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Abstract

In Ontario, there are great incentives to invest in solar cell research through tHe Featf
program, which has successfully increased the total connectedtgapaolar power in Ontario to
well over 215 MW. Extensive studies have been conductédhoitationof efficient solar cells, with
the most mature technolotpeingsilicon-based solar cell$However othertypes of solar cedlhave
been introduceds dternatives tasilicon based solar cells due to thieiboriouswork, energy
consumption, and high cost production Differentinorganic and organipghotovoltaicsystems
including dyesensitized, organic/polymer, quantaiot, and hybrichanocrystal/polymer hetero
junctions solar celleave been proposed providecomparablesfficiencies

Transparent conductive oxislare usuallythe main component in any solar systbetause
of its roleas an electrode photoanodeting as aliffusion barrier andanopencircuit voltage
attenuatorThese are due to their high electrical conductivity, wide optical transmittance, and
relatively eas®f synthesis As a result, a ricemount of studies atheir synthesis, modificatiomnd
applicationas ploto-catalytic electrodegyjas sensors, photonic crystals, aakhr cell photoanode
exists in the literaturelheir use in photovoltagas thin filmmaterials has sinaavolvedinto
nanostructurefiims, as numeroustudieshaveshowed that the materiadorphology is a important
parameter inmprovingsolar cell performancédany nanostructuregtansparent conductive oxide
films have ben extensively investigated faseasann-type semiconductor iap-n junctionsolar
cell system omsa photoanode ia dyesensitized solar celDSSC).Thusfar these applicationbave
proven challenging in terms of achieving high device efficienpiagicularly by taking advantage of
their inherentlyhighersurface are#o-volume ratig betterphotonharvestingandenhanced

interparticle charge transpavith shorter diffusion lengthacross the device structure.

With a large direct band gap (3.37 eV), a large exciton binding energy (60 m eV), and high
electron mobility (120 civ ™ s%), zinc oxide ZnO) is consired an excellent candidate as an (
type) transparent semiconducting material at room temperature for photovoltaic applindtien.
present workiwo different ZnO nanostructarmorphologiesareprepared by controlling the
electrolyte conductivity using a direct, catahesnd seedayer free electrodeposition methdde
effect of deposition time and temperature on the growth diititespecificsurfaceareaznO
nanotubeglectrodepositet sudied. Furthermore, theorphology, crystallinity, and chemical

compositionof the resulting ZnO natgbes and nanorodse fully characterized with a proposed
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model of their growth mechanisnTheseonedimensionaZnO nanostraturesare theremployedas
ann-type semiconductoalong with a gype CyO thin film, to fabricatean inorganicp-n junction
solar cell As an important step to improve device performatte glectrical and optical properties of
the ptype CyO film are optimizedy simple annealg. Two different device structurgsonsisting
of theelectrodeposited Zn@®anorods and nanotubgown on the top of thick n-type ZnO seed
layer (500 nm) covered by aptimized(2.5um p-type CyO layer(in orderto provide the full buik
in potential across the junction ayeare fabricated Therelations ofstructuralmorphology(i.e.
nanotube vs nanorodndcharacteristisolar cellparametersre investigatedrhe new device
architecturas found tooffer minimum leakage path and reddeecombination loss expectedan
typical nanostructurbasedsolar cell. Aphotonto-electron conversion efficiency (PCE) of 0.8i%6
obtained foiZnO nanotubes compared to oth@ditionalonedimensionahanostructures (i.e.
nanorods or nanowiref)at isdue to the increased junction area andotéer charge collection
These results illustrate the advantage of sistge electrodeposition of ZnO nanotubes, which
provide a larger interfacial area and a much lower defect density than prevapeitednanotubes

obtained byetching ZnO nanorods.

Taking advantage of their higher electron dynamics than the classicalZhiQand SnQ
are employeds photoanodmaterialsto fabricatean organicDSSCsystem To further improve the
optical absorptin, the effects of surface modification using gold nanoparticles to ZnO nanotubes are
investigated. Different gold electrolyte concentrasiareusedto manipulate thelasmonic
nanoparticlesizewhile deposition time is used to conttbeaerialdensity These studies lead to a
significant increase in tHeCEfor DSSC based oBnO nanotubes with gold nanopatrticle
modification (6%) whertomparedo that withpristine ZnO nanotubdgg.?6). Surface decoration
with plasmonic gold nanoparticdéhereforeprovides an efficient approadh creating not onhhigh
surface area for superior loading of dye molecblgsalsoenhanced absorpti@pecifically in the
visible rangeby taking advantage olfieir surface plasmon resonareféect.

Hierarchical onadimensionalSnG, nanostructurearealsoemployedas photoanodmaterial
for DSSCapplication.With a bandgap of 3.8 eYlow UV degradation characteristéamd generally
highthermal and chemicakability, SnQ is also an excellent photoanode alternative to,.TAGNOSt
10-fold enhancement of PCE.6%) whencompared with pristine Sn@anobelts with{0.48%) is
obtained for these hierarchical Si@anostructures. This significant improvement is in gag to

better dye loadig of highly branchedanostructures. Additionalrface passivatiohas also been
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performedon the asdeposited hierarchical Sa@anostructures by dipoating with an MgO
passivation layer of appropriately optimized thickness. Such aratimaulayer is found to effectively
reduce the recombinatidossprocess caused by the higher electron mobility of Jiif@toanode

nanostructureslhis MgO-passivation treatment furthenhanesthe PCE td4.14%).

The present workherefore showshat onedimensional ZnO and Sn@anostructures
provide a viablepowerful platform for developing the negéneration photovoltaic devices. This
study further demonstratése novelkechniquesised to significantlgnhance théCEs forboth
inorganic pn junction solar cell and organic DSSC.
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Chapter 1

| ntroducti on

1.1 Nanostructured Transparent Conductive Oxides

Nanotechnology has been expanding extensively into many fields since the ground breaking
talk "There isPlentyof Room at the Bottdhiby Richard P. Feynman in 19%%Generally,
nanostructured materials are ultrafine structures avighain size on the order of nanometers’ ()
or, in a broader description, any material that contains grains or clusters below 100thepast
few decads, different materials have been prepared in the nanoscale using various tecAniques.
great number dgtudieshave been performezh the functionalization and application of novel
nanostructured materials, demonstrating the power of quantum effedsethasponsible for the new
behavior and properties of these materials at their nanoscale.

Transparentonducting oxides (TCOSs) are one of the vkelbwn semiconductors that have
been synthesized at the nanoscale and utilized in maigations due tohteir availability,
biocompatibility, and versatile nanostructural morphologies. In general, TCOs are conductive metal
oxides with a wide band gap (greater than 3 eV) that enables the transmittance of light up te the ultra
violet (UV) region. Ordinarily, udoped oxides with a band gap of larger than 3 eV would be an
insulator at room temperature. However, doping of such oxides would increase the charge carrier
density and allow the electrons to move freely, which in effect move the Fermi level into the
condiction band. Interestagly, TCOs are intrinsic oxides wiflll d band orbitals and they possess
stoichiometric defects such as oxygen vacancies that can be ionizeseainddonate electrons into
the conduction band. TCOs are also popular because ohigkeielectrical (semiconducting)
properties that lie between metals and insulators due to their unique electronic band structures,
allowing electrons to be thermally excited across the band gaps and contribute in the electrical
conduction processThere are many examples of TCO materials have been synthesized in the
nanoscale with an enormous number of morphologies using a variety of dry asyhthesis
techniquesAs a result of their unique optical and electrical properties, the fundamentalgsting
band structure, and the high surface area to volume ratio of their nanostructures, TCOs are considered

excellent candidates as active materials and are commonly used in different photovoltaic*systems.



1.1.1Properties of nanostructured transparent conductive oxides

Nanostructured TCOs are abundant biodegradable materials, which can be prepared at
moderate cost using many synthesis technigques. TCOs axjaalyi well known for their high
transparency (above 80%) in the visible spectrum. They also have high thermal stability, and
mechanical and chemical durability, which are suitable for flexible electronic devices. In addition,
their high conductivity (18-10° S/cm), together with their ability to be easily doped extrinsically or
intrinsically in an sufficient quantity to further enhance the carrier concentration tailored to specific

application, have make TCOs very versatile electronic materials.

In 1907,Badeker uncovered the first TCO by oxidation of metallic Cd to produce CdO thin
film, which was shown to be optically transparent while remaining highly conducting. Shortly
thereafter, more materials exhibiting similar characteristics of both opticapareancy and high
electrical conductivity were discoverédlhese include both undoped oxides, such as ZnO,,SnO
In,0s3, and TiQ, and doped oxides such as aluminidaped ZnO (AZO), tirdoped 1RO; (ITO), and
antimony or fluorine doped SBQATO and FTOyespectively). Table 1.1 summarizes some
important material properties of common TCOs, as reproduced from Gbrdon

Table 1.1 Summary of material properties of selected important PCOs

Property (unit) Cdo In, 04 Sn0O, ZnO
Mineral name - - cassiterite | zincite
Average material amount in the earth’s crust (ppm) | 0.3 0.1 40 132
Band gap E, (300K) (eV) 23 3.75(dir) | 3.6(dir) 3.4(dir)
Effective electron mass m /me 0.15/0.11 | 0.35 0.30 0.28
Lattice mobility (cm’/V s) 620 210 255 200
Minimum resistivity (€ cm) ~3x10° [=1x10° [=3x107 [=2x10"

" Reproduced with permission from: Gordon, R. G., MRS B|.5257, 2000 Copyright (2000) by the
Materials Research Society.



1.1.2Nanostructured transparent conductive oxides for photovolte applications

The optical and electrical properties of nanostructured TCO films are the main attractions for
many optoelectronic applications, including flat panel displays, touch panel controls, organic light
emitting diodes, and solar cells. Dependimgthe application, they can be used to build diodes,
which depend on the band alignment of tktgpe conducting oxides to thpetype semiconductor or
vice versa. TCOs can also be used to form ohmic contact or Schottky diode, depending on the
Schottky batier height created when a conducting oxide comes in contact with a metal. The barrier
hei gdft coimresponds to the difference between the
divided by the charge (qg) manmacordingé¢otheequationf unct i on
Ugd mlla—G/q
Interestingly n-type TCOs have genelghigh work functions, even higher if they can be
maximized by having an oxygeicth, outer surface during synthesis. As shown in Figure 1.1, ZnO,
SnQ, and InO; have their conduction band minima lying deeper than the Fermi levels of the
respective parent metals. Théselings confirm thggrominent behavior of mosttype TCOs from
normal oxide$.Beside heir work functions, there are many other siderations before choosing
TCO materials for photovoltaic applications. Their band alignment, the ease of their processing, and

the material cost are some other important parameters, which should be evalteitély.c
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Figure 1.1 Comparison of the band gaps of TCOs relative to the work fursq@ks) of their
parent metals. The parent metal WF fotype) TCO lies above the conduction band of the ofitle.

AReproduced with permission from: Robertsonadd Falabretti, B. Handbook of Trgparent Conductors.
Hosono, H., Paine, BC.; Ginely, D., Ed.Springer US, 201Copyright (2011) by Springer.
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Several examples of TCOs have been commonly used in many inorganic and organic solar
cells, including TiQ, In,0O3, ZNO, CdO, and SriOONgoing research is continuing to find new
alternatives with better interfacial properties and higher thermal and chemical stahbigy.1.2
shows the commonly used TCOs in different types of solar cells, along with their requ#éonen
solar cell aplications’ In the present work, we will focus on two currently used materials: ZnO and
SnQ, as green materials that can be produced using simple processing conditions. They represent an
interesting, readily available transparent semiconductors that are among the nmenhtoused
materials for solar cell and other applications, tuneir attractive properties

Table 1.2 Summary ocommonly used TCOs for photovoltaic applicatiéhs

Cell Type TCOin Current Use TCO Needs Materials Goals
Heterojunction with Indium tin oxide Smooth, good Indium zinc oxide (IZ0),
intrinsic thin layer (ITO) interfacial properties,  indium-free materials,
(HIT) cell very good Zn0O

conductivity, low-

temperature

deposition, light

trapping

Copper indium
gallium selenide
(CIGS)

CdTe

Nano-hybrid polymer
cell

Gratzel cell

Amorphous Si

Intrinsic-ZnO/Al:ZnO

(SnOy)
Zn,Sn0,/Cd,Sn0,

Zn0, SnQ,, TiO,

TiO,

Sn0,, ITO, and ZnO;
many cells employ
two TCOs

Interfacial stability to
CdS, low-temperature
deposition, resistance
to diffusion and
shorting, need to
make/improve the
junction

Stable interface to
CdS/CdTe at
temperature, diffusion
barrier
Nanostructure with
right length scale,
work-function
matching, interface
with organic, correct
doping level for
carrier transport

Nanostructure with
high electron mobility

Temperature stability,
chemical stability, and
appropriate texture for
both TCO layers

Single-layer TCO to
replace two layers and
CdS layer

Doping of ZnSnOx
materials, single-layer
TCO

Self-organized structures
core—shell structures,
new nonconventional
TCOs

Improved TiO,
morphology and possible
use of doped materials,
new non-TiO, materials
Higher conductivity,
texture, and ohmic
contact for both TCO
layers

¥ Reproduced with permission fronfortunato, E.Ginley, D.,Hosono, H.andPaine, D. G.MRS Bull. 32,
242-247, 2007. Copyright (2007) by the Materials Research Society.



1.2 Nanostructured Transparent Conductive Zinc Oxide

Zinc oxide (ZnO) is a welknown (lI-1V) binary compound semiconductor that possesses a
direct wide band gap of 3.4 eV with a large exciton binding energy (60 meV) and high electron
mobility (120 cni V' ).2° It is one of the most intensely studied materiue its strong
piezoelectricity, special optical property, and biocompatibility. ZnO has been extensively used for
many optoelectronic applications such as light emitting devices and photovoltai¢ telisgeneral,
ZnO has three different crystal structures: cubic &tk cubic zinc blende, and the most
thermodynamically stable hexagomalrtzite structure Synthesis oZnO nanostructurelas been
conducted on different substrates, including siligdass, sapphire, diamond and graphene, by using
either wetchemistry methodsuch as segel, hydrothermal and electrochemical methodgiry
synthesigechniques including sputtepating, chemical vapor deposition, molectdaam epitaxy,
pulsedlaserdeposition, and metalrganic chemical vapor deposition. ZnO has attracted a lot of
attention because of itargevariety of nanostructural morphologies, including nanopatrticles,
nanowires, nanorings, nanbes, nanowalls, and nanoh&ixsshown in Figure 1.ZTheir superior
specific surface arsallow them to be utilized in many applications such as gas sensing, water

remediation, biosensing, nanoelectronics, water spljtind solar cell§**4151617
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Figure 1.2 Various morphologies a&fnO nanostructured materidfS.

§ Reproduced with permission fronWang, Z. L, Mater. Today7, 26 33, 2004. Copyright (2004) by Elsevier.
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1.3Nanostructured Transparent Conductive Tin Oxide

Tin oxide (SnQ) is anothepopularexample of wideband gap transparent conducting
oxides. It is of great interest due to their optical and electrical properties, in addition to their much
higher chemicaltability compared to other TCOs, which is an essential property for many
environmental applications. It is artype semiconductor material with a direct bagap of 3.6 eV,
and it has the rutile crystal structure with a tetragonal unit cell (p42/finm).

Similar to other TCOs$SNG; has a visible transparency and high electrical conductivity due
to the presence of oxygen vacancies that are responsible for electron gerignatjopresence of
oxygen vacancies has been reported in bulk,3#®Furthermoretheir electrical conductivity could
be optimized by controlling their oxygen deficiency and/or by doping with different ions.iSaldo
well known for its low UV degradation and high thermal stability, which is strongly preferred in
photovoltaic application$.Different deposition methods have been used for the preparation ¢f SnO
nanostructured filmsand they include sputtering, spray pyrolysis, and vapor deposition. Varneus
dimensionahanostructures, such as nanobelts, nanowires, ang ather hierarchal structurleave

been employed in various gas sensing and lithium battery storage appdiaat&hown in Figure
1 322,23,24,25,26,27

Figure 1.3 Morphologies of various SnManostructure$?”

" Reproduced with permissidrom: Wang, H. K. andRogach A. L., Chem. Mater. 26123133 2014.
Copyright (2@4) by the American Chemical Society.

6



1.4 Preparation Methods of TCO nanostructures

A large number of techniques have been used for the synthesis of ZnO agnd SnO
nanostructureslhey can be generallynvided intophysical vapor and chemical solution deposition

methods

1.4.1Physicalvapor deposition methods

Many ZnO and Sngnanostructures have been prepared with-tégiperature vapor phase
growth, which involves reaction between the vapor phase of the desired nietedygien gas.
Parameters such as the type of substrate, deposition temperature, and oxygen flow rate can be used to
control their morphology, dimensions, and crystallinitiie growth mechanisnisvolved in these
vapor eeposition methods is eitheaporsolid (VS) andor vaporliquid-solid (VLS) growth. Two of
the most extensively used physical vapor deposition techniques for preparing TCO nanostructures are
sputter deposition and pulsed laser deposition.

Sputtering technique is commonly used for lasgale production in industry, where solid
targets are bombarded with energetic particles to eject atoms into the gas phase. There are different
types of sputtering methods such as direct current (DC) sputtering, which was used, e.g., by Li et al.
to obtain ®0, nanocrystalline films with different crystallite siz&sand radio frequency (RF)
sputtering, as performed, e.g., by Choopun et al. to obtain gsinglalline ZnO nanobelts with
crosssectional size of 260 nm and length of several micrometers at a pressure of 40 mTorr on a
coppe substraté?

The other physicalapordeposition method used for TCO nanostructure preparation is by
ablaion of the target material of interest by laser irradiation to prodpt&#sma. Similar to other
vapor deposition techniques, the material is vaporized, which enables either VS or VLS growth to
form different morphologies on various substrates by cdimgosuch parameters as target
substrate separation, gas flow rate, catalyst type, the substrate deposition temperature, and laser
power3%3323% pyised Layer Deposition (PLD) is used in this present work fop S8afostructures
synthesis.Howe\er, with the needf lowertemperature fabrication process, many other wet

chemistry methods have emerged as viable alternatives.



1.4.2Chemical solution depositionrmethods

Low-cost alternatives for ZnO and Sp@anostructure syhesis compared to physical vapo
deposition methodare the wethemistry methods, which are based on soltpioase growth. These
methods offer a more tunable deposition process with fine control over many parameters under lower
temperature growth condition. Among the large number ofclvemistry techniges, soeigel and
electrochemical depositions are two of the more commonly used preparation methods for ZnO and
SnQ, nanostructures especially for photovoltaic applications.

Solgel method was initially developed in 1960s and commonly usgatdéparing
phaoanodes for dye sensitized solar cdlisa typicalsolgel processthe material of interess
dissolvedn a liquid in order to bring it back as a solid in a controlled manner. The process begins
with a sol formation, which is a liquid with insolulielloidal particles. This is then followed by a
gel developmeninduced by aggregation of the particles and building up of the continuous néfwork.
Different semiconductor nanostructures with various morphologies have been prepared using the sol
gel template synthesi&®*2"*#3 However, tle main disadvantage of this method is the use of a large
guantity of organic solvent, which becomespractical for largescale production in industry.

Electrodeposition is one of the oldest synthesis techniques for many metallic, bimetallic, and
metal oxile materials that are found in many applicatirighis technique offera cost efficient
processunder a relatively low temperature condition, whigbssential for practical laregeale
production. A classidalectrochemical cell consists of a thheectrode system that contains a
working electrode (the substrate), a reference electrode, and a counter electrode (typically a platinum
wire).*! Silicon and conductive glass (glass coated with a thin film of ITO or FTO) are among the
more conmon substrates used as the working electrodes due to their high conductivity and
availability. Standard hydrogen electrode, saturated calomel electrode, and silver/silver chloride
(Ag/AgCl) electrode are the typical reference electrodes.

Various approachdsave been used for metal oxide electrodeposifiémodic
electiodeposition is a simple orstep process that follows the reaction:

M™(aq) +mHO z M,,0.(s) + 2mH(aq) + né
Anotherapproachnvolves polarizing an electrodeposited metal layer to produce metal ions in an
alkaline solution such as NaOH and KOH, in which the hydroxide ions would react with the metal
ions to produce metal hydroxide on the substrate surface. Alternatively, ndaside used as the

counter ions to facilitate the reduction reaction to form the hydroxyl ions in the following reaction:
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NO; (agq) + 7THO + 8¢ Y  N,Haq) +10 OH(aq)
The hydroxyl ions so produced can then be combined with the metal ions to produetahe
hydroxide. The formation of metal hydroxide on the substrate is usually followed by a second step of
dehydration reaction to produce metal oxide:
M(OH)«(aq)Y MO(s) + HO()
Also, differentparameters such #seelectrolyte concentration, deposititemperature, and pH of
the solution can be adjusted. All of these advantages make electrodeposition one of the most versatile
and easyto-implement synthesis techniqués this present work, we employed electrodeposition
method for growing ZnO and @D nanostructured thin films.



1.5 Surface M odification of TCO nanostructures

Modification of the surface of different TCO nanostructured materials has recently been
studied extensively in order to provide further improvement of their chemical and plpysigaities
appropriate for emerging applicatiolidviost surface modifications of transition metal oxides
reported in literature have been carried out withpostessingechniques, including thermal
treatment, laser irradiation, and melting impregnation metH{da€ However, different wet
chemistry methods that offemaore economical approatiave been reported to improve TCO
nanostructures properties. Somaamples include electrochemical or solution processing such as dip
coating of TiQ nonporous films into an alumina solutitr'34%*°

Noble metal nanoparticles such as platinum, palladium, gold, and silver have been widely
used for enhancing TCO nanostructural properties due to their unique catalytic and plasmonic
capabilities.>™ °> 3> Specifically, metal nanoparticles are empidydue to their enhanced optical
properties in the visible region for further improvement of the light htingesapability in solar
cells>® Briefly, the localized surfaeplasmon resonance of metal nanoparticles arises snheih
spherical metallic nanoparticle is excited by light (with a wavelength considerably larger than the size
of the nanoparticle)A collective oscillation of the free conduction electrons ogonleere the
electron density would change from one sidéhehanopatrticle to the other side. This redistribution
of charge density would create an electric field inside and outside the metal nanoparticle with a
direction that is opposite to that of thedtric field vector of the light® The resulting resonance
between the oscillations and the incident light is known as the localized surface plasmon resonance,

as illustrated schematically in Figute4.

Figure 1.4 Plasmonic surface resonances in spherical nanoparticle when irradiated B?ﬁght.

