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Abstract

Nanotechnology has arisen as one of the most taoiields in recent research,
for the implications in both basic and applied sceand technological applications.
The manipulation of matter at the nanoscale is mpamied by the appearance of novel
properties and large surface to volume ratio whielm be exploited in a number of
applications ranging from optics, catalysis and sgn$o name a few.
In this work, we mainly focused on the synthesig #me use of nanomaterials for the
preparation of nanocomposites and structures eni@oyed in the optical field. The main
advantage of introducing nanosized inclusions inhast material is that specific
functionalities or desired optical change can bparted while transparency in the visible
range can be retained.

The whole activity can be divided in the synthesisl processing of nanoparticles
and in their usage for some specific application.
Cadmium selenide (CdSe), Titanium dioxide and lagetitanates have been mainly
addressed due to PL emission properties and highctize index. In addition, zinc sulfide
(ZnS) nanoparticles have been synthesized.
CdSe nanopatrticles (Quantum Dots) have been obtéyeolloidal chemistry and part of
the work has been spent in the synthesis of caglt4snoparticles with a CdSe core and a
shell of semiconductor materials with wider bang gaorder to increase the stability of
the emission properties of such materials. Thes®psarticles were introduced in sol-gel
derived ZrQ waveguides to obtain materials showing opticah géiich was characterized
by ASE (Amplified Spontaneous Emission) experiments

High refractive index materials are useful in mamgtical applications. High
refractive index depositions were obtained intradgcTitania nanoparticles in proper
matrices.
A sol-gel synthesis for titanium dioxide nanopdetsc has been developed yielding to
anatase particles in the 3-5 nm range. These waledded in an epoxy-based hybrid
material obtaining transparent depositions withagtive index in the 1.51-1.89 range.

Layered titanates were further addressed since tilowed extending the

processing and engineering of titanium oxide malkeriA synthetic colloidal procedure
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was developed, in which titanate nano-sheets apduped by reaction of a titanium
alkoxide and an organic base.

These materials allowed to obtained composites withitifumctional properties since
materials embedding both titanate sheets and goadtis could be obtained and applied
in PL active waveguide and functional coating f&@D.devices to improve light extraction
and produce white light through down-conversionai@ws for LED were also developed
using conventional sol-gel derived hybrid materials

The obtained layered titanates could also be nextldind treated by UV curing, leading to
material’'s densification and enhancement of theaotfve index at relatively low
temperatures (200 °C). This processing behavior been exploited in Bragg mirror
fabrication and vertical optical microcavity incorping quantum dots. The procedure
employed for microcavity fabrication was found te bffective in keeping the optical
properties of quantum dots, allowing for opticaadcterization of this structure.

The properties of titanium dioxide have been exetbifor optical gas sensing
applications embedding gold nanoparticles in astatiine TiQ matrix. Anatase Ti®
particles have been successfully used as matrigrrabfor this application. The employed
preparation of such nanocomposites allowed taigpahporosity and gold-titania interface
which could be studied by optical measurements.ic@psensing was evidenced by
variation in thin film absorbance at wavelengtham#e plasmon resonance of gold
nanoparticles caused by the presence of the gagema
Gold nanorods were introduced in the synthesizaddtes. Gold nanorods are known to
spheroidise upon thermal treatment, losing thetupar optical properties. We found that
the processing treatments developed for titan@&®slted in improved thermal stability of
such nanostructures as shown by optical measursmEris result is very interesting since
it would allow extending gold nanorods’s exploitatiin optical applications.

Finally, composites with enhanced refractive indesre realized by introducing ZnS
nanoparticles in hybrid sol-gel material. A synteesf ZnS nanoparticles has been
developed, which allows nanoparticles functiondiara and introduction in a hybrid

organic-inorganic sol-gel matrix.



Abstract (taliano)

Il campo delle nanotecnologie € diventato tra i piwportanti nella recente ricerca
scientifica. E’ un settore multidisciplinare netlenoscenze che ne costituiscono le basi e
trova applicazione in svariati ambiti della tecnaéog

La manipolazione della materia su nanometrica erapagnata dalla comparsa di nuove
proprieta ed un elevato valore di superficie petaudi volume. Queste proprieta possono
essere sfruttate in applicazioni nei campi deitait della catalisi e della sensoristica, per
non citarne che alcuni.

In questo lavoro, lattivita e stata principalmerftecalizzata sulla sintesi e l'uso di
materiali nanostrutturati per la preparazione diat@mpositi e strutture di interesse nel
campo dell'ottica. Il vantaggio principale nell’tiodurre particelle nanometriche in un
materiale risiede nella possibilita di introdurggesifiche funzionalitd o variazioni nelle
proprieta ottiche mantenendo nello stesso tempras@arenza nel visibile.

L'intera attivita pud essere divisa nella sintesuecessiva manipolazione di nanoparticelle
e nel loro uso in specifiche applicazioni.

Seleniuro di Cadmio (CdSe), Biossido di TitanioJ)i e Titanati a strati sono stati
principalmente presi in considerazione per sfrattaspecifiche proprieta di
fotoluminescenza e di elevato indice di rifrazior®ono inoltre state sintetizzate
nanoparticelle di Solfuro di Zinco (ZnS).

Nanopatrticelle di CdSe, anche chiamate Quantum RPQMDBs), sono state ottenute
attraverso sintesi di tipo colloidale. Parte delol@ & stata dedicata al ricoprimento di
gueste nanoparticelle con semiconduttori a piuagtelsand gap con lo scopo di aumentare
la stabilita delle proprieta di emissione di quesdteriali. Queste nanoparticelle sono state
introdotte in guide d’onda costituite da Biossid&niconio (ZrO;) ottenuto per via sol-gel
per ottenere materiali con proprieta di guadagticmtestate in esperimenti di emissione
spontanea amplificata (ASE).

Materiali ad alto indice di rifrazione trovanolizizo in molte applicazioni ottiche.
Deposizioni a elevato indice di rifrazione sonotestattenute introducendo particelle di
biossido di titanio in opportune matrici.

E’ stata sviluppata una sintesi di tipo sol-gel grado di produrre soluzioni

colloidali stabili di particelle cristalline con lstruttura cristallografica dell’anatase con
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diametro intorno a 3-5 nm. Queste nanoparticelie state introdotte in una matrice ibrida
sol-gel ottenendo deposizioni trasparenti con mdiicrifrazione variabile tra 1.51 e 1.89.

Sono stati successivamente presi in consideraziotianati a strati perchée
permettono di estendere le possibilita di manipola& ed ingegnerizzazione di materiali a
base di ossido di titanio.
E stata sviluppata una sintesi colloidale in cuigffetti nanometrici di titanati sono
prodotti per reazione di un alcossido di titaniegna base organica.
Questi materiali hanno permesso di ottenere cortiposh proprieta multifunzionali.
Infatti, materiali contenenti titanati lamellari@Ds sono stati ottenuti e applicati in guide
d’onda con proprieta di fotoluminescenza e ricopnithfunzionali su dispositivi LED per
migliorare la frazione di luce estratta e produue bianca per conversione di parte della
luce emessa in luce a lunghezza d’onda maggioo®pRmenti per LED sono inoltre stati
sviluppati con materiali ibridi sol-gel piu convéozali.
| titanati stratificati sono stati trattati utiliando radiazione UV. Questo genere di
trattamento porta a una densificazione del mategah conseguente aumento dell'indice
di rifrazione impiegando durante il processo terapee relativamente basse (200 °C).
Questo trattamento € stato impiegato nella fabbioce di specchi multistrato dielettrici e
cavita ottiche verticali dove sono stati inserib€Qcome emettitori luminescenti. || metodo
utilizzato € stato verificato essere compatibilen da conservazione delle proprieta di
emissione dei Quantum Dots, permettendo la caratgaione ottica delle strutture
sviluppate.

Sono state inoltre considerate applicazioni seststre per il rilevamento di gas
tramite misure ottiche di materiali a base di 7g0ntenenti nanopatrticelle d’oro.
Le nanopatrticelle di anatase in precedenza mene@wno state adoperate come matrice,
consentendo sia di agire sulla porosita, sia dittenizzare I'interfaccia oro/titania tramite
misure ottiche. La funzionalita sensoristica éastdéterminata studiando la variazione
nell'assorbanza ottica a lunghezze d’onda vicites @idonanza plasmonica delle particelle
d’oro, causata dalla presenza di uno specificangliatmosfera.
Nanorods di oro sono stati inseriti in matrici damati lamellari. Queste nanostrutture
d’oro tendono ad assumere la forma sferica in $eguirattamento termico perdendo cosi
le loro specifiche proprieta. Il trattamento di dificazione sviluppato per i titanati & stato
applicato per questi compositi, fornendo una miglistabilita termica dei nanorods, come
dimostrato da misure ottiche. Questo risultatotérassante poiché potrebbe permettere di

estendere I'utilizzo di queste nanostrutture in egagioni ottiche.

Vi



Infine, sono stati realizzati compositi con aunaémindice di rifrazione utilizzando
particelle di solfuro di zinco per le quali é staa@luppata una sintesi colloidale e una

procedura di funzionalizzazione per il loro insegitto in matrici ibride sol-gel.

vii



Abstract

viii



Acknowledgments

First, | want to thank my supervisor Prof. Massi@aglielmi for the chance to have a
research experience.

Many thanks to Prof. Alessandro Martucci to haverbalways helpful in the activity
carried out in this three years Ph.D period.

They are also gratefully acknowledged for the supjpowriting the present work.

Many of the data and results presented in thiggtoesne from very fruitful collaborations.
Thus, a lot of acknowledgements are due to mangoperwho permitted me to develop at
best my Ph.D activity.

A great thanks to Prof. Giovanni Mattei and Dr. &fgina Bello for all Transmission
Electron Microscopy analyses and relative datagssing presented in this work.

