compound semiconductor with a high
exciton binding energy (60 meV) suitable for short wavelength optoelectronics and room
temperature efficient exciton emission [18]. ZnO is transparent to visible light and its conductivity
can be increased by doping. High thermal and mechanical stability at room temperature makes
ZnO an excellent multifunctional material for some sensing and nanogenerator applications.

Other key factors that make ZnO a versatile technology material are its biocompatibility,
biodegradability and piezoelectric effect [18, 19]. Synthesis of ZnO nanostructures can be broadly
classified into two groups: metallurgical and chemical methods [20]. Metallurgical method focuses
on oxidizing Zinc ore to obtain ZnO. Among the chemical methods sol-gel method, solvothermal
and hydrothermal method are a few techniques [20]. Hydrothermal method is one of the low

temperature technique to synthesize ZnO NWs; and it is the method used for this work. The
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hydrothermal method produces vertically aligned ZnO NWs on the substrate. Generally, this
structure is suitable where high surface area is needed.

The crystalline structure of hydrothermally grown ZnO NWs is in form of Wurtzite
structure. A specific feature in Wurtzite structure - which can be found in many materials such as
gallium nitride (GaN), indium nitride (InN), and zinc sulfide (ZnS) — is its non-central symmetric
crystal structure, resulting in an inherently piezoelectric behavior [11, 21, 22].

As briefly explained in Chapter 1, piezoelectric effect is due to surface polarization as a
result of the mechanical strain exerted to the material. The piezo charge coefficient, d, (also known
as piezoelectric constant) varies with different morphologies of ZnO, particularly, the aspect ratio
of the ZnO structure is critical in its piezo response [23]. The piezoelectric effect of ZnO has been
used in microelectromechanical (MEMS) devices, sensors, actuators and in surface wave acoustic
filters and bulk wave acoustic filters [2,3,4,7]. Generally, the effective piezoelectric constant in
ZnO NWs is larger than that in the bulk ZnO, due to the free boundary of nanowires assisting in
polarization [24]. One-dimensional (1D) nano-structures have the unique advantage over thin films
with respect to their aspect ratio, with higher aspect ratio in 1D structures such as rods, ribbons,
wires and belts presents a high surface area.

ZnO crystallizes in three forms as hexagonal Wurtzite, cubic zincblend and the rarely
observed cubic rocksalt (Figure 10). The ZnO structure has a polar surface (0001), which is either
Zn or O terminated and non-polar surfaces (1120) and (1010) possessing an equal number of both
atoms [25]. This polar nature is responsible for its high electromechanical coefficient.

One-dimensional ZnO nanostructures are of special importance because they can be used
to create piezoelectric diodes and piezoelectric field effect transistors [26, 27]. Electronic

components fabricated using nanobelts and nanowires have potential advantage due to the
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Figure 10. Different forms of ZnO crystals. Adapted from [25].

confined charge motion to one dimension and therefore allow for better charge carrier mobility
[23, 26]. The ability to fabricate an electronic component of such a small scale could advance
applications where size and space are of extreme importance. The ZnO diode takes advantage of
the fact that ZnO exhibits both semiconductor and piezoelectric properties. Normal semiconductor
diodes operate using a potential barrier that is set up when an n-type doped and p-type
semiconductor come in contact. While ZnO has displayed great potential for n-type doping,
methods of p-type doping of ZnO is relatively new and not as reliable at this point [24]. In order
to surpass the limitation of the lack of p-type ZnQ, the ZnO diode uses the piezoelectric properties
of ZnO to create a potential barrier similar to the one that would be present in a normal
semiconductor p-n junction [24].

ZnO nanowires can also be used to fabricate field effect transistors. Regular field effect

transistors use a potential applied to a gate electrode to create a conductive channel between the
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drain and source of the transistor. Due to the piezoelectric and semiconductor properties of ZnO
nanowires, a field effect transistor can be fabricated in which the potential from the piezoelectric
effect creates the conductive channel between gate and source when the device is under stress.
This type of transistor can be used as a force sensor for detection of forces in the nanonewton range
or lower [26]. The ability to measure such small forces could prove very useful in the development
of nanoscale devices. While the discussions here only highlight a few examples of the several
applications of ZnO nanowire based devices, overall ZnO displays remarkable potential for
advancing nanoscale devices.

2.2 Piezo-Phototronic Effect

Piezo-phototronic effect is to utilize the piezoelectric potential (piezo potential) that is
produced by applying a strain to a semiconductor with piezoelectricity to control the charge
generation, transport, separation and/or recombination at metal-semiconductor intersection or p-n
intersection for enhancing the performance of optoelectronic devices, for example, photodetector,
solar cell and light-emitting diode. Professor Zhong Lin Wang at Georgia Institute of Technology
proposed the essential guideline of this effect in 2010 [28].

When a p-type semiconductor and a n-type semiconductor form a junction, the holes in the
p-type side and the electrons in the n-type side have a tendency to redistribute around the interface
zone to adjust the nearby electric field, which results in a charge depletion layer. The dissemination
and recombination of the electrons and holes in the intersection region is closely linked with the
optoelectronic properties of the device, which is enormously influenced by the nearby electric field
distribution. The presence of the piezo-charges at the interface presents three impacts: (1) a shift
in local electronic band structure due to the introduced local potential, (2) a tilt of the electronic
band structure over the junction region for the polarization existing in the piezoelectric

semiconductor, and (3) a change in the charge depletion layer due to the redistribution of the local
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charge carriers to balance

the local piezo-charges. The positive piezoelectric charges at the

intersection lowers the energy band and the negative piezoelectric charges bring the energy band

up in n-type semiconductor area close to the intersection region. A change in the local band by

piezo potential might be compelling for trapping charges so that the electron-hole recombination

rate can be generally upgraded, which is extremely advantageous for enhancing the performance

of a light emitting diode [28, 29]. Besides, the inclined band tends to change the mobility of the

transporters moving toward the intersection. The materials for piezo-phototronics ought to have

three essential properties:

property.
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Figure 11. Energy band diagrams for a p-n junction (a) with the absence of piezo-charges, and
(b, ¢) with the presence of positive and negative piezo-charges at the junction,
respectively. The red solid lines are the band diagrams with considering the
piezopotential. Holes are trapped at the interface due to the piezopotential modified
energy band, which will enhance the electron-hole recombination efficiency. Adapted

from [30].
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ZnO is one of the emerging piezo materials with possible applications in various electro-
mechanical devices [31]. ZnO can be deposited as a film with conventional methods such as
sputtering [32]. Also, ZnO NWs can be grown vertically on a substrate using a simple
hydrothermal growth process [33]. Zhu et al., have shown that vertically grown ZnO NWs can be
shaved and laid on a flexible substrate for making piezo sensors [34]. The experiments
demonstrated that a voltage difference appears along the NWs when they are bent [34]. Also, Wang
et al., have probed the piezo voltage along vertically grown ZnO NWs upon shear stresses applied
through an AFM tip [11]. Recently, our lab has found an easy method to induce piezo charges
along vertically grown ZnO NWs without any need for shaving them or bend them individually
[15].

In this method, ZnO NWs were grown on a flexible substrate, where the growth solution
was agitated and hence producing misaligned NWs instead of being in parallel. Due to the physical
contact between NWs, stress was applied to the NWs when the substrate was bent. The produced
voltage was in the range of 350 mV and was measured using a devised method in an
electrochemical cell [15]. The hydrothermal process for producing misaligned NWs and the
devised electrochemical measurement are explained in the following sections in this chapter. The
details of the process are explained in a published work by a former lab member in the journal of
Electrochimica Acta [15].

2.3 ZnO NWs Hydrothermal Fabrication Process

This section contains the detail recipe of growing ZnO NW used in various devices
presented in this dissertation. The fabrication of ZnO NWs requires the following materials:
Indium Tin Oxide (ITO) coated polyethylene terephthalate (PET) to be used as a substrate, 10 mM
solution of zinc acetate dehydrate prepared in ethanol to be used as the seeding layer, and

equimolar 25 mM zinc nitrate hexahydrate and hexamethylenetetramine (HMTA) in deionized
19



(DI) water for the growth solution. All chemicals can be purchased from Sigma-Aldrich. A sample
of ITO substrate is cut (19.5 mm x 18.53 mm) and secured to a glass slide using double-sided tape.
It is important to note at this point to ensure that the double-sided tape is secured to the slide as
evenly as possible with no air bubbles; any air bubble or obstructions in the double sided tape
could lead to an uneven coating of the seeding layer in later stages of the growth process.

100 pL of the seeding layer is then deposited onto the substrate using a pipette. The
substrate is then spin coated for 45 seconds at1500 rpm. After spin coating, the sample is dried on
a hotplate for two minutes at 150°C. The process of spin coating and drying is repeated 10 times
to ensure sufficient coverage of the seeding layer. After the seeding layer has been deposited, the
substrate should be secured to the growth mount with the seeding layer facing the bottom of the
growth apparatus. The growth apparatus consists of two beakers: one larger beaker to act as a water
bath for regulating temperature, and a smaller beaker filled with growth solution for which to
submerge the sample. A temperature probe is connected to the hot plate and submerged in the outer
beaker to ensure the temperature remains constant. It is important to secure the thermometer since
any event of the thermometer leaving the beaker would drastically increase the temperature
causing the growth solution to evaporate rapidly. The temperature of the growth solution is kept
at 90 °C during growth and stirred using a magnetic stirrer at 425 rpm. The growth time can vary
from an hour (minimum time to have partial growth of NWSs) to several hours. The level of both
the water in the outer beaker and the growth solution in the inner beaker are important during this
stage. The inner beaker is filled to maximum capacity while avoiding overflowing so that the
sample remains submerged even in the event of some evaporation of the growth solution as any
period of time with the sample not completely submerged would lead to critical failure of the

sample. Additionally, the water level in the outer beaker should match the level of the growth
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solution in the inner beaker as closely as possible to avoid a temperature gradient. When repeating
the growth process, both the growth solution and seeding layer are sonicated for 5 minutes prior
to being used to ensure consistency of the solution. The beaker containing the growth solution is
thoroughly cleaned between fabrication of samples using the following method: scrub and rinse
with tap water and wire brush, rinse, in the following order, with DI water, isopropanol, acetone,
and DI water, and the thoroughly dry using a standard hair blow dryer. Figure 12 shows a pictorial

representation of the fabrication process for ZnO NWs growth.
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Figure 12. Visual representation of the ZnO NWs fabrication process. Adapted from [15].
2.4 Electrochemical Detection of Piezoelectric Response of ZnO NWs

In this section, a devised electrochemical method for detecting the piezo electric response
is explained. The method has been used for various samples that have been fabricated in this

project.
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The piezo electric effect of the samples is characterized using cyclic voltammetry (CV) in
a three-probe electrochemical cell. This specific test is advantageous due to the redox reaction that
takes place between the sample and the ferrocene mediator (Fe(CsHs)2). The redox state of
ferrocene can be changed in an electrochemical process described by:

Fe(CsHs), « Fe™(CsHs), + e. 3

In an electrochemical cell with a polarizable electrode, the electrochemical potential for
the ferrocene redox reaction is about 0.5 V versus a standard calomel electrode (SCE)[35]. The
electrochemical potential of the reaction can be detected via the CV method, in which a redox
current peak appears near the electrochemical potential when the voltage of the electrode is
scanned backed and forth. For a standard polarizable electrochemical electrode (e.g., carbon
electrode), the voltage at which the peak is observed is only depends on the concentration of ions
in the electrolyte. However, detection of the current and measured voltage is through connections
from an external instrument (called potentiostat) to the electrodes of the cell. Therefore, if there is
any voltage drop at the interface between the electrode and the electrolyte, that voltage directly
affects the voltage of the peak current in the CV measurement.

