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Abstract

As one of thamost studiedransparent conducting oxigleinc oxide(ZnO) hasreceivel a lot of
attention due to its physical, chemical, optical aptbelectronigropertiesThe presenstudy
focusse®nthe photophysical andptoelectronigroperties of ZnO nanostructurepecifically twe
dimensional nanostructure€Bhree types of experimenttsatinvolve (a) controllingthe size ofZnO
nanostructuregb) inducing impuritiesnto ZnO nanostructuseand(c) surface functionalization by

lanthanoid/organic complexegereperformed.

It is well known that the thickness has a great influence on the properties of nancesst8ingle-
unit-cell thick (0.52 nm)n-type ZnOguantum sheetsave beemeposited on p-type Si(100)
substrate in an agueous solution at low temperéhaar 0°C) by afacile electrochemical method
without any preand postreatment. Due ttheextremely mall thicknesf ZnO quantum sheets
thequantum confinement effeatas found tancreasehe energy band gap to 4.51,e¥ore than 1.1
eV higher than its bulk valudheseZnO quantum sheetsere found tgroduce deep UV (276 nm)
and blue photoluminescence emisdbamds, which enabled qualitative description ofdbetronic
band stucture under the influence of quantum confinement effecteagg the deposition time
causedndividual quantum sheets grown in the [100] directmatackonto one another rather than
becoming thicker. ThignO stacled quantunshees provided a tunable band gdpr this new type of

ultrathin twodimensional nanomateriaisatpromise new nanoelectronic applications.

With the goal to obtain better optical anptoelectronigropertiedor light emitting diodes and
photodetectorgare earthransition metaions specifically trivalent europium and terbium catipns
were embeddeithto ZnO nanostructureg€uropiumdopedZnO nanowall structures haaésobeen
achieved by aimpleelectrochemical deposition method. Upor(lEu embedment, the nanolla
were found to become thicker and stackedaX photoéectron spectroscopitudy revealed that
Zn(OH), was more dominant than ZnO near the surfacetamdeptkprofiling dataconfirmed that
Eu(lll) was uniformly distributed in the Zn@n(OH), coreshell structure. We also measuraad
comparedhe photoluminescence spectra cfjaswn,postanneatd and 1,168phenanthroline
surfacefunctionalizedeuropium-doped ZnO nanowallsThermal treanentand surface
functionalization ofuropiumdoped ZnQgenerated hypersensitive 620 nm emissibg ¥ 'F.),
which led us to propose a unique cascade energy transtamsnbetween ZnO, 1,10

phenanthroline and Elil) ion. Hypersensitive green emissiah545 nm(°D, Y Fs) wasalso



observed in ZnO nanowalls embedded with the trivalent terbium catitdmsut any posgrowth
treatment Photoluminescence emissiontefbiumwasfurther fourd to increase up to 10 times by
plasmonic effecintroduced bysurface functionaliationwith noble-metal nanopatrticles. The Th
emission was examined for potential chemosensor applicati&hfatamine B by a plausible

cascade energy transfer mechanism from ZnRhtmdamine B vidrivalentterbiumcations

In order b modify photophysical properties ZnO, europium and terbium complexes based on
oxydiacetic acid and 1,3phenanthroline were synthesized arsed tosurfacefunctionalize ZnO
nanowalls. Excitation spectra showed energy transfer betiveeareearth transitional metal
organiccomplexesand ZnO. Theetwo different types ohybrid complexesxhibited maximum
energy transfer efficiency of up to 90%-ray photoelectron spectroscopy revealed the chemisorption
naturebetween lanthanoid complexes and Zi@ese data alstonfirmedthat the coordination
nature of lanthanoid catiomemainedunchanged from that ipristine powdersThis study provides
unique opportunities to understaite interactiors between metal oxides actielatingorganic

molecules.

In this thesis two-dimensimal ZnO nanostructuregparticularlynanowalls and quamu sheets
were synthesizeby adopting araqueous solution based electrochemical depodicmique
Single-unit-cell thick ZnO quantum sheets wexgccessfullygrown on a Si wafeandtheyexhibited
properties under quantuaonfinement effectsncludingstrong blueshift of luminescencbandsand
dramatically widening ofthe energy band gajxtensive photophysical investigation of trivalent
europium cation embedmeled to the developmewf new cascade energy transfer mechanism
between europium cations and ZnO. Terbidoped ZnO nanowalls produced characteristic
emissions without any prer postgrowth treatmentandtheydemonstrated chemosensing capability.
Surface functionalization @&nO nanowalls with lanthanoid complexes sugegatconvenient way
to modifytheemission properties of Zn@hichprovidel insight intointeractiors between ZnO
nanostructureand organic molecules. €lpresenthesistherefore offeedbetterunderstanithg of not
only optoelectronic and photophysical propertésransparent conducting semiconductamgler
guantum confinement in one directjdiut also the effect of the dopant and surface functionalization
on modifying the photophysical propertie§heseresults could provide a neapproacho design
appropriatgphotophysical properties of other metal oxifleschemosensing and light emitting

electronics.
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Chapter 1

Introduction

1.1 Transparent Conducting Oxides

Sincethediscoveryof transparent conducting oxides (TC@s1907 by Badekettheyhavereceived

a lot ofattention fortheir potential applicationas active components solar cells, light emitting
diodes and photodetectoikhis was mainlypecause of higbpticaltransparency in the visible range
of theelectromagnetispectrum andelativelylow electricalresistivity (<L0° q Am) upon
appropriatenodificationof TCOsby introducing impurities or defectdhe low electrical resistivity

is caused byhe electrons fromxrinsic dopants or intrinsic defeatghich occupy the conduction
bandof TCOsand yield the high carrier concentration. Furthermsirese the electrorfsom defects
and dopantslread populate the lowest unoccupied energy levels in the conduction band, electrons
in the valence band are excited to lingher energy level innoccupied conduction band levéigin

the lowest unoccupied conduction band and resultpthining thenigherconduction band minimum

in energy thamristineTCOs** The resulting blueshift of the conduction band minimum is called the
MossBurnstein shift and leads to widening thergyeband gap of modified TCO$COs are

primarily binary or ternary oxide materiadften synthesizedith various dopants and the properties

of some common TCOs with their dopant configurations are summarized in Thble 1

Due to the toxicity oEadmium presentasthe main componeiri the first discovered TCO
materialg(CdO, CdS and Cd$antens effort has beemade tauncoverother more environmeally
safesemiconductind CO materialsuch as indium oxide, tin oxide and zinc oxid@ne of the most
populardoped indium oxidetjn-doped indium oxider commonlyknown as indium tin oxide (ITO)
wasdeveloedwhile investigatingheat problems of sodium lampg Groth et aP® Tin, znc,
titanium, fluorine and molybdenuhave beenised as dopamandthe resulting doped TCO materials
demonstratgoodoptical (80~8&% transmittanceand electrical propertigsvith low resistivity of
0.774.4x 10% q L. c.fjFor tin oxide, fluorinavas used as one ¢he most common dopatb
give fluorinedoped tin oxide (FTOBY depositing FTCQon an ITO substrat¢he resulting=TO/ITO
hybrid architecturshowedevenbetter electricand photovoltaiproperties than ITG? In thecase
of zinc oxide, several elements such as aluminumugallzirconium, boron and titanium wansed
as dopargtandtheelectrical and optical properties lodth aluminumdopedand galliumdopedzinc

oxidesappear tdesimilarto those ofiTO, as shown in Table 14'?°
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Among thesalopedTCOs,ITO has been one dhe mostwidely used materialfor awide rangeof
applications. lewever,according to United States Geological Survey cbetof indium metal
remainsvery high, atUS$570/kgn 2013 and estimated US$6R§in 2014% For FTO,the
chemicals used for fluorine doping such as hydrofluoric acid, carbon tetraflamdd@mmonium
fluoride have high toxicity and significaativerseenvironmental impac&urthermorealthough FTO
has majofow-costadvantageverITO, ITO outperforms FTO in electrical and optical applications.
On the other hand, zinc oxigkeconsiderably lessosty (at US$15/kg, based othe cost ozinc
metalin 201) and about 10 timesss expensivéhan metallic tin It is alsonontoxic, andthere isan
affluentabundancy~1.9 billion tong worldwide Sincezinc oxide hasimilar electrical and optical
properties agristine indium oxideandtin oxide (Table 1.1)theaforementionedadditional
advantagebave mad&nO a lowcost, environmenfriendly alternativeto ITO and FTO and is
therefore the focusf the present work'?*

Table 1.1 Properties oEommon TCOs.

. Resistivit Transmittance Energy bandga
Materials Dopant (103 q -cm))/ (%) %V) 9ar
Non&?®%* 0.856.7 80 3.75
sSnt2(ITO) 0.077-0.129 >85 3.64
Indium Oxide zZn® 0.24 80 3.88
Tit 0.411 >83 3.4~3.8
F’ 0.44 >80 3.72
Mo® 0.17 >80 4
Nong*® 3.57 ~80 3.6
Tin Oxide F?® (FTO) 0.220.47 85 4.11
Sk’ 0.9 70~85 4.134.22
Noneg*?8 1.7 ~90 3.153.37
zr'® 2.07 ~90 3.283.35
Zinc Oxide B_l:) 0.79 ~88 3.24~3.35
Ti 9.02 >85 3.33
Al2416 0.08540.191 7590 3.51-3.86
Ga> 0.08120.53 ~90 3.37-351

" Based on the official price of metallic tin and zinc traded at the London metal exdéhahgdourthweek of
September2015.
2



1.2 Zinc Oxide

1.2.1 Properties of Zinc Oxide

Zinc oxide is a lIbVI binary compound and showsthreediffernetcrystal structures (shown in

Figure 1.1) rocksalt, zinc blende arttexagonal wurtzite. The mostiable structure is hexagonal
wurtzite, while zinc blende and rocksalt structures can be obsemigdindercertain conditios,

such asigh pressure apitaxial growthona cubic structured substrat®As shown in Figure 1.1,

the hexagorlavurtzite structure of ZnO consists of tetrahedrally coordinated oxygen and zinc atoms
with lattice parametsra =b =3.2498 and c= 5.2066,Andsp’ ionic bondingbetween a Zii cation

and an G®anion ZnO shows direct transition betwettre conductionbandand valencéandwith an

energyband gamf 3.37 eV at 300 K.

Figure 1.1 Stick-andball representation of ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc
blende, and (c) hexagonal wurtzithe shaded gray and black spheres denote Zn and O atoms,

respectively®

It has been found that almost all of the ZnO nanostructured materialsygre and they have high
electrical conductivity. Recent studies showed that native defects, specifinalprnzl oxygen
vacancies, have relatively low formation energies than other defects such as zinc and oxygen

interstitials*® Depending on the conditions, oxygen vacancies can act as electron donor sites by

AReprinted with permission frof@zgur, U .; Alivov, Y. L.; Liu, C.; TekeA.; Reshchikov, MA. ; DoYan,
Auvrutin, V.; Cho, S. J.; Morko-, H.; MorkopH. A Comprehensive Review of ZnO Materials and Devices. J.
Appl. Phys2005 98 (4), 1103. Copyright 2005, AIP Publishing LLC.
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releasing trapped electrons, thereby causing high conductivity-eupe semiconducting behavior.

These defects also have strong influence on the optical properties, especially luminescence emission
of ZnO. Figure 1.2 shows typical photoluminescence spectragrbas and thermally treated ZnO
nanorods™ A deep ultraviolet (UV) emission generated by the large energy band gap and several
visible emissions were observed upon excitation byr3@%ight. Visible emissions could be caused

by ddects such as interstitials and Zn and O vacancies. A green emission was found even after
thermal annealing and this was attributed to formation of defect complexes related to Zn vatancies.
The energy level diagrams of ZnO with different types of defects that could give rise to various

visible-range emissions are shown in Figure 1.3.
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Figure 1.2 Roomtemperature photoluminescence spectrasgjrownZnO nanorodsind ZnO
nanorodgostannealedt 200, 400 and 600 °@n (a) air and (b) forming gg90% N/10% H,), and
of ZnO nanorods annealeddifferent atmospheres at (c) 200 °C and (d) 600 °C

y Reprinted with permission from Tam, K. H.; Cheung, C. K.; Leund{Y.; Djuri si i, a B. ;
C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D. L.; Ding, L.; Ge, W. K. Defects in ZnO Nanorods
Prepared by a Hydrothermal Methdd Phys. Chem. B006 110 (42), 2086520871. Copyright 2006
American Cherital Society.
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Figure 1.3 Energy leves (in eV) of different defectdetween the conduction band minimung)&Bnd
valence band maximum ([Ein ZnO. V3, Vo, Zn, O and Hdenote zinc and oxygen vacés and
zinc, oxygen and hydrogen interstitiatespectively. ¥Zn; indicates a complex of oxygen vacancy
and zinc interstitial.