Dr. Raffaella Signorini, Dr llaria Fortunati and .DFrancesco Todescato are gratefully
acknowledged for Amplified Spontaneous Emissionrattgrization and relative data
processing.

Maurizio Ferrari, Dr. Alessandro Chiasera and Duill@me Alombert are acknowledged
for the optical characterization regarding wavegsiigied optical microcavity.

Dr. Brusatin Giovanna and Dr. Della Gustina Gioia acknowledged for support in the
synthesis of sol-gel hybrid materials.

Beyond to the always excellent professional atétoflall the people cited before, | want

to thank them also for sharing their knowledge v and for fruitful discussions.

This three years experience allowed me to work @itbt of people | am honored to have
known, not only for their scientific competence lalgo for the sincere friendship grown
during this period. With this respect, | want tckawledge all my colleagues Enrico,
Marco, Gioia, Marta, Giovanni, Anna, llenia, Cekd&iulio, Dario, Alfredo, Sirio,

Roberta and Mauro.

Finally, the most important thanks to my father, mgther, my brother and my sister for

the unconditioned support.



Acknowledgments




Contents

Chapter 1-Introduction ... 1.
I A Lo 0T [WTox o] gV 1= 0 0= 14 U PUPPPPUUP 1
1.2 MOtIVatioN @Nd OULIINE...........ee e e e e 2

Chapter 2-Materials and Methods..............ccccccccooooooooeoreececceeeeseee 7
2.1 Materials and SYNTNESIS SEIUD......uuueiiiieeiiiiiiiiiie e 7
2.2 INSITUMENTALION. ... .eeitiiieiiiiiiieeiiiee e eeeenesssssess e e e n e snnnsnnnnnnnnn 8
2.3 REIBIENCES ... .o e 14

Chapter 3-cdSe core and CdSe@znS core@shell nano-

particles: Properties, Synthesis and Processing............cccccooovinininnnene. 15
G 200 I 011 o 13 o 1o o 15
3.2 - Structure and optical properties of CdSe an€dSe@Shell nanocrystals.................... 17
I R 0 DT oo ] (= o F= g 1o = 17
I 0] 1= (21 g =] | I 0 F= U 04[O 25
3.3 - Colloidal synthesis of CdSe and CdSe@Shelamoparticles...........ccccceviiiiiiiiiiiieennnnnnn. 32
3.3.1 Nucleation and growth : a theoretical OVEWIE...............euuuiiiiiiiiiiiiiice e 32
3.3.2 CASE NPS SYNNESIS. ... e e e e e e e ae e 39
3.3.3 Core@Shell NPS SYNNESIS........uuuiiiiiiiiiiiiiie ettt e e 46

Xi



Contents

3.4 - EXPEIMENTAL ...ttt e e e e e e e 48
3.4.1 CdSe core synthesis and reSUILS...........ooiiiiiiiiiiiiiii e 48
3.4.2 CASe@ShEll SYNtNESIS.......ccviiiiiiiiiiieiiiieeiieie e rrrene e e e e e e e e e e e e e e e e e e e eeaaeeaeeeeereeeeeeees 15

3.4.2.1 The SILAR MEtNOd.........cooiiiie e 51
3.4.2.2 Core@Shell synthesis ProCeAUIE ...cuuumeiiiiiiii i 53
3.4.2.3 ReSUItS @nd AISCUSSION .......cciiimeeeeeeeeeie et e e e 55
RETEIENCES. ...ttt e e e e e e e e e e eees st r e e e e e e e e e e e e aaans 67
Chapter 4-TiO, nanomaterials: Synthesis and Properties............... 73
R | 1 (0 To [ o (o o F PP PPPP PP 73
4.2 — Properties of TiIQ and Layered Titanates............ccovvivviiiiiiiiiiieeeeeeeeeeeeveeeeee e 75
4.2.1 Titanium dioxide NPs: Properties &yhthesis...........cccviiiiiiiiiieee, 76
4.2.2 Layered TIANALES........cceuuiiiiiiieeeee ittt e e e e e e rene et e e e e e e e et e e e e e eetsaanaaeaaeas 82
4.3 - EXPEIMENTAL.....coiiiiiiiiii i e e e e e et e e e e e e e et aaaaaaaaaaeaaaraa 88
4.3.1 TiQanatase NANOCIYSIAIS........cccoi i e 88
2 Tt N ) Y/ 1T £ PP 88
4.3.1.2 ReSUItS and diSCUSSION .......cciitmmeeiiiiiiiiiee et rnne e e 89
4.3.2 Layered titanates from 6-amino-1&met (AH-T).......cccceriiiiiiiiiiiiiiiiee e 96
4.3.3.1 SYNTNESIS .. .ciiieiiiiii oot sttt e e e e e e et e tb e e e e e enaaaeeeeeeaata e aeeeeeeerenen 96
4.3.3.2 ReSUItS and diSCUSSION .......ceiiimmmmeiiiiiiiiiee et 97
4.3.3 Layered titanates from Tetramethyteomium hydroxide(TMA-TD......ccovvvviiviiineennn. 102
4.3.3.1 SYNTNESIS .. .oiiiiiiiiii e ettt e e e e e e e ettt e e e e e e amenene e e e e eetaa e eaaaees 102
4.3.2.2 ReSUILS aNd diSCUSSION ... e eeeeeeaiiaiiiiiineeeeeeee e e s s s asisieeeees s s snenneeees 103
RETEIENCES. ...ttt e e et e e e e e s sarnr e e e e e e e e e e e nnenne e 110

Xii



Chapter 5-TiO, nanomaterials: Optical applications

......................... 115
ST A 1o i o o 18 ox 110 o F TP PP OPPPPPPP 115
5.2 - High refractive iNdeX filMS ..ot e e 118
5.2.1 Fabrication of high refractive indemd porous thin films from TiCanatase
PAITICIES ...ttt et e e e e e sttt et et e st e e e e e e e e e e eb e 118
4.2.1.1 Synthesis of NnaN0COMPOSIte filMS...euuueiiiiiiiii e 118
5.2.1.2 ReSUItS @nd AISCUSSION ... eeeeeirtnreeeeeeeee e s s eeesssesnnnneeeeeeee s 119

5.2.2 High refractive index thin films from Tetraimgammonium hydroxide derived titanates
(TMA-TI)

...................................................................................................................... 125
5.2.2.1 Titanate film synthesis and modificatzomd Distributed Bragg Reflector
12211 o 1o ] o 1SRRI 125
5.2.2.2 Results and diSCUSSION ...........coceeeeeeeeeeeeeeeeieeieieeersneseennnnnsenssrnnnnneeeeeeeeeeeeees 127
3.2.2.3 Layered Titanates appliCatiONS. ...ccccceeeeriiieeeiiiiiiiiiiiieee e 137
5.3 - Multifunctional material for optical waveguides and conformal coatings for LED
LT Tor=T 02511 ] F= 11 0] o PSSR 141
5.3.1 Multifunctional material from 6-armoni-hexanol derived titanates (AH-Ti)........... 141
5.3.1.1 SYNINESIS ... et —————— 141
5.3.1.2 Results and diSCUSSION ...........coceeeeeiiieiiiiiiieiiiieeeeeieeeeeeebeeeeseennnneeeeeeeeeeeeees 143
5.3.2 LED €NCAPSUIALION. ... 151
5.4 - Gold NCs loaded titanium dioxide NANOCOMPOIES. .......ceeeerrrririirriiirieeeeeeeeeeeaeeieees 162
5.4.1 Composites from anatase-la0d gold colloids for optical gas sensing
o1 0] o] o= 11 0] o - J PP U PP EPPPRR 162
5.4.1.1 Titania/Gold composite film Synthesis............ccoooiiiiiiiiiiiiin 163
5.4.1.2 Results and diSCUSSION ...........cocememeereiiiieiiiiiiiiiieieiieeeeeeeseeeeseenneneeeeeeeeeeeeees 163
5.4.2 Enhancement of gold nanorods stgbili TMA-Ti titanates...........ccooeeeevvveviiiiineenn. 171
3.4.2.1 FiIM SYNTNESIS ..o e 171
3.4.2.2 Results and diSCUSSION ..........icooeeeeiiiiieiiiiiieeieeeeeeeeeeeeeaeeeesenenneeeeeeeeeeeeees 173
L 1] =] 10 L3PPSR 176



Contents

Chapter 6-waveguides and Vertical Optical Microcavities

incorporating CdSe@ZNS NPS........ccccoooiiiiee e 179
6.1 — INETOAUCTION .....eiiiiiee e sttt et e e e e e e e e e s s bbbttt e e e e e e e e s e e s mnnneeeeeesaanns 179
6.2 - Amplified stimulated emission with CdSe@ZnSw@antum dotS............ccevvvviiiieeerenennns 184
6.3 - EXPEIMENTAL.....ccco ittt e e e e e e aaaaaaaaeaae 189

6.3.1 QDs functionalisation and preparatiaf QDs loaded thin films............ccccccceeee 189
6.3.2 Optical and ASE characterisation gDRZirconia depositions..........cccoeeeevevvvvvnnnnnn. 191
6.3.3 Optical microcavities iNCOrPoratiNngDQ..........cuuuiieeeimiiiiiiiiiierieee e e e e e e e e e e e e e 199
6.3.3.1 Basic principles of coplanar MiCroC&8&L. ............cccuvvvrriiiiieee e ceeae e 199
6.3.3.2 Fabrication of optical micro-cavity imporating QDS...........c.cooveviiiiiiieeeeem 203
REFEIEINCES. ...t st e e et e e e e e e e e e e e e e 211
Chapter 7-znS NCs loaded hybrid matrix composites................. 213
4% R 1o o 18 o 1o o 1P 213
7.2 — ZNS Nan0COMPOSIte AEPOSITIONS......cceeeeieeeeeee et 214
7.21 ZnS NCs and nanocomposite SYNNESIS.........c.uvviiiiiiiiieie e 214
7.2.2 RESUIS and AISCUSSION.........coiiiiiiiieieiiiieeeeeeee et errrne s e e e e e e e e e e e e e e e e e e e e aaaaaaaaaeaaeeeees 215
REFEIEINCES. ...ttt bbb mmmmne e e e e e e e e e e e e eeeeeeaes 223
Chapter 8-Conclusions..............cooccoccveereeeoicceeeeseeeeeeseeeeeee e 225

Xiv



Chapter 1

Introduction

1.1 Introductory remarks

The increasing request of materials possessing@lnmoperties has motivated a
considerable part of recent research in this dregarticular, advances in application
fields such as optics, catalysis and sensing, tena few, are strictly dependent on the
possibility of optimizing, at the same time, difet aspects of the material to be used.
Successful devices fabrication often requires dbfiefunctional properties to be present in
the same material, possibility of shaping and mactufing to achieve specific structures
and compatibility of processing conditions of thi#edent materials used.