A"’Reproduced with permissiorKelly, K. L., CoronadoE., Zhao,L. L. and SchatzG.C., J. PhysChem. B
107, 668677, 2003.Copyright 003 by the American Chemical Society.
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A recent review study by Atwater et al. showed the emerging utilization of plasmonic for
improved photovoltaie®’ Different thinfilm solar cell system were explored, focusing on plasmonic
light trapping byeitherlight scattering or light concentrating. The lighapping concept would
generally help in reducing the required thickness of the absorber semiconductor material, which
would introduce a newldesigned solar cell systems with much lower d®stlucing the active layer
thickness woul@lsoimprove the electrical characteristics of the solar cells due to the reduction of
dark current with decreasing semiconductor thickness, which would imerease the cell
efficiency. Another important factor is the enhancement of charge carrier collection, as the charge
needs to only travel a smaller distance before being collected at the junction, which is an important
advantage for semiconductor matesialith low minority carrier diffusion lengths, such@s,O,

ZnsP, and SiC.

Another approach for enhancing the properties of TCO nanostructures for photovoltaics,
specifically in dyesensitized solar cells (DSSCs), is by coating the surface of the TC&tmahares
with another metal oxides such as $ifl,0; and Mg03®*** % These insulating oxides would work
as a blocking layer to reduce the expedtgerfacial recombinationgithwaysfor improved
performance. As explained Balomares et al. in Figure 1tGe main idea is to create a barrier layer
for interfacial electron transfer processes within the DSSC active layer betwesmtithe dye
moleculesin a typical DSSC, upvoexcitation of the dye molecul®y light (d), the major electron
transfer process occurs through electron injedtiom the excited state of the dye molecule into the
conduction band of Tigdb). However, the excited dye molecule may suffer from decay to their
ground state (a), which can affect the process efficiefibghole transporting material (31;redox
couple) is responsible for the dye regeneration process thitsigjactron trasfer in the film(e).*

The role of the insulating layer is moinimize the possible recombination pathways ogegrat the

TiO,/dye/electrolyte interface.he injected electrons may recombine véttheroxidized dye

molecules (c) or the oxidized redox couple’tf§’
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TiO; ALO; Dye
S*s*

Figure 1.5 Schematic representation of electron transfer processes-sedg#ized blockindayer
photoelectrode: photogeneration of the dye exdatate (d), electron injection into the conduction
band of TiQ (b), regeneration of the dye ground state by direct decay of the excited state to the
ground state (and by electron transfer from the redox couple (&),tha charge recombinatiarf
injected electron with the oxidized dye molecules (c) and with oxidized redox coupte’(f).

¥ YReproduceavith permission from: Palomares, E., Clifford, J. N., Hadué\., Lutz, T., and Durrant].R.,
J. Am. Chem Soc125, 475482, 2003. Copyright (2003) by the American Chemical Society.
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1.6 Photovoltaic Applications

The depletion of conventional energy resources such as coal, crude oil, and natural gas has
provided the driving force to look for some otlaéternatives. Since the evolution of solar cell
industry in 1990, photovoltaics have rapidly attracted great attention in a number of research areas, all
with the common goal to increase the photoconversion efficiepeylvancing new material
developmenand device fabricatiomiccording to the European Rends@&Energy Council, the
demandf renewable energy such as biomass heat, geothermal heat, hydropower, wind power, and
solar power hee started to increase rapidly since 2010. As shown in Figuréht @ontribution of
solar photovoltaisis expected to reach 25% in 2040 and to approach 65% in*2100.

Projected Global Electricity Demand

(TWh) Primary Energy Estimates

Other

=" Goomnoma

photlovoitaic

-+ Wind
-+ Bomass

Large-scale hydrauic g Hydrauic
2001 2010 2020 2030 2040 2100 Year

Figure 1.6 Projectedylobal electricity demand based on Renewable Energy Scenario to 2040,
published by the European Renewable Energy Council, and reports of the German Advisory Council
on Global Chang&*s®

%8 Reproduced with permissidrom: Yu, M., Long, Y. Z., Sun B. andFan,Z., Nanoscald, 27832796, 2012.
Copyright (2012)y the Royal Society of Chestry.
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1.6.1 Operating principles of solar celk

In general, the type of material, the number of junctions, and the device structure are used to
classify the more common types of solar cells. For example, solar cells can be categorized as
inorganic, organic, ahhybrid materials according to their material types. A recent study by Kirchartz
et alin 2015 also classified solar cells according to their mechanism of charge separation and charge
collection.According to their discussion, some photovoltaic systemsisbof an active layer, which
is responsible for both photon absorption and electron and/or hole transport such as classical silicon
based solar cells. On the other hand, some other solar cell systems have awtétérial
specifially designedor photon absorption and a different material for charge carrier transport. For
example, in a DSSC, the dye molecules are the main absorber monolayer due to their high photon
absorption in the visible region, while both the TCO nanostructured material aiguttdeahd/or
solid state electrolyte serve as the media for the electron and hole tr&ngfemeaummarizéelow
the basic processes involved in two of the most common solar cells: ingogajunction solar cell
and organic DSSC.

1.6.1.1Inorganic pn junction solar cells

The predominant solar cell device structurespameandp-i-n junction solar cells. The latter
involves the addition of a thin layer of insulatdrundoped intrinsic semiconduct@y that is inserted
bet ween the p type and °AAnexamppee ofspé-mtieteroundbn ct or mat er
structure is given by Meyers, who used a layer-GdS deposited on Sp@oated glass, followed by
a layer of electrodepositédCdTe and g@-ZnTe layer at the end, yieldingpaZnTei-CdTeh-CdS
solar cell®’ Different p-n junction diodes have also been employed in many electronic devices,
including light emitting diodes, bipolar junctidgransistors, and solar cellfae mechanism of a
typical p-n junction inorganic solar cell is shown schematically in Figure 1.7. Whertype
material (with a high electron concentration) comes in contact vgitype material (with a high
concentration of holes), they fornpan junction. Electrons would diffuse from tinetype material to
thep-type side, and similarly excess holes vebdiffuse from thep-type ton-type material. An
electric field at the junction is formed, resulting in a depletion region and drbpitential. Under
no external bias conditiofrigure 1.3), the majority charge carriers can diffuse across the dapleti
region. However, the minority charge carriers that reach the junction could also be swept across the
depletion region due to drift. At equilibrium, the diffusion and the drift currents are equal and

opposite for both carriers. On the other hand, theseits are not balanced under an external bias.
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When the voltage is applied under the forward bias condiigufe 1.D), the electric field across
the junction is decreased, which leads to an increase in the diffusion eumdesnsmaller depletion
layer. However, when a reverse bias voltage is apphkéglite 1.€), the electric field across tipen
junction is increased, which consequently decreases the diffusion @mceletads to a wider

depletion layef®

@) L) Yy Wdzy Ol A &b?/ Small Depletion Layer ©) Wide Depletion Layer

alls =
No biascondition Forwardbiascondition Reversédiascondition

Figure 1.7 Schematic diagram of electron transport mechanismtyipieal p-n junction solar cell
under (a) no bias condition, (b) forward bias condition, and (c) reverse bias condition.

Recent studies have proposed new nanoarchitecturbsifding third-generation
nanostructurdased solar celf§.For example; silicon nanocrystals with an average sizess than 7
nm have been embedded in a SIOSEN, matrix in order to take advantage of the quantum
confinement effect. Such systems have been prepareddputiering of silicorrich layers
interspersed with stoichiometric Si@yers’® " Further studies afuartum dot tandem solar cells
involving doping silicon quantum dots with boron or phosphot@aw& been reported lave
excellent performand—f".73 In addition,quantumdot solar cells including, CdS, PbS, BE;, CdSe, and
InP, that absorb light in the visible region have been employed in photovéiteies:Marquina
investigated annealed CdS nanostructured films for solar cell applib&anse otheir enhanced
optical propertie$®> However,more abundant materials are generally preferred ovsetinec
materials in constructingnvironmenifriendly photovoltaic devices. Loweost systems such ps
Cu,0/n-Cu,0 homojunction ang-Cu,0/n-ZnO heterojunction solar cells have been explored
extensively in photovoltaics. McShane et al. studied thetedfganction morphology of the
electrodeposited polycrystalline &up-n homojunction solar cells with improved efficiency of

0.29% as shown in Figure 1"8According to their proposal, then junction interface morphology
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was expected tdepend on the morphology the p-Cw,0 film that is electrodeposited firdifferent
conditions used to prepare various morphologies, including the electrolyte composition and pH of the
copper lactate solution, were investigated. The highest efficiencaahésed when a low
concentration of 0.02 M CuS@as used, which ensured a damverage with uniform GO

crystals and a surface morphology exposing tm(100) plane at the interface. On the other hand, a
lower efficiency of 0.08% wagbtaired at a higher concentration of Cu solution at the same pH,
which produced octahedral ouboctahedral structure with both (100) and (111) planes at the
interface. This difference of surface termination would affect the energy level, density, and
distribution of interface states at the junction. In the casieedfiO0}terminatedo-Cu,O layer, fewer
surface states in the interband region were generatech therefore led to minimized recombination
loss at the interface and a higher performance
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Figure 1.8 Crosssectional SEM images of (;CwO(typel) layer and (bp-Cu,O(typel)/ n-Cu,0O
homojunction. 4V curves of (c)p-Cu,O(typel)/ n-Cu,O and (d)p-CuO(typell)/ n-Cu,0O
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homojunction solar cells under 1 sun, AM 1.5 illumination. The inset shows a schematic assembly of
thep-n C,,O homojunction solar cefi®”

Recently, many studies show the importance ofdinensional nanostructured materials for
energy conversion process including piezoelectric, thermoelectric, and solar energyritpist
an example of a case study, we have chasecently published work to illustrate some of the
current issues in using these nanomaterials for solar cell applicatien.eCal. have succeeded in
designing an ordered ZnO/& nanoheterojunctions using squaedterned ZnO nanorod arrays that
maximized their short current density of 9.89 mAfand photorto-electron conversion efficiency
of 1.52%. The aim of their wonkas to enhance both the light absorption and the charge carrier
collection using their properly designed nanostructure that wirdckase the charge carrier traveling
distance and thus minimize the undesired recombination loss. As shown in Figure 1.9a, their
fabrication proceswas elaborate anddbnsisted of eight steps; starting with deposition of
aluminumdoped zinc oxide andr oxide films on glass using radio frequency magnetron
sputtering. This stewas followed by spin coating a negative photoresist and exposing the substrate
using twebeam laser interference lithography system.

Two different patterns of photoresist linedahole templates were obtainaad them-ZnO
nanorods were deposited on the templates using a hydrothermal synthesis method. In the next step,
the entire photoresist template was removed and a laype€ofO was electrodeposited on top of the
substrateFinally, a gold contact was evaporated on thgdCilm as the counter electrodehe
resultingAZO-ZnO glass covered with largeale patterned photoresist template was examined
optically (Figure 1.9b) and by electron microscdpigures 1.8, 1.9d).

Three different cell structures were fabricated withpattern (B1), with line pattern (B2),
and with square pattern (B3) of nanorod arraysl they exhibédoverallphotonto-electron
conversion efficienciePCE9 of 0.67%, 1.34%, and 1.52%, respectively shown in Figure 1.10a.
Their corresponding external quantum efficiency curves (EQE, Figure halsoishowed
enhancement in shectrcuit current densityds,, as illustrated by the broadening of the EQE prsfile
from B1 to B3 due to more efficieright absorption and greater amounts of charge carrier produced
in their active layers. The performance improvement of fabricated square pattern compared to no
pattern ZnO/CyD solar cells is illustrated in Figure 1.10dc, For the notpatternedh-ZnO narorods

two-dimensionaheterojunction, the photon and the minority carrier pathway were in the same

™ Reproduced with permissidrom: McShane , C. M, Siripala , W. P. and Choi, K. SJ. Phys. Cherlett.
1,2666 2670 2010 Copyright (2010by American Chemical Society.
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direction and carriers could not be collected effectively due to the larger photon absorption length
than the minority carrier drifdiffusion length. On thether hand, for the patterene&nO nanorods
threedimensionabrdered nanoheterojunctiaine heterointerface was parallel to the light absorption
direction and carriers could be collected perpendicularly to the absorption direction, which minimized
the conflict between light absorption and carrier collectitidsinga similar concept, we investigate

in the present workhe enhancement of our edenensional nanostructuresth different
morphologies to take advantagetlodir large junction area, better photon absorption and carrier
separation/collectionVhile the ordered geometry and spacing of #ierenentioned study helped in
understanding the importance of the diegigathway required for effective charge collectithg

entire process was complicatéalthe present workye show that we couldchieve a congrable
performance wittsignificantlyless complicated fabricatiagtepsand laborious procedurethus

becoming more practical and less expensive in the eventual commercialization.
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Figure 1.9 (a) Schemdt of the fabrication sequence of nanoheterojunction solar cells with Qu
ordered ZnO nanorod array (NRA). This involves deposition of alumioped zinc oxide and zinc
oxide (AZO-ZnO) films on glass using radio frequency magnetron sputtering, fallbwepin
coating a negative photoresist (PR) and exposing the substrate usingamdaser interference
lithography system (2BLIL)Two different patterns of photoresist line and hole tempkates
prepared and ZnO NRAs are deposited using hydrothexyn#iesis (HTS)After removingthe PR
template, a CD layer is deposited by electrochemical deposition (E@illpwed bya gold layer on
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the top using electron beam evaporation technique (EBE). (b) Optical image of aBn&¥§lass
covered withpatterned PR template. SEM images of the PR templates of (c) lines and (dﬁ%fes
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Figure 1.10 (a) Current density vs voltage curves and (b) external quantum efficiency (EQE) spectra
of the metaloxide solar cells based on the ZnOJCheterojunctionshown in Figure 1.9
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1.6.1.2 Organic ¢ye-sensitized solar cells

Organic solar cells can be generally classified as poNmased solar cell and dyensitized
solar cell (DSE). According to the type of electrolytes usB&SCs can be divided into three types:
(a) DSSC with a liquid junction electrolyte such as ionic liquid or other organic solvent, (b) DSSC
with a quasi soliegstate electrolyte such as a polymer electrobae, (c) DSSC with a hole
conducting electrolyte such as #ype semiconductoe.g.Cul, CuBr, or CuSCN?

The general mechanism for DSSCs with a liquid electrolyte is summarized in Figure 1.11.
Upon photon absorption, dye molecules are excited fn@in ground state to excited state. Electrons
in the excited state are then injected into the conduction band of the semiconductor (typigally TiO

These electronaretransported within the semiconductor material with diffusion toward the back

AAIé?eproduced with permissidrom: Chen, X., Lin, P., Yan, X.Bai, Z, Yuan, H, Shen, Y., Liu, Y.Zhang,
G., ZhangZ., and ZhangY., ACS Appl.Mater. Interfaces,73216 3223 2015. Copyright (201%)y the
American Chemical Society.

Y'Y Reproduced with permission from: Chen, X., Lin, P., Yan, X., Bai, Z., Yuan, Hp, Sheliu, Y., Zhang,
G., Zhang, Z., and Zhang, Y., ACS Appl. Mater. Interfaces 7, 132283, 2015. Copyright (2015) by the
American Chemical Society.
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contact (sually ITO), reaching the counter electrode (typically Pt) through tleenettcircuit at the
other endThe oxidizeddye molecules diffuse through theitvdide liquid electrolyte solutiowhere

they get reduced and regenerated. Consequémlglectrolytéons themselves are regeneratedr

the catajtic active counter electrodmnd the process repeats itsé@lhie open circuit voltage dhe
DSSC(Figure 1.11)ould be estimated from the potential difference between the Fermi level of the
semiconductor material under illumination and the redox potential of the electrolyte. Different
parameterssuch as semiconductor material morphology, dye design, and the electrolyte properties
canall affect the DSSC efficiency.*

hv

L§

Figure 1.11 Schematic diagram of typical mechanisnaiBye-Sensitized Solar Ceft®®

There have been extensive studies employing TCO materials with different nanostructure
morphologies as the photoanode in DSSC application. i$i€nsidered the most mature TCO
semiconductor used as the pieartode in DSSCs since the first DSSC fabricated by Gratzel and
06 Re g a n ® Nanocrgsglink films of Ti@have been used extensively, along with different
types of commercially availabletheniumbased dyes such as N3, N719, N712, Z907, D149, and
black dye® The dye sensitizer must contain functional groups ssatarboxylate or phosphate to

ensure firm attachment of the dye molecules on the photoanode surface. In addition, the dye

835 Reproduced with permission from: Ronca, E., PastoreBdpassilL., Tarantellj F., andDe Angelis F.,
Energy. Environ. Sci. 6, 18893, 2013. Copyright (2013) hifie Royal Society of Chemistry.
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molecules should also have high absorption in the visible ré4f6f° Figure 1.12 shows some of
the molecular structusef the commonly used ruthenium complexes includiiig9, N719and
Z907. In the presentvork, we have usetdothN719andZ907,with maximum absorption at 53&and

542 nm, respectivelyas shown irFigure 1.13.
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Figure 1.12 Molecular structure of the commoniged ruthenium complexes including 197 N749,
and 2907
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Figure 1.13 UV/Vis absorption spectra of Rhased dyeZ907andN719

" Reproduced with permission from: Zedler, L., Theil, F., Cséki, A., Fritzsche, W., Rau, S., Schmitt, M.
PoppabJ., andietzek B.,RSC Adv.2, 44634471, 2012. Copyright (2012) biyhe Royal Society of
Chemistry.
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Many onedimensional and hierarchical Ti@anostructured films have been utilized due to
their higher specific surface area and preferential electron pathways for efficient charge c8f&ction.
Due to their similar band gap to that of Fi@hd high absorbance in the UV/Vis region, ZnO and
SnQ are also considered to be excellent semiconductor photoanodes for DSSC appfftations.
Furthermore, ZnO and Sp®ave higher electron dynamics characteristics, including their higher
electron mobility and largelextron diffusion coefficient, which make them better charge collectors.
For instance, the electron mobility of bulk crystal for T{®@ cnt V*s?) is significantly lower than
that for SnQ@ (250 cnf V™'s™) and ZnO (300 chAiv™'sh).?® Table 1.3summarizesome of the more
important properties of ZnO and Sp€mpared to TiQ

Table 1.3 Summary ofmportant properties of ZnO and Spé@mpared to TiQ

Property Crystal Energy Electron Refractive
structure band gap mobility index
(eV) (cm? V1-sh)
TiO, Rutile, 3.0-3.2 0.1-4 2.5
anatase, and
brookite
Zn0O Rocksalt, 3.2-34 300 2.0
zinc blende,
and wurtzite
SnO, Rutile 3.6-3.8 250 2.0
tetragonal

ZnO and Sn®@are well knowrfor the wide varieties of their nanostructures, which have been
employed as photoanodes for DSSC application. In particular, their various highly branched
morphologies witHargespecific surface areand superior dy#ading capabiliesare expected to
produce higher photon absorptithi* Recently, Kang et al. employed a novelagyered ZnO
nanostructurshown in the schematic diagram (Figure 1.14a) and SEM i(kageare 1.4b) and
they obtained a high efficiency approaching 3.21%. Three different DSSC structures based on
different ZnO photoanode morphologies have been investigated, and these includeRiGetiel

1.139 monaclayered ZnO onelimensional nanowire arrays, (C2) Figure 1.13)ddouble layers of
22



nanowire arrays decorated with smaller ZnO microspheres, and (Eajuse 1.13ktriple layer
structure consisting of a layer of hierarchical ZnO large microspheres ordinoeresional hanowire

array with smaller mimspheres as the intermediate layer. 8tresponding current densitpltage

characteristic and thHacident photorto-electron conversion (IPCE) spectra skeolhat Cell 3 with

the higher surface area-tayered ZnO photoanode exh#aitthe highest ligt harvesting capability

due to their higher dye absorption/loading and their excellent light scattering propdrtitse

present work, we employ ZnO and Si@nostructures with similar high surface area as photoanodes
and we sha that comparable efficienciean be achieved in DSSCs fabricated with less complicated

device structures.
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Figure 1.14 (a) Schematic diagram of the-taiyered ZnO photoanode. SEM images of (b)tthe
layered ZnO photoanode, (c) ZnO base layer of nanowiesmall ZnO hierarchical microspheres,
and (e) large ZnO hierarchical microspheres. Right panels show their corresponding photocurrent
densityvs. voltage profiles and incident phottmelecton conversion efficiency (IPCE) spectra of

DSSCs based on different photoanotfes* #

AA"’Fé\eproduced with permissidrom: Kang, X, Jia, C, Wan,Z., Zhuang J.,and FengJ., RSCAdv. 5,
1667816683, 2015Copyright (2015) by the Royal Society of Chemistry.



1.7 Scope ofT hesis

The general objective of the present work is to prepare nanostructured transparent conductive
oxides with different nanostrured morphologies and to exploit their properties for photovoltaic
applications. Irthis chapterChapter }, we present a short introduction to TCO nanostructures and
their unique properties. A brief literature review focusing on both the more commsicgdhwapour
deposition anghemical solutiorsynthesis methods to produce ZnO and Smdostructures is
given. An overview about photovoltaics and the operating principles of two of the most common
solar cells (inorganip-n junction solar cell and organDSSQ that are used in the subsequent
Chapters is alspresented In Chapter 2, we briefly describe the experimental procedure used to
synthesize TCO nanostructured materials and the characterization teclusiegfes studying their
morphologies andrystal structuresandchemicalstate composition propertidsifferent
characterization techniques for investigating the optical, electrical, and photovoltaic properties of the
fabricated deviceare also given

We present our data in the next four chapters. In Chapter 3, we describe the synthesis of ZnO
nanotubes, obtained by direct electrochemical deposition for the first time. We further investigate the
delicate control of electrolyte conductivity needed indpi@ing the desired morphology of these-one
dimensional ZnO nanostructures, along with a detailed study of the resulting morphology, crystal
structure, and chemicatate composition arising from manipulating other growth parameters,
including electrolyte ancentration, deposition temperature, and deposition time.

Chapter 4 presents the fabrication of {oastp-Cu,O/n-ZnO nanorod and nanotube
heterojuncti on -aleevd tcrecsd eupsd snigt iamn & arhdt hod. By
or nanotubes as an actingype TCO material, we construct a classical jpinction solar cell by
incorporating electrodeposited Lufilm as ap-type semiconductor material. Full characterization
has been performed for the resulting solar cell performance, with emphasis on the performance
correlation with the growth parameters of glreparechanostructures.