In cyclic voltammetry there are two types of peak current being measured, one is cathodic
peak and other is anodic peak each of the peak are representative of the reduction and oxidation
reaction of the analyte. The current being measured is the current at the working electrode with
respect to the applied potential. The definition of the current peak is very distinguishable for
reversible reaction, whereas for irreversible reaction there is some ambiguity with respect to the
exact peak current and its electrochemical potential. In most scenarios the software associated with
the potentiostat being used will analyze the CV data to provide the respective key parameters of

the experiment, in this case the peak current and electrochemical potential value. Several analytical
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techniques can be employed to find the occurrence of the peak current such as residual method,
trend reversal, first derivative assessment and many more. A combination of these techniques has
been used for accurate peak detection. The first derivative of a peak has a downward trending zero
crossing at the peak maximum and potential value where the first derivative is zero. The presence
of noise in the measured data can skew the results leading to false peaks; therefore, it is important
to smooth the data before processing for peak detection.

Employing this electrochemical feature, the piezoelectric properties of the sample can be
accurately studied by monitoring the shift of the peak in the CV results when a mechanical stress
is applied to the ZnO NWs. To apply the stress, the sample is placed in an adjustable mount (shown
in Figure 13) with a copper contact on one end so that the sample may be used as the working
electrode in the cell. A platinum wire is used as the counter electrode, and Ag/AgCl is used as the
reference electrode. The electrolyte used for the cell is aqueous based 0.1 M Tris buffer (pH 8.0)
with 0.75 mM ferrocene as the redox material. The test is conducted using the VersaSTAT4
Potentiostat and VersaStudio software on a desktop computer. To begin the test, the sample is
placed into the adjustable mount and the mount is adjusted to the samples resting curvature. The
samples resting curvature is defined as the curvature that the sample was held to during growth
and is found by placing the sample into the mount and adjusting the screw until the sample begins
to hold tightly in the mount. The length of the sample is measured at this point. A multiple cycle
CV scan can be tested on the sample by scanning voltage between -0.8 V to +0.9 V at a scan rate
of 50mV/s. After the first CV scan is completed, the mechanical stress can be applied to the NW
by simply bending the substrate. The designed structure in Figure 13.b shows that how the sample
can be bent by turning the screw at the top of the sample holder. Repeating the experiment for

various curvatures, the effect of the generated piezo potential on the CV response can be studied.
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Figure 13. A picture of the sample holder designed for bending the samples (left) and diagram of
the electrochemical cell when the sample was tested in the flat and bended mode

(right).

The described electrochemical characterization method was previously used in our lab for

Pt-wire
Counter
electrode

studying the piezoelectric effect in vertically grown misaligned ZnO NWs [15]. The results of that
study is presented here (Figure 14) as the reference to the new study for various ZnO
nanostructures. In Figure 14(a), it is observed that there was no peak in the CV scan for ITO in
Tris while the CV scan for ITO in ferrocene displayed a pronounced peak around 0.35V. In Figure
14(b) it was observed that bending of the ITO alone did not shift the potential for which the peak
took place as for all three scans at different curvatures the peak took place at 0.35V.

As explained in the next chapters, clear shift in the peak is detected in the samples with

ZnO nanostructures when the samples are bent.
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Figure 14. (a) Displays CV scans for both ITO in Tris and ITO in ferrocene which demonstrates
that the redox reaction with ferrocene will show a peak in the CV scan. (b) Shows CV
scans of straight, inward bent, and outward bent ITO. These results demonstrate that
ITO itself does not have a piezoelectric effect that shifts the peak of the redox
reaction. (c) Demonstrates that there will still be a peak from the redox reaction when
a ZnO sample is present rather than just ITO. Adapted from [15].
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CHAPTER 3: ELECTROCHEMICAL MEASUREMENT OF THE PIEZO VOLTAGE

IN ZnO NANOWIRES GROWN ON CURVED AND FLAT SUBSTRATES

3.1 Abstract

ZnO NWs have a high electromechanical coefficient and have been widely investigated in
electronics, optics and photonics due to their excellent optical and electrical properties. The
piezoelectric effect generated by mechanically stressing the substrate with these ZnO NWs have
been studied previously using an electrochemical technique and proven to induce a substantial
piezoelectric effect potentially suitable for energy harvesting applications. This work focuses on
characterizing the differences between ZnO NWSs grown on curved and flat substrates
incorporating both structural and piezoelectric properties. Piezoelectric properties were tested
using an electrochemical cell with an electrochemically active redox material (ferrocene). The
difference in piezo voltage between a flat sample and a bent sample that has been intentionally
flattened is the main objective of this study. The results show that it is feasible to employ the initial
stress on the samples grown on a curved substrate to tune the piezo response of the samples in the
flattened mode.

3.2 Introduction

Nanodevices cannot rely on bulky energy sources such as batteries for its functioning.
Nanogenerators capable of harvesting energy from ambient vibrational and light are more
favorable options for those devices. Nanodevices using nanogenerators as power sources open up
a wide range of applications such as implantable bioelectronics, wireless sensors utilized for

autonomous structural monitoring, environmental sensing devices and many more [36] Vibrational
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energy harvesters come in all sort of sizes such as those embedded within energy scavenger shoes
utilizing certain piezoelectric crystal under mechanical strain. Micro generators used in MEMS
can be made of two layers of a piezo material in a beam structure (Figure 5). The top piezo layer
is under tensile strain and the bottom layer is under compressive strain, which results in positive
and negative voltage across the beam. Although the approach is suitable for many micro fabricated
systems, such gravity assisted mass loaded vibrational energy harvesters cannot be used for nano
devices due to the limitations created by their size. Vibrational energy harvesters are more useful
for nano electromechanical systems (NEMS) based devices due to the low requirement of power.
Hence piezoelectric power generation at nanoscale using new flexible substrates is the solution to
address this issue.

ZnO is one of the promising materials for energy harvesting and sensing applications.
Previously many investigations have been performed to study the relation between the size of a
piezo nanostructure and piezoelectric coefficients in materials such as ZnO and GaN [37-39].
These studies have revealed that changes in local polarization and reduction of unit cell volume
when compared to the bulk values are the main reasons behind the size dependent variation of the
piezo effect exhibited[39].

While some works were focused on studying the piezo effect from a single nanowire [27],
previously in our group, Ebrahimi et al. investigated the piezo effect of the layer of vertically
grown ZnO NWs on a flexible ITO substrate [15]. In that work, the electrochemical method
explained in Chapter 2 was used to detect the effect of the generated piezo voltage when the sample
was bent. Using Ebrahimi’s characterization method, in this chapter, we report on the work that

involves ZnO NWs grown on both a flat ITO surface as well as curved ITO surfaces and are tested
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comparatively to investigate the effect of initial surface curvature on the piezoelectric properties
of the samples.

3.3 Experimentation
3.3.1 ZnO NWs Fabrication Using Hydrothermal Technique

ZnO nanowire synthesis was performed using hydrothermal solution agitation technique
adapted from the work of Ebrahimi et.al on ZnO NWs [15]. The details of the process of spin
coating the seed layer and the growth bath setup are also explained in Chapter 2. Since this study
was focused on investigating if the initial curvature of the sample at the growth time affects their
piezo response, two different mounting setups were used for the growth process. As shown in
Figure 15(a), one sample holder was designed to keep the ITO substrate in a flat position when it
was submerged in the growth solution after being coated with the seeding layer. The other

mounting setup (Figure 15b)) was designed to hold the sample in a bending form. Both samples

(a) (b)

Figure 15. (a) Flat position sample growth holder and (b) bent position sample holder.

were put in the growth solution for 4 hours.

e

3.3.2 Sample Curvature Measurement

After growth, both samples were tested in an electrochemical cell containing ferrocene as

the redox mediator (see the details in chapter 2). The redox peak of ferrocene in the electrochemical
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CV experiment was used as a probing mechanism to measure the piezo voltage in the samples. To
apply mechanical stress, a setup was designed to bend the samples when being submerged in the
electrolyte. As shown in Figure 15, the bending setup was made of a stationary and a sliding jaw
that the gap between them could be changed via the screw at the top of the sample holder. Samples
were loaded in the setup in a flat position by genteelly adjusting the screw to hold the sample.
During the experiment, if different curvatures were desired, the adjustment could be made by
turning the screw. Both bending inwards and outwards could be applied to the samples. The
previous work by our lab members showed that bending a sample with grown ZnO NWSs generates
some piezo voltage due to the mechanical stress between adjacent NWs when the substrate was
bent [15]. The similar experiment was conducted for this research aiming to find if there is any
difference between two samples: one being positioned as a flat substrate and the other in an already
curve position during the ZnO NWs growth process. To make the comparison, it was essential to
measure the bending curvature at any position when the electrochemical measurement was carried
out. The curving measurement was done in a pre-calibrated process by estimating the radius of the
curvature. The calibration process is explained here.

To calculate the curvature of the sample precisely, a custom-made setup shown in the figure
16 was used. The setup consisted of a screw mechanism to compress the sample gradually. By
increasing the number of turns applied on the screw head, different degrees of curvature was
obtained. Table 1 shows the data recorded for the chord length (D) with the increase in the number
of turns. The tabulated chord length was measured using a Vernier caliper for three consecutive
times and its average was calculated.

Figures 16a and 16b show the curvature inducing set up containing the flat and bent sample

respectively. The curvature was calculated by using the chord length and arc length of the sample
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as shown in figure 16 c. Arc length (A) denotes the length of the sample. With this increase in the
number of turns applied on the screw head, the sample compresses leading to smaller chord length
(D) comparatively. If the angle, 6, is expressed in degrees, the equation that relates A to the radius
of the curvature, R, would be:
A =21R *6/360. 4)

At the same time, D can be defined as:

D = 2*R *(Sin(6/2)). )
In these equations, A is a constant (the initial length of the sample in the flat position) and D was
measured at different number of screw turns. Solving both equations, one can find R for different
length of D. While R is the radius of the curvature, the curvature, x, is defined as 1/R with the unit

of cm™.

Screw

(A)
Arc length

Sample

(a) (b) (c)

Figure 16. Custom setup used for bending samples during the electrochemical measurements.
Two positions are shown: (a) sample under zero compressive strain (b) compressive
strain applied on the sample. (c) An illustration of the parameters involved in
curvature measurement.

In the calibration process, a piece of PET substrate was cut with the exact length of the

samples. The PET substrate was loaded in the setup and D was measured for different number of
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turns on the screw. The calculations were done to convert the data to the curvature of the samples
and finding the corresponding value of x at different turnings (results presented in Table 1).