Nanoscience and nanotechnology have imposed theessat important tools in achieving

the above described requirements. Relevant featdiresno-scaled materials include:

a) arising of new optical and electronic propertigth respect to bulk

b) dramatic increase of surface to volume ratia@imaing active interfaces

c) realization of composite materials embeddingorsized objects in a matrix for
imparting desired functionalities while maintainiagpvated homogeneity with respect, for

example, to light interaction (nanometric phasesatoscatter light).

Beyond arising of novel properties, nanoscale@éabjcan be combined together in
the same materials to create nanocomposites. Téss of materials consists of a host
matrix where one or more nanometric inclusionseanbedded. The resulting material can
be regarded as a homogeneous medium. This straliegys for novel functional, physical
or chemical properties which can be tailored byngcbn the type of inclusion, matrix and
their interface.

By proper choice of constituents and their combamatdifferent requirement can be met

in the same material.
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1.2 Motivation and outline

In the present thesis work, the synthesis andagin of nanostructured materials
Is described with the aim of producing multifunci@ innovative materials. Beyond
functional properties, the activity has been dedctoward materials which could be
processed or treated in conditions such that tbembination in nanocomposites or
devices does not result in loss of their peculrapprties.

These features are extremely relevant in a lot esearch fields, even if the main
application considered in the present work death woptical properties.

In this field, not only optical properties of theatarial are important, but also the
possibility of shaping into specific geometry wolel desired.

Nanocomposites offer the possibility to introducel aune more than one properties in a
suitable host material. In particular, great insérne found in introducing optically active
functionalities such as luminescence propertiesiandning dielectric properties, such as
refraction index.

Proper choice of the host matrix can be exploitedive suitable processing behavior with
the desired fabrication technique.

These properties can be exploited in a number atde such as optically-active photonic
structures, conformal coatings and waveguides.

The aim of the present work resides in the symshet nanoparticles and their
introduction in proper matrices in order to obtam@anocomposites and structures to be
employed in the optical field. Thus, the main pdrthe PhD activity has been spent on the
synthesis of nanoparticles, their processing atrddnction in host materials in order to
modify and tune their optical properties.

Basically, the approach we followed consisted intlsgsizing NPs separately with respect
to composite synthesis (ex-situ approach) usingpicdal methods. This allows tailoring
optimal conditions for the desired particle cryltal, structure and subsequent
functionalization necessary to make them compatilitfle the desired host material.

In this work,Cadmium SelenidandTitanium Dioxidebased nanostructured materials have
been mainly addressed. Minor work has also beeatddvozZinc Sulfidenanoparticles.

CdSe quantum do(€)Ds) have been synthesized and used as the lgpactve
component. Semiconductor nanoparticles are veryngging as efficient luminescent

emitters for preparation of optically active madési They are more stable than organic



dyes and can be properly functionalized to be hamegusly introduced in different
matrices.

In order to have greater stability of emissiongamies, CdSe core particles are generally
covered by shell of semiconductor materials witdeviband gap. Thus a part of the thesis
work has been spent in the synthesis of such hsttantures.

Optical structures often require high refractivder materialsTitanium dioxidehas been
used as the high refractive index component and atitention has been focused on

Titanium dioxide nanocrystals (NC#nd Layered Titanateswhich could be
processed into nanocomposite.

TiO2 NCs have already been applied for varying dielegiroperties. In this case, we
focused on obtaining crystalline particles at mdghthetic conditions while keeping
colloidal stability. These are important conditi@isce crystallinity ensures high refractive
index and colloidal stability with absence of larggglomerates is necessary for having
transparent materials that does not scatter light.

Layered titanates have attracted our interest sineg can be modified and treated by
methods other than thermal annealing. In fact Wddiation has been exploited as an
alternative route for densification and refractindex enhancement. Furthermore, specific
titanates were found to be compatible with quantiots.

Transmission Electron Microscopy (TEM) and X Raffrdction (XRD) analyses were
used for structural characterization of nanopasiclOptical characterization was carried
out with UV-Vis spectroscopy and photoluminescentayses.

The above mentioned materials have been usedlfoichting nanocomposites or
deposition fabrication. Materials incorporating dgpe of particles have been obtained to
impart a specific modification or functionality. Aurther development regarding the
incorporation of more than one type of particles ladso been worked out to obtain
multifunctional materials.

These materials were mainly analyzed by means oMi#vand FT-IR spectroscopy and
spectroscopic ellipsometry for optical charactdimg while structural evolution was
mainly followed by XRD measurements.

In details, semiconductor QDs have been embeddesbligel derived zirconium oxide
waveguides that have been used in Amplified Stitedl&mission Experiments (ASE) in
order to verify the effectiveness of QDs loadedatamposites as optical gain media.
TiO2, NCs has been introduced in an epoxy-based hybganoc-inorganic matrix in order

to enhance the refractive index.
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A multifunctional nanocomposite material embeddibgth QDs for luminescence
properties and layered titanates for for refractineiex enhancement was obtained. These
properties could be exploited for QDs loaded walbgg!

This strategy was also used for the encapsulationE® encapsulation, where a thick
coating with an high refractive index (due to 7i@nd down conversion properties (due to
QDs) can be used to enhance light extraction fr&D land to produce white light through
conversion of a part of the LED emission in loweemgy radiation. This activity was also
developed with a more conventional sol-gel orgamorganic hybrid material.

The possibility to use QDs for optical gain has iraied their introduction in optically
active devices such as coplanar microcavitiy. Bramgors have been obtained using the
developed titanates as the high refractive indgerlawhile sol-gel Si@ film has been
used as the low refractive index layer.

ZnS is another interesting material due to its higfinactive index and transparency in the
visible range. For these reasons, nanocomposités evihanced refractive index were
obtained introducing ZnS NCs in sol-gel hybrid nniaie.

The synthesized Ti©Onanostructured materials have also been usedmbication with
gold nanoparticles for optical gas sensing appboat

Finally, gold nanorods were introduced in titanateatrix to improve their thermal

stability.

The thesis can be divided in three sections.

The first comprise€hapter 1in which the introduction, motivation and outlioé
the entire work is presented a@thapter 2in which there are described the experimental
set-up used for the synthesis and the instrumentaised for samples characterization are
described.

The second part compris€&hapter 3and Chapter 4 in which the synthesis of
nanocrystals and their characterization is desdribeChapter 3a brief literature review
on properties and synthesis of core and core@€lUSle particles is first presented. The
colloidal synthesis of such nanostructures is tbescribed along with their TEM and
optical characterization. I@hapter 4details of the synthesis of anatase-l&d layered
titanates is described after a brief bibliogragummary of the properties and synthesis of
these materials.

The last section will deal with applications oétsynthesized materials. Ghapter

5, the use of TiQand layered titanates for high refractive indegafétions and conformal



coatings (i.e. LED encapsulation) is described.dGoladed titania materials are then
presented in the final part of this chapterChapter 6the preparation of quantum dots-
loaded sol-gel zirconia waveguides for Amplified o8fmneous Emission (ASE)
applications and the fabrication of optical coplangcrocavity incorporating quantum
dots is describedin Chapter 7the results on ZnS NC loaded nanocomposites are
presented.

Finally, the conclusions and future perspectivésthe PhD activity will be
discussed itChapter 8
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Chapter 2

Materials and Methods

In this chapter, a brief description of the instamtation and methods involved in materials

synthesis and characterization is given.

2.1 Materials and Synthesis setup

Synthesis setup

The synthesis setup shown in the picture of figre consists in a heating mantle, a
temperature controller (J-Kem Gemini-J temperatusejhree-necked flask and a glass
syringe.

The flask was fitted with a refluxing condenser mected with a Schlenk line for inert

gas/vacuum switching operations. Vacuum was obdawith a rotary pump which allows

to reach 0,003 bar in the reaction flask.

Figure 2.1Experimental setup used for nanoparticles synthesis

The temperature controller allows achieving theirddstemperature through controlling
power supply to the heating mantle. The temperat@® monitored by means of a J-type

thermocouple inserted in the reaction flask throagtavailable neck. The remaining neck
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was sealed with a rubber septum through which iigeof regents loaded in the syringe

was possible.

Chemicals

Glycydoxypropyltrimethoxysilane (GPTMS), Titaniumeffaisopropoxide Ti(ISPrOH)
Titanium tetraisopropoxide, ethylene glycol, l-amilrthexanol, polyethylene glycol
(average molecular weight : 1000), polyvinilpirddne (average molecular weight :
10000), cadmium oxide, zinc oxide, oleic acid, ahistylphosphinic acid,
octadecylammine, octadecene, elemental selenivemegital sulphur and all employed
solvents were purchased from Aldrich.

3-isocyanatopropyltrimethoxysilane was purchasethfABCR.