In Chapters 5 and 6, weesent studies of dye sensitized solar cells using photoanodes based
on ZnO nanotubes and Sxikerarchal nanostructures, respectively. The high surface areas of these
ZnO and Sn@nanostructure are expected to produce enhanced dye loading capaditiepraved

charge carrier collection with much higher electron dynamics, when compared to typical TiO
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photoanodes. We also perform additional modifications by loading metal nanopatrticles to further
maximize photon absorption in the visible region by tgkidvantage of their surface plasmonic
effect. In addition, coating the-gsown nanostructures surface with an optimized passivation layer is
used to minimize the undesirable recombination loss and to enhance their overall performance.

Finally, we summage, in Chapter 7, our conclusions and comment on future work.
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Chapter 2

Experi ment al Detail s

In this chapter, we outline the experimental techniques used for synthesis and characterization
of TCO nanostructured materials, as well as performance evaluationatf/peosdar cells
fabricated using the agownnanomagrials A brief description of each of the relevant methods

follows.
2.1 Electrochemical Methods for Synthesis and Characterization

2.1.1Cyclic voltammetry (I vs V) and potentiostaticamperometry (I vs t) for synthesis

of nanostructured materials

All samples are investigated and prepared by electrodeposition of metal ions from their
freshly prepared primary electrolytes in a water bath kept at constant temperatusmpngmetry
techniqueconductedn a theeelectrode systerimperometrygenerally refers tall electrochemial
techniques in which a current is measured as a function of either time (potentarafadiometryor
applied electrode potential (voltammet?y)n our work, we perform potentiostaticnperometry
where current is measuredaatonstant potential with variation of the deposition time for TCO
nanostructure synthesis. &lectrochemical statiofCH Instruments 1140) issed is connected to an
ITO/glass substrate as the working electrode and a platinum wire as a counter eledtidbde, w
potential kept fixed with respect to an Ag/AgCI reference electrode, as shown in Figuhe &n1.
electrodeposition process, thergtard potential of the metal ions of interest is applied to the working
electrode in a primary electrolyte solution, which reduces the metal ions to their metallic structure.

Supporting electrolyte such as KCl is added to enhance the conductivity ointiaeypelectrolyte.
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Figure 2.1 Photograph of arlectrochemical statiofCHI 1140) connected to a thre&ectrode
electrochemical cell in a typical electrochemical deposition setup. The working eletfBiiés(the
sample used for the electrodeposition, in the presence of a Pt wire counter electrode (CE) and an
Ag/AgCl reference electrode (RE).

Prior to any deposition, the oxidation and reduction potentials of the primary elecamayte
determined by performing a current (l) vs potential (V) sweep in the cyclic voltammetry technique.
cyclic voltammetry (CV), the potential is increased linearly from an initial potential to a final
potential (forward scan) and then decreased from tia¢ ffiotentiabackto the initial potential
(reverse scan) while measuring the current, this cycle is then repeated as needed. For example, the
measured cyclic voltammogram in & ol L' *K,[Fe(CN)] and 0.1 mol L. 'KNO;electrolyteused
for determininghe oxidation and reduction potensiaf Fe ions is shown in Figure 2%° The
oxidation potential is found at the first potential sweep going in the positive direction (forward scan),
where the hexacyanoferrate(ll) ions are oxidized to hexacyanoferiedethie working electrode. In
the following reverse sweep from positive to negative potentials, the hexacyanoferrate(lll) ions
formed in the forward scan are reduced back to hexacyanoferrate(ll). Consedhestbndard
electrode potentials at whichyametal ions are reduced to their respective -xatent metals can be
determined from their corresponding CV profiles. In addition, electrolyte concentration, deposition
temperature, and deposition time are experimental parameters that are varied gcaliffierent
materials of interest. Details about specific experimental conditions are given in the experimental

parts of Chapters-8, where applicable.
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Figure 2.2 Cyclic voltammogram (fifth cyclepbtained in a solution containing 6.25 X #@ol L' *
K,Fe(CN) and 0.5 mol L 'KNO;, with a scamateof 20 mv g 1YV V¥

2.1.2 Electrochemicalimpedancespectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique developed for
characterizatin of electrical properties of different materials, including conductors, semiconductors
and even insulator€ In general, EISneasureshiedielectric propertiesf a medium as a function of
frequencylnthecaseoini deal resi stor, the resistance can
of the ratio between the voltage E and the current I, where R = E/I. However, in the redhererld
are different types of resistance for more complex systierwhich case we use impedance. The
electrochemical impedance is calculated by measuring the current through the cell when an AC
potential is applied at different frequengie@z). Typicdly, the current response to a sinusoidal
potentialis also sinusoid at the same frequency but wiffhase shiffThe change in potential &t
time (t) is related to thmaximumpotential E as a functiorof the radial frequency (radian/secony

as folows:

¥ ¥ YReproduced with permission from: Scholz, F., and Bond, A. M. Electroanalytical Methods Guide to
Experiments and Applicationsn@, New York, Springer, 2010. Copyright (2010) by Springer.
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E=BEsin (&t),
where & =2y f.

On the other hand, the current at time)ti¢l shifted in phase and is relatedtie maximuncurrent
(lo) according to

li=1lps i n +4H )awhereli is the phase shift.
Consequently, the impedance of Hystem (Z) is calculated as follew
Z=E/li=Es i n I{sGtn)+A )&tZ[si n( abttht/)$,i n (

whereZ, = Ey/lo. The impedance is also can be expressed as a complex number for calthaating

real part (Z) and imaginary partZ;,,) of theimpedanceat different frequenciesvhere
Z(6)=E/l=Zexp (} )= Zo(cost +jsint ), wherej= (il).

As different working electrodes are employed for photovoltaic aqudic, the determination
of electrical resistance of the nanomaterd@posited on the substrates is important to understanding
the performance of the solaglls. Typical solar cells are commonly simulated as an equivalent circuit
for better quantification ahe effects oflifferent parameterthat arecrucial for improvirmg the cell
performanceThe most common model is the simplified Randles equivalent circuit model, which
consists of a solution resistance)(R double layer capacitor I; a charge transfer resistance)R
and Warburgmpedance element ¢J. In thismodel, the doubKayer capacitance is in parallel with

the chargdransfer resistance, as shown in Figure 2.3.

Cayy
||

Figure 2.3 Schematic diagram of the simplified Randles equivalent circuit.

In any electrochmical cell, solution resistance is an important factor during the deposition
process. The impedance of an electrochemical cell could be due to the solution resistance between the

counter and reference electrodes or between the reference and workingletedthere are many
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parameters that affect and contribute to the solution resistivitya(id they generally include

electrolyte ion type, electrolyte concentration, aadasition active surface area.

In addition, as ions diffuse in an electrolyte siolnf they could be adsorbed onto the
electrode surface forming a double layer. The existence of this electrical double layer at the interface
would separate the ions from the charged electrode by an insulating space, forming a ¢@pacitor
Many parameters, such as ionic concentration, electrode potential, and impurity adsorption, could
affect the magnitude of the capacitor®

Another type of resistance that exists in the electrochemicastk# charge transfer
resistancéR.), whichoccurswhen the electrons enter the electrolyte solution and the metal ions start
to diffuse into the electrolyte after their dissolution according té: M,," + né 8This type of
resistance is our main intt in order to characterize the@spared photoanodes charge transfer

process efficiency.

Finally, the Warburg impedance (Yelementepresents the mass transfer resistance used in
the equivalent circuit model. In contrast to electrolyte resistang@xid double layer capacitance
(Cq), the Warburg impedanceffisanon deal circuit el ement as it
However, the identification a,, is difficult because it is always accompanied with the charge
transfer resistance and douldger capacitance

As the majority of electrochemical cells do not have a uniform current, leading to the urgent
needfor EIS mathematical representatithratcan be fitted theoretically to a simulated model.
Nyquist plot is the conventional mathematical data representation for resistance quantification.
Typically, the imaginary part of impedangg, is plotted against the real pag.At different values
offequenci es &. I n a standard Nyquist plot, the
to electron transfer limited processgéire 2.3 shows the Nyquist Plot for an equivalent circuit with
Re= 100 q, wh-wansfer reststanceccandiad lgy @eading the real axis value at the high

frequency intercept
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Figure 2.4 Nyquist plot for an equivalent circuit withf/& 1 0% q .

8355 Reproduced with permission from: Bard, A. J., and Faulkner, Elé&trochemical Methods:
Fundamentals and Applications. 2nd, New York, John Wiley, 2001. Copyright (2001) by John Wiley.
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2.2 Characterization of Physical Structures

The morphologies and crystal structural information of TCO nanostructures have been

extensively studied by using seveadlvanced materials characterization techniques.

2.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is one of the major techniques used for surface
morphology analysi¥ Different modelof Zeiss microsopesareusedin this present work
including, LEO FESEM 1530, UltrBlusFESEM and MerlinFESEM Figure 2.5 shows the Zeiss
Merlin microscope equipped with a fietdnission electron source and a Gentliglectron optics
column. This statef-the-art ebctron microscope is capable of high performance at an extremely low
acceleration voltage and a high spatial resolution of less than 0.8 nm (at 20 kV). This microscope is
also equipped with an EDAX Energy Dispersivaay Spectroscopy (EDS) system withodid-state
detector for elemental analysis of the rearface (down to about2 micometes)*** When an
acceleragdfocused beam of electrons is scanned across the sample with a typical spot size of 1 nm,
the secondary electrons (SEs)thwkinetic energy less than 50 eV, so generated can be used to
construct an image that closely reflects the surface morphdiffigrent types of secondary
electrons (containing different surface information) can be detected by positioning a Everhart
Thornley type SE detector inside the electron columihefis detector) and outside the electron
column (SE2 detector), which arensitive to SE1 and SE2 electrons, respectively. SE1 and SE2
electrons are secondary electrons that are generated, respectively, directly upon a sieglierpgh
incident electron impact and indirectly upon multiple electron collisions near the suffaedigh
energy electrons can also interact much more directly with the sample, which lead to electronic
excitations. The subsequent inelastically backscattered electrons (corresponding to incident electrons
that suffer an energy loss and with kineticrgyegreater than 50 eV) contain information about the
excited electronic states and are therefore elespetific. The backscattered electrons are detected
with an energyfiltered backscattered (EsB) detector. The kaglergy electrons also excite theesor
shell electrons to unoccupied electronic states in the sample. The subseepiamiatien through a
radiative decay pathway provides the basic principle of EDS. By detectingréneetnission at
elementspecific, characteristic photon energies, ftéssible to quantitatively identify the elemental

compositions of the sample.
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Figure 2.5 Photograph of the Zeiss Merlin fielsmission scanning electron microscope, equipped
with both inlens and oubf-lens secondary electron detectors, an ensefgctive backscattered
(EsB) detector, and an EDAX enerdispersive Xray analysis system.

2.2.2Helium ion microscopy

Helium ion microscopy (HIM) is a new type of scanning chang@diclebeam microscopy
that isbased on a higknergy, finely focused Héeam for surface morphology characterizatitn.
Figure 2.6 bows a Zeiss Orion Plus microscope that is capable of an ultrahigh spatial resolution of
0.24 nm due to the short de Broglie wavelength of the helium ions. A proprietary gas ion source is
used to generate a focused beam dfibies by field ionization of i gas bya cryogenically cooled,
atomically sharp tungstentipt  hi gh b .[°%%A sgedial oSedures) used to obtain the
atomically sharp, trimer tip and thée" ions are formed at one of the three atoms in the trififes.
He" ion beam is accelerated, focused and directed to scan owsamtipéesurface. The high energy
He" ion impact produces secondary electrons, which are collected ByemhartThornley detector
to build up a HIM image. An additional microchannel plate detéstosed to detect backscattered
ions, which can be used to provide elemental contrast based on the atomic number of element in the
sample. The advantage of HIM is the much shorter de Broglie wavelength of tlemgieompared
to electrons (at the samenkiic energy), and is not affected by any diffraction effects, which is a
limiting factor in most traditional SEMs arising from the wdike properties of the electroli’ This

leads to not only significantly better spatial resolution but also considerably larger depth of focus.
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Figure 2.6 Photograph of a 4es Orion Plus helium ion microscope.

2.2.3Transmission electron microscopy

Transmission electron microscopy (TEM) measurements have been performed for detailed crystal
structure investigation and surface planes identification of TCO nanostruCfure§.EM, a high
energy (200 kV) electron beam interacts directly with the sample when it passes through an ultrathin
specimen (usually less than 100 nm thick). In the present work, all the electrodeposited TCO samples
havebeen scraped off from the substrates and transferred onto carbon TEM gridbrigutfield,
low-magnification and higinesolution TEM studies have been conducted by using a Zeiss Libra 200
MC microscopeshown in Figure 2.7
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Figure 2.7 Photograph of a Zeiss L 200 MC transmission electron microscope.

2.2.4X-ray diffraction crystallography

X-ray diffraction (XRD) is not a surfaegensitive technique but is a powerful tool for bulk
crystallograply asa hard Xray beam could penetrate deep into the materials in order of
micrometers® In the present work, the @separed nanostructuredris are usually present in a very
small amount on top of the substrates (signals from the latter would overwhelm the diffraction
patterns), a glancingcidence geometry is needed in order to maximize the signal intensity of the
nanostructured films and toinimize those from the substratd his type of evanescent diffraction
provides a penetration depth less than 100 nm, where the diffracted intensities are measured by
scanning a detector in a plane parallel to the surface in tb&llsd inplane diffracion mode'®’

With the incidence angle of the-bdy beam kept at a very shallow angle (close to the critical angle of

the sample), the detector is swept overtie2a n g | e . I n t he prigciglemcet wor k,
Xray XRD in a PANalytical Xo6Pert Pro MRD diffrac
incidence angle ¥ less than 1A to determine the
shown in Figure 2.8. Although the ITO/glass substrate has very strong peaks, this configuration

increases the detectable intensity of the nanostructured material significantly.
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Figure 2.8 PhotographofthPanal yt i cal Xraydémadomdlar usedVbRdDystad
structure characterization of the@®pared nanomaterials. The instrument is set up in the parallel
beam geometry with an-Kay mirror and a parallel plate collimator used for the incidedt

diffracted beam optics, respectively.

2.3 Chemical Composition and Elemental Analysis

Two major techniques have been used for chemical composition analysis eptepaed
materials and theyare Scanning Auger Microscopy (SAM) anda§ Photoeleiton Spectroscopy
(XPS)1°® The latter is also known as Electron Spectroscopy for Chemical Analysis (ESCA). Figure
2.9 illustrates schematically the basic processes indatvetheproduction of characteristic-kays (as
detected in EDS in SEM), Auger electrons (as detected in SAM), and photoelectrons (as detected in
XPS). In a typical SEM or SAM process, a higiergy beam of electrons is directed at the sample
(Figure 2.9aand the incident electrons are scattered elastically and inelastically. When the incident
electron with a kinetic energy of {Hs scattered inelastically, tiseattered electron would suffan
energy lossresulting in a lower kinetic energlfs = Eoi Ess If the energy loss suffered by the
inelastically scattered electron is sufficiently large, an electron from a core level of the sample is
ejected, creating an excited ionic state, in an eleginpct ionization process (Figure 2.9b). Two
deexciaition pathways are possible for the excited ionic stiste@ direct radiative decay or anrXy

emission process (Figure 2.9c), an electron from a higher energy level fills the core hole, releasing an
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X-ray photon (corresponding to the difference intthe energy levels). In an indirect radiationless
decay or Auger emission process (Figure 2.9d), an electron from a higher energy level fills the core
hole while the energy release is sufficient to eject a second electron, called the Auger electron that
cariesthe remaining excess energyn excited ionic state can also be created by the absorption of an
X-ray photon when the sample is bombarded byyXphotons in a resonant photoabsorption process
(Figure 2.9e). The subsequent deexcitation by emissian efectron from either the core or valence
levels of the sample produces the photoelectron (Figure'29f).

(a) Electron impact (b) Electronimpact ionization
Incident Ejected
= electron
electron & Eﬁ 6 Bross L,
S & Lggee— ¢
o L—oo—— L—eeo—
\ Scattered
K—8——=@ glectron K-e——-o
(c) Xray emission (d) Auger electron emission
Auger
electron
°
Ls Ls 7
L—§$*° Xray L—g8 e
L—eo— Lla—o-\Y
K-e—e Ke— o
(e) Photon absorption (f) Photoelectron emission

Photoelectron ¢
X-ray |_3 L
photon L—g-g-oe— L—ggeoe

- a— - —

K-o——o Ke o

Figure 2.9 Scheméc illustrations of (a) high energy electron impact process, (b) removal of an core
level electron leading to an excited ionic state, (c) deexcitation by characteristycexnission, and

(d) deexcitation by Auger electron emission, (e) resonant abmorpt an Xray photon and (f)
deexcitation by emission of a photoelectron.
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2.3.1Scanningauger microscopy

A Thermo MicroLab 350 Microprobe, capable of a high lateral resolution of 5 nm in SEM
mode and 15 nm in SAvhode shown in Figure 2.10, is used to condBa&iM analysis. A focused
beam of higkenergy electrons is generated in a fieldissionelectronsource coupled to an electron
optics column. Upon higknergy electron impact ionization of the sample, an excited ion state with
a core hole is created (Figu2.9b), and the excited ion state undergoes deexcitation via Auger decay
(Figure 2.9d). The emitted Auger electrons possess kinetic energies characteristic of the differences in
the energy levels of the sample involved and can therefore be used as@rifimgsimilar to Xray
emission lines used in EDS (Figure 2.9c). The Auger spectrum is usually plotted in intensity
derivative mode as a function of the kinetic energy of the detected eletftanger electron spectra
can be collected point by point over the entire sampling area of interest and the selected Auger
features of interest can be used to construct elemental maps. As the kinetic energy of the Auger
electronusually falls within 50 and 2000 eV, at which the inelastic mean free path is the shortest (~2
nm), SAM is therefore extremely surfasensitive, ircontrast to EDS (with typical probe depth of
400-1000 nm)-**

= ‘ ™7 Hemispherical
i . [ L analyzer
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Chamber @
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Figure 2.10 Photograph o& Thermo MicroLab 350 Microprohesed forelemental analysis of
nanostructured materials.
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2.3.2X-ray photoelectronspectroscopy

The chemicaktate compositions of hanostructured matededsnalyzed by Xray
photoelectron spectroscopy (XPS) using a Theu@oScientific ESCALab 250 Microprobe with a
monochromatic Al i§source (1486.6 eV), as shown in Figure 2.11. In XPS, a photon beam of
monochromatic Al i§radiation is focused onto the samffFigure 2.9¢)leading to the emission of
photoelectrons from their surface (Figure 2.9f). The kinetic energy of the photoelectrons is measured
by using a hemispherical electron energy analyzer. The corresponding binding energy is calculated

using the Histein equation, as follows:
Epinding= Enu~ (Exinetic + U)

whereEginging IS the binding energy of the electrom is the energy of the Xay photons (i.e. 1486.6
eV for Al K h i s t he Pl rsthe kgbtdrequencyksitiasnhekinetio ehergy of
the photoelectron as measured by the analyzer, anthework functiondependent on both the

spectrometer and the materi&l.

Because of the short inelastic mean free path of the photoelectroribenktinetic energy
range of interest (<10 nm), XPS is a very sudsessitive technique. Using an Argon ion source to
sputter away materials interleavingly between XPS spectral measurements, i.e. XPS depth profiling, it
is possible to follow the chemicatate composition change as a function of sputtering depth and
thereby in the depth direction in the nearface region of the sample.
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Figure 2.11 Photograph of the ThermdG Scientific ESCALab 250 Miaprobe used for chemical
state quantification of nanostructured materials.

2.4 Characterization of Electrical and Optical Properties

2.4.1Conductive atomic force microscopy

The prepared thin film topography and their diode behavior have been investigated by
conductive atomic force microscopy-&FM) in an Asylum Research CypherAF-M microscope.
In a typical GAFM, the sample surface is scanned at a preselected stijeseparation by using
a conductive (Tr) tip, where a voltage is applied betweentibeand the samplE3 The current vs
voltage curve so obtained would identify thegaswn diode electrical propertf thematerial A
topography image is generat&hich can give detailed information for identifying specific locations
on sample surface with different conductivity. The main advantage of this technique is their high
spatial resolution (<10 nm) with an excelleapability of measuring currents from ~1 pA to 20 nA,
which can be used to identify any local shunting that may détur.
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2.4.2Hall Effect measurements

For resistivity and carrier concentration measurements, a Hall effect measurement system
(Ecopia HMS 5300) employing the forpoint probe method in a van der Pauw configuration is used,
as shown in Figure 2.12> Gold contacts arsputterdeposited by magnetron sputtering (with a
current of 50 mA for 120 g)nto the corners of the electrodeposited nanostructured materials on

ITO/glass substrates.

\
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Figure 2.12 (a) Photograph of thEcopia HMS5300 Hall effect measurement system, (b) sample
mounting fixture with upper cooling reservoir.

2.4.3Ultra -Violet/Visible (UV/Vis) spectroscopy

The optical properties of the-asepared materials including their light absorbance and
reflectance arevestigated by using a UV/Visible spectrophotomearkinElmerLambda 45)
with a wavelength range of 194000 nm and a variable bandwidth of-@.5m, and with a
monochromator for reducing stray lighf Maximizing the light absorbance is one of the important
goals to achieving enhanced performance in photovslfaie light absorbance of any material can
be calculated using, AHog T, where A is the absorbance, and T iagnaittance of the sample. The
molar absorptivity is related to the concentration using the modifiedlBBeemb er t | aw: A
& i s alsorptivty,c is the concentration, and | is the absorption path length of the sample. On
the other hand, minireing the amount of light reflected away from the surface can inctieaselar
cell efficiency. Many antireflection technologies have been introduced and they include coating the
cell with antireflection materials @exturing the top surface of the ctlensure light trapping within

the cell uni the light is fully absorbed’
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2.5Measurement of Photovoltaic Properties

For performance evaluation of the fabricated solar cells, a combined testing instrument from
PV Measurements Inc. that is capable of curvettage measureme(il/ -5) and quantum efficiency
(QEX-10), shown in Figure 2.13 used

Figure 2.13 Photograph of a combined solar cell testing instrument R¥nVeasurements Inc.
capable of currentoltage (}V) characterisation with a solar simulator {Byright) and a quantum
efficiency measurement system (QHE, left).

The currentvoltage characteristics, including the phatorelectron conversion efficiency
(PCE) are determined by using a Solar G&lITesting System Model N5, equipped with a class
ABA solar simulator for a continuous 10 cm x 10 cm illumination beam, an Air Mass (AM) 1.5
global spectral filter, and an irradiance monitor. Prior to temeasurement, the system is
calibrated with a Siaference cell (PVYM782 with a BK7 window), which is mounted on a vacuum
test fixture TF5I (5 cm x 5 cm) for use with voltage probes and a provision to theimadiance
monitor. The data is collected using a computer systeming thePVM |V software, vith a usable
voltage range of N2 V or N 2 Olyicalysiverpaste and/oat r anges
sputtercoatdgoldfilm is employed to form the contacts, appropriate for the inorganigipction
device structures on hanf.For organic DSSCs, the typical proceduofelevice constructiois
performed, starting with dipping the prepared nanostructured TCO photoanodes in the dye solution
for sufficient time to ensure efficient dye loadjmgnda thin film of Pt (200 nnthick) sputtercoated

on ITOis usedasthecounter electrode. Both electradee sealed together usiogmmerciahot
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melt sealing films (MeltonixSolaronix SA, Switzerland) and liquid iodideftoidide electrolye is
injected between the two electradfer hole transfer and dye regeneration process.