Table 1.  Correlation between the number of turns applied in the sample holder to the curvature
of the samples with an initial length of A =1.94 cm.

Turns & (cm™)

0.000
0.435
0.990
1.274
1.562
0 1.869

P o00oA~PEFk O

3.3 Results and Discussion

Figure 17(a) and 17(b) shows the SEM image of ZnO NW grown through the hydrothermal
process on a flat substrate and a curved ITO substrate. In both cases, NWs were grown for a total
of 4 hrs and all the growth conditions were preserved to characterize the impact of the growth
curvature on the piezoelectric response of the samples. The NWs measured approximately 900 nm
— 1100 nm in length and a diameter of 50 nm. Figure 17(a) shows homogeneous coverage of ZnO
NWs due to the even coating of the seeding layer on the flat ITO surface. Although majority of
the surface on the curved sample was representative of even coverage of ZnO NWs, some clusters
were observed, possibly due to the mechanical strain exerted during fabrication and the resulting
micro cracks developed on the ITO substrate.

The samples grown on flat and already bent substrates were tested for the electrochemical
CV measurements in a three-probe configuration with a Pt wire and Ag/AgCl as the counter and
reference electrodes, respectively. The voltage on the working electrode was swept from -0.8 V to
+0.8 V. The CV scan rate was set to 0.05 Vs, The experiment was performed initially using a flat

substrate and measuring the CV response of the sample.
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Figure 17. SEM images of 4 hrs grown ZnO NWs on (a) the flat substrate and (b) the curved
substrate (Inset: indicative of the ZnO NW clusters).

Figure 18 shows the outward and inward bending CV characterization performed on the
flat grown ZnO NWs samples respectively. In Figure 18(a) and (b), it can be seen that the voltage
was swept between -0.8 V to + 0.8 V for the flat condition (straight position 0) and subsequent
two increasing bending. Due to the shift in the cathodic peak to the right, the sweep was altered to
-1V to +1 V. The flat position yielded the cathodic peak at 0.5 V and further bending pushed the
peak to the right, indicating the increase in the piezo potential. Outward bending 1, 2 and 3
represent the curvature of the sample at 0.99 cm™, 1.274 cm™ and 1.562 cm™, respectively. The
experiment was carried out by bending the sample to the required curvature and performing the
CV scan for 5 cycles. The results shown are from the 5th cycle. The sample was bent further from

the previous position to evaluate the piezo potential. In the range of bending performed on this
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sample, the peak voltage shifted from 0.5 V to 0.575 V in gradual increments. The experiment
then was repeated for the same sample being bended inward at those curvatures. The results are
presented in Figures 18(c) and (d). As shown in Figure 18 (d), the voltage shift ranged between
0.5 V to 0.54 V. Inward bending 1,2,3, and 4 represent curvature of the sample at 0.99 cm™,
1.274 cm™ |, 1.562 cm™ and 1.8 cm™ respectively.

The curved grown ZnO NWs were also characterized for its piezo response using the same
electrochemical setup used for the flat grown sample. The piezo characterization was carried out
differently compared to the flat grown sample. The curved grown ZnO NWSs has an initial
curvature associated with it, due to the way it was fabricated. In this case the curvature was set to
1.0 cmtinward bending. The curvature value was arbitrarily selected.

The piezo characterization was performed first by flattening the curved grown ZnO sample
and measuring the CV response and latter straining the sample in different increasing extends of
outward and inward curvature. The sample was flattened after the completion of outward bending
and the CV response recorded. The sample was strained outward starting from 1 cm™ to a higher
curvature in the range of 1.8 cm ! and the same was true for the inward bending process. This
variation in testing the curved grown ZnO sample allowed for the precise behavioral analysis
associated with the impact of initial curvature on the overall piezo response. Figures 19 (a) and
(b) represent the flattened and outward bending CV response of the sample. The voltage sweep
was varied between -0.8 V to 0.9 V. The redox peak for the flattened position represented by
straight position 0 in Figure 19 shows that it occurs at 0.45 V. The subsequent outward bending
yielded a right shifting cathodic peak with increasing outward curvature. This response is similar
to the outward bending response of the flat grown sample. The voltage shifted between 0.44 V to

0.54 V. Figure 19b shows the zoomed view of the CV response.
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Figure 18. CV results from the 4 hrs grown ZnO NW sample on a flat substrate at (a) different

outward and (c) inward curvatures. The zoomed view of (b) outward and (d) inward
bending at increasing curvatures.

Voltage (V)

Figures 19 (c) and (d) show the inward bending CV response of the curved grown ZnO
NWs sample. After the completion of CV characterization for the outward bending
experimentation, the sample was flattened again using a plastic transparency as a supporting
template to retain its flattened shape and recorded it CV response. The initial flattened response
and the second flattened response overlapped with one another, this was indicative of an
insignificant damage of the sample during the outward bending exercise. The sample was prepped
for the inward bending by removing the plastic transparency. The sample regained its initial growth
curvature of 1.0 cm 1. Due to the outward curved shape of the sample, performing the inward

bending experiment was quiet challenging. The sample tried to revert to its original growth
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curvature. Care was taken to perform the inward bending process slowly. The inward bending
experiment was carried out by bending the sample inwards in increasing extends of curvature. The
inward curvature ranged from 1.0 cm™ to 1.8 cm™. A complete opposite response was observed
for the inward bending exercise, the cathodic peak representative of redox potential shifted left
with increase of curvature. The decrease of piezo potential could possibly be due to the outward
grown ZnO NWs sample failing to attain maximum interaction among ZnO NWs during the
inward bending. This response was also observed in the flat grown ZnO sample, where after a

certain value of inward curvature the piezo potential dropped.
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Figure 19. CV results from the 4 hrs grown ZnO NW sample on a curved substrate at (a)
different outward and (c) inward curvatures. The zoomed view of (b) outward and (d)
inward bending at increasing curvatures.
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In order to characterize the piezo response of the two samples, in Figure 20, the potential
values at which the peak was observed are plotted versus the curvature of the samples. In this
figure, outward bending is presented with negative values of the curvature and inward bending is
defined with positive values. The trend in outward bending was similar in both cases in which the
voltage value increased as the sample was bended to higher level of curvature. However, inward
bending response was different in the two samples. In fact, the sample with the NWs grown on the
bending mode showed a consistent trend of reducing voltage as the curvature was changed from
outward bending to the flat and further to the inward bending. This indicates that by pre straining
the substrate a substantial piezo potential can be held within the ZnO nanowires. By applying an

inward strain, the piezo generated charges can be reduced and hence the reduction in piezo

potential.
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Figure 20. Ferrocene peak potential versus curvature in flat grown and curved grown ZnO NWs
samples.
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It should be noted that the voltage value in Figure 20 is an indication of the piezo effect
but the polarity and magnitude of the voltage drift is not necessarily represent the exact potential
or the polarity of the piezo charge on NWs. An obvious reason is that the electrochemical
measurement method can show the overall voltage effect by many NWs while the charge
distribution and piezo potential across each NW can be very different than other NWs.
Nevertheless, the results confirm that the growth conditions can be controlled to generate some
initial stress among entangled NWs in order to engineer structures with a more predictable piezo
response.

3.4 Conclusion

A densely packed and randomly aligned ZnO NWs was fabricated on an ITO substrate
with no strain and pre strained surface. An innovative electrochemical piezo characterization
technique was employed to evaluate ZnO NWs on different mechanically strained substrates. The
shift in the ferrocene redox reactive was utilized to characterize the piezo potential from the
nominal redox reduction potential of 390 mV for ferrocene. It was seen that by using the growing
the NWs on a pre strained substrate, the piezo potential of the flattened substrate can be
manipulated as per the application requirement. Overall, a desired piezo potential can be developed
on the ZnO NWs through pre straining method. This paves ways for usage of ZnO NWs for energy

engineering in many devices.
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CHAPTER 4: PIEZO CHARACTERIZATION OF ZnO NANOSTRUCTURES

USING ELECTROCHEMICAL APPROACH

4.1 Abstract

Piezo response of piezoelectric materials is highly influenced by the morphology of the
material. Hence understanding the impact of morphology is a key in being able to utilize the
piezoelectric nanostructures to its full potential. In this work, three types of ZnO nanostructures
(i.e. ZnO nanowires, ZnO nanoforests, and thin-film sputtered ZnQO) are characterized for piezo
response using electrochemical cell containing an electrochemically active redox material. It was
found that 100 nm thick ZnO nano film can match or even give a higher piezo potential when
compared with the 1 um thick ZnO nanowires in the range of 170 mV to 305 mV. The branched
nanoforest yield twice as much piezo potential compared the single step nanowires when strained
in a preferential outward curvature.

4.2 Introduction

ZnO has applications in chemical and biological sensors due to its biocompatible, non-
toxic, biodegradable and high sensitivity properties [18, 40, 41]. Nano actuators find ZnO useful
due to its piezo electric and pyroelectric nature [42]. Water splitting, photovoltaic and charge
storage devices utilize ZnO for its photocatalysis property [18, 43-45]. Naturally, due to these
properties, ZnO has applicability in a wide range of fields like electronics, optics and photonics to
name a few. ZnO is a unique and versatile technology material that exhibits semiconducting and
piezoelectric dual properties. It is also transparent to visible light, making it a key material for

optoelectronic devices [46]. The strong piezoelectric property in ZnO is a result of large
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electromechanical coupling due to the absence of a center of symmetry in Wurtzite crystal.
Wourtzite ZnO has a hexagonal structure, the structure can be described as a number of alternative
planes composed of tetrahedrally oriented O2 and Zn?" ions [18, 47]. Shrinking ZnO to its
nanoscale leads to varied behavior which is heavily dependent on size and shape [48]. By changing
the morphological aspect of ZnO through synthesis, it is possible to obtain a wide variety of
structures with finely tuned properties. A pervasive phenomenon with these wide range of ZnO
nanostructures is quantum confinement [49]. Quantum confinement refers to the phenomenon
where de Broglie wavelength associated with the electronics starts to become larger than the
nanostructures. As the size of the particle reaches nanoscale range, the decrease in confining
dimensions leads to discretization of energy levels and an increase in the band gap [48, 50]. Nano
particles of the same material have a larger energy band gap compared to its bulk counter parts as
a result of quantum confinement [49].

Several nanostructures of ZnO, such as nanobelts [51, 52], nanorings [53, 54], nanohelixes
[55, 56], nanotubes [57, 58], nanorods [59, 60], and nanowires [61-63], can be synthesized using
different techniques, namely aqueous solution synthesis [15, 64-67], thermal evaporation [68, 69],
laser ablation [70, 71], electrodeposition [72], and metal-organic vapor phase epitaxy [73]. The
vapor transport technique involves generating zinc and oxygen vapor through carbothermal
reduction of ZnO powder at temperatures of 900° C and upwards [74, 75]. Solution-based ZnO
synthesis is one of the widely used techniques for applications using flexible substrates due to its
low temperature, wide range of substrate compatibility like paper [76], polyethylene perephthalate
(PET) [15] and silicon wafer [77].