Doubly distilled water was used in the reactions.

2.2 Instrumentation

X-Ray Diffraction

The crystalline phases of produced materials haea lcharacterized by a Philips PW1710
X-Ray diffraction (XRD) using a diffractometer egped with grazing-incidence X-ray
optics. The analysis was performed using G0N filtered radiation at 30 kV and 40 mA.
Due to limited amount of produced materials, powskmples were most often analyzed
with the grazing angle optics. This was performgddepositing on a quartz or silicon
substrate a thick layer (about 1 millimeter) of gl The X-Ray incident angle was set
equal to 3°.

When thin films were analyzed, a grazing angle 6f vas used.

The average crystallite size was calculated udiegScherrer correlation after fitting the

experimental profiles with a pseudo-Voigt (sum @uSsian and Lorentzian) function.



Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) measuremerdse performed on a FEI-Tecnhai
Field-emission Gun (FEG) (S)TEM F-20 Super Twin2@d kV primary tension. Analyses
were done on nanoparticles deposited from a callosdlution on a holey carbon film
supported by a copper grid or in cross-sectionalas for NCs embedded in thin films.

In the case of titanates materials described itigec4.3.2 and 4.3.3, the samples was
prepared by just dispersing the titanate powderaethanol without obtaining a clear sol.

Thus, particles aggregates were deposited on thy@ecarid.
UV-Vis and photoluminescence measurements

UV-Vis-NIR absorption spectra were taken using &@® V-570 spectrometer.
Absorption measurements of liquid samples was paddrwith a quartz cuvette (1 cm
optical path), while thin films on quartz substratere analyzed placing the substrate
perpendicularly to the light beam.
For measurements of the pure absorption componerg tfin film deposition, both
transmittance (T) and reflectance (R) spectra waken using an integrating sphere
attachment ( Model ISV-469, internally coated whharium sulfate) which could be
mounted directly in the spectrophotometer samplemtier. The absorption component
could be calculated d90-T- R

Photoluminescence measurements of fluorophoresolded in a liquid medium
were taken on a Jasco FP-6300 standard spectriofileter. A quartz cuvette with 1 cm
optical path was used also in this case.
Beyond steady state PL measurements, determinafiaqquantum yield of synthesized
fluorophores could be performed through comparisaime integrated PL from an organic
dye whose quantum yield is known. We have used &nate 6G for this purpose with a
guantum vyield value of 0.98 for an excitation wawgjth of 480 nm.
The absorbance of both sample and organic dye epislaw (in the 0.01-0.1 range) to
avoid re-absorption phenomena and assure the sxiteel @olume and light generation
geometry.
The following relationship has been used for quanyield determination [1]:

1 (@1-10"%) n?
lx @-107") n?

9
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Where QY, I, (1-1") and n are the quantum yield, the integrated PL emissiba,
fraction of absorbed light at PL excitation waveg#n(480 nm) and refractive index of the
solvent used respectively. Analogues quantitiesirateeated with subscriptR” for the

organic dye reference sample.
FT-IR and Raman spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) measients were performed in the
400-4000 crit range using a JASCO FT-IR 6300 system using duso of 2 cni* on
films deposited on silicon wafer substrate. If pewadwere to be analyzed, they were
embedded in a KBr pellet which was then analyzed.

Raman spectroscopy (FT-Raman) measurements wdogmed with a JASCO RFT-600
Raman attachment operating at a 1064 nm waveleaxgtitation laser. In this case,

samples were analyzed as powders.
Spectroscopic ellipsometry

Spectroscopic ellipsometry analyses were done witvASE32 J. A. Wollam Co.
Measurements.

This is a rotating analyzer ellipsometer, whose ncaimponents are:
Light source / Polarizer / Sample /Continuously RataAnalyzer / Detector

A light with known polarization (generally linearlpolarized) is obtained through a
polarizer placed after the light source. This beataracts with the sample (i.e. a substrate
coated with a thin film) and the resulting reflettgave is analyzed to get its polarization
state. In the employed configuration, this operatsodone by modulating the signal with a
rotating polarizer placed before the detector. Thagluated signal can be processed in
order to get the ellipsometer parametedaA.

These parameters are related to the “s” (TE) or “PM) polarization state of the
electromagnetic wave which respectively have tletat field vector (TE) or magnetic

field vector (TM) perpendicular to the plane of ohence.

10



Incident light of known polarisation

p Reflected wave

Plane of incidence

Figure 2 Schematic of light interaction with an interface

The Fresnel coefficients define the reflection dight beam from a single interface and
are different for “s” and “p” states.

In their polar form, the reflected waves can beregped as:
E~p,s = r;),s E~ps =r p,seiAva
r 1
whereA is the phase change upon reflectioms ratio between the amplitude of incident

(EP*) and reflected E”*° ) electric field vectors and”® is the Fresnel coefficients [2,3].

Fresnel coefficients are expressed from the redaligps reported in figure 2.3:

g _ COS@) =1y cos(a)
E; n, cos(@) +ny cos)

P = E” _ o _ My COS@) -1, cosfg)

3 n, cos@)+ 1, cos(a)

Substrate Incident Beam Medium

Figure 2.3Fresnel coefficients for a single interface

where subscripts “0”,”1”, refers to thin film aisdbstrate (Figure 2.3) respectively.

11
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il is the complex refractive index, = n- + ik, being n the real component and k the

extinction coefficient related to the absorptioeffizienta as g = % .

Analogue pseudo-Fresnel coefficients can be defiimeda substrate/thin film/incident

mediumsystem. They are reported in figure 2.4.

~ ~p | ~p -2
rP= Er =r peiAp - r01"' r,¢€
~p ~p ~p —i2[3
Ei 1+ r.Ol Ir12 €
~ ~s ~s ~s -2
rSEEErSeiAS — r01+r12e
S S .S A-i28
Ei 1+ r01 rlze
d
Tt - ~ d
B=2mn, ;cosm)
Substrate Thin film Incident Beam Medium

Figure 2.4 Pseudo-Fresnel coefficients for substrate/film syste

r®, rY° are the Fresnel coefficients @icident-beam-medium/thin filmand thin

film/substrateinterfaces respectively.

: P e . : N
The ratio p=—=—¢é@ ™) =tanWe”, establishes the relationship between the
r
rS

experimentally

p
accessible parametekB :arctané) and A=24"-A with pseudo-Fresnel coefficients
r

related to the optical constants of material cautitig the system and film thickness.

The determination of optical constants and filnckhess from measuréd andA
is done by fitting procedures using the provideftvgare. It is possible to build a model for
the measured system, whose parameters are vaneithitnize the model-generat&édand
A values with the experimental ones.
Measurements were typically performed at threeethffit incident angles (65°, 70° and
75°) in the 300-1200 nm range.
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Generally, a Cauchy dispersion model was assumeddo-absorbing depositions. If
information about the extinction coefficiektvere desired, the “General Oscillator” model
was adopted, which allowed to modeturves with different curves. The Tauc-Lorentz
curve was most often assumed for modelkrizghaviour.

The ellpsometry instrument allows to measure dpecueflectance and
transmission spectra at different incident angletsvben the incident light beam and the
sample. Due to physical limitation of the instruménwas not possible to measure the

reflectance at normal incidence, being the mininicident angle equal to 15°.

M-line spectroscopy

M-line technique is used to determined the allowedde of light propagation in a
waveguide structure of a film on a substrate.

It is based on the optical coupling between an highiactive index prism and the
deposition [4], as schematized in figure 2.5.

Airgap

S AVZAN,

Substrate

Figure 2.5 Schematic representation of prism-guiding film dingy

An air gap is always present between the two compisn The incident beam is first
refracted at the prism interface and it is totakflected at the prism/air gap interface.
Under this condition, an evanescent wave is estadydi in the air gap region. The intensity
of the reflected beam is then determined at theotiet.

By moving the incident beam anglethe evanescent field can be coupled into an allowed
mode of the guiding layer. This can be detectethbyintensity loss of the totally reflected
wave, since part of its full intensity is coupledtihe waveguide.

The coupling occurs when phase matching conditiocuis, that is when the parallel

component of propagation constant in the prismiarnke guiding layer are equal :

13



CHAPTER 2 —Materials and Methods

2n . 27 .
B,=B,= Tnp sin(p) = Tng sin(@)

where n, and ng are te refractive index of the prism and guidiagelr respectively.

n, sin(@) is referred to as the effective refractive indgx

A typical data presentation is a plot of the effextrefractive index versus the reflected
intensity. A dip in this spectrum appear when thened mode is excited.

From this measurement, the refractive index andhloekness of the guiding film can be
determined if more than one allowed mode is sdemly one mode is detected, either the
refractive index or the film thickness need to bewn.

Amplified Spontaneous Emission (ASE) measurements

A titanium sapphire laser system at 800 nm delnged50 fs pulses, with a maximum of
0.7 mJ per pulse energy at 1 kHz repetition rate uged for ASE experiments.

A 400 nm wavelength beam was obtained with a BB@bting crystal and a cut-off filter.
The intensity was varied with a half wave platpoéarizer and a set of filters. The incident
beam was focused with a 200 mm focal length cylaaditens onto slide samples.

The sample edge emitted beam, in a lateral cordtgur, was detected by an optical fiber
connected to a micro-spectrometer (Ocean Opticsyerical aperture was utilized to

control the stripe length on the surface.
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Chapter 3

CdSe core and CdSe@ZnS core@shell
nanoparticles: Properties, Synthesis and
Processing

3.1 Introduction

It is well known that semiconductor materials ajparheir electronic and optical
properties when size become sufficiently small,idglly in the few nanometers range.
This effect has been verified for various systentduiding oxides [1-3] (Ti@ ZnO), 1I-VI
semiconductors [4-6] (CdSe, CdS, ZnS, ZnSe ), Idevhpounds [7-12]IGP, GaP GaAs,
InAs,) and IV-VI compounds [13] (PbS, PbTe PBSe,).