The capability of a photovoltaic device to produce a voltage is often characterized ¥ the |
curve under two measurement conditions. First, when the cell isgtowited under illumination,
the maximuncurrent of the cell so obtained is called the shivduit current ({). Second, under no
current flow condition, the maximum voltage so obtained is called the open circuit voltagen(V
addition, the fill factor (FF) of the cell corresponds toitteal factor of diode behavior and it can be
calculated using: FF =Mxlmad(Voclsc), where Vaxand |axare the voltage and current at maximum
power. The maximum power point is calculated at the knee position eitlcatve as Ra= Voclsc
FF, whid is the product of the current, the voltage, and the fill factor that gives the maximum power
These parameters are illustratedrigure 2.147° The photorto-electron conversion efficiency
(PCE) of a solar cell is calculated using the equation: PCE (%)k+MF / R, whereP,, is the
input power ands nominally set to 100 mW/cm
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Figure 2.14 Current voltage characteristic of a typical silicon solar ¢efl.”
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Reproduced with permission from: Luque,ahd Hegedus, S. Handbook of Photovoltcience and
Engineering, 2ndChichesterWiley, 2011. Copyright (2011) by John Wiley & Sons.
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Another important technique used for solar cell characterization is the quantum efficiency
(QE) measurement, which can be clfisdiinto two categories: external quantum efficiency (EQE)
and internal quantum efficiency (IQE). EQE corresponds to the number of elboteopairs
successfully collected per photon incident on the solar cell, while IQE is the number of ghedéron
pairs successfully collected per photon absorbed by the solar cell, both as functions of wavelength.
The two quantities are related to each other by the equ&li@i:= (ER) x IQE, where R is the light
reflectance. The solar cell quantum efficiency measarg system (PV Measurement, Inc. QEX10)
is equipped with an AC and/or DC measurement mode with voltage bias capability, which provides
the ability to measure both external QE and internal QE simultaneously using specular reflection. For
mounting the deve for testing, aacuum test fixturés used, along with a lab jack for raising and
lowering the device under test on thexis to optimize beam focusing.A typical EQE curve would
follow a square step function of external quantum efficiency vs wavelength. The quantum efficiencies
for most solar cells are reducededto recombination losnd they are usually not measured below
350 nm, as shown in Figure 2.%4'%2
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Figure 2.15 Spectral dependence of the quantum efficiency for-@id®/pCdTe heterojunction,

AAAR@produced with permission fronMitchell, K. W., Fahrenbruch, A. L. and Bube, R. H. J. Appl. Phys. 48,
43654371, 1977. Copyright (1977) by the American Institute of Physics

44



Chapter 3

Ef fect of Electrolyte Conductiwv

Synthesis of Zinc Oxid¥YNanotu

3.1 Introduction

Over thepasttwo decadessyntheses of nanostructunethterials and their morphology
control haveremained one of the most active research areas with applicatimms ny y el ds.
oxide (ZnO) is one of the most promisingypetransparent semiconducting materialth alarge
direct band gaf3.37 eV) ard alarge exciton binding energy (60 meat)room emperature ZnO is
alsoa biosafeandbiocompatible materidf® Furthermore, ZnO iwidely knownfor its diverse and
versatile morphologies, includimg@nowires and nanorod,'** nanotubes?®® nanobelts'*
nanoringsandnanobows?’ nanohelixes? nanosprings®® nanowalls'* nanodiskg®* and
nanopropeller$®* Among these diverse Zhnanostructures, nanotubes are particularly interesting.
Nanotubes areften classifiedhs onedimensional object similar to nanowires and nanorddsyit
the side walls making up the hexagonal cgsstional shape of the nanotubes may be regarded as
two-dimensional objects similar to the nanowalls and nanodi$KEhis unique structure with not
only large outer bualso large inner surface areas, along with its optical transparency and direct band

gap,makeZnO nanotubesn excellent nanomaterifdr solar celland othemapplications.

Several solutiofbased methodfcluding electrochemical and hydrothermal meichave
been used to synthesize ZnO nanotdfgd3!37138139140141.142143144 jinh temperature methodsich
as chemical and physicahpordepositionhavealsobeen employed for fabricatingw-dimensional
nanostructure ZnO materials-****6*4"1%® |n contrast to the solutiebased methodsapor deposition
is often limited by the types of compatible substrates and by the cost eftaigeproduction.
Electradepositionoffersa smpler approach under low#emperature conditiorts producingZnO
nanostructured materials for many applicatiolmsaddition to lowtemperature processing, the other

advantages of electrodeposition ke equipment cosscalability, and facile angrecise control of

Y'YV ¥Hhis section is madieom one of my publicationAbd-Ellah, M.; Moghimi, N.; Zhang, L.; Heinig, N. F.;
Zhao, L.; Thomas, J. P.; Leung, K. T. Effect of Electrolyte Conductivity on Controlled Electrochemical
Synthesis of Zinc Oxide Nanotubes and NanorddBhys. Chem. €17,6794 6799, 2013. Copyright (2013)
by the American Chemical Society.
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nanostructuramorphology**® *** 3¢ The general electrochemical growth in an aqueous solution is
well understood in terms of a tvatep mechanism: Zn(Oktlormation from ZA* and OH followed
by dehydration of Zn(OH)}o ZnO*#!*%%! The catalysinducedgrowth ofa variety ofZnO
nanostructures oinexpensive substrat@scludingindium tin oxide (ITO) coatedlass omplasticsby
electrodeposition have already been establi$tfed;* and their use has also begemonstrated in
photovoltaic application§>'°%'*" Recently our group hagemonstraad onestep, catalystand seed
layerfree electrochemicaynthess of ZnO nanostructures of botivo-dimensional o2D (nanowalls
and nanodisks) anshedimensional od.D (nanospikes, nanobelts, nanopillars, nanowioesTO-
glass substrage™? **'°8 |n theseelectrochemical approael the supporting electrolyte pgimarily
used to increasdé¢ conductivity to a sufficient level to allow the deposition to procé2aly one
work has reportethe effect of anions (GINO;', CH;,COO) on the electrodeposition of ZnO
nanowiresn a primary electrolyte with the same anions as the supportingady¢eir®In particular,
Elias et alshowed thatheadsorption of differet anions on the ZnO surface could léachanowires
with differentdiameers, becaus¢hese anions affect the, @&duction rate in the formation of
Zn(OH), and the subsequent dehydration of Zn(&H)ZnQO

In the present work, @employ supporting electrolytes with different anions at constant pH
and investigate thiemportance ofelectrolyte conductivity as a means to control the different
morphologes of the electrodeposits (nanorods vs nanotubes). We successfully produce ZnO
nanotubes on IT@lass, for the first time, by delicately manipulating the electrolyte conductiViy
date, there are a very limited number of studies on electrochemical synthesis of ZnO nanotubes.
These methods require externalfbbling®, or twostep selective dissolution of ZnO nanorggs
or a selfetching process involving over 2 hours of depositf8rOur method offers a diredgcile,
catalyst and seedayerfree procedure, without the need @y bubbling or any etching to produce
the ZnO nanotubesdVe further demonstrate the efficacy of these ZnO nanotubes as an active
photoanode material im dyesensitized solar cell (DSSC) application.

3.2 Materials and Methods

ZnO nanostructures were electrodeposited ongl@s substrates at 70, 80, and @ln an
aqueous solution (20 mL) of 0.5 mM Zn@lixed with a 0.1 M supporting electrolyte, at@stant
pH (56). Three different supporting electrolytes with monovalent anions, including KClzldhiD

KCIQ,4, and two supporting electrolytes witivadlent anions, KSO, andK,C,0,, were used for
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nanotube and nanorod synthesis, respectiVélg.pH an conductivity of the electrolyte solutions
were measured by using @rion 4 Star Plus pH/conductivity dual metéWe employed #¢hree
electrode electrochemical celith an ITOglass working electroden Ag/AgCl reference electrode,
andaPtwire caunter electrode. Amperometry technique was conducteéd.atV vs Ag/AgCl for
different deposition times in an electrochemical workstation (CH Instruments Bi)deposition
the nanodepositsere rinsed thoroughly ifiltered deionizedvater and stored in a nitrogen
atmospheréo dry for at least 24 hours prior to characterization.

The surface morphologies of ZnO nanostructured films were examined byHediam ion
microscopy (HIM) in a Zeiss Orion Plus microscope and fegfdssion sanning electron microscopy
(SEM) ina ZeissLEO FESEM 1530 microscopd hecorrespondingrystal structurewere
characterized by glancidgcidence Xray diffraction(XRD)usi ng a PANal yti cal XOoP
di ffractometer witht CanKiUnciadlé md¢eé omnglle 54 qf) @&. 6
microscopy (TEM) measurement were perforrnadZnO nanotubes and nanorods transferred onto
holey carbon grids in a FEI Tecnai F20 microscope operated at 200He/surface compositions of
the ZnO nandeposits were analgd by Xray photoelectrospectroscopyXPS)using a Thermd/G
Scientific ESCALab 250 Microprobe withmonoc hr omat i ¢ Al Klbadditomr ce ( 14
using our ZnO nanotubes as the photoanode material, we constructed exg@Catlevice. The
currentvoltage characteristics were analyzed using a solar-vefheasurement system (PV
Measurements 1V5) equipped with a class ABA solar simulator and an Air Mass (AM) 1.5 global

spectral filter.
3.3 Results andDiscussion

3.3.1Material characterization

3.3.1.1Morphology

Figure3.1a and3.1b comparsthe HIM images of ZnO narmods and nanotubebtained by
electrodeposition dt1.0 V (vs Ag/AgCI) for 1 h at 80 °C in an electrolyte solution of 0.5 mM ZnCl
mixed with 0.1 M kSO,and0.1 M KCI, respectivelyThe insets show cloag views of the top of
the respective single nanostructufdsth the nantubes and nanmds are found to be uniformly
distributedandnearmonosizedand havesimilar length £.00)15¢ m) and av esofdde di a me:
nmand75nm, respectively. The cross sections of the h#yes and nanwds showa hexagonal
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structure consistent with thevurtzite crystal structure of ZnO, and their surfaces appear ratigh.
further employed HIMo ion-mill a nanotubeta slower scan rée withahigherion current(2.2 pA

for ion-milling vs. 0.5 pA for imagingjor 0, 180, and 480 @igure3.1c-e, respectively in order to
examine the hole depth along the ZnO nanotiibe.etching of nanotube indicates that the hole
extends to the bottom of the nanotube, and the tube formation appears to begin in the early stage of
growth.While these nanostructures are randomly origrdedajoritylie nearhorizontally with

respect tahesubstratelnterestingly thearealdensity of the deposited nanbes is considerably

lower than that of the nanmads. Given our deposition conditions are identical except for the nature of
the supporting electrolytethe supporting electrolytes ttedore affect nobnly the formation of
nandubes andnanaods but also their nubers of nucleation siteB) separate experiments, we have
repeated the deposition under the same conditionith different supporting electrolytes of other
monovalent amins (NQ', CIO,') anddivalentanion(C,0,”). Deposition withmonovalent

supporting electrolytes gives ndanbes while that withdivalent supporting electrolytes leads to

nanaods, all with similar respective morphologies ardaldensities as shown in FiguBel.

To investigate the underlying mechanism that drives the observed differences in morphology
and nucleation densitf the nanotubes and nanorpde perfornconductance measurements for the
aforementione@lectrolytes im constanpH acidic conditiorat room temperature. giivalent
conductance values are foutadbe similarfor all supporting electrolytes with monovalent anions: Cl
(62.8 S crimol'Y), CIO,' (59.1 S crimol'Y), and NQ' (59.2 S crAimol'Y). However, cosiderably
largerequivalent conductance values are obseffeedupporting electrolytes with divalent anions
SO (207.6S cnf mol'Y) and GO,* (207.4 S crhmol'!). Thisresultindicates that t differences in
ion diffusion(as reflected by the conductance values) have significantsfiethe morphologies of
the electrodeposi@nd their nucleation densities, i.e. less conducting electrolytes with monovalent
anions give rise to less densely distributed nanotubes whilke eooducting electrolytes with
divalent anions produce more densely packed nanorods. Our observatigaadd iageementvith
our cyclic voltammetric and amperometrisués for ZnO nanotubes and nanorods (not shown).
These results confirm thtte curent is controlled byhe nature and kinetics of the ion diffusion,
both of which arestronglyinfluenced by the state of the cathode surface and the adsorption of
different anions on the ZnO surface. In other wottishighly conducting radia enhance the

diffusion of Zn*" ions tothe cathode surfa@ndbuild up the(0001)plane resulting in 1D nanorod
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growth. In contrast, less conducting media hinder the ion diffusion and, together with the termination

of the Q00J) plane due to adsorption of monovalantons, lead to the nanotube growth

Figure 3.1 HIM images of (a) ZnO nanorods and (b) nanotubes electrodeposited agid3©
substrates dt1.0 V (vs Ag/AgCI) for 1 h at 80C in a 0.5 mM ZnGlsolutionmixed with 0.1 M KCI
and 0.1 M KSQ,, respectively. (@) lon milling of a ZnO nanotube for 0, 180, and 480 s,
respectively, to depict its hole depth.

We have also studied the effectgdefpositiontime and temperature on the growth
nanorods and natubes. Our results for the nanorods have been reported elséfHere
nanotubes (Figurg.2ac), increasing the deposition time while maintaining the same deposition
temperature increases the areal density but reduces their average length. These results suggest that the
nucleation rate is faster théime growth ratewhichreflects a progressig nucleation growth
mechanism.For the same deposition time (60 min, Fig8r2d-f), reducing the deposition
temperature from 80 °C (Figuge) to 70 °C (Figur8.2d) appears to decrease the average length
slightly and increase the areal density. Onatier hand, increasing the deposition temperature to 90
°C (Figure3.2f) produces clustering of nanotubes over a smaller number of nucleation sites (i.e. a
lower density) but with a similar average length to that of thetudes grown at 80 °CThis
suggests that the kinetics of the hydroxide formation affect the length of the ZnO nanotubes and their
nucleation morphologies (i.e. singles vs clustei$)esevertically orientechanotubelbwers with
50- 100 nm in diameter and %.0.2 pumin length for indvidual nanotubesreexcellent candidatess

photoanode materiafer solar cell application&*
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Figure 3.2 SEM images of Zn@anotubes electrodeposited on Fg@ss substrates &t.0 V (vs
Ag/AgCl) in a 0.5 mM ZnGl solution mixed with 0.1 M KCI at 80C for (a) 30, (b) 120, and (c) 150
min, and at (d) 70, (e) 80, and (f) 9 for 60 min.

3.3.1.2Crystallography

Figure(3.33) compares the glanuirincidence XRDpatterns of electrodeposited ZnO
nandubes and nanorods obtained with different supporting electrolytes of monovalend (80
ClO,) and divalent anions (S&, C,0,”). Despite the intense XRD peaks from the ITO substrate,
we observe weaker XRD features due to the ZnO nanotubes and naimbesdsveakeXRD
featuresare consistent with theexagonaivurtzite structure in the reference pattern for ZnO powder
(JCPDS 01076-0704). In particular, the features a1.7°, 34.4°, 36.2&nd56.5° are assigned,
respectively, to the ZnQ@.00), (002), (101) andL{0) planes, consistent with the most prominent
XRD features in the reference powder spectrum. Among the four afiatiermexd ZnO features, the
(0001) feature is the strongest for the nanorods, while the (0001) andii(lfeatures for the
nanotubes are found to have very similar intensities. In our early work on 2D and 1D ZnO
nanostructures, we also observe that thetrmtense ZnO feature corresponds to thd (1 plane

for the 2D nanostructures (hanowalls and nanodisks) and to the (0001) plane for the 1D nanostructure
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(nanowires)® The similarity in intensity found for the (0001) and {111) features for the
nanotubes therefore suggests that the nanotubes exhibiie2Eharacteristics similar to the

nanowalls, which could be attributealthe nanotube walls.

On the oher hand, the nanorods effectively follow the 1D growth, characteristics of the
nanopillars reported earlié?’ The intensity ratio of th€0001) to (107 11) features for the nanorods
(2.3) is larger than that for the nanotubes (0.9), which is consistent with the larger component of the
(000)) plane for the nanorods than the nanotubes (with hollow center). However, the intensity ratio
of the(0007) to (107 11) features for the nanotubes (0.9) is found to be discernibly larger from that
for the nanowalls (0.5), suggesting that there is a relative larger contribution @@ iefeaturefor
the nanotubes than that for the nanowallkis could be explainedllyur pr oposed fbl i nd
model, as illustrated in Figuf8.3d). In this growth model, initiation of ZnO growth begins by
stacking hexagonal disks in tf@00] direction (i.e., perpendicular to the substrate) producing
nanorods. As the growth camties in the less conducting electrolytes with monovalent anions, the
termination rate of thé001) plane couldbecome faster than the Zn(QHdrmation rate. This
produces growth with a higher contribution in the {1@) plane, which leads to the fortizm of
ZnO hexagonal rings. Stacking of these hexagonal rings eventually produces the blind nanotube. On
the other hand, the termination rates of the (0001) plane in the more conducting electrolytes with
divalent anions are not sufficiently fast to oada the Zn(OH)formation rate. The growth therefore
remains in the [0001] direction, forming the ZnO nanorods. The presence of these hexagonal disk
like and ringlike nanostructures is quite evident from the corresponding SEM images of nanotubes
(Figure3.3 b) and nanorods (Figure3Xx). Furthermore, our model is also consistent with &M
measurement, along with their respective selected area electron diffraction (SAED) patterns, for a
typical ZnO nanotube and a nanorod, as shown in FigBeea®d3.3f, respectively. In particular, the
SAED patterns for both nanotube and nanorod reveal a growth direction perpendicular to the (002)
plane, i.e., along their respective length in the [0001] direcilitwe. different growth orientations in
the (100), (02), (101) and (110) planes in both nanotubes and nanorods are also found to be in good
agreement with our XRD results (Figur38).
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Figure 3.3 (a) Glancingincidence XRD pa#rns, (b, ¢c) SEM images, (d) growth models, and (e, f)
TEM images, with the corresponding selected area electron diffraction patterns shown in insets, for
aselectrodeposited ZnO nanotubes and nanorods obtained with supporting electrolytes with,
respectivy, monovalent (N@, CI', ClIO,') and divalent anions (S®, C,0.,%).

3.3.1.3Chemicaistate compositions analysis

Chemicalstatecompositions are also determined tgpical ZnO nanotubes and nanorods
obtained with supporting electrolytes of @hd SQ” anions, respectively. Their corresponding
depthprofiling XPS spectra shown in Figuget are found to be similar. Evidently, tAa 2p,
featureobservechear 10223 eV corresponds to Zhoxidation stategonsistent with ZnOFurther
sputteringdoes not change the binding energy position of the Zp Bgature but gradually reduces
its intensity as shown in FiguB4a and3.4d. On the other hand, as shown in FigRi# and3 4e,
the two O 1s features fourad 530.7 eVand532.0 eV uporight sputering of 60 s could be attributed
to ZnO and to OHadsorbed on ZnO, respectively, which is in good accord with the literature.
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Additional sputtering edently reducethe ZnOO 1scomponentvithout discernible
reduction to the adsorbed ©B 1s component, indicating that Gatisorbegrimarily on the
perimeter of the ZnO nanostructures, as illustrated in Figdfe To investigate the importance of
the termination effect provided by the anions, we also measure the Cl 2p and S 2p @ptwra f
respective nanotube and nanorod samples. For the nanotube sample, the presence of a weak but
discernible CI 2p feature (FiguB4c) confirms the termination of €lons in the growth mechanism
for the nanotubes, as similarly found for other 2D Zr#Dostructures (e.g. nanowalls). The
adsorption ofCl' ions preferentially on the ZnO(0001) plane leads to a higher contribution {blthe
111) plane, effectively producing 2D growth of the hexagonal ring as illustrated in Rgiire
However, for thenanorod sample, the absence of S 2p (or Cl 2p) intensity for-thepasited sample
indicates that termination by such anion,3@r ClI') does not occur for the 1D ZnO nanostructure
growth, again consistent with earlier studies found for, e.g., nars\ire

(a) Zn 2py, (b)O1s
Nanotube ZnO
OS OHa_dS
i
> x4
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Binding Energy (eV)
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Figure 3.4 XPS spectra of Zn 2p, O 1s, and CI 2p regions collected for theoespared (&) ZnO
nanotubes and (d, €) nanorods, respectively, and upon sputtering for 60, 900, 1800, and 3000 s. (f)
Schematic diagram of the chlorine termination effect on theegzared ZnO nanotubes and nanorods
on ITOglass.
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3.3.2Growth mechanism

The electrochemical deptisin of ZnO nanostructured materidiom a ZnC} solution with
different supporting electrolytes is well understood according to the following reaction mecH&nism.
Following the dissolution of Zn@l ZnCly(ag) Kk Zn*(ac) + 2Cl (aq), formation of the hydroxide

ions can proceed via the followimgaction

2H,0() + 2é k Hyh +20H (aq) (1)
Zn(OH),is then formed from th&n** and thehydroxide ionsfollowing the reaction:

Zn*(ag) + 20H (ag) kK Zn(OH)(s)  slow (2)
Finally, dehydration reaction of Zn(OHgads to production of ZnO:

Zn(OH), Y  Z ()G H0() fast (3)

It is well known that twedimensional nanostructures of ZnO (e.g. nanowalls) are due to
preferential adsorption of Cjor any appropriate anion) on the (0001) plane, which leads to
termination of gravth in this direction and a higher contribution in the {1Q) plane. Furthermore,
the Zn(OH) generation mudte sufficiently slow to expose the effect of growth termination in the
(0001 planeleading to 2D nanostructures. For example, for a Zeléttrolyteconcentratiorof 50
mM, the Cl| adsorption rate on th€@01) plane is higher than the ZnO growth rate on the same
plane, which results in the formation of 2D nanowasisshown in Figuré3.53 inset) On the other
hand, for a sufficientlydw ZnCl, electrolyte concentration (5 mM), the' @dsorption rate othe
(0001 plane becomeimsufficient to overcome the ZnO growth rate on the same plane, which leads

to the formation of 1D nanoro@s shown in Figure 3%
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Figure 3.5 SBM images of (a) ZnO namells and (b) nanmdselectrodepositedn ITO-glass
substratesiti 1.0 V (vs Ag/AgCI) for 1 hat 80 Cin a 50 mM and a 5 mMnCl, solutiors,
respectivelyeachmixed with 0.1 M KCI.

