Devel opment of Zinc Oxi

de

for Phot ovolst ai c

by

Bita Janfeshan

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor ofPhilosophy
in
Electical and Computer Engineering

Waterloo, Ontario, Canada, 2015

© Bita Janfeshan 2®1

Nanowires

Applicat.i



Au t h dDeddartion

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including
any required final revisions, as acaspby my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

Heterojunctions of metal oxide semiconductors with quantum dots (QD) have been deployed in a
number of advanced electronic devices. Improyemt in the devices0 pertf
depth studies on charge carrier transfer dynamics. In this work, charge carrier dynamics, at the

interface on zinc oxide nanowires (ZnO NW) with cadmium selenide QDs, were investigated.

ZnO NWs were synthesizethd characterized through the chemical vapor deposition (@w@d)
hydrothermal methods. Both methods vyielded highly crystalline ZnO structures. The
hydrothermally grown NWs were doped with aluminum (Al) and the spectroscopy analyses

showed that Al was suessfully incorporated into the ZnO crystalline structure.

Colloidal cadmium selenide/zinc sulfide (CdSe/zZnS) core/shell QDs were incorporated into
synthesized ZnO NW arrays. The interaction and wettability of two different QD ligands
(Octadecylamine and@ acid) on the selissembly of QDs in the NW spacing were investigated
using electron microscopy. Afterwards, the charge carrier transfer dynamics at the heterojunction
of NW/QD were studied employing time resolved photoluminescence spectroscopy (FRPL).
hypothesis on charge transfer kinetics, based on the experimental measurements, was provided. It
was realized that photocharging of QDs is the main reason for substantial PL quench, when holes
are not effectively removed from the photoexcited QDs byoke-thansporting medium.
Furthermore, the TRPL measurements showed that the hole transfer rate by a polysulfide
electrolyte is slower than that of an electron; one main reason in impeding the device performance

in quantum doesensitized solar cells (QDSSC)

The NW/QD heterojunction was deployed in the structure of a QDSSC. The ewltge
behavior of the cells under various conditions was characterized in both dark and light conditions.
The underlying problems hindering the device performance were ifiddntby these

characterizations.

Heterojunction of ZnO NWs with a GaN thin film was also deployed in the structure of an LED.

The NWs were grown on GaN film using the hydrothermal method. The fabricated device



exhibited light emission under both forwarchda reverse bias injection currents. The
electroluminescence and PL characterizations revealed that the light emission from the fabricated

device depends on the point defects and interface states of the two semiconductors.
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Chapter 1: Introduction

One dimensional (1D) zinc oxide nanostructures have been studied extensively over the last
decade due tiheirunique properties and applications in various electronic andadgttronic,
electrochemical, and electromechanical desiZnO 1D structures have been employed in the
architecture of devicebke: piezoelectric nanogenerators, sensors, field emission devices,
lasers, light emitting diodes (LED), and solar cdtlss a direct widebandgap semiconductor
with exciton binghg energy of about 60 meV. Zinc oxide can be grown one dimensionally
since it hasa Wurtzite crystal structure. The basal polar planes of hexagonal ZnO induce
directional growth of ZnO. It can be synthesizedwagorphase and solutiebased methods
suchas chemicavapordeposition (CVD), sputtering, molecular beam epitaxy (MBE)}gsb|
hydrothermal and solvothermal. Therefdreeyare flexible to be applied on diverse types of
substrate§l, 2].

Since ZnO is a widdandgap metal oxide like titanium oxide (B)QOt has been utilized in the
structure of dyesensitized solar cells (QDSSC) and quanturssaoisitized solar cells (DSSC).
ZnO has electron mobilityt times higher than TiQand can easily be synthesized into
anisotropic structuref8]. Energy band alignment of ZnO is close to that of.Tidowever,
reported ZnGhased QDSSCs have been less efficient than ti@ircbunterpartsThe reason

reieson zinc oxideds high surface defects and

1.1. Quantum-dot-sensitizedsolar cells

Quantumdot-sensitizedsolar cells (QDSSC) are a class of advanced solar cells that have been
vastly studied. They can be cahered as the extension of dgensitized solar cells (DSSC).
Although their working principles are very similar, they have some differences. Dyes have

been replaced by quantum dots in the structure of the device due to some adliketaigber
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absorpion coefficient, multiple carrier generation and quantum confined size tenability.
QDSSCs can be categorized into two groupssewith QDs synthesized in situ in the
architecture and others fabricated using-pmethesized colloidal QDs (CQD). The former
structurewasbelieved to have a better performance than the l&t@rvever, recent studies
haveelucidatedhattherecan be advantages over the in s@nsitized QDs.

Capturing hot carriers before cooling down is de@tureof QDSSCs. When QDs airh a

photon with energy greater than their bandgap, a hot carrier is generated. Theoretically, if the
hot electron is transferred into the adjacent metal oxide, it can generate higher open circuit
potentials. Since cooling timef hot carriers are muclaster than current electron transfer
rates, they cannot contribut® a charge transfer. Achievinfgigherelectron transfer rase¢han

current ones can lead to benefiting from hot carriers. The other significant theoretical feature
that has been propostd QDSSCs is carrier multiplication. If a photon with energy two times
the bandgap energy is absorbed, it can excite another electron ttiretiglymalizing process

[4]. Although carrier multiplication has be debatable, some groups have reported evidence
of the phenomenofb]. The debataside the time scale of carrier multiplicationadarrier to

their use. QDs with multiple charge carriers recombine very, thss requiring adequate
passivatiorin addition tohigh carrier transferate[4].

QDSSCshave shown smaller currenand fill factorsas compared to DSSCs, since the
structures have high number of surface defecand charge carrier trapping in QDs. The
maximum power conversion efficiency that has been reported for QDSSCs jsvh&h is

still below that of DSSCs (11%]6, 7]. It has been suggestddat the main reason for low
efficiency of these cells involgdack electron transfer to the electrolyte and from metal oxide
to the QDsd tthetsap States flay anamportars rolé ih ¢charge carrier transfer
and consequently acquired eféncy from QDSSC48]. Therefore, improvement and
investigation of charge carrier transfer sieessential for obtaining devictsat can compete
conventional solar cells.

Time resolved spectroscopy techniqueshsas emission lifetime and transient absorption, are
guantitative methodssedto study electron transfer from the sensitizer (QD) to the metal
oxide. The techniques involve excitation of the sensitizer with a pump pulse of known temporal
width. Followingt he exci tation, the samplebés emitted

state absorption spectrum (for transient absorption) is collected within a known delay time.



The average lifetime of the excited state of the sensitizer is acquired by tfigimgeasured
signals versus delay time to a kinetic model. If the sensitizer is adjacent to an electron acceptor
material, the observed lifetime decreases duentadditional pathway of electron transfer
which results in excited state depopulation. Assynthat the electron transfer is the only
additional pathway, the donor/acceptor electron transfer rate can be calculated as the following

equation:

E e % Tﬂ (1.1)

Wherelhaa n @ ardkhe average lifetime of donor/acceptor mothted donor, respectively.

The average lifetime othe isolated donor (QD) is a linear combination of radiativg, (k
nonradiative (), and electron transferdkrate constantgl].

In addition to electno transfer from the sensitizer to the metal oxide, efficient electron transfer
from electrolyte to the sensitizer and from counter electrode to electrolyte is required to have
a proper liquid junction. Furthermore, electron transfer from the oppositeiairgcelectron
transfer from the metal oxide to the electrolyte and from the sensitizer, causes loss in the device
performance. As a result, studies on electron transfer rates involving electrolytes, or hole
scavenging agesiprovide better elucidatioof device optimization.

1.2.UV-Blue LEDs

Using nanowires in the structure of LEDs has attracted great interest due to their various
advantagesas compared to thufilm based devices. Nanowires are expected to display
enhanced performance in light emission.déd in the LED structure, they can act as direct
waveguides and lead to light extraction without the use of reflectors and lenses. Furthermore,
the emission efficiency can be enhanced in the case of nanowires because the grain boundaries
and consequentlyomradiative recombination at the joint defects will be eliminated. Since the
contact area between and ntype materials is reduced, the junction will have high quality

with interfacial strain and defect density. Applications like superinescent UVLEDs and

LDs are promising for nanowire integration. Despite Gadhg used ashe main wide

bandgap semiconductor for UMue LEDs, it is difficult to grow GaN nanowires. The

potential alternative material for making tbBlue LED nanostructures is ZnO. It labandgap



similar to GaN6és and a | arge exciton bindi

temperature light emission. GaN and ZnO both have hexagonal crystal sgudtira small
lattice mismatch of ~ 1.9%. Growth of stable and reproduciiy@@ ZnO for homojunction
LED realization is stilin the development phase. As a resultype ZnO has been developed

onotherpt ype materials specifically G#&@N which

1.3. ThesisOrganization

The objective of this thesis is to develop and characterize ZnO nanowires (NW) for
optoelectronic applications. Thesudyin particularfocuses on interface phenomena between
ZnO NWs and other materialspecifically QD sensitizers. Sincédnarge carriettransfes
between different interfaces play an important roliné@performance of many optoelectronic
devices, especially photovoltaic cells, the charge carrier kinetite @QDSSC system were
investigated. Although charge carrier dynasnand dye/metal oxide reactions have been
extensively studied, the corresponding mechanisms are not yet fully understood. Following
this, the developed 1D nanostructures were employed in the architecture of two types of

optoelectronic devices: QDSSC an#&. The device performance wasen characterized

using electrical and spectroscopic techniques. The underlying mechanisms are discussed at the

end.

Chapter 1 is a general introduction and overview of the thesis and pithgantgivation and
objectives bthis work.

Chapter 2 prsents a review on the structared properties of ZnO. The working principles of
QDSSCs along with recent achievements in the field are also discussed. A briefofdyiéw
blue LED is demonstrated. Various growth mechanisms fOr rfanostructures are
demonstrated at the end.

Chapter 3 demonstrates the experimental procedures on ZnO NW syrbesisll as
characterization techniques. ZnO NWs were grasimgchemical vapor deposition (CVD)
andthe hydrothermamethod in variousubstrates. Silicon and quamzafers along with pre
sputtered Al:ZnO (AZO) film were used as the substrate for ZnO NW growth. The highly
conductive and transparent AZO film that was used as a transparent condxicte/d CO)

film in this work was develped by group members: Navid M.S. Jahed and Mohsen
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Mahmoudisepehr. Aluminum doped ZnO NWs were also synthesized and characterized using
ahydrothermaprocess.

Chapter4 discusses the incorporation of CdSe/ZnS QDs (as sensitizer) into ZnQuaigs
Evaporaion Driven SelfAssembly (EDSA) methods. The sasembled microstructure of
QDs embedded into NWs are presented in detail and theasssfnbly mechanisms are
discussed. Then, the photostability of the incorporated ®@&sstudiedusing absorption
spedroscopy.

Chapter5 highlights the importance of studie§charge carrier dynamics in sensitizer/metal
oxide and sensitizer/metal oxide/electrolyte interfaces. Emission decay lifetime of CdSe/ZnS
core/shell QDs anchored to ZnO NWasacquired employingtime correlated singiehoton
counting (TCSPC) method. Emission lifetimes of QD/ZnO NW, QD/ZnO NW/electrolyte and
the corresponding curves of a four exponential decay madag with fitted curvesare
presented. The electron and hole transfer mecharasihkinetics are also discussed. The
effect of QD size and metal oxide structure (ZnO film versus ZnO NW) are demonstrated as
well. Dr. Bahareh Sadeghimakki, our posictoral fellow, had a significant contribution in
experimental designs and measurem#rdsare presented in this chapter.

Chapter 6 presents the QDSSCs fabricated basedZo® NW/CdSe structure along with
device characterizationThe dfect of different parameters of the structure like hydrogen
annealing, QD ligand, ZnO NW doping, anddking layeris verified.

Chapter 7 illustrates the experimental procedure on ZnO NW/GaN heterojunction LED
fabrication and characterization. The electroluminesc€Btg spectra of the device under
forward and reversimjectioncurrens are presented artiscussed.

Chapter 8 summarizes the results and contribution of the work and provides sugdestion
improvemenbf the QDSSC and LED devices.



Chapter 2: Literature Review

In this chapter, properties and technologies of zinc oxide (ZnO) and idimeasional suctures
aredemonstratedA discussion ofhestructural and optical properties of quantum dots along with
their synthesis techniquésilows. Methods and mechanisms of NW growth will be presented in
the final section. The thermodynamics and kineticdhefNW growth mechanism using a vapor

liquid-solid method are also revealed.

2.1. Properties andTechnologies of ZindOxide Nanostructures

Zinc oxide nanostructures have become an important field of researclthsifast decade due to
theireminent prperties in electronics and opgtectronics. Zinc oxide thin films have been applied
in different areasuch assensors, transducers, and catalgsicethe 1960s. New mechanical,
electrical, chemical, and optical properties are observigtimanostructures asresult of surface
ard quantum confinement effectStudying onedimensional structures advantagebecause
elucidatingthe fundamental phenomena in low dimensional systems whichemhiincethe
development of high performance nanodev|d€s.

ZnO has versatile applications which originate from its crystal structure. Its crystal structure is a
norrcentresymmetrichexagonalurtzitethatresults in piezoelectricity anslapplied accordingly

in mechanical actuate and piezoelectric sensors. Furthermore, it is distinguished as a direct
semiconductor with a wideandgag3.37 eV) that can be usedshort wavelength opsbectronic
devices. ZnO shows excitonic emission at room temperature due to its high exaiog bimergy

(60 meV)[10].

2.1.1. Crystal and Surface Structure of ZnO

Wurtzite ZnO is a hexagonalystalstructure consisting of lattice parameters a=0.3296 and
¢=0.52065 nm. Oxygen and zinc ions are placed in tetrahedsdlops and are stacked

altemately as shown inigure2-1. Therefore, ZnO has piezoelectricity and pyroelectricity due



to its tetrahedral coordinatiohe ZnO crystal structure contains polar surfadee most

commonbeingthe basal surfacert mt 1t gurfaces are positively charged and zinc terminated

while 11 miat planes are negatively charged and oxygen terminated. As a tlesudtructure
has a normal dipole moment and is spontaneously polarized thlergaxis. In most polar
structuresfacets or srface reconstructionsccurto keep structal stability; which is true in
the case of ZnO. Zinc oxide 1 1t 1T planes show stability without reconstruction and are

atomically flat. Two other nepolar surfaces that are commonly seen in ZnO structures are

¢ppT and Tt @ Tt which havdower energythan Tt 1t Tt facets[10].

(0110)

(1210

Figure 2-1 Tetrahedral coordination of Z@ in wurtzite structurél1]

2.1.2. Electrical Properties of ZnO

Available ZnO samples have a large variety of qgigglihakingit difficult to characterizeéhe
electrical properties. Different values have been reported for the background carrier
concentration due to various layer qualities but it is normally aroutfatt®. The maximum
doping concentratiagfor n-typeand ptype ZnO that have been reported corresponds t¢f~10
electrons crniand ~ 18°holes cn?, respectivelyalthough, that amount offype conductivity

has nobeenachieved experimentally. Because ZnO has an exciton binding energy of 60 meV,
it hasgood potential for use in otectronic devices. The lodopedn-type and gtype ZnO

have electron Hall mobility of u=200 &vi'S! and 550 cnfV-!S?, respectively11].



2.1.3. Optical Properties of ZnO

Band structure anthttice dynamics affect the optical properties of ZnO. A broad peak from
~1.9 to ~2.8 eV irtheluminescence spectrum of ZnO is attributed to structural defects. This
green band is not walinderstood and is usually ascribed to singly ionized oxygen e@san
Figure 22 illustrates ZnO photoluminescence spectra measured at 4.2 K in which excitonic,

donor acceptor pair and green emission can be[$&gn
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Figure 2-2 Photoluminescence spectrum efype bulk ZnO (H&d excitation) showing excitoni
donor acceptor pair and greebband emission. The longitudinal optical phonons with
corresponding phonon replicas are indicated ondgreph[11]

2.1.4. ZnO Nanostructures

Nanostructures of ZnO have been vastly investigated over the past decade due to their application
in a broad range of electronic and optoelectronic devices. ZnO nanostructuresairthertbree

top nanomaterial&long with carbon nanotubes and silicon nanowires) that have been the most
studied and cited12].They are also biocompatible and ksafe nanostructures which can be

utilized in medical applicationd.3].

They can be grown in diverse morphologies like nanowires, nanobelts, nanosprings, nanorings,
and nanotetrapods due to their crystal structsestated in section 1.1.3, they are comprised of
polar and nospolar surfaces; accardyly, the growth direction can be tuned by changing the

growth rate along different directisfil2].



These nanostructures have been investigated for potential applications in light emitting diodes
(LED) [14], field emission[15], gas sensorg 6], and dyesensitized solar celld7]. Lasing is
facilitated by excitoniacecombination in low dimensional nanostructures, since the density of
states near the bandgap edges is higher in the nanostrjit8)r&ecause exciton binding energy

of ZnO (60 meV) is larger than the thernegdergy at room temperature (25 meV), it is a good
candidate for lasing applicatiofi$9]. Since ZnO is transparent, itsDLnanostructures can be
efficiently applied in solar cell devices aharge carrier conduct®rand also the optical
components of photovoltaic devid@®]. Therefore, it is an important nanostructure to be studied

for future use of these applications in industry.

2.1.5. Fabrication Methods of ZnO Onedimensonal Nanostructures

ZnO nanostructures have been synthesized by different methods including chemical vapor
deposition (CVD) through vapéiquid-solid (VLS) mechanisn21], hydrothermal22], metal

oxide chemical vapor deposition (MOCVI®3], pulsed laser depositiq@4], electrochemical
deposition[25], and so on. Althugh various processes have been employed for their growth, CVD
through a VLS mechanism has been mainly applied for controlled and high quality growth. The
other popular and low cost process is the hydrothermal method. In the following section, principles
of these two major methods for ZnO NW growth along with other common techniques for one

dimensional nanostructures will be demonstrated.

2.2.Nanowire Fabrication Methods

Nanostructures have received great interest in recent years due to their unique ptbpegres
different from bulk materials. Among these nanostructure materials nanostructured
semiconductors have various applications in electronic, catalytic, photonic and energy convertor
devices. These unique properties can be explained due the linotezhsnof electrons in the
confined dimensions of the nanomaterials. The interest in utilizing the unique properties of
nanostructures for practical applications increases with a deep understanding and tailoring of these
materials. To date, a huge varietiymaterials have been synthesized and incorporated in devices

demonstrating their potential to outperform currently used technology. However, the transition



from fundamental science to industrial application requires an even deeper understanding and

control of morphology and composition at the nanos{2e 27]

The onedimensional nature of nanowires allows material synthesis in traditionally inaccessible
compositional regions. Nanowire bandgap t@ntuned according to size variation and these
tunable electronic structures hold great promise in photovoltaic;salid lighting and solao-

fuel energy conversion. Techniques that are used to grow nanowires have developed to a level
where desired amposition, heterojunctions and architectures can be readily synthesized today
[28].

Growth parameters like vapor phase species, partial pressure, catalyst material and size,
concentration of solution in solutidmsed outes, growth temperature, etc., affect the crystal
structure and properties of synthesized nanowire. As a result, thermodynamics and kinetics study

of nanowires growth is necessary in the controlled synthesiafidnostructures.

Inorganic XD nanostrutures have been synthesized applying different methods that can be
categorized into two major groups: (1) vapor phase techniques (2) sdlased techniques.
Controlling size, composition, and crystallinity of NWs are important parameters in their
fabrication processg9].

Nucleation and growth are the two important aspects of solid formation from vapor or liquid phase.
Initial formation of atom clusters because of supersaturation and precipitation of a spexies on
surface or in a solution is defined as nucleation. In contrary@oo® 2D structures, growth
symmetry breaking is required for the synthesis-&f dimensional structures. Some nanowires
can be grown by a method that is inherently anisotropic torgrstalline structure. Nevertheless,

for some materials like Si and GaAs the necessary driving forceDagrbwth is not provided by

their crystal structures. Therefore applying growth conditions that are symmetry breaking to crystal
structures are imptant. In addition, defedree growth and exact control of diameter and length
size are required in some applications or fundamental research. In some applications of periodic
or nonperiodic arrays of aligned nanostructurésw temperature growths requred for
compatibility with existing processeand adaptability for muktomponent architectures may be

important[30].
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2.2.1. Vapor-Liquid -Solid (VLS) Growth

One of the most commonly used methods for growing nanowioes & gas phase reaction is
VaporLiquid-Solid growth. A liquid alloy/solid interface promotes the anisotropic growth of
crystal in this mechanism. A metal that the species of nanowires are soluble in is used as catalyst
or seed. Metal particles are depedion the substrates by methods such as sputtering or spin
coating of colloidal solution. The binary phase diagram of the metal and the species of interest is
used to explain the growth stages. The elements of nanowire are vaporized by different technique
(thermal evaporation, laser ablation or carbothermal evaporation); or alternatively, gas compounds
containing the desired element are used to provide vapor of nanowires species (CVD or MOCVD
methods). Solute atoms are deposited on the liquid surfades ohétal cluster due to its large
accommodation coefficient. The metal and solute form a liquid alloy when the temperature of the
chamber is higher than their eutectic point. After the liquid alloy becsupessaturated, the
nanowire phase precipitate®ifin the alloy particle at the solldjuid interface. The maximum
temperature for nanowire growth is up to the temperature in which the metal particles remain solid
in the absence of solutes vapor. An increase of solute vapor dissolution in metal pasidiss

in an alloy formation and liquefying. Nucleation of the nanowire starts when the concentration of
desired species increases in the metal cluster. As the nucleation of nanowire occurs, further
condensation/dissolution of the solute vapor into thtighes increases the precipitation of the
nanowireelementgrom the alloy. The incoming gaseous species diffuse and condense at the solid
liquid interface and suppress secondary nucleation. Then the interface is pushed forward or
backward to form nanowe. This growth mechanism has been applied to synthesize different

nanowires like elemental NWs, oxides, carbides, phosphidef2@t&0]

ZnO NWs have been fabricated through this method ugdidjas the metal catalyst on different
substrates like silicon, sapphire, or GaN thin fiBh-33]. Vapor phase zinc is commonly produced
using a carbothermal reaction betw@®© and carbon powdef34]. In addition, zinc powder or

metal organic materials (diethylzinc) have also been employed to supply zind3&p86]

Growth parameters like partial pressure of vapor phase species, catalyst material and size, growth
temperature, precursor materials, and carrier gas flow affect the crystal structure and properties of

synthesized nanostructures.
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2.2.2. Vapor-Solid Growth

Vaporsolid growth which is used to grow whiskers can also be applied to nanowire synthesis. In
this method, the vapor or desired material is formed by evaporation, chemical reduction or gaseous
reaction. The vapor transports and condensdb@iubstrate surface without the aid of a metal
catalyst. Oxides and metal whiskers with micrometer diameters are synthesized by this process. If
the nucleation and growth process is controlldd danostructures can also be grown using this
method[29].