The size dependence of electronic structure andecadynamics is among the most
important topic of nanoscience and nanotechnolaoglyatracts much interest not only in
fundamental research but also in a great varietyapplications including optics,
electrochemistry, photochemistry, for which advgeta deriving from nanometric
dimension, i.e. large surface area and absencigltf dcattering, are coupled with new

electronic structure

Optical applications will be mainly addressed imst thesis. Semiconductor

nanoparticles (NPs), or quantum dots (QDs), arg a#ractive in this field because of
their absorption and emission properties dependencparticles size, enhanced stability
compared to organic dye or molecules, large nozaliroptical properties and availability
of different processing procedures allowing funcéibmaterials fabrication.
Such flexibility in properties and synthetic marigiion has already been exploited in
various applications of semiconductor quantum doish as light emitters in functional
depositions and LEDs, optical gain material foirlggurposes and biological fluorescent
labels.[14-25].
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In order to successfully employ QD in optical apations, high quality samples are
required. This imply mainly good size monodispeansiand stability in the host
environment.

The former can be satisfied if high temperaturdotddl synthetic approaches are adopted.
Actually, techniques such as (Chemical Vapour Dejoog CVD, solid state precipitation
or low temperature colloidal syntheses do not alloenodispersion, size tuning to very
small dimension and good crystallinity.

Stability of emission properties can be achieved ibgrganic wide bang gap
semiconductor shell to be grown on QD surface. Cag&in, synthesis of this type of
heterostructures is possible within the high terapee colloidal synthesis framework.
Among semiconductor materials, cadmium selenide lmanconsidered archetypal for
guantum-sized particles study and preparation atat af novel approaches have been
proposed with this compound in the scientific btiewre. Furthermore, its absorption and
emission spectra can be varied throughout almdsthal visible frequency range by
varying particle size.

For these reasons, this material has been choseg dine present research activity.

In this chapter, fundamental properties includimgstal structure and optical features
coming from quantum size effects are first desdribeth for CdSe core and CdSe@zZnS
core@shell particles. A brief description of thedhetical basis and state of art of the
available high temperature colloidal synthesesan-polar solvents developed during last
years is presented along with synthetic requiremamtcore and core@shell particles.

In the second part, the detailed experimental ghoes of core and core@shell synthesis

are given and the characterization of synthesizetigtes is presented and discussed.
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3.2 Structure and optical properties of CdSe and C8e@Shell

nanocrystals

3.2.1 CdSe core particles

Both bulk and nano-sized CdSe assume the cubic Ziend structure or the
hexagonal wurtzite structure (see figure 3.1). [Htier is the most stable and occurs more
frequently in colloidally synthesized nanocrystals.

Nanocrystals typically exhibit crystal facets due differential surface energy of
crystallographic planes [61] and often possessekisty fault defects which occur as grain
boundaries mainly occurring on specific planes sdpay hexagonal and cubic local
structures [58,62].

The lattice parameters of nano-sized QD are clodrilk material, even if the incomplete
coordination of surface atoms, which are a nonigdx fraction of the total number of
atoms, causes surface reconstruction of some pjaégs

Crystallographic phase can be controlled, to som&eng by changing synthesis
environment [27-31]. In particular, it has beenwhdhat the cubic structure is assumed in
the early stages of nucleation and growth andptaced by wurtzite in the later stages.
Particles obtained with methods involving speciigands, rapid nucleation and slow
growth can kinetically retain the cubic structure.

a| b
.
ol
> affg-‘_ w8
ar At
e
LS e Cd

Figure 3.1 Cadmium selenide wurtzite (A) and zinc blend (Busture and TEM micrograph showing
four stacking faults defects (C) (Source : Schiigt])
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Absorption of light in a semiconductor causes foemation of an exciton
consisting in an electrore)(and hole lf) pair, each considered as charge carriers with a
defined effective mass and mobility.

Once this pair has been formed, in most casessiystem can be described with the
electron turning around the hole bound with a swedecoulombic potential. The most

probable charge carriers separation is definedhbyekciton Bohr radius, in Equation

3.1, corresponding to the lowest Bohr state if gdrdgen-like motion for the-h pair is

assumed [32],
_ Ama’

B — *
m'mye,

(3.1)

wheree is the dielectric permittivity of the semiconducta is the Plank constantn, is

the free electron mase is the electron chargey is the reduced mass of the exciton

: m,m, : . . :
defined as —=—"- with m, and m, the effective masses of electron and hole

* *

m, +m,
respectively.
When patrticle size is significantly smaller thae #xciton Bohr radius, discretization and
change of energy levels structure is mainly dugize quantization effect [32, 33, 34]. This
situation is referred to astrong confinement regimand regards CdSe quantum dots

whose typical dimension falls below 6 nm, whichhea; value for CdSe also reported in

Table 3.1 along with other 1I-V semiconductor’'s alain these conditions, only the
quantization effect can be considered for a qualéadescription of the electronic
structure, while other contributions such as e-blmnb interaction can be accounted as

corrections.

Bulk band gap Exciton Bohr Radius

(eV) (nm)
CdSe [39] 1.74 6
Cds [68] 2.58 3.0
ZnS [68] 3.83 2.2
CdTe [69] 1.43 7.3

Table 3.1Bulk band gap and exciton Bohr radius for some itertl-V semiconductors
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If nanocrystals size is similar or grater thag intermediate and weak confinement

regimes are present, respectively, and other interactisnsh as coulomb attraction
betweere andh have much more influence if compared to quantimagiffects.

The size quantization effect can, at a good appration, be approached by the effective
mass model with infinite energy barrier at nanapkas surface.

This leads to the following equation for electramdaole energy dependence on patrticle
size [32,33], where the zero energy level is th& lmenduction and valence band for

electron and hole respectively:

2 42
gen = /) (3.2)
nL — * 9
2m,, a

where a is the particle radius ang,, is a numerical value depending on quantum

numbers whose first three values gqyg= 10 ¢,,~ 4.49, ¢, ,~ 5.76.

This relationship defines energy level position éoand h independently, leading to the
situation depicted in figure 3.2. Due to largereefive mass of the hole, valence states are

denser in the energy scale, while electron st&termre separated.

I EQED Egap+ Econfinement

Figure 3.2 Confinement effect in nanometer sized semiconductor

The lowest energy optical transitiAi , which actually corresponds to the band gap of the
semiconductor nanocrystals, is the sum of elecéirwh hole energy shift due to quantum
confinement. It is described by Eqg. 3.3 where pkrtband gap is shown to be inversely

proportional to the square of particle radius.
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n’m (3.3)

AE=E_  w*—>
g,bulk 2m az

If the coulomb interaction is also considered astrdoution to the energy of electronic

states, the energy gap is determined as follows3(33

hzﬂ' _1.892 (3.4)
2ma’ ea

AE=E  u *+

A more precise relationship is derived in ref. [®¥] Brus which takes into account also
for polarization effects.

The reported equations can be used for qualitatha@erstanding of size dependence of
electronic properties, but the observed allowedsiteon under optical excitation can be
explained only if the real semiconductor band stme; spin-orbit coupling and valence
band mixing are considered [32,35,38]. These effeedults in the valence band electronic
levels shown in figure 3.3. In this figure the sigest allowed optical transitions are also
assigned in a typical absorption spectrum of Cd&antym dots following a work of

Norris et Bawendi [38].

1D (e)
2,0
1P te) 2s,,(h) 1S(e)
1,5 1P,,(h) 1P(e)
1508) 3 28, ,(h) 1S(e)
'Y S Y 5 .. 15,.(h) 1(e)
2 R
]
8 \
< 0,5 / \\
1P galh) 18 2l 001 I —
25 50t T T T T T
122 1.'2(('?:? # 300 400 500 600 700 800
% 15 460 Wavelength (nm)
25,aih)
35l

Figure 3.3 Quantum dot electronic structure and strongest alptiiansition [38] (right) . 3.2 nm diameter
CdSe quantum dot with assigned optical transit{teft)
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The absorption spectrum is then determined by #udlator strength of every transition.
The oscillator strength per unit volume has beedipted to be proportional telg [71]
a

for the lowest band edge transition, due to inérgaoverlap of electron and hole
wavefunctions with decreasing sizes which causemhanced transition probability. Thus

the absorption cross section at the band edgegrtclp should be independent on particle

size, since particle volume scales as Experimental measurements of absorption cross
section actually found a size dependence of thiarpater which resulted to be linear with
particle diameter for the lowest energy allowechsraon [70,72]. At higher transition
energies where NC optical transitions merge toractireless bulklike absorption, the
absorption cross section per particle scales vattige volume as for bulk semiconductor.
The knowledge of extinction coefficient is of pa@mt importance since it allows for de
determination of the concentration by simple optio@easurement. A widely used
relationship for the molar extinction coefficierggendence on QD size has been reported
by Yu et al.[102], along with the first exitonic gde dependence on particle diameter.

These relationship are reported in table 3.2.

€ (Liter/mol/cm) 5857 X D)>%°

D (nm) (1.6122 X1P)A*- (2.6575 X 10)A° +(1.6242 X 1GF)A\? - (0.4277) + (41.57)

Table 3.2 Molar extinction coefficients) and first optical transition wavelength positigy) as a function
of particle diameter (D)

Other factors such as polydispersion of NCs ensesntlodify absorption spectra causing
line broadening with respect to otherwise extremmedyrow single NC emission. PL
emission profile has also been used to estimaticlesr size distribution [40]. Also the
increase in dielectric constant of the environnart shift particle’s transition energy at
the band edge toward longer wavelengths (solvatoeiarshift) [41].