For aneven lower ZnGlelectrolyte concentration (0.5 mM), we show in FigBifethat it is
possible to obtain 1D nanorods and fipseudo 2DOo
with the appropriate concentration to manipulate the overall electralgtiuctivity, we could
achieve a fine balance between the Zn(Qjéheration rate and the' @dsorption rate to create the
pseudo 2D structure as exhibited by the nanotiBesause the electrolytes contain the same amounts
of Zn** and K’ cations for allhe depositions in the present work, the difference in the conductivity
must come from differences in the anions of the supporting electrolytes. The limiting ion conductivity
in water at 298 K (values given in parentheses) for the anions of our supplatimglgtes follow
the order: CI@ (6.73 mS imol'') < NO;' (7.14 mS rimol'") < CI' (7.634 mS rimol'Y) < C,O,*
(14.82mS mmol'!) < SO anions (15.96 mS fmol'*).*** A highly conducting electrolyte is
expected to enhance the diffusion ofZand therefore lead to a higher Zn(Qggneration and
subsequently a higher ZnO deposition. If the conductivity is sufficiently high to attagher ZinO

growth rate than the Chdsorption rate (as in the divalent anion case), then we obtain the expected
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1D nanorod formation. However, if the conductivity is barely sufficient such that the ZnO growth rate
is slightly lowerthan the Cladsorption ate (as in the monovalent anion case), then the pseudo 2D

nanotube formation would occur.

It is of interest to compare the present work with that of Elias et al., who reported the control
of average diameters of nanowires by changing the electrolytesmiins Cl, SQ?, and CHCOO
1 They suggested that the different adsorption rates of these anions (on the ZnO surface) result in
different Zn(H), generation rates, which in turn affect the diameters of the nanowires. In the present
work, our primary electrolyte is Zngkith the same concentrations for all the studies and we only
change the supporting electrolytes. We therefore expect thalsheption rate of the Chnions is
much more important than those anions from the supporting electrolytes. This is in contrast to the
work of Elias et al., who selected both primary and supporting electrolytes to provide the same
anions.The effect obserd by Elias et al. cannot therefore be used to account for the differences in
the morphologies betwedhe nanorods and nanotubes.

Another plausible contributinfactor tothe mechanisris the commorion effect, which
could possibly be operative for our K€upporting electrolyte. In this case, the increase in the Cl
(due to the KCI supporting electrolyte) cause an increase in ffipraduction that leads to more
Zn(OH), generation. At the same time, the adsorption rate'dg@lso expected to increawhile
maintaining the fine balance such that the ZnO graatihis slightly lower thathe Cl adsorption
rate. In order to further investigate the common ion effect hypothesis, we prepare, in a separate
experiment, different concentrations of the KGpporting electrolyte. We observe that ZnO
nanotubes can be produced when the KCI concentration is increased to 3.5 M (from 0.1 M).
However, when KCI concentration goes above 4 M (with an equivalent conductivity ofrfiS315
mol'%), only ZnO nanorodare obtained, which suggests that the common ion effect does not play a
dominant role. This result instead confirms our earlier hypothesis that the electrolyte conductivity has

a more prominent effect on the morphologies of the ZnO nanostructures.

3.3.3 Application to dye sensitizedsolar cell

ZnO has been demonstrated as tigpe semiconductor material for general photovoltaic
applications?®'®’ Indeed, with itexcellentopticaltransparencya wide directbandgap high
electron mobilityand electron diffusion coefficienZnO offers better characteristics than JiGr

constructing DSSC¥'*®Zn0 nanotubegprovide an obvious advantadae to their higar surface
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areafor DSSC application (with both inside surface and outside surface) than other 1D

nanostructured materials such as nanorods (with just outside surface). The present work demonstrates
that it is possible to control the diameter (1200 nm) and length(L. 5 e m) of the ZnO
with a narrow size distribution by electrodeposition, therefore producing an optimized size regime for
DSSC application. In the present work, we prepare a DSSC using a standard proéddhere

working electrode is obtained by soaking theeepared ZnO nanotubes (supported on andlads
substrate) in a 0.3 migblution of commercial dye (2907, purchased from Solarnix) for 12 hours,

while a Pt thin film (200 nm thick) sputteleposited on the IT@lass substrate issed as the counter
electrode. A redox couple electrolyte '(ylis then sandwiched between therking and counter

electrodes. Under AML1.5 illumination, our DSSC exhibits a typical short circuit current deggity (J

of 11.51 mA crif, an open circuit voltage ¢ of 687.75 mV, a fill factor (FF) of 22%, amderall

photon conversion efficiency (PCBE) 1.6%as shown in figure 3.6This efficiency is comparable to

the performance of DSSCs based on ZnO nanotubes deposited by ALD techniqué’thbdby

the twostep procedure (electrodeposition followed by chemical etching$ ¢6)'° The lower

efficiency found in the latter work could be due to the defects created along the nanotubes during the

etching process, which leads to less efficiy® loading.

A recent review paper indicates that different morphologies ofZaxed DSSCs with
different dyes can shouefficiencies ranging from 1.5 to 7.5%8.Further modifications may be
possible for enhancing the porosity and roughness of the ZnO nanotube surface in order to improve
the dye loading. For example, annealing is found to not just improve the crystallinity, but also
enhance the material porosias shown in our earlier study on ZnO nanowalls. In partictianpost
annealed nanowalls appear to become perforated with distinct nanograins as part of the nanowall
frame’’* Uponannealing, the perforated morphology expecteithege ZnO nanotubesuld
significantlyenhancehe performance of the photoanode in DSSi@=cause of their laeg surface
area available for absorbing the dansitizerFurther control of the aeral detysand dimension of
the ZnO nanotubes would allow us to optimize the performance ofhaséd DSSCs.

57



16

. J,.=11.51 mA/cm?
“el41 v _=0.687V
O ocC *

< FF=22%
E1o-

> PCE=1.6%
5 -

810-

"g‘ -

5 8-

o -

| LN |
03 05 07 09 11
Voltage (V)

Figure 3.6 J-V characteristics under AM 1.5umination of a DSSC based on a ZnO nanotube
photoanoed.

3.4 Conclusion

ZnO nanotubes have beeagnthesizean ITO-glass substratder the first time by using a
onestep, catalystand seedayerfree electrodeposition method without Iubbling or any etching.
We show that the morphology of the ZnO nanostructures (i.e. nanotubes vs nanorods) can be
controlled by varying the supporting electrolyte with different anions. As finely controlled by
manipulating the supporting electrolytestiifferent anions, solution conductivity is found to play a
more prominent role in producing the nanotube morphology. We also illustrate that these ZnO

nanotubes could be used as active photoanode materials in DSSCs that offer respectable efficiency.
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Chapter 4
Emancem&nlt@adPkr f or md nn@€eZm@& not ube

Het er oj Demwitd ed n

4.1 Introduction

Renewable energy is a rapidly growing field in the past two decades. Photovoltaics provide
one of the most promising green energy generation technologies, betsiseanomic viability
and environmental sustainability. To date, silitiased solar cells are the most mature technology,
with the highest photeto-electron conversion efficiency (PCE) exceeding 20%. Recently, the use of
other emerging materials, suas CdTe and GaN, has produced nearly equivalent performance.
However, less toxic, more abundant alternative materials and potentiallydostananufacturing

methods for these solar cells remain elusive, yet highly desirable in the mark&tpiace.

Many other organic and inorganic materials have been introduced recently with relatively
high PCE performance. One of the more promising;dogt heterojunction inorganic solar cell
systems involveshe construction of a typicakp junction device by depositing aype CyO thin
film onto an ntype ZnO film on an IT@ylass substrate. In addition to its advantages ofdost and
material abundance, this system offers the preferred atomic arranggrttenjunction interface with
low lattice mismatch (only 7.1%) at the interface between ZnO(001) as@{(ClL) planes’* With a
large diret bandgap (3.37 eV), a large exciton binding energy (60 meV), and a high electron
mobility (120 cni V' s%), ZnO is considered an excellent candidate astgpertransparent
semiconducting material at room temperature for photovoltaic applicatione@httr hand,
cuprous oxide (G4D) is an inexpensive-type metaioxide semiconductor, with unique optical and
magnetic properties and a direct band gap of 2.1¥Fhe ptype conduction property of GD is
due to the formation of Cu vacancies and delocalized holes after the removal of copper atoms from
the lattice through oxidation [Gukcdl) © Cu’+ h" 1.1

Several higitemperature and lowemperature methods, including hydrotherMaihermal
oxidation; ® reactive magnetron sputteriijand electrodepositioi*'#+*%'>" have been used to
synthesize CO films. The fabrication of typicat@u,O/n-ZnO heterojunction solar cells also
includes a number of mixed methods, such as sputtering alurdoped ZnO film onto

electrodeposited GO thin films;**and depositing ZnO thin films on higtuality thermally oxidized
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copper sheet§? With precise control of the deposition parameters, electrodeposition could provide
high-quality films with several notable advantages, including material stability due to favorable low
temperature deposition conditions, better crystallinity, andenigbnductivity. Electrodeposition also
offers complete filling of any physical voids among the nanostructures, which greatly improves the
quality of coating of the absorber film for solar cell applicatfSrSeveral electrochemical studies

have focused on the construction e€p,0/n-Zn0O planar and nanostructured film architectures.

While the conversion efficiency of typical electrodeposite€iupO/n-ZnO heterojunction solar cells

could theoetically be as high as 18%, the maximum efficiency reported to date using electrochemical
deposition method is only less than 1.89%"% This could be due to the creation of interface

defects during the sequential electrodeposition process, which could lead to higher recombination by
interfacial taps and to limited opecircuit voltage with low builin potential arising from the
misalignment betweenype and rtype material$®

Many studies have concentrated on optimizing the synthesis of $@efiu, which acts as
the main absorber layer, as the key to enharitia performance of@u,0O/n-ZnO heterojunction
solar cells. In addition to the importance of the synthesis method that invariably affects the electrical
properties of the prepared films; different supplementary approaches have also been used to improve
the efficiencies of GO for photovoltaic applications. For example, surface passivation,&f Cu
films with hydrogen or cyanide ions, rapid quenching of@fiims to room temperature after the
oxidation process at high temperature, and vapor deposftanaO buffer layer have all been
attempted in an effort to reduce recombination loss by eliminating the interfacial trap*States.
Another important approach to improve tha punction performance is by optimizing the film
thicknesses of both-pype and rtype materials. Recently, the effects of growth parameters for
optimizing the crystallinity and thickness of Luthin films onZnO nanorod solar cells were
investigated, but the best PCE so obtained was only 0.33%, with aciopgéhpotential (\b¢c) of
0.15 V, a shortircuit current density £3) of 7.03 mA/cniand a fill factor (FF) of 0.3%* Another
study showed that the limited performance of electrodepositgd/ZuO planar heterojunction solar
cells could be due to the critical minority carrier length, suggestisigonly photogenerated carriers
within the top 430 nm region in a 1600 nm thick absorber layer would likely be colléthéany
studies have therefore focused on nanostrudtased systems to minimize the electron transport
lengths. Onalimensional nanostructures lealveen employed successfully to improyedie to their

higher junction areas and more direct pathways that lead to better charge carrier collection. However,
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the limited ¢ continues to be more problematic for these systems. As pointed out in astadgnt
engineering of the optimal spacing between thedimensional nanostructures that is required for
efficient charge collection and of the minimum thickness needed for the formation of fulhbuilt
potential to inhibit any unwanted recombinatiorslosmains to be very difficutt? However, this
latter work has succeeded in enhancing tbeb¥ optimizing the CyO thickness (3 um) for the
planarjunction device structure with respectable values&f \kc, and PCE of 0.35 V, 3.7 mA/én
and 0.6 %, respectively. While increasing the absorber thickness for radial junction device structure
did not affect their ¥c, the low V¢ value (~ 0.2 V) wasttributed to the presence of local shunting
and inhibition of depletion layer formation. In contrast, an increasgdnul/ to 0.51 V has been
demonstrated for solar cells consisting of a@thin film on sparsely deposited ZnO nanorods,
confirming that lgher Voc values could be achieved for nanostructeased radial junction
devices:® In addition, the earlier study has suggested that higher conductivity of the absorber
material and bettequality of the junction interface and device geometry are required to further

improve the performancé?

Here, we investigate several techniquesrtbance the ¥ and 4c values of CeO/ZnO solar
cells based on ZnO nanotubes (ZN@s) and nanorods (ZnRs). By employing higisurfacearea
tubular nanostructures that we obtain by direct electrodepoSitiae, produce a higher junction area
and reduce undesirable recombination loss. Our synthesis method does not lead to a high defect
density that is commonly generated in other methods, particularly those that require etching of
electrodeposited nanorods to create the tubular nanostrutfulesther factor that is responsible
for the low Vbc commonly found in other GO/ZnO systems is the loalectron mobility of the
electrodeposited GO film. Our remedy here is to perform a simple pmstealing step that would
reduce the grain boundaries and decrease the surface defects. An improvement in the conductivity of
the electrodeposited g film is also achieved, along with a remarkable reduction in their
reflectance, which would make the LQufilm also an excellent anteflectance layer. Finally, a thick
ZnO seed layer is electrodeposited prior to the growth of theliomensional ZnO nanostrucas to
ensure the full builin potential formation and to minimize any leakage current pathway. We show
that these techniques produce greatly enhancedaipiit voltages for both solar cells based on
nanotubes (0.66 V) and nanorods (0.71 V), whilerdiselting shorcurrent density (2.42 mA/cih
and the overall PCE (0.8%) for the former have been effectively doubled that of the latter (1.15
mA/cn? and 0.4%, respectively).
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4.2 Materials and Methods

A typical p-n junction solar cell was constructedfabows. Prior to any deposition step, the
ITO/glass substrates was polarized by applying a 10n”¢ament for 66120 s in 1 M NaOH in
order to create a higher density of nucleation sites and therefore subsequgrilyrasaterial$>®
A seed layer of ZnO was first electrodeposited in an electrolyte of water and ethanol in a 3:1 volume
ratio to eliminate any pinhole that could resultliosing across the junctidf Electrodeposition
was then performed fortype ZnO nanotubes or nanorods as described in our earlie(asgork
discused in Chapter 3Y°and this was followed by electrodeposition efype CyO thin films.
Cuprous oxide thin films were electrodeposited, either on pristinegl&€s substrates for initial
characterization or on ZnO nanostructures supported ©fgldss substrates for solar cell fabrication,
in an aqueous solution of 0.4 M cuprous sulphate pentahydrate (8ignieh, 98%) and 3 M lactic
acid (SigmaAldrich, 98%) held at 60 °C by potentiostatic amperometiidat V (vs Ag/AgCl) for
600 s. The ptof the alkaline medium was adjusted to 12 by addition of 4 M NaOH with constant
stirring during deposition. To examine the effect of fostealing, the agrown films were then
annealed at 200, 300, and 400 °C for 30 min. Complexiﬁ@v@th lactate im could stabilize the
CU** ions in the alkaline media, allowing them to diffuse through the electrolyféw@s then
reduced to Clfollowing the reactiort®**®® 2C/** + 20H +2d Y G@ + H,0. For the
aforementioned device work, a thicker,Ouilm obtained with 900 s electrodeposition was used to
ensure complete coverage of the ZnO nanostructures supported on the substitsafpie
preparation, we employed a threlectrode electrochemical cell, with an ITglass working
electrode, an Ag/AgCl reference electrode andaift counter electrode, in an electrochemical
workstation (CH Instruments 1140). After deposition,akprepared samples were rinsed
thoroughly in filtered deionized water and stored in a nitrogen atmosphere to dry for at least 24 h

prior to characterization.

The surface morphologies of copper oxide thin films were examined by helium ion
microscopy (HM) in a Zeiss Orion Plus microscope and by fieldission scanning electron
microscopy (SEM) in a Zeiss Merlin microscope. The corresponding crystal structures were
characterized by glancifgcidence Xr ay di f fracti on ( XRD) MRD ng a PANz¢
di ffractometer with Cu KU radiation (1.54 j) at a
compositions were analyzed byr¥y photoelectron spectroscopy (XPS) using a Thevi@o

Scientific ESCALab 250 Mi cr squrcedBl&.6eM).Thegdda monochr o
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thin film topography and their diode behavior were investigated by conductive atomic force
microscopy (AFM) in an Asylum Research Cypher microscope with the imaging current collected
using a Tilr tip. For resistivity and caigr concentration measurements using the-fmimnt probe
method in a van der Pauw configuration (Ecopia HB880), gold contacts were sputtiposited by
magnetron sputtering with a current of 50 mA for 120 s on the four corners of {DdilBu Their
reflectance was measured using a PeBtimer Lambda 35 or 1050 UV/Vis spectrometer. Elemental
analysis across the cell junction interface was studied by scanning Auger microscopy (SAM) in a
Thermo MicroLab 350 Microprobe. The current density vs voltagd ¢haracteristics were

analyzed by using a solar cell measurement system (PV Measurements IV5) equipped with a class
ABA solar simulator and an Air Mass (AM) 1.5 global spectral filter. Prior to¥ienkasurement,

the system was calibrated using a $emence cell (PVM782 with a BK7 window).

4.3 Results andDiscussion

4.3.1Pristine electrodeposited CwO thin films and their electrical and optical
properties

Cu,0 has been extensively studied because of their unique properties for photovoltaic
application 184187 196197198 | narticular, electrodepited CyO films exhibit high
photoelectrochemical stability and excellent electronic properties among other metafGxides.
Figure4.la shows the SEM images of Quoctahedral structures obtathby electrodeposition in an
alkaline solution of copper lactate for 600 s. For a thicke©Gilm (obtained by 900 s
electrodeposition), the film appears continuous with half pyramidal structures, likely due to merging
of the octahedrons with a largdm thickness without a notable effect on their surface morphology
upon posfannealing at 200°C, as shown in the HIM images of0diim after and before the
annealing step in (Figurelb, inset). It should be noted that HIM provides better surface
morphology contrast due to the considerably less divergent helium ion beam when compared with the
electron beam employed in SEM. Figdr&c shows the glancirigicidence XRD patterns of the-as
electrodeposited thicker gD film (obtained by 900 s (Figure linset) and upon annealing to 200,
300, and 400 °C for 30 min. In addition to the XRD peaks from the ITO substrate, we observe the
strong CyO (111) feature at 36.4° and the weakes@(R200) feature at 42.3° for the-dsposited
Cu,0 sample and upon the@T anneal, in good accord with the reference pattern of the cubic
(FCC) crystal structure of G0. However, upon annealing to 300°C, the weak feature at 35.5°
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normally attributed to ITO appears more intense, which can be caused by additional confritation

an emerging CuO (002) feature at the sart®ePa position. Along with the emergence of the CuO
(111) feature at 38.7° and the concomitant intensity reduction of #@ @&0) feature at 29.0° and
Cu,0 (200) feature at 42.3°, these changes inditeteonversion of GO to CuO. Further annealing

at 400°C leads to emergence of other weaker CuO features such as the (110) plane at 32.6°, which

further confirms nearly complete conversion ot@uo CuO upon the 400°C anneal.

Figures4.1d and4.1le showthedepthprofiling XPS spectra of the Cu Zpand Cu LMM
regions, respectively, for the-psepared 90& CuyO film. Evidently, the Cu 2y featurenear 932.6
eV corresponds to theu" oxidation stategonsistent with C40. ™ The missing Cti feature near
933.7 eV supports the absence of CuO (Figutd). Since the Cu 2p binding energies for both@u
and metallic Cu are essentially the same, we examine the Cu LMM Auger region &lgjreThe
Cu LMM peak observed ae 569.5 eV confirms the presence of Gxidation state rather than that
for CU’ (expected a568.0 eV) Except for the gradual reduction in intensity, sputtering does not
change the peak positions of @& 2p;, and Cu LMM featuresconfirming the puty of Cu,O
nanostructures without any cesbell architecture with the shell containing, e.g., CuO or metallic Cu.

These results are consistent with our XRD data for thepesited CyO thin film (Figure4.l1c).
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Figure 4.1 (a) SEM image of a GO film electrodeposited for 600 s at room temperature, with a
magnified view of their octahedral structure shown in inset, and (b) HIM image of a thick&r Cu
film electrodeposited for 900 s at roonmgerature followed by annealing at 200°C, with a magnified
view of the agdeposited film before annealing shown in inset. (¢) Glanitinglence Xray

diffraction patterns of the adeposited CiO film in (a) and upon annealing to 200, 300, and 400°C
for 30 min, with individual features assigned in accord with the reference profiles JOor(CQGPDS
030653288) and CuO (JCPDS 030652309). The reference profile for the ITO substrate (JCPDS
010894596) is given as a bar graph. XPS spectra of (d) {zudm (¢ Cu LMM regions collected

for the CyO film in (a) and upon sputtering for 0, 200, 500, and 2400 s.
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One of the main challenges in the,OlZnO solar cell system is the low charge carrier
concentration with lower mobility in the @D absorber layer. He, we improve the electrodeposited
Cu,0 thin film by simple annealing in order to enhance its conductivity with a larger charge carrier
concentration. $ince annealing is performed on the whole device (discussed below), the annealing
process could alsdfact the underlying ZnO nanostructured and seed layer films. The effect of
annealing at different temperature on thel@gosited ZnO films has been investigated in earlier
studies?*+*°>?®*with most of which focusing on higher annealing temperature above 400°C and only
a few on annealing temperature below 508 In the latter workthe influence of lowerange
annealing temperature on ZnO and Aluminum doped ZnO (AZO) films grown onto a glass substrate
using solgel spin coating method was investigated. The effect of increasing the annealing
temperature from 10@t400°C has proven to improve the crystallinity and the optical transmittances
in the ZnO and AZO films, while minimizing oxygen vacancy defects at the grain boundaries. Figure
4.2a shows the topographical image of the electrodeposited @D film pod-annealed at 200°C
for 30 min. The conductive AFM image is consistent with the half pyramidal morphology found for
the thicker film in the HIM image (Figur1lb, inset). Their corresponding curreqttage curve
shown in Figuret.2b exhibits a typicalidde behavior with the film conductivity up to a few nA at
different potentials. Three selected measurement locations on the sample were investigated, and the
corresponding currentoltage curves all show the repeated cycling of the diode behavior but wit
various intensities likely due to different surface roughness arising from slight thickness variation of
the nanostructured QD film. Figures4.2c and4.2d depict the carrier concentration and resistivity of
the asprepared film as a function of thegt@nneal temperature, respectively. Evidently, the film
postannealed at 200°C exhibits the highest charge carrier concentration (4 dw2pFigure4.2c)
and the lowest resistivity (8r8NV cm, Figure4.2d). This demonstrates that pasinealing at @0°C

could significantly improve the photovoltaic performance.
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Figure 4.2 (a) Conductive AFM topographical image of a thickes@tilm as electrodeposited for
900 s, and (b) the correspondityrentvoltage profile exhibiting typical repeated diode behavior for
three different locations on the sample. Hdfect measurements of (c) carrier concentration and (d)
resistivity of the thin film (obtained by 9@9electrodeposition) before and afémnealing at different
temperatures from room temperature to 400°C for 30 min.