2.2.3. Carbothermal Reaction

Carbothermal reactions are used to generate elemental species for growing nanowires of oxides,
carbides and nitrides. As an example, a mixture of carbon (activated carbon, graphite or carbon
narotube) with an oxide produces sakides or metal vapor species which produces the nanowire

of interest following the reaction with C2NO, or NHs. The following reactions generally occur

in carbothermal reactions:

Met al Oxi de +Oxlde+COMet al Sub
Metal SubOxide +Q Y Met al Oxi de Nanowi I
Metal SubOxide + NHY Met al Nitri de 2Nanowi r
Metal SubOxide + NY Met al Nitride Nanowi
Metal SubOx i de + C Y Metal Carbide N

Based on the desired product the-suide is teated in the presence ob,ONHs, N2 or C to

synthesize oxide, nitride or carbide nanow[23.

2.2.4. Solution-Based Growth

Solutionbased growth is one of the substitutes for vggmase methods. Low synthesis

temperatue is the advantage of these methods over vpbase method80]. Onedimensional
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growth is obtained using the anisotropic growth imposed by the crystal structure of the material,

confinement by templates, kineticrtool of supersaturation, or proper capping a¢2ak

2.2.5. Solution-Liquid -Solid Method

SolutionLiquid-Solid (SLS) method is similar to VLS method, buhetabrganicliquid-phase is

used as the source material indteda vapoiphase source. Low melting point metals such as Sn,
In, and Ba are applied as the catalyst. The ligpidse precursors decompose under low
temperature {200°C) and dissolve into the metal. The desired species then mssgiom the

alloy particle and forms the nanowire with high crystalline quality. This method has been widely
employed to fabricate group {4 semiconductor nanowires. However, grou’lisemiconductor
nanowires can be synthesized by this methegpopriatesurfactants are us¢a9].

2.2.6. Hydrothermal and Solvothermal Synthesis

Hydrothermal and Solvothermal synthesesbased on heating a solution which is composed of

a solvent with specific metal precursors angstal growth regulating or templating agents like
amines. The mixture, in a sealed container, is put into an autoclave to carry out the crystal growth.
When the solution is aqua it is called hydrothermal synthesis, whereas in the solvothermal method
the sdution is alcoholbased30].

This method is a weknown process for growing ZnO nanostructures. It can be carried out on
various types of substrates in temperatures lower than 100° C. A seed layer prepared by spin
coating of ZnO nanoparticles, RF sputtering, pulsed laser deposition (PLD);gel $®lusually

used to improve the density of grown arrays. Nucleation will be faster, if growth is carried out in

a medium of alcohdI37].

Zinc nitrate, zinc acetate, and zinc chloride have been employed as zinc sources.
Cetyltrimethylammonium (CTAB),Polyacrylic acid (PPA), Sodium dodecyl sulfate (SDS),
Hexamethylenetetramine (HMTA), and Polyvinylpyrrolidone(PVP) have been usedadants,

additives, and modifiers to grow a desired nanostru¢ie
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Dissolving zinc salt in water results in the release of aqua ions. Various types of zinc (II) hydroxyls
like ZnOH'(aq), Zn(OH}(aq), Zn(OH)(s), Zn(OH)3 (aq), and Zn(OH¥ (aq) are formed in the
solvent The stability of these complexes depends on the PH and temperature of the solution. The
nuclei of ZnO are formed when these complexes are dehydrated. Continuous condensation of the

hydroxyls diects the growth of ZnO structur3s].

For example, hydrolysis of zinc nitrate [Zn(B)@6H20] in water with the addition of
hexamethylenetetramine (HMTA) or decomposition of zinc acetate [Za(@D);] in the
preence of trioctylamine leads to the formation of-alensional structures of ZnO. The shape

of the final structure depends on solution PHs, types of additives, and solvents. Doping of grown

structures with transition metals is also posdiB&.

2.2.7. Template-Based Growth

In this method, a template is used as a scaffold against which the precursor is formed to
nanostructures and its morphology is complementary to that of the template. The templates are
materials containg nanoscale channels such as porous alumina or polycarbonate membranes. The
nanoscaled channels are filled using solutionsgsebbr electrochemical methods. The nanowires

are then released from the template by removing the host matrix by a methad stting. The
straightforward alignment of nanowires and flexibility of deposition methods are the advantages
of this method. The diameters of the nanowires are controlled jiadheetes of the template

pores. The disadvantage of this method is thatnanowires produced are not usually single
crystalline. Nanowires of inorganic materials like Au, Ag, Pt,2JiKnO,, ZnO, CdS, CdSe and

conductive polymers have been synthesized employing teriydatsl methods.

Nanowires themselves can be used asplat®es for growing other kinds of nanowires. The
template nanowire and the new one may be attached to form a coaxial nanowire or may react with
the second nanowire and produce a new material. Nanotubes can also be grown by removing the

template nanowir9, 30}
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2.2.8. Highly Anisotropic Structures

Those materials that have anisotropic bonding in their structurepdilgsulphurnitride (SN)

grow onedimensionally. Other materials like selenium, telltn and molybdenum chalcogenides
easily grow onalimensionally because the anisotropic bonding in their structures dictates the
growth along the -@xis. Because the covalent bonds along thgis are stronger, and they are

therefore more favorable thametweak Van der Waals forces between the chafis

2.2.9. Optical and E-beam Lithography

Optical lithography has been an industrial standard for semiconductor device fabrication for
decades. Resist technology and optiagehdeveloped significantly resulting in smaller features
on a device. Shorter wavelength radiation sources lead to higher image resolution as given by the

following equation, which is derived from Rayleigh criterion:

A O
00 —
O

CD is the minmum critical dimension that can be imaged in a photoresist using a given process

(2.1)

with | atitude factor K, and emission wavel en
NA=nsi nd, where n is the refractivenlensdex of
operating and d is the half angel of the maxin

ArF lasers with an emission wavelength of h@3are currently employed LS| manufacturing.

Other measures like reduction lenses have bemn improved to enhance image resolution.
Features with CD values of a fraction of the radiated wavelength can be formed by interference
lithography. To achieve a fraction of the initial wavelength, a number of coherent beams of
radiation are focused anspot to create an interference pattern. The period of interference pattern
is a fraction of the initial wavelength. This technique is typically used to produce structures such
as gratings. Another approach to reducing CD is immersion of the final jwojéens of the
radiation source in a medium with a higher refractive index than that of air. The NA value of the
system increases, resulting in a reductdrCD featureghat can be imaged in the photoresist.

This technique is known as immersion lithapiny[39].
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Ordered arrays of semiconductor NWs, with great control over feature size and placement, can be
obtained by optical lithography due to significant technological advances in this field, as
demonstratedibove. Layered structures, such as sihoofnsulator, which are developed by

metal organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE), are used to
fabricate lateral NWs by optical lithography. Fabrication of gratings or line struatuiies resist

material and consequent transfer of the grating pattern to the substrate through an etching process

are the procedures of lateral NW fabricatjdf].

Similarly, dot or polygonal structure pattermoisresists on a bulk or layered substrate are used to
fabricate vertical NWs. The maximum lateral dimensions of the dots are below 100 nm and an
appropriate anisotropic etch process is employed to transfer the mask pattern deep into the

substrate.

The mest common etch processes for pattern transfers are inductively coupled plasma (ICP) and
reactive ion etch (RIE). Metal assisted etch (MAE) and anisotropic wet etch have also been used

for pattern transfer to the substrate.

In addition to optical lithograpy, other lithography techniques such as electron beam lithography
(EBL), naneimprint lithography (NIL), extreme ultraviolet (EUV) lithographysrdy lithography

(XRL), ion-beam lithography (IBL), end electron beam induced deposition (EBID) lithography
have been considered for tafpwn fabrication of NWs. EBL is the most important technique for
top-down fabrication of NWs. High resolution masks of EUV and XRL are generally fabricated

by the EBL technique. The EBL direatrite process is also used to produdIL stamps. EBID
lithography is essentially an EBL process that is combined with a gas injection system. The gas
injection system disperses gaseous precursors for mask formation. The gases decompose under an
electron beam and directionally deposit on slibstrate. Features of stiB-nm at sub20-nm

pitches have been produced by EBL. As a result, further development of EBL processes and

instrumentation is essential for current and future VLSI manufacturing.

The exposure time required for full wafer lay®in the EBL process leads to low throughput of
wafers, which is the primary concern for high volume manufacturing. Several factors such as area
of the wafer to be exposed, electron beam current, tone of the resist, electron energy, and the

sensitivity ofthe resist affect the exposure tifi38].
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2.2.10.Thermodynamics andKinetic Aspect ofNanowire Growth

One of the most common methods for growing-dimeensional nanostructures is vajioguid-

solid (VLS). In this methd a metal is used as catalyst and the constituents of the nanowire are
adsorbed on the metal particles. The growth process is divided into 3 steps: (1) gas phase solutes
of interest are dissolved in@molten metal droplet; (2%olute diffuses through anahto the

droplet; (3) it precipitatefrom the molten metal droplet. Metals such as Au, Fe, Ni and Co have
been used as catalygsiThe catalyst suppatip-led growth by inhibiting multiple nucleation
events from each dropldh order to understand thiele of the metal catalyst, one must consider
factors that prevent nucleation from the molten metal droplet caushegdtigrowth of a single

nanowire[40].

Investigating growth kinetics of nanowires is alsopartant due to controlled growth and
morphology for different applications. Dissolution kineticstla¢ vaporliquid interface and
diffusion of atoms into the metal cluster are factors that affect growth kinetics. Dissociative
adsorptions on catalystetalsurfaces can be enhanced by using certain metals and heterogeneous
catalyst metals. This enhanced dissociative adsorption of gaseous species will raise the selective

dissolution of solutes. Therefomaetal catalystsesult in anincreaseof dissolution knetics[40].

2.2.11.Thermodynamic Relationships ofNucleation from Molten M etal Droplets

In a VLS processsolution of solutes from the gas phase into a metal droplet leads to
supersaturatioaof the droplet. Themucleation throughout the metal surface or precipitation at the
substratemetal interfaceis followed by homoepitaxy. Thermodynamics of nucleation from

supersaturated molten droplétsliscussed below.

A molten metal droplet is formed due to minimizing isefrenergyThe Gibbs Thomson equation
expresses the difference in chemical potentiabgtween a curved surface (radiysnd planar
surface (radiu® H):
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crm (2.2)

: Wherey is the surface energy of the droplet aMi is the molar volume of the species within

the nuclei. Critical diameter of pure phase nuclei and the difference betvspéercal droplet
and the planar surfage described by Equation (2.2)he chemicapotentials at equilibrium for
the dropletand planar surface are as follows:

t ot (2.3)

[ (2.4)
Subtractingequation @.4) from (23):

t E4 iaal— (2:5)

— is the supersaturatioof vapor phase within the gas phalsis, Boltzmam constant and is

the temperature. The partial pressBreof the gas phase in equilibrium with a liquid droplet of

known size can bebtained using Equatien2.2}(2.5):

. -0 crm (2.6)
E414+ —
0 O
Equation R.6) showsthat supesaturation of the droplet neetligher partial pressure of the
gaseous solutes in equilibrium with a droplet than a planar surface. This equation can be expressed

as:
grm (2.7)
0 0 MB5E,
WhereP; andPP are the partial pressures of the-ghsise solutes in equilibrium with a droplet of
radiusr and a planar surface respectiveguation 2.7) canalso be used to find the critical

nucleationsizefor pure phase condsation:

. crm (2.8)
O ~
£ 4l

rc is the critical nuclei sizg40].
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Nucleation of soliphase growth species out of a metal droplet is thermodynamically possible

when the Gibbs free energy is minimiz&ibbs free energy change for nucleatioagsal to

T . o R
3 3 EAO Y AO (2.9)

The first term is the change of free energy as a result of volume change and the second one is the
effect of the nucleus curvature deteredrby creatiorof surface area. Whese G <0, nucleation
is thermodynamically favorablés a result, theritical nuclei size can be determined as:

1% (2.10)

? Tt

Therefore the critical nucleation radiiswill be:

C A (2.11)

o e

Wherell is the intefacial energy.
Volume free energysy, is expressed by:

. 24 #
¥ e il (2.12)
m #
C is concentration withim liquid alloy andC” is equilibrium concentration. So the driving force

for the nucleation is equal @C". As a resultthe criticalnucleus diameted;, is equal to:

A T A#rn (2.13)

24 Iﬁk

Equilibrium concentrationc” is a function of temperature and is specified as the equilibrium
composition from the liquidus line of a binary phase diagram. Detérghthe supersaturatio@,

, during the initial stages of nucleation is difficult and depends on process conditions. Goesele et
al. derived a relation between the composition in a liquid droplet and partial pressure of solute in

the gagphase steady stages of the grojuth:

cmA (2.14)
. . O
E4l gl— E4 Ial—

O
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HereO is the pressure in the reference stgteis molar volume of silicon and® is the surface
energy of the dropleEquation (2.14illustrates that the driving force consisfdwo factors; first,
supersaturation of a liquid droplet that leads to nucleation and second, supersaturation in the vapor

phase that keeps the spherical shape of the didplet

Critical size of nuclei for arious metakolute systems can be estimated u&ggation (2.14). It

can be shown that even for solute concentration, more than eutectic composition (50%iin Au
system), the critical size of nuclei is as large as several microns. As a result, whetelhgarticle

size is very small (several ten nanometers) multiple nucleation will not occur and solute
precipitates at the soklitjuid interface. Thus, nucleation is suppressed and a nanowire grows with
a metal particle on its tip, known as-tggl growth. Increasing a metal catalyst relative to its critical

nucleation size leads to the growth of multiple nanowires out of a large droplet.

If a low-melting metal is used instead of a catalytic metal the eutectic solubility of species of
interest is low. Bsed orEquation (2.13) theritical diameter of nuclei will be very small. For
example, the critical nuclei diameter for-Sasystem is equal to 10 nm at 1000K with silicon
concentration less than 3 at% in gallidfrgure 26 showghe binary phase diagm of AuSi and
GasSi[40].
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Figure 2-3 Binary phase diagram of (a) Asi (b) GaSi[40]
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The change of the critical nuclei diameter as a function of dissolved silicon concentration for Au
Si and GaSi systems ardlustrated in Figure 2. At 1000K when silicon concentration in Ga is
less than 10 at% the resulting nuclei will have a diameter of 5 nm; whereas, it will be less than 100

nm if the Si concentration is more than 40 at% in[4Qj.
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Figure 2-4 Critical nuclei diameter of as a function of the dissolved concentration (atm%)-Bi @Gad
AU-Si binary solutions (T=1000 K30]

2.2.12.Selection ofCatalyst M etal for VLS Growth of Nanowires

In order to fabricate nanowires with 4igd growth modgeutectic solubility or liquidus curve of
the metal and solute of interest should be considered. This can be explaingdeGm§bphase
diagram that is shown in Figure& As canbe seen, there are two eutectic points with one in a
high concentration Ga zone with a low solubility of -4L&t% Sb in Ga (region I) and the other is
in a Sb rich zone with a solubility of 10.6 at% Ga in Sb (regionGhpwth of single GaSb
nanowires wWh Sb aghecatalyst occurs in region |l e GaSb phase diagram. Because of high
equilibrium, solubility of Ga in Sb tided growth with Sb acting as catalystccursinstead of
spontaneous nucleation. Hligd growth of a group V element is not sianito group Il metal
droplet tipled growth. As observed in region Il of Figur82Ga is highly soluble in Sb therefore

the critical nuclei size is in the order thie Sb droplet size. So spontaneous nucleation does not
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occur andhe Sb cluster direstthe onedimensional growth ahe GaSb nanowire. In conclusion,
mode of nucleation and nanowire growth for VLS mechasisan be predicted using eutectic or
equilibrium solubility as a measure. As a result, to grow a nanowireaXthS mechanisma
metalcatalyst witha small droplet size and high eutectic solubility of growth elements should be
selected40].
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Figure 2-5 Binary phase diagram of G&b. Region | is the eutectic in the Ga rich zone, with very
solubility of Sb in Ga and region Il is the eutectic in the Sb rich zone, with a high solubility of Gt
[40]

2.2.13 Kinetics of VLS Equilibrium

The reference state is usually considered a planar liquid surfaceermodynamic equation for

VLS growth. The equilibrium reference vapor pressure is equal to the pressure of the vapor in
equilibrium with the surfacelhus,supersaturationf specieidis defined as any vapor pressure
above reference vapor pressure, which causes the formation of a spherical droplet. This
equilibrium pressure is required to maintain the spherical droplet. Thengdrforce
(supersaturationin terms of chemical potentials can be expressed as a function of droplet

diameterd, as:

T 2.15
tr [n Tm{ (2.15)
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It can be understood from the above equation that the chemical potential of the spherical droplet
is more than the chemical potential of planar interface under supersaturation. The supersaturation
occurs when the operating pressure becomes more than equilibrium pressure that leads to
di ssolving of vapor of t he s gureu2B.eThedalladvingi nt o t

eguations express supersaturation in terms of chemical potential and droplet diameter:

T my (2.16)
£

—
¢
—
>5¢
—
= x
—
5%

Or

y o T my (2.17)
A

Wherealiv is the change of chemical potential of spedeidhe vapor phase and the liquid

droplet andsu®; v represents that difference at the referenaept0].

If the nanowire growth rate is limited by dissolution kinetics, it will be influenced by vapor phase
supersaturation as it affects the dissolution rate. The dissolution and growth rate are proportional
to the net impingement rate, R, that can be specified using species partial pressure while correcting
for equilibrium partial pressure expected for a spherical droplet of radius r. Using equation (2.7)

to estimate pressure differenéeR;), the net impingment flux can be determined as:
m (2.18)
0 o Ao¥d

CAES

Thenth power is not defined as the precise relationship between net impingement flux and growth

20

rate is not known. The above equation shows that the growthamatlee zero below a particular

size because there is no supersaturation.

Gi vargi zov [ 8] presented a model for precipit

supersaturation:
of S_gr 1M ~g (2.19)
0" KR

HereV is growth rate and is a constant.
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The dependence of growth rate on diameter can be determined by pldftiversusl/d. The plot
shows that larger diameter leads to higher growth[4&e

Dissolution
3 kinetics

puq
Precipitation

II kinetics

(a) (b} {c)

Figure 2-6 Schematic illustration of the relation of chemical potentials and various stages of dropl
nanowire formation: (a) when the vapor is in éigium with a reference statfp) when the vapor is ¢
supersaturation teupport droplet formatioat equilibrium vapor pressure) and (ghen the vapor it
at a pressure higher than equilibrium vapor pressure, which controls the dissolution Ki#e}ics

2.3.Quantum Dots

Quantum dots@D) or nanostructured semiconductors are considered to fill the gap between bulk
and molecular levels. This category of semiconductors is known asdipeeasional
nanostructure, < 30 nm; which shows different electrical and optical properties than their
molecules and bulk counterpar@Ds have attracted great attention over the last two decades since
their fundamental properties are size dependent. Their small size results in discrete quantized
energy in the density of states (DOS). Thé durve and DO®f QDs has a staircadike shape

due to the presence of one electronic charge in the QDs repelling the addition of another charge.

The step sizeoftheM cur ve or DOS has an inv[é2lse relatic

2.3.1. Structure of Quantum Dots

QDs are nanoparticles composed of -1000 atoms, with their bandgap size dependent upon
factors like the bond type and strength with the nearest neighbors. The luminescent emissions of
isolated atoms are sharp, narrow eakhereas QDs display narrow optical line spectra. QDs

show significant differences in the exciton energy, optical absorption, and elboteopair
recombination when their size is changed. The unique optical properties of QDs can be utilized in
optoeletronic devices like light emitting diodes (LED) and solar cells. QD properties are
controlled during the synthesis si mpuwited hey a

crystallinity, and defects. The size dependent properties of QBsasult d (1) variation of
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surfaceto-volume ratio with size, and (2) quantum confinement effeQids show various
emission colors with size changes. Figuré @xhibits PL emission color of CdSe QDs having

various size$4?2].

Size of Quantum Dots
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Figure 2-7 Top: emission colors from CdSe QDs excited by-tBatamp, Bottom: PL Spectra of sor
of the CdSe QDgl2]

Quantum confinement effect in QDmalds to DOS modification near the band edges. DOS of QDs
sits between the discrete atomic and continuous bulk matdfigisr€ 2-8 ). When the energy

l evel spacing of a nanocrystal i s greater th
temperatureg)the quantum confinement effect is observed. Electron and hole mobility in the crystal

is restricted by energy differences larger than kT. If the size of the particle is less than a particular
value, depending on the type of semiconductor, the bandgagyenereases. This increase is
observed as a blue shift in the absorption edge or luminescence peak of the QD. This is known as
guantum confinement effect. The composition of the semiconductors also affects the bandgap
energy. QDs have discrete and wselparated energy states as they have a smaller number of atoms
than bulk. Therefore, the wave functions of the electronic states of each energy level are more
atomiclike. The Schrédinger wave equation solutions for QDs are very similar to electrons bound
to a nucleus; thus, they are also called artificial atoms. The intraband energy level spacing of QDs
lie in the range of 1200 meV. Alloying of QDs can also alter their band&].
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Figure 2-8 Schematic illustration of DOS of atoms, molecules, QDs, and bulk mafd@als

The exciton Bohr radius for bulk semicondustisrdefined by the following equation:

: °o- p P (2.20)

Q a a
Where, nmand m are the effective mass of electrons and, hdles, <, and e are the o
constant, reduced Planckds constant, and the
elecronsad hol es are spatially confined to the d

equalto or smaller than its Bohr radius. rThe confinement effect leads to an increase of the
exciton transition energy along with a blue shift in the luminescencedstged The exciton and
biexciton (excitorexciton interaction energy) binding energy is much larger than that of bulk
materials. The effective mass approximation model (EMA) and linear combination of atomic

orbital (LCAQ) theory are used to predict excifmopertied42].
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2.3.2. Effective Mass Approximation Model

This model is used to predict quantum confinement based on the Pariitde Model. It was

introduced by Efros and modified by Brus [10, 106]. The model assarparticle in a potential

well with a barrier of infinite potential at the particle boundary. The relationship between the
particledbs energy and wave vector (k) for a f

equation:

270 (2.21)
ca’
In the EMA model, it is assumed that the above relation holds for an electron or hole in the

semiconductor thus, near the band edge the energy band is parabolic. A QD with a diameter of R
exhibits a shift of bandgap ener@ysgEdue to confinement of the exciton which is expressed as

follows:

v °o" pEQ o p  p Py (2.22)

YO

¢ Y -Y Y & «a - Y

Where, U is the electrehole pair reducethass and fzy is Rydberg energy. The first term of the

e T @

above equation corresponds to a relation between partiaox confinement energy and the

QDo6s radius, R. The second term represents tl
energy term is ot dependent on size, which is negligible, unless the dielectric constant of the
semiconductor is small. As the radius of the QD is decreased, the first excitonic transition (i.e., the
bandgap) increases. In a small QD regime tiker&ationship is not ggoximated parabolic and

the EMA model is not valid anymofé42].