Furthermore, due to second order effects (excharigeaction between electron and hole,
non-spherical shape of the particle and crystdd fedgfect) the exciton energy structure is
composed of five energy sub-levels [42, 32] resglin further band splitting of the L
highest energy valence state. These sub-bandseagnobped in two main level of the

1S3/, state, which have been referred toakisorbing stateand emitting state since the
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absorption is much more probable for the formerfdct, the excitation of the lowest
energy sub-level of the emitting state is forbidde, for this reason, it is callethrk
exciton Optical excitation is indeed possible for othéghler exciton energy sub-levels
whose relative oscillator strength changes with fd&us and shape and determine the
exact position of the first absorption band [42].

Once an electron-hole pair is produced after op#baorption, the electron relaxes to the
lowest energy 1S state and hole relaxes tethiting statan the picoseconds time scale.
Thereafter e-h recombination can occur with emisgiba photon [43,44], giving rise to
spontaneous photoluminescence. At very low tempegatthe hole relaxes to the lowest
energydark excitonsub-band from which the emission is predictedewéry slow leading

to luminescence lifetimes of the order qfsl At higher temperatures also the other sub-
band levels of themission statean be populated from which the emission is masief

in the commonly observed nanosecond lifetimes Wi3,4rhe overall situation is

schematically shown in figure 3.4.

1P(e)

=0.5ps

Figure 3.4 Schematic representation of near-band-edge-levelshied in absorption and emission
processes [Source: Klimov et al. [16]]

The luminescence peak is observed to be red-shiftddrespect to the first absorption
peak. Such shift is referred to &soke shiftand it is due to the fact that the energy of
exciton emitting statefrom which recombination occurs is lower than #rergy of the
absorbing stateas explained above [32].

The quantum yield of luminescence emission is gisomlependent on surface states.
Nanocrystals possess a great fraction of surfacensat which are not completely
coordinated. The presence of a large number oftursdad dangling bonds originates
trapping states whose energy position [45] carobatéd inside the band gap. Electron and

hole radiative recombination can be prevented Wgxeation of charge carriers to such
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surface trapping states, thus lowering band edgenkscence quantum yield (PL QY)
[32]. Charge carriers in the surface states cahdurecombine with non-radiative process
or by radiative process with emission of light tyglly at the red-side of the PL band edge
transition.
Indeed, it is known that surface passivation witigamic molecules, such as aliphatic
amines or with inorganic shell results in dramaticrease of photoluminescence quantum
yield.

CdSe quantum dots exhibit non-linear optical fesgusuch as two-photon
absorption and multi exciton processes such as rAregembination .
Two photon absorption occurs at high incident epeag frequencies at which linear
absorption is not possible. The two photon absonptross section increases with particles
diameter and results to be much bigger than orgdyes [46-48], which makes quantum
dots particularly interesting in non-linear optegsplication. A linear relationship between
guantum dot diameter (D) and two photon absorpigaps) has been found with a slope
of 3.45 at 800 nm excitation wavelength [46].
At high excitation power, more than one exciton barproduced in a single quantum dot.
As a consequence of the multi-exciton processowdlator strength and the energy of
transitions are modified due to state filling anthrs effect. The former regards the
decreasing of absorption band due to depletionhafge carriers in the already exited
ground state, while the latter is related to thenges of electronic structure following the
strong electric fields created after e-h pair faiora[32,72].
These effects are relevant in optical gain exparnisi@here processes involving typically
two exciton states per quantum dots are involregbarticular, the emission from which
optical gain is obtained regards the transitioomd of the two e-h pairs with energgof

from a biexciton state to the single exciton stateshown in the figure 3.5.
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Figure 3.5 Peak energy shifE of luminescence emission from bi-exciton statengared to single
exciton state

This transition energy is observed to be lowerampared to single exciton transition
energy Iy [32,101]. This shift is mainly due to the attraeticoulomb interaction between
the two excitons which causes a transition enerdfgrdnce 0E (see figure3.5) This
emission shift is normally observed in lasing aggtions and it is an evidence of the
multi-exciton nature of this process, as it willdiscussed in Chapter 6.

Another multi-exciton process relevant in lasinghigger recombination. This is a process
which happens when more than one exciton is craatede the nanocrystal and consists
in relaxation of an e-h pair and energy transfea third charge carrier (figure 3.6). This
process has much faster rates in quantum-confiaetities than in bulk semiconductors
and the decay time of exited states due to Augecqsses is strongly dependent on
particle size and scales witT.

This is an important process if QD are used as gedia since it soon depletes the multi
exciton states necessary for amplified emissiooctur. Auger process happens in a very
short time scale as low as 45 picoseconds, if tiyearelaxation of the biexciton state is

considered [32].
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Figure 3.6 Schematic representation of Auger process

3.2.2 Core@Shell particle

As previously mentioned, fluorescence quantumdyigltypically strongly reduced
to low values for as-synthesized CdSe core pasticldis is mainly due to presence of
surface electronic disorder caused by unsaturardlithg bonds of surface atoms [45].
Passivation by organic molecules, particularly awif49,50], is effective in raising PL
QY, but it relies on surface adsorption equilibriunstead of stable bonds. Attaching
organic ligands to nanocrystal surface can proadsseful tool for solubility in desired
solvents and raise of quantum vyield, but they ab#ld and in dynamic equilibrium with
surrounding environment. This strategy does notrajuae stability of particle emission
properties and usually PL QY reduction is obsermhael to photooxidation [51].
Application of QD mainly requires high luminescengeantum efficiency, stability of
emission properties for long time in the desiredimmment and particle compatibility in
the desired solvents or solid matrix in order thieee optimal processing behavior.

These aspects can be fulfilled by inorganic cowerafj quantum dots, where shell of
semiconductor materials are deposited on pristnesdrface.

Several types of such heterostructures dependingeorelative position of conduction and
valence band gap have been developed in order topoiate and alter the electronic
properties of the particle [52].

Structures ensuring high QY and enhanced stabilitg the so-called type 1

heterostructures, where shell material has an higduied gap than core’s one (figure 3.7).
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This solution relies on charge carriers confinemeside the core with the goal of

preventing electrons and holes interactions witle #urrounding media. Physical

separation of the optically active surface of tlieecfrom, for example, oxygen or water
molecules has been verified to strongly increassqstability and the resistance towards
photooxidation, which mainly involve Se surfacesito form Se@oxide species in CdSe

particles [53].

At the same time, shell growth eliminates surfae¢ect states and prevent carriers to
combine with the outer surface of the structurestleading to substantial increase in PL
QY.

To maximize effectiveness of this solution, thellssieould ideally be thick and have wide

band gap in order to result in wide band gap offseth regard to both conduction and

valence band of core material.
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Figure 3.7 Type 1 heterostructureAE,, and AE,, are conduction and valence band gap offsets
respectively)

Different materials have been deposited on CdSéclem to form core@shell (CS)
structures. Several candidates as material fot depbsition can be found in other 1I-VI
semiconductors. In Figure 3.8 band gap positiorsahe semiconductor materials are
reported. It is evident that CdS, ZnS and ZnSe Hawerable band offsets both for

conduction and holes with respect to CdSe.
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Figure 3.8 Conduction and valence band gap position of somé Bemiconductors with respect to
vacuum (Source : Reiss et al. [52])

CdSe@CdS structures have been widely studied §421,%54,55]. Peng et al.[55]
demonstrates through TEM, XPS and XRD analyses epébxial growth of several
monolayers of CdS on CdSe is possible. This isriy by the small lattice mismatch (
around 4% ) between these materials which is furdah for minimization of structural
defects in the final structure.

Nonetheless, arising of defects to relief stresédbp in the structure such as misfits

dislocations is very probable and a critical thiegs of two monolayer has been be
estimated for this system [56]. Beyond this lim#ldcations should arise which are most
likely not able to completely relief stresses. Thurcoherent strain is supposed to be
created which is responsible for electronic tridyas reduces band edge luminescence.

In any case CS with quantum yield approaching 5@%Hbeen synthesized with improved
stability with respect to bare cores.

Despite the good structural compatibility, the baagh of CdS is not sufficiently large to

block holes and electrons inside the core. Thipadicularly true for electrons since

conduction band offset is rather small, while tlodeb results to be more confined. Since
photoxidation requires the presence of an holecatyden at particle surface [57], this lead
to the observed improvement of photostability.

A comparison of photostability between differemtistures is depicted in figure 3.9
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Figure 3.9 PL quantum yield evolution under UV illuminationrfdifferent CS systems to test effect of
shell structure on photostability (Source: Mekislgb1])

Thus, even if stability is improved, sensitivitywtard external environment is not always
satisfactory.

Lack of strong confinement also bring to a redtshigreasing of the absorption peak with
increasing shell coverage, since charge carriekgefuactions can partially leak into the
shell [49,58]. This effect has been recently exterg studied by Van Embden et
coworkers [105], who also reported correlationsMeein absorption peak shift and CdS
shell thickness for different sizes of starting €a®res.

In addition, absorption at shorter wavelength @aeased due to the presence of CdS shell
absorbing at that spectral regions.

The CS CdSe@ZnSe structure is analogue to theopiesystem for which the
band gap of shell material is not much wider thadS€ core. However, in this case
conduction band offset is much greater providifgcieiht confining for electrons while a
smaller barrier exist for the holes. Even if thg8%.lattice mismatch value with respect to
CdSe is greater with respect to CdS, epitaxial dnoistpossible and favoured by the
common anion structure.

Narrow distributions with PL QY in the 60-85% ranpas been obtained within this
system [59], with improved stability with respeatdores[60].
Lattice distortion effect on optical properties isabas also been studied on these

particles[74], as well as ripening behavior of barel ZnSe covered CdSe nanocrystals
[73].
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The most studied CS system is CdSe@ZnS. The raasanthe wide band gap
which ensures a very limited leakage of carriervefianction into the shell. This also
results in a lot of beneficial aspects including thest stability of emission properties and
high PL QY.