The reflectance spectra for thegaewn and the 200°C peannealed films, shown in Figure
4.3a, appear similar to each other, except for the notable reduction in madoittidereflectance of
the latter (12.5% at 560 nm) when compared to the former (17.5% at 540 nm). The generally higher
reflectance magnitudes in the 5800 nm range found for these two films indicate their superior anti
reflectance property, which is portant to solar cell application. A discernible red shift in the
reflectance spectrum is observed for the films4aostealed at 300°C and 400°C with-offtabove

700 nm, which is likely due to the presence of CuO structures. H@irashows the reggtiveTauc

pl ots, which relate the abgstdwrpotuigdﬁntmoeé”Tefqiucaiteimtn:

A(hBy) , where h is the Planckds constant
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and n describes the nature of the tramsiof the material that can be either direct or indirect and/or

allowed or forbidde’’® The acquired reflectance R is converted to the Kubleliaak function, F(R)

=(1 R¥@2R),which is proportional to t h&(R¥hgiosttieti on coe
photon energy hsa (in eV or in 1239/ & with wavel en
the asprepared film (2.29 eV) and films pestnealed at 200°C (2.21 eV), 300°C (1.74 eV), and

400°C (1.60 eV) (Figurd.3b). These values supi the presence of pure £ with a theoretical

band gap of 2.1 eV, for the-asepared and 2002@nnealed film3® The lower band gap values (and

the corresponding higher eatf wavelengths above 700 nm) found for the films gastealed at 300

and 400°C confirm the presence of CuO mixed withbGCu
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Figure 4.3 (a) Reflectance (R%) spectra and (b) the corresponding Tauc plots illustrating the
bandgap estimation for the 98@lectrodeposited GO film before and after annealing to 200, 300
and 400°C.
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4.3.2Nano-heterojunction solar cell structure and their photovoltaic properties

Many studies have shown the major challenges encountered in fabricafdy @0 planar
junctionsolar cell systems, especially due to their short charge carrier collection length that is limited
by the low electron mobility in G®.*** Many nanosystems have been proposed to obtain a higher
junction area and more direct pathways of charge diffusion within the ab&reeby using one
dimensional ZnO nanostructures to further improve their charge collé&ticFhe importance of
optimizing both the ZnO seed layer thickness and the nanostructure kengtastigated in an earlier
study in order to minimize the leakage current and the interface area that limitsgdeires®
However, these are not the only factors responsible for device performance. The thickness of the
absorber layer could also play an important ratesuggested in a recent study that showed the open
circuit voltage, shottircuit current density, and consequently their overall PCE performance as

functions of the C4D thickness for both planar junction and radial junction solar 8lls.

Here, we succeed in optimizing the performance by employing@ @ayer with the
appropriate thickness in the device structure. The ratio ofibyibtentials aithe junction interface
of the ntype (V,) and ptype materials(y) can be esti mated by applying
VoV, = Noay/(N:3,), whereN, (N,)  a J( ¢ ard, respectively, the carrier concentration and the
absolute permittivity of the eleodeposited #type ZnO (ptype CuO) film.**?Since the highest
charge carrier concentration from our Hall effect measurements is obtained fop@hé&l@uafter
annealing at 200°C is 1.0x1@m®, the thickness of the depletion region in the absorber layer (x
required to ensure a buitt potential as high as 0.7 V is approximately 2.5 um, according to the
equation: \} = ¥ gNx,”/ (R \lihere q ishe electron charge. We have therefore electrodeposited a
2.5-um thick CyO film to completely encase the ZnO nanotubes or nanorods (with typical length of
1-1.5 um and diameter of 2800 nm) grown on top of a 58@n thick ZnO seed layer. Figuréga
and 4.4b show the crossectional HIM images of both @/ZnO-NT and CyO/ZnO-NR solar cells,
with the insets depicting the surface morphologies of theséiomensional ZnO nanostructures
before the CiO film electrodeposition. Figurk4c shows the highgunction area expected for the
Cw,O/ZNO-NT cell structure compared to the LUZNnO-NR cell, due to the inside surface of the
nanotube. Figuré.4e shows the crossectional SEM image across the entirg@@AnO-NT/ITO
device structure. The correspondiugger electron spectrum of the entire image (Figidd)
indicates the presence of both I0MM peak at 922 eV and AoMM peak at 997 eV. We also

collect the Auger electron spectra at four different locations across the cell structure, as marked on
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their corresponding SEM image shown in Figdrée. These spectra confirm the highest Cu content

at the top layer of the cell (Point 1), and reduced Cu content with the emergence of Zn at the junction
area near the-fype absorber layer (Point 2). At the junctiarea around the nanostructures and near

the ZnO seed layer (Point 3), a stronger Zn LMM peak and a wealkéviklipeak are observed.

Finally, the absence of any Cu and Zn features is observed at ITO/glass substrate (Point 4).
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Figure 4.4 Crosssectional HIM images of (a) @0/ZnO-NT and (b) CyO/ZnO-NR solar cells,

with insets depicting the electrodeposited ZnO nanostructures before the deposition cEtme 2.5

thick CuO film. (c) Schematic diagrams tife CyO/ZnO-NT and CyO/ZnO-NR cell structures.

(d) Auger electron spectrum and (e) cresstional SEM image of the junction area of the
Cu,0/ZnO-NT cell and the Auger electron spectra over selected energy region [red box in (d)] of the
junction areatafour different sample locations: (1) €usurface, (2) G®O/Zn0O junction, (3)

Cu,0/ZNn0O junction near to the ZnO Nand (4) the ITO/glass substrate

Figures4.5a shows the schematic diagrams of our optimize®@NO-NT and CyO/ZnO-
NR heterojunction dege structures. This optimal device structure consists of-pr.thick CyO
film encasing ZnO NTs or NRs, with typical lengths ef.5 pm and diameters of 2@D0 nm, on a
500-nm thick ZnO seed layer grown on an ITO/glass substrate. A gold cordisn sputtecoated
on the CyO film for evaluating the device performance. The corresponding energy band diagram of

the whole device is also shown in FigdrBa. Figured.5b shows the photovoltaic current density vs
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voltage (or V) curves for the CGO/ZnO-NT and CyO/ZnO-NR cells. When compared taY of

0.59 V reported for other cells made up o$Cwn sparse ZnO NRSthe present value (0.71V)
represents the highestyreported to date for this type of LW ZnO-NR cells under no vacuum
conditions.This may be due to the new configuration of the ZnO nanostructures grown on top of the
ZnO seed layer, which ensures the full bunlpotential at the absorber layer with thickness of 2.5

um. In addition, the CD/ZnO-NT cell exhibits a much highegg(2.40 mA/cn) than the

Cw,0/ZnO-NR cell (1.12 mA/crf), which is in good accord with the larger junction area and better
charge carrier collection property observed for junction devices based on tubular nanostructures.
However, the ¥c of the CyO/ZnO-NT cell (0.66 V) is lower than that of the £&WZnO-NR cell

(0.71V), which may also be due to some additional recombination loss within the larger junction

interface.

External quantum efficiency (EQE) measurements have also been performed for the
CwO/ZNONT and CyO/ZnO-NR cells. As shown in Figur¢5c, the EQE of the two devices are
similar in magnitude at wavelength below 350 nm, but significantly different at longer wavelengths.
The high EQE profile for the GO/ZNO-NR cell below 460 nm could be corraddtwith its high open
circuit values, this could be due to the higher charge collection efficiency of thagphetated
charges near the interface of the radial junct?dAs shown in an earlier study for improvitige
Cu,0/Zn0 radial heterojunction solar cealhe optical depth of the @D absorber layer igess than
150 nm for wavelength below 460 nm, indicating that all photons are absorbed near to the interface
and can be easily collected by radial comparedationger junction. However, at longer wavelengths
the optical depth increases up to many microns where the photogenerated charge carriers are too far

from interface’®®

On the other hand, the decrease of the EQE profile is consistent with the leywele
(0.66V) in wavelengths below 460 nm for the;OIZNO-NT cell compared with GD/ZnO-NR cell;
this could be related to a possible additional recombination process loss at the higher junction area.
Alternatively, for longer wavelengths above 460 nm, photons would be able for a deeper penetrating
in the absorbedayer; consequently the EQE vads are more affected by the bulk,Oproperties and
would therefore be independent of the op@nuit voltage with a discernible broadening of the EQE
profile for the CyO/ZNO-NT cell compared to the GD/ZnO-NR cell.’® The observetroadening
would result a better matching with the AM 1.5 solar spectrums at longer wavelengths that would

consequence a higheizand an improved overall PCE. The enhanced photocurrent production value
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of the CyO/ZnO-NT cell is consistent with our maa®d current densityoltage characteristic
parameters as shown in Fig4r&b. However, the shodircuit current density (less than 3 mAAm

is still limited and considerably lower than the theoretical value (15 nf\Mexpected from

Cu,0/Zn0O heterojunion. This is likely due to the poor charge carrier collection efficiency and the
possible defects with interfacial electronic traps created on ZnO nanostructure films after the
subsequent electrodeposition of,Ouilms at highly alkaline electrolyta]l of which would limits

the device performance. The large room for improvement calls for additional effort to better optimize
the vertical alignment and spacing among the nanostructures, which may lead to better charge carrier
collection and higher shiscircuit current density>” Further work is therefore needed in optimizing

the spatial, geometrical and orientational arrangement of the nanossuatuthe support by using
nanotemplating and nanolithography techniques, in order to facilitate better charge collection and to

enhance their overall performance.
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Figure 4.5 (a) Schematic diagrams 61,0/ZnO-NT and CyO/ZnO-NR solar cell structures, with

their optimized layer thicknesses in parentheses, along with their corresponding energy band diagram.
(b) Current density vs voltage curves and (c) external quantum efficiency (EQE) spectra of the
Cw,0/ZnO-NT and CyO/ZnO-NR solar cells.

4.4 Conclusions

Nanoscale material manipulation is an attractive approach to improve the solar energy
harvesting and to achieve more efficient phetmelectron conversion for inorganic heterojunction
photovoltaic devicesA heterojunction solar cell composed of-type ZnO nanostructured thin film
(of nanotubes or nanorods) and incorporated withygp@ CuyO thin film of appropriate thickness is

obtained by using a facile electrodeposition methbke opertircuit voltage is enhanced by post
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annealing the fype CyO nanostructured film at 200°C to obtain a better crystallinity and a higher
conductivity, and by optimizing the film thicknessassure the full builin potential across the

junction interface. Furthermore, tubular ZnO nanostructures grown on theaufficiently thick

ZnO seed layer prevents any leakage pathway and improves their interface quality, which
consequently increases their oprcuit voltages. Synthesis of the tubular nanostructure by
electrodeposition also helps to minimize the redoation loss expected from undesirable defects in
these tubular structures prepared by other means, such as etching of naBohaaieed shoxtircuit
current density islso observed for these tubular nanostructures due to their superior junctioa surfac
area and better charge carrier collection efficiency, and this consequently leads to better overall

performance.

74



Chapter 5
Plasmonic Gold Nanoparticles for ZnO Nanotube Photoanode in

Dye Sensitized Solar Cell Application

5.1 Introduction

Nanoplasmoigs is a rapidly growing research field that exploits enhancement of
concentrated optical energy on the nanoscale in nanostructured metal systems arising from their
surface plasmon modé&¥+?2213 Recently, gold nanoparticles (GNPs) have been introduced to
different materials to improve their sensing, photocatalytic, and optical prog&tites'® One of the
major applications that take advantage of their improved light absorption capability specifically in the
visible region is photovoltaicds *#*"?'? Surface modification with plasmonic nanoparticles firs
introduced to photovoltaics for enhancing inorganic-thin solar cells, particularly by
compensating the loss of absorption with reduction in the absorber thiékg's§22232#

Furthermore, GNPs have been used in both polpased and dybased organic photovoltaics to

provide a significant immvement in their performanég?2622"228229

In a typical dyesensitized solar cell (DSSC), the dye molecules adsorbed on the photoanode
surface are the main photon absorber that can be excited, which results in the injection of their excited
electrons into the conduction band of the semiconductor i@lafEne injected electrons are easily
transported from the photoanode via the back contact (usually made up of a transparent conductive
oxide material) to the Pt counter electrode. The process can be repeated by simple regeneration of the
dye molecules tisg a redox couple (3l3') liquid electrolyte, followed by reduction of the
electrolyte with the catalytically active Pt electr88eAu-SiO, coreshell NPs have been used as
plasmonic light harvesting antenna on a JJINP photoanode for liquid and solitate based DSSCs.

An improved efficiency approaching 1.95% (from 1.05%) was obtained for the N719 dye with the
(3I'/15') liquid eledrolyte in a liquidbased DSSC* An efficiency enhancement approaching 2.2%
(from 1.2%) was also obtained when the Z907 dye was employed fostatiobased DSSEE.

Recently, ZnO has been used as an alternattypensemiconducting photoanode material
for DSSCs, because of its similar bandgap, higher electron dynamiograatile nanostructural
morphology relative to Ti@'3%3*#321% Eyrther modifications have been performed by mixing with

other nanostructured metal oxides (such as @i Sn@) or with metallic NPs (including Au and
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Ag) for improving their charge carrier and absorption properties for DSSC applit&ion>>2%
Coating of wvertically alignetdydn®thanmabdsmwt hbdG
reported to increagbe photon conversion efficiency from 0.7% to 1.2%, along with an increase in its

opencircuit voltage from 0.50 to 0.63 ¥’

Here, we develop a successive electrodeposition procedure to decorate with GNPs the high
surfacearea ZnO NTSs, also obtained by direct electrodeposition, and demonstrate its advantage as an
effective DSS(photoanode. As electrodeposition is capable of preparingdughty nanomaterials
with better crystallinity and minimum lattice mismatch, the resulting enhanced interface quality could
also improve the contact of GNPs on the ZnO NT surface. This leéalsdr resistance for better
electron conduction that is important for advanced electronic device applications. The GNP particle
size can be easily optimized with different concentrations of An@iaClQ, mixed with 0.1 M KCI
electrolyte, while its aréaensity can be controlled by the deposition time at a selected AuCl
concentration (1 mM). Our results illustrate the many advantages of @leettochemicallygrown
GNP/ZnONT photoanode, as provided by their better capacity for dye loading and bigirge
transport inherent in the omémensional, higkspecificsurfacearea ZnO NTs, and by the
pronounced enhancement in their absorption due to surface plasmonic effect of the GNPs. With the
Schottky barrier build up at the Au/ZnO interface, a highectron density is also obtained at the
ZnO conduction band due to the reduction of eleetransfer resistance and minimization of
recombination loss by blocking the back electron transfer from ZnO to the electrolyte or/and the dye
molecules. An almos28% increase in the overall efficiency from 4.7% for pristine ZWDODSSC to
6.0% for GNP/ZnGNT DSSC can be achieved.

5.2 Materials and Methods

For all sample preparationgremployed a threelectrode electrochemical cell, with an 7O
glass workingelectrode, an Ag/AgCl reference electrode, andaifet counter electrodia an
electrochemical workstation (CH Instruments 1140 preparation of ZnO NTs on IF@ass
substrates by electrochemical deposition has been discussed in detail el¢éasdiscassed in
Chapter 3)* Briefly, delicately controlling the electrolyte conductivity with different mono and
divalent supporting electrolytes in the sadi® mM ZnC} primary electrolytewe shaved that it was
possibleto manipulatehe growthmechanisnand to obtain directly electrodeposit2dO nanotubes.

Gold nanopatrticlesrerethenelectrodeposited oAnO NTs in an aqueous solution of 1, 5, or 10 mM
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AuCl; dissolved in 0.1 M NaClgand 0.1 M KCI by potentiostatiargerometryati 1l V vs
Ag/AgCI) at room temperature for 60After deposition, thesprepared samplasere rinsed
thoroughly indeionizedwater and stored in a nitrogen atmosphere to dry for at least 24 hours prior to

characterization.

The surface morphologiegereexamined by singhelium ion microscopy (HIM) in a Zeiss
Orion Plus microscope and fie&mission scanning electron microscopy (SEMa #eiss Merlin
microscopeBright-field low-resolution and higiesolution transmission electron microscopy (TEM)
studies were perfamed by using a Zeiss Libra 200 MC microscop&siiP/ZnO-NT nanostructures
scraped off from the substrate and transferred onto a lacey carbon TENhgricbrresponding
crystal structures were characterized by glanaicglence Xray diffraction (XRD)using a
PANal ytical Xo6Pert Pro MRD diffractometer with (
0.6°.The surface compositions of t@NP/ZZnO-nanodeposits were analyzed bya§¢ photoelectron
spectroscopy (XPS) using a TherviG Scientific ESCALal250 Microprobe with a monochromatic
Al KU s our c €yclic lokatiBetryandceelédtrochemical impedance spectroscopy were
performed in 10 mM KFe(CN) in a PBS solution (pH = 7.4) using the saghectrochemical
workstation The optical properties @e investigated by using a Perkin Elmer Lambda 1050 UV/Vis

spectrometer.

Typical DSSG were fabricated using a standmceduré® After the preparation of
GNP/ZnONT on an ITQglass substrate, the photoanode was annealed at 130°C for 30 min to
improve their dye loading property and their contact with the subsTitaeworking eleecbdewas
constructed by dipping the resulting GNP/ZND photoanodén a 05 mM solution of commercial
dyeN719 (purchased from Sigma Aldricfor 2 h. The counter electrode was obtained by sputter
coating a Pt thin film (200 nihick) onanother ITQglass sultsate A redox (31/15) couple
electrolyte was thegandwiched between the working and counter electtodagate the DSSThe
currentdensity vsvoltage(J-V) characteristics were analyzed using a solar €élineasurement
system (PV Measurements IV5) equipped with a class ABA solar simulator and an Air Mass (AM)
1.5 global spectral filterPrior to thelJ-V measurement, the system was calibrated using a Si
reference cell (PVM782 with a BK7 window).
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5.3 Results andDiscussion

5.3.1 Characterization of GNP/ZnO-NT photoanode

Figure 5.1shows the SEM images of ZnO NTs electrochemically grown on arglass
substrate with and without subsequent electrodeposition of @XB6 s. The resulting ZnO NTs are
typically 1-1.5 pm long and 26800 nm in diameter (Figufg1a). Different gold electrolyte
concentrations have been used for electrodepositing GNPs to obtain different nanoparticle size. At the
lowest concentration df mM employed in the present study (Figbrgb), homogenous coverage of
GNPs on both the inside and outside surfaces near the tip of the ZnO NT is observed. These GNPs
also exhibit a fairly uniform spatial distribution on their surface along the lengjtie ofanotube, with
an average particle size of 12 nm. Increasing the electrolyte concentration to 5 mM (kibrires
5.1d) produces a higher aerial density and larger GNPs with an average size0afirb(along the
entire ZnO NT length. At the highestramntration of 10 mM (Figurésle,5.1f), we observe even
larger GNPs with average size over 50 nm. Interestingly, the larger GNPs (> 30 nm) obtained with
the latter two concentrations also tend to agglomerate on the surface along the length of the ZnO NT
leading to high or even complete coverage of the ZnO NT surfaces, in contrast to that found for the
lowest concentration (1 mM). As GNPs could also be electrodeposited on a pristigasEO
substrate (i.e. without any ZnO NTs), a seed layer of Zn@eislpctrodeposited prior to the growth
of the ZnO nanostructures to ensure that pristinediads or GNPs on IT@lass is not involved in
the photovoltaic process.
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Figure 5.1 SEM images of (a) pristinBnO-NT, and GNP/ZnENT obtained by GNP
electrodeposition in (b) 1 mM, (c, d) 5 mM, and (e, f) 10 mM AwRictrolytes, all mixed witB.1
M NaClQ, and0.1 M KCI supporting electrolyte, at room temperature.

Taking advantage of the higher surfaomtrast and the superior depth of focus of helium ion
microscopy, we study the aerial density of GNPs grown on the ZnO NT surfaces, which can be easily
increased by increasing the deposition time. As illustrated by the HIM images for GNPs obtained
with the 1 mM AuC} electrolyte solution, the aerial density of GNPs on ZnO NT is significantly
higher for 300 s (Figurg.2b) than that for 30 s (FiguBe2a) and that the spatial distribution of GNPs
remains uniform on the NT surface. Energy dispersirayeemental analysis has been performed
on the GNP/Zn@ENT samples obtained with GNP deposition time of 30, 60, 120, 200, and 300 s.
Figure5.2c inset shows that a higher relative intensity of Au peak for the GNP (with respect to the
relatively constant Zn an@ peak intensities) is obtained for the 30eposition, thus confirming the

increase of GNP areal density with increasing deposition time. However, the higher deposition time
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(> 300 s) is also found to slightly decrease in their light absorbance iisthie vegion, as shown in

their UV/Vis absorption spectra in Figuse3, which is likely due to particle aggregation. To

maximize the total surface area of GNPs in order to facilitate maximal loading of the dye in the DSSC
fabrication, we select the GNRID-NT sample deposited with a neaonolayer coverage of the

smallest GNPs but with the largest aerial density, i.e. that obtained by tised@@0sition (Figure

5.2b).
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Figure 5.2 HIM images ofZnO nanotubes electrodeposited with Au nanoparticles in 1 mM AuCl
electrolyte for (a) 30 s and (b) 300(s) Energy dispersive Xay spectrum for the ZnO nanotubes
decorated with gol nanoparticles obtained by 38@leposition, with the inset depicting tedative
intensity change of Au M emission feature with respect to Zn L feature for gold nanopatrticle
deposition of 30, 60, 120, 200, and 300 s.
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Figure 5.3 UV/Vis absorbance spectrums of GNP/ZMND photoanodes at different deposition time
of 30, 60, 300, and 600 s, show the similar absorbance at depositior B0@ §) at the visible
regime.