Among the ZnO nanostructures, nanowires and its derivatives play a key role in several

applications such as sensors, actuators, nano generators due to its aspect ratio and ease of
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fabrication. 1D structures can range between 1 nm to 100 nm in diameter. Few of the important
properties of nanowires are large surface area to volume ratio, carrier mobility comparable to bulk
ZnO, low thermal conductivity, quantum confinement resulting in size and shape dependent
optical and electrical properties [78]. ZnO crystallization and anisotropic growth properties makes
it a very useful functional material for 1D nanostructures [79]. 1D nanostructures of ZnO like
nanowires, nano rods, and nano ribbons help to improve electron diffusion creating a direct path
when used as an electron transport material in photovoltaic applications [80]. Shortest 1D structure
are preferred for the obvious least resistive path, but surface area of the functional material is also
sacrificed for this purpose [80]. The solution to this inconvenience is to use branched nanostructure
that combines the benefits of providing the least resistive path and also increase the surface area.

Considering these advantages and incorporating the piezo properties of these ZnO
nanostructures for use in the optoelectronics field will prove fruitful. Investigating the piezo
response of the branched ZnO nanowires will give an idea about the behavior of these
nanostructures with shorter length.

In this work, three types of ZnO nanostructures have been characterized for their piezo
response. Nanowires, nanoforest and nano film were the test morphologies used in this work. The
electrochemical technique has been employed for the piezo characterization [15].

4.3 Experimentation
4.3.1 1D ZnO Nanostructure Fabrication

The fabrication of ZnO NWs requires the following materials: Indium Tin Oxide (ITO)
coated polyethylene terephthalate (PET) were used as a substrate. 10 mM solution of zinc acetate
dehydrate prepared in ethanol were used as the seeding layer and the growth solution was an
equimolar 25 mM zinc nitrate hexahydrate and hexamethylenetetramine (HMTA) in deionized

(DI) water.
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In order to fabricate the ZnO NWs, the ITO sample was coated with the seeding layer using
spin coater at 1500 rpm for 45 secs and annealed on the hotplate at 150° C for 2 minutes and this
process was repeated 10 times to get an even coating of seeding layer. The ITO with seeding layer
was transferred into a growth solution maintained at 90° C using a water bath. The sample was
suspended downwards with the help of a custom setup. The NWs were grown for about 4 hrs.

The ZnO nanoforest synthesis requires a two-step hydrothermal process. ITO substrate
grown with ZnO NWs for 2 hrs was washed with DI water to clear any preexisting growth sludge
and prepped for second seeding layer deposition. The seeding layer deposition was carried on for
10 times and latter ZnO NWs were grown using the same hydrothermal process as explained
before. In the both cases, the solution was agitated to obtain a randomly misaligned NWs mesh.
A 100 nm thick ZnO nano film is fabricated through the conventional sputtering technique.

4.3.2 Piezo Characterization of ZnO Morphologies

The electrochemical setup consists of three probes, counter electrode (Pt wire), reference
electrode (Ag/AgCl) and the working electrode having ITO covered with ZnO samples. For the
cyclic voltammetry (CV) experiment, the voltage on the working electrode was scanned between
-0.8 V to +0.8 V (versus the reference) with 0.05 V.s™ rate. The experiment was performed initially
using flat samples and measuring the CV response of the sample in an electrolyte containing
ferrocene. Using the custom made setup, the samples were bent at different curvatures and the
effect of the piezo voltage was measured by monitoring the shift in the redox peak voltage.

4.4 Results and Discussion

Figure 21 shows the SEM image of the hydrothermally grown ZnO NW on an ITO
substrate. The growth was carried out for 4 hrs and the measured cross section thickness of these
ZnO NWs ranged between 900 nm — 1100 nm for the 4 hrs growth. Solution agitation has a key

role in this process; it allows the nanowires to be intertwined between one another. This
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intertwining leads to localized strain induction between the nanowires when the sample is put
under mechanical strain, enhancing the piezo response of the sample. There is although an
optimum growth time ranging between 3-4 Hrs to obtain reasonable piezo effect [15]. The average
diameter of the ZnO NWs was between 30 and 50 nm. The ZnO NW diameter can be tuned to
obtain the desired dimension by varying the ZnO seed layer thickness. Most literatures have
reported size variations ranging between 30-200 nm [81]. The SEM image shows that the ZnO

NWs were densely packed, yet another key component responsible for the best piezo response.
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Figure 21. SEM image of the hydrothermally grown ZnO nanowires on an ITO substrate.

Figure 22 shows the SEM image of the sample with two steps of growing nanowires. The
flower shape of ZnO nanostructure is due to the fabrication steps. After two hours of growing the
first layer of the nanowires, the sample was coated with the seeding layer before the second step
of the growth. This resulted in growing NWs on the first layer of NWSs, forming branched
nanostructures.

Although the results from 4 hours grown NWs are presented in Chapter 3, the results are
shown again in Figures 21 and 22 to compare them with the flower-shape and thin-film samples.
The process of testing was the same as explained in Chapter 3. Outward bending 1, 2, and 3

represent the curvature of the sample at 0.99 cm™, 1.274 cm™ and 1.562 cm™, respectively.
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Figure 22. SEM image of the hydrothermally grown ZnO nanoforest on an ITO substrate. (Inset
flower shaped ZnO formation with the landscape of ZnO nanoforest). Lower right
corner highlights one of the growth synthesis defects that may affect the cumulative
piezo response of the sample under investigation.

The results from the similar test for the ZnO nanoforest sample are shown in Figure 23.
The data was collected by mechanically straining the substrate under outward and inward
curvatures, respectively. The surface area of the WE in the electrolyte was kept constant at 2 cm?.
The voltage was swept between -0.9 V to 0.9 V. The sample was tested under four different
curvatures starting with flat position and followed by three increasing ranges of outward curvature.
The piezo potential increased upon the increase of outward curvature. Outward and inward
bending 1, 2 and 3 represent the curvature of the sample at 0.5 cm™, 0.75 cm™ and 1.25 cm"
! respectively. The peak voltage shifted from 0.65 V to 0.725 V. Figure 23b shows the zoomed
CV response of the outward bent ZnO nanoforest sample.

Inward curvature is known to decrease the piezo potential value due to the possible micro
cracks that were developed during the straining process. The inward bending 1 led to an unstable

CV measurement due to the sudden inward strain applied on the sample, the sample recovered
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with the subsequent inward bendings. The cathodic peak moved to the left indicating the sharp

drop in piezo potential. The voltage peak shifted from 0.65 V to 0.475 V.
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Figure 23. CV results from the 4 hrs grown ZnO NW sample on a flat substrate at different (a)
outward and (c) inward curvatures. The zoomed view of (b) outward and (d) inward
bending at increasing curvatures.

Finally, the 100 nm thick planar ZnO nanofilm was characterized to evaluate the difference
in piezo response between ZnO planar and the nanostructures. Figure 24 shows the CV graphs
corresponding to ZnO nanofilm on ITO functioning as the working electrode (WE) under different
bending conditions. The results of the outward bending show the shift of the peak voltage from

0.58 V to 0.75 V as the bending curvature was increased.

44



—_—
0 —
15
=} -
Z,
= k-
ERE 2
Ner? ~——Straight position 0 = '
= 5 1,75
e —Outward bending 1 0.5 : : 1,4
= s | 1
5 o —Outward bending -2 "oy :
"
—Outward bending 3 " : :
"
20 . . . . . ) ] ] oN 045 05 055 06 065 07 .075 08 08 09 095 1
1 08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 : : : X S ¢ : ; " LA
Voltage (V) Voltage (V)

’ (@
8
210 b .
~ 6
~ i
< = s
= —_
:’ b ~—— Straight position 0 E a
= -35 -
S e Inward bending 1 ™
= a0l = 3
™ == Inward bending 2 Qo
-
U -45 — nward bending 3 2 W
50 R JJ — S
1
=55 ' — i S —
60 " . . 0 H 2 L "
1 08 0.6 04 0.2 [ 0.2 0.4 0.6 0.8 1 04 045 05 0S5 06 065 07 075 08 08 09 095 1
Voltage (V)

Voltage (V)

Figure 24. CV results from the two-step hydrothermally grown ZnO nanoforest sample on a flat
substrate at different (a) outward and (c) inward curvatures. The zoomed view of the
(b) outward and (d) inward bending at increasing curvatures.

When the sample was tested for the inward bending (Figure 25 (c) and (d)), the flat position
cathode peak showed a shift from 0.58 V in the previous test to 0.715 V. This upwards shift could
point towards the micro and nano cracks that would have developed on the ZnO and ITO surfaces
leading to nanostructures of ZnO formed unintentionally. Figure 26 shows the cracks formed
during the mechanical straining. It was observed that larger cracks were developed during the
inward bending process.

In order to analyze the impact of morphology on the piezo potential, in Figure 27, the
voltage of the cathodic peak in the CV experiments are plotted versus the curvature of the substrate

for all three samples and for both inward and outward bending. The outward bending is presented
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with negative curvature values. It can be seen that the piezo potential for the flat position for
nanowires, nanoforest and nanofilm were 110 mV, 260 mV and 170 mV respectively during the
initial flat response measurement. An increase piezo potential was noticed from the nanofilm after
completion of outward bending, possible due to the formation of micro cracks. Largest piezo
potential of 335 mV was noticed for ZnO nanoforest owing to its branched structure leading to
greater nanowire interaction.  Although the largest piezo potential value was noticed for
nanoforest, it also was the most affected by the inward bending experiment, with the piezo

potential falling by almost 170 mV with respect to the flat position potential of 260 mV.
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Figure 25. CV results from the 100 nm planar ZnO nano film on a flat substrate at different (a)
outward and (c) inward curvatures. The zoomed view of the (b) outward and (d)
bending at increasing curvatures.
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Figure 26. Microscopic image of ZnO nanofilm in different stages of mechanical straining (a)
Flat ZnO nano film with no strain (b) small crack formation due to outward bending
and (c) slightly bigger cracks due to inward bending.
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Figure 27. Ferrocene peak potential versus curvature for ZnO nanowires, nanoforest and
nanofilm.
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Overall, nanowires, nanoforest and nanofilm have their own unique advantages when used
as piezo functional material with respect surface area, surface coverage and aspect ratio. The key
finding of this work are the ability to use ZnO nanofilm similar to nanowires and nanoforest. A
branched nanowire structure was found to yield the largest piezo potential comparatively.

45 Conclusion

Three types of ZnO nanostructures namely nanowires, nanoforest and nanofilm on a
flexible ITO were characterized for their piezo response. Piezo characterization was performed
using a novel electrochemical approach. Using the CV technique, the piezo voltage from the bent
samples was measured through the shift in the peak potential of a redox reaction. The feasibility
of ZnO nanofilm usage in planar devices requiring piezo functional material was explored and
found to have evidence in achieving significant piezo potential. Nanoforest architecture of ZnO
yielded the largest piezo potential value due to its morphological advantages of large surface area
causing increased interaction among ZnO branches. Overall, these piezo characterizations will
help promote the use of ZnO nanostructures for new innovative devices utilizing both

semiconductor and piezo dual property.
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CHAPTER 5: PHOTO-ELECTRIC MEMORY EFFECT IN

AN ORGANIC BULK HETEROJUNCTION DEVICE!