2.3.3. Linear Combination of Atomic Orbital Theory -Molecular Orbital Theory

The evolution of the electronic structure of clusters from atoms/moleculesstto®DIk materials

and bandgap size dependence can be predicated in more detail by employing the linear
combination of atomic orbitalsiolecular orbital (LCAGMIO). A schematic illustration of the
results obtained using this approach is showfigare 29 . In a molecule of Si composed of two
atoms, bonding and arltionding molecular orbitals are produced after two atoms are combined.
QDs in this approach are considered as large molecules. The speiviegrthe discrete energy
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band structures change®r large steps to small onestas number of atoms increaselhe
occupied highest and unoccupied lowest molecular quantum states are called the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), respectively. The
energy difference between the top of HOMO and bottom of LUMO is equal to the bandgap; which

increases as the number of mixed atoms are reduced and discrete energy levels are formed.

The LCAOMO model provides a calculation method for the electronic streicumuch smaller

QDs as compared to the EMA model. In contrast, this method is not suitable for energy level
calculation of large QDs because of complex mathematics and limited computing systems. The
rati o of QDOs r adi u ss)dBernmines tlexegied obgnantam drdifement. a d i u

Electrochemical measurement is employed to determine the bandgap of QDs. The oxidation and
reduction potential of QDs film is determined using cyclic voltammetry (CV). The measurement

is carried out in a standhthreeelectrode cell. Currergotential curves in the CV method are

obtained at a prdefined sweep rate. QDs, coated on a gold plate, platinum wire, or indium tin

oxide on a glass, are used as the working electrode with platinum electrode actingiaea co
electrode. The reference electrode isusually F&dFoupl e and t he <cell 6s po

to its potentia[42].
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Figure 2-9 Combinationof atomic ebital to molecular orbital , to QD structure, and to bulk bandc
of Si[44]
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2.3.4. Luminescence Properties

Under external energy excitation (photon irradiation, electric field, or primary electron), electron
ard hole gain high energy due to the transitioelettrors from a ground state to an excited state.

The electronic structure of the material determines the energy for optical absorption. The excited
electron and hole may form an exciton. The excited reghay relax to a lower energy state by
recombining with a hole and then go back to ground state. The released excess energy of
recombination may be either radiative (photon emission) or nonradiative (phonon or Auger

electrons emission).

Radiative relaxabn of an electron results in spontaneous luminescence from QDs. The
luminescence emission may arise from the band edge or near band edge transitions or

defect/quantum activator states.

Band edge and near band edge (exciton) emissions are the most coefaration processes in
intrinsic semiconductors and i nsul ateds(or. QDs 06
exciton state). Depending on the average sizthe particles, the full width at half maximum

(FWHM) of a band edge emission at roasemperature varies from 43 nm. For example,
luminescence of ZnSe QDs can be tuned by size over the spectral rarg390, with FWHM

as narrow as 12-76.9 nm. The PL emission from QDs is not as simple andwaelérstood as

that of bulk. CdSe QDsitt a diameter of 3.2 nm, for example, have a radiative lifetime of about
luysatlOKwhi |l e the bulk structurebds radiative | if
the surface states involved in emission. Absorption and PL spectra are oftén dsesimine the

band structure of semiconductors. These spectra exhibited different properties when measurement
was carried out at 15 K. A couple of additional peaks appeared in PL emission, along-dgth 1s

These peaks were assigned as classicalbydden 1s1p, and 1s-2s. The Stokes shift was also
observed to be size dependent in QDs. These differences were attributed to an increase in distance

between the optically active state and forbidden ground exciton state with a size reduction of QDs.

Although QDs have advantages like better photostability, wide absorption edges, narrow and

tunable emission over organic dyes, they may show a random, intermittent luminescence that is
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called o6blinkingo. I n bl i nki npgriod. Ri®prdposediint e mi
photoinduced ionization of QDs, which leads to separation of electrons and holes, is the
mechanism behind blinking of QDs. Quenching of ionized QDs is dominateshrimadiative

Auger recombinationHowever, this model is not cqtetely supported by experimental results.

For instance, the Auger process should have a quadratic dependence of the average blinking time
on excitation intensity, whereas a linear behavior is observed in experimental results. An inverse

power law predictthe probability, P(t), of the blinking period as given by the following Equation:

00 O (2.23)

Where, m is an exponent between 1 and 2 and A is a constant.

A number of additional mechanisms have been proposed to elucidate the blinkinghghenp
including thermally activated ionization, resonant electron tunneling between the excited states of
QDs and dark trap states that wander randomly in energy, or electron tunneling througlnituctuat
barriers or into a uniform distribution of trap$owever, the effect is still not properly explained.

Figure2-10shows the blinking effect during luminescence emission from a 2.9 nm Cd8RDD
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Figure 2-10 Blinking effect during luminescence emission from a 2.9 nm Cd94%)D
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Localized impurity or activator quantum states in the bandgap can lead to radiative emission from
QDs. Defecstates are located inside the bands and depending on their type, the state can act as a
donor or an acceptor. Electrons or holes are attracted to these defect sites due to Coulombic
attraction. Trapped charges or defect sites can be modeled as a hydsggemt, where binding

energy is decreased by the dielectric constant of the material. Depending on the location of defect
states in the bandgap, they are categorized into shallow or deep levels. Shallow defects generally
show radiative relaxation at sudfently low temperatures so that carriers are not excited out of the
defect states by thermal energy (kT). Deep levels on the other hand, alig¢drend experience
nonradiative recombination. The initial photoexcited states in the sample are alsuirctdry

the excitation energy. However, this state is sheetd due to thermalization of the photoexcited
carriers via phonon emission. A recombination event is usually orders of magnitude slower than

relaxation to within kT of the lowest vibrationalkd of the excited states.

Despite different passivation methods of QDs, defect states are formed at the surface of QDs due
to a large surfacto-volume ratio. The concentration of the surface states depends on the synthesis
and passivation processes. Tdarge carriers and excitons are trapped at surface states and the
optical and electrical properties are generally degraded by increasing the rate of nonradiative
recombination. However, radiative emission can originate from surface states in some

semicomluctors like ZnO nanoparticles.

The luminescence emission of defects can be used to identify their energy. The concentration of
defects is proportional to their emission intensity. Intensity of PL and its spectral distribution
changes with variation of ¢hexcitation energy due to contribution from different energy levels of
defects and the band structure of the 2}

2.3.5. Quantum Yield of QDs

Fluorescence quantum yield (Q.¥)an important figure of merit in theontext of optimization

of QDs synthesis. The quantum yield of a fluorophore is expressed as the ratio of the number of
emitted photons to the number of absorbed photons. Depending on the fluotmphgie asolid

or solution state, various methods haeen used to measure quantum yjdB]. Quantum yield

is determined by comparison of the integrated emission intensity from the QDs to the integrated
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emission of a standard sample. The absorbance value sditif@de and standard should be kept
below 0.08 at the excitation wavelength. The following equation has been used to calculate Q.Y
[47, 48}

- © (2.24)

S P P
o pm 0

0® 0
p pm
Where, QY and Q¥ are quantum yields (St: standard), A ang @&e absorbance values at the
excitati on wapare tefeaatigetindices af theasolebents) and | andre integrated

emission areas for tH@D sample and standard.

2.3.6. Top-Down Synthesis Methods of QDs

A bulk semiconductor is thinned to form QDs in@vn approaches. QDs with diameters of ~30

nm can be formed using electron beam lithography, reaictivetching (RIE) and/or wet chemical
etching. The shape and size of the QDs along with packing geometries can be controlled employing
these methods. Arrays of zedlomensional dots have also been fabricated utilizing focused ion or
laser beams. Incorporation of impurities and structural impesfectoy patterning are the major
disadvantages of the tafmwn process. In dry etching, a radio frequency voltage is applied to
reactive gas species and decomposes the gas molecules to more reactive fragments. The gas species
has high kinetic energy thari&es the surface and etches a pattern sample. The reaction products
are volatile. GaAs/AlGaAs QDs have been fabricated with the RIE method. The QDs were as
small as 40 nm and a mixture of boron trichloride and argon was used as the etcf18¢ Ghe

RIE process has been employed to fabrickise-packed arrays of QD semiconductors.

QDs with high lateral precision can be fabricated with the focused ion beam (FIB) technique. The
highly focused beam is used tousfer the surface of the semiconductor. The ion beam size
determines the shape, size, and Hpi@rticle distance of QDs. lon beams with a minimum diameter

of 8-20 have been reported. Selective deposition of a gaseous precursor, with a resolution of ~100
nm is possible, employing the FIB technique. However, this process damages the surface and it is
slow with low throughput. Electron beam lithography also produces QD patterns. The lithography
process is followed by an etching or-itf process. A high dege of flexibility for designing

nanostructures is provided by this approach. This technique is capable of producing any shape with

32



precise separation and periodicity. It has been utilized for the fabrication-\éfdiid IFVI

semiconductor QDs as sma#l a0 nm.

2.3.7. Bottom-Up Approach for QD Synthesis

The bottorup techniques employed for synthesis of QDs are divided intecheghical and
vaporphase methods. The wettemical approach includes: sgl, hotsolution decomposition,
electrochemistry, and comitéve reaction chemistry. Molecular beam epitaxy (MBE), sputtering,
liquid metal ion sources, and aggregation of gaseous monomers are placeddaporphase
category[42].

Wet Chemical Methods

Controlled precigation from a single solution or a mixture of solutions is the basis of wet
chemical approaches. Both nucleation and growth occur in the precipitation process. Nucleation

can be homogeneous, heterogeneous or secoj®ry

Hot-Solution Decomposition Process

In this process, organometallic compounds are pyrolgigd hi gh t emper atur es
method was first established and discussed by Bawendi andré&ers in 1993 [14]. Alkyl,

acetate, oxide, and carbonates of Group Il elements are mixed with phosphine or bis(trimethyl

silyl) of Group VI as the precurser. T rpihoocstpyhli ne oxi de ( TOPO, a <co
first degassed50andC dun deedr avta c2uirtkroufdiflask.&arthe i n
synthesis of CdSe, Cadmium precursor ana-trctyl-phosphine (TOP) selenide are mixed in a
dybox and injected into the flask with vigorou
precursors and TOPO in the flask form the QD nuclei. The QDs grow through Ostwald ripening
which is relatively slow. The smaller QDs attach to large size®@Dse t o t heir hi ghe
and disappear in Ostwald ripening. The proces
temper at u2%0 o4C.~2T3n0e reaction temperature dep
and precursors. The coordinatiagent, e.g. TOPO, is used to stabilize the QD dispersion,
passivate the surface, and provide an absorption barrier to limit the growth of the QDs. The reaction
time and temperature control the final size of the QDs. In addition to process parameters and
precursors, purity of the coordinating solvent controls the size and shape of the synthesized QDs.
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Experimental studies show that TOPO with 90% purity is better for synthesis of uniform QDs than
pure TOPO. Since the synthesis temperature is high in thiegsothe defects are annealed and
QDs monodisperse in the solvent with a standard deviation about the average si48@f 5%

SolGel Process

This process has been employed to synthesize various nanopartccl@®a. A metal precursor
(generally alkoxides, acetates or nitrates) in an acidic or basic medium is solved. Nanopatrticles
dispersed in a solvent by Brownian motion are called sol. The process has three steps: hydrolysis,
condensation (sol formation), agdowth (gel formation). The hydrolysis of the metal precursor
occurs in the medium followed by condensation to form a sol then polymerization leads to a
network formation (gel). Although the process is simple and cost effective, it suffers from broad

sizedistribution and a high volume of defe@42].

Vapor-Phase Methods of QDs Synthesis

In situ selfassembled structures of QDs have been grown using-phpse methods. The QDs

are grown in an atorhy-atom processn a nonpatterned substrate. The grown layer is often an
epitaxial layer followed by nucleation and growth of small islands (VoeNveber mode/W), or

as small islands (QDs) directly on the substrate (Strafigldtanov modéK). The growth mode
depend®n the interfacial energy and lattice mismatch. If the deposited material has a good match
with the substrate, the QDs grow by the SK mode. However, the sum of the interfacial energy at
the substrat e 13 andthggrowing layer sutfazegea g 3) (s farger than the
substrate s f ace> elnethegegses; @Ds formed due to strain relaxation
required for maintaining epitaxy. The growing film breaks to isolated islands or QDs (VW mode)
to reduce t hfree eseygy Wwhemibesfiimtisahicla enough to induce a large strain

energy.

Molecular beam epitaxy (MBE) is another technique to deposit elemental, compound or alloy QDs

on a heated substrate under uhirgh vacuum (~18° Torr). In this process, a beaoh atoms or

molecules is formed by evaporation of an aperture source. Solid sources like elemental Ga and As
or a combination of solid and gas sources are
carbon may be left in MBE grown QDs due to utilinatof metalorganics. Setassembly of IH

V and IFV semiconductor QDs have been grown by the MBE mejthibd3].
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QDs have also been grown on a substrate by physical péyase deposition (PVD) methods.

Pulse ablation, electron beam heating, or resistive heating is employed to evaporate the source for
PVD deposition. QDs can be grown in saffsembly by the chemical vapor deposition (CVD)
technique. The reaction between firecursors occurat a particular temperature and pressure.

The gaseous precursors diffuse to a heated substrate and react to form a film. The byproducts in
gas phase are removed from the chamber. Strdirced SK or surface energy mechanisms govern

the growth of InGaAs and AllnAs QDs using the CVD technique. QDs grow in aasséimbly

manner without a template using the PVD technique. However, size fluctuation of grown QDs

results in inhomogeneous optoelectronic propeftak

2.3.8. Organic Surface Passivation of QDs

Colloidal QDs are capped with organic molecules in order to obtain monodispersion in solvents.
Organic ligands on the QD surface provide colloidal suspension and the abilitydonigate

the QDs. Asuitable organic ligand should bond with surface atoms of QDs. The most widely used
ligands include phosphine (e.g.;troctyl phosphine oxidd OPO) or mercaptan$H). Coverage

of surface atoms with organic ligand may be spatially hindered since mdst tiffands are
distorted in shape and are larger than a surface site. Simultaneous passivation of anionic and
cationic sites using organic ligands is another issue, and is a very complex task. Some dangling
bonds at the surface cannot be passivateddgnar agents. Furthermore, the organic ligated QDs

are not photestable. The ligands bonding at the interface is generally weak which results in
passivation failure and new surface states formation under UV illumination. These surface states

are sites ofdminescence quenching and preferential photodegradd2fn

2.3.9. Inorganic Surface Passivation of QDs

As the particle size is reduced, the surfaces play an important role in nanocrystal structure and
optical propertis. High surfacgo-volume ratio of small QDs results in surface traps, which
influences PL properties like emission efficiency, spectral shape, position and dynamics.
Interaction of QDs with their chemical environment also occurs through their surfaceseSu

chemistry of colloidal QDs (CQD) and consequently their physical and chemical properties can be
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controlled, which is their main advantage over their epitaxial QD counterfpantganic surface
treatments, similar to organic surface treatmeaut mprove or modify QD properties. QDs coated

with epitaxial layers of an inorganic material (shell) showed an order of magnitude enhancement
in PL efficiency as compared to orgamiapped QDs. The quantum efficiency enhancement is due

to improved coordinatio of surfaceunsaturated ocidangling bonds, as well as enhanced electrons
and holes confinement to the core QD. When the bandgap of the shell material is larger than the
core semiconductor, the confinement of electrons and holes to the core is indGel&edDs

have been coated with either ZnS or CdS as the shell layer.

The best result of surface passivation of QDs by shell layer is obtained if the initial size distribution
is narrow. The stability of the QD core during and after the growth can beamshitising
absorption spectra, since absorption spectra are unchanged by surface properties. Absorption
redshifting should not occur if the conduction band offset between the core and the shell
semiconductor is large enough to restrict the electron wanaidn to the core. Observation of a
redshift in absorption spectra of core/shell QDs with a large conduction band offset indicates core
growth during shell synthesis. If the shell components are mixed or alloyed into the core interior,
the absorption banedge shifts to intermediate energy of the respective materials comprising the
alloyed nanoparticl§2].

PL spectra also give insight on the quality of shell passivation. Presence of a broad tail or hump to
the ral side of the sharp band edge emission indicates the existence of deep trap emission and poor
passivation. Successful shell passivation results in sharp band edge emission. A schematic

illustration of organically and inorganically passivated QDs is depiat&igure 211.
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Figure 2-11 Schematic illustration of (a) an organically capped QD and (b) an inorganically ca
QD (core/shell). (c) the energy band diagram of the core/shell43D

2.4. Quantum Dot-Sensitized Solar Cell

Solar energy is one of the alternative energies to oil and coal which can help the reduction of global
warming. Three generatisrof photovoltaic cells existo date;namely first, second andhitd
generation solar cellEach category is based on the underlying technology applied in the
fabrication of these cells. The first generation cells are single or polycrystatineption silicon

which hasan 85% market share of photovoltaic (PV) gertors. The production of these cells
costs more than conventional energy sources due to high purity requirements, high fabrication
temperature, and the large amount of material consumed for cell fabrication. Thin films
sandwiched between a conductindgpsimate and a back electrodee the second generation. PV
cells based on CdTe thin film have almost 15%hefmarket share. Other PV thin film cells like
CulnS, CulnSe, CulnGaSe, amorphous and nanocrystalline silicon have also been
commercialized. Thens a thermodynamic limit for light to electric power conversion, known as
theShockleyQueisser limit, for both first and second generation solar cells. The limit is thes to

loss of photon absorption with energies lower tharbtredgapenergy and corersion of photon
energy to heat when the absorbed light dgyher energy than theandgap Third generation

solar cells can have higher conversion efficiency as they are based on new PV conceptsdike multi
junction cells, optical upand down convertsr multiple carrier generation by impact ionization,

impurity band cellsetc [54].
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For the past decade a large amount of research has been carried out on quantum dot (QD) properties
and applications. Because theindgap energy can be changed by altering their size, they can
absorb light over a wide range. Consequently,-l§gBed absorbers can be applied in third
generation multjunction PVs to improve the efficien¢y4].

The waking principle of QDbased PV cells lies on quanttsanfined excitons in the absorber
material, providing tuneable and sidependent absorption spectrum.-Q@ar cells (QDSC) are
composed of a layer of QDs embedded in a wide bandgap m§idiiaDDSCs have similarities
and differences to dygensitized solar cells (DSSC) and extremely thin absorber (ETA) cells
which will be discussed. The absorber layer in a layered QD cell is placed between -etextron
hole- conductors[54].

A large surface area is supplied by viidadgamanostructured semiconductors where a thin layer

of absorbers are embedded in the nanostructure. Tens to hundreds of QD monolayers provide a
light pass thatan compensaténé low optical density of QD similar concept is applied to
DSSCs and ETA cells as welower conversion efficiencies above 10% have been observed with
DSSCq54].

Wide bandgap semiconductor BSC) structures like nanowires (NWhanotubes, and
mesoporous films have been utilized as nanostructures. These nanostructures are sensitized with a
monolayer of QDs and the space between the QD layer and the nanostructure is filled with a redox
electrolyte (Fgure 23). After light absorption, the excited electron goes to the conduction band
(CB) of the WBSC and the electron loss in the QD is compensated by the redox electrolyte.
Charges and oxidized redox species diffuse to the front electrode (a transpadertiog oxide

(TCO)) and the counter electrode (CE), respecti{&4y.
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Figure 2-12 Schematic representation of QDSCs based on a) a mesoporous, wide beg
semicondctor film b) NWs and c) inorganic nanotubes. The-€gDsitized nanostructures ar
immersed in redox electrolyte (EL), and the circuit is closed by a counter electrode (CE). The I
usually illuminated through a transparent counter electrode (TCEEN#rgyband diagram showing
the conduction(CB) and valencdand (VB) edges of the wide bandgap semiconductor (wbSC)
ground and excited level of the QD and the redox potentiadxBJpon illumination, electrons are
injected from the excited QDasé into the wide bandgap semiconductor, while the oxidized Q
recharged by the redox electrolyt]

Because the absorber layer in QDSSCs, DSSCs, and ETA cells is very thin, there is no extended
space charge regipunlike pn junction solar cells. The electrostatic potential distribution across
DSSCs in dark working conditions is still being explored. Studies of DSSCs, made of mesoporous
TiO2 film and an organic electrolyte consisting)off) redox couple, indicated that band edge
movement under light illumination can be neglected and the variation of electrostatic potential is
seen close to TCO/Tnterface. The electron quasi Fermi leveh ghifts toward the CB edge

under lightinjection, as the concentration of electrons in the;Tilgh rises. However, the redox
potential EedoxCan be considered constant because of a high concentration of redox species in the
cell (Figure 23(d)). The energy differencerfe Eredox iS €qual toopen circuit voltage M under

open circuit conditions when electron injection and recombination are in balance. If the sunlight
is not concentrated, the-£shift into the CB is not probable and the maximugi¥ equal to the

CB edge kg and Eedoxof the electrolyte. The estimated upper limit for a I@sed DSSC, with

an electrolyte consisting 9f ) ,is 1.1 eV. This is higher than experimental measurements (700
800 mV). Since recombination kinetics at di€ectrolytes and FTO/electrolytase different, at

Voc a gradient of E, within the mesoporous film does exist. As a result, an attempt is made to
cover the FTO surface with a wide bandgap blocking layer. In a ZnGbad&d DSSC, high

doping density was applied to form substantial banddimg in larger rods, producing
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photovoltage by accumulation of electrons in the sigheege layer at the surface of the NWs
[54].

Working principles of QDSSCs have been discussed less than DSSCs and many conchgs@ons m

for DSSCs can be applied to QDSSCs. Understanding the working principles of QDSSCs requires

considering a few parameters such as various materials used for QDSSCs, structural differences
and lack of counter electrodes for certain electrolytes. Thef@dqueous electrolytes can affect

the energy level alignment of oxide semiconductors and change their band edges. In addition, the
density of surface traps can differ based on electrolyte pH, and electron accumulation in those

states causes a photoindubaad edge shift; while organic electrolytes consisting #f do not

show such an effect on band edges. The recombination kinetics and the cell performance can also

be affected by the QD coverage of the nanostructured electron con@4gtor

To summarize, QDSCs and DSSCs wigrkased on similar principlesowever other effects like
band edge shift can be observed in QDSCs, depending on the type of materials thged in

fabrication of the cell54].

To avoid sealing difficulties in the large scale application of DSSCs and QDSSCs, the liquid
electrolyte should be replaced by a solid state hole conductor. Furthermore, the highest
photovoltages have been reached for solid $tated DSSCs. The main problem of solid state
devices is high shunt current because of a large recombination current at TCO/solid hole conductor
interface. To prevent the recombination, the FTO electrode should be covered by compact wbSC
layers. Contrary tbquid-based devices, solid state cells will exhibit higher efficiency when a good
blocking layer is appliefb4].