The lowmagnification TEM image for the GNP/ZRT photoanode shown in Figubeda
confirms the existence of tl&NPs aslectrodeposited on the ZAQT surface with a particle size
distribution of 422 nm and an average size of 12 nm (Figuda, inset). The corresponding high
resolution TEM images for ZnO NT (Figubedb) and GNP (Figur&.4c) reveal sharp fringesith
respective spacings of 0.25 nm and 0.24 nm, which are in good accord with the respective interplanar
separations for the ZnO(101) and Au(111) planes. This is also in good agreement with the-glancing
incidence XRD pattern of the GNP/ZADI photoanodel®wn in Figures.4d. Despite the strong
XRD peaks from the ITO substrate, we observe-gdetined Au XRD features for (111) at 38.1°,
(200) at 44.3°, (220) at 64.5°, and (311) at 77.5°, which are consistent with the reference pattern for
the face centerecubic structure of Au (JCPDS 030652870). The weaker peaks at 31.7°, 34.4°, 36.2°,
47.5° and 56.6° correspond, respectively, to the (100), (002), (101), (102) and (110) planes of ZnO, in
good accord with the reference pattern for the hexagamdrite structure of ZnO (JCPDS
010790206). The higher intensity ratio for ZnO(101) to ZnO(100) found for the ZnO NTSs relative to

that for ZnO powder (as shown in the reference pattern) indicates a preferred ZnO growth direction
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along the [101] direction. Similarlyhé higher intensity ratio for Au(111) to Au(200) observed for the
GNPs than that for the Au reference reflects preferential growth along the [111] direction for these
GNPs, which is likely due to the good lattice match between the Au(111) and ZnO(1@k) plan

p— : '30 40 50 60 70
50 nm Size ("M 3 Theta (degree)

6 12 18

Figure 5.4 (a) Low-magnificationTEM image of GNP/Zn&NT, and highresolution TEM imagesf
(b) selecte&nO-NT and (c)GNP regionsrevealing theespectivdringe spacingsor ZnO(101) and
Au(111). (d)Glancingincidence Xray diffraction pattern ofhe GNP/ZnGNT on ITO/glass
substrate, along with the reference patternsviotzite ZnO (JCPDS 01079020&)nd FCC Au
(JCPDS 0306528707 he diffraction features for ITO areanked by asterisks.
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Figure5.5shows the XPS chemicatate composition analysis for the GNP/ZND
photoanode. The Zn gppeak near 1021.8 eV corresponds to th& Bridation state of ZnO (Figure
5.5a), while the O 1s peak at 530.2 eV andwieak shoulder at 531.1 eV can be attributed to ZnO
and Zn(OH), respectively (Figur&.5b). The metallic form of the GNPs is confirmed by the presence
of the Au 4§, (4fs,) feature at 83.8 eV (87.5 eV) (Figusex). 1053

Further electrochemical characterizations fNREZNONT photoanode have also been
performed using 10 mM fFe(CN)] in a 10 mM PBS (pH = 7) at room temperature, and the results
are compared with those for pristine ZNJ photoanode (i.e. without any GNP deposition). The
cyclic voltammograms shown Figure5.5d indicate that both oxidation and reduction currents for
GNP/ZnONT are considerably larger than those for pristine 40 In the electrochemical cell,
electrons enter the electrolyte solution and the metal ions start to diffuse into thayd&eapon
dissolution. The rate of charge migration depends on the ctrargder resistance inside the
electrolyte solution. When ZnO NTs are decorated with GNPs, significant enhancement in both
oxidation and reduction currents can be observed. Thehagirent at a fixed potential found for the
GNP/ZnONT photoanode is due to a lower chatgmsfer resistance, when compared to pristine
ZnO-NT. Further confirmation is obtained from electrochemical impedance spectroscopy for both
photoanodes. Figu5e shows Nyquist plots for the GNP/ZAX and pristine ZnENT
photoanodes. The nelmear part at low frequency represents the diffudinited process, while the
diameter of the semicircle at higher frequency is generally related to the underlyingrelectsfer
limited process. Using an equivalent circuit that includes the electrolyte resistance between the
working and reference electrodes)(RVarburg impedance (4, doublelayer capacitance (J and
the chargdransfer resistance (Rto model he observed curves, we determingvdlues for the
GNP/ZnONT and pristine ZneNT photoanodes™® The smaller chargeansfer resistarmcfor the
GNP/ZNnONT photoanode (1.60 kq)NT hmpmottcdhanode r( I.h%e8 pl
indicates a more efficient chargransfer process for the GNP/ZAXO photoanode than the pristine
ZnO-NT photoanode. The enhanced chargasfer process cadnins that the formation of Schottky

diode at the Au/ZnO interface is having a significant effect on the photovoltaic performance.
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Figure 5.5 XPS spectra ofa) Zn 2p;, (b) O 1s, andc) Au 4f regions for theGNP/ZnGNT
photoanode (d) Cyclic voltammograms, an@)(Nyquist plotsfor the GNP/ZnGNT and pristine
ZnO-NT photoanodeswith an inset of their equivalent circuit model.
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5.3.2Comparison of photovoltaic performance of GNP/ZnGNT vs pristine ZnO-NT
photoanodes

Using the GNP/ZnENT photoanode and pristine ZAT photoanode, we construct four
different cell structures with and without the dye loading step. To investigate the cell performance, we
first examine the photon absorptiefiiciencies of the two photoanodes. Figuréascompares their
UV-Vis absorption spectra, which show 25 % higher photon absorption for the GNR/EZn€ative
to pristine ZnO photoanod#ter dye loadingln Figure 56b, we compare the current density vs
voltage performance of the solar cells constructed with the GNPRZh@nd pristine ZnENT
photoanodes in the absence of the N719 dye. Evidently, thecsfooiit current density, opecircuit
voltage, fill factor and photon conversion efficiency of thistme ZnGNT cell have increased,
respectively, from 0.07 mA/chto 1.5 mA/cr, from 0.187 V to 0.385 V, from 0.27 to 0.49, and
from 0.004% to 0.028% for the GNP/ZAD cell. The higher photon absorption as a result of
plasmonic effect introduced by te&NPs is therefore responsible for the discernible enhancement in
the solar cell performance (even without the dye). Figledhows that upon loading with the
N719 dye, the shodircuit current density has increased from 10.4 mAfamthe pristine AO-NT
cell to 13.1 mA/crhfor the GNP/ZnGNT cell. The corresponding photon conversion efficiency has
also increased from 4.7% for the former to 6.0% for the latter. This is a direct result of the higher

photon absorption provided by the GNPs.
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Figure 5.6 (a) UV-Vis absorption spectra @NP/ZnONT and pristine Zn&NT photoanodewith
N719dye, andthe current density vs voltage curves fmlar cells constructed fromNER/ZnO-NT
and pristine Zn&ENT photoanods (b) without and (c) with N719 dye.
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The size dependence of the plasmon absorption of gold nanoparticles has been studied in
earlier work, which showed that plasmonic Au NPs with an average particle size greater than 16 nm
could provide a bigger enhancement at longer wavelength, while sidBenf 10 nm in size would
have better absorption at shorter wavelength, especially in the visible réfjifftee size dependence
of the plasmon absorption of GNPs has also been investigatedher study has also shown that
smaller plasmonic silver nanopatrticles, with an average diameter less than 25 nm in the intrinsic size
regime, would exhibit an increased plasmon bandwidthn accord with these reports, our present
results show that the best performance is observed for smaller GNPs (less than 25 nm)iRéiile G
larger than 30 nm have led to poorer cell performance. This is likely caused by the agglomeration of
the larger GNPs, which reduces the total illumination area of the exposed surfaces of the NPs, and by
filling of the ZnO tubular structures, which rédtsuin poor dye loading. In addition, smaller GNPs
would produce a greater shift in the Fermi level due to the small electron accumulation in the GNPs.
This is in contrast to the larger, agglomerated GNPs, which would require a larger electrap build
to cause an upward shift of the Fermi level and therefore a higher recombination loss of the
accumulated electrons with the oxidized redox electrolyte and/or dye species (the process mechanism
of which will be discussed below). Consequently, this would pduower photocurreAt****and

pooreroverall performance as shown in Figareé.
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Figure 5.7 Current density vs voltage characteristic of GNP/A¥iDbased DSSC with
agglomerated GNPs obtained by using a high concentratibh wiM AuCl; electrolyte.
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The photorto-electron conversion mechanisms using the GNP/ZnO photoanode without dye
and that loaded with the N719 dye are shown schematically in Bdlirdhe presence of GNPs
would enhance photon absorption in the visible region. As for the cageRIZGO photoanode
without dye shown in Figurg.8a, electrons are injected from the Au Fermi level to the conduction
band (CB) of ZnO upon light illumination, which is responsible for the photocurrent so produced. On
the other hand, when the GNP/ZnO photude loaded with the N719 dye (Fig&:@b), electron
injection into the ZnO conduction band could occur in two routes. The electrons generated from the
photoexcited dye molecules, via a highest occupied molecular orbital (HOMO) to lowest unoccupied
molealar orbital (LUMO) transition, could be transported directly to the ZnO conduction band.
Alternatively, the generated electron could also be transferred indirectly to the deposited Au NPs first
and then onto the ZnO NT surface. As a result of their elestaccumulation at the Au energy level,
the Au Fermi level would be shifted upward toward the ZnO conduction band and hence resulting in
buildup of a potential barrier at the metal/semiconductor interface. In addition, the existence of
Schottky barrier wold enhance the device performance due to the blockage of the back electron
transfer from the ZnO conduction band to the GN#syhich would reduce the recombination loss
that may occur betweecharge carriers (electrons) and any oxidized species of the redox electrolyte
or dye molecules. The GNP/ZADT system so constructed therefore provides a more efficient
chargetransfer process with enhanced light absorption, thus leading to a bettdl pedormance
of GNP surfacenodified photoanodé™* Future work could be performed to optimize the vertical
arrangement with fixed spagjrof the nanostructures using nanotemplating and nanolithography
techniques, in order to increase the charge collection property and to further enhance the overall
performance. An additional step of coating the gold nanoparticles with a passivatiorf layer o
appropriately optimized thickness to prevent them from acting as charge recombination centers could

also improve their overall efficiency.
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Figure 5.8 Schematic diagrasof the device architectures and corresponding energy band diagrams
for solar cellconstructedrom GNP/ZnGONT photoanodéa) without and(b) with N719dye,
illustrating the phototto-electron conversiomechanism

5.4 Conclusions

By taking advantage of the ptasnic effect, appropriately sized GNPs electrodeposited on
ZnO-NTs have provided significant enhancement to theirgperdnce in DSSC applicatioHere, we
illustrate that two main enhancements could be achieved by-eleetitodeposition approach. Firat,
simple, direct electrodeposition technique has been used to deposit ZnO nanotubes, which provide a
distinctly higher total surface area (with both inside and outside tubular surfaces) for superior dye
loading. Second, electrodeposition is also usedmdral the deposition of GNPs of appropriate size
that would manifest the plasmonic effect to maximize the optical improvement observed in the visible
region. The formation of the interfacial Au/ZnO Schottky barrier also blocks the back electron
transfer fom ZnO conduction band to the GNPs, thereby reducing the recombination loss involving
oxidized dye and/or electrolyte molecules. These enhancements have led to an excellent photon

conversion efficiency of 6%, with an opeircuit voltage of 0.61 V and dliffactor of 0.75.

88



Chapter 6
Hi erarchi cal Ti n Oxi dSe nNsaintoiszterdu c§
Cell App¥icati on

6.1 Introduction

Dye-Sensitized Solar Cells (DSSCs) are promiglagices for conversiomf solar energy to
electricity since the grourdreaking work ofGratzel® During the lastwo decades, a massive
amount of work has been done i®,-based DSSCshe photonto-electron onversion efficiency
(PCE) of which has been improved significantaching as high as 109Recenly, the use of
alternative transparent conductive oxicdgsch as ZnO and Sphave been reportddr DSSC
applicationsdue to their excellent optical transparency, wide direct lgapd high electron mobility
andlargeelectron diffusion coefficierff>** However, earlier studies have shown that ZnO could
suffer from its lower chemical stability and dye loading capacity, which makes it less attractive as a
photoanode iDSSC application$® In contrast, Snghas lower UV degradation characteristic with a
bandgap of 3.8 eV and generally better stability. One major challenge ofiStite faster
recombination rate due to higher electron transport dynaanit$ow open circuit voltage (~400
mV), which limits the overall PCE****" Consequentlyfurther modifications have been introduced
on the surface of SnManowires bydecorating with Ti@nanoparticle$'’ or coating with a&ompact
thin film of MgO as a passivation layefhe latter has been shotmreduce the loss resulting from
the recombination of electrons injected to Smiith acceptors in the electrolyfé®24"248249
Furthermorein order to reduce the charge carrier recombination rate, which is partly due to the
charge hopping transport mechanism in classical nanoparticle films, quakhnterssional
nanostructures wittlirect pathways have been employed to improve the charge collection
efficiency?*° However, those structures generally have a lower surface area, whichinelsutlisr
dye loading efficiency. Therefore, manigtarchical nanostructurdgve been introduced instead, in
order to increase the surface area, which should improve the charge collection efficiencies and the

overall performance of the DSS€:**%?|n the present work, we employ the pulsed laser deposition

88555 Thjs section is made from one of my publications: ABikh, M.; BazarganS.; Thomas, J. PRahman,
M. A.; Sirvastava, S.; Wang, X.; Heinig, N. Egung, K. T. Hierarchical Tin Oxiddanostructures for Dye
Sensitized Solar Cell ApplicatioAdv. Electron. Mate 2015.Copyright (205) by Wiley.
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(PLD) technique to produce novel Spi@erarchical nanostructurdxy introducing NiO tocreatenew
nucleation sitesThis process inducele growth of nanbeltside branchesff the nanbelt main

trunk to produce a highly branched structure with a much higher surface area. In addition, we achieve
furthertuning of the ope drcuit voltage ¥ oc) by simple surface passivation treatment of these
hierarchical Sne@nanostructures with uniform coating of an MgO layer, with thickness appropriately
optimized. A 10-fold enhancemern the PCEof the hierarchical Snthanostructured sample with

MgO passivation (to 4.14%) relative to that of a pristine Sredobelt sample is observed.

6.1 Materials and Methods

SnQ, nanostructures were prepared in a PLD system with an excimer laser source (248 nm)
operating with a fluencef 850 mJ/pulse and a repetition rate of 10 Hz. A detailed description of our
catalystassisted PLD system used for depositing Smedobelts has been given elsewHétdium
tin oxide (ITO) coated glass substrates were sonicated in acetone and then in isopropanol, each for 10
min, followed by thoroughly rinsing with Mipore water before use. Following our earlier wotk,
gold nanoislands were created on these substragssbgnnealing a thin (<10 nm), sputieated

layer of gold for 1 h.

Deposition targets, composed of pure $afd of Sn@mixed with 5 wt% NiO, were
prepared by mixing and grinding appropriate amounts of respective powders in a mortar and pestle
for 20 min, followed by pressing the powders under 20 MPa and sintering them for 24 h at 900 °C.
Laser ablation was then performed at a substrate temperature of 500 °C in 400 mTorr of Ar for 90
min, using the respective targets of pristine sa@ of NiGmixed SnQ (designated here as NiO
SnQ). The morphologies of the resulting Sn@nostructured films were studied by using field
emission scanning electron microscopy (SEM) in a Zeiss Ultra Plus microscope. The crystal
structures were characterized by glagdimcidence Xray diffraction (GIXRD) using a PANalytical
X6Pert Pro MRD diffractometer, configured with
plate collimator on the diffracted beam optics, at an incidence angle of 0.6° -t8ighow-
resoldion and highresolution transngision electron microscopy (TEMjudies were performed by
using a Zeiss Libra 200 MC microscope on hierarchical hanostructures scraped off from the substrate

and transferred onto a lacey carbon TEM grid.

The surface aread the samples were estimated by desorption experiments. Commercial dye

solutions (2907, Solarnix) with different concentrations were prepared and thafid Absorption
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spectra were collected. Using the Beambert law, we constructed a calibrationveubased on the
absorbance of different dye concentrations at
absorption coefficient of the dye to be 4.20% nmo | a t @542 nm.xBetld dydwaded

pristine Sn@and NiGSnQ, samples were each placed into a 10 mM solution of KOH (pH 13) to
desorb the dye. The concentrations of the desorbed dye were determinee/isydgectroscopy and

the amount of dye loading was calculatédi. The asprepared nanostructures was passivated by

further surface treatment of dipping in a hot ethanolic Mg{CEBIO), solution of three different
concentrations (20, 60, and 120 mM) for one minute at 70 °C. A passivated shell layer of MgO
covering the nanostructures (with thickness depending on the MG(@®, concentrationjvas then
generated by annealing in air at 500 °C for 90 in.

In the present work, we prepared a DSSC using a standard procedure as follews.
photoanode was obtained by soaking thprapared Sngor NiO-SnQ, nanostructures (supported on
an ITOglass substrate) in a 0.3 mM solution of the Z907 dye for 72 h. A Pt thin film (200 nm thick)
sputterdeposited on the IT@lass substrate wasagsas the counter electrode. A redox couple
electrolyte (1/15') was then sandwiched between the photoanode and the counter electrode. The
corresponding electrical parameters were characterizadiby a solar cell currenbltage
characterization syste(PV Measurements IV5) equipped with a class ABA solar simulator and an
Air Mass 1.5 global spectral filter. Prior to the curreoltage measurement, the system was

calibrated using a Si reference cell (PVYM782 with a BK7 window).
6.2 Results and Discussion

6.2.1Growth mechanism of hierarchical SnGQ nanostructures

The SEM images ifrigure 6.1show the different morphologies of pristine Smanobelts
PLD-grown by using a SnQarget highly branched hierarchical nanostructures grown by using a
NiO-SnQ; target, without and with passivation by MgO (the latter is denoted as MgEBN).

The pristine Sngtapered nanobelts, with typical lengths of ZDnm and widths of 80 nm, as

grown on an ITO substrate pdecorated with Au nanoislands are foundeédrbrandom orientation
(Figure 6.13 A sharp tip with a gold nanoparticle at the top of a nanobelt is observed. Interestingly,
the structure changes completely into a hierarchical nanostruEtgued 6.1b, 6.1dwhen using a
NiO-mixed SnQtarget. Theesulting side branches are-500 nm long, with an Au nanopatrticle at

the top of each of the tapered nanobelts. The roughened surface of the main nanobelt trunk and the
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addition of the side branches found for the NGO, nanostructureRigure 6.19 are dearly quite

different from the pristine Snanobelt sample<gure 6.1a We do not observe any further

branching of the nanobelt side branches. The absence of any further branching confirms the important
role of NiO, since the side branches need toeaxeha certain diameter in order for the concentration

of surface NiO to sufficiently impact the gold mobility as discussed in detail below.

These NiGSn(Q; hierarchical nanostructures have considerably larger surface area than the
pristine Sn@nanobeltsand therefore they are an excellent candidate for use as a photoanode for
DSSC application. To further improve performance, we perform MgO passivation of these highly
branched NiSnQ, nanostructures, which results in a fine uniform coating of a thin Mgér IFigure
6.1c, 6.1 with much smoother surface. Evidently, the uttnaall features are found to be preserved
after the surface treatment, which suggests the viability of fabricating hybrid devices based on these
hierarchical nanostructures by usthgs process.

Figure 6.1 SEM images of (a) pristine Sp@anobelts with inset at a higher magnification, (b, d)
NiO-SnQ; hierarchical nanostructuresnd(c, €)MgO/NiO-SnQ, hierarchical nanostructuresith a
MgO passivation layer of an optimized thickness). All the nanostructures wergrib on ITO
glass substrates pdecorated with gold nanoislandss&0 °C in 400 mTorr of Ar for 90 min.
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The corresponding GIXRD resuliSigure6.2) show very imilar results for the PLEyrown
SnQ nanobelts and Ni&nG, hierarchical nanostructures, both with a preferred growth direction of
(110), while the hierarchical nanostructures are found to have a higher (100) intensity fof;8re Au
alloy feature. Furttrmore, no shift in the Xay peak position from the literature values for $(@D-
041-1445) is observed, with the full width half maximum also showing little or no broadening,
consistent with a pure material. This finding confirms the absence of any doping effect of NiO on the
SnQ crystal structur@ue to their low solubility, imccord with the results of Castro et’3l.
Lowering the NiO concentration in the Ni&nQ, target has led to largand longer primary SnO
nanobelts before the formation of side branches, while increasing the NiO concentration has given

rise to smaller primary Snanobelts and potentialiyiore side branches.
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Figure 6.2 Typical glancingincidence Xray diffraction patterns of pristine Sa@anobelts and of
NiO-SnQ; hierarchicahanostructures. The PDF2 reference patterns of the tetragonal phase of SnO
powder (#06041-1445) and FCC phase of Au (#004-0784) are showas bottom and top bar

graphs, respectively. Asterisk is used to denote @Swialloy feature (#0365-6388).
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The crystal structures of the-geown hierarchical nanostructures have also been examined
by TEM. The lowresolution TEM imageKigure 6.3ashowsa typical PLDgrown NiO-SnG,
hierarchical nanostructure in whitthe tapered nanobelts are capped with gold nanoparticles. The
corresponding higiesolution TEM images for the nanopartidiegure 6.3b and side branch regions
(Figure 6.3¢ reveal repective fringe spacings of 0.23 nm and 0.33 nm, which correspond to the
interplanar spacings along the Au[11E]dure 6.3p and Sn@110] directions Figure 6.3,
respectively. Fourier transform patterkégure 6.3 far right panels) are also obtained the catalyst
region (Region 1), outer region of the catalyst (Region 2), and the nanobelt region (Region 3). These
patterns are found to be consistent with the identification of the respective regions to Au, metallic Sn,
and SnQ respectively. The exience of a goldin alloy was observed in our earlier wétkand our
results are in accord with previous studies on the catalytic role of metallic Sn nanopatrticles in the
growth of other semiconductor***° andthe selfcatalytic property fothe growth of Sn@

nanowires and nanobelfs’?°®

Figure 6.3 (a) Lowresolution and (b, ¢) higtesolution TEM images for a typichiO-SnG,

hierarchical nanostructureith fringe spacings corresponding to different crystalline planes for region
1: gold nanoparticles, region 2: metallic Sn, and region 3, Sil® branch, with different respective
growth orientations. Respective Fourier transform patterns for seftegieds 1, 2 and 3 are shown

on the far right.
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In Figure 6.4 we show a schematic diagram of our proposed mechanism for the growth of
thesehierarchical structures. In our modAl nanoisland formation on an IF@ass substrate (Stage
a) provides the calysts for PLDgrowth of Sn@ nanobelts following the vapoliguid-solid growth
mechanism (Stage b). This process is catalyzed with the gold nanoparticle at the top of the nanobelt.
As soon as there is a sufficiently large $m@nobelt surface, the NiGanoclusters are adsorbed on
the surfacelue to the low solubility of NiO in SnG>*These NiO nanoclusters on t8aG, nanobelt
surface would lower the mobility of gold catalysts on the surface, which are relatively mobile at
deposition temperature of 500°C. The lower mobility of gold catalysts leads to the formation of
smaller gold nanoparticles on the edges ohtreobelt (Stage)c These NiO+Au nanoclusters could
serve as possible reaction sites that promote the reductiod"t81$hto metallic Sn on the nanobelt
edge (Stage d). THen atoms interacting with the mobile gold atoms form thd&alloy
nucleatia sites that catalyse growth of Sng€dide branches off the trunk of the nanobelt, following
the vapouwliquid-solid growth mechanism (Stageweth higher magnification of the gold patrticles
surrounded with metallic Sn shell as will be confirmed lakéis process is selimited by the finite
amount of NiO (5%) present in the target, creatinghibearchical nanostructuresthout any
secondary side branch ggation Consistent with our XRD results, no doping effect of NiO is
detected as shown Kigure6.3¢ asnho change in the Sn@ttice spacing is observed. Growth of the
hierarchical structures should depend sensitively on the NiO concentration in theuged because
a critical surface concentration of NiO is required to lower the gold mohility effect of NiO can
be inferred by the presence of a thin layer of metallic Sn coating the gold nanopatrticles located at the
tips of the side branches and of the main trunks of, 8a@obeltsThe presence of the metallic Sn

coating is supported by tiurier transform patterns of region 2Figure 6.3
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Figure 6.4 Schematic diagram of our proposed growth mechanism figpical NiGSnG;
hierarchical nanostructure grown by catalyssisted PLD using SnQ target mixed with NiO.