5.1 Abstract

We report on a memory effect observed in an inverted bulk heterojunction organic
photovoltaic device, where the electron-collecting electrode is ZnO nanowires grown on an indium
tin oxide (ITO) substrate. The device presented a unique response to light by switching from a
rectifying behavior in the dark to a resistive response under illumination. After cessation of light,
the device slowly stabilized back to its rectifying nature after ~270 minutes, introducing a volatile
photoelectric memory effect. The reversibility of the response is verified through multiple cycles
of light exposure and placing the device in the dark. The device is also illuminated with different
light intensities to study the photovoltaic response through 1-V characterization. It is found that
the time constant associated to the transition between the rectifying and resistive characteristics is
independent from the light intensity. Further study revealed that there is a hysteresis loop in the I-
V curve in the dark, but the loop vanished in the resistive mode under illumination. A mechanism
based on oxygen absorption-desorption has been suggested to explain the observed effect. Such a
memory effect can be used in various optoelectronic devices to save the optical information for an

extended time.

! Reprinted with permission from Santhanakrishna, A. K., & Takshi, A. (2015). “Photoelectric Memory Effect in an
Organic Bulk Heterojunction Device.” Journal of Physical Chemistry, 119(30), 17253-17259. doi:10.1021/acs.jpcc
.5b05107. Copyright (2015) American Chemical Society. Permission is included in the Appendix A.
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5.2 Introduction

Organic electronic devices (OEDs) provide a sustainable solution for renewable energy
sources, sensors, display systems, memory devices and various other applications due to its low
cost materials, solution processing manufacturing and minimal environmental impact.[82] In
particular, the market for organic optoelectronic devices is quite large. [83, 84] The effect of light
on organic semiconductors has been studied extensively for the application of converting solar
energy to electrical energy in organic photovoltaic devices (OPVs). [85, 86]Although a
semiconductor is able to generate electron-hole pairs upon absorption of photons, to separate
charges in an OPV, it is required to use two different organic semiconductors as the electron donor
and the electron acceptor. [84] To enhance the efficiency of generating charges from photons, a
bulk heterojunction structure is recommended in which a blend of the two semiconductors is used
as the photoactive layer of the device. [87-89] Among various combinations of the materials, poly
3-hexylthiophene (P3HT) and phenyl-Ce1-butyric acid methyl ester (PCBM) are the most common
electron donor and acceptor materials, respectively. [85, 90, 91] To enhance the efficiency in a
device, the electrons and holes are transferred to the device electrodes selectively by using hole-
blocking and electron-blocking layers between the photoactive layer and the electrodes. The
thickness and energy structure of the blocking layers are critical in designing an efficient OPV.
[92] One of the most promising structures for making efficient OPVs is to use PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate) as the electron blocking layer and a thin
layer of a metal oxide (or metal sulfide) as the hole blocking layer.[93-95] Using a transparent
electrode such as indium tin oxide (ITO), an inverted bulk heterojunction device can be built with
layers of ITO/Metal oxide/P3HT:PCBM/PEDOT/second electrode. [96] Such a structure has been
widely practiced and studied by many groups. [93, 95, 97] It has been found that the thickness and

structure of each layer has a large impact on the photo-conversion efficiency of the devices. [96]
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Due to the design of the structure with energy barriers for separation of electrons and holes, the
current-voltage (I-V) characteristic of an OPV in the dark is a non-linear response showing a
rectification behavior. [98] Upon illumination the shape of the I-V curve in a solar cell usually
remains the same with a shift along the current axis with an amount equal to the short circuit
photocurrent. [99-101] In the lack of any storage mechanism, the I-V characteristic returns to the
curve in the dark immediately after secession of the light. [102]

In this work, we report on a photo-electric memory effect observed in an inverted bulk
heterojunction structure made of ITO/ZnO nanowires/P3HT:PCBM/PEDOT/Ag paste. The
observed effect is like a volatile memory, fading off with a relatively large time constant. This
memory effect has potential implications on the way organic photovoltaic devices are fabricated
and characterized because of the transient time response factor associated with such devices.
Various forms of memory effect have been reported before for organic devices. [103-108] An
external electrical stimulus can be used for controlling the resistive state of the organic-based
resistive memory devices, which either consist of single or multilayers of organic materials
sandwiched between two electrodes. [87, 109] The resistance state of the device can be read by
applying a very small voltage and this process is nondestructive, hence making this type of memory
to be non-volatile. The widely accepted theory to explain the effect is based on the formation of a
filament-based conductive path at the low resistive state. [110] Such a path can be generated only
via a large electric field (writing stimulus signal). To switch back to a high resistive state, a large
opposite electric field has to be applied to push some of the filaments back. [106, 109, 111]

5.3 Experimental Section
5.3.1 Materials and Equipment

Regioregular P3HT and PCBM were purchased from Luminescence Technology Corp.

The silver paste was obtained from SPI Supplies. The rest of the chemicals and the indium tin
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oxide (ITO) coated polyethylene terephthalate (PET) electrodes were all purchased from Sigma-
Aldrich.

~10 mm x 5 mm inverted bulk heterojunction organic memory devices were fabricated in
the ambient environment. First, ZnO NWs were vertically grown on the ITO electrode with a sheet
resistivity of 60 Q/square using a conventional hydrothermal method. [15] A 10 mM solution of
zinc acetate dehydrate was prepared in ethanol. Also, a mixture of equimolar 25 mM zinc nitrate
hexahydrate and hexamethylenetetramine (HMTA) in deionized (DI) water was prepared for the
growth solution. 0.15 mL of zinc acetate in ethanol was spin coated on an ITO substrate at 1500
rpm for 45 s under ambient conditions. Immediately after, the sample was annealed at 150 C on a
hotplate for 2 min. The nucleation layer for the formation of the initial ZnO nanocrystals on the
ITO substrate provided a foundation for the nanowire growth. Spin coating and annealing
processes were repeated 10 times to guarantee a uniform coating of the ZnO seed particles on the
ITO. Following this stage, vertical nanowires were grown by dipping the inverted substrate in the
25 mM growth solution for 4 hrs at 90 °C, resulting in approximately 1.1 um long NWs. The
growth solution was constantly agitated using a stirring magnet rotating at 425 rpm. The quality
of the grown NWs was studied using scanning electron microscopy (SEM) and X-ray diffraction
(XRD) methods.

The photoactive P3HT: PCBM solution was prepared by mixing 1:0.8 proportion of P3HT
(20 mg/ml) and PCBM (8 mg/ml) in 1, 2 dichlorobenzene. The solution was sonicated for 10 min
before drop casting 15 pL. on the ZnO NW layer. After deposition of the active layer, the samples
were heated at 60° C for 5 min. Poly(3,4- ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) [**2] diluted in the ratio of 1:1 with isopropanol were then subsequently drop casted

on top of the active layer. Then a layer of the Ag paste was applied by gentle brushing and dried
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in air. It should be noted that due to the large thickness and roughness in the ZnO NW layer, the
organic layers were drop casted to have a large overall thickness (larger than 1.1 um) avoiding
short circuit between the top and the bottom electrodes. The structure of the fabricated inverted
bulk heterojunction device is shown in Figure 28 a. The samples were tested by connecting the
ITO and Ag electrodes to the instruments for measuring the I-V characteristics and the impedance
of the devices. For the impedance measurement and cyclic I-V characteristics (scanning the
voltage up and down while measuring the current), Versastat 4 potentiostat was used in the 2-
probe mode. The rest of the voltage and current measurements were carried out using a Keithley

2602A source-meter.

(a)

PEDOT:PSS @1

Hydrothermally Grown
prc===P  Zno nanowires

(b)

Figure 28. (a) Device structure of an inverted bulk heterojunction ITO/ZnO
NWSs/P3HT:PCBM/PEDOT/ Ag paste device. (b) Optical image of the organic
photoelectric memory device.

To keep the devices in dark, the samples were located in a box. The samples were
illuminated by a solar simulator (Radiant Source Technology) with full intensity of 80 mW.cm
(AM1.0) connected to the box through a fiber optic cable (AM1.0 was the available optical filter

for the setup). A picture of the fabricated device is shown in Figure 28 b.
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5.4 Results and Discussion

With the aim of fabricating an inverted bulk heterojunction OPV, the device in Figure 28
was fabricated. However, unlike the conventional method of using a thin and smooth layer of ZnO,
the device was fabricated with a layer of ZnO NWs. As the results in this work shows, the device
had a poor photovoltaic effect, but presented a photoelectric memory effect. Several I-V
characterization, light illumination study, and impedance characterization were carried out to study
the electrical and optical characteristics of the 1TO/ZnO NWSs/P3HT:PCBM/PEDOT:PSS/Ag
paste device.

Figure 29 a shows the SEM image of the grown ZnO NWs. A good surface coverage with
NWs diameter of ~50 nm was observed in the sample prepared for the device. The XRD pattern
from the sample (Figure 29 b) also shows the crystal orientation in the NWs with dominate
orientation for (002) at 26=34.9° which is an indication for the c-axis being vertical to the substrate.
[113]

First, the device was tested in the dark by scanning the voltage of the bottom electrode
from — 3 V to +2 V while the top electrode was grounded. As shown in Figure 30, the I-V curve
demonstrated a rectifying characteristic. The knee voltage is in the range of 0.4-0.5 V. The reverse
bias current was around 300 pA at -3 V, while the forward current reached to 3.5 mA at 2 V bias.

Analyzing the switching phenomenon of the device, it can be seen that even though the
device did not exhibit ideal rectifying performance of exponential increase in current, the current
did increase steadily to high value achieving the ON/OFF ratio of 350 at 2 V. The I-V measurement
was repeated again by illuminating the sample using the solar simulator (80 mW.cm2) with the
ZnO modified ITO electrode facing the light source. The I-V curve, in Figure 30, was measured
in less than 60 s after starting the illumination (Keithley instrument time for scanning the voltage

and recording the current).
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Figure 29. (a) SEM image of hydrothermally growth ZnO nanowires on ITO substrate. (b) XRD
pattern of grown ZnO crystalline nanowires (b) XRD pattern from the 1TO substrate.
The broad peak near 20 =54- in the ZnO sample is due to the ITO substrate effect.
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Figure 30. 1-V characteristics of the bulk heterojunction device (ITO/ZnO NWs/P3HT:

PCBM/PEDOT/Ag paste) in the dark and under illumination (80 mW.cm). Inset:
Zoomed in view of the same I-V characteristics showing the photocurrent.

Energy conversion efficiency as high as 9.2% has been reported for an inverted bulk
hetrojunction device. [114]However, a similar OPV device with the same architecture
(ITO/ZnO/P3HT:PCBM/PEDOT/AgQ) has shown 2.12% efficiency.[96]The efficiency in our
device was even much lower showing only 5 @A photocurrent at 0 V and open circuit voltage of
~0.1 V under 80 mW.cm solar simulated irradiation (inset Figure 30). Yet, a significant change
in the I-V characteristic of the device was observed under illumination (Figure 30), where the
rectifying behavior in the dark was transformed to more a resistive response in the light. Under
illumination, the current reached the negative and positive peaks of -2.2 mA and 5.2 mA at -3V

and +2 V biases, respectively. The positive current of 5.2 mA was almost twice the forward current
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observed during the same |-V characterization under the dark condition. Similarly, a large reverse
current of 2.5 mA was observed during the illumination, which was 10 times higher than the dark
current at -3 V bias.