2.4.1. QD Sensitization Methods

The photoelectrodes in a QDSSC structure can be sensitized using variougugschim this
section, the most common techniques for developing low cost QDSSCs are reviewed. The QDs
have been sensitized onto the photoelectrodes through two strategiesit{ayymthesis of QDs

on the surface of the electrode, (b) attachment espnthesized colloidal QDs (CQD) on the
electrode surface. Chemical bath deposition (CBD), successive ionic layer adsorption/reaction

(SILAR), and electrochemical deposition are the techniques for the former strategy. The latter
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strategy includes linker atecules, direct absorption, electrophoretic deposition, and spray

pyrolysis.

A high control of QD properties (crystallinity, size, bandgap, distribution) can be achieved using
CQDs, however low QD loading was obtained in the first reports. Directly Syp¢lteQDs, on a
photoelectrode surface have resulted in better performance than the indirectly sensitized structures,
due to higher QD loading and light harvesting efficiency. Direct attachment of QDs to the
electrodes provides better electrical coupling bower charge transfer resistance. However, cells
fabricated using CQDs have higher potential for development of efficient devices. Directly grown
QDs have a broader distribution in size and poorer crystallinity than the CQDs.

CQDs can be attached to te&ectrodes with or without linker assistance. The linker assisted
attachment of QDs provides higher coverage and loading than the direct attachment approach. The
linker molecules or ligands generally have functional groups like carboxylic, thiol, or groungs

to be attached on one side to the QDs and the other side to the semiconductor electrode. These
linkers play an important role in the power conversion efficiency of the cells. Agglomeration can
also be avoided by using ligated CQDs. The long dipfimg of sensitization is one drawback of

this technique. The loading time can be significantly reduced employing an electrophoretic

technique, where an electric field is applied to two electrodes dipped in a CQD solution.

In the CBD method, QD depositioon various substrates (conduction or nonconducting) is
achieved at an elevated temperature. It is a simple method for QD deposition and the low growth
temperature allows for size control over the synthesized QDs. Although surface coverage by the
CBD methodis effective, it generally results in a nanocrystalline film pattern rather than

nanoparticles.

The SILAR method is an emerging technique for deposition of both binary and ternary QDs. It is
a low cost simple method for the large area deposition of QRanlbe applied to all types of
materials at low temperatures, avoiding substrate corrosion and oxidation. In this method the

average particle size is controlled by the number of cyBis
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2.4.2. ZnO NW-Based QDS€s

QDSSCs based on ZnO NWs have been reported. The sensitization of different QDs (CdS, CdSe,
CulnS) has been carried out through direct and indirect attachment. Although efficiencies as high
as 4% have been reported for direct attachment of QDs to Zn® Wthe SILAR and CBD
techniqued56, 57] the efficiency gained for devices fabricated by indirect attachment of QDs
(linker assisted) is still below 1§68-61]. This low efficiency in linker/liganéhssisted based cells

is due to low QD loading into the ZnO NW structure and unknown interactions at the interface of
ligands/NWs. The interactio of various ligands on the ZnO NWs have not been studied
comprehensively. The ligands that have efficient attachment and wettability withb@aged
QDSSCs or DSCCs are not compatible with the ZnO structure due to its lower stability than TiO
In a receh report, Mercaptophosphonic acid is introduced as an efficient ligand for QD
sensitization of ZnO NWSs. However, the fabricated devices based on this ligand still have low
efficiency (0.46%)[62]. Therefore, indepth study of the interactions and wettability between

ligated QDs and a ZnO surface is required.

Furthermore, charge carrier transfer dynamics at the heterojunction of the wide bandgap
semiconductors/QDs is not fully understood. The effect of a hole teimgpmedium needs to be
considered on the charge carrier transfer rate. Most existing reports have not considered this effect
on the electron transfer rate; and the-nadiative Auger recombination has bemmfused byhe

electron transfef63-69]. Comprehensive studies are also required in this area in ordered@hav

better understanding of the underlying physics and consequently engineer the device performance.

2.5.UV-Blue LEDs

Blue light emitting diodes (LED) and violet laser diodes were effectively produced when the
quality of crystal growth of GaN improved substaty. These new robust devices provided a
new frontier in the optoelectronics figld0].

Group Il nitride semiconductors are suitable for making visible to short wavelength and UV
region optical devices. Growtf high quality crystals with controlled conductivity is essential to
develop such devices. The difficulty of growing high quality epitaxial crystals of GaN with

controllable conductivity delayed the fabrication of LEDs for many y@éis
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In 1986 Akasaki and his coworkers were able to achieve significant improvement in the crystalline
quality of GaN and consequentlytype conduction[71]. They could control the -pype
conductivity in nitrides treated with low energy electron beam irradiation (LEEBI) in &89
The first blue/UV LED was fabricated the same year by this group. In 1990, room temperature
stimulated emission was aekied, essential for laser action. These achievements encouraged many

scientists to put forth intense efforts in advancing the devices leading to commercia]iz@ition

Heteroepitaxial growth of GaN was adaptedhe early days due to difficulty growing large bulk
single crystal GaN. Single crystal GaN was developed applying hydride vapor phase epitaxy
(HVPE) on a sapphire substrate. Unlike otheMItompounds, such as InP and GaAs, growing
crackfree flat surhces of GaN was difficult. Furthermore, high residual donor concentration
(o T Al ) resulted in difficulty achieving controllabletgpe conductivity in GaN. Akasaki
developed ametatinsulatorsemiconductobased (MIS) blue LED using the moleaulseam
epitaxy (MBE) method with a 0.12% efficiency which was the highest at the time. However, MBE
was a slow method to grow GaN film with acceptable quality. On the other hand HVPE is a fast
growth method that results in poor crystalline quality dich thickness controllability
Consequently, these methods were not suitable for fabricating high quality devices. However,
metal organic phase epitaxy (MOVPE) has a growth rate between the other two epitaxial methods
andseemedsuitable for developing nittes on highly mismatched substrates. Besides, the alloy
composition and impurity doping can be controlled easily by changing the flow rate of source

gases in the systef#0].

High quality single crystal GaN wasdoped employing a low temperature buffer layer in an
MOVPE chamber. Growth on a low temperature AIN buffer layer resulted in a two order of
magnitude decrease in residual electron concentration in GaN film. Electron concentration was
even decreased ot A and electron mobility increased to several hundsedo |

Using a buffer layer also resulted in lower crystal defects, such as dislo¢@gns

2.5.1. P-type Conduction in GaN

Many groupsattempted to achieve-fgpe conduction in GaN doped with Zn bwere not
successful. In 198the Akasaki group found that the zhmnelated photoluminescence emission
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profoundly increases when the high quality-doped GaN grown oan AIN buffer layer was
irradiated withanelectron beam during cathodoluminescence (CL) measurements. The activation
of acceptors was called the LEEBI effelsbwever, it did not result in-fype conduction. Later

on, it was realized that Mg is a shallower acceptor than Zn gseéectronegativity is between

Zn and Ga. Therefore, high quality GaN crystal was doped with Mg and irradiatesshwidttron

beam. As a result, low resistivitytgpe conduction was achieved in GaN for the first time in 1988.
Consequent Isyirst pri jhinetionvblme/UVdAED was fabricated with satisfactoty |
characteristics.

The LEEBI effect mechanism is not clear yat.Columbic explosion model is proposed as a
possible mechanism. Irradiation of a material with electrbasing at least &V of energy
generates many Auger electron®gsuling in electronic configuration changes (columbic
explosion) in the irradiated part. As a result, atoms that asklyveonded can move. Therefore,
when GaN is irradiated, Mg bonds dissociate and ressul Mg activation as an acceptor.

Mg activation waslater achieved using other methods like thermal annealing, UV and

electromagnetic wave radiation at elevated temperatures belaw [20022)].

In order to have {pype conductivity in Galthe residual donors shoulust be reducedndthe
Mg acceptors need to be activated by releasing lygaroHydrogen diffuses into the film from

the source gases ihe MOVPE proces$70].

2.5.2. N-type Conduction in GaN

Silicon hasbeen used as thetype dopant in the structure of GaNbwever, its conductivity was

not satisfactory due tthe high density of residual donor in GaN films grown without usihgw
temperature buffer layer. After applying AIN as a buffer layer for the growth of GaN, high
crystalline quality of GaN was maintainedsuling in controlled rtype conductivity as well. SiH

gashas been used in the MOVPE process as the source gas for Si doping. Today, it is a method

usedworldwide to control rype conductior70].

All of these breakthroughslevelopmenbf high quality GaN, conductivity control of nitride

based film, and the-p junction LED inventionhave ledto intense research and publication in
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this area and consequently commercialized Huigbhtness blue LEDs, loAgetime violet LDs

and high sped nitridebased transistofg0].

2.5.3. Progress inNitride -Based LEDs andViolet LDs

The highest external quantum efficieney, , was 0.1% before the breakthroughs. In 1992, the
external efficiency achieved.5% and the first LED was commercialized with an external
efficiency of 2.7% in 199870].

To increase the blue LED and violet LD performance, GalnN was developed as an active layer.
The primary blue LEDs based @aInN alloy in doubleheterostructure (DH) devices functioned

via donor and acceptor pair emission instead of band edge emission due to low crystalline quality.
Achieving high quality GalnN/GaN quantum well (QW) and multiple QWs (MQW) resulted in
dramaticband edge emission. The structure is currently applied as the active layer in blue LEDs.
Today, blue LEDs made of GalnN/GaN MQW exhibit of 36% and brightness better than

incandescent lamg30].

Thresold power, R, for stimulated emission from nitrides was very high for the primitive devices.
Before 1986, stimulated emission with optical excitation was only possible at low temperatures
and high k. In 1990, Akasaki et.al achieved room temperatuneutated emission from a GaN

film fabricated on an AIN buffer layer. They also showed thatMl significantly decrease if

DHs or separateonfinement heterostructures (SCH) are used. This reductiani;dRie to the
decrease in the refractive indeknitrides with increasing bandgap ene[g@g].

It is demonstrated that the band edge emission from GalnN/GaN MQW increments significantly
when the width of the well is smaller than the Bohr radius of GaN. Thaagrhenon is due to
suppression ofhe quantumconfined Stark effect (QCSE) caused thye presence of a large

piezoelectric field in the GalnN well.

2.5.4. ZnO NW-Based LEDs

Wide bandgap semiconductors like ZnO are suitable forBlMé LED and lasers. In order to
achieve sufficient optical gain for lasing action in an elechole plasma (EHP) in wide bandgap
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materials, the carrier concentration needs to be high. Typically, a high lasing threshold is required
for the EHP process which is a common mechanism farverttional laser diode operation.
Excitonic recombination is a more efficient radiative alternative process to EHP in
semiconductors. Semiconductors show low threshold stimulation emission through excitonic
recombination. Efficient excitonic laser action ebom temperature can be achieved in
semiconductors with exciton binding energy much greater than thermal energy at room
temperature (26 meV). As a result, ZnO is a good candidate with an exciton binding energy of 60
meV, which is substantially higher théhat of ZnS (22 meV) and GaN (25 mdV¥].

Low dimensional semiconductor nanostructures can further reduce the threshold as quantum size
effects yield a substantial density of states at the band edges, increasatige recombination

due to carrier confinemefit6].

Due to difficulty with ptype dopingof ZnO, fabrication of homojunction ZnO diodes has been
impeded. Instead-AnO/p-GaN heterojunction structures are sugeed$or optoelectronic device
applications. The crystal structure of GaN has a low lattice mismatch (1.9%) with ZnO lattice.
Although heterojunction devices have lower efficiency than homojunction desices the
energy barrier formed at the junctionarfeace reduces carrier injection efficiency due to the large
band offsetNanosized junctions can solve this issue by increasiagarrier injection rate at

nanocontactg/7].

2.6.Conclusion

In this chapter, a reviewnoZnO structure and properties was presented. ZnO is abaittgap
semiconductor with numerous applications particularly in optoelectronic devices. Afterwards,
various techniques of NW growth and the thermodynamics and kinetics theories of NW synthesis
were discussedQuantum dot structural and optical properties along with their synthesis techniques
were demonstrateas well Then, the structure of QDSSCs and NMe LEDs were illustrated

The latest reports on the application of ZnO NWs in the archreeciuthese two devices were

also presented:his research addresses the synthesis and characterization of ZnO NWs, along with
the electrical and optical properties of ZnO NW interfaces with QDs for optoelectronic
applications. In the following chapter,ogvth methods of ZnO NWs and their structural and

optical characterization will be expressed.
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Chapter 3: Experimental Results onZinc Oxide NW Growth
and Characterization

Zinc oxide is a widéandgapsemiconductor with great potentiapplicatiors in various
optoeletronic devices such as chemical and gas sensorlighV emitter, piezoelectric
transducer, spHiunctional devices, and surface acoustic wave devices. Thebargapof

ZnO makes it suitable for photonic applicationsaityV or blue spectral range. Hdfent
excitonic emission isbserved irZnO due to its high excitehinding energy, 60 meV, at room
temperature. Furthermore, doping of ZnO with transition metals makes it promising for
spintronic applicationf2].

ZnO nanostructurebave attracted intense intereasthey can be synthesized by a variety of
methods in very different morphologieShere are arious morphologies of ZnO
nanostructures such as nanowires, nanotulmesiotetrapods, nanoribbondise The
nanostructures have been grown by methods like thermal evaporation, laser ablation,
hydrothermal synthesis, metalganic vapor phase epitaxy (MOVPE), and tempiatsed
synthesis. Solutichbased methods are low temperature, inexpensive, singhkcatablethus
attractng more interest in developing this matefial 78].

In this Chapter growth and characterization of ZndWVs via two different methods will be
discussed. Inhie first part, ZnO nanowires synthesized ugimgchemical vapor deposition
(CVD) method will be presented. Subsequently, the second method of fabrication,
hydrothermal synthesiglong with their morphology and optical characterization will be
illustrated. Finally, experimental and characterization efype doping of ZnO NWs will be

presented.

3.1.ZnO NWs Fabrication via CVD Method

The nanowires of ZnO were fabricategapplyingthe CVD methodusing avVLS mechanism.
A thin film of gold as the catalyst layavas deposited on Si (100) substratasbsequently
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the nanowires were grown on the gold film through a carbothermal reaction. In the following
sectionsdetails ofthe fabricationprocedurewill be explained.

Following the synthesis, the grown nanostiuues were characterized employing scanning
electron microscopy (SEM), transmission electron microscopy (TEMgyXdiffractometry

(XRD), and photoluminescence (PL) spectrophotometry.

3.1.1. SubstratePreparation

Step (1)

In order to remove organic and inorganbntamination on the Si wafers, they were cleaned using
the RCA cleaning process. First, the wafers were sonicated in acetone and rinsed in DI water to
remove organic contamination. Second, they were immersed in an RCAL1 solution (DI water:
ammonium hydreide: hydrogen peroxide 5:1:1) at 80°C for 13 minutes and rinsed in DI water.
Third, the wafers were inserted in an RCA2 solution (DI water: chloric acid: hydrogen peroxide
5:1:1) to remove metal ions at the same temperature and time period as the R&2A4. primally,

the substrates were blegvied by nitrogen gas.
Step (2)

A thin layer of gold was deposited on the cleaned Si wafsrthe catalyst layeA thermal
evaporation system (Cressington 308R) was employed to dépesiatalyst layerHigh purty
gold (99.99%) wasvaporatedinder application cd160 A current aapressuref 107 mbar. After

150 secondsf evaporationa film with a thickness of 3@0 nm waslepositedn the substrates.

3.1.2. Experimental process oZnO Nanowire Growth Using CVD Technique

ZnO nanowires were synthesized in a low pressure chemical vapor deposition (LPCVD) system
under carrier gas flow. Since the growth process aeveloped in an LPCVD systemdére 3-

1) which was built for pohsilicon and nitride deposition, the stgm was reconfiguredand
different growth conditionsvere studiedo reach an optimum point for Zn@W growth. A
mixture of ZnO and carbon powder with differeatios (1:4 molar ratios and 1:1 weight ratio)

was usedor the precursors. The precursors &grounded and put in a quartz boat then placed in
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the horizontal quartz chamber of the CVD machine. The Si wafers were placed at various positions
such agdlownstream of the chamber at lower temperatarebove theboat ofsource material.
Precursotemperature was 1000°@hile the wafer temperaturegas varied from 600Cto 1000
°C. The deposition duration varied from 10 minutes to 1hour. The chamber pressure altered from
30 Torr to 200 Torr to verify the effect of zinc partial pressure on the mogpholothe grown

ZnO nanostructures. The schematicxyferimental setup is shown inglre 3-2.

A large number of experiments were carried out to achieve the growinRNWSs. Initially, it

was difficult to control the process and obtain repeatable tonslj as the reactor was designed

for other purposes. A significant amount of optimization steps were required in order to obtain
controllable and repeatable processes. During the experiment period, the setups were modified a
few times. At the start, thgrowth was carried out under nitrogen flow. Later, it was found that
adding 2% oxygen facilitates NW growth.the followingsectiors, the results of the experimental
conditions that led to NW growth will be discussed.

| TR |
" - -
N il — 3 '
I o -
_,‘ I = - ¢

Figure 3-1 Image of the LPCVD system used for growth of KW@
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Source Material Boat

Figure 3-2 Schematic illustration of experimental setup in the quartz tube fusfdde@CVD system

3.1.3. Explanation of Growth Mechanism of ZnO NWsusing CVD Method

During the process, Zn vapor is produced from the source materials by the following reaction:
ZnO(s) + C(s)Y Zn(g) + CO(g) (31)
The following reactions will also happen at the source:

2C(s)+ Q@)Y 2CO(g) (3.2)

2CO(9 + O(g) Y 2COx(g) (3.3)
Vaporphase Zn molecules are transported to the substrate and are absorbed by the gold particles.
The diffusion of zinc into the gold particles leads to alloying of gold by[zi@k Then zinc will
precipitate out of the alloy particle when it is supersaturated. Subsequleapyecipitating zinc
is oxidized, leadingo the formation oNWs. This growth mechanism is known th& vapor
liquid-solid (VLS) mechanisnj80, 81}

2Zn(l) + Ox(g) Y 2ZnO(s) (3.4)

According tatheEllingham diagram, displayed Figure 33, reaction 8.1) occursat temperatures
above 970°C. The amount of vagarase zinc released by reacti8ri] depends on the reactirs
temperature. Therefore, at constant terappge conditions, the release rate of Zn vapor can be
assumed to be constant under various chamber pre$s@feBigure 3-3 depicts thellingham

diagram showing freenergyand temperatures of zimnd carbon monoxide reactions
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Figure 3-3 Ellingham diagram showing freeenergyand temperatures of zinaxide and carbon
monoxideeactions that was used to determine the reaction temperature ofifges for the ZnO NV
growth in CVD system

A gray/white film was deposited on the substrates at the end of the piigeses 234(a) and (b)
show the SEM images of ZnO NWs grown at a pressuBfdiorr. The chamber pressure was
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reduced to provide theequired zinc supersaturation for NW nucleation and growth. The grown
NWs have a diameter size distribution betweer280 nm and a length of a few microns. A TEM
image of a single NW is shown Figure 34(c), in which a gold nanoparticle can be seethat

tip of the NW. The EDX linescan analysis (Figure&(d)) proves that the tip is composed of gold
with a small amount of zinc and oxygen diffusion in it and the wire consists of zinc and oxygen.
Contrary to assumed VLS growth mechanisms of ZnO NWs;dtadyst particle is not an alloy

of Au-Zn which implies another growth mechanism is governing the ZnO NW growth. Besides,
oxygen is not soluble in gold, neither in the solid nor the liquid state. Consequently, oxygen cannot
diffuse in the catalyst to reh the interface. The VLS growth, as discussed in Chapter 2, proceeds
by supersaturation of the liquid catalyst witle growth materialAn alloy of the growth material

and the catalyst is formed during the growth; which also exists subsequent to ihg jpaless.
Therefore, valuable information on the growth mechanism can be found through chemical

composition analysis of the cataly82].

Studies on the nucleation and growth mechanism of Bbmpound sensonductors, like GaAs

and InAs NWs, revealed that the solubility of As in the Au catalyst is very low. It was also
suggested that the growth occurs via a solid diffusion mechanism that is different from VLS. These
findings imply that the growth mechanismh @mpounds can deviate from the standard VLS
growth of elemental semiconductors. Alternative models like surface diffusion have been

suggested based on thermodynamic and kinetic st{&8gs

As mentioned earlier & particles contain a very low amount of Zn element haheeinterior of

the patrticle is solid at the growth temperature. However, a thin liquid alloy film is formed at the

surface of the catalyst particles. Another proof of surface alloying is théaceting shape of the

Au particles after cool down, that is the result of isotropic surface tension produced by the liquid
alloy film. A further reason for the existence of a liquid film on gold particles is the surface melting

of the premelting phenomenarNanoparticles of various metals have shown thisnpeling at

temperatures well below the bulk melting point due to the extreme surface cur{@diires
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Figure 3-4 (a) and (b): SEM images of ZnDAs, (c): TEM image of a singdW, (d): EDX linescan
analysis of th&\Wfrom the gold particle to thBW6 s b o NWin ilhagé (e))

Zinc concentration gradient at the growth interface is the driving forcrfatiffusion either
through bulk or liquid at the surface. The diffusion coefficient of Zn in gold is 7%,
There is no data available on the diffusion coefficient of Zn in th&Aliquid alloy; however,

the diffusion coefficient is in the nge of 16 m?s? for elements in the liquid phase. As a result,
Zn will preferably reach the growth interface, by surface liquid diffusion, due to the large
difference in the diffusion coefficients. The path for surface and bulk diffusion is similar and
independent of the starting point.
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Figure 3-5 Schematic illustration of zinc atoms diffusion patigold surface and growth of ZnO NW
the ledges at gold/vapor/ZnO interface

The length increase of the NWs occurs via atomic scale nucleation and growth whésenZn a

are supplied by a catalyst surface region and oxygen from the Vd@o(0001) zinc terminated

face is the fast growing face in contact with gold, favorable nucleationTsigeprism side faces

do not thicken during the growth. Nucleation of newelsystarts at the interface of the three faces:
solid ZnO, vapor, and the catalyst liquid surface. In addition to zinc capturing, gold also acts as a
catalyst to weaken the double bonding of oxygen and facilitate oxygen dissociation. Consequently,
the actvated oxygen molecules will diffuse to the-ZnO interface to react with incoming zinc
atoms at the appropriate nucleation sites. The reacting atoms will attach to preferable sites of steps
or kinks, where two steps meet at the interface, similar tohati@ict of agatoms at free surfaces

of growth face (Figure-3). The size of Zn®tetrahedron, equivalent of ¢/2 of the ZnO unit cell,
may be the minimum height of the growth ledge. Figudc} shows a flat interface at AAnO,

which means the lateral lgd growth for completion of a ZnO layer is faster than the nucleation

of a new ledge at the interface. Fast diffusion of species along tZm@unterface is required to

meet this condition. Since noble metals and oxides have weak chemical bondingdzmrggen

atoms preferably diffuse at the AnO interface. In addition, interfacial energy depends on the
interface geometry or orientation relation and consequently the atomic structure. When Au crystals
are not in a special orientation with the growiigO crystal, general heterophase interfaces are
created. This is statistically the most probable situation. Aes@at, highindexed planes of the
metal, with only a small number of atoms, are in contact with the oxide d§5}al
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If the interface of the oxide with the catalyst is bahbped, it is proposed that such geometry is
created when new ledges nucleate on top of the existing one before the lateral growth of the ledges
completes. A hindered diffusional tigport of species can cause this growth mechanism. If
nucleation occurs only at the outer rim of the metal particle, oxide nanotubes may grow. Fhe bowl
shaped and faceted interface is formed because of the special crystallographic orientation
relationship etween the ZnO and Au particle causing various transport properties at the interfaces
[83].