6.2.2Sn0;, nanostructuresas photoanodes for DSSC application

The increase in the surface area of the-Si@@, hierarchical nanostructures can be estimated
by measuring thenhancement of dydsorption.Prior to our dye loading easurements, a
calibration curve of the Z907 dye at different concentratadrc®nstant maximum wavelength = 542
nmwas constructeds shown irFigure 6.5The UV-Vis absorption spectra were collected after
incubating both the pristine Sa@anobelts and hierarchical Ni€nG, nanostructures in the dye
overnight. This was followed by desorption of ths@bed dye from the nanostructures using 10 mM
KOH at pH 13 and evaluation of the concentrations of the desorbed dye for both samplesifrom th
UV-Vis spectra. Figuré.6a shows higher dye absorbance for the NBRG, hierarchical
nanostructures giving a dye concentration of 8.6%h®, in comparison to that of pristine SpO
nanobelts with a concentration of ¥10° mM, all evaluated at weelength of 82 nm. This result
confirms the larger surface area of thepespared NiGSnG, hierarchical nanostructures. Figure
6.6k we show the schematic diagrams of the DSSCs that we fabricated using the pristine SnO
nanobelts and Ni€nG, hierardical nanostructures as the photoanodes. The increase in the
absorption areas provided by Ni®NQ; hierarchical nanostructures results in greabsogption of

the dye, which in turn increases the solar cell performance, as discussed below.
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Figure 6.5 UV/Vis absorption spectra of dye solutions with different concentrations: (a) 0.5, (b) 0.4,
(c) 0.3, (d) 0.2, and (e) 0.1 mM. The absorbance at constant wavelerttmm&s a function of the
dyeconcentration is shown as the inset.
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Figure 6.6 (a) UV/Vis absorption spectra for pristi®®C, nanobelts and Ni€snG, nanostructures
depicting ahigherdye loading for the Ni€snQ, hierarchical nanostriigres than the pristine SpO
nanobelts due to the increase in surface gff@aSchematic diagrams of DSSC device structures
employing pristine&SnQ, nanobelts (top) and NKSnG; hierarchical nanostructures (bottoasthe

photoanodenaterials.
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Figure 6.7a&hows the current density vs voltage curves obtained over an active area of 0.1
cnt for different DSSCs employing as active photoanode materials: pristingGeiDA),
hierarchical NiGSnG; (Cell B), and hierarchical Ni€bnG;, nanostructures passivateith an MgO
layer, designated as MgO/Ni&nG, (Cell C). For Cell C, we varied the thickness of the MgO
passivation layer by incubating the sample in different concentrations of hot ethanolic
Mg(CH;COO): (C20) 20 mM, (C60) 60 mM, and (C120) 120 mM, alldewed by annealing in air
at 500°C for 90 min. Their solar cell performances, along with their cell structure, are summarized in
Figure 6.7 and Table 6.1Although great enhancement by nearly an order of magnitude is observed
in the short circuit currérdensity §sc = 18.57 mA/crf) for Cell B due to a higher dye loading arising
from a larger surface area of the hierarchical 4$i@, nanostructuresoth open circuit voltage
(Voc=0.414 V) and fill factor (FFE 48 %) for Cell B are slightly lower tharné respective values for
Cell A (withVoc=0.463 V, FF 55%, andJsc = 1.87 mA/crﬁ). This finding confirms a more
pronounced effedhat thenigher mobility in Sn@leads to a higher probability of recombination of

electrons injected to Sp@ith acceptors in the electrolyt&

In order to reduce the recombination process loss, we coated an insulating layer of MgO with
different thickness using hot ethanolic Mg(§HDO) solutiors of diferent concentrationgas shown
in the schematic band diagram of the constructedrcEigure 6.8For a thicker MgO film coating
obtained with a higher concentration for Cell C189fo 0.3 V improvement iXoc to 0.710 V and
15.9 % increase in FF il % with respect to Cell B are obtainddowever, this is accompanied by a
drastically lowerJsc of 1.83 mA/cni, indicating sharp retardation in charge carrier diffusion likely
caused by a thicker passivation layer. Further investigation was conduofgihiize the passivation
layer thickness by studying the effect of different concentrations of Mg{OB), on bothJsc and
Voc, as well as the overall PCE, as showfigure 6.7

Evidently, an increase of 0.138 V¥ for C20, followed by higher values of 0.188 V for
C60 and 0.296 V for C120, all with respeciMgc for Cell B, is observedHigure 6.7p. At the same
time, sharp increase ¢ is found for Cell B (compared with Cell A), followed by a generally
reducng trend from B to C20, C60 and C1Zdure 6.7¢. Anoptimum concentration of 20 mM
was obtained for Cell C20, witlhc, Voc, and FF of 13.34 mA/ch0.547 V, and 5%, respectively,
leading to a notable increase in PCE (to 4.14%) from the PCEs ok (&H8%) and Cell B (3.69%)
(Figure 6.7d)However, this increase in PCE is at the expense of a sid|l@rhich can be

explained by the blue shift in the photocurrent of insulating co&tiiRecent studies have employed
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SnG films and nanostructuresjostlyprepared by hydrothermal methods, as the photoanode

material for DSSC applications, the PCE of which was found to increase by up to 7% after
passivation process? 249250258 244 T4 qate, even fewer studies have used,SraBomateria grown

by vapor deposition methods for DSSCs applications. Gubbala et al. employedréwb SnQ

nanowires as a photoanode with an excellent open circuit voltage of 0.560 V and an overall PCE of
2.1%. Furthermore, an enhancement in their performance of 4.1% was obtained by coating the highly
interconnected nanowires with Ti@anoparticled?’

In the present work, a remarkable enhancement in PCE, i.e. over 7 tinees@dor Cell B
is observed when compared with pristine gné@nobelts (Cell A)While fine tuning of the thickness
of the MgO passivation layer appears to improve the PCE by only 12% for Cell C20 from that
without any passivation layer (Cell B), the impement inVoc by 33% for Cell C20 (and 71% for
Cell 120) with respect to that for Cell B is significalRtiture work will focus on further optimization
of the deposition parameters to obtain better length to width aspect ratio forgitusvasSnQ
nanostucture for electronic applications. In additionssitu decoration with Au or Ag nanoclusters in
the hierarchical Snghanostructures during PLD growth may offer additional improvemetttain

PCEs through plasmonic effects.

99



(a) =987 (

s (
T

=3 0 X
e 6
= 4 1B C20 (d)
3 4
3 ZM c120
- 2
I l\ m O ) I lll I ) | T
0.0 0.2 0.4 0.6 0.8 0 20 40 60 80 100 120
Voltage (V) Concentration (mM)

Figure 6.7 (a) Current density vs voltage profiles, (b) open circuit voltage, (c) short circuit current
density, and (d) photoconversion efficiency of DSSCs with different photoanode materials: (Cell A)
pristine Sn@nanobelts (marked by cross), (Cell8O-SnG; hierarchical nanostructures, and (Cell
C20, C60, C120) NicsnG, hierarchical nanostructurgsssivated with MgO layers of different
thicknesses.
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Table 6.1 Solar cell performance of DSSCs with different photoanode materials: (Cell A) pristine
SnQ, nanobelts(Cell B) NiO-SnG, hierarchical nanostructures, and (Cell C20, C60, C120)
MgO/NiO-SnQ, hierarchical nanostructur@assivated with MgO of differethicknesgs*

Ve Jo FF PCE

Cell Structure (V) (mA/cm?) [%] [%]

A SnO,  0.463 1.87 55 0.48

B NiO-SnO,  0.414 18.57 48 3.69

coo MBONIO 4 o) 13.34 52 4.14
MgO/NiO

C 60 .spo,  0.602 7.30 49 2.17
MgO/NiO

C120 0, 0710 1.83 71 0.93

*Cells C20, C60 and C120 were prepared with MgO passivation layers of different thicknesses
obtained by soaking in, respectively, 20, 60, and 120 mM of hot ethanolic Mg acetate solution at
70 °C for 1 min, followed by annealing in air at 5@ for 90 min.
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Figure 6.8 Schematic diagram of Mg@oated Sn@nanostructures in a typical DSSC system,
depicting that the presence of MgO as the passivation layer could prevent the undesirable charge
recombination with any oxidized dye or electrolyte species.

6.3 Conclusion

Highly branched NiGnG; hierarchical nanostructures, consisting of tapered nanobelt main
trunk and nanobelt side branches with greatly increased surface area, were obtained byi@sing a N
mixed SnQtarget for catalysassisted PLD. We propose a plausible growth model involving NiO
nanoclusters as the initiators for reducing Sn ions to metallic Sn, which then mixes with the highly
mobile Au atoms (coming from the Au nanocatalyst atifheftthe nanobelt) forming SAu alloy
nanoclusters on the nanobelt surface. Thesa&usalloy nanoclusters provide the nucleation sites for
growth of Sn@side branches. Furthermore, both pristine Smhobelts and Ni€EnG, hierarchical
nanostructures were employed as photoanode materials in DSSCs. When comparegtist®resO
nanobelts (Cell A), an excellent enhancemedinis observed for NieBnG hierarchical
nanostructures (Cell B) due to their higher dye loadirg @sult of their larger surface area and
better charge collection property. Furthermore, hot ethanolic Mg{OB), solutions of different
concentrations have been used to optimize coating of theepared NiGSnG, hierarchical
nanostructures with a Mg@assivation layer of appropriate thickness. This passivation step is found

to be successful in reducing the large contribution of recombination of electrons injected twit&nO
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acceptors in the electrolyte due to the much higher electron transportidymdr8nQ photoanode.

With an optimized thickness for the MgO passivation layer to reduce the expected recombination

loss, a nearly Xfold enhancement in the PCE to 4.14% has been achieved forplsiggdvated Ni©

SnQ hierarchical nanostructures (Cell @2vhen compared to pristine Sp@anobelts (Cell A). The

present work therefore illustrates the importance of increasing surface area and enhancing the charge
carrier collection by developing a new approach of synthesizing hierarchical nanostructures. In
addition, we succeeded in improving the open circuit voltage by minimizing recombination loss using
MgO passivation with appropriately optimized layer thickness for building high efficieney dye

sensitized solar cells.
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Chapter 7
Condl iRg ma raknddu t uWoer k

7.1 Summary of Contribution s

In the present work, wieavesucceeddin constructing different inorganic and organic solar
cells by employing ZnO an8inQ, nanostructures and achieve respectable performance. For the first
time, ZnO nanotubes have beegnthesizd on ITO-glass substrates using a estep, catalystand
seedlayerfree direct electrodeposition method withoytDbbling or any etching stephis method
creates onglimensional tubular nanostructure with high surface area and less surface defects. We
demonstrate the importance of controlling the electrolyte conductivity rather than the traditional
method of using different electrolyte concentration to maniptietmorphologies of the prepared
ZnO nanostructuse Two different ZnO nanostructurése. nanotubes vs nanorods) can be prepared
by varying the supporting electrolyte with different monovalent and divalent anions, respectively. We
propose a growth mechanism for ZnO nanotubes {KiN®) and ZnO nanorods (ZABRS), based
on complete charagaieation of their morpholags, crystal structurgand chemicasktate

compositiors.

Briefly, the equivalent conductance valudar all supporting electrolytes with monovalent
anions: Cl (62.8 S crimol'"), CIO, (59.1 S crimol'!), and NQ' (59.2 S crimol'Y) are
considerably lower than that sfipporting electrolytes wittlivalent anionsSO,? (207.6S cnf mol'
% and GO,# (207.4 S crhmol'Y). This difference affects the ion diffusion process during
electrodeposition of ZnO nanostructures and tip@wth mechanism. A highly conducting
electrolyte is expected to enhance the diffusion 6f,Zvhich therefore leaslto higher Zn(OH)
generation and subsequently higher ZnO depoditianresults irZnO nanorod formation. However,
under a lower conduigity condition, the Cl adsorption rate (as in the monovalent anion case) is
more pronounced, which would result in a lower ZnO growth rate and then the pseudo two
dimensional nanotube formation would ocdbifferent parameters such as deposition tentpeza
and deposition time have also been investigated in order to control the areal density of the
electrodeposited ZnO nanotubes. Aaploratoryinvestigation for their application in
photovoltaics, we shed some light on employing these ZnO nanotuarsastve photoanode
material in DSSCs that offerdiecentefficiency of 1.6%.
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These Aype onedimensional ZnO nanostructures allow us to construen &agterojunction
inorganic solar cell by incorporatingtppe CyO thin film. This approach is useditaprove the light
harvesting and the charge collection efficiency by taking advantage of the high surface area junction
and direct charge transfer pathway of thesedimensional ZnO nanostructurddost of the
previous studies on electrodeposite@ypO/n-ZnO heterojunction solar cells have involved
electrodeposited ZnO nanorods/nanowardZnO nanotubeghe latter obtainedfter a second
etching step of the gwepared ZnO nanorods in order to obtain complete dissolution of the (0001)
plane and formtson of the tubular structure. However, etching in such a highly alkaline solution
would create significant amount of surface defects and consequently further increase the
recombination loss at the junction interfaceisTimsbecome a limiting factor fathe reported open
circuit voltage value and consequently the overall performaimceontrast, we construct our
heterojunction solar cells nsistedof directly electrodepositedtype ZnO nanotubes (and nanorods)
with less surface defects aagrtype CyO thin film of appropriate thickness to maximize their open

circuit voltages

Postannealing othe ptype Cu,O nanostructured film at 200%€ found toprovidebetter
crystallinity and a higheconductivityfor additional improvement in theerformanceFurther
optimizing the film thicknessof G®, as cal cul ated using Poissonds
charge carrier concentration and absolute permittivity valuesaatsoe the full builtin potential
across the junction interfadéinally, the electrodepositetdibular ZnO nanostructurésgrown on the
top of a sufficiently thick ZnO seed layavhichprevents any leakage pathway amcleases the
junction areaandconsequently increases thsirortcircuit current valuesThe opercircuit values
obtained folICu,O/ZNO-NT (0.71 V)and CyO/ZnO-NR heterojunction device®.66 V) represent
the highest ¥ reported to date for this type eliectrodeposite€@u,0/Zn0O solarcells.Remarkably,
the shortcircuit current densitpf the Cl,O/ZNONT cell (2.40 mA/cr) is twicethat of the
CwO/ZNONR cell (1.12 mA/crf), whichvalidates the advantagaf larger junction area and better

charge carrier collectioas provided byunction devices based on tubular nanostructures.

As an alternativéo TiO, photoanode, ZnO and Sp@anostructures are used as photoanodes
in classical dyeensitizedsolar cells (DSSCs) in order to take advantage of their excellent electron
dynamics particularlytheir higherelectron mobility and electron diffusion ciefents when
compared to the commonly used FiQ@he electrodeposited pristine ZnO nanotubes exhibit an

efficiency approaching 4.7% when loaded with the N719 dye in a typical liquid based DSSC. Simple
105



modificationby electrodepositing gold nanoparticles (GNPs) on the surfaces of ZnO nanotubes
produces a highgrerformance photoanode (GNP/ZMNT) with higher absorbance in the visible

region due to the surface plasmon resonance of the metallic gold nanoparticleze Tistréibution

and the areal density of the electrodeposited gold nanoparticlegtanized byemploying the
appropriatéAuCl; solution concentration and depositiime. An optimized deposition time of 300 s

in a 1 mM ALCl; electrolytesolution is four to producea homogenous coverage GNPswith an
average particle size of 12 nm and the largest dssesity whichleads to the highest light

absorbance for GNP/ZrQT. Using cyclic voltammetry and electrochemical impedance
spectroscopy, we furtheruttrate the enhanced charger transfer property as provided by the smaller
charge transfer resistance ®NP/ZnNGNT compared to theristine ZnGNT photoanode

The GNP/ZnGNT and ZnOGNT photoanodes are used to construct classical Hoased
DSSCs with ad without dye loading to investigate their solar cell performance. Our findings confirm
the higher photon absorbanceGNP/ZnONT compared tgristine ZnONT photoanode&ue to the
enhancmentby the plasmonic gold nanoparticles. The latter is resporfgibkdectron injection from
the Au Fermi level intehe ZnO conduction band, which subsequently produces photocurrent even in
the absence of the dye molecules. In the presence of thelelgion injection into the ZnO
conduction band could occur in twoutes. The electrortan begenerated from the phetexcited
dye moleculess expected in a typical DSSC process mechanisrarmsferred indirectly to the
depositedsNPs first and then onto the ZnO NT surfaéerthermoreelectron accumulation #ie
Au energy levetouldshift the Au Fermi level upward near the ZnO conduction band and hesate
to build upof a potential barriein the metal/semiconductor photodiodée formation okuch a
Schottky barrieat the Au/ZnO interfacevould improvethe devce performance due to théockage
of the back electretransfer from the ZnO conduction band to the GNP&se enhancemeritsthe
GNP/ZnONT photoanoddave led tan excellengfficiency of 8%6.

In addition we employ theilrarchicalSnQ, narostructurs, prepared by usingatalyst
assisted pulsed laser depositias the photoanode for DSSC application. A novel growth mechanism
is proposed for such highly branched -@imensional nanostructures obtained by mixing NiO into
the SnQtarget In particularthe growth of the primary Sn@andelts is catalyzed by gold
nanoislands prepared on ITO glass substrate. The catalyzedrwih of SnQfollows the vapour
liquid-solid growth mechanism, where the gold nanoparticles are lifted up on the top,of ShO

nanobelts. NiO nanoclusters would adsorb on the nanobelt surface as soon as they are formed,
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because of the low solubility of NiO in Sp@onsequently, the adsorbed NiO nanoclusters could
first reduce the mobility of the gold catalysts on the surfacehndre relatively mobile at the
deposition temperature of 500°C. Known for their reducing proptiyAu catalystsould also
convert SAY/Sr™* to metallic Sn to form S#u alloy nucleation sites. These-8m alloy sites
catalyze the growth of secondaigie branches of Sn@hat consequently leads to the formation of
the observethighly branched hierarchical NiSnQ, nanostructures.

Taking the advantage of their high specific surface area and consequently their enhanced dye

loading property, we employése hierarchical Ni@nQ, nanostructures as photoanadaterialfor

DSSC application. With their enhanced UV/Vis absorbance compared to pristinad@mbelts, we

obtain an efficiency of 3.69% for the Ni&nQ, based DSSC, which is nearly an order of niagie

that of pristine Sn@nanobelts (0.48%). However, their oparcuit voltage (0.4 V) is somewhat

limited, which is due to the recombination loss that occurs when electrons are injected waGtBnO
acceptors in the electrolyte. To further improve BSSC performance, we coat thepaspared

hierarchical NiGSnG, nanostructures with an MgO passivation layeambropriatelyoptimized

thickness in order to reduce the undaslierecombination loss. This leads to an improveg bf

0.14 V and a respeathle overall efficiency of 4.14%

7.2 Future Work

In the present work, we utilize the-pepared onelimensional ZnO and SpO
nanostructures as advanced photoanode materials for constructing various inorganic and organic solar
cell systems Furtherwork could bepursuedo furtherimprove the performance of theonstructed

solar cellsSeveral lines of research a@mmarizedelow

1 Photoanode design optimization by anolithography

Furthercontrol of the dimensiality of theelectrodeposited ZnO drasgrown SnQ
nanostructures including their length, diameter, and letmgitidth aspect ratiovould allow us to
furtheroptimize the performance tie solar cellsDespite their higher cost and more complicated
fabrication processianolithograpltal techniquex oul d pr ovi de us wi tthe t he
spatial, geometrical and orientational arrangesefthe asprepared onelimensional
nanostructuresn the substrate. Studies using these optimized templates can provide us with new
insights intocharge collection angeometricaenhanceent inthe overall performanacef the solar

cell before lowercost, largescale methods can be develop&d.shown in Figure 7.50me
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preliminary work along this direction has been achieeahatrix of dots of different diameters and
pitch spacings ipatternedn a photoresistoated TO-glass substratey using the newly installed
ion beam lithography systerfollowed by sputtering with Pand photoresist removal. These
templates are thersad as nanoelectrodes for electrodeposition of ZnO nanostru@arbsresults
demonstrate the potenti@bntrol of the growth direction of agown ZnO nanostructuras well-
ordered arraysrurther work isclearlyneeded to optimize the template diaenéd achieve better

vertically aligrmentof asgrown nanostructueein the arrays
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Figure 7.1 SEM images of Pt template on IT@asswith different pitch spacingbefore and after
electrodepositin of ZnO nanostructures

1 Dry deposition methodsfor nanostructure synthesis

Despite the aeMearcttageae epfostie ofmadl lapproach for
devices at ambient temperature, wethiemistry methods suffer from lower reproducibility and the
presence of unwanted chemicals. Simple dry deposition methods such as the reactive ion etching
should be explored to reproduce similar nanostructures that are cdmpétiibheterojunction solar
cells. Preliminary work has shown that reactive ion etching could easily generate the required one
dimensional nanostructures (nanofingeasidthatthe interface quality witlinacceptable amount of

defects couldlsobe acheved.
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