The change of the device behavior from a good rectifying performance to a resistive-like
response upon illumination encouraged us to investigate the device behavior under dark and light
conditions at different times, which revealed a photoelectric memory effect on the device. Long
after keeping the device in the dark, the same dark I-V characteristic shown in Figure 30 was
obtained again. Also, the repeatability and stability of the characteristic were verified by doing
several measurements over a course of 3 days of the experiments. It should be noted that all the
fabrication and measuring steps were carried out under ambient air conditions.

For the memory effect, the cell was again illuminated for 60 seconds with the same light
intensity of 80 mW.cm. As expected, the device showed its resistive response again. With the
knowledge that the cell recovers from this state, 1-V characterization was done for every 15
minutes period after cessation of light, and this was carried out until the cell response was
completely recovered to the dark response. Figure 31 shows the I-V responses after 0, 15, 30 and
270 minutes of light cessation (illumination time= 60 s). As expected, the photocurrent disappeared
right after turning off the light source. However, it took around 270 minutes for the device to return
to its original rectifying characteristics. Looking at the response of the device after 15 minutes of
turning off the light source, it can be seen that the recovery was already started with a drop in the
reverse current from almost 2.2 mA to 1.2 mA at -3 V. The trend followed throughout this
experiment. In the forward bias region, the significant change was the gradual drift from the
resistive like behavior in light to more non-linear response and shift in the knee voltage to higher

values at longer times after the cessation of light.
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Figure 31. Device recovery process through I-V characterization of an inverted bulk
heterojunction photoelectric memory device from illuminated behavior to dark
response. Inset: Zoomed in view of the same I-V characteristics showing no
photocurrent.

To understand the effect of the light intensity on the device response, after keeping the
device in the dark for more than 5 hours before each illumination, the device was illuminated with
80%, 60%, and 40% of the full power (80 mW.cm) for 5 minutes (longer exposure time than the
experiment presented in Figure 28) and the current-voltage characteristics were recorded in less
than 60 s being exposed to the light (Figure 32). The results indicate that the light intensity has an
effect on the observed resistive-like response. All the bright experiment responses showed small

photocurrents, measuring less than 5 PA. It can be seen that, with the decrease in the light intensity;

the device resistance was increased, and the current was dropped. Between the 80% and 40% light

58



intensities, the current reduction was 1.3 mA and 0.4 mA for the max reverse and forward currents,

respectively.
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Figure 32. Light intensity study on the bulk heterojunction photoelectric memory device under
80%, 60%, and 40% light intensity.

All the previous experiments in light were carried out for a short illumination time spanning
just 60 seconds. To understand further the dynamics of the recovery and the correlation between
the steady independent transition and the response to different light intensities, light intensity study
was performed by biasing the device at -0.5 V and recording the current while the sample was
illuminated at different light intensities for 1000 sec. As shown in Figure 33, the magnitude of the
current increased with time when the sample was exposed to light. Moreover, as expected, the
current magnitude was larger for higher intensities. Although the currents did not become saturated
at the end of 1000 s illumination, the results show clearly that the variation in the current (and the
device resistance) is a function of the light intensity even for long illuminations. The sharp

reduction of the current magnitude right at the end of the illumination cycle was due to the
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photocurrent, which vanished as soon as the light was turned off. However, the transition in the
response showed a large time constant to reach back to the stable current in the dark. Using a single
time constant model, exponential functions were fitted to the curves for both current transitions in

light and dark for all curves shown in Figure 33.
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Figure 33. Light exposure study on ITO/ZnO NWs/P3HT:PCBM/PEDOT:PSS/ Ag paste
photoelectric memory device under 1000 seconds illumination and four different light
intensities ranging from 100% to 40% in 20% decrements. The sample was kept in
dark after light cessation until the current was sufficiently low.

The results of the analysis revealed that all the transitions from light to dark had a time
constant of 750 s regardless of the light intensity. The time constant for the dark to light transition
was also constant for all the curves (time constant = 320 s). This implies that the memory effect is
likely due to a device/material structure effect and the time constant is independent from the

biasing or the illumination conditions. The detail of the curve fitting is explained in the Supporting

Information section.
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The device’s dark and light responses were further investigated by scanning the voltage
from -3 V to +2 V and scanning back to -3 V with a constant scanning rate of 50 mV.s* and
repeating the cycle. The results, shown in Figure 34, indicate the repeatability of the response in
several cycles of the experiment. Also, the response in the dark showed a hysteresis effect. The
semi-log scale in Figure 34 b shows that the hysteresis effect in the I-V curves in the dark appeared
in both the forward and reverse biasing. However, due to the larger current in the forward bias, the
hysteresis loop is larger at positive voltages (Figure 34 a). The direction of the loop in the hysteresis
loop suggests an inductive behavior of the device at very low frequencies. [115] In contrast, the
same device was behaving totally resistive with no indication of any hysteresis or inductive
behavior when it was illuminated for 1000 s at 100% intensity. It is clear from the results that long
enough illumination completely changes the rectifying behavior to a resistive characteristic.

The inductive behavior in an organic Schottky contact has been reported before by Takshi
et al. [115] The impedance study of the device in light also showed the inductive behavior at low
frequencies (Figure 35). The response was more capacitive at higher frequencies for both cases
(dark and light), which is likely due to the junction capacitances and the parallel plate structure of
the device. [116] Additionally, the results from the impedance study support the reduction of the
impedance under illumination as observed in the 1-V curve around 0 V.

To achieve high efficiency in OPVs with a structure similar to the device studied in this
work, the thickness and roughness of the ZnO layer has to be very low. [93, 95, 97] Using NWs
instead of a planar ZnO layer, not only the nature of the interface between ZnO and the organic
layer can be different, but also the thickness and roughness of the ZnO layer are much higher than
those in OPVs. [96] Therefore, the observed memory effect in our device can be due to the nature

of the interface and both thickness and roughness of the ZnO layer.
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Figure 34. (a) Linear and (b) semi-log scale I-V curves for the device tested under the dark and
light conditions. The voltage was scanned back and forth with a rate of 50 mV.s
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Figure 35. (a) Magnitude and (b) phase impedance of the ITO/ZnO NWs/P3HT:PCBM/PEDQOT/
Ag paste photoelectric memory device at 0 V bias. The drop in the magnitude at
lower frequencies indicate the inductive behavior of the sample with a large time
constant.

The large time constant associated to the transition from dark to light and from light to dark
suggests that a slow and reversible mechanism should be involved. Possible reasons can be the

diffusion of ions/molecules or trapping/releasing charges in/from the deep localized states at the
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interfaces or in the amorphous organic semiconductors. In addition, the transition from the
rectifying property to the linear response and vanishing the hysteresis effect indicate that, at one
of the interfaces, there was an energy barrier in dark and the energy barrier was gradually reduced
upon illumination. Although, to the best of our knowledge, the optical effect of switching between
the rectifying and linear characteristics has not been reported yet, the change in the I-V curve with
large time constants have been experienced before in several OPV devices. [116-118] Recently,
Wilken et al. [116] observed a gradual reduction of the forward current with a time constant in the
order of 30 min in an ITO/ZnO nanoparticles/P3HT:PCBM/PEDOT device after exposing to
ambient air. The change in the response was explained through adsorption and desorption of
oxygen at the ZnO surface adjacent to the organic layer, which resulted in change of the band
bending in the ZnO layer (surface state charging). The theory was supported by the observation of
the transition current in the device upon UV illumination, which can be only absorbed by ZnO in
the device. It should be noted that although the UV was not completely filtered in our light source
(AML1.0), the observed effect in our device cannot be only because of the UV illumination. A weak
memory effect was also observed (the results are not reported here) in the device when the sample
was exposed to ambient light in the lab with no UV emission.

In another inverted heterojunction OPV, reported by Lafalce et al., [118] a slow drift in the
dark I-V curve of the device was observed when the device was exposed to air. In the absence of
the ZnO layer in their device, the change was related to the photo—doping effect of the P3HT by
reacting with oxygen and affecting the charge in the space charge region.

The exact mechanism behind the observed photoelectric memory effect in our device is not
known. However, the existing theories developed by Wilken [116] and Lafalce [118] can be used

for explaining the effect. The energy diagram of the device is presented in Figure 36. The ZnO
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band bending introduces an energy barrier for electrons injected from the heterojunction organic

layer (Figure 36 a). This barrier can rectify the charge transfer through the device. As explained

by Wilken et al., the amount of the barrier and the width of the depletion layer are functions of the

trapped electrons at the surface states and controlled by the amount of adsorbed oxygen on the

surface of the ZnO layer. [116]
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Figure 36. Energy diagram of the device at 0 V bias in (a) the dark and (b) under illumination (or
in the transition mode after cessation of the light). (a) The energy barrier for electrons
is high and wide in dark resulting in the rectifying behavior. (b) Exposure to light
generates holes in the organic materials, which recombine with the trapped electrons
in the deep localized surface states. Consequently, O> molecules would be desorbed.
The barrier is lower and shorter transforming the junction to an Ohmic with electrons
tunneling through the barrier. The process is reversible in dark due to the difference
of the Fermi level (Ef), but O, absorption and electron trapping are slow process
introducing the memory effect.
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Exposing the device to light generates electron-hole pairs in the organic layer (Figure 36
b). In an efficient OPV, the electrons are supposed to be collected by ZnO and holes are transferred
through the PEDOT:PSS layer. However, due to the bulk heterojunction structure of P3HT:PCBM
both P3HT and PCBM have interfaces with the ZnO NWs. Therefore, the photo-generated holes
in the P3HT molecules can be transferred to the deep localized surface states on the ZnO layer.
Consequently, oxygen would be desorbed from the ZnO surface. Simultaneously, oxygen can dope
P3HT through the photodoping effect explained by Lafalce et al. [118] The change in the doping
level (and the Fermi level in the polymer) can reduce the rectifying barrier. The combination of
the both effects after long enough exposure to light can result in a narrow space charge region in
ZnO with a low energy barrier between the organic layer and ZnO. Hence, the contact between the
NWs and the blend of organics behave as an Ohmic contact, dominated by tunneling charges
through the barrier instead of the thermionic emission for passing electrons over the barrier. [115]
In the lack of the energy barrier (Ohmic contact), trapping/detrapping the carriers would not lag
the current when the voltage was scanned up and down. Hence, there would be no hysteresis effect.
[115] In this case, the time constant depends on the relaxation time of the deep localized states and
the diffusion of oxygen through the organic layer. Since under illumination, the Fermi level can
be different in the ZnO and the organic layers, after cessation of light, there would be a driving
force to reverse the process to reach the thermal equilibrium. Therefore, electrons can be trapped
at the surface states again, and oxygen would be adsorbed to the ZnO surface while the polymer
would be dedoped. Considering the long time constant associated to the deep localized states and
the slow diffusion of oxygen to be adsorbed, the recovery time could be very slow as observed in
our experiment. In presence of the localized state and the energy barrier, the device shows a

rectifying behavior with a hysteresis in the I-V curve as explained before. [115]

66



It should be emphasized that the above discussion is only a possible explanation, focusing
on the interface between ZnO NWs and the organic layer, because this memory effect has never
been reported when a thin and smooth layer of ZnO was used. Such complicated hetero structure
is not easy to be analyzed. Further experiments are required to gain a better understanding of the
mechanism governing the memory effect and controlling the time constant. Based on the effect,
various optoelectronic memory devices can be designed to store optical information. As an
example, such a device can be used as pixel sensors in all organic high mega-pixel cameras.
Reading information from all pixels needs fast electronics. Due to the limited bandwidth in organic
transistors, the optical information can be saved in each pixel through the photoelectric memory
effect, until the circuit can scan the data from all pixels.