3.1.4. Structural Characterization of Grown ZnO NWs

The high resolution TEM (HRTEM) image$ grown NWsshow perfect single cryatstructures
(Figure 36). The selected area electron diffraction (SAED or SAD) pattern is displayed in the
inset. The dot SAED pattern of th&V confirms eachiNW is a single crystal.

(@)

Gold particle

0.5 pm

Figure 3-6 (a) TBEM image ofa fewNWs, the inset is the SAD image of the cirdiall (b) HRTEM
image of aNW. Atomic rows can be seen in the figure and indicates a highly crystalline structure

A couple of experiments were carried out at higher chamber pressures amdieeof 100200

Torr. Straight and randomly aligned NWs with a diameter 610 nm and length of several
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hundred nanometers to a few microns can be observed in SEM images of the samples synthesized
at 150 Torr (Figure -3). A noticeable difference in ¢hSEM and TEM structural results for
samples grown at pressures between 100 to 200 Torr was not observed. They have almost the same
morphology and crystal structure. The growth for all the samples is along [001] direction and all
have NWs with perfect crialline structuresThe samples synthesized at pressures higher than

100 Torr show shorter NWs and lower surface density coverage as compared to the ones
synthesized at 30 Torr. This is due to the lower partial pressure of zinc gas in the clhanaber.

reailt, the lower the partial pressure, the lower the growth rate is.

Figure 38(a) illustrates the TEM image of a NW synthesized at 150 Torr. Figd(e)3hows the
SAED pattern which indicates the NW is a single crystal. The HRTEM image (Figi®)3
shows a perfect crystalline structure with a lattice plane spacing od5afong the wire axis,
indicating it grew along [001] direction, which is the fastest growth direction for hexagonal ZnO

[86].The lattice plane spacing in the other direction isH2 @hich represents (100) plasie

Figure 3-7 SEM images of Zn@Ws on Si substrate synthesized at 150 Torr (a) top (b) 45° tilted vi
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Figure 3-8 (a) TEM image of a singl®Wgrown at 150 Torr (b) SAD pattern of thé&V(c) HRTEM
image of a\NW, showingatomic rows and growth direction

I e
Figure 3-9 (a) TEM image of NWS fabricated at 200 Torr. Inset is the SAD pattern ofdicated
wire (b) HRTEM of the NWs shown in (a)

TEM image of another sample synthesized at 200 Torr pressure is displayed in Fgltres®
be observed that the crystal structure and growth direction are the same as previous results.
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3.1.5. X-ray Diffracti on Characterization of Grown ZnO NWs

The X-ray diffraction patterns of Zn®IWs synthesized at two ftikrent pressures are shown in
Figure 310. The spectrum confirms the existenca@hO phase in the samples. The XRD peaks
are indexed tdhe zincite stricture of ZnO and gold by Joint Committee on Powder Diffraction
Standards (JCPDS) card number13k1 and 4784 respectively.

Zn0
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Zn0
. (101) Au at 200 Torr
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Figure 3-10 X-ray diffraction spectrum of Zn®@Ws grown at 150 and 200 Torr

The EDX analysis of th&lWs demonstrates that theires are comprisedof zinc and oxygen
elementsKigure 311). The quantitative EDX reveals oxygen deficiency in the structure.
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Figure 3-11 EDX spectrm of a single nanowire

3.1.6. Synthesis of ZnO NWs on a Pr&Sputtered ZnO film

To verify the effect othe seed layera couple ofsamples were synthesized on Si wafers which
were pre-sputteredwith ZnO films. The sputtered film thickness was 180 nm and it had
amorphous structur&nO NW synthesis was accomplished under the same conditions as stated
above.The precursor temperature was 1000and the wafer was platen top of the precursor

boat. The sythesis was carried out at 150rT under N+ 2% G gasflow. The sample was kept

at the maximum temperature for 1 hour. The SEM image of the grown structure isetisiplay
Figure 312 As it can be seemNWs are grown with random alignment on the substrate and low
density. In order to increase area coverageNW length, another sample was fabricated using
the same condition butith alonger reaction time (2 hog)t The morphology of the second sample
wassimilar tothe previous one. It seems that the amorphous structure is not favorable for growth

of high censity NWs Annealingof the sputtered seed layer may improve the crystal structure.
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Figure 3-12 SEM image oNWs fabricated on a Zn@re-sputtered Si wafer

3.1.7. Growth of ZnO NWs onQuartz Wafers

Growth ofZnO NWs on quartz wafers was also carried out at conditions similar to Si wafers. The
source materials and the reaction temperatures were the same. The synthesis was completed on
wafers without metal catalyst deposition. The chamber pressure was ket a@otiarr and Ar

gaswas used as the carrier gadter 1 hour the samples were cooled down to room temperature.

A white film wassubsequently depositea the quartz wafer.

Microscopic verification of the synthesized film on a quartz wafer revealstthaghga ZNnONWs
can grow on quartz without the aida€atalytic metal. Figure-23 shows the morphology of the
NWs usinga SEM microscopeThe TEM image displayed ifrigure 314 illustratesthat these
NWs have highly ordered crystale structures. Howeat, the wafer coverage was low. These
results show that growth of highly crystalline Zn@®Vs on a transparent substrate at high

temperatures is possible.
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Figure 3-13 SEM images of ZnO NWs grown on quartz waferby CVD method
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Figure 3-14 (a) TEM image of a Zn®Wsynthesized on a quartz wafe) SAED pattern of the NW
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3.1.8. Optical Characterization of NWs Grown by CVD

The optical properties of the NWs were characterized employing PL spectroscopy. The NWs
grown on Si substrate were illuminated by a xenon lamp with an excitation wavelength of 330 nm.
The PL spectra of two samples syaglzed at different chamer pressures are exhibited iglre

3-15. As it can be seen, the PL spectra for bothpasnare quite similar and shahigh intensity
emission at 378 nm (3.27 eV) wavelength. This emission corresponds to near band edge free
exdton emissiong87]. A very low intensity emission around 506 nm is observed as well. The
green emission is attributed to singly ionized oxygen vacancies. The recombination of-a photo
excited hole with a singly ion&l charge state leads to green emis@8h The high ratio of UV

to green emission intensity thesamples indicates a very high quality crystal structure oAthe
grown NWs via CVD method. ZnO nanostructufasricated usin@g hydrothermal route usually
show high visible emission (blue, green, red) which is attributed to higls lefvatomic defects

in the structurd89-91]. These NWs can be applied in UV light emitting diodes and lasers. In
addition, they can be usedamnew generation of photovoltaic devices as transparent and highly

conducting electrodes due to their high crystalline structures.
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Figure 3-15PL spectra oNWs grown at different chamber pressures. Sample A: 150 Torr, sampl
200 Torr
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3.2.Zn0O NWs Fabrication Using Hydrothermal Method

Growth of ZnO nanostructures on any arbitrary substiat@®ssible empling wet chemical
methods since ZnO seed can be deposited on various substrates like Si wafers, glass, thermoplastic
polyurethanes (TPU), polydimethylsiloxane (PDMS), organic fitketcsThe seed layer is coated

on the substrate prior to the growth pregeSputtering and spin coating of a sol or quantum dots

has been widely used to coat a seed layer for ZnO nanostructure growth. The seed layer provides
a favorable site for nucleation of the nanostructures. The grain size of the polycrystalline seeds
deteminesthe width of the Aggrown NWs. Growth on the seed layer takes place at a lower
supersaturation than the homogenous growth since the interfacial energy between the crystals and
the substrate is lower than that between the crystals and solutionthGnowhe seed layer leads

to a high density of NWs. The seed layer thickness controls the density of NWs. If the seed layer
is very thin, no NW will form since the rate of dissolution is higher than that of deposition. For
seed layers thicker than a ardl value only the outermost layer of the seed affects the gfdjvth

In thefollowing sections, hydrothermal growth of ZnO NWs along with their microstructure and

optical analysis will be illustrated.

3.2.1. Experimental Process oZnO NWs SynthesisUsing Hydrothermal
Technique

ZnO NWs were synthesized using a hydrothermal method on (i) AZO films coated on glass
substratesand (ii) GaN films coated on sapphire substraths.AZO films were sputtedeposited

in an RFmagneton sputtering system onidch diameter glass (Corning) substrates. Some films
were also deposited on Si substrates for structural analysis. The deposited AZO films were 600
nm thick with a sheet resistance of 4% q/ I and aver af38nimthet i c al
visible range. The Galdoated sapphire substrates were purchased from a commercial supplier.
The ptype GaN films were 2um thick and were Mgped. In both cases, the growth of ZnO NWs

was carried out in a stainless steel autoclave systgmmBlar aqueous solutions of zinc nitrate
dehydrate (Zn (Ng). .6H.0) and hexamethylenetetramine (HMTAHz2N4) with concentrations

of 25 mM were prepared as reagents. The wafers were placed with the growth surface facing down
in the solution and were gein the autoclave for one hour at 90°C. After this growth process, the
wafers were rinsed in deionized water anddaied. Figure 316 depicts the stainless steel

autoclave system image and schematic illustration of the hydrothermal growth.
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Figure 3-16 (a) Stainless steel autoclawystemused for hydrothermal synthesis of ZnO NWs
Schematic demonstration of hydrothermal growthnmutoclavesystem

3.2.2. Explanation of Growth Mechanismby Hydrothermal Method

Zinc nitrate provides the Zfions required for ZnO NW formation and@s provided by HO

molecules of the solvent. HMTA is a nonionic cyclic tertiary aminedamohg the growth process

it acts asa weak base andH bufferthatk e e p s

hydrolyzes in water gradually and releases the molecular strain energy by produedg@aH

NHa. If the hydrolysis of HMTA takes place quickly, Okoncentration in the solution will

t he

s o | uween® and §92]AtH

increase andause quick precipitation of Zhions in the solution. Quick precipitation of Zn

v al

results in fast consumption of the nutrient and prohibition of anisotropic growth of ZnO NWs. NH

has two rolesFirst, it provides a basic environment that is requiredZiofOH), formation.

Second, it stabilizes the aqueous®Zby coordinating with Zff ions. ZnO is produced by
dehydration of Zn(OR)when heated in an oven, microwave, sunlight or under ultrasoni¢afion
ZnO has annherent anisotropistructure with polar and negpolar planes. The (001) planes are

polar with an electric dipoldetween their opposite ends and they have high surface energy.

Therefore, nonpolar facets form larger surfaces under thermodynamic growditiocen Seed

layers (nucleation siteseducethis thermodynamic barrier leading to the growth of nanowires

with a higher aspect ratio and uniformitlt.is also proposed that HMTA attaches to nonpolar

surfaces of ZnO and prevents attachment of the mecto these surfaces. Therefore, it is also

considered as a facilitator of cdemensional growth along [0001] directiomhe following

reactions take place in the solution during the growth prqg68s94}
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All these reactions are in equilibrium and changes in precurseeotation, growth time, and

growth temperature will push the reaction equilibrium forward and backward. The NW density is
generally controlled by precursor concentrations. The morphology and aspect ratio of NWs are
controlled by growth time and temperauReaction (3.6) causes an increase in the system entropy
which means an increase of reaction temperature pushes the reaction forward. The above reactions
take place very slowly at room temperature. The counter ions affect the morphology of ZnO
although hey are not involved in the growth procékk

3.2.3. Structural Characterization of ZnO NWs

Figures 317(a) and (b) shothe TEM andHRTEM images of the RisputteredAZO film used

as one of the starting layers for the groatZnO NWs. Due to the limitation of the TEM method

on the substrate type and the film thicknes&0 films for this analysis were sputtered on Si
substrate using identical conditions to deposition on glass substrate except for the smaller film
thickness(~300nm). TheHRTEM image in Fig.3-17(b) clearly showghe partial crystalline
structure of th&ZO film.

The SEM images ofigure 318(a) and (b) show the tepndcrosssectionviews of the ZnO NWs

grown onAZO-sputtered glass wafers. Upright and ordeagrays of NWs with a diameter of 50

300nm and height of about 1um have been obtained.
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ZnO Film

Si Substrate

Figure3-17 (a) TEM, and, (b) HRTEM, images of the-BputteredAZOfilm on silicon substratelhe
film thickness was 300nm.

Figure 3-18 SEM morphology of the grown ZnO NWszaodnO film; (a) topview, (b)crosssection
view

The HRTEM image of igure 319() reveals a highly crystalline structure in the synthesized ZnO
NWs with easily observable atocniows. The inset inigure 319(@) is the selected area electron
diffraction (SAED) pattern of a ZnO NW. The dot pattern further confirms that the structure is
single crystalline, and the lattice spacing measurements reveal that the growth proceeded along
[001] direction. The inteplanar spacing was found to be 0.26nm whichesponds to (002)

planes inthe hexagonal wurtzite structure of ZnO. Thesitu EDX spectrum obtained for the
samples (in the TEM system) confirms tekemental content of Zn and OidEre 319(b))
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howeverjt indicates that the atomic ratio is not stoarhietric. The atomic ratio of oxygen is lower

than the stoichiometric ratighe O/Zn atomic ratio determined from quantitative EDX analysis is

equal to 0.91yhich can also be understood freine PL spectrawhich is discussed later.
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Figure 3-19 (a) HRTEM image of a ZnO NW synthesized on a ZnO film. The inset is the SAED pi
of the NW b) the EDX spectrum of the ZnO NW showimglemental content in the NW.

Figures 320(a) and (b) depict the nmuirology of the synthesized ZnO NWs on thgpe GaN

film grown on a sapphire substrate at different magnifications. It is important to note that no seed
layer was used for NW growth in this case. The achieved NW growth was completely vertical

because théattice mismatch between-plane crystal structures of these two materials is very

small, about 1.97%®5, 96] In LED structures, such ordered NW arrays act as a direct waveguide

and the emittetight can be extracted without application of lenses or refle¢®dis These NWs

were employed to fabricate LEDs, as will be illustrated in chapter 7.
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Figure 3-20 SEM images (with two different magnifications) of vertical ZnO NWs grown on GaN
(@) 2um (b) 1um scale bar

3.2.4. Optical Properties of Hydrothermally Grown ZnO NWs

The optical properties of the ZnO NAZO film and ZnO NW/GaN film structures were
investgated using PL spectroscopy. Fig@€1 shows the normalized PL spectra for ZnO film,
p-type GaN film, ZnO NWs grown on GaN a@&O films with the maximum count of 4x4,0
2.5x10, 12.1x10 and 67.5x1f) respectively. Samples were illuminated by a 900Wiotelamp

at an excitation wavelength of 320nrn GaN film PL spectrum,raintense peak is observed at
around 379890 nm which corresponds to doracceptor pair emission in Mdpped GaN97].

The shoulder peak &64 nm is due to near band edge emission in Gahch becomes less
intense as the concentration of Mg incrsasehe materia]98]. Deep level emission appeared at
around 750 nm in the GaN spectrum as j@4]. In AZO film, the shoulder peak at 378nm
corresponds to near band edge emissieaks at 428'm and 460nm are attributed to
vacancy/interstitial oxygen/zinc type defeft80]. The UV emission at 378m intheZnO NW
spectrum attributes to near band edge emis3iba broad peak at 550n has beemttributed to
various defects like singly ionized oxygen vacancy, interstitial zinc, oxygen vacancy, and antisite
oxygen. Assignmerof green emission has been controversial; howé#wvesjngly-ionized oxygen
vacancy hypothesis is the one most cited. Although this hypothesis is supported by annealing of
samples at 600 °C which resulted in decrease of green emission, it has besmgetdly Wang

and hiscolleague$101]. The defects causing the green emission are proposed to be at the surface

(30 nm from the surface).Yellow emissitias mostly been observed in ZnO nanostructures

68



prepared by soluth methods employing zinc nitrate and hexamethylenetetramine. The yellow
emission has been attributed to interstitial oxygen. In contrast to green emission thefgettow
emission defects are not located at the surf@80e 102]This visible emission could also be
predicted fronthe EDX resuls, which showed the oxygen content is not stoichiometric. Excess

oxygen and zinc interstitials are responsible formedr IR (NIR) emissiond03-105].

As can be seen, the spectrum from the ZnO NW /Gefdrojunctions similar to theone from
ZnO NWs on ZnO film indicating that the emission frimeheterojunctions mainlycoming from
ZnO NWs. The presented grown structure of ZnO NWs on GaN has the potential for LED

application.
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Figure 3-21 Normalized PL spectra of ZnO film (pink), GaN film (green) and ZnO NWs grown on
(red) and on GaN (blue) films.

3.2.5. Doping of Hydrothermal Grown ZnO NWs

ZnO NWs synthesized by the hydrothermal method were doped withiralm (Al) by adding
aluminum nitrate to the NW growth solution. Different concentrations of aluminum nitrate were
added to the solution: 2, 1, 0.5, and 0.1 atomic %. To studgriis¢éal structure of the doped
samples XRD analysis was carried out. FiguB22 shows the XB patterns (normalized)

collected from these samples.
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Theundoped sampleas a peak at 34.37 degrees, correspondiplguar spacing=2.5994, and

the (002 lattice plane. Since the othagh intensity peaks are missing, it means theznO film

is oriented in a single dicton (out of the film plane).The sample containing 2 at% aluminum
shows some preferred orientation but more random than the undoped one. However, samples with
0.1, 0.5, and 1 at% aluminum dopant have an additmede that could not be identified.

(002)
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0.5%

-’-—/\"\—L 0.1%

20 25 30 35 40 45 50 55
20 (degree)

Figure 3-22 XRD pattern of ZnO NWs doped with various aluminum atomic percentages

Intensity (a.u)

The Aldoped samples were also studied using PL spectroscopy. The PL spectra of the ZnO NWs
along with Aldoped ZnO NWs are depicted in Figur@3 By decreasing the Al concentration a
reduction in the intensity of visible emission along with an increase in the UV emission is
observedThe spike at ~640 nm in the curves is a measurement artifact caused by a problem in a

bandpass filter.

Near bad edge (NBE) emission in ZnO originates from free excitdrabout 3.26 eVYellow-

green missions (2.14.24 eV) known as deep level emissions (DLE) correspond to oxygen states
related to lattice defects. When electrons occupying singly ionized oxygemaies (V') are
recombined with holes, green emission is observed in the PL spectrum of ZnO. Doubly ionized
oxygen vacancies (V) emit yellow light when excited. An increase of Al concentration in the
ZnO structure leads to lower DLE intensity duectompensation of Al ions in the ZnO lattice.
Generally, the most accepted mechanism for ZnO visible emission is oxygen vacancy. There are

three charge states of oxygen vacancies Vwhich has captured an electron and is singly
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positively charged relatevto the lattice; ¥, which has not captured any electrons and is doubly
positively charged relative to the lattice; and neutral oxygen vacastthat has captured two
electrons and is neutral relative to the lattice. Figu?d 3hows the level of #se defects in the
bandgap of ZnO and it can be concluded that the blue emission originates from electron transition
from Vo? centers to the valence band edge. It can be observed from the PL spectra that INBE/IDLE
increases by increasing Al concentratimlicating Al doping has improved optical properties of

the ZnO structurgl06].
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Figure 3-23 PL spectra of hydrothermally grown ZnO NWs with various Al concemntisass dopant
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Figure 3-24 Energy band diagram of ZnO and oxygen vacancy levels

71



The chemical states of Zn, O, and Al at the surface afopled ZnO NWs were analyzed using
X-ray photoemission spectroggo(XPS). The spectra obtained from XPS (Figugb3show core

line Zn 2p2 at 1022.7 eV which is larger than the value ofzdp bulk ZnO. This indicates that

the majority of Zn atoms are in the formal valence state &fithin an oxygen deficiennatrix.

Metallic zinc with binding energy of 1021.5 eV was not found in the samples which indicates that
Zn is in an oxidized state. A Zn 2ppeak was also observed at ~1045 eV. Al peak intensity was
much lower than Zn peak intensity. The core line o282 is located at ~74.8, which can be
attributed to AIO bonding. No metallic peak of Al centered at 72.7 was observed. Therefore, the
XPS results show that Al was incorporated into the ZnO structure. O 1s core spectra at ~532 eV is
attributed to adsodud oxyger{107-109]
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Figure 3-25 XPS spectra of ZnO NWs doped with various concentration of Al
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Figure 3-26 XPS analysis of ZnO NW doped witrious concentrations &l showing Al 2p3/2 core
levds

3.3. Conclusion

ZnO NWs were successfully synthesized on various substrates like Si, glass and quartz using the
CVD and hydrothermal methods. The microstructure analysis of the synthesized NWs showed
highly crystalline structures were grown by both the Ca&idl hydrothermal techniques. The
visible defectrelated PL emission of the hydrothermally grown NWs was much more profound
than the CVD grown ones. These PL results indicate the presence gbomghdefects in
hydrothermally grown NWs.

A thin film of gold was used as the catalyst for synthesis of NWs through CVD. TEM and EDX
line scan analyses of CVD grown NWs showed that the growth mechanism is different from the
VLS mechanism that is proposed for most elemental NWs. Gaseous zinc that is formeafrom th
precursorods reaction diffuses into the gol d
surface of the gold melts at temperatures well below melting point due to extreme surface
curvature. Gold also acts as catalyst for dissociation of oxypemsaNucleation and growth of

NWs occurs at the interface of solid ZnO, vapor, and liquid gold. Oxygen atoms diffuse into the

alloy interface and react with the zinc atom.
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On the other hand, NWs synthesized by the hydrothermal method were formed byatiehydr

the Zn(OH) compound in the solution. HMTA was utilized as a PH buffer that controls the
precipitation rate of ZnO onto the substrate. The inherent anisotropic structure of ZnO induces
onedimensional growth in hydrothermal synthesis.

The possillity of n-type doping of ZnO NWs using hydrothermal growth was also investigated.
The XPS analysis of the doped NWs revealed that Al was incorporated into the structure of NWs
in oxidized formFurthermore, Al doping of the hydrothermally grown NWs reslittereduction

of visible PL emission due to Al compensation in the ZnO sites.