In order to have the maximum efficiency, the shabuld be as thicker as possible.
Unfortunately, the wide band gap comes along witie larger lattice mismatch with
respect to CdSe core (12%) if compared with shallemals considered so far, as shown in
figure 3.10.
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Figure 3.10 Band gap energy versus lattice parametesndc of wurzite CdSe,CdS, ZnSe and ZnS
(Source: ref [60])

In ref. [58], a comprehensive characterization ofide size-series ZnS shell deposition on
CdSe has been carried out by means of optical, TEMall and Wide angle diffraction
techniques.

The main features observed were a maximum PL QY086 after 1.3 ML ZnS (a
monolayer “ML” thickness can be approximately take half thes lattice constant of the
wurtzite shell material) coverage and a progressigereasing of emission yield with
further increase of shell thickness.

The former was explained with the progressive e@lation of surface vacancies and non-
radiative recombination sites. This coverage wa dbund to be the minimum to
completely passivate surface Se sites, since ng@ Wa®detected after prolonged exposure
to air with XPS measurements.

Thicker shell resulting in the decrease of lumieese is likely due to arising of structural
defect.

Three possible way for shell growth are possibépitaxial coherent growth, incoherent

epitaxial (with misfits dislocations ) and highlisdrdered.
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Highly disordered growth was excluded becauseratifion analyses showed distinct
diffraction peaks of ZnS shell.

Small coverage could not be detected with diffactiechniques due to dominant
diffraction of core, but TEM analyses reveals nesgnce of interfaces and continuity of
lattice fringes throughout the particle. Thus cemerepitaxial growth could be assumed for
thin shell. Thicker shell were detectable with iifition analyses and resulted to have the
ZnS bulk lattice parameter. This means that incahey exists between core and shell
materials. TEM measurements reveals also in tlge aasence of interfaces and extension
of lattice planes, but presence of defects or dations could not be detected with this type
of analyses. Thus, the most likely scenario cossistan incoherent epitaxial growth for
thick shells where defects such as misfit dislaretior low-angle grain boundary can
account for incoherent growth and structural accodation of the arising strain, as
previously discussed for the CdSe@CdS system. Téefsets can, nonetheless, provide
electronic traps for non-radiative recombinatioattbaused the observed decrease in PL
QY.

Also ZnS shell lead to a small red-shift of the abson peak due to a not complete
confinement of ZnS shell, even if the extent o teifect is much lower with respect to the

case of CdS shell, as shown in figure 3.11.
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Figure 3.11 Representation of the radial probability for beflectrons and holes is shown for CdSe,

CdSe@CdS and CdSe@znS (left) and absorption shifintEreasing CdS and ZnS shell (right) (Source:
Dabbousi et al. [58]).
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This shift tends to become less evident with ingireg shell thickness [63], due to longer
tunnelling distances which cause a minor extewiaofier delocalization.

Deposition of ZnS shell often results in non-spteriparticles with typical aspect ratio
around 1.2. This results from preferential shetivggh on crystallographic planes showing
lower superficial energy or higher reactivity. Thedifferences are amplified by the large
lattice mismatch of shell material resulting inredated particles [58]

In order to encounter both electronic and stradturequirement for high
performance core@shell particles, multiple shelldtres (CSS) have been adopted in the
last few years. These particles consists of amrirediate layer (generally around 2 ML) of
CdS or ZnSe deposited between the CdSe corelpaahd the outer wide band gap ZnS
shell. This solution provides efficient confinememtd minimization of structural defects
because of a smooth change of lattice parametertaluietroduction of materials with
minor lattice mismatch (see figure 3.9).

This approach was first exploited for the CdSe@4m%aS CSS system [64,65] and
further extended also to CdSe@CdS@ZnS by Talamh[60]. In this paper it was shown
that a contraction and an expansion of the CdSe aod ZnS outer shell respectively was
obtained in the CSS structure by means of XRD nreasents. This suggested that this
graded shell assumes a coherent epitaxial growthowt dislocations or other defects
which should otherwise be necessary to accommanlgdacial strain if bulk parameters
were assumed from particle’s constituent materials.

For these reasons, the CSS structure had muchri®gh®Y (up to about 80%) and was
much less sensitive to the PL QY decrease witheasing ZnS thickness if compared to
the CdSe@ZnS structure.

As far as emission stability is concerned, the isioll approach resulted to be comparable
with CdSe@ZnS particles and better than CdSe@ Z1$Sen€.

The CdSe@CdS@ZnS structure was also studied byhwZast STEM analyses in order to
understand the structural basis for PL QY maxinnraf66]. It was shown that uniform
shell coverage was assumed only for multiple sételictures and that this was crucial for
high PL QY.

Finally, this idea was further extended to strugsutomprising alloy layers, as described in
[67]. A CdSe@CdS@CglsZn ¢sS@ZnS was synthesized through the SILAR (Successive
lon Layer Adsorption Reaction) technique with then eof making lattice parameter
variation as smooth as possible, resulting higbipihescent and stable particles also in

aqueous environments.
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3.3 Colloidal synthesis of CdSe and CdSe@ Shell raarticles
3.3.1 Nucleation and growth: a theoretical ovewie

A phase transformation is driven from a differenmcehemical potentigh between
phases constituting a system. In transformatiom dikystallization of a single element from
its liquid state (or precipitation from a solutiptle process is caused by higher chemical
potential of the element in the liquid state coneplato solid state (or higher with of
solute with respect to the precipitated solid 3tate
In single element transformations, the key paramisteéhe temperature of the system,
while in precipitation-from-a-solution processesg tconcentration of solutes is also
important.

If we consider a system comprising an element >atution at a fixed temperature, it
would precipitate to form a solid phase if an eiguilm concentratioiCeqis exceeded.

In equilibrium condition, the chemical potential the element X in the solution phade
is equal to the chemical potential of the same etdnX in the solid statg’.

If 1is taken as the equilibrium chemical potentidl and/fcan be expressed as follows :

C
/’lé: = Iueq + RTIn(C_) ) ,L[é = /'qu (35)

€q

The termC/Cqq is the supersaturatid®of the system. The difference in chemical poténtia

that causes phase transitionRY In(S) , which is related to the Gibbs free energy change

per unit volumeAG, of transformed solid phase by the molar voluwe through the

relation AG, = —%( 3.6). This treatment is valid for flat surfaceg i needs to be

m

corrected since formation of a particle precipit@ateurs with creation of a surface which is
associated with a surface enengyrhis energy actually modifies the chemical potnit
and equilibrium concentratio@¢q in the solid state through Equations 3.7a and 3.7b

known as the Gibbs-Thomson equation [75].

2\, c.

r

=C, exp( WM ) (3.7a,b)

[
:uC,r - :ueq +
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Thus, the actualGy becomes :

_RTIn(S) +Q (3.8)
V r

m

AG, | =

At equilibrium AGy is zerothus from Eg. 3.8 it can be concluded that the entration of
species in solution in equilibrium with a particleith radiusr is greater than the
equilibrium concentration in the case of flat sugs.

On this basis the classical nucleation theory caunldscribed. Within this framework, the
stability of formed particles is predicted and treglius of metastable nuclei can be
determined. Once this radius is reached, furthewtyr is energetically favored.

The free energy changdG involved in the formation of a nucleus can be safeal in a

term related t&AGy and one related to surface energy as follows :

AG :fnrmev + 4%y (3.9)
3

where 4Gy is related to supersaturatiéh(Eq. 3.6), in the case of precipitation from
solution.

A plot of the two contribution and of the overatiezgy change is shown in figure 3.12.

AG

4/31tAGvr3 + 4dmy”

4/3nAG 1,

Particle radius

Figure 3.12 Free energy evolution of a particle versus itsuadi

The radius corresponding to maximum value of enetggnge is the critical radius r* of
the metastable nucleus and the energy associatied v& the critical energy barriékG*

that need to be overcome to form a metastablecpaere reported below.
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._ lemf _ 16mhv,°
(3AG,)* (3RTINS)?

(3.10)

ro_ 2V _ 2Ny (3.11)
AG, RTINS

It is possible to see that the supersauration yalle&g with surface tension has a dramatic
effect on the thermodynamics of the process. Itiqudar, an increase in supersaturation
leads to a decrease of both the energy barriettdmaller stable nucleus radius, while
the opposite effect holds true for surface tension.

Once a population of stable nuclei has been forngeolwth of particles becomes the
relevant process. The classical approach to theatbywocess of particles nucleation and
growth has been first proposed by La Mer [76]. WWitthis framework, the nucleation
event (stage Il in figure 3.13) occurs when a caitisupersaturation valu@*ni,, higher
than equilibrium concentration is reached. As asegoence of nuclei formation, the
concentration of monomer in solution decreasesvbéh@ threshold value for nucleation
but it is still greater than equilibrium concenibat Ceq. At these conditions the process
enters the growth stage ( stage Il in figure 3.18} even later periods, when almost all
monomers are depleted, Ostwald ripening startsdigsblution of smaller particles in
favor of bigger particles growth is observed dueckemical potential dependence on
particle radius.
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Figure 3.13 Schematic representation of stages involved in aticke and growth process.s @ the
equilibrium concentration and G is the minimum concentration necessary for nuaheatiSource :
Sugimoto [77])

Stage |, which occurs before the nucleation evattpunts for the increase of monomer

concentration in solution typically due to deconipos of the precursors adopted in the
synthesis.
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The existence of a critical supersaturation thrislm related with the kinetic aspect of

nucleation. The rate of nucleation can be expreasddllows [75]:

AG*
J = Bexpl- (3.12)
Xp( RT)

WhereAG* is the energy barrier as expressed in Eq. F10m this equation it could be
shown that the rate of nucleation become signifieara concentration greater th@g,
that is the above mentiongd*,, The threshold C value for nucleation is strongly

dependent on surface tension values increasingdber values of this parameter.