5.5 Conclusion

In this work, we reported a photo electric memory effect observed in a bulk heterojunction
structure made of ITO/ZnO nanowires/P3HT:PCBM/PEDOTS/Ag paste. The effect was studied
by investigating the reversible change in the electrical response of the device under dark and
illuminated conditions changing from rectifying response to resistive behavior. It was found that
the device response changed from a linear resistive behavior to a rectifying behavior slowly and
gradually after cessation of light, taking about approximately 270 minutes for the complete
recovery to the dark response. The slow transition after illumination indicated a light sensitive
information retention capability of the structure. The exact mechanism behind the photoelectric
memory effect has to be investigated further to get a proper understanding of the process behind
it, but oxygen adsorption and desorption at the ZnO layer causing band bending may be the reason
behind the drift in the 1-V response. Another reason that could explain this phenomenon is related
to the photo—doping effect of the P3HT by reacting with oxygen and affecting the charge in the

space charge region. Overall, photoelectric memory effect will open doors for many more
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multifunctional devices utilizing the bistable memory effect under dark condition and resistive

manipulation through illumination.
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CHAPTER 6: OPTICAL MEMORY EFFECT IN ZnO NANOWIRE-BASED

ORGANIC BULK HETEROJUNCTION DEVICES?

6.1 Abstract

Due to the required established field to separate photogenerated electrons and holes, the
current- voltage (I-V) characteristic in almost all photovoltaic devices in dark is an exponential
curve. Upon illumination, the shape of the curve remains almost the same, but the current shifts
due to the photocurrent. In addition, because of the lack of any storage mechanism, the I-V curve
returns to the dark characteristic immediately after light cessation. Here, we are reporting a case
study performed on a photoelectric memory effect in an organic bulk hetrojuction device made of
ZnO nanowires as the electron transport layer under ambient conditions and within a sealed
transfer box filled with nitrogen. The I-V characteristic in dark and light showed a unique change
from a rectifying response in dark to a resistive behavior in light. Additionally, after light cessation,
a memory effect was observed with a slow transition from the resistive to rectifying response same
as the original dark characteristic. The memory effect and its I-V characteristics were tested for
the two cases. For practical applications as a photo memory device, further experiments are
required to gain a better understanding of the mechanism behind the observed memory effect for

the two different cases.

2 Reprinted with permission from Santhanakrishna, A. K., & Takshi, A. (2015). “Optical Memory Effect in ZnO
Nanowire Based Organic Bulk Heterojunction Devices.” Proceedings of the International Society for Optics and
Photonics, 956900(2015). doi:10.1117/12.2187689. Copyright (2015) International Society for Optics and
Photonics. Permission is included in the Appendix A.
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6.2 Introduction

Organic electronic devices can be classified as an unique branch of electronics which offers
a sustainable, low cost alternative to conventional electronics for some applications such as
sensors, photovoltaic cells, light emitting diodes and also open up a completely new field of
devices due to its properties of mechanical flexibity and light weight in case of flexible solar cells.
Organic electronics have been used for various applications, such as organic memory devices, light
emitting diodes (OLEDSs), flexible photovoltaic devices, sensors, functional electronics[119]. The
environmental impact in manufacturing organic electronic devices has a much lower carbon
footprint and also inexpensive[120]. Among all the categotries of organic devices available,
OLEDs have been a true success story with a wide commercial use[119]. Although it may be
impractical to replace conventional silicon based photovoltaic systems with equivalent organic
electronic devices due to the present limitation of device stability and efficiency, great progress
has been made in the past few decades with the efficiency reaching as high as 9.2 %[121]. The
charge generation mechanism in organic photovoltaics (OPVs) or organic materials in general is
different compared to the inorganic materials due to the presence of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital LUMO with respect to the valence and
conduction bands in inorganic materials. For efficient charge exchange and separation, organic
materials require a combination of donor and acceptor species[85]. Among the various
combinations of organic semiconductor materials Poly 3 hexylthiophene (P3HT) and Phenyl —
Ce1 Butyric acid Methyl ester (PCBM) are the most commonly used electron donor and acceptor
materials, respectively[90, 122]. An intimately mixed combination of acceptor and donor
materials, constitute the bulk heterojunction devices with an increased surface area for charge

generation, was first studied by Yu et al[123].
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In order to increase the charge extraction efficiency, appropriate materials are to be used
as electron and hole transfer materials. Various metal oxide materials such as TiO2, ZnO are used
as electron transfer materials and likewise poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is the most promising hole transfer material[124]. A typical structure of
an OPV is bottom transparent electrode/metal oxide (Electron transfer layer)/ heterojunction
semiconductor/ hole transfer layer/ top electrode. As a result of the structure with energy barrier
for the separation of hole and electron, the 1-V response of a photovoltaic device under dark
condition exhibits a rectifying behavior. The illuminated response is similar to the dark response
with an exception of the response being shifted downwards (toward negative currents) due to the
short circuit current.

A memory effect was observed in an inverted bulk heterojunction organic photovoltaic
devices (ITO/ZnO nanowires/ P3HT:PCBM/PEDOT:PSS/Ag paste), where the electron collecting
electrode is ZnO nanowires grown hydrothermally on an Indium tin oxide (ITO) substrate (bottom
electrode)[125]. The device exhibited a unique response to illumination by switching from
rectifying behavior under dark conditions to a resistive response after illumination. The response
of the device slowly recovered to the original dark rectifying response with a transistion time
associated with the change. The observed photoelectric memory effect can be described as the
ability of the device to slowly transition from the resistive illuminated response to the dark
rectifying response gradually. The photo electric memory effect was studied in detail which
included the effect of light intensity and varied duration of exposure.The result of that study has
been published recently [125]. Various forms of memory effect have been reported before for
organic devices [126-128]. A type of resistive organic memory that changes the resistance state of

the devices with external stimulus has been studied before [126-128]. The memories consist of
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either single or multiple organic materials sandwiched between two electrodes. A theory based on
conductive filament due to the applied external stimulus between the electrodes is a widely
accepted theory to explain the memory effect observed in these resistive organic memories.
However, the observed memory effect in our device is completely different.

Tofurther understand the exact nature of the memory effect observed in bulk heterojunction
devices, the device was tested under ambient conditions and then transferred into a glove box for
a period of 3 days. The sample was tested using a sealed transfer box to maintain the sample under
glove box condition and its memory effect was studied. The study of device performance in
ambient condition and under glove box condition is the focus of this work.

6.3 Methodology
6.3.1 Materials and Equipment

Indium Tin Oxide (ITO) Polyethylene terephthalate (PET) electrodes, materials required
for ZnO nanowires fabrication such as zinc acetate dehydrate, zinc nitrate dehydrate,
hexamethylene tetra amine (HMTA) and PEDOT:PSS were purchased from Sigma Aldrich.
Organic semiconductors regioregular P3HT and PCBM were purchased from Luminescence
technology corp and Silver paste required for the top electrode was obtained from SPI supplies.

The organic memory devices were illuminated using a solar simulator from Radiant Source
Technology (RST) with full intensity of 80 mW.cm? (AM 1.0) connected to the testing box
through a fiber optic cable. I-V and cyclic voltammetry (CV) characterization was performed using
Keithley 2602A source meter and Versastat 4 potentiostat, respectively.

6.3.2 Device Fabrication

An inverted organic bulk heterojunction memory device measuring 10 mm X 5 mm in
dimensions was fabricated under ambient conditions. Firstly, ZnO NWs were grown on ITO PET

electrode using a hydrothermal process. The ITO electrode was spin coated with 10 mM solution
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of zinc acetate dehydrate prepared in ethanol at 1500 rpm for 45 seconds. The spin-coated sample
was then transferred on to a hotplate at 150° C and annealed for 2 minutes. This process was
repeated for 10 times to ensure uniform coverage of seeding layer on the ITO electrode. The ITO
substrate with the seeding layer was mounted on a custom-made sample holder, such that the
surface with the seeding layer faced down. This sample holder was then immersed into a zinc
nitrate dehydrate (25 mM) and HMTA (25 mM) in deionized water growth solution maintained at
90° C with the help of a water bath. The solution was constantly stirred at 425 RPM for 4 h. Finally,
the sample was removed and dried. The ZnO NWs grown using the hydrothermal process yielding
1.1 pm long NWs. The quality of the grown NWSs was characterized using scanning electron

microscope (SEM) (Figure 37).

Figure 37. SEM image of the hydrothermally grown ZnO nanowires on an ITO substrate.

The photoactive P3HT: PCBM solution was prepared by mixing 1:0.8 proportion of P3HT
(20 mg/ml) and PCBM (8 mg/ml) in 1, 2 dichlorobenzene. The solution was sonicated for 10 min
before drop casting 15 pL. on the ZnO NW layer. After deposition of the active layer, the samples
were heated at 60° C for 5 min. Poly (3, 4- ethylenedioxythiophene):polystyrene sulfonate
(PEDOQT: PSS) [15]diluted in the ratio of 1:1 with isopropanol were then subsequently drop casted
on top of the active layer. Then a layer of the Ag paste was applied by gentle brushing and dried

in air. The structure of the fabricated inverted bulk heterojunction device is shown in Figure 38 a.
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6.3.3 Glove Box Setup

The sample was transferred from the glove box to the solar simulator using a custom made
sealed transfer box to retain the sample under similar environment compared to the glove box. The

transfer box is shown in figure 38 b

Ag Paste(Top Electrode)

(b)

Figure 38. (a) Pictorial illustration showing the structure of the bulk heterojunction organic
memory device and (b) the transfer box used to isolate the sample to maintain
conditions similar to glove box for IV characterization and memory effect study.