In the next chapter, studies on the interface of NWs with QDs will be presented. Investigation of
NW interface phenomena with other materials has a significant importancetémiextronic

device applications.
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Chapter 4: ZnO NW/QD Interfaces: Experimental Realization
of Structures

Wide-bandgap metal oxide semiconductors sensitized with quantum dots (QD) are the main
building blocks ofquantumdot-sensitizedsolar cells (QDSSC). Investigan of QD interface
interactions with the metal oxide is significant in understanding and optimizing the fabricated
devices. This chapter presents the microstructure study on CdSe/ZnS QD incorporation into ZnO
NWs using various methodsalong withthe resilt of thei ncor por ati on met hod
assembly arrangement. In additidhe stability of incorporated QDaunder illumination with

different surrounding mediavas investigated by absorption spectroscopy.

4.1.ZnO NWs Sensitization with QDs Using Evapaation Driven Selt-Assembly
Technique

Nanocrystalline structures have been grown on semiconductor film by methods like MBE and
MOVPE. Arrays of dots are grown in tH&transkiKrastan@ mode employing vapor phase
deposition techniques. For instance, highligpdot arrays of INAS on GaN were developed by
MBE [110]. However, these techniques have a high cost and slow processifgraternative
method to fabricate sefssembly of quantum dots deposition oll@dal QDs from suspension

on a desired wafer by simple evaporation drivenastembly techniques.

Evaporation driven sefissembly (EDSA) is one tiewidely used techniques for generating-self
assembled layers of nanoparticles and nanocrystagsmBthod is inexpensiveaterial general
high throughput, and suitable for meramd multilayer depositiof111].

The desired assembly can be achiewét the knowledge of inteparticle and particksubstate
interactions (van der Waals, electrostatic, shamge steric, hydrophobic, and osmotic
interactions). Highlyordered assembly structures are obtained if nanoparticles can freely diffuse
across the substrate. In other words, the -Hpéeticle interations are larger than the particle

substrate interactions and nanoparticles find their lowest energy configyfdtign
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Spin-coating, dropcasting, and dizoating are considered as a class of EDSA methibt].

Interactiors between particles that are mediated by fluid interfaces are known as capillary forces.
These forces play an important role in ssedgembly of microscopic and macroscopic particles. A
capillarybridge is formed between two particles by the liquid. The capillary force is perpendicular
to the planes of the contact lines on the particle surface. Cagllmiye forces can be either
attractive or repulsive. Concave capillary bridge means attrafiirees and the convex ones

indicate repulsive forcd412].

Lateral capillary forces are formed at the overlap of the perturbation (menisci) around two
particles. The lateral force is attractive if the ovgpiag menisci around two particles are similar
and repulsive if the menisci are dissimilat2].

The spacing between the NWs acts like a retrannel with capillary forces that surkthe CQD
suspension. Sisequently, 2D and 3D arrays of particles dil the channels under appropriate
conditions. It has been pravé¢hat the particles are moved to miarapillaries by the action of

hydrodynamic drag force created by water evaporation at the capillarylexdis

In this sectionself-assembled incorporation of QDs into ZnO NWs is addressed. The QDs were
embedded into NWg&rown by the hydrothermal method on AZO filmroughtwo different
methodsof EDSA: dropcastandspin-coatalong withsoaking the NWs in the colloidal solution
Then the microstruaire of the incorporated QDs wstsidied employing TEM and higiesolution

SEM (HRSEM).
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Figure4-1 TEM images of QDs deployed into NWs by drapting method

4.1.1. ZnO NWs Sensitization with ODA-Capped QDs by DropCasting

ODA-capped CdSe/znS Qdispersedn toluene solventvereused to sensitize the ZnO NWs.

The QDs weréncorporated into ZnO NWs through the diogisting technique. Wettability of the
colloidal QDs with a ZnO NW surface is of crucial importance for uniform coverage of the surface.
Concentration of QDs in the solvent can alter the wetting angle of calMdldZnO NWs. Various
concentrations of QDs dissolved in toluene were investigated to find the optimized concentration
for selfassembled incorporation of CdSe QDs into the NW structure. The colloidal CdSe/ZnS
QDs capped with ODA were purchased from a cemumal supplier. The stock solution with
5mg/ml concentration was diluted to various concentrations. The microstructural analyses of the
incorporated QDs into NWs showed that colloidal QDs with a concentration of 0.2 mg/ml had the
optimum wettability withZnO NWs along with selassembly arrangement among the NWS.
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sensitization processes were carried @ nhitrogerpurged glovebox. For dregast QDs, 0.1 ml

of the solution was applied on the substrate. Ttiensamples were left in the glovebox tg.d

TheTEM microstructures of the Qfincorporated intblW by dropcastingare depicted in Figure
4-1.The HRTEM images in Figue2 show the QDs deployed over the facet of a single ZnQ NW
also clearly showing the crystalline structuretlod QDs (marke with white circles). The QDs
incorporated byhe drop-cast methodpenetrated into the space between the NWs and settled in
orderly positions. The crossection SEM image of Figuek3(a) depicts that the space between
the NWs is fully filled with QDsThe HRSEMtop-view image in Figurel-3(b) clearly shows the
arrangement of QDs between the NWs and indicates that the QDs are distributedsaesalfly.

As can be seen in Figude3(a), the shape of menigsiconcaveindicaing thatthe capillary fore

is attractive

Figure 4-2 HRTEM images of QDs (marked with circles) anchored to ZnO NW's wall thi
drop-casting

The highsur f ace energy of the NWsO6 top planes,
side planes,mt prt and ¢ppTt, are norpolar planes and perpendicular to the basal plane. These
nonpolar facets have lower surface energy than the polar qrtesis under thermodynamic
growth conditions they grow larger than basal planes. The low surface tension of the ssdaf facet
ZnO NWs results in better wettability of
coverage of these planes with QR4&4, 115]

78

t

(0

he



Figure 4-3 HRSEM images of CdSe QDs embedded into NWs bycdrtinga) crosssection (b) and
(c) top view

4.1.2. Explanation of SelftAssembly Arrangement of QDs

When CQDswere incorporated into ZnO NWSs, a ring pattern of QDs was oleskion the
substrates. The solvent evaporated from the edges of the drop toward the interior center. This can
be explained by theory of sedssembled rings. Theoretical and optical studies have illustrated that
the particles transporArrangement in thesgystemsds determined bya dominant hydrodynamic

drag force which is the result of liquid evaporatidi2]. This weltordered arrangement of
particles normally involves two stages: nucleation and growthadive lateral capillary forces
among micro/nangarticles inducea nucleation phasewhile the growth is promoted by the
laminar flow of the liquid, caused by evaporation, toward the array of particdd@% The ring
formation can be elucidated by the subsequent scenario:

Some of the patrticles irreversibly stick to the periphery of the drop, thepghese contact line,
by capillary force. These particles pin the contact, lihaes contining the process with a fixed

contact radius. As the liquid evaporates from the edges, the suspension from the interior is dragged
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to the drop periphery to compensate the evaporated liquid (FglreConsequently, most of the
particles accumulate at the edge of the drop and arpressed by the liquid meniscustia¢last
stage of evaporation. The initial size of the contact line determines thessethbled ring size
[112, 116] As a result, the selissembled film acquired bylrop-castinghave depleted areas of
QDs on the ZnO NWilm, as shown in Figure-3 (c).

P

@

@ %
722224224

Figure 4-4 Schematic illustration of particles sedfssembly into ring shape by EDSA method.
hydrodynamic drag force, & moves the particles toward the contact line at the edge of the drop

The EDS map of the QDs incorporated into ZnO NWs by-a@agiing was acquired as well. The
EDS map shows the elemental distribution of each element preshatarea of interest. As can
be seen in Figuré-5, cadmium and selenium elements cover NWs and the spacing between them.

The silicon atoms correspond tiee SIN phase in which the samples were embedded for the
preparation of TEM samples.
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Figure4-5 (a) TEM image and (b, c, d, e, f) elemental EDS map of CdSe QDs deployed into Zn(
by dropcasting method

4.1.3. ZnO NWs Sensitization with ODA-Capped QDsby Spin-Coating

Spincoating is a widgwread technique used to deposit uniform organic films/ colloidal particles
with thicknesses from micrometers to the nanometer scale. Various industries have employed this
technique in the manufacture of products such as integrated circuits, magnetitodidkta

storage, optical mirrors, and color television screens.

The CQD suspension watsoembedded intthe NW structure bypin-coating CdSe/ZnS capped
with ODA ligand was used for this study. The concentration of colloidal QDs was set to 0.2 mg/ml

for optimumwetting of the ZnO NWs surfacas demonstrated previously.

The QD film was applied on the ZnO NW surface using two steps of speed acceleration. In the
first step, the spin speed was set to 1000 rpm with a 5 rpm/s acceleration rate forei) thdh

speed was ramped to 3000 rpm with an acceleration rate of 10 rpm/s for 30 s. Different spinning
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speeddn steptwo was tried and it was concluded that 3000 rpm is the best for ODA capped
CdSe/zZnS QDs.

Using this method, the film of QDs is moreifenmly coated over the whole area of the substrate
However, the QDs are less ordered in the spacing between the NWs than the samples prepared by
the dropcast method. The TEM, HRTEM, and HRSEMeaiges are displayed in Figure$ 40 4

8.

Figure 4-6 TEM images of QDs emidéed into ZnO NW arrays by spioating method
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Figure4-7 HRTEM images of QDs deposited on the surface of ZnO NWs (some of the QDs are
with white circles)

Figure4-8 HRSEM images of QDs spawated (3000 rpm) on the ZnO NWs film showing the distribt
of QDs among NW&) crosssection (b) top view

These microstructural analys&sow that spircoating is a suitable technique for depositing CQDs
with appropriate wetting properties to the substrate surface. Furthermore, the coating was achieved

without any surface treatment of the substrate.

4.1.4. ZnO NWs Sensitization with OA-Capped QDs by SpinCoating

The effect of ligand types on the sasemble structure of QDs anchored to the ZnO NW structure
was investigated as well. Oleic acid (GWgatedCdSe/ZnS QDs, dispersed in toluene with a
concentration of 0.2 mg/ml, were sginated orthe ZnO NWSs. The spinoating conditions were
similar to those used for ODgapped QDs. The spinning speed in the second step was set to 3000

rpm.
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The microstructure of spicoated OAligated CdSe/Zn®Ds is demonstrated in Figured4 The
microstructuralstudies suggest that the wettability of @Apped QDs with ZnO NWs is not as
successfubas ODAcapped QDs. The QD loading into NW spacing is much lower than that of
ODA-capped QDs. Oleic acid i s a .fPaorlbagingsfcOAd wi t h
capped QDs can be due to steric hindrance. Oleic acid has a less flexible barhdhan ODA

(with no °~ bond in its alkyl c¢chain) due to it:
Moreover, surface energy of methylene group is higher than that of methyl group that results in

poor coverage of the ZnO NW surface by-O#ped QDg117].

The carboxyl function group has a week binding with CdSe QDs and it might react with ZnO and
form zinc carboxylate groups. The surface structure of ZnO may be destroyed when in contact
with acidicligands[118-120].

4.1.5. ZnO NWs Sensitization with ODA-Capped QDsby Soaking

Another widely used technique for filling mesoporous structures with CQD is soaking the
mesoporas structure in the colloidal solution. OBigated CdSe/Zn€QDswith a concentration

of 0.2 mgl/mlwere also incorporated intbe ZnO NW structure by soakingo ago investigate

the microstructural properties of the embedded QDe ZnO NW film was @aked into the
suspension of the ODAapped CdSe/ZnS QD®.2 mg/ml) in toluene for 24 hours. The
microstucture of the embedded QDs v&igdied using TEM and HRSEM microscopy. The cross

section view of the sensitized NWslisplays that the facets are eogd with arrays of QDs and
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in some cases the §pf the NWs are even coated. The QDs had enough time to penetrate into the
spacing between the NWs and arrange inastembly. The HRSEM images QDs deployed
into NWs by soakingare depicted in Figur&-10.

Figure 4-10 HRSEM images ddDA-cappedQDs deployed into ZnO NWs by soakfajcrosssection
(b) top view

4.2. Photostability of QDs Sensitized onto ZnO NW Structure

One important potential application@iantumdot-sensitizednO isin thearchitecture of a solar
cell. The long term stability of the incorporated QDthismain concern in the field of QDSSCs.
To study the photostability of the structure QBschored to glass substrate and ZnO NW,film
were subjected to light irradian using a solar simulator ahair massof 1.5 G spectrum ian

at mospheric condition. Then, the variation in

Figure4-11 illustrates the absorbance/PL spectra of CdSe/ZnS QDs incorporated into ZnO NWs
with the PL emission band edge at 530 nm. The sharp absorbance peak at ~515 nm is the

characteristic absorbance peak of the QDs.

85



Normalized Absorbance (%)
Normalized PL (a.u)

450 500 550 600 650 700
Wavelength (nm)

Figure 4-11 Absorbance/PL spectrum of CdSe/ZnS QDs anchored to ZnO NWs film

To gudy degradation of the QDheywere anchored to a glass wafer and ZnO NW hindrop-
casting Then, the samples were illuminated for various time interf@alswed by absorbance
collection using a Perkiklmer UV-VIS spectrometer. The samples weradliated up to 6 hours.

The corresponding absorbance speatraich were collected from irradiated QDs anchored to
glass substrate and ZnO NW filmre depicted in Figure-82. A continuous blue shift ithe
absorption edge of the QPaong with peak bra#ening is observed in both samples. However,
QDs anchored to NWs show more profound degradationttizeeattached to glass. The light
induced changes observed in QD/glass can be attributed togdgradation and photmorrosion.
Photoedegradation of Qs causes absorption peak broadening (quenchirge the blue shift is

the result of photaorrosion. Inthe case of QD/NWs the profound phedegradation and photo
corrosion is attributed to the electr@tcepting nature of ZnO NWs. When the QDs asasliated

in atmospheric conditi@) oxygen molecules can be adsorbed on the QD surface. The injected
electron, formed through phetxcitation, can be scavenged by the adsorbed oxygen. The excess
hol e | ef tvalenoebandireluc€¥@riodic corrosifii?l, 122]

CdSe/znS(H) +ZnO(e) + O, Y Cd Se /2 An®¢ O (4.1)
CdSe/znS(h Y (SeH2znS) VY Oxide Pr (42

On the other hand, glass substrate does not accept electrons from thau@Bgreat majority
of the charge carrierdormed by photoexcitatignrecombine withoutcontributing to charge
transfer. Corrosion of the QDs lesatb size reduction and consequendyblue shift of the
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absorption edge. Metal oxide increases the QD corrosiorsiate it facilitatesheaccumulation

of holes within the QDs. Studies ka elucidated that hydrophobic ligand capping of QDs hinders
oxidation[122]. The QDs utilized in our study are capped with hydrophobic ligamdgh is
another reason for delayed corrosion of QDs anchored to gilitkeugh the CdSe QDs were
coated with a thin ZnS layer, they were photoroded. It has been suggested that the oxidation
occurs at the internal interface of the CdSe/ZnS and the fattipped Cd or Se ions act as
nonradiative centerfl23]. This photostability study shows that the QD degradation process is

medium dependent and an electemtepting substrate will increase the degradation rate.
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Figure 4-12 Absorption spectra of QDs anchored to (a) glass (b) ZnO NWs after various illumir
time intervals

4.3. Conclusion

The interface of ZnO NW and CdSe/ZnS QDaswvestigatedusing microscopic and optical
techniquesTheproper conditions, for the sedfssembly arrangement of QDs in NW spacing, were
establishedThe ODA-capped CdSe/ZnQDs were incorporated successfully itihe ZnO NW
structure vidwo classes of EDSANnd soaking techniqueshe QDs that were embeddeddrgp-
casting showed the best sasemblyorderwithin the NW spacing. Howevethe spin-coating
and soaking methagieldeda largercoverage area of the substrafdsese physical and structural
studies, along with charge carrier transfer stuthieswill be discussed in Chaptér demonstrate
the physical and chemical bonding of QDs to ZnO NWs.
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Anchoring OAcapped CdSe/ZnS QDs to ZnO NWs resulted in poor loading into NW spacing.
This was speculated to be due to steric hindrance and high surface ehaligy chain of OA

ligand.

The photostability studyof QDs anchored to glass and ZnO NVegjcidated that the QDs
passivated witta ZnS shell layemundergodegradation and photocorrosi The photocorrosion

rate depends on the Qbedia.lt will be slower in insulatingsurroundings.

In the following chapter, implementation of these sensitized ZnO NWs in the architecture of a
guantumdot-sensitized solar cetind its +V behavior will be investigated he dfect of various

parameters on the cell perfornze will alsobe investigated.
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Chapter 5: ZnO NW/QD Interfaces: Experimental Study on

Charge Transfer Mechanisms

Heterojunctions of colloidal QDs with wideandgap metal oxide semiconductors have been
utilized in a number of electronic devices like solar cellsarsiiels, LEDs, and CQeduction.

The crucial role of metal oxide/QD heterojunction is effective electron and hole separation at the
junction. Ideally, the charge carrier separation should outcompete the loss mechanisms such as
surface trapping or Augeecombination, in order to have an efficient working device. ZnO NWs

are widebandgap metal oxide with high surfaoevolume ratio and electron mobility higher than

TiO2. In this chapter, interfacial electron transfer in photoanodes composed of CdSe/ZnS QD

sensitized ZnO NW thin fil m, which is used in

Time resolved photoluminescence (TRPL) is an effective tool for carrier dynamics investigation
at the QD/metal oxide heterojunctions. Electron transfer from phatedxQDs to metal oxides

has been characterized by TRPL through probing dynamics Q@Hend edgéleach recovery.

In this study, QD photoexcitation promotes an electron to the conduction band, which then relaxes
to the states with the lowest energytta band edge. This photoexcited electron can go through
various pathways: radiative recombination, trapped in a midgap state, or transfer to the wide
bandgap metal oxid&he radiative emission as a function of time is collected by TRPL or transient
absaption (TA) spectroscopy and used for charge carrier studies by data fitting and extracting

electron transfer kinetics.

This chapter deals with ultrafast phenomena occurring during photon excitation of ZnO NWs/QDs
and ZnO NWs/QDs/electrolyteZnO NWs usedfor the study were synthesized by the
hydrothermal methodo study charge carrier transfer and dynamics, -tieselved
photoluminescence (TRPL) spectroscopy was employed. The emission decay lifetime was
measured using the time correlated sifgieton coating (TCSPC)nethod with LED lighting as

the excitation sourcatroom temperature.
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5.1. Time-Resolved Optical Spectroscopy

Time-resolved optical spectroscopy provides investigation of very fast optical phenomena
occurring in a picosecond to millisecond tiseale. Development of ultighort lasers has been
employed to study transient phenomena induced on a sample by the excitation light pulse. For
instance)aser pulse excitatiomduces formation of excited charges that can diffuse, thermalize

or recombingradiative or nofradiative recombination). A light pulse can also cause a transient
modification in the optical, magnetic and electronic properties of a semiconductor. Temporal
evolution of these mechanisms provides insight into the underlying physiescadnprecisely
quantify the amount and duration of these phenorfle2#.

The temporal processes can be analyzed through two approaches: the spectral and temporal
approach. In the spectral approach, the widtthefmeasured spectral line contains the temporal
evolutions, if the spectral resolution is high enough. Two limitations are associated with this
approach: (1) Existence of a miesgstem in the investigated system leads to masking of the
homogeneous linerbadening due to intrinsic processes; (2) Interpretation of linewidth of
nonlinear evolutions is difficult. On the other hand, if the time resolution of the system is high
enough, timeesolved spectroscopy supplies direct access to evolution of a gstemgyhrough
radiative recombination or changes of the complex index of refraction). The time resolution is
limited by the convolution of the excitation temporal width with the temporal response function

of the detection. For example, the excitation lgser| s e ¢, and the time nesolltion of the

d e t e @, tiniTRPL spEctroscopy, yield an overall time resolution eq¥@to z  z . Thus,

excitation sources need to be fast and the detection technique should be designed with respect to
the characteristic evolution time of the processes under investigation. The excitation pulse is
composed of the coherent superposition of many Fourier components expanding on a range of the
order o8 pXt . As a result, selective excitation, ofdwptical transitions lying closer than

31 in the spectral domain, is prevented. In this case, the quantum states can superimpose
coherently, and additional information can be obtained by temporal observation of subsequent
beats between the two staté the beating period takes place within the temporal window of
observatiorf124].
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Various methods for timeesolved measurements have been developed. These methods include:

- Time-correlated single photon specoopy (TCSPC)
- Transient recording

- Streak cameras

- Up-conversion methods

- Microsecond luminescence decay

In this study, TCSPS technique was employed to explore the charge carrier dynamics at the
interface of ZNONWs/CdSe/ZnS QDs.

5.1.1. Carrier Decay Study Using TCSPC

Time-correlated singkphoton counting (TCSPC) is a wastablished technique to measure
luminescence dynamics. It is suitable for the tmesolved spectroscopy investigations from the
picosecond to millisecond regime. TCSPC is a statistical measntdrased on the counting of a
single photon. A high frequency motticked laser as the excitation source is coupled to TCSPC

to statistically obtain a large number of events in a short period. The working principle is depicted
schematically in Figur®-1. For each single pulse, a photodiode detects some fraction of the
excitation pulse that triggers the START signal. The STOP signal is triggered by the arrival of the
first luminescence photon. The elapsed time between the reference signal and thelettmted
arrival instant is measured for the detected photon. The histogram of the number of counts is
formed. Each count is added to the histogram memory relative to the time slot (the channel)
determined by elapsed time. These steps are repeated a huggr nfitmes (millions per second

in the case of modiecked lasers). Since the spontaneous emission is random, the acquired
histogram is a reconstruction of the luminescence dynamics. The technique is very sensitive due
to its reliance on single photon awirements. The signal intensity should however be low enough

to otherwise prevent multiple photon events; pulseygidéeads to a saturation of the number of
counts per channel resulting in a distorted dynamics measurement. Practically, the photon
deteciton is maintained to a few percent of the reference signal rate. Photodetectors like

photomultipliers, avalanche photodiodes, and matrannel plates that have high gain and fast
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response time are required to supply a detectable electrical signal MRS TOP electronics

and to gain high temporal resolution.
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Figure 5-1 Schematic of principle of TCSPC technigji24]

The schematic of adSPC setup is displayed Figure25The excitation source sends a signal
which is split into two beams by laeam splitter (BS). The first beam is detected by a fast
photodiode as the reference signal and the second one excites the sample for photoluminescence.
Then, a light pulse with a certain delay relative to the reference signal will reach the detector.
Thes signals will be converted to their electrical counterparts and sent to STARP
electronics. At this point, the intensity of the signals with respect to set noise and multiple event
levels are evaluated by a constant fraction discriminator (CFD).sIdnsl is sent to the Time
Amplitude Convertor (TAC). TAC generates a voltage ramp which elevates linearly with time on
the nanosecond timescale. The single photon is detected by a second channel using a CFD that
sends a signal to stop the voltage ramper&fore, the time delay between the START and STOP

is proportionally converted to an analog voltage. The voltage is converted to a digital value and
recorded as a single event with the corresponding time delay. By repeating this process a very

large numbeof times using a pulselight source a histogram is constructed.
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Figure 5-2 Schematic iligram ofa TCSPC setufil24]

5.1.2. Lifetime or Decay Time

When a sample isxeited with an infinitely sharp pulse of time, an initial nhumbes) (of
fluorophores will go to an excited state. The decay rate of the excited population Es
according to the following equation:

Qo g 51
— 3 Q ¢£o0 (6.1)
Qo

Where tle number of excited molecules at timsutbsequertb the excitationis displayed by n(t),

and U n aetlde raiative and neadiative decay rates, respectively. Since emitting is

random event, the excited state population will decay exporlgnéab €& Qwn - .