For the synthesis of colloidal particles with goatbnodispersion, nucleation
should be a rapid event and separated from the Qreteige. These conditions should
guarantee the production of a population of nuwith small size dispersion because of the
similar condition experienced in the short nucleatperiod, without secondary nucleation.
Furthermore, if nucleation is too long, growth occat the same time amplifying size
differences of produced nuclei. Thus a rapid bufsthucleation is desired for good
monodispersion. This principle is assumed in “ hgection protocols ”, where an
explosive-like nucleation is sought as describetthéfollowing sections.

Size distribution evolution is then determined digothe growth stage. Different types of
growth regimes have been identified and describetail [75,77].

The main processes involved in the growth of aeuslare the diffusion flux of monomer
from bulk solution to particle surface and subsequesaction leading to monomer
deposition and patrticle accretion.

In order to explain the main features regardingtigatrs growth, the same approach
developed by Sugimoto is here described [77].

Monomer concentration profile near particle surfecechematically shown in figure 3.14.

35



CHAPTER 3- CcdSe core and CdSe@ZnS core@shell nanopartiteperties, Synthesis and Processing
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Figure 3.14 Monomer concentration profile near particle surfdueng growth stage (Source : Sugimoto
[77])

The diffusion flux Jpi¢ is activated by the concentration difference betwése bulk
monomer concentration,@nd the concentration at the particle-solutiorriiaiceC; across
the diffusion layerd. If D is the diffusion coefficient and r the par@ictadius Jpir can be

expressed as follows:
(r+9)
o)

Jo = ATDI (C,-C)) (3.13)

Assuming a simple first-order kinetic for monomeaction on particle surface, the flux of

reacting monomedreactis :

— 3.14
Jrens = 4K(C, - Cy,) (3.14)

React

with k being the rate constant and,@e equilibrium concentration. Under steady-state
conditions Jpir=Jreactd l€ading to the following equation:

(Ci _Ceq) - D

r
C.-C) +3) (3.15)

If D<<kr, the diffusion controlled regime is estealed. In such conditions, from Eq. 3.15
Ci becomes equal t€cq SubstitutingC; for Ceq in Eq. 3.13 we obtain the following

relationship for the diffusion controlled growth :

J = 47Dr Ldé)(cb -C,) Eq. 3.16
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If D>>kr, the growth is reaction.controlled and@sults equal to&nd J
J =4m°k(C, -C,,) Eq.3.17

Till now the dependence of equilibrium concentnati®eq on particle radius r as expressed
in Eq 3.7b has not be considered. If this is takéa account Ceq can be expressed as

follows if the exponential factor in 3.7b is assuhte be small:

2\
C... 0OcC._Q@a+ M Eq. 3.18
eq,r eq( RTI ) q

Analogously the bulk concentration is expressed as

2\,
C, DCeq 1+ Tr*) Eq. 3.19
where r* is the particle radius in equilibrium wibilk concentration £
Using these equation, we obtain the following otted relationship for diffusion limited (

Eq, 3.20) and reaction limited (Eq. 3.21) regimes:

C
3 =grpr L +9) CeaVu R Eq. 3.19
RT r* r
J ﬂnkrzCeqﬂ(i—l) Eq. 3.21
RT 'r* r

2 dr

By using the relation] = an o it is possible to get the particle radius evolatioom

M

Eq. 3.210 and 3.21.

For diffusion limited growth, Eq. 3.22 is derivddan infinite diffusion laye® is assumed.

2
dr _ 2/bV,,C, — Eq. 3.22

E‘ RTr r* r

While for reaction-limited growth Eqg.3.23 is found.

2
dr _2KkVuCe 1 1 Eq. 3.23
dt RT r= r
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In both cases particles with a radius smaller tttadissolve (negative growth rate), as
expected also from thermodynamics considerationsedction limited regime, the growth
rate increases with particle radius and this actarther broaden the size distribution.

In diffusion limited regime, the growth rate dinshies with particle radius, thus smaller
particles will grow more rapidly with respect togber one. This process results in
progressive size distribution narrowing and itfieo referred to as “focusing” [78].
Focusing condition requires supersaturation toigh Bnough. This can be understood if
growth rates expressed in Eqg. 3.22 and 3.23 artefdl@s a function of particle radius.
This has been done in ref. [75] using more detdibechulations, and reproduced here in
figure 3.15, where the parameteris proportional toD/k, while Sis proportional to the
supersaturation. It can be seen that for high Kiesl(reaction controlled growth) growth
rate increase with particle radius, while the ojjedsolds true for lowK values ( diffusion
limited regime) if particle radius is larger thdmat corresponding to growth rate maximum.
In this range smaller particles grow faster theggbr ones leading to narrowing of the size
distribution with time. This process has been olgrand studied also in semiconductor
particles synthesis [79]. The conditions under Wtifds process occurs are favored at high
supersaturation values, as shown in figure 3.1 lfact, for low supersaturation values,
which can occur at the end of particle growth whasst monomer are depleted, growth
rate is almost independent from particle radius iaatko increases with particle radius for

a non-negligible range and this can eventuallyltesu size broadening (“defocusing”).

10-

drt/de
L=
drldt

Figure 3.15 Growth rate as function of particle radius expeées® r* units. Parameter K is proportional
to D/k, while S is proportional to the supersatior@{Source : Talapin et al. [75])

Furthermore, at the end of particle growth, sugarasion is small and further growth can

occur only through Ostwald ripening, which resutissmaller particle dissolution and
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deposition on bigger ones, with final increasingrmefan particle radius (coarsening), while
maintaining a stable size distribution, after aitiah transient in which defocusing can
occur [75].

Thus, in order to obtain monodisperse colloidatipk; diffusion limited regime must be

sought providing high enough supersaturation to enfdcusing process effective. Of
course, supersaturation need to be kept belowritieat value C#%,, to avoid secondary

nucleation.

3.3.2 CdSe NPs synthesis

Most synthetic approaches have been based ondadlichemistry and two main
general strategies in semiconductor particles @idéntified [78]. The first is based on
kinetic control of particle formation in bulk soloh by varying ligand and precursor’'s
concentration or temperature. The second religsaoticle formation within nanocavities,
such as micelles, dendrimers or other types of kat@[p80-84].

The latter approach is not generally flexible, sirtbe condition required for template
formation in solution are quite strict and factsigh as temperature and ligand type and
concentration cannot be exploited. Monodispersimh @ystallinity are indeed difficult to
obtain with such methods.
Bulk solution approaches are much more promisingesa great variety of parameters can
be attempted in a wide range. Actually, the fisgiteeses of this type were performed in
aqueous solution and limited at low temperatureSfgs Thus, the quality of nanoparticles
were quite poor.
Nonetheless, a lot of effort has been devoted t@ldpment of this route especially after
the inaugural synthetic protocol by Murray et &7] which employed organometallic
precursors in coordinating solvent.
This protocol, further optimized by Peng et al.][&&n be summarised as follows :
- Usage of coordinating solvents such as trioctyypihine TOP) and
trioctylphosphine oxideTlOPQ, Tech grade )
- Dimethyl CadmiumCd(CHs); and elemental selenium dissolved TOP as
precursors
- High reaction temperatures in the 150°C-360°Candree environment
Fast injection of cold precursors in hoOPQ, “hot injection protocol”, promotes an

efficient nucleation event and subsequent growites®ary for good monodispersion, as
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described in the previous section. In figure 3.t typical experimental set up is
presented. The solvent is degassed and heatedvatesl temperatures in a three necked
flask and the cold precursors are then rapidlycte@. Nucleation is rather explosive in
nature and soon stopped by the decrease in temaperedused by injection of cold

reagents. Growth is then performed at lower tentpeza.

Figure 3.16 Typical experimental set up for “hot injection protds” for QD synthesis

TOPO is considered a coordinating solvent singg @ble to complex cadmium and give
control over the extremely reactivity of organontietgprecursors. Finally, this method

ensures samples with good crystallinity due to higynthesis temperature, good
monodispersion and some control over size by simpbBnching the reaction at different
growth times.

Size focusing and defocusing were verified in sggistems applying the theoretical
concept described before [88].

These protocols also enabled synthesis of anisotfipSe nanorods [89] and was applied
to other types of semiconductors with poor results.

The high toxicity of organometallic compounds, dsficult handling and the
difficulty in synthesize good quality particles eththan CdSe motivated researchers
toward so called “alternative routes”[90]. These based on air-stable inorganic salts,
oxides or organic salts as precursors complexedrppgnic ligands which can be chosen
among a lot of chemicals including fatty acids, gptunes, amines, phosphinic and
phosphonic acids. The first syntheses [90,91] weréormed in coordinating solvents and
leads to good quality samples for CdSe particlée greater stability of precursors used in
this methods compared to organometallic compouiaddiesirable property since it make it

easier to control the reaction. Widely tunable Cd8antum dot sizes were obtained by
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simply changing type of ligand and precursors [Sijabling obtainment of particles
emitting in all the visible range. Also shape cohtsf nanocrystal resulted to give much
more possibilities [92]. Furthermore, the dependenicsynthetic environment on usually
unpredictable and irreproducible PL emission propgrof CdSe core has been studied as
a function of synthetic parameter [93]. It was whahat a maximum in PL QY exists
during growth time which was attributed to the nmaxtim quality of surface reconstruction
achievable only in certain stage of the synthedierwparticle surface is in equilibrium
with bulk solution.
Other semiconductor particles such as PbS, PbSe[®d$ and CdTe[90] could be
synthesized withy improved quality.
Even thought coordinating solvents led to high fualdSe NPs, particles of different
semiconductor type could not be synthesized wighsitime quality. Most likely