6.4 Results and Discussion

An organic inverted bulk heterojunction device (ITO/ZnO NWs/P3HT:PCBM/PEDOT/Ag
paste ) was tested for its memory effect under two different test conditions .The sample was
fabricated under ambient conditions and |-V characterization was performed to understand its
electrical performance and memory effect of the device. Later the device was transferred into the
glove box and isolated for three days under controlled environment. The sample from the glove
box was transferred for testing, using a sealed transfer box and tested for both I-V characterization

in dark and under illuminated conditions.
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Figure 39 shows the I-V characteristics of the device performed by scanning the voltage of
the bottom electrode from -2.0 V to 2.0 V while the top electrode was grounded. The dark response
of the device, as shown in Figure 39, represents that of a rectifying behavior. The current while
forward biased is approximately 2.3 mA at 2.0 V bias, whereas the reverse current is - 0.75 mA at
-2.0 V bias. The knee voltage was around (0.6-0.7 V). Although the reverse current was not very
low, the rectifying response exhibited by the device was decent, with the forward current at 2.0 V
being 3 times greater than the reverse current at -2.0 V. The I-V characterization in light was
performed after constant illumination for 5 minutes using the solar simulator (80 mwW.cm). The
illuminated response was resistive with the forward and reverse current for 2.0 V and -2.0 V bias
being 4.3 mA and -2.0 mA respectively. The device showed a weak photocurrent in the range of

100-150 pA.
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Figure 39. 1-V characterization of the device in the dark and under illumination performed in
ambient conditions.

Figure 40 illustrates the transformation of the ambient condition test sample from the
illuminated resistive response to the dark rectifying response. The device was illuminated for 5
minutes with a light intensity of 80 mW.cm. The gradual recovery from the resistive response is

evident with the change in the reverse current at -2.0 V bias from -1.7 mA to -0.8 mA and 4.2 mA
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to 2.2 mA for forward bias at 2.0 V. The original dark response prior to illumination had a knee
voltage of 0.7 V. The transition indicates that the knee voltage was significantly decreased for the
response recorded immediately after the cessation of light to almost 0.2-0.3 V and increased as the
device recovered and reached a knee voltage of 0.65 V during the due course of 195 minutes.
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Figure 40. Memory effect experimentation of the sample tested under ambient conditions
through I-V characterization showing gradual return to the dark response.

Since the memory effect has not been reported before in inverted OPVs, a hypothesis is
that our device was behaving differently due to the effect of oxygen [125, 129]. Because oxygen
can act as a dopant in organic semiconductors, it is recommended to fabricate organic devices in
an inert environment, such as a glove box filled with N2/Ar, and test them in the same environment
or seal them before transferring from the glove box to the ambient condition[130].

To study the effect of oxygen on the memory-effect, the fabricated device in the ambient
condition was transferred into a glove box (N2 environment) and stored for 3 days. Then the device
was transferred out while it was in a sealed container. Although this method cannot remove all
oxygen molecules trapped in the device, it is expected that some oxygen would be diffused out

during loading the sample (vacuum in the load lock process) and 3 days of stay in an oxygen free
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environment. Figure 41 shows the I-V characterization performed on the transfer box sample after
the device was isolated in an oxygen controlled environment for consecutive three days. The
device was monitored under dark conditions for approximately 21 h to obtain a stable dark
response. Furthermore, the sample was illuminated for 5 minutes and the light was turned off. The
dark response of the sample in the transfer box still exhibited a rectifying response. The forward
and reverse current at 2.0 V and -2.0 V bias were 3.2 mA and -2.9 mA, respectively. The overall
voltage span shows that the current at extreme bias of the experiment did not vary by much. The
illuminated response represents a resistive behavior with a reduced photocurrent of 45 pA. The

currents at +2.0 V and -2.0 V bias were 4.8 mA and -3.5 mA, respectively.
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Figure 41. 1-V characterization of the bulk heterojunction device in the dark and under

illumination performed using a sealed transfer glove box with conditions similar to
glove box.

Keeping with the trend to test for the memory effect exhibited by the sample at each test
condition, the sample was monitored for the change in the I-V characteristics after cessation of
light at 0, 5 and 480 minutes (Figure 42). Comparing the I-V characterization results between the
two test conditions, it is evident that the response exhibited for the sample tested under ambient

conditions that the device response clearly transitions from a rectifying response under dark to a
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resistive behavior under illumination. Whereas for the sample tested using a sealed transfer box,
the response for dark and illumination conditions have different dark performance with the current
increasing almost exponentially for the forward bias and current decreasing exponentially for the
reverse bias. The illuminated response remained the same for both the test cases with the device
exhibiting a resistive behavior. The reverse current changed through a short range compared to
the ambient test phase from -3.1 mA to - 2.8 mA over a period of 8 h. A similar trend was observed
in the forward bias at 2.0 V changing from 4.5 mA to 3.1 mA. The knee voltage changed from (0.2
—0.3 V) for 0 minute to 0.4 V after 8 h.

In order to study the exact change in memory effect in these two experimental conditions,
percentage change in current with respect to the current reading obtained immediately after light
cessation were recorded using the difference between the current for the response recorded
immediately after the cessation of light and the response after 5 minutes during the transition
period were tabulated for both the forward and reverse bias at +2.0 V and -2.0 V, respectively. The

results are tabulated in Table 1.
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Figure 42. Device recovery process of the sample in a sealed transfer box through I-V
characterization of an inverted bulk heterojunction photoelectric memory device from
illuminated behavior to dark response.
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Table 2.  Open circuit voltage study of the cells under various conditions.

Al % (Forward Al % (Reverse

Test phase bias at 2 V) bias at -2 V)
Ambient condition 5.13 8.98
Transfer box condition 11.24 7.84

The percentage change of current for ambient experiment was the smaller compared to the
transfer box experiment, indicating a long transition time. Whereas the percentage change in the
current for the reverse bias condition indicates that the transition was almost similar for both the
cases. It is evident from the change in the transition time associated with these two experimental
test conditions that the change in oxygen exposure had a significant impact on the memory effect.
The exact reason behind the changes observed needs to be investigated further to fully understand
the role of oxygen on the electrical performance of the device.

6.5 Conclusion

The 1V characterization was performed on the inverted bulk heterojunction junction
(ITO/ZnO NWs/ P3HT:PCBM/PEDOT:PSS/Ag paste) device to study the dark and illuminated
response of the sample under two different test conditions of ambient testing and isolation in glove
box for three consecutive days and later testing using a sealed transfer box. The memory effect
exhibited by the device was also investigated to study the impact of isolation in a glove on the
performance of the device. The device showed a decent rectifying response for dark condition and
the illuminated response was resistive. The memory effect study performed on the under ambient
condition showed that the device recovered from the resistive response to the rectifying response
with a long transition time. This was indicated by the memory study that the sample tested under
ambient condition had a slower percentage change in current (5.13%) with respect to the
recordings obtained immediately after light cessation and 5 minutes during this process. In

contrast, the device tested using a transfer box exhibited a different type of response as indicated
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by a faster fall in current values for the measurement performed at 0 minutes and 5 minutes,
respectively, with a percentage fall of 11.24%. The impact of oxygen on the device performance
is profound and further study is required to understand the exact impact on the device and the

response behind the change.
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CHAPTER 7: CONCLUSION AND SUGGESTED FUTURE WORK

7.1 Conclusion

In this work, synthesis and characterization of crystalline ZnO nanowires, nanoforest and
planar ZnO nanofilm was reported along with the application of these ZnO nanostructures in
optoelectronic devices. Low temperature, flexible substrate compatible and facile hydrothermal
technique was utilized for the fabrication of 1D nanostructures. Scanning electron microscopy
analyses have shown that the geometric dimension, length and other critical physical properties of
these nanostructures depend on the fabrication method and process. Specifically the length of the
nanowires in this work was primarily controlled by the duration of growth. Noncentro symmetry
of crystalline ZnO nanostructures makes it an excellent candidate to be used as piezo functional
material and these nanostructures are characterized using electrochemical cell containing ZnO
electrode as the working electrode.

For studying the effect of an initial stress, flexible ITO substrates were used to grow ZnO
nanowires at different growth curvature to study the impact of pre-straining the growth substrate
during the nanowire synthesis process. The piezo characterization of flat grown ZnO and curve
grown ZnO nanowires showed that it was possible to obtain densely packed bed of misaligned
ZnO nanowires with an inherent piezopoetntial by manipulating the growth curvature; this allowed
the use of ZnO nanowires to perform energy interface engineering during its application in
optoelectronic devices.

ZnO nanostructures like nanowires, nanoforest and planar nanofilm were similarly

characterized for piezo property using electrochemical technique. Different devices require
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distinguishing physical and electrical properties of ZnO nanostructures; hence, morphology,
surface area, surface coverage and thickness of these nanostructures were evaluated for their
piezoresponse. It was shown that it was possible to obtain similar piezoresponse among different
ZnO nanostructures in addition to taking advantage of the structural benefits among various
categories of nanostructures as per requirement.

Employing hydrothermally grown ZnO NWs as the electron transfer layer in an inverted
bulk heterojunction organic photovoltaic device, a memory effect was observed in the device. The
I-V characteristic of the device was significantly changed from a non-linear form to a linear one
after being exposed to the light. The device response returned to the original form after a long
(~270 min) and gradual transition.

The slow transition after illumination indicated a light sensitive information retention
capability of the structure. The exact mechanism behind the photoelectric memory effect has to
be investigated further to get a proper understanding of the process behind it, but oxygen
adsorption and desorption at the ZnO layer causing band bending may be the reason behind the
drift in the 1-V response. Another reason that could explain this phenomenon is related to the
photo—doping effect of the P3HT by reacting with oxygen and affecting the charge in the space
charge region. Overall, photoelectric memory effect will open doors for many more
multifunctional devices utilizing the bistable memory effect under dark condition and resistive
manipulation through illumination.

We can summarize the contribution of this research toward synthesis, piezo
characterization of ZnO nanostructures and its application for optoelectronic devices as:

e Electrochemical piezo characterization extended to test several novel ZnO

nanostructures.
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e Tunable piezo potential techniques using pre straining method suitable for flexible
substrate having ZnO nanostructures

e Variable piezo response characteristics of nanostructures through morphology study.

e [lllustration of photo electric memory in a bulk heterojunction structure made of
ITO/ZnO nanowires/P3HT:PCBM/PEDOTS/Ag paste.

e Analyzed the impact of oxygen exposure in a bulk heterojunction device on its photo
electric memory effect.

7.2 Suggestions for Future Work

The presented research can be used as the proof-of-the-concept that ZnO nanostructures
can be designed and fabricated with a prestrain to adjust the piezo response of the material under
external forces. Therefore, the structure with the prestrain can be employed in various electronic
and optical devices where the piezo voltage can be used for adjusting the energy band bending at
an interface. The primary application of this structure can be in organic and thin-film solar cells.
ZnO is a commonly used electron transfer layer in those devices. However, efficient collection of
electrons from the active layer of a solar cell requires a small or no energy barrier at the ZnO
surface. While controlling the energy structure of a material at its surface is difficult due to the
pinning effect, the proposed method can be used to modify the energy structure at the interface by
tuning the piezo voltage of the ZnO layer with a prestrain design. This concept has been filed as a
patent under the author and the project supervisor (US Patent 9,911,540). Designing a solar cell
with the prestrained ZnO nanostructures is strongly encouraged as a future project to address the

need of designing and fabricating efficient solar cells.
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Also, the devised electrochemical method provides an opportunity to study the piezo
electric effect in other ZnO nanostructures and even other piezo materials. Controlling the growth
process to fabricate structures with a more predictable mechanical structure is suggested, as well.

The results from this project have opened new venues to our lab and it is expected to
provide more opportunity for other graduate and undergraduate students to explore other aspects

of the piezo nanostructures and fabricate efficient piezotronic devices.
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