In time-resolved experiments the intensity of the fluorescence is measured instead of the number
of excited molecules which is proportional to n(t). Thus, equation 4.1 can also be written in terms
of time-dependent intesity, I(t). Integration of equation 4.1 that is stated in terms of intensity
gives the equation for a single exponential decay:

o ohop’ ©2)

Here, bis the intensity at initial time. The inverse of the total decay rate is equigtimé:

T 3 Q . The slope of the plot of log I(t) versus time gives lifetime value; however, it is
determined by fitting the data in the case of meponential decayd24, 125]
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5.2. Properties of QDs Used for Decay Lifetime Studies

Cadmium selenide is a-\l direct bandgap semiconductor with a bulk bandgap of 1.74 eV. Its
nanocrystalline structures display quantum confinement effects. Thus, they have been synthesized
by different methods for various applications. CdSe QDs have been employed in optoelectronic
devices including QDLEDs and quantum -densitized solar cells. Direct bandgap
semiconductors have a higher absorption coefficient than indirect band semiconductors.
Consequently, application of these highly light absorbing semiconductors in the structure of a solar
cell, as the light absorber, leads to reduced material consumption and realization of an effective

device based on a material with reasonable transpothleng

Colloidal CdSe QDs passivated with a zinc sulfide (ZnS) shell, purchased from a commercial
supplier, were utilized to study the charge carrier dynamics at the interface of ZnO NWs and QDs.
Coating of QDs with inorganic semiconductors having a higheddpp than theirs, results in
improved luminescence quantum yield (QY) by passivation of surface nonradiative recombination
sites. In addition, inorganic passivation of QDs makes them more robust than organically
passivated QDs, and thus more useful faariGation of stable devices. ZnS is a winEndgap
semiconductor that can be found in two different crystal structures: cubic zinc blend and hexagonal
wurtzite. The bulk zinc blend and wurtzite structures have bandgaps of 3.6 eV and 3.9 eV,
respectively.Coating of CdSe QDs with large bandgap ZnS leads to enhanced coordination of
surface and dangling bonds as well as increas
accordingly improved luminescence QYThe colloidal QDs were also capped with
octadeglamine (ODA) (CH(CH2)17NH>) or oleic acid (OA) (CH(CH2)7CH=CH(CH)7COOH)

organic ligandsThe core/shell CdSe/ZnS QDs were dispersed in tolselvent The schematic
structure of core/shell CdSe QDs capped with ODA and its energy band diagram isddepict
Figure5-3.
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Figure 5-3 Schematic structure of a core/shell CdSe/znS QD ligated with ODA and its energ
diagram

PL emission of CdSe/ZnS coated on a glass wafer along with its absorpectrers is exhibited

in Figure 53. The PL measurement shows an emission peak at ~ 660 nm. The absorption edge of
the QDs is at ~ 640 nm however, the absorption peak is very weak. The broad absorption edge of
these QDs can be a result of broad particle digteibution. The absorption behavior can also be
attributed to | arge thickness of the shell oV
absorption spectrum would be siami to what is shown in Figure-4 Giant shells can alter
photoluminscence and blinking behavior of QDs. A sufficiently thick shell is capable of

suppressing the blinking effect in colloidal QDs.
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Figure 5-4 PL emissiorand absorption spectraf core/shell CdSe/ZnS QD qagdl with ODA ligand.
The QDs are coated on a glass wafer

5.3. Experimental Procedure on Decay Lifetime

Charge carrier dynamic studies were carried out on an ERLLEEed laser using the Time
Correlated Single Photon Counting (TCSPC) method. The sampleseweited at 380 nm
wavelength. FAST (Fluorescence Analysis Software Technology) was used to perform fitting on
the collected data from TRPL measurements.

The experiments were carried out using core/shell CdSe/ZznS quantum dots (QD) with two
different ligand and sizes. QDs of CdSe/Zr#hgorption edge wavelength at 640)igrated with
octadecylamine (ODA) and CdSe/Z(egbsorption edge wavelength at 520)igated with oleic

acid (OA) were selected. The charge carrier dynamics were investigated on ZnO MW{@BO
film/QD junctions. Glass wafers coated with QDs were used as control safiptee.ZnO NWs

used for charge carrier transfer studies were synthesized by the hydrothermal method.

Because the ZnO NW/QD architecture was applied in the structquawfumdot-sensitized solar

cells (QDSSC), the effects of electrolyte and cathode on the charge carrier dynamics were also
studied. Thus, two sets of experiments, in which QDs were sandwiched between anode and an
insulator (glass wafer), and anode andhode, were carried out. Copper sulfide film formed on

brass plates was used as the cathode in the designed samples. To prepare the copper sulfide film,

the etched brass plates were immersed in polysulfide solution, causing a black film formation on
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the bras plates. The space between the QDs/glass or /cathode was filletewatitblytesolution
Figure 5-5 displays the schematic architectuné the samples made for TRPL study. The
experimental praedures are summarized in Tabl& 5The electrolyte was pgulfide composed
of 1M Na&S and 1M S dissolved in water/methanol (1:1).

Table5-1 experimental samples prepared for TRPL with CdSe/ZnS QDs ligated with ODA and
Set (1) Set (2) Set (3)

Glass/QDs Glass/QDsl/electrolyte/glass Glass/QDs/electrolyte/cathode
ZnO NWs/QDs  ZnO NWs/QDs/electrolyte/glass ZnO NWs/QDs/electrolyte/cathod:
ZnO film/QDs ZnO film/QDs/electrolyte/glass ZnO film/QDs/electrolyte/cathode

SET1»
[ Glass ] ’ Glass ' ’ Glass ’
I ‘ Glass ‘ ‘ Glass
' Glass | Electrolyte
Electrolyte Electrolyte
SET 2 »
QIIFINIINNN)
1 090090303990 Zn0
Glass ’ Glass ’ \ Glass
Cathode
Cathode Cathode
Electrolyte Electrolyte
SET 3 »
QAAIAFIINNN
Zn0

Glass

Glass

Figure 5-5 Schematic illustration of the samples prepared for TRPL measurements
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The QDs weranchored to the substrates (glass, ZnO NWs and films) bycadsipmg. The drop

casting process was carried out in a nitregerged glovebox.

The collected data from TRPL measurements and curve fitting results are addressed in the

following Sections.

5.4. Time Resolved EmissiorBehavior of CdSe/ZnS inVarious Environments

Charge carrietransferdynamics from QDs to anodes (ZnO NWs or Film) and cathodgS(Cu
coated brass) were elucidated using the TCSPC method. All the samples of decay lifetimes were
measured pon 3x10 couns accumulation The first set of samples was measured in air
atmosphere without vacuum sealing. The decay lifetime recdodede Set (1) shown in Table

5-1 is depicted irFigure 5-6. The decay curves were fitted to a four exponentialtfanasing

FAST software and the corresponding best fit peters are summarized in Tabl®5B; is the

pree xponenti al sf ahe dlscabed wdudde chi square which gives a measure
for the quality of the fit. It is independent of the number of data points and number of fitting
parameters, which is a distinct advantage owesthm of least squares. For Poissonian distributed
data, the limit of chi square is 1.0. Values above unity denote bad fit results although values up to

1.3 can be accepted. Chi square values below unity means an inappropriate fitting range

The averagefi e t i nirTabkle(682is calculated from the following equation:

Z (5.3)
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Figure 5-6 Lifetime decayoCdSe QDs anchored to glass, ZnO NWs, and ZnO film

Table5-2 Lifetime best fit values for QDs attached to glass, ZnO NWs, and ZnO film

Samples B1 G4 (ns) B2 G (ns) B3 G (ns) Ba Grns) <U> ( &
Glas/QD 418.6 1.2 9252.6 10.6 19429.6 21.7 1000.4 804 27.7 1.017
NW/QD 1083.9 0.8 11593.2 11.1 16629.7 224 591.7 159.1 41.5 1.124

ZnO film/QD 821.2 1.0 9453.9 10.5 18900.6 = 21.8 796.8 = 102.0 30.9 1.061

In contrast to previous reporessignificant PL qugching is not seen in NW/QD and ZnO film/QD

relative to the reference (Glass/QD) sanjp6, 127] Charge transfer from photoexcited QDs to

ZnO NWs/film was expected to lead PL quenching as coedp#o the reference sample
(glass/QD). This behavior can be attributed to the environment of the QDs under measurement.
Since, the measurements were conducted in air atmosphere, oxygen molecules could be adsorbed
on the surface of QDs although they wemmated with alayer of ZnSshell. Fluorescence
spectroscopic studies of core/shell CdSe/ZnS QDs revealed that presence of oxygen in the

measurement environment causes luminescence quenching via oxygen induced traps. This

fluorescence reduction is reversilpl28].

In addition, the observed deglifetime behavior in Figure-6 can be attributed to QD size effect
on electron transport. The CdSe QDs with an absorption band edge at 640 nm have a size about 7
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nm that indiate a small driving force for electron transfer to ZnO NW/film. QDs with a large size
have a smaller bandgap than the smaller QDs and consequently smaller band offset between their

mi ni mum conduction band¢§l27/wi th ZnO6s conductio

The same experiment was carried out usigcappedCdSe/ZnS QDs withand emission at 520

nm. The corresponding decafetimes are depicted in Figure/sQDs, embdded into ZnO NWs,

display PL quench relative to the referenaeple; while, QDs anchored to ZnO film exhibit a
similar decay lifetime to the reference sample. The PL quenching in the ZnO NW/QD sample is
an indication of charge transfer from QDs to NWSs. It is speculated that the QDs are attached to the
ZnO film surfa@ more weakly than to ZnO NWs. In the case of ZnO film, which is grown in
[0001] direction, the (0002) polar planes are in contact with the incorporated QDs. These surfaces
have ahigher surface tensiothan the nospolar surfaces in the ZnO structure, siag poor
wettability to QDs. Asvasshown in Chapted, QDs were mainly attached to the side -patar
surfaces of ZnO NWs, indicating favorable and better attachment of QDs to ZnO NWs than to the
ZnO film surfacg114, 115, 129]

——G@Glass/QD
——Glass/QD (Fit)
——NW/QD

NW/QD (Fit)
—1Zn0 film/QD
ZnO film/QD (Fit)

0.1

0.01

PL Intensity (a.u)

0.001
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Time (ns)

Figure5-7 Decay lifetime curves for QDs with band emission at 520 nm (smaller size) anchored t
ZnO NWS, and ZnO film

100



5.5. DecayLifetim e Behavior of QDs Anchored to ZnO NWs

Figure 58 depicts the decay lifetime for QDs anchored to ZnO NWs as compared to QDs
incorporated into glass. Two different samples of QDs anchored to NWSs are presented here. First:
NW/QD/electrolyte/glass; and secondW/QD/electrolyte/cathode (brass). The corresponding
best fitvalues are displayed in Table35A substantial PL decay lifetime reduction is observed in

the NW/QD/electrolyte/glass sample as compared to the glass/QD sample. This quench might be
attributed to electron transfer from QDs to ZnO NWs. However, it cannot be the only reason of
guenching since the sample prepared with the cathode displays a longer lifetime, contrary to what
was expected. A faster decay was expected in the sample prepare@ wéthtide in contact with

the electrolyte. This is because holes are expected to diffuse into the cathode and result in better

charge carrier transfers.

Ti me constants that have & eoverawidepange fromm@ psftmr el
20 ns despite similar conditions used in the measurerfi8as131] The electron time cotemnt

for CdSe has been measured from 83 ps to 102¥. Although parameters like QD size,
QD/metal oxide coupling, and energetic driving force vary the electron transfer rate, measurement
artifacts can also caesthese inconsistencies. Klimov et al. proposed a model to explain the
discrepancies in the measured rate constants in the context of various QD surrddB8@indgse

acquired results from the experiments asctédd during this study are also consistent with the

proposed model.
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Figure 5-8 Decay lifetimes of CdSe QDs deposited on a glass wafer, on ZnO NWs in conte
electrolyte/insulator, on ZnO NWs inrttact with electrolyte/cathode

Table5-3 pre-exponential factqys and lifetimes gcquired from dqta fitting using FAST software

U ) G U <U>
Samples Bi1 B2 Bs B4 (2
(ns) (ns) (ns) (ns) (ns)
Glass/QD 418.6 1.2 9252.6 10.6 19429.6 21.7 1000.4 80.4 27.7 1.017

NW/QD/elec/glass @ 14731.0 1.6 13217.6 54 4021.3 14.3 99.2 179.6 26.2 1.114

NW/QD/elec/cathode 921.0 1.1 127111  10.7 157185 20.8 574.1 1247 32.1 124.7

According to the model, there are two pathwhysa photoexcited QD, resulting in dependence

of the electron transfer rate on relative values of recombination and photon absorption rates. When
a photon is absorbed by a QD, an exciton is formed, which can undergo charge separation, if there
is a drivhg force (having a junction with a metal oxide with appropriate band alignment).
Subsequently, the electron is transferred to the metal oxide and leaves a hole behind. Provided that
the recombination of separated charges (electron in the metal oxide lenth ibe QD) is
relatively slow, then the QD is positively charged when the next photon is absorbed. The positively
charged exciton (or positive trion) has a very short lifetime in the range of tens to hundreds of

picoseconds. The trion lifetime is detened by the nonradiative Auger recombination [fags-
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136]. Timeresolved dynamics is dominated by the fast relaxation of trion that ceonfesed

with electron transfer.

If the QD is in contact with a hole scavenging component, like redox electrolyte in QDSSCs, the
hole extraction can be faster than photon absorption, which leads to a different scenario. In this
case, the QD will be dischged before the next photon absorption and subsequently, the time
resolved dynamics will be dominated by electron transfer. A schematic illustration of the trion

generation and exciton dissociation in the presence elieatrolyte is shown in Figure®

In the measured samples, when the electrolyte is contact with QDs, it is expected to neutralize the
QDs that are charged due to photoexcitation following electron transfer to the metal oxide. In the
absence of a cathode, charge buwitd might occur in theslectrolyte itself and it would not
efficiently remove the holes from the QDs. As a result, the photocharged QDs decay threugh non
radiative paths like Auger recombination. However, when both electron and hole acceptors are
present in the structure of tsample (ZnO NW and cathode), the observed emission quench is a
contribution of electron and hole transfer rakbe sum of charge carrier transfer rates can be

calculated as follows:

v P P (5.4)
Q
T r x T T

The charge carrier transfer rateg, lacquired from the above equation using the second and third
lifetime components of the decay, the most dominant tmoas Table 5-3, is in the order of

p Ti

Reduction of emission efficiency in charged QDs is due to nonradiative Auger decay which
dominates carrier dynamics. This emission reduction is proportional to the degree of
photocharging132].
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Figure 5-9 Schematigllustration of the trion generation and exciton dissociation in the pres:
of electrolyte(a)photon absorption and exciton generation (b)positive trienegation (c)QD
neutralization process by redox electrolyte species

Comparing TRPL dynamics aglamples with/withouain electrolyte providesnsight into Auger

lifetime decay of a negatively charged exciton. Previous investigations on CdSe QDs have
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reveaéd that photocharging under similar conditions is dominated by Aaggested
photoionization [137, 138] In this process, the energy released from eledioda pair
recombination is &insferred to the third charge, instead of photon generation, following the charge
removal from the QO138-140]. Although the probability of the process is low,igngicant

fraction of QDs can be photoionized due to very long lifetime of charged species.

Negatively charged QDs are produced by awsgsisted ionization in CdSe QDs because Auger
recombination is dominated by-excitation of a hole. In V1 semicorductors, valence band

states have high density, facilitating holeeseitation in an Auger recombination process. The
produced hot hole has a high reducing power and can accept an electron from the QD surrounding
that is considered the equivalent of aehejection. Accordingly, photoionization leads to mostly
negatively charged QDsKlimov et al. extraced the Auger lifetime of negative trions by
comparinghe QD population decay in stirred versus static CISeS QD soluytl&23. In order to

study and measure the negative trion lifetime, TRPL was utilized, since it provides longer time

scales than those obtained using transient absorption{B2).

A four-term expoential PL decay was observed for QDs anchorealdiass substrate. The two

most dominant lifetimes are in the range of ~ 10 ns and 21 ns. These measurements indicate that
extremely fast nonradiative recombinations take place in the absemceatifode because of

charge build up in the QDs. The TRPL studies show a slow decay component of the order of 10
20 ns in the samples made wéthelectrolyte and cathode.

The sample that is insulated from one side exhibiteraissionquench compared to the QDs
andored to glas§Figure 58). However, the sample that is fabricated with the cathode in contact
with electrolyte shows much less PL quench than the ZnO NW/QDs/electrolyte/insulator sample.
This proveghatthe photocharging effect occurs in samespare without a cathode. In this
sample, althoughnelectrolyteexiststo scavenge the holes, charge build up occurs because there
is notadequatelectrolyteto keep the QDs neutral (the space between the ZnO NWs and cathode

is about 50 um).
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5.6. Decay Lifetime of QDs Anchored to ZnO Film

In order tocompare ZnO NWs with ZnO film, a set of samples were prepared similar to previous
ones, but with ZnO film instead of ZnO NWs. The PL decay lifetimes acquired fr@saimples

are shown in Figure-20. The same trends ZnO NWs can be seen in the corresponding decay
lifetimes of the three sampleShe fitting parameters obtained from data fitting using FAST
software for these three samples are showralrie5-4. The four lifetime components calculated

by fitting are \ery close to the corresponding values for the samples prepared using ZnO NWSs.

1
Glass/QD
Glass/QD (Fit)
_ ZnO film/QD/elec/glass
g 0.1 ZnO Film/QD/elec/Glass (Fit)
E: ZnO film/Qd/elec/cathode
% ZnO film/QD/elec/Cathode (Fit)
]
=
i 0.01 !
0.001 ‘
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Time (ns)

Figure 5-10 Decay lifetime of CdSe QDs anchored to glass, ZnO film in contact
electrolyte/insulator, and ZnO film in contact with electrolyte/cathode

Table5-4 Best fit value®f a fourexponential decay lifetimed QDs anchored to glass, ZnO film wi
electrolyte/insulator or/cathode

G G G . <U>
Samples Bi1 B2 Bs B4 U (ns) G2
(ns) (ns) (ns) (ns)
Glass/QD 418.6 1.2 9252.6 10.6 194296 21.7 1000.4 80.4 27.7 1.017

ZnO film/QD/elec/glass  14645.2 1.3 13263.1 4.3 3002.8 12.0 67.7 @ 312.0 55.0 1.095

ZnO film/QD/elec/cathode 1301.8 0.9 11361.5 10.2 166953 21.2 5753 173.3 455 1.052

106



5.7.Electron vs. Hole Transfer

In order to calculate the hole transfer rate of @Pthe electrolye, a set of samples was prepared.

The first sample, architecture, was QDs incorporated into ZnO NWs, as the electron acceptor,
filled with electrolyte and insulated by a glass slide at the other side. The second sample was made
with a hole acceptor (GB mated brass plate) in contact with an electrolyte solution and QDs
anchored to a glass substrate. Therefore, each structure was insulated from one side and had a
charge carrier acceptor (anode for electrons and cathodes for holes) on the other sideayl he de
lifetime curves of the samplésusgive insight into the hole transfer rate relative toealee ct r on 6 s
Since each sample has one type of charge carrier acceptor, the decay curves are a result of a partly
charged transfer and partly other pawliatve recombination paths like Auger recombination.
Assuming the rate of neradiative processes in both samples are almost equal, comparison of the
two curves elucidates qualitative information on electron and hole transfer rates. Theuteeay

are depiatd in Figure El11 along with the corresponding best fit values of tha fexponential

decays in Table-5. The Figure shows that the sample fabricated on ZnO NWs goes through a
faster decay than the one fabricated using a cathode in the structurediai®a faster electron
rate than the hol e0 $66, 69 $he firstlifetmre coengonantrin Tabe® | i t e
5 is close for the two structures. However, a redudtidhe other three components are seen for

the NW structure relative to the structure made with a cathddmparing the decay lifetime
components of thewo samples presented in Tabl® Shows that the first lifetime components of

both samples have vecjose values whereas, the second and third ones (the most dominant ones)
are differentAs a result, it can be concluded that the first lifetime component gives an indication

of the nonradiative processes like Auger recombination, which can be assuimeth® same for

both samples; while, the second and third components, the most dominant ones, correspond to

charge carrier transfer.

The slow hole transfer relative to electrons in the device structure results in higher concentration
of holes within the @s under steady state photon illumination, which can promote QD anodic
corrosion and a higher recombination rate with photogenerated electrons. However, the photo
corrosion is considered negligible in CdSe and CdS QDs in a QDSSC structure becausesshe exce
S in the redox electrolyte can repair the corroded surface of CdS QDs and form a CdSeS layer on

CdSe one$69]. In the case of the presented experiments, the QDs utilized in the siablas
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thin shell coaing of ZnS that can protect the QDs from anodic corrosion and charge recombination

between photogenerated electrons and oxidized redox couple species.

Hole accumulation can reduce effective electron transfer tlélsronacceptor and consequently

deaease the device efficiency.

——NW/QD/elec/glass

E 01 NW/QD/elec/glass (Fit)
iy ——Glass/QD/elec/cathode
§ ——Glass/QD/elec/cathode (Fit)
=
5 0.01
e

0.001

0 50 100 150 200

Time (ns)

Figure 5-11 PL decay lifetime curves of samples prepared for hole versus electron transfe
evaluation

Table5-5 Fitting parameters value of four exponential lifetime decayiobthfor hole transfer rate

study
G G

Samples B: B2 Bs G(ms) Bs UGms) <U0> (e
(ns) (ns)
NW/QD/elec/glass 14731.0 1.6 13217.6 5.4 4021 14.3 99.2 179.6 26.2 1.114
1.016

Glass/QD/elec/cathode 10813.8 1.0 76249 6.8 11967.0 183 4956 74.7 22.4

The poor conductivity of QD films is one key issue that limits the corresponding devices. The
issue is caused by charge trapping on imperfectly passivated atoms and energy disorder. Trap states
below the conduction band minimum are created by cationiclidgngonds, while traps above

the valence band maximum are formed by unpassivated anionic[ididisSince the surfaew-

volume ratio is high in nanocrystalline semiconductors, the trap density is much largeulthan
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semiconductors. Consequently, charge transfer is hindered by nonradiative recombination at trap

states.