1.2.2 Deposition Methods

ZnO has attractedreat interestlue to its prominerglectrical andptical properties chemical and
thermal stability as well asiontoxicityand biocompatibilityFabricaton of ZnO structures ithe
nanoscaleéegime hagxploited several advantagesuch agjuantum confinememffect on
optoelectroniand photophysicgiroperties and enhancement of surface area toneotatio Various
deposition methashavebeendeveloped to synthema differenttypes of ZnO nanostructures. Several
physicalvapor depositioifthermal evaporationmagnetrorsputteringand pulsed laser deposition)
and chemicaVvapordeposition(includingmetalorganic chemical vapor deposition and plasma
enhanced chemical vapor depositias)wvell aswet-chemistrysynthesis method$éiydrothermal,
solvothermal and sajel methodshave been employedmong thesehoth physical and vapour

depositio techniquesaveproducel a wide variety obnedimensionahancstructuresincluding

§Reprinted with permission from Tam, K. H. ; Cheung, C
C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D. L.; Ding, L.; Ge, W. K. Defects in ZnO Nanorods
Prepared by a Hydrothermiglethod.J. Phys. Chem. B006 110 (42), 2086520871. Copyright 2006
American Chemical Society.
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nanowiresandnanorodsand thin films*?*” On the other hand, e¥chemistry methaglhave been
used tgproduce zeralimensional nanostructures (nanopartiglesaddition to nanowires and thin
films.*¥ 4! Although physical and chemicatapordepositionrmethods havéhe advantages of
obtainingbetterquality crystal structures ambodcontrol of morpholodges theyusually require
relatively high temperature and cataty$t contrast, vet-chemistry methosigenerallyemploy
relatively low temperaturdHowever their synthesis timeouldtake upto severaldays andhey are
less environmenfriendly due tothe oftenneed forthe use obrganic solvers Unlike aher wet
chemistrymethods dectrochemical deposition offesgveraldvantagesncludingusage of simple
aqueous solutianlower deposition temperature, shorter growth tiretativeea of scaleup, and
high costeffectiveness for commercialization addition,electrodepositioprovides a greater
variety of nanostructures than physical and chemigpbrdeposition methods. Figuie4 shows
examples oseveral morphologies @ne and two-dimensionaZnO nanostructures obtained by
electrochemical depositidh

1.2.3 Applications

Since ZnO haawide direct band gap of 3.37 eV and produces neai-bdge emissioin the UV to
blueregion optoelectronidevicessuch agJV/blue-range light emittesandphotodetect@represent
two of the most populapplications oZnO nanostructuredJV light emitting diodes (LEDs) and
UV detectors with detection range of 3285 nm have been fabricated based on various ZnO
nanostructures including nanowires, quantum dots and nanaratitheir performanceagfoundto
be comparable to Gal¥aseddevices* *® Alvi et al. havealsoconstructed LEDs usingtherZnO
nanostructures includinganowalls, nanoflowersind nanotube¥.In additionto the wic direct band
gap thehigh exciton binding energy (60 meW) ZnO protecs excitons from thermal dissociation,
which enables the construction of Zt@seddye-sensitized solar cells. Ko et Aave demonstrated
the good performance of ZnO based solarsdsllemploying quastonedimensional ZnO
nanostructuresuch asanotres (Figure 1.9, the conversion efficiencgf whichcould beimproved
by more than two time¥:>*ZnO hasalsobeen employeds photocatalysis photoelectrochemical
watersplitting anddegradation of organic materials. By implementing hybrid structures with gallium
nitride, stable watesplitting reaction using visible light was achievé®hotodegradation ability of
organic pollutants by Zn®ased materials wesdsorepored and showetigher photodegeneration
rate than titanium oxid& >®> The present work explas¢he potentialuse of ZnOgquantum sheetsnd

nanowalls for optical andptoelectroni@pplications.
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200 hm,

Figure 1.4 Scanning electron micgoapls of (a, b) ZnO nanowalls, (c, d) nanodisks, (e, f) nanospikes,
and (g, h) nanopillars electrochemically grown on {@i@ss at 70 °C with 0.1 M KCI solution and
varying Zn(NQ),6H,0 concentrations of 0.1, 0.05, 0.@hd 0.@1 M, respectively. Insets show the

corresponding cross sectional images.

" Reprinted with permission frofradhan, D.; Leung, K. T. Controlled Growth of ®imensional and One
Dimensional ZnO Nanostructures on Indium Tin Oxide €dd&lass by Direct Electrodepositidrangmuir
2008 24 (17), 97079716.Copyright 208 American Chemical Society.
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Figure 1.5 Scanning electron micgpapts of hydrothermally grown ZnO nanowiridlsistrating (a)

length growthtp 1, 2,and3 timesof the original lengty andseed effectith first-generation
branched growth (b) without and (c) with seeds after polymer remeblethyleniminegemoval
effectis shown withfirst-generation branched graw{d) without and (e) with polymer rewal after
nanoparticleseed deposition. Polymers on ZnO nanowires are renimvhdating aB50°C for 10

minA A

ZnO nanostructurebBavealsobeenextensively studied fazthemical and gasensing applications
because of ithigh specific surface aredayorableelectron conductivityand excellenthemical and
thermal stabilityOncethetarget materials aredsorbed on the ZnO nanostructure surface, the
concentration of electrons on the conduction band of @i be affectetdy accepting or donating
electrons anthe resultingchanges of conductivity can be quantifiedn et al. fabricated oxygen
sensing devicebased on singlerystaline ZnO nanowires and showed significanglyhaned
sensitivity compared to bulk or thiilm based sensors at rodemperaturé&® Otherchemica$ such

A’Reprinted with permission froio, S. H.; Lee, D.; Kang, H. W.; Nam, K. H.; Yeo, J. Y.; Hong, S. J.;
Grigoropoulos, C. P.; Sung, H. J. Nanoforest of Hydrothermally Grown Hierarchical ZnO Nanowires for a High
Efficiency Dye Sensitized Solar CelNano Lett2011, 11 (2), 666 671.Copyright 2A.1 American Chemical
Society.
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as hydrogen sulfide, ethanol, chlorobenzene, carbon monaxigegnia and hydrogen gas were
testedwith several differenEnO nanostructures (nanorods, hantgdaand nanoparticleahd

showedwide detection range and fast response time for hydrdgén

Goodbiocompabilitywith a high isoelectric point (8.7~10.8 also a key factor for Znased
biosensoapplicationdecausenaterids with ahigh isoelectric pointauld facilitateadsorption of
biomolecules witha lower isoelectric poinby electrostatic interactior§. By functionalizingZnO
nanostructures witanzymesapable ofeductioroxidation reactios, enzymebasecdelectrochemical
biosensorgan be developed glucose biosensor based on ZnO nanotfilnestionalizedwith
glucose oxidaskas been found teerformoverawide detection range amwdth afast response
time ®* Several biosensorssing ditosanto functionalize ZnO nanoparticles with cholestexidase,
flower-like ZnO nanostructures with horseradish peroxidasd ZnO nanopatrticles with tyrosinase
were fabricated to detebydrogen peroxidecholesterol and phenol, respectivéy* Cholesterol
oxidase in ZnO/chitosan composite materials achievietime of 85 daysandboth theH,0,
detecton capability and storage stability were imprové€iLi et al. developed a phenol bionsensor
using ZnO and tyrosinase and showed enhanced staitityower detection limit than Ti@r Au/C

based biosensofs.
1.3 Properties of Rare-Earth Transition Metals and Its Applications

1.3.1 Luminescence Properties of Rare-Earth Transition Metal Materials

Rareearth(RE) transitionmetak include 15 lanthanoids®(La to "*Lu), scandium f'Sc), andyttrium
(*?Y).%° In 1906,the observation ofuminescencemission of Edrom Eu-doped %0 triggered
significant research activitiéa the field of lanthanoitliminescenceThe discovery oNd emission
from Nd-dopedyttrium aluminum @rnet laseandof optical signal enhancement usingdeped
optical fiber cable becanthe cornerstones for optical and optoeleadic applicatiors of RE

materials®® 8

Lanthanoids form trivalertaions innatureand their electron configurations can be defined by
numerical order ofhe4f" (N = 0 b 14) orbital. Except for lanthanum (La, Z=57) and lutetium (Lu,
Z=71), whichhave completely empty and full 4f shells respectivttgir 4f electron configurations
yield opticalemission rangindrom the UV to nearinfrared regionsupon exciation by UV radiation
Theelectron energy levaliagramselectron configuratianandluminescent propertidsr trivalent
lanthanoid cationare summarized iRigure 1.6® Theexcitation spectra dhelanthanoid

9



luminescence generated by crykta structure or aqueous solutiaof RE materialshowedthat

these emissionsatea s ed o n t h esinyolvirdg thé4f drhitads tHewiever, be selection

rule dctatesthat an electronic transition betweemergylevels withthe same parit is forbidden In a

free lanthanoid atonfpr the sametotal angular momentum quantum numgly stateswith different

spin @) andorbital angular moment@d ) can be mied by spirorbit interactionthuscoupling S and

L to form new energy states call#tkeintermediate coupling states. The selectionstdethe

intermediate couplingtatesallow electric dipole transition when the differesaé the spin quantum
numbe s (S) for the initial and final states is @S -
numbers is oL = 0, N1 and N2 coultsthbefordiddeefbre ss, el ect
transitions between levels with the same parity.

Since t he fcaugedy elettnic dipoknteractionas theoretically forbidden, magnetic
dipole and/or electric quadrupole interactiangconsidered” " However, not all transitionsould
be accounted fdoy involving just magnetic dipole interactiorié By employingelectric quadrupole
interactionsit is possiblgo identify all thetransitionsdespiteaccurate estimate tiie spectral
intensitieshasremained a big challengéA plausiblesolutioninvolving electric dipole interactions
inducedby crystaffield potentialwas therefore developetihisnovel approachas attractedreat
interest”® In 1962, Judd and Ofelidependentlyeported theoreticalevelopmentor what is known
as the Jud®felt Theory."*"
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1.3.2 Judd-Ofelt Theory

The intensity of emission generated by the electric dipdégaction P-p, can be defined as

follows:”

0 ?—— Op © (1.1)
wherem=massofelct r on, h = Pl anck6s [Fevavensmbarofthe ¢ = speed
transition energy(ch) , ¢ = Lorenz | oc aand rf iisexl etectrc dipoleect i on con

operator (tensor operator of rank Cpnsidering onlythe 4f orbitals the grounestatewavefunction
|G> andexcitedstatewavefunctionE> can be expressed i U S-lanr|f"; '§'L"J >, respectively
wheref indicates 4f orbitgln is the number of electronstime 4f orbitalandUcorresponds to
guantum numbersther tha S, L and J Thestrong spirorbit interaction irthelanthanoid elements
leads tdinear combination oES-coupledstates thagjive rise taheintermediate couplingtates

Equation (1.1) can bewittenas

0 ?—— [ 07 (1.2)

where P is an electric dipole operafor, is the grounestate wavefunctiofi”, U[ SanilJ isthe
excitedstate wavefunctiori} U E [ S-ErLwhichltHé square brackets for [SEfer to thecoupled
states) However , t hremaihsforbidden becauaenthe iexdistat@nd the ground state

havethe same parity.

In orderto circumvent this problendudd and Ofelt assumeeérturbation obrbitalswith different
paritiesinducedby the crystaHield potential’* "> The crystal field theory was introduced by Bethe
and Van Vleckand the crystal field potentialas generated by thatractive and repulsive
interactiors of a lanthanoid cation witthe neighboring atoms of a host cryséald/orwith the
attachingorganic ligand moleculé$® Thecrystal field ofanon-central symmetricrystal stucture
causes perturbatido theelectronic statewith different parities. Sincthe4f orbital has an odd
parity, mixing it with an everparity orbital(5d) would producemixed-parity stateshatwould allow
electric dipole transitions. Incorporating parity perturbationhcrystatfield potentialto the

Equation 1.2 yields

0 ?—— & D5 G (1.3)
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where

$ & § & B ——7 (1.4)

$ G ¢ B — (15)

$ >is thewavefunction for thenixed-parity state an®¥cris thecrystal field potential
operator.*">##Tq simpify the equations, seval mathematical techniquiEsvolving the Wignes
Eckart theorem, the-Bsymbol and the 4 symbol were implemented and more details vggvenin
Refs.74-80. The final equation proposed bydd and Ofelto account for thantensity oftheelectric

dipde transitionis given as® ">8*

0 ?—— ¢0 p B ppmo 5 77
wherethereduced tensor uniesulted from the WigneEckart theoremU' 2 is determined byhe
electron energy level and orbital wavefunctions iaés mininal influence on themissionintensity.
Theintensity parameteq , consists othemixing effect ofthef and d orbitalsandit is derivedfrom
theelectric dipole moment arttie crystal field It is alsodirectly related to the emissiamtensityand

its valuecan bedetermined by optimization of experimental res(its:®*

Fundamentallythe intensity of emission producedtef 2z f  tisnataffedted byteen
nature ofcoordination and chemical bonding becaeleetrons irthe 4f orbitak of a lanthanoid
cation are well protectdaly 5s and 5p orbital$iowever,while existing as a free cation anaqueous
solution,some transitionkaveshowed sigificant intensityenhancementf tens or hundreds times
due tosubtle changgin thechemical environmerft:®® These transitions are known lagpersensitive
transitiors.?’ Sincethe standard Jud@®felt theory was not able tccount fo thelargeintensity
increaseof hypersensitive transitions, additionalmechanismoriginally known asnhomogeneous
dielectric mechanisrand later aglynamic couplingwas introduced. In the standard Ju@iIt
theory, thenature of chemical bondingnd crystal structures of lanthanoid catidwasl beertreatedas
a source of parity perturbatidny introducingthecrystal field potentiahndthelatnanoid cations were
considered as free iofi%"* The dynamic coupling mechanism proposed that the environment of
lanthanoid cationsspecificallythe elemergbelondng to the ligand moleculesnd/or the host lattice

coulddirectlyinteract withthe lanthanoid catiorend couldalso perturb the wavefunctions of the

13



lanthanoid cationandtherebyenhancdghe amplitude of transitiomhese enhancememsoduce the

remarkabé increase®bservedn the intensiesof the hypersensitiveransitions’>#" 8

Another supplementamprovemento the standard Juedfelt theay was IJmixing, which was
used to explaiafew forbidden electmic transitions. In the-thixing formalism the role othe
crystalfield potentialwas expanded further artde potential was used teduce combination of
wavefunctionf different J statesito those ofnearbyJ gates with thesame azimuthal total angular

%¥921n certain crystal strctures, the emission from tharbidden transitions,

quantum number (.
such as théDy Z F, transition in trivalent europium catiorsas beenobserved”?In this case,
depending on the sigymmetry of trivalent europium catiomixing between M=0 statef the 'Fq

and’F, statesby the crystalfield potentialhasenablel this forbidden transition¥.

1.3.3 Characteristics of Europium and Terbium Emissions

The emissioafrom thetrivalent lanthanoid catiorere generally found toccurin theUV to nearlR
range. Among theneuropium and terbiurhavereceivedthe mostattention because of the strg
emission intensitieshe hypersensitive emissioasdthelong lifetimesfound for the observed
emissions” Since electrons ithe 4f orbitals are well shielded lifie 5s and 5p orbitals, the
environment of lanthanoid catiosBouldhave minimal influence a the position of the emission
(originating from the 4f orbitalsHowever, thedccurrencef transitions and thiespectral intensities
are found talepend on thiostcrystalstructureand chemical bonding nature of surrounding

environment.

In the caseof trivalent europium complexes, mosttbé emissios areoriginated fronthe°D,
excitedstate(Figure 1.6)* The emission intensities &b, Y ‘F,and’D, Y ‘F, aredramatically
higher. The higher intensity for the latter emissiomlige tothe hypersensitive transition 6F,
triggered by the nature of the compleX&Bor the’D, Y ‘F; transition it is magnetic dipole allowed
andis generallyless affected bshe surrounding environment thaine electric dipole transitiorD

Y F,tranisiton®*°°

For the trivalent terbium complexes, ti®, energy level becomeke primaryexcited levebf the
transitions(Figure1.6).>* The®D, Y Fstransition showshestrongest and hypersensitive emission
intensity among thebservedransitions’® The intensitie$or the®D, Y ‘Fs, °D,Y 'F,and’D,VY F,

emission transitionare moderately affected Iblye chemicalenvironment&nd coordination nature of
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thecomplexes” Details oftherelevanttrivalent europium and terbium emisss@resummarizedn
Table 12.

Table1.2 Characteristics of the emissitransitiors of trivalent europium and terbium catiot{s®

ExcitedState Final State Wavelengthilnm) Emissionintensity
R 580 Weak
. F 590 Strong
Europium™Dy F, 615 Strong, Hypersensitive
Fs 645 Weak
R, 700 Medium
Fs 490 Medium
. Fs 545 Strong, Hypersensitive
Terbium™D, R, 585 Medium
Fs 520 Medium
F, 650 Weak

1.3.4 Energy Transfer and Sensitization Mechanism

Although lanttaroid luminescence has unique characterisiash afypersensitiveransitions that

are sensitivéo the surrounding environment and wedifined multiple emission bands, the
luminescencgield areusuallyvery smallin comparison to the organic based fluorophSt@&ecause
the fZ f transitioncouldoccurdue tothe irduced electric dipole momegeénerated byhe crystal

field perturbatiorof the electonic statesthe absorption coefficients of the transitiamevery small
which lead toveak emissions. Howevdhe solutiorto this problemappeared to bencovered when
Weissman observeatharacteristi@uropium emission frorrivalent europium organic complexes
Uponirradiation ofthe europium complexes using excitation wavelength of the ligand, the complex
produced intense luminescerié&ince theabsorption bandsf theligand hae awider range and
higherintensitythan those ofhetrivalent lanthanoid cations, the ligand is able to absorb more energy.
Undercertainconditiors, the absorbed energy by the liganmlild betransferred to the lanthanoid
cations which thengenerate stronger emission ttthat caused bglirect excitation othe cations.

This phenomenon isnown assensitization by energy transfieom theliganddonor tothe lanthanoid
caion acceptaf®***’A schematialiagramof the sensitization and enerdgansfer process is shown

in Figure 1.7.
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The energy transfer process starts with the excitation of the organic liglaadsnor)of the
lanthanoid complexes. Upon excitatit® Y  $of the donor to the excited singlet statg) (Sie
organic ligandundergos vibrational relaxation angroceed to thdowest vibronidevel of S,.*%°
Two competitivede-excitationprocessevolving radiative and nonradiative transitiocsuldoccur.
Theradiative fluorescenc@rocess igeneratedy S; Y  &mission of the ligands. Tmeonradiative
processnvolves a intersystem crossing (IS@ansitionfrom thesinget S, state to the triplet,
state!®* After thelSC process, if thdonorthenundergoes: radiative relaxatiorthe emissioris
called phosphorescence. SitkeT, Y Sransition is spirforbidden by the Pauli exclusion
principle, the intensity ofhe phosphorescence is significantly lower than fluorescence and its lifetime
is longer than fluorescenc¥.Alternaively, a nonradiativeenergy transfetransition fromT; to the
excited states of lanthanoid catidas acceptoryan take plac&' Theexcited acceptastatethen
undergoes nonradiative relaxation to tegonancéevel of lanthanoid, which subsequentieads to

thecharacteristic lanthanoid emissions to the ground level.

The efficiency otheenergy transfer in lanthanoid complexes depends osefberatiorbetween
the ligand and the lanthanoid ions. Taking the phase and bonding nateeahplex under
consideration, the Dexter thedmgis incorporatethe concept ofhe energy transfer meanism
occurring in the lanthanoid complex88&In the Dextertheory, theenergytransfemechanisnis
based on the exchange of electrons between the ligand and the lanthanoid cation viarayerlapp
orbital wavefunctionsandthe energy transfer ratiepend€xponentidly onthe separatiorbetween
the ligands and the lanthanoid catid?s°?Figure 1.8 showa simplified schematic diagram of the
energy transfemechanisnbetween the ligand (L) and the metal cation.(®ce thdigand of the
lanthanoid compleis excited(Figure 1.8b)thelanthanoid cation receives energy by exchange of
electrons between atectron in theexcited stat®f theligand molecule and an electron in the ground
stateof thelanthanoid cation (Figure 1.8@incethere is chemical bonding betaretheligandand
thelanthanoidcation in mostomplexesthe separation is sufficiently short thewichenergy transfer
could occurThe Dexter theorgouldthereforebe used t@asilyaccount fotheemission features

found inlanthanoid complexes.
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Figure 1.7 Schematic diagram of sensitization of lanthanoid compléXesradiative transitioand
nonradiative relaxatioare represented by zigzag and dotted lines, respectiveyligand must
undergo inersystem crossing (ISC) between the&d T, states in order to enable the energy transfer
(ET) between the ligand and the lanthandide latter step leads to the observed characteristic
lanthanoid emission.

e
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(a) Ground state  (b) Ligand (c) Electron (d) Lanthanoid
excitation exchange excitation

Figure 1.8 A schematic diagm of Dexter energy transfer mechanisatweertheligand (L) andhe

metal @tion(M).
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1.3.5 Application of Rare-Earth Transition Metals and Its Complexes

Due totheuniqueluminescence propertidanthanoidbasednaterialshavebeenwidely studiedo
explore theioptical andoptoelectronic application$he first fluorophore based on europhamped
yttrium orthovanadate is still in use for cathedg tubes and fluorescent landY ttrium
orthovanadatevith neodymium as a dopant showed rieérared laser emission (809 nif Several
kinds ofcomplexes based @ingle and multipléanthanoidelementsincludingeuropium, terbium,
samarium, dysprosium and cerigimcorporatedvith conducting polymers were syntheesil and
used asactive components fa monochromatit ED andawhite LED, respectively® **? Other
lanthanoids such as erbium and neodymivene used as dopaxfor fabricaing plastic optical fiber

cablesin orderto intensify optical signals for telecommunicatisith their neasinfrared emission*®

Due to their large spiorbit coupling and induced crystfiéld potential from the ligands,
lanthanoids and their complexegdtsirong magnetic propertieshich enables themo be used for
relatedapplications™* For example, adolinium and its complexese one of the favorite materials
for use asan imaging contrast enhancer for magnetic resonance imaging techhoiggle
molecukbr spintronicdeviceshased on gadolinium and dysprosiw@re also tested and showed
promisingperformance’®**’Other lanthanoids used as a dopant aeldubitedroomtemperature
ferromagnetisnwith a magnetic field of 0.2 Tels&®

1.4 Scope of the Present Work

Zinc oxide is one othe mostmportantTCO semiconducting materials andhés attraotdgreat
interests because of its optical and optoebedtrpropertiesin order b modify its energy band gap
and luminescence properti¢ise use ofa dopanintroduced imo the ZnO host materialbs been
widely studied'** **° Various studies on doping sevega transition elementsuch as copper, nickel,
andcobalt showed minimal changés theenergy band gap arwhly produced strongetefect-
relatedemissions of ZnG'*'** Among thelanthanoid elements, europiusa preferreddopant
becaus®f its hypersensitiveransitionand strongharacteristiced emission However, the
mechanism of energy transfer from ZnO to trivalent europium catinainsunclear:?®*?° In the
case of terbium doping, only a few studiesvesuccessfully generated characteristic terbium
emissions from terbiurdoped ZnO*"**° Other elemerstthatproducevisible emissiorupon
excitation such as cerium, dysprosium and samarhewealsobeenused as dopasitandthey

showed very wealto none oflanthanoidcharacteristic transitions” 1%
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As nanostructured materials are expected to have different propertigbeirdnulk state because
of quantum confinemer{br nanoscalesize)effect the tical, optoelectroni@and photophysical
properties of ZnQow-dimensionahanostructurgespecially quantum do{8-D) and nanowirel-
D), have beerxtensively investigatetf® **° However, only rmimal energywidening in theband
gapwasobservedandboththe details of electronic energy lesahd luminescence propertiesder

the influence of quantum confinement effemmainunknown

In this work, we focus orexploitingthe optical an@ptoelectronigroperties of ultrahin two-
dimensional ZnO nanostructured materials, particularly ZnO nanosheets and nanowallsy doped
surfacefunctionalizedwith appropriate lanthanoid elemewtscomplexesin Chapter 1a general
introduction to the properties of ZnO and theoretical background of characteristiescencef
lanthanoid element@regiven (abovg. Details abouthe synthesis afnO nanostructussand brief
introduction to the principles of characterizatieohiniquesised in the present wosgkedescribedn
Chapter 2 Chaptes 3 to 6presentespectivestudieson pristine ZnO nanostructusgtrivalent
europium and terbium doped ZnO nanowall® surfacefunctionalized ZnO nanowalls by europium

and terbium complexe# summary of tk presentvork is givenin Chapter 7.

In Chapter 3a singleunit-cell thick ZnO quantum she&-D nancstructure)s prepared on a Si
substrate and igptoelectroni@and photophysical properties aggplored. Quantum confinement
effectcausedy the single-unit-cell thickness residin significantwidening ofenergy band gap and
interesting changes in til@orescence spectrinfluence of quantum confinement effect e

electronic band structuis also investigated.

Amongthetwo dimensional nanostructure®)O namwalls are selected due to their high loading
capabilityfor dopantsor organic chelating ageramdtheir highsurface to volume ratio. ZnO
nanowallsdoped with e@ropium(Chapter 4and terbium(Chapters) are fabricated on IT€oated
glasssubstratesand the energtransfer mechanism and photophysical propediestudied.In case
of europium dopingChapter 4, the energytransfer pattvay from ZnO to trivalent europium cations
is examined anthe results lead us to propas@ew energyransfer mechanisinvolving cascade
energy transfer from ZnO to trivalent europium cation via-piénanthrolinel-or terbiumdoped
ZnO nanowallgChapter 5)characteristic terbium emissigobservedremarkablywithout any
postgrowth treatment for the first time. Furthermore, the plasmonic effectodé metal

nangarticles on the terbiwdoped ZnO nanowallsas beerinvestigaed by examining the spectral
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intensity of photoluminescenc&he possibility of terbium emission for chemosensing applicégion

alsoexplored

In Chapter 6we present a study @urface functionalization of ZnO nanowalls using europium
and terbium complexes&incethe characteristidtuminescencef europium and terbium can be
enhanced by thattachedigand, twoappropriately choseorganicmoleculeqchelating agersj,
1,10phenanathrolinéenergymediator)and oxydiacetic acihon-energymediator) are employedo
synthesize lanthanoid complexes. The photophysical properties and chemical bonding niadges of
lanthanoidcomplexesas synthesizedndassurfacefunctionalizedon ZnO areinvestigatedThe
energytransfer mechasm from ZnO tdanthanoidcomplexess constructedand the surface
interactiors betweerZznO and complexeareexplored.

The overall objective of this thesis is to investigate quantum confinement effect in two dimensional
ZnO nanostructures and energynsier mechanism between these ultrathin nanostructures and
lanthanoid cationslhe presenstudy provides newnderstanding ofptoelectroniand luminescence
properties of pristine arldnthanoiddopedZnO nanostructures. Bgking advantage of trguantum
confinement effect, singlenit-cell thick ZnO quanturshees$ couldopen new dooto optoelectronic
applications fothese ultrthin two-dimensional nhanoaterials Investigatingthe photophysical
properties of europiurdopedand terbiurrdoped ZnCnanowallsprovidesnew insight to understand
the energyransfer mechanism of lanthanoid cations @rehost materialsSurface functionalization
of ZnO nanowalls with europium and terbium complexes delivers another method to modify and
enhancehe photoghysical properties of ZnQOhe chemical nature of the complexasd theresulting
hybrid structure upon adsorption on ZnO nanowalle investigateih detail, whichprovides new
understandingf theenergy transfer mechanisand photophysical propertie$ the ZnO/lanthnoid

complex hybrid structures.
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Chapter 2

Experimental Section

2.1 Electrochemical Deposition for Sample Fabrication

To fabricate ZnO nanostructures, conventional electrochemical deposition is carried out in an aqueous
solution using a threelectrale electrochemical cell, consisting of a reference, a counter and a
working electrode. An electrochemical cell is placed in the temperetunteolled water bath and is
connected to an electrochemical station, CH Instruments CHI 660E. A typical setup of
electrochemical deposition with a threkectrode electrochemical cell is shown in Figure 2.1. A
potentiostatic amperometric method, which measures current flow as a function of deposition time at
a constant potential, is adopted. An aqueous solution isfoisetictrochemical deposition and it

usually contains the primary electrolyte that provides the major source of zinc cations, and a
supporting electrolyte that increases the conductivity of the solutiortypepSi wafer or an ITO

coated glass is select as the working electrode and a Pt wire is used as a counter electrode. An
Ag/AgCI electrode filled with 1 M aqueous KCI solution is chosen as the reference electrode to
provide a standard point of applied voltage because its potential differencestaritierd hydrogen
electrode (defined abezero potential) remains unchanged due to its constant composffioHs.

(b)
|
Ba.
-~ o
Counter Wo;ing Reference

Figure 2.1(a) A standard threelectrode electrochemical deposition setup with (b) a Pt wire counter

electrode, a substrate used as the working electrode, and a Ag/AgClI reference electrode.
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2.2 Scanning Electron Microscopy, Transmission Electron Microscopy and
Atomic Force Microscopy

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force
microscopy (AFM) are employed to explore the morphologioarostructural and topographical
information of the sample, respectively. The SEM is basea similar principle to that of optical
microscopy except it uses an electron beam instead of light to obtain an image of detailed information
about the surface in reflective motfélrradiating a sample with an energetic electron beam generates
several signalscluding secondary electrons, backscattered electanmdcharacteristic Xays.

Secondary electrons (with kinetic energy < 50 eV) are used to build an image containing
morphological information of the specimen. On the other hand, backscattered electrokmétith

energy > 50 eV) could be used to provide different contrast based on the atomic number (the so
called Z contrast) because backscattered electrons are generated by inelastic scattering between the
incident electron and atoms in the specimen. Engigpersive Xray (EDX) analysis uses the

emitted characteristic Xay signals (as a result of the highergy electron impact of the incident

electron beam) to provide elemental composition information. In the present work, EDX is used to
verify the presace of lanthanoid dopants in the sample before further chemical composition analysis
by X-ray Photoelectron Spectroscopy or Auger Electron Spectroscopy. Figure 2.2a shows a
photograph of a Zeiss Merlin microscope, a stditthe-art field-emission SEM egpped withan in

lens and an external secondary electron dete¢torsyackscattered electron detectors, an EDX

spectrometer, a charge compensation system, and a plasma sample cleaner.

Two different TEM systems, a FEI Tecnai F20 microscope from UniveskiBalgary and a Zeiss
Libra 200MC microscope eoampus (shown in Figure 2.2b), have been employed to obtain high
resolution TEM images and the structural information of ZnO nanostructures at different stages of the
present work. Since a TEM utilizes diems that pass through the entire sample, not only atomic
resolution images of columns of atoms but also information regarding crystal structures can be
obtained. The latter is achieved by performing selected area electron diffraction and/or fast Fourier
transform (FFT) of the highesolution TEM images. Samples for TEM analysis were often prepared
by physically removing the ZnO nanostructures from the substrate and dispersing them in the water.
This was then followed by placing a droplet of the aqueolugigo containing ZnO nanostructures

onto TEM grids with holey or lacey carbon. The higlsolution TEM images were acquired by
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operating the TEM at 200 kV and the crystallographical information of ZnO nanostructures was

achieved by a FFT process.

A Digital Instruments Dimension 31(canning Probe Microscope (shown in Figure 2.3) was
used to obtain topographical information. In atomic force microscopy (AFM), interactions between a
probe tip and the sample surface generate repulsive and attractive fbieessnT of these forces is
measured as a degree of cantilever deflectiorighmaeasured bthe location of théaser beanon the
photodiodedetector** The cantilever holder is controlled by a piezoelectric tube and offers
extremely fine vertical resolution. AFM haw¢e different operational modes: contact, tapping and
noncontact mode. In contact mode, the tip is in contact with the surface of the sample and the system
monitors the change or degree of the force or the height of the tip. In contrast, a tip isngsizilla
non-contact mode (where the tip is not in contact with the surface) and tapping mode (where the tip is
in intermittent contaatvith the surface), and the system measures the change in the resonance
frequency in order to detect the variation infiliee. Tapping mode is most popular for AFM
operation, because it is less destructive than contact mode and is also easier to operate and more
sensitive than nonontact modé?® In this study, sumanometer sized ZnO structusesre explored

by using tapping mode and the detailsgivenin Chapter 3.
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Figure 2.2 Photographs of (a) a Zeiss Merlin fieddhission scanning electron microscope, and (b) a
Zeiss Libra 200MQransmission electron microscope.
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Figure 2.3 Photograph of a Digital Instruments Dimension 382@nning Probe Microscope used for

atomic force microscopy.

2.3 X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy

The chemical composition and bonding nature of pristine, doped and sfurfatienalized ZnO
nanostructures were analyzed bya¥ photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES). Figure 2.4 shows a schematic diagjir#ime photoelectron and Auger electron
emission processes. Upon absorptionofanXy phot on wi th known photon
photoelectrons with kinetic energyEare emitted from the sample and their kinetic energy is
determined. For a knowspectromeer work function (1), the binding energy of the electrorsin

the sampldoefore photoejectionan be obtained from the Einstein equatian=E I Bk «. Core

level binding energy shifts have been found to depend on the chemical environmentafthe at
within the molecule, and they can be used to provide chemical identification of the local bonding
characters?® As only photoelectrons escaped without further collision are detected to generate the
photopeaks at the characteristic energy (as defined by the Einstein equation), the XPS technique is
therefore extremely surface sensitive. The generally short inatastio free path ainelectron is

0.5 nm to 10 nm, depending on the kinetic energy of the photoelectr@808@2V). In the present
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work, a ThermeVG Scientific ESCALab 250 Microprobe, shown in FigurBa2 was employed for
XPS analysis. By employing Asputtering, XPS spectra can be collected as a function of sputtering

depth, thus providing depth profiling composition analysis of the chemical states of the sample.

In AES, Auger electrons generated by the Auger electron emission process are dettwted.
Auger electron emission process (Figdrd), an electron vacancy in an electron energy level is
created by photoionization or higimergy electron impact ionization. In a radiatiess decay
process, this vacancy is filled by an electron from theeuppergy levelAny surplus energy from
the energy difference between the vacancy level and the uppecdeMediransferred to another
electron and results in its ejection from the atom. This deported electron isticakedjer electron.
Auger electon emission is extremely surface sensitive due to the same restriction of inelastic mean
free path as photoelectrolf§*’For the Auger electron depicted in Figurd, 2he Auger process is
designated as the KlL; transition (in the order of vacancy level, origin of the electron filling the
vacancy, and the origin of the ejected #tan) ****°In addition, by using a higanergy electro gun
as the excitation source, a probe area of a few tenth of nanometers can be obtained, which provides a
high spatial resolution for measuring the elemental composition of individual nanostructures. Figure
2.5b shows a Thermo MicroLab 350 AES systerizeti for the present study.

Photoelectron Auger electron
with E, © KL,L; ©

— 3p1/2(M2)_._—._
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Figure 2.4 Schematic diagram of photoelectron and Auger electron emission processes.
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Figure 2.5 Photograpkof (a) a Therme/G Scientific ESCALab 250 Microprobe used for
photoelectron spectroscopy and (b) a Thermo Microlab 350 used for Auger electron spectroscopy.
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2.4 UV-Vis Spectroscopy

To investigate the optoelectronic properties of ZnO nanostructure¥i®iffuse reflectance

spectroscopy was conducted by using a Perkin EImer Lambda 1050 UV/Vis/NIR spectrophotometer
equipped with a 150 mm integrating sphere module, shown in Figure 2.6. A sample was placed on the
sample holder located at the outer shell of thegrating sphere and the diffuse reflectance of the

sample was measured. The absorption spectra were obtained by converting the reflectance (R) to the
absorption coeffici &nrkequdionUhb $ -RY4IRhwhere SietheKu b el k a
scatering factor of the sampfé® The KubelkaMunk equation was developed for the diffuse

reflectance measurement of the thin films such as paper, textile and'faiften; by making, for

simplicity, several assumptions such as uniform thickness, diffusive and homogeneous
illumination**°In the present work, diffuse reflectance spectra of ZnO quantum sheets were obtained
and converted to absorption spectra to calculate the energy baatiZy7@p quantum sheets (Chapter

3).

Figure 2.6 Photograph of (a) Perkin EImer Lambda 1050-Ui¢ spectrophotometer and (b) the

integrating sphere module used for diffuse reflectance measurement.
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2.5 Luminescence Spectroscopy

When an excited molecule undergoes a radiative relaxation process to a lower energy level, the
emission of light is called luminescence. There are two types of luminescence: fluorescence and
phosphorescence. The former correspdadsdeexcitation transition between singlet states while

the latter corresponds to a transition between a triplet excited state and a singlet ground state. In
addition, luminescence can be further classified according to its excitation source. tfitatogx

source is provided by an electron beam, an electric current, chemical reactions or photons, the
emission of light is referred to as cathodoluminescence, electroluminescence, chemiluminescence and
photoluminescence, respectively. In the presenkwbe samples are excited by light irradiation, the

emission process therefore corresponds to the photoluminescence process.

2.5.1 Photoluminescence and Excitation Measurement

The experimental setup was one of the few unique cubtolinphotoluminescence systs in the

world. It was located at the Department of Chemistry, Chungnam National University (Daejeon,
South Korea) and the luminescence studies reported in the present work were conducted in
collaboration with Professor Jiill Kang and his group at Chgnam National University. A
photograph of the experimental setup is shown in Figure 2.7, with its schematic optics layout shown
in Figure 2.8. In the present work, both a hgessure 1008V Xe arc lamp (Oriel) and a 3gwW

325 nm heliurcadmium laser (Kimnon Koha |K3301R-G) were used as the excitation sources to
generate the photoluminescence spectra. For photoluminescence measurement, the incident light
wavelength was preelected while any light emitting from the sample was collected as a function of
the (emitting lightvavelengthDepending on the excitation light sourcé® tesulting spectrum is
referred as th@L (laser excitationpr emission (Xearclamp excitationpectrum in the present work.
With the sample placed in the sample holder, the sample was irragittigdcident light from the

325nm HeCd laser or the Xe arc lamp (operated with a working power of 600 W) passing through a
CzernyTurner monochromator with a focal length of 0.3 m (Acton SpectraP&2886i, Princeton
Instruments). For the light frorhé Xe arc lamp, two quartz lenses were used to control the focus of
the incident light. The luminescence was then observed at 90° from the excitation light beam
direction. The emitted radiation was focused by using two quartz lenses onto the entrahee slit
second 0.5n CzernyTurner monochromator (Acton Research Cooperation;5049) equipped with

a cooled Hamamatsu-833-14 photomultiplier tube powered by a high voltage power supply (Oriel).

On the other hand, the excitation measurements were perfbgniedng the wavelength of the
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emitting light constant at an appropriately chosen value, while the wavelength of the incident light to
the sample was varied over a{set range. The photomultiplier tube connected to the emission
monochromator was usedrteasure the intensighangeas a function of excitation wavelength. The
resulting spectrum is referred as the excitation spectrum in the present work. For this type of
experiments, a UV cuff filter was placed before the emission monochromator (M2)imainate
unwanted stray light and any secesrder light from the excitation source. For experiments carried

out with the sample held at different temperature ranging from 10 K to 300 K, the sample was
mounted on the cold finger of a closed cycle liquétium refrigerator (CC820, Janis Research
Company) and the air was evacuated to prevent water and ice condensation on the surface of the

sample.

BB s

\

~ monochromatol

Figure 2.7 Photograph of the experimental setup depictirgglight path (dotted lirgg from the
incident beam optics (right) to the sample chanfbenter)to the exit beam optics (left).
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Figure 2.8 A schematic diagram of measurement setup for photolumines@nission) and

excitation spectra.

2.5.2 Lifetime and Absolute Quantum Yield Measurement

Lifetime is defined as the average time that the molecules spent in the excited energy level before
going through the photonic transitions. A schematic diagram of theierquetal arrangement for
photoluminescence lifetime measurement is shown in Figure 2.9. The sample was excited by light
coming from a 56mW 337.1 nm N pulsed laser (GI3300, Photon Technology International). The
emitted light from the sample was detecte8@ from the excitation source and passed through the
M2 monochromator coupled with a cooled Hamamat@B8R14 photomultiplier tube. The signal

was fed to an oscilloscope (Agilent 54832B) triggered by the synchronized trigger source pf the N
laser. Thdinal result was obtained from averaging 300 individual measurements in order to improve

the signalo-noise ratio.

The quantum yield is determined by the ratio between the amount of the emitted photons from the

sample and the amount of the photons alesbly the sample. To eliminate the emission contribution
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of the scattered and/or reflected light by the sample and/or the integrating sphere and to increase the
accuracy of absolute quantum yield, three separate measurements were performed for each sample.
Emission signals were measured from the following: (a) incident laser light with the empty
integrating sphere (to obtain the background contribution), (b) incident laser light dicethedvall

of integrating sphersuch that there was no direct irgtetion with the laser (to obtaindirect

excitation contributiopy and (c) incident laser light directed at the sanfol®@btaintotal emissioh

The final emission could then be computed from signal &gnal (a)i signal(b). More details are
givenin the work of de Mello et df* The experimental setup of measuring absolute quantum yield is
similar to those of pdtoluminescence measurement (using the laser source). Instead of the sample
holder, a 10 inch integrating sphere was used to house the sample.

N
3 Trigger source
HV
L L J_
O M2 PMT
Sample _I_ Os PC
chamber M: Monochromator

L: Quartz lens

PMT: Photomultiplier tube
HV: High-voltage supplier
Os: Oscilloscope

PC: Personal computer

Figure 2.9 A schematic diagram of the photoluminescelifeme measurement setup.
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Chapter 3
Optoelectronic and Photophysical Properties of Zinc Oxide

Quantum Sheets

3.1 Introduction

The size of nanostructures intimately affects their properties, especially their electronic and
optoelectronic properties, because of the quamtmfinementeffect!*? The minimum thickness for
elemental materialsithe size of a single atom. For binary and ragdthponent systems, the

dimension of a unit cell represents the lowest limit. To date, the singleell thick nanostructures

have been discovered only for very few binary materials. Their potentiataiiqutis, however,

remain largely unexplored and are limitedéoromagnetism andatalysis*>*'** Onthe other hand,
transparent conducting oxides (TCOs) are one of the most fascinating (binary) materials because of

their optical transparency and melite conductivity.

As a TCO semiconducting material, Zinc Oxide (ZnO) has attracted great interagdetis
wide direct band gap (~3.37 eV), large exciton energy (60 meV), good thermal and chemical stability,
low toxicity and high biocompatibilit}y?® **® A broad range of potential applications of ZnO have
been demonstrated for solar cells, light emitting diodes, sensors and nanmgehéta®ZnO
nanostructures can be deposited on various substrates by a variety of methods, including physical
vapour, chemical vapour and watemistry deposition. However, the parameters of many such
demsition techniques could be quite demanding due to the needs of high deposition temperature,
catalysts, expensive substrates, high-gostvth annealing temperature, seed layer, environmentally
hostile organic solvents or relatively longer deposition fith&®® In contrast, electrochemical
deposition offers a more facile alternative because ZnO deposition could be perfoensiagie step

in an aqueous solution with a deposition time of less than 2 fiii?s.

Since quantum confinement effect has unique influence on the optical, optoelectronic and
electronic properties, various Zn@nostructures were studied. However, acquiring nanostructures
with size less than the small Bohr radius (2.34 nm) of ZnO has become a major obstacle to observe
guantum confinement effect. Differences between energy band gaps of the bulk and ZnO quantum
dots (~0.4 eV), nanowires and nanosheets (~0.2 eV) have thus far been found to be rather small
because of larger size of these synthesized nanostructirés:®*® Here, we report the fabrication

of single-unit-cell thick ZnO quantum structures on a Si substrate without using angrnal@ost
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growth treatments such as seeding, annealing or exfoliation. We further show that the energy band
gap of these singlenit-cell thick ZnO quantum sheet stacks tanvaried over wide range, from

4.51 to 3.35 eV, by manipulating the stack thickness as a function of deposition time.
3.2 Experimental Details

3.2.1 Fabrication of ZnO Quantum Sheets

ZnO quantumsheets were prepared by electrochemical deposition using a cometitiree

electrode electrochemical system in a water bath. The deposition temperature waslid€aatd

kept stable by controlling the temperature of the water bath using a recirculator. A 15 mL solution of
0.1 M Zn(NQ),A 6,8 (98%, SigmaAldrich) mixed with 0.1 M KCI( O 9 9 . 0 %Aldri¢) g ma
servingas a supporting electrolyte was used as the electrolyte. Si(100) wafer was prepared by using
the RCA cleaning method and was used as the working electrode. Electrochemical depositions were
carried out atin applied potential 6f1.1 V with respect to a Ag/AgCI reference electrode and with a

Pt wire serving as the counter electrode. The deposition time was varied to control growth of the ZnO
guantunsheets.

3.2.2 Characterization Methods

The surface morphology waxamined bwsingfield-emission scanning electron microscopy (SEM)

in a ZeisMerlin microscope. Atomic force microscopy (AFM) was used to investigate the
topography and thickness of ZrfDantunmsheets in a Digital Instruments Dimension 3100

Nanoscope IV. Transmission electron microscopy (TEM) was performed on a few layers of the ZnO
guantumsheets on a holey carbon grid in a FEI Tecnai F20 microscope operated at 200 kV. Diffuse
reflectance spe@rwere collected by using an W¥is spectrometer (Perkin Elmer Lambtia50

equipped witha 150 mm integrating sphere module (Labsphétapy photoelectron spectroscopy
(XPS) was used to investigate the chemical composition ofdlratunsheets as a fation of

sputtering depth in a Therm\dG Scientific ESCALab 250 Microprobe equipped with a
monochromatic Al KFOr ptooilumineseende (P4)&utd ex@itateo spectroscopic
measurements, the sample was irradiated by a-\M8@ arc lamp (Orik operating power 600 W)

with an excitation monochormator (Acton-8B00i). The emissiofrom ZnO quantum sheets was
monitored by a 0 CzernyTurner monochromator (ARC) equipped with a cooled Hamamatsu R
93314 photomultiplier tube.
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3.3 Results and Discussion

3.3.1 Morphology and Topography of ZnO Quantum Sheets

Figure 3.1 shows the scanning electron microscopy (SEM) images ofsimigéell thick ZnO

guantum sheets electrodeposited on Si(100) substrates at 10 °C for different deposition times. For 1
min and 5min depositions, the quantum sheets appeasliiaped and with the dimensions of 500 nm

x 500 nm (Figures 3.1a and 3.1b). As we increase the deposition time, the size and density of the
guantum sheets gradually increase, expanding the coverage of thangghrets over the entire
substrate uniformly. Wrinkling of quantum sheets is also observed, which is likely due to the large
surface energy. The quantum sheets could grow to micron size with longer deposition times (Figures
3.1c and 3.1d).

(a)

Figure 3.1 SEM images of electrochemically deposited ZnO quantum sae2@C for (a) 1 min, (b)
5 min, (c) 30 min, and (d) 60 min.



Atomic force microscopy (AFM) studies are employed to investigate the thickness of ZnO
guantum sheets. The AFM image of ZnO quantum sheets obtained with a 30 min deposition time,
shown in Figure 3.2a, clearly illustrates two steps, while the corresponding height profile along the
linescan across the steps, shown in Figure 3.2b, can béoudettrmine the thickness of the
guantum sheet. The height from the Si substrate to the lowest lying quantum sheet (first step) and that
from this quantum sheet to a second higher lying quantum sheet (second step) are 0.84 nm and 0.56
nm, respectively. Athe first step corresponds to the thickness of a quantum sheet plus a small gap
between this sheet and Si substrate, the second step therefore better represents the thickness of the
ZnO quantum sheet. The height of the second step, 0.56 nm, is an éxoatignto the inteplanar
spacing along the-axis of the ZnO unit cell (0.52 nm, JCPDS@86-1451). This provides strong
evidence that the growth mechanism of ZnO quantum sheets iblaiarer growth, which
indicates that individual quantum sheetimtain singleunit-cell thickness regardless of the
deposition time and that the layly-layer growth of ZnO quantum sheets occurs along-toe la
axis direction. This is in good accord with the growth direction of ZnO quantum sheets revealed by
high resolutionTEM (HRTEM) shown in Figures 3.2¢ and 3.2d. Acquiring a HRTEM image of a
single quantum sheet (retrieved onto a holey carbon TEM grid) is particularly challenging because of
its fragility and its sensitivity to the 200 kV electron beam. Instéadsingle ZnO quantum sheet, we
collected HRTEM images of a few layers of ZnO quantum sheets. Figure 3.2d shows a HRTEM
image with a lattice spacing of 2.7 A, corresponding to the [100] direction of ZnO. Figure 3.2e shows
a schematic model of the growdhdouble layers of singlanit-cell thick ZnO quantum sheets on a
Si substrate based on the AFM and HRTEM results.
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3.3.2 Chemical Analysis of ZnO Quantum Sheets

Chemical composition analysis of-grown ZnO quantum sheet is performed by usiAgX
photoelectron spectroscopy (XPS). Figure 3.3 shows tt&spctra of Zn 2p, O 1s and Cl 2p

regions of ZnO quantum sheets as a function of sputtering time. Forghepased sample, XPS

peaks are found at higher binding energies than their respective reference positions, and they
gradually shift to lower bindig energies with increasing sputtering time. This change in the peak
positions is due to minor sample charging effect caused by the presencecohdanting Zn(OH)

on the sample surfaces (in accord with the formation mechanism of*Zri&Yhe zZn 2p,» (2py»)

feature located at 1022.3 eV (1045.4 eV), with a-gphit splitting of 23.0 eV (0.1 eV), is well
matched with the literature value for the’Zstate” This result is in good accord with the presence
of a single Zn(ll) divalent state corresponding to both ZnO and Zn{Qippn 180 s sputtering, the

O 1s spectra (Figure 3.3b) clearly show two peaks at 532.9 eV arfiéd3 attributed to Zn(OH)

and ZnO, respectively, in excellent agreement with the O 1s spectrum of ZnO powder (Figure 3.3d).
Upon further sputtering, the Zn(OHomponent decreases significantly, confirming that its existence
is limited to the neasuirface region of the sample.

It is well known that the growth of ZnO nanostructures is greatly affected by the electrolyte
concentration. The €lon plays an important role in the growth of tefimensional ZnO
nanostructures, in which the adsorption dfiGhs on the (0001) crystal plane obstructs the growth in
the [0001] direction, thereby limiting the growth to taimensional structuré$? The presence of Cl
ion as shown in Figure 3.3c therefore confirms thisdivoensional growth mechanism for our ZnO

guantum sheets.

38



(@) Zn 2p
Zn zpwz

180's /L

7\
A

(b) Hydroxides

(532.9) b~ ZnO
I (531.2)

O 1s

i

Hydroxides—]

|60s /\ —A—_—_'
S~—" | : | L | ) | I 1 i | I

.é" 1050 1040 1030 1020 540 535 530 525
e [(c) Cl2p| [(d) —z0 O 1s
g “ 2|p3f2 PCI 2p1/z (531 2)

204 200 196

192540 | 535 | 530 | 525
Binding Energy (eV)

Figure 3.3 XPS spectra of (a) Zn 2p, (b) O 1s, and (cRfhs a function of sputtering time from 0 s
(i.e. asdeposited), to 60 s, 180 s, 600 s and 1800 s for electrochemically deposited ZnO quantum
sheets obtained with 60 min deposition time. (d) O 1s XPS spectrum of a ZnO powder sample.

3.3.3 Optoelectronic and Photophysical Properties of ZnO Quantum Sheets

Since the reported Bohr radius of ZnO (2.34 nm) is larger than the thickness of quantum sheet stack,

quantum confinement effect is expected for the ZnO quantum sH&@fstical properties of ZnO

guantum sheetnd bulk (pelletareexaminedby UV diffuse reflectance spectroscopyd the

resulted spectra are shown in Figure 3.4T h e

reflectance R by the Kubelddu n k

absorption

coefficient

e qu at i RM2R), vilhéresS isthe (schattering

coefficient. Due toits limited amount of material, thantum sheetsbtained with the shortest

deposition time (1 mindlo not provide sufficiently detectable signal in the UV absorption céioe.

ZnO quantum sheets obtained with 5 min, 30 min and 60 min deposition time, absorptitia cut
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located, respectively, at 225 nm, 275 nm and 370 nm are observed and marked with black lines in
Figure 3.4.

To further investigate the photophysical prositemission and excitation spectra of ZnO
guantum sheets are measured and shown in Figure 3.5. ZnO quantum sheets are excited at the higher
energy wavelengths of the three aforementioned absorptiaffeuFigure 3.4). For excitation at
350 nm, the fist absorption cubff does not produce any PL emission, as is similarly found for the
absorption cubff of ZnO bulk powder. On the other hand, ZnO quantum sheets excited at 240 nm
shows a strong blughifted emission spectrum, specifically with a ZnO badde emission shift by
91 nm and a ZnO defect emission shift by 124 nm, and the overall spectral shape resembling that of
the emission of ZnO nanowalls. Instead of the bulk state (provided by ZnO powder), nanowall
structure is used to compare with quantireets due to the strong defect emission (at 561 nm)
generated by ZnO nanowalls and essentially the sameduygdemission position (at 376 nm) found
for both the bulk and the nanowalls. The spectral envelopes of ZnO quantum sheets and nanowalls are
remakably similar. Evidently, ZnO quantum sheets exhibit relatively stronger defect emission than
nanowalls, likely due to the physical wrinkles found in the quantum sheets. The blue emission from
ZnO guantum sheets excited by a standard 254 nm UV lampvismish@ photograph in Figure 3.4
inset.In addition this emission is sufficiently powerful to be easily seen with naked eye. The
corresponding excitation spectrum (for emission wavelength sgjsat 450 nm) shows a well
resolved peak between 235 nm &0 nm (Figure 3.5, inset), which suggests that the energy band

gap of ZnO quantum sheets is 4.51 eV.
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The PL spectrand UV diffuse reflectance spectra therefore demonstrate the quantum confinement
effect on the energy band gap of ZnO quantum sheets. Several studies have reported quantum
confinement effect on-D structures (quantum dots) andDIstructures (nanorodd)ut influence on
2-D structures has yet to be presented. To discover the details of quantum confinement effect on
electronic band structure, XPS spectra of the valence band region of ZnO bulk powder and quantum
sheets are collected and shown in Figure.36a energy scale of the spectra has been calibrated by
the position of Zn 2§, (at1022.5eV). The valence band maxima of the bulk powder and quantum
sheets are determined by the intersection of the linear fit of the photoemission edge with the
backgroumd, and they are found to be 3.17 eV and 3.45 eV below the Fermi level, respectively. Based
on these results, the corresponding conduction band minima of the bulk and quantum sheets are
calculated and the resulting valence band structures are shown scalyriatFigure 3.6b.

Comparison between the bulk and quantum sheets sdliadithe valence band maximum and
conduction band minimum of the quantum sheets are respectively, 0.28 eV lower and 0.98 eV higher

than those of the bulkespectively

(a) Valence Band (b) —1.06 eV
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Figure 3.6 (a) XPS valence band spectra of ZnO bulk powder (black) and quantum sheets (red) and

(b) schematic diagram of the valence band maxima and conduction band minima of ZnO bulk and

guantum sheets.
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The quanum confinement effect depends on the smallest dimension of the nanostructure. In 2D
nanostructures, the thickness of the quantum sheet plays a vital role in the observed increase in the
band gap (given the large length and width of a quantum sheet réteitis¢hicknessy? The
observed increase in the energy band gap of the quantum sheet byl @xéfrbm the bulk value is
therefore significant and can be attributed to the quantum confinement eftentFigure 3.4, the
absorption cubff profiles ofZnO quantum sheet samples generally increase in intensity with
increasing area and thickness of the quantum sheets. The corresponding profile fanitha&ple
shows that the intensity of absorption-offtat 370 nm matches that of the bulk samplengistent
with the growth mechanism of quantum sheets, height profile analysis of a large number of AFM
images, however, indicates that the thickness of individual quantum sheets is the same regardless of
the amount of deposition time. These results theesfuggest that electrostatic interactions between
the quantum sheets lead to quantum sheet stacks with the overall thickness that governs the observed
changes in the intensity of the absorptionaff$ and in the energy band gaps.

As the quantum sheestart to stack on top of one another during the Haydayer growth, orbital
reconstruction occurs between the interfacial ZnO hybridized orbitals of individual quantum sheets,
thus making up the quantum sheet stacks. In particular, orbital reconstindiices band dispersion
of the quantum sheet stacks such that the highest occupied molecular orbital (HOMO) in the valence
band is raised while the lowest unoccupied molecular orbital (LUMO) in the conduction band is
lowered. As a result, the energy damween the resulting HOMO and LUMO becomes smaller than
that before orbital reconstruction. As ZnO quantum sheets are accumulated by thg-layer
stacking, they behave more like the bulk, even though individual constituent quantum sheets remain
guartum confined. For the 3fhin deposited sample, the absorption peak demonstrates the presence
of stacks of singhlainit-cell thick quantum sheets with increasing overall thickness that leads to a
smaller band gap. Comparing thei®ih sample with the 3éhin sample, some of the quantum sheet
stacks obtained from the #0in deposition are sufficiently thick to behave like the bulk. This
produces the biggest intensity increase in the-lkikabsorption cubff among three absorption
peaks. Our UV absorptiongelts therefore demonstrate that modification of band gap energy of
singleunit-cell thick ZnO quantum sheet stacks can be achieved by controlling the overall stack

thickness through the deposition time.

43



3.4 Summary

The singleunit-cell thick ZnO quantum sheeare successfully deposited on a Si wafer by
electrochemical deposition. By lowering deposition temperature near 0 °C, ZnO quantum sheets are
obtained without any prend postgrowth treatment. HRTEM and AFM studies reveal that individual
ZnO guantum shet have a similar growth mechanism as othBr2nO nanostructures. Instead of
thickness increment of a single quantum sheet, daydaly stacking is observed with increasing
deposition time. Due to its thickness, the electronic structure of ZnO quaméens $s affected by

the quantum confinement effect. PL measurement shows that ZnO quantum sheets have very deep
UV and blue emissions. The energy band gap of ZnO quantum sheets is found to expand by more
than 1.1 eV, with the valence band maximum and gotich band minimum, respectively, 0.28 eV

lower and 0.98 eV higher than those of the bulk.
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Chapter 4
Observation of Mediated Cascade Energy Transfer in Europium-

doped ZnO Nanowalls by 1,10-Phenanthroline’ ¥

4.1 Introduction

Rare earth transition metal doped Zn@homaterials are recognized as promising candidates for
applications in optoelectronics, lightitting devices, spintronics and photocatalySi$® Among

rare earth ions, the trivalent @) ion has attracted great interest because of its unique optical
propertes, arisen from the hypersensiti@ Y ’F, red emission (~620 nm) from Eu(If§> %’
Recently, nanostructured floped ZnO has been prepared by various methods, including
hydrothermal synthesis, thermal evaporation, electrochemical depositiael sahd laser
ablation?*1241881% Thase techniques producEd-doped ZnO nanostructures with various
morphologies including nanospheres, nanopatrticles, nanoneedles, nanorods, nanowires and
nanoflowers? " Upon excitation by UV irradiation, these floped ZnO (written here as
ZnO:EYIl) ) nanomaterials produced a bagdige emission at 369 nm anbraad defecemission at
500750 nm from ZnO, and/or a red emission fronflEu The appearance of the red emission was
dependent on the excitation energy and on whether thermal annealing has been performed or not. The
Eu(lll) -related luminescence aris#om the banehap excitation has been discussed in terms of the
energy transfer from ZnO to BU) .*****%®Alternatively, the red emission from ZnO:(l)
nanosjperes and nanorods could also be attributed to the direct excitatio(ligf €ua charge
transfer state, instead of the energy transfer patftiay.

Detailed knowledge of the structural and optical properties of Zn@tEnanostructured materials
grown on a selected substrate is important to industrial applications. Extensive research has been
conducted to deposit ZnO fiBror nanostructures on a transparent substrate like indium tin oxide
coated glass (IT@lass), and to characterize their structural, optical and electrical prop&rtfés.

The deegevel emission from ZnO, ggaring in the visible region, has been found to be highly
dependent on its morphology, defects and dopifit] >**Here, we fabricate ZnO nanowalls doped

with various concentrations of HU) on ITO-glass by a simple electrochemical deposition method

Y ¥This chapter is adapteuth permission fronKang, J-S.; Jeong, ¥K.; Kang, J:G.; Zhao, L.; Sohn, Y.;
Pradhan, D.; Leung, K. T. Observation of Mediated Cascade Energy Transfer in Eubagiech ZnO
Nanowalls ly 1,10Phenanthrolinel. Phys. Chem. €015 119(4), 2142 2147.Copyright 2A.5 American
Chemical Society.
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and inwestigate the photophysical properties of the prepared nanowalls egld$€ We also clarify
the change in the chemiestiate composition of Eu by deppinofiling X-ray photoelectron
spectroscopy (XPS). Furthermore, by functionalizing the surface of Zi@)Eanowalls using an
ultraviolet range energy donor such as Ph@nanthroline (phen), we investigate its effect on the
photoluminescence (PL) of the Hoped ZnO nanowalls. We propose a cascade energy transfer
model from ZnO to Ell) via phen, inorder to provide new insight to the emission and energy
transfer processes in surfaemctionalized ZnO:E(lll) nanostructures.

4.2 Experimental Section

Europiumdoped ZnO nanowall structures were prepared by electrochemical deposition at 70°C,

described irdetail elsewher&’?'*Briefly, we employed a potentio/galvanostat electrochemical

workstation (CH Instruments 660A) and a thedectrode glass cell,ith a Ag/AgCl reference

electrode and a Pt wire counter electrode. The working electrode wassidegleoolished, Si©

passivated float glass coated with an ITO film (Z0®@ nm thick with a sheet resistance & dhm)

obtained from Delta Technologiegmited (Minnesota, USA). ZnO nanowall structures were

deposited atl.2 V vs Ag/AgCl by amperometry in a solution of 0.1 M Zn@®@H 0 (Sigma

Aldrich, 099.0% purity) with 0.1 M Ka@obpedused as th
ZnO nanowalls, weimply added Eu(Ng)s5H 0 (SigmaAldrich, 99.9% purity) solutions of

different concentrations (0.01, 0.05 and 0.10 M) to the electrolyte solution and follow the

electrochemical deposition procedure. After the deposition, we rinsed the samples witbrillip

water thoroughly and dried under nitrogen flow before analysis. Surface modificatiordopEd

ZnO nanowalls were performed by dipping the samples intedh&@anthrolineSigmaAldrich,

099% purity) oS8igmealhdriente,di Q@& vaioUscpnaentiatioys) For

both cases, Ci€l, (SigmaAl dri ch, 099. 9% purity) was used as a

Scanning electron microscopy (SEM) images were obtained using-afiddion Zeiss UltraPlus
microscope. For depthrofiling X-ray photoelectronpectroscopy, we utilized a Therauiz
Scientific ESCALab 250 Microprobe with a monochro
energy resolution of 0-8.5 eV full width at haHmaximum. For photoluminescence and excitation
spectroscopic measurements, antakon source of a HEd 325 nm laser line and an Oriel 1000 W
lamp (operated at 600 W) with an Oriel MS257 monochromator were used, respectively. The spectra
were taken by an ARC 0.5 m Czefliyrner monochromator and a cooled Hamamat93®14
photomuliplier tube.
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4.3 Results and Discussion

4.3.1 Morphologies of Eu-doped ZnO Nanowalls
Figure 4.1 shows the SEM images of undoped anddped ZnO nanowalls. For the undoped ZnO

sample, the ledge thickness of the pristine nanowalls is measured td.06@ B6h (Figurel.1a). On

the other hand, Eeambedded ZnO nanowalls are found to be stacked together, forming relatively
thicker structures with the ledge thickness of-280 nm for 0.01 M Ewoped nanowalls (Figure

4.1b) and 3000 nm for 0.05 M (Figure 4.1c¢) and 0.M0Eu-doped nanowalls (Figure 4.1d).

Although the stacking of individual nanowalls in-Embedded samples is quite apparent in the
nanowalls with less dopant, heavier doped nanowalls appear merged together forming a thicker edge

with smoother surface.

NS
AN

=

—

Figure 4.1 SEM images of ZnO nanowalls deposited at 70 °C on-gjil&3s in (a) 0.10 M
Zn(NGs),6H,0 mixed with 0.10 M KCI, and with additional (b) 0.01 M, (c) 0.05 M and (d) 0.10 M
Eu(NO)s5H 0.
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4.3.2 Chemical Analysis of Eu-doped ZnO Nanowalls

Figure 4.2 shows the XPS spectra, collected as a function of sputtering depth, of the Eu 3d, Zn 2p,
and O 1s regions of Edoped ZnO nanowalls obtained in the 0.05:0.1 NIIBuzZn** electrolyte. For

the asprepared sample,single broad O 1s peak at 532.9 eV is observed. With increasingnAr
sputtering time, a new peak emerges at 531.2 eV and becomes more dominant. The O 1s peaks at
532.9 eV and 531.2 eV can be attributed to Zn@Gidyl/or Eu hydroxides and to ZnO, redpasy.

The Zn 2p,» (ZNn 2py,) peak, initially located at 1023.3 eV (1046.4 eV) before sputtering, is found to
evolve into a considerably more intense peak at 1022.5 eV (1045.6 eV) upon sputtering for 500 s. We
also observe a strong Eu(lll) EusadEu 33,) peak at 1135.5 eV (1165.0 eV) and a considerably
weaker Eu(ll) Eu 3¢, (Eu 3dy,) feature at 1126.5 eV (1156 e¥f.This indicates that both Eu(lll)

and Eu(ll) coexist in the ZnO nanowall stuet. The relative Eu(lll)/Eu(ll) composition ratio is 1.8

and found to be nearly constant with increasing sputtering depth. Of special interest is the definite
presence of Eu(ll) even though only Eu(lll) ions were used in our electrolytes. Becauseageahe |
ionic radius of Eu(lll) than that of Zn(Il) and of the charge imbalance, it is less likely for Eu(lll) than
Eu(ll) to be uniformly incorporated into ZnO matrix. It therefore appears that Eu(lll) is first reduced
to Eu(ll) in order to alleviate the alge imbalance, thereby creating defects inside the nanowalls,
during the electrodeposition.

For pristine ZnO nanowalls, Pradhan et al. demonstrated their ZnO/zZn¢@id)shell structure,
along with details of the growth mechanism consistent with ther¥88ts of electrodeposited ZnO
nanostructure$**® The observed O 1s and Zn 2p spectra for theldped ZnO nanowalls closely
resemble those for unged ZnO nanowalls reported by Pradhan et al., indicating a similar

Zn0O/Zn(OH) core/shell structure that is likely obtained by a similar growth mechanism.
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Figure 4.2 XPS spectra ofa) Eu 3d, (b) Zn 2p an@) O 1s regions aisdepositedeu-embedded

Zn0O nanowalldefore sputtering andith a totalsputtering timeof 1000 s, 2000 s and 3000 s.
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4.3.3 Photoluminescence Measurement of Eu-doped ZnO Nanowalls

The PL spectra of the ZnO nanowalls grown on-dl&ss from various concentrations of( Ej

were also measured at room temperature. As shown in Fdrine spectral shape of the

ZnO:EUlll) nanowalls is almost independent of thglEu concentrationi.e., there is virtually no
difference in the spectral shapes between the undoped and the doped nanaiakstiupon

excitation by a H&Cd 325 nm line, both the undoped and doped nanowalls exhibit only one broad
band in the 400700 nm region (Figurd.3a). The visible emission from ZnO generally originates

from various intrinsic defects. For example, the green emission can be attributed to neutral and
ionized oxygen vacancies, while the orainge emission is associated with neutral and charged zinc
interstitials or oxygen interstitidh?*® Alternatively, the green and yellow emissions from ZnO could
also correspond to the presence of @rd Zn(OH) on the surface, respectively:**?The excitation
spectrum of the dedpvel emission illustrated in Figure 4.3a shows that the origin of the broad
visible emission is the ZnO host and it confirms the electronic transitions from the viadentct the
upper conduction band. The baadge emission peak at 376 nm is therefore not likely to be produced
by the agprepared undoped and doped nanowalls upon excitation at 325 nm. These results indicate
that for the nanowall structures on Hgass the radiative transition from the conduction band is
suppressed by the energy transfer to the upper states of the intrinsic defects. Furthermore, the sharp
Eu(lll) lines at 620 nm are not observed from the ZnQIBwanowalls on IT@glass. These results

are very similar to those of ZnO:Hl) films grown by solution chemistry®

The formation of ionized vacancfromtheagmedus OHZ on t h
solution is clearly seen from the XPS results (Figure 4.2). The red emission f(t &auld
eventually be quenched by these defects. To investigate the effeatisicihg the defects, we
annealed the garepared nanowalls with 0.1 Eu(Ill) concentration on IT&lass at 300 °C for 1 h
under oxygen flow. SEM study indicates that the morphology of the postannealed nanowalls on ITO
glass was not changed by the heat tneait (not shown). As shown in Figure 4.3b, the B2b
excitation praluces not only the dedgvel emission band but also a strong, sharp ‘ealye
emission band at 378 nm. Annealing also reduces the intensity of théedelepmission by more
than half, with the green emission being quenched more than the -veahgmison, which shifts
the band maxi mum to 600 nm. T h irefatecsdpfecs andthéd  c hange
oxygenrelated vacancies are removed than other intrinsic defects by thermal annealing. However, the
sharp 62(hm line characteristic of Elil) remains absent, which suggests that the energy transfer

from the ZnO host to the doped D ion does not occur efficiently.
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4.3.4 Surface Modification of Eu-doped ZnO nanowalls by 1,10-phenanthroline

As shown in XPS analysis, BU) ions are also present at the surface layer, we attempted to induce
the red emission from Ell) by modifying the ZnO:E(lll) nanowall surface with phen. ForEallll)
complex with phen, the sensitized emission frorfiljucan be effectively generated by pHétr.®

First, the surfaces of the-gsown and the postannealed ZnO(lEY nanowalls were modified by
dipping them in phen with three different concentrations (0.010, 0.050 and 0.10 M)Q@h, @i 30 s.
then PL with excitation wavelength of 325 nm were then measured. Evidently, surface
functionalization with 0.010 M solutiorf @hen has no effect on the PL spectrum for thgras/n
ZnO:EYII) nanowalls (Figuré.4a). In contrast, the same treatment for the postannealed ZhiQ):Eu
nanowalls results in a sharp red emission band frofillEat 620 nm, as shown in Figutelc.

Except for the emergence of this sharp 6&bred emission and the slight intensity reduction for the
bandedge emission at 376 nm, the spectral shape of thetgaad nanowalls (Figure 4.4c) is

almost the same as the postannealed nanowalls withouteéhaneatment (Figure 4.4b). The
appearance of the 620n peak indicates that the @l) ions on the surface layer are coordinated to
phen, and the coordinated phen molecules trigger an energy transfer procé€H$) tmfs, which
produces the red emissa. When treated with a higher phen concentration of 0.050 M (Fgdd,

the bluegreen emission becomes discernibly more intense. For treatment with an even higher phen
concentration of 0.10 M (Figure 4.4e), spectral intensity above 480 nm hasidgraéoantly

reduced relative to that functionalized with 0.05 M phen, with the-dgpleen emission becoming
stronger than the 600 nm emission. The bagge emission at 376 nm has also been quenched
significantly. For comparison, PL and excitation speof an Etphen complex, [Eu(phe)NO 3)s,
were taken and are shown in Figure 4.5. Its excitation spectrum (Figure 4.5) clearly does not match

with the excitation spectrum of the floped ZnO nanowalls (Figure 4.3).
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To investigate the energy transfer pathway and the origin of thegbea emission enhancement,
we also modied the surface of the annealed nanowalls by ethylenediamine (en), which has two
nitrogen atoms similar to phen. En acts as a bidentate ligand to form a complex (Wjh But en is
nonluminescent. Figurd.6 shows the PL spectra of the postanneZig@:EJIIl) nanowalls on
ITO-glass without and with en surfatnctionalization. Evidently, the nanowalls treated with 0.01
M of en in CHCI, do not exhibit the sharp feature at 620 nm, in marked contrast to the phen-surface
functionalization. The blugreen emission between 450 nm and 550 nm becomes more intense, as
similarly found for the case with the phen treatment at a higher concentiiatigether with Figure
4.4, these results therefore suggest that the emission fr@if) Eould be strongly related to the
energytransfer process from a coordinated molecule, such as phen. In addition, the enhancement of
the blue and green emissions @bk attributed to newly formed defects, such a?-thomplex,

on the surface of the nanowalls.
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Figure 46 PL s p e C tegh=aB325(nmv)iot pbstamneal@hO:EUlIl) nanowalls (a) without and
with surfae-functionalization of (b) 0.01 M and (c) 0.1 M of enthylenediamine.

4.3.5 Cascade Energy Transfer Mechanism

These observations suggest that phen adsorbed on the surface of the(Eh@dnowalls could
play two important roles in the energy transfer mechanism from ZnO (as the energy don@if))to Eu
(as the energy acceptor). Phen is potentially a good acceptor, because its absorption band overlaps
well with the baneedge emission band@o account for our observation, we propose a model (shown
schematically in Figure 4.7) for the red emission fror{llBuinvolving two consecutive energy
transfer processes, i.e. from ZnO tq(IHY via phen. As shown in Figure 4.8, the cascade energy
trarsfer begins with excitation of ZnO from the valence band (VB) to the upper levels in the
conduction band, and this is followed by the subsequent relaxation from the upper levels to the lowest
level in the conduction band (LCB). Without surface modificatibthe ZnO:E(ll) nanowalls by
phen, the two possible processes originating from LCB are the radiative decay to VB and the energy
transfer to upper levels of the intrinsic defects (such &% O¥ygen vacancy ¥, zinc vacancy Y,
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and oxygen interstitialQ), which result in the barddge and deelevel (defectrelated) emissions,
respectively (Figure 4.8a). When the surface of the nanowalls is treated with phen of a sufficiently
low concentration (Figure 4.8b), a competitive process involving enemgférarom LCB to the

excited singlet state of phen also occurs. Furthermore, following the subsequent intersystem crossing
from the singlet excited stattSf) to its triplet state®[*) in phen, the energy of the excited triplet

state of phen is transfed to the near resonant states oflBu(’D-, °D;), because the energy transfer
directly from the singlet state of phen to thgIBy states is less efficient.

Figure 4.7 A schematic model for the casteaenergy transfer of phenodified ZnO:ElIl)

nanowalls.
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Figure 4.8 Energy level diagrams for (a) annealed Zn@tBunanowalls and (b) the cascade energy

transfer mechanism in the pherodified ZnO:Elll) nanowalls.

The energy transfer processes from an excited state of a ligand to a rare earth ion in the solid state
have been described in the exchange interaction theory by D%tteDe x t er 6 s model , t he
transfer rate is given by eXfR), where R is the separation between a donor phen and an acceptor
Eu(lll) . When the pximate distance is very close to the-tBtN bond distance (2.60 A), energy
transfer from phen to Elil) could take place very effectivefi’ If the Euto-N separation is
increased by twice the proximate distance, the energy transfer probability would decrease by more
than anorder of magnitude. When ZnO:@ll) nanowalls are treated with a sufficiently low
concentration of phen (below 0.050 M, Figu4.4c), the phen molecules located within the proximate
range of Edll) ions provide a preferred path in the opticalkedeitaton process of the nanowalls,
and the cascade energy transfer process (frail)Etd phen to ZnO) would take place efficiently.

When the concentration of phen is increased to 0.050 M (Higdd®, some phen molecules would
bind to Zrf* at long distancewhich would contribute to additional bkggeen emission. However,
the overall intensity except the blgeeen region is greatly reduced for 0.1 M phen (Figure 4.4e).
Since phen is saturated in the proximate distance rangg(ldij) Eilne additional phemolecules are

anticipated to bind to Zfiand are not able to enhance the probability of cascade energy transfer from
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ZnO to Elll) . Furthermore, the additional phen molecules appear to crunch the intensity of the

overall spectrum.

4.4 Summary

We havesuccessfully embedded Eu into ZnO nanowall structures by using asiegle
electrochemical deposition method. Our SEM data show that ZnO nanowalls have become thicker
and stacked upon doping with Eu. Our O 1s and Zn 2p XPS results further reveaZa(@i),
coreshell structure for the Eembedded ZnO nanowalls, similar to that of the pristine ZnO nanowall
structure. Eu is found to be uniformly embedded in the-Zn(@H), coreshell nanostructure, as
supported by the nearly uniform Eu 3d intensity viiitreasing Af sputtering depth. The PL spectral
features of the agrown Euembedded ZnO nanowalls are observed to be independent of(the Eu
concentration. Annealing the ZnO:@l) nanowall samples yields baedige emission, while surface
modification of the samples by phen generates an additional shéitp Emission at 620 nm. These
results show that the energy transfer from ZnO to Eu(lll) appears to be extremely weak without phen,
and they provide strong support for our proposed cascade erargietrmodel. Our findings and the
cascade energy transfer model could be extended to provide further insight into rararesitibn
metatdoped ZnO systems prepared by other embedment process.
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Chapter 5
Extraordinary Enhanced Emission of Terbium-doped ZnO
Nanowalls and Rhodamine B Detection by Cascade Energy

Transfer

5.1 Introduction

ZnO nanostructures have received great interest for applications in the fields of optoelectronics,
piezotronics, spintronics and photocatalysis, because of its wide band gap (8a3id é&fge exciton
binding energy (~60 meVf>* 2%t ZnO nanostructures exhibit two emission bands: a sharp deep UV
emission associated with the excitonic band edge, and a broad visible emission attributable to various
intrinsic defects’?°*#°These unjue optical properties have made ZnO nanostructures dhe of

most promising mat&ls for the nexgeneration optoelectronic devices operatintheaUV or

visible regior??**#

Doping of trivalent rare earth (RE) transition metal ions into ZnO nanostructures has been
conducted with the goal to improve their intrinsic physical properties, such as opédcabmt, and
magnetic propertieS? ?*’ Theyare particularly attractive for potential application in visible
optoelectronics, becausetbkir unique luminescence properties, such as hypersensitivity to the
environment, narrow bandwidth, and long lifetime in the millisecond r&Aig€ Among the REII)
ions, europium and terbium are found to emit red and green luminescence, respectively. To date,
most studietiave focused on Elll) -doped ZnO nanostructur&s:?*"#*®Becausghe advantage in
the optical application of Ri=doped ZnO nanostruces originates from the energy transfer from
ZnO to REII), EUI) is less effective than Thl) due to the larger difference between the
conduction band minimurf ZnO and the emitting level for Bil) (°Do) than that for THI) (°D.).
Recently, nanostructured {Th) -doped ZnO (ZnO:T@ll) ) materials such asanorods, nanoparticles,
nanocrystals, and microspheresédbeen prepared by various methods including electrochemical
deposition, sehel and hydrothermadynthese$®*#2°2?#The resulting ZnO:T@Il) nanostructures,
however, producedery weak lines aso or onlytracecharacteristic emission originated from(Trk)
was observed. The low emission intensities did not improve everadditionalposennealingf the

ZnO:TK(IIl) nanostructures.
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In this study, ZnO:T@ll) nanowalls were electrochemically grown on inditimoxide (ITO)
coated glasdJpon excited by UV lightheasgrownZnO:Th(Ill) nanowvalls were found to produce a
seiies of sharp lines superpositioned on the green emission from the intrinsic.defiects
photophysical properties of these ZnQ{Mp nanowvalls on an ITOglass substrate were
characterized in detail. We also investigated how the photolumimes¢BL)properties of these
ZnO:TH(IIl) nanowvalls were affected by surface modification with noble metal nanopar(igies)
and organic chromophes. To date, the PL enhancement of ZnO due to localized surface plasmon
resonances (LSPRs) of metal nanoparticledkas realized only from ZnO films treated with metal
NPs involving elaborate, complex fabrication methods, such as eldxeon lithography, ion
implantation and atomic layer depositidfiZ® In contrast, ZnO nanorods and nanocrystals treated
with simple surfacenodification by metal NPs have thus far not been found to exhibit LSPR in the
UV and visible luminescencé? *** Here, we deposited NPs of noble metals (Ag, Pt and Au) of a few
nanometers in size by a simple -@i@sting method, and demonstrated the rkatde enhancement of
the TK(III) green emission by Ag NPs. In addition, the feasibiitysing the Tkrelated green
emission as a fluorescence prates examined by surface modification using appropriate organic
materials. Rhodamine B (RhB) was sele@sd model chromophore that absorbs the green light.
RhB produces moderate fluorescence intensity in ethanol or aqueous solutions, while its fluorescence
intensity is very weak to none in the powder form or in thin film eragted on the substrate. Insthi
work, the RhB/ZnO:THIl) -nanovall heterostructures exhib#ubstantial emission in the orangs

region, demonstrating its potential use as a fluoresdesmeed chemosensor for the first tifie?*°
5.2 Experimental Details

5.2.1 Chemicals

Zinc nitrate hexahydrate (098%), potassium chl ori
rhodamine B (095%), and dichl or oméldriclaamdkused 09 9. 9 %)

without further purifcation.

5.2.2 Fabrication of Terbium-Doped ZnO Nanowalls

Undoped and Taloped ZnO nanowalls were synthesized using a method described in detail
elsewheré?’ In a threeelectrode electrochemical cell, potentiostatic amperomeiry.4tV vs
Ag/AgCl was used to deposit undoped anddbiped ZnO nanowalls on I'Fglass used as the

working electrode, in an aqueous solution of 0.1 M Zn{p&H,0 and 0.1 M KCI mixed with 1
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mM to 10 mM terbium nitrate pentahydrate. Deposition was maintained at artatieshperature of

80 °C by using a water bath.

5.2.3 Use of Noble Metal Nanoparticles for Localized Surface Plasmon Resonances

Pt NPs (-3 nm dia.) dispersed in water and Au NPs (~5 nm dia.) stabilized by phosphate buffered
solution (PBS) were purchased from @egAldrich. Ag NPs (~4.5 nm dia.) dispersed in cyclohexane
were synthesized from a mixture of silver nitrate, hydrazine agttiyZhexyl hydrogen -2thylhexyl
phosphonate (used as a stabilizer) according to a previous métfibd.final concentration of the
dispersed NPs was adjusted to ben®bby diluting with an appropriate solvent: cyclohexane for Ag
NPs and water for Pt and Au NPs. TREs were then deposited by immersing the ZnO nanowall
samples in the NBispersed solution for 10 s. After drying in air, the-dgsting treatment of the

nanowalls with the diluted NBispersed solution could be repeatsdequired.

5.2.4 Surface Modification by Rhodamine B

A 10 mM solution of RhB was prepared by using,CH. A small drop of the RhB solution was
applied to the ZnO:Tl) nanowalls on IT@lass followed by drying in air. After each PL

measurement, additionapplication of RhB drops was made, as required.

5.2.5 Sample Characterization and Spectroscopic Measurements

The morphologies of Fdoped ZnO nanowalls were examined by fiefdission scanning electron
microscopy (SEM) in a Zeiss Merlin microscope. Structurdl @remicalstate composition analyses

of the sample were performed by transmission electron microscopy (TEM) in a Zeiss Libra 200MC
microscope and Xay photoelectron spectroscopy (XPS) in a Thekf®Scientific ESCALab 250
microprobe, respectively. ScangiAuger microscopy (SAM) was conducted in a Theli®

Scientific Microlab 350 microprobe to provide surface elemental composition analysis.

PL spectrum was measured at @6th an ARC 0.5 m Czerniyfurner monochromator equipped
with a cooled Hamamatsu-833-14 photomultiplier tube, using a 325 nm-B8d laser as the
excitation source. For lotemperature excitation spectral measurement, the sample was placed on the
cold finger of a closed cycle liquid helium refrigeratéxdS120). The sample was irradiatedth the
light from an Oriel 1000 W Xe lamp (with a working power of 600 W) passing through an Oriel

MS257 monochromator to obtain the excitation spectrum.
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5.3 Results and Discussion

5.3.1 Morphologies, Chemical Composition and Structural Analysis of Terbium-doped

ZnO Nanowalls

The SEM images of pristine and-tloped ZnO nanowalls obtained with variougIp
concentrations are shown in Figliré. Undoped ZnO nanowalls appear to be 100 to 200 nm thick
(Figureb.1a). Although the thickness of (doped) ZnO nanowiasl has not changed upon
introduction of TIH§lll) , the surface ahe nanowallshas evidenthjpemme smoothe(Figures5.1b,

5.1c). As the concentration of Thl) reackes10 mM, the nanowalls tend to stack together to form

thicker nanowallgwith average thickness @00-800 nm) and nanowalls with different thicknesses

are observed (Figufg1d).

Figure 5.1 SEM image of (a) pristine ZnO nanowalls anddidped ZnO nanowalls obtained with
Th(lll) conentrations of (b) 1 mM, (c) 5 mM and (d) 10 mM.
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To confirm the uniformity of T@1l) ion distributionin theZnO nanowallscomposition analysis
by SAM and XPS as a function of Aion sputtering depth has been performed. Since the SAM
system employs anedtron beam with a small beam spot and is capable of a high spatial resolution of
~20 nm, we collect Auger electron spectra at three-seglarated locations of the nanowall sample as
marked on the SEM image (Figus&a). Due to the small amounttoifalentTb caion dopants, we
have removed the spectral background to better expose the Tb peaks. Evidently, the near identical Tb
MNN Auger intensities found at three different sites confirm that ti{@I¥ llopant surface
compositionis independendf the sizeof the nanowallsand it appears uniform for the entire
sample** Figures 5.2cand5.2dshowthe XPS spectra athe Tb 3d and O 1segions, respectively
Both position and intensity of the Ths3d3ds,) peak found at 1242.4 eV (1277.5 eV) remain
unchanged with Arsputtering, which indicates excellent doping uniformity oflMpthroughouthe
ZnO nanowalls. The broad O 1s peak at 532.9 eV can be attributed to Zaf@kdr Tb hydroxides
on the surface of the nanowalls for thegaswn sample. Upon Aisputtering, a new peak at 531.2
eV corresponding to ZnO emerges and it becomes more promitenspectral evolution of the
observed O 1s spectra confirms that the ZnQlljimanowallsfollow thewell-known growth
mechanism of electrochemically deposited ZnO nanostructiFégure5.3 shows the TEM image of
a ZnO:THII) nanowall samplebtainedwith Th(lll) concentration of 10 mMTlhe corresponding
high-resolution TEM image (Figur.3, inset) reveals ttice spacing of 2.8 A, in good accord with
the interplanar spacing of Zn@O00) planes.
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Figure 5.2 (a) SEM image and (b) backgrouadbtracted Auger electron spectra of three different
locations marked in (apf asdeposited Taloped ZnO nanowalisbtained with T@Il) concentration
of 10 mM. XPS spectra of (c) Tb 3d and (d) O 1s regions fgrasn Thdoped ZnO nanowalls and
upon sputtering for 1000 s, 2000 s, 3000 s, and 4000 s.

Figure 5.3 TEM and HRTEM (inset) images of Tdoped ZnO nanowalls oliteed with TH]11)

concentration of 10 mM.
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5.3.2 Photophysical Properties of Terbium-Doped ZnO Nanowalls

Figure5.4a shows the PL spectra of ZnO(Il) nanowalls on IT@lass obtained in electrolytes with
three differenfTb(Ill) molar concentrations. For nanowalls grown from the electrolyte witiM

Tb(lll) solution, excitation at 325 nm produces the characteristic emission fromdhaxasZnO
nanostructuregswith the neabandgap emission peak at 375 nm and the broad deftstied

emission band spanning over the visible region. No additional bands arisen fronfltheddpants

are observed from these nanowalls. However, the Ritrspe for doped nanowallgrown with the
electrolyte containing 5 mM THI) solution exhibits additional wetlefined sharp peaks in the green
region superpositioned on the defesated broad band. When the(lTlh concentratiomeaches 10
mM, the sharp characteristic emisslmes from TIflll) evidently appear with the barycenters at 489,
545, 582 and 621 nm. These bands correspond to the transitions fridy stete to théF6,5,4,3

states, respectively.

Among these emission lines, tH&, Y Fs transition at 545 nm corrpends to the most intense
luminescence and it exhibits a series of sharp features, as evidenced from the splitting arising from
the (2J+1) degeneracy. The excitation spectrum for thexBdé&mission has been measured at several
temperatures. Figue4b slows that, except for the intensity increasing inversely with the
temperature, there is generally no significant difference in the band structure. The band maximum
position for the roomtemperature spectrum appears to be slighthshefied compared to tise for
the spectra measured at lower temperatures. The broad band with band maximum at 355 nm and no
sharp feature spanning over the 38D nm region in these low&gmperature spectra is very similar
to those of the nedrandgap emission from ZnO nanoila(Figure5.4a). In general, direct
excitation for the 545m emission from T@ll) is expected to produce a series of sharp lines with
moderate intensities in the 3@00 nm region, corresponding to the transitions fronifhetate to
the’Gg 5, and thell, ¢ State$? As these lines are evidently not observed in the broad éamnitaand,

this indicates that the emission from(mY) can only be realizedy energy transfer from ZnO.
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Figure54( a) PL . P3Enmj o Tedoped ZnO nanowalls obtained in electrolyte of'Zn
concentration of 0.1 M and with 1 mM, 5 mM and 10 nTM(Ill) concentration, and (b) excitation
S p e ¢ &ns= 845 (nd of the Tlwoped ZnO nanowalls obtained with 10 mM(Mp concentration

measured at 10, 70, 150 and 300 K.
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The time profiles of the emsion decay from ZnO:Thl) nanowalls obtained with 10 mM TiH)
concentration have been measured in order to examine details of thetemesfgr dynamics. The
lifetime (t) of the ZnO banedge emission has been found to be highly dependent on jibohayy:

t = 112 ps for the bulk singlerystal samplet, = 37 ps for the nanosphere, ard 8 ps for the
nanowire?*? The lifetime of the observed visible emissior (4.5 ps) is much shorter than any of the
reported banedge emissions of ZnO nanostructures. Figusa shows the time profiles tife PL
intensities of the visible emissionlat,s= 535, 545, 560 and 600 nm from the ZnQiMp nanowalls
pumped by a 33i@m N, laser with a @3 ms pulsewidth. The time profile of the 54%m emission is
discernibly different from those of the othemissions, with the decay of the 54% emission being
notably slower (i.e. larger) than those of the others. Assuming that the lifetime of the visible
emission from the defects is in the picosecond range, the waveladggiendent time profiles (i.e.
those obtained with.,s= 535, 560 and 600 nm) should be originated from the scattered light of the
excitation laser, the decay lifetime of which has been estimated tg,ge67.4ns. The observed

time evolution intensity of the 54%m emission can #refore be considered to consist of two decay
components: one for the scattered light and one for the emission fidit) . TAs shown in Figure

5.5b, the time profile can indeed be fitted with two exponential componehisef 67.4s (87%)

andt =150ns (11%), with exceller® > 0.999. The quantum yield of the sensitized luminescence
of Th(Ill) can be estimated by using the relationship between the observed lifetimglipf(Th )

and its natural lifetime?( ).?** Using the reported value &f of 4.75 ms for THIl), we obtain a

quantum yield for the sensitized emission fronfllfpto bel 8t 0.
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Figure 55 (a) Time profilesot he Vv i s i b l.g=387minm)ati586Bn545, 6@ and 600 nm
from Th-doped ZnO nanowalls obtained with 10 mM(IMH concentration, and (b) curfiting of

the time profid=645measured with &
68



We also investigateSPR on the luminescence of the ZnQ(Tp nanowvalls (supported on ITO
glass) that ardecorated with NPs of three different noble metals: Ag, Pt and Au. The deposition of
the NPs has been performed by simpleatipting. The amount of the deposited N&gla be
increased by increasing the number ofchsting cycles. The PL spectra so obtained are resolved
into two emission parts: sharp (Ti) -related emission features and broad Zefated emission
bands. Figur&.6 shows the plasmonic effects of Ad,&d Au NPs on the emission spectra of the
ZnO:TH(IIl) nanowvalls obtained witltO mM Th(lll) concentration. (The emission spectra are
obtained with excitation wavelength set at 325 nm.) For Ag NPs, the relative intensities of the broad
ZnO neashandedgeemission band at 369 nm and the shar@Ilf’D, Y 'Fs peak at 545 nm are not
affected by the first three digasting cycles, after whidhe relative band intensities of the two
emission features increase with increasing number e¢aiging cycles. Aér eight dipcasting
cycles, the enhancement of the two emission features has reached a maximum. Relative to the
undecorated ZnO:THI) nanowalls, the T@ll) °D,Y ’Fs emission peak and the ZnO baedge
emission band of the Néecorated ZnO:T{ll) nanowalls are found to increase by approximately
tenfold and sixfold, respectivelySince the energy transfer from ZnO badbe emission (donor) to
intrinsic defects and that to {Id) are competing with each other, this suggests that as acceptors in
the energytransfer processes the (Tl dopants could be significantly more effective than the
intrinsic defectof ZnO. The LSPR enhancement introduced by the Pt NPs is evidently less than that
by the Ag NPs (Figurg.6b). For the Pt NPs, five digastng cycles produce the maximum LSPR on
both emission bands, with more thanf&id and thredold enhancements for the respectivellp
and ZnQrelated emission bands. Surprisingly, the Au KHgure 5.6cdo not appear to enhance the
emission from th&@b-doped ZnO nanowalls. Insets of Figlr6 compare the PL emission lines of
the untreated sample and the-tiétorated ZnO:Tlbll) nanoval sample that give the maximal

intensites, after removing the underlying broad band intensities.
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Figure 5.6 PL spectrd &n= 325 nm)of Th-doped ZnOhanowallsdecorated with the appropriate
amounts of (a) Ag NPs, (b) Pt NPs, and (c) Au MP=sxhibit the maximal LSPR effe@with the
same Y¥scale) compared Wi untreated THoloped ZnO nanowalls. Insets show the corresponding PL

spectra after subtracting the broad backgrounds.
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