One disadvantage of ligated QDs is that even a trivial imbalance between the number of ligand
molecules and the surface atoms leads to a sigmifraamber of states within the QDs bandgap,
resulting in charge carrier scattering. The trap state below the conduction band minimum, for an
organically or inorganically crodsked nanocrystal film, is estimated in the orderl6t’ cnr

3/eV [142]. Blinking of colloidal QDs can be affected by the surrounding gas environment. Thus,

the structural variations in the environment of the QDs cause fluorescence fluct[istBns

5.8. Effect of QD Size onCharge Transfer Dynamics

The effect of QD size on charge transfer dynamics was investigated as well. QDs with two various
sizes: 1) ODA ligatedvith absorption emission at 640 nm and, 2) OA ligated with absorption edge
at 520 nm, weréncorporated into the structure of ZMONs. Subsequently, the emission decay
lifetimes were collected. Theesults are displayed in Figurel2 with the best fit curves which

are four exponentidlnctions.The best fit parameters of these samptessamnarized in Table

5-6. The small QDs decay faster than ODA ligated ones. The reason can be the quantum
confinement effect and larger bandgap of small QDs. When the bandgap is increased, the band
offset between the conduction band of the QDs and ZnO NWeraised which means a larger
driving force for electron transfer and consequently faster d&2ay. In addition, the ligands are
different which also has an effect of charge carrier transfer rate. Part of tlee tiginge transfer

rate can be attributed to different ligand type.
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Figure 5-12 Decay lifetime of QDS with different sizes embedded into ZnO NWs structure

Table5-6 Best fit component values of QDs with different sizes anchored to ZnO NWs
Samples B1 G (ns) B2 G (ns) Bs G (ns) B Gms) <U> ( &

NW/QD-ODA  1083.9 0.8 11593.2 111 16629.7 22.4 591.7 @ 159.1 415 1.124

NW/QD-OA 5247.0 1.8 13754.6 7.1 11516.3 16.6 385.7 86.3 20.3 1.104

5.9.Conclusion

In this chapter, charge carrier dynamics at tiverface of ZnO NWs/CdSe/ZnS QDs were studied.

A suitable experiment was designed to elucidate a charge transfer mechanism from QDs to its
surroundings, which is essential in understanding optoelectronic devices and their optimization.
The studies on chagegcarrier dynamics were carried out using the TCSPC technique. The effect
of QD surroundings including the presence of a charge carrier accepting media on the decay
lifetime of CdSe/ZnS QDs was explored. Moreover, the effect of the structure of an an@de (Z

NW vs ZnO film) and size of QDs on the charge carrier dynamics was investigated.

Decay lifetimes acquired from QDs with an absorption edge of 640 nm anchored ZnO NWs and
ZnO film did not show significant quenching of luminescence emission as compahedaioes
anchored to a glass wafer. This observation was attributed to the large size of the QDs and small

bandgap offset between the QDs and ZnO NW or film, which is the driving force for electron
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transfer. Samples prepared using smaller sizes of QDeaattto ZnO NWs displayed quenching

in their decay lifetime as compared to glass/QD. However, the sample fabricated on ZnO film did
not show significant emission quench, which can be as a result of poor QD attachment to polar
surfaces of ZnO film.

The efect of the hole scavenging agent (electrolyte) and cathode on the charge carrier dynamics
was also studied. The TRPL measurements were carried out on ZnO NWs/QD/electrolyte/ glass
and ZnO NW/QD/electrolyte/cathode structures and the results of deceidgetere compared

to that of QD/glass. The four exponential function decays of samples revealed that the QD
photocharging effect is the mechanism behind profound emission quenching of the structure that
had an insulator (glass) at the electrolyte interf&¢harge buildup in the electrolyte in contact

with an insulator promotes photocharging probability and consequently, excited charge carriers
relax through the fast nonradiative Auger mechanism. As a result, the presence of both electron
and holeacceptng materials are required for elucidation of the charge carrier transfer rate. Similar
studies on the ZnO film/CdSe QD interface provided the same trend in decay lifetime behavior of
the samples. Thereforegadt reneutralization of QDs following electramarisfer is essential for
accurate calculation dfiecharge transfer ratevhich can be achieved in the presence of electrolyte
and cathode in the structure.

In order to elucidate the electron transfer rate versus hole transfer rate, the decay lifedirios beh

of ZnO NWs/QD/electrolyte/glass versus glass/QD/electrolyte/cathode were investigated. The
faster decay lifetime of the former indicates that the electron transfer rate is faster than that of the
hole. The comparison of the best fit lifetime compdradrtheir four exponential decay showed

that the first lifetime component can be attributed to Auger or other nonradiative recombination
processes, whereas, the second and third components can be attributed to the electron and hole
transfer rate. This e hole transfer rate should be considered to improve the performance of
devices based on this structure. Passivation of nonradiative recombination sites is crucial in

improving the device efficiency.

Finally, the effect of QD size on charge carrier dyramias studied. CdSe/ZnS QDs were
incorporated into ZnO NW structures with two different sizes. The sample with a smaller size of
QD had a faster decay lifetime as compared to the larger one. The result is a proof quantum

confinement effect with size redian which leads to larger bandgap and subsequently enhanced
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driving force (larger conduction band offset between ZnO and QD) for electron transfer from QDs
to NWs.

In the next chapter, microstructural properties of QDs anchored to ZnO NWs, as well as thei

photostability properties, will be explored.
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Chapter 6: ZnO NW/QD Interface: Device Level Application

Quantumdot-sensitizedsolar cells (QDSSC) ammonsidered to bene of the promising advanced
photovoltaic structuresikely to overcome the ShockleQueisserefficiency barrier. The cell
architecture is composed of a witiendgagsemiconductor acting as the photoelectrode in contact
with quantum dots (QD)Jnder illumination, an electrehole pair (exciton) is generated in the
QDs. The electrons are expectedramsfer to the widdandgap semiconductor due to the energy
band alignmentHoles are scavenged from the QDs through a liquid electrolyte to a counter
electrode. In these devices the junction is at the interface of the liquid (electrolyte) and the
NW/QDs The carriers transport in this type of cell is not field driven (like crystalline
semiconductors) but kinetically driven. Electron accumulation within the wit@andgap
nanostructure is facilitated by quick scavenging of holes by the redox couples.célgesz=n

result in good power conversion efficiency if the recombination losses are miniiidizedL45].

The QD bandgap can be tunedhich might be beneficial for absorption afwide range of the
solar spectrum. The QDO6s tunability, | arge int

can result in enhanced efficienfd46].

However, the reported efficiencies of the corresponding dsace far below the conventional or
even dyesensitized solar cells. The lower efficiency originates feosiow holetransfer rate,
charge carrier recombination with redox couple at the interface of the semiconductor, and poor

counter electrode performeas

Various wide bandgap semiconductangluding titanium oxide (Ti@ mesoporous film and zinc
oxide (ZnO) nanowires (NWhave been utilized in the structure of QDSSCs along with different
types of QDs such as cadmium sulfide (CdS), cadmium seleditee], lead sulfide (PbS), and
antimony sulfide (Sksg) behavingas photon absorbef4, 67]. Figure 61 depicts the schematic
structure of a QDSSC.
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Figure 6-1 Schematic illustration of QDSSC structure based on piwsosed for device fabrication

Colloidal quantum dots (CQD) are particles of semiconductors, in the nanometer size range,
dispersed in solvent utilizing stabiligg ligands. The optical and electrical properties of CQDs are
dictated by their shape and physical dimensions. Thise$ieet tunability makes them different

from nonquantumconfined nanocrystals, providing a broad framework on which to build various
optoelectronic devices. Recent improvement in the properties and performance of solution
processed solar cells, light emitting diodes, and photodetectors has been achieved by controlling

CQD size, ligand chemistry, and annealing condit{a43].

Carrier extraction length, in quantutiot-sensitized solar cells (QDSSC), organic photovoltaics
and dyesensitized solar cells (DSSC), is often defined as the width of the depletion regigh (W
plus the minority carrier difision length (lbirr) in the active materigll47].

The absorption length (@, of the most weakly absorbed abcxandgap optical wavelength of
materials, is much more than the extraction length defined above. Therefore, there is a compromise

between the absorption of light and the extraction of photochHrdék

High-surfacearea electrodes, like those used in-dgasitized[148] and bulk heterojunctions
[149], can overcome the compromise. If CQDs are usest@sitizers, a monolayer of CQDs is
adsorbed on a higburfacearea electrodpl50-153]. Nonetheless, photovoltaic devices, based on
multilayer CQ@s in which photocharges must move a greater distance, have been improved
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recently. In order to explain phenomena in these devices, the CQD film is considered a bulk
semiconductor whose bandgap is definedth®sy quanturriuned nanoparticlesThe successful
treatment of the CQD films as classical semiconductor means the ShQuidesser power
conversion can be valid for CQD solar cells as \ellr].

The charge transport model that has been proposed for a solidfl&@Ds is excitonic transport

in which tightly bound electrehole pairs diffuse together from one QD to another QD until
reaching a charge separating mechanism. However, excitons will dissociate in the CQD in the
presence of an electric field (and eweithe absence of an electric fie[dp4, 155] This provides

a guide for improving light harvesting in solar cells. If doping in dype electrode is increased,

the depletion region ithe ptype light absorbing CQD will be deeper. This will result in a better
EQE and current densif§47].

The charge transport in CQDs is complicated because it islspendent and ligardiependent.

The shape fathe nanoparticles even affects their electronic behavior. Furthermore, the shape and
size of the QDs might change under light illumination due to photoxidation. This will lead to
smaller QDs with larger bandgaps, as was seéhapterd. The QDs largethan 4 nm are more
prone to photoxidation than the smaller ones. This can be the reason for more statbl@aNbus

CQD solar cells employing smaller size Q47].

In this Chapter, fabrication of QDSSCs, apply ZnO NWSs as the photoanode and cadmium
selenide/zinc sulfide (CdSe/zZnS) core/shell QDs as the sensitizer, is demonstrated. Various
conditions employed to study the performance of the fabricated devices will be illustrated in the

following sections.

6.1. Experimental Design of Solar Cells Based on ZnO NWs

The device structure is composed of a conducting substrate (AZO film), arrays of ZnO nanowires
(photoelectrode), CdSe/ZnS quantum dots (light absorber), electrolyte, and counter electrode. ZnO
NW arrays weregrown using a hydrothermal method as described in Chapter 3. The NWs were
synthesized on a pigputter depsited aluminurrdoped ZnO (AZO) film on glass wafers with an

average 85% optical transparency andl~6 q/ 1 s heet resistance. Aft
ligated CdSe/ZnS core/shell QDs, stabilized in octadecylamine (ODA) or oleic acid (OA)
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dispersed in foiene, were incorporated into the NWs by dnep-castingmethod.The schematic
illustration of working principle of a QDSSC based on NWs along witletleegy band alignment

of the cell components is depicted in Figus2.6

(a) (b)
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Figure 6-2 Schematic illustration &) working principle of QDSSC based on ZnO Niy€nergyand
alignment of AZO/ZnO/CdSe/electrolyte Structure

6.1.1. Counter Electrode Fabrication

Coppersulfide was used as the counter electrodéh¢oie). In order to prepamppersulfide,
brass sheets wesmnicatedin acetonerinsed with DI water andubsequently etched in 37%
hydrochloric acid for 15 minuteshén soaked in electrolyte solution. A black layercopper
sulfide is formed on therassfollowing soaking in electrolyte solutiomhe SEM image of the

coppersulfidefilm shows a porous flaky structure, Figur&.6

6.1.2. Electrolyte Solution Preparation

A poly sulfide solution composed of 1 M sulfur, 1 M sodium sulfide, and 0.2 M sodiuroxigd
di ssolved in Water / me tChfar B®rhinutésivasiiged as the redox i r r e

electrolyte.
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Figure 6-3 Microstructure of theoppersulfide formed on a brass sheet as the cathode

6.1.3. Sealant Preparation

An epoxy film (50um) was applied as a aper between the two electrodésvery thin square

ring shape of the epoxy was applied on one electrode and the séecinoldevas attached on top

of it. The space between the two electrodes was then filled with the polysulfide electrolyte through
pre-drilled holes on brass sheet$he device area was ~ 0.85.The procedure steps to make

the device are depicted in Figurél6
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Figure 6-4 Schematic illustration of the device fabrication steps

6.2. Challenges of Cell Fabrication

Fabrication of the cells was very challenging in terms of device sealing. Since a liquid electrolyte
was used in the structure of thell, leakage prevention was critical for device performance. A

couple of different approaches were tried to seal the small device area.

At the start, a metal boxas designed to hold the two electrodes. The two electrode were separated
with a Teflon romd-shaped spacer in the middle of the box. The Teflon spacer thickness was 2
mm. the liquid electrolyte was injected through agréed hole in the Teflon spacer. The parts

of thedisassembled box along with the assembled structure of the cell arieskimb-igures-5.

The thickness of the spacer was large for this application which resulted in poor performance of
the device.
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Figure 6-5 Metal box designedssembling the device structure. Tosagisembled parts of the box, Le
anode and cathode placed in the designed structure, Right: assembled stofithereell

Ethylenevinyl acetate (EVA), a thermoplastic polymer which is used in photovoltaic panel
manufacturing as an encapsulation matdor crystalline silicon solar cells were tried as the

sealing material. Square rings of EVA sheets, placed on one electrodee r e heat ed up
until the electrode softened. Then, the other electrode was placed on top of it. A small metallic
cube was put on top to apply constant pressure on the structure, which allows better attachment of
the electrodes to the sealant. Hwer, the thickness of the EVA sheets was large (~ 500 pm),

resulting in large Warburg resistance of the cell and dropping the efficiency.

Thickness reduction of the EVA sheets was carried out by dissolving a known amount of the
polymer in toluene. Subsegntly, the EVA solution was sppated on the electrode. The
drawback of this method was the lack of control on the shape of thecgied ring of EVA on

the electrode. Therefore, the cells had irregular shapes and besides, the thin EVA film did not

provide sufficient sealing to the cells.
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Surlyn sealant resiis a common sealant for DSSCs however, application of this resin requires
heating of t heE@, which maydamage énd bum thd @Ddigaide next approach
to seal the devices wasrbugh photoresist lithography.

SU-8 is an epoxybased negative photoresistmainly used in the fabrication of microfluidics.

SU-8 grade KMPRL1000 was employed to pattern the cathode and make a hole with controllable
thickness. The photolithography o)S8 could provide films of 20 um thickness. Square rings

using SU8 photoresist were patterned on brass plates (cathode). The other electrode, sensitized
ZnO NWs on transparent AZO film, was placed on the patterned cathode and attached together
using twopaper clips. Then, the electrolyte was injected into the hole prepared®p&térning.

The image of the fabricated structure is shown in figuée Although this methogrovided a
decentcontrol on sealant thickness and device area and shapeliguiddeakage which was not

desirable for characterizing the cell.

Cathode

Figure 6-6 Solar cell structure fabricated using S8Jphotoresist as the spacer

The next approach to solve the sealing problem of the cell was employing epoxy glue film. A very
thin layer of the epoxy was applied on the edgesnef electrode and the other one was attached

to it and left to harden for 10 minutes. Then, the electrolyte was injected into the cell through a
predrilled hole on the brass plate. The hole on the plate was also covered with epoxy. This
approach provided reasonable amount of sealing required for device characterization.
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6.3. Characterization of Fabricated DeviceStructures

The dark 4V characteristics of the fabricated cells were investigated using an Agilent 4155C
parameter analyzer. A very thirogper wirewas attached tthe transparent conducting oxide

(AZO film) by silver pasteo make a better contact to TCO filifihe probes were attached to the
copper wire on one side and to the brass plate at the other side. The same method was employed
for probing the device under solar simulator. The solar simulator employed for cell
characterization was Abet Technologies 2000. The sun spectrum is simulated by a Tungsten
halogen and xenon lamp. Voltage is swept by varying the load resisfagaoe 67 displays the

setup for collecting dark-V/ data.

Light Tight Dark Box

Probes and Connecting Wires
I-V Measurement Tool

] with Source-Measure
Unit

Probing Stage

Figure 6-7 Imageandthe schematiof the dark vV measurement setup for the fabricated cgtiswing
probe connections

6.3.1. Current-Voltage Characteristics ofthe Fabricated Cells inthe Dark

The currenvoltage(l-V) characteristics of a diode at forward bias in the dark is given by:

A
) ) Ao ?_'5'64 > (6.1)
Where, b, €, V, n, k, and T are diode reverse saturation current, elementary charge, voltage, ideality
factor of the diode, Boltzmabnsonstant, andhe temperature of the diode, respectively. If the
voltage is large enough that exp(eV/nk® 1 is satisfied, the above equation can be simplified

to:
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A6 (6.2)
) ) AoPE,
Equation (6.2) shows thate diode current is a natural exponential function of forward voltage.
Therefore, the ideality factor can be determined by a fit to the exponential regime-df tievie
of the device collected in the dafKhe ideality factor larger than unity shows rAdeal behavior

in the IV characteristics of the diode at low voltages.

The nonidealities of the diode are caused by electrolyte diffusion into the NWs structure, potential
drop at the interfacial layer, presence of excess current and the recombinaton through the
interfacial states between the metal/insulator layers. Factors like series resistance, tunneling,
generatiorrecombination, interface impurities, and interfacial oxide layer affect the ideality factor

value.
ZnO NW Annealing

Prior to }FV characterization of the devices, effect of NWs annealing on device performance was
investigated.To improve surface quality of ZnO NWSs, osample was annealed in hydrogen
plasma at 350 °C and chamber pressure of 20l0r@ PECVD system. The plasma powed H

gas flow rate was set to 150 W and 100 sccm, respectively. Fig8relepicts the Vv
characteristics of the NWAZO junctionbefore and after annealinghel-V curves indicate that

the ZnO NW/AZO film junction is not behaving completely likeadmmic junction. After the NWs

are annealed, the ohmic characteristimproved.Then, two cells were fabricated using annealed
and norannealed ZnO NW<£dSe/ZnS QDs, stabilized in ODA with an absorption band edge at
570 nm,and wereused to sensitize ¢hNWs.The measureapen circuit voltagés increased in

the case of annealed NWs.

ZnO-based QDSSCs and DSSCs have demonstrated less efficiency tharpthase@celldirst,
because of high surface defects and seatunel to low structure stabilitfthe ZnO surface haa
high volume of defects that generates recombination centers for transferred el@&6ois7]
Annealing in hydrogen plasma can passivate ZnO defects Jikthi¥s, reduimg recombination
centers on the metal oxiderhich in turn leads to improved open circuit and fill factor of the

device. The short circuit current is also slightly improved.
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Figure 6-8 Dark |-V behavior of ZnONWs/AZO film junction before and after annealing

Dark |-V of the Fabricated Cells

A cell was fabricated using CdSe/ZnS QDs with an absorption band edge at 570 nm stabilized in
ODA (Cell 1). The currentvoltage characteristics {M) of the fabricated dewas studied in the

dark. A bias voltage froml to +1 V was applied to the device right after the fabricgtrmcess

The correspondingV behavior is depicted in Figufe9. The fabricated devicghowed rectifying
behavior however, the reverse satioracurrent was high. It wagalized that these types of cells
require some time to be stabilized in the dark otherwise the measurements are not reliable.
Therefore, the cells were left in the dark for 15 minutesabilize then subjected tabias vdtage.

The result of vV behavior of the cell is displayed in Figu€.0, which showsadecrease of reverse
current ancanimproved rectifying behavior. Theeality factor of the devices were extracted by
fitting Equation (6.2) into the measured Icurves of the devices in the low voltage region (< 0.4

V). The ideality factor ofthecell fabricated with ODAcapped QDsCell 1) was reduced from 4.6

to 2.8, which indicatesan improvement in the diode behavior. However, ideality factors larger
than unity flow nonideal diode behavior due to recombination current, surface states at the

interfaces, etc. as mentioned above.
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Figure6-9 (a) Dark IV behavior of Cell 1 (b¢xponential fit todV curve of Cell 1 in low voltage regic
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Figure 6-10(a) Dark IV behavior of Cell hfter stabilization irthe dark(b) exponential fit to-V curve
of Cell 1after stabilizationin the dark

Effect of QD Ligand

I-V characteristics of a cell fabricated using ZnO NWs anddagped QDs was studied as well.
The FV curve of the device in the dark along with erpntial fit in low voltage region is depicted

in Figure6-11. The dark 1V behavior of this cell (cell 2) is similar to previous sample (cell 1).
The ideality factor of the diode extracted from exponential curve fitting is equal to 2.7. However,
the illuminated +V characteristics of cell @xhibiteda 2fold higher short circuit current than that

of cell 1 (fabricated usin@Ds cappedwith ODA ligand).
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NWs Sensitization by Soaking Method

A third device was fabricated using ZnO NWs sensitized withli@#ted QDs (absorption band
edge at 600 nm) through soaking method. The d&fké&havior ofthe fabricated cell (Cell 3) is
shown in Figures-12. As can be seen, the reverse saturation current is increased although the
device was stabilized in the dark pribe device was subjected awoltage sweep. The ideality
factorof thediode extractedrom exponentiafitting to the FV curveis equal to 3.5From these
results, it can be concluded that soaking of NWs in the CQD solution damages the NW, surface
due to acidic ligandsyhich leads to higher rate of back reaction in the Takrefore, sesitization

of ZnO NWs with these types of CQDs by soaking method is not suggested.
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Figure6-12(a) Dark FV behavior of a cell fabricated using @igated QDs, QDs deployed into the N
structure by soaking method (b) exponential fitting of tkfecurve
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The dark 4V behavior of all 4 cells discussed above @@ in a semiogarithmic plot in Figure

6-13. As can be seen, the dark reverse current for the unstabilized cell (Cell 1) is the highest. These
curves provide insight into poor performance of the cells under illumination. The dark reverse
current is anndication of back electron reaction with the oxidized components in the cell structure.
There are three routes for electron back reaction in QDSSCs and DSSCs. A schematic of these
back reaction routes are displayed in Figet#4. The photoinjected electns can transfer to
oxidizedredoxspecies via the conduction band of the metal oxide (ZnO NWSs), surface states of
the metal oxide, or from the highly condingt TCO layer (AZO).Poor coverage of ZnO NWs by

the QDs is one reason that leads to increasddreaction in these cells as the electrolyte can be

in contact with NWb6s surface.

Figure 6-13 Semi logarithmic-V plot of Cell 1Cell 2, andCell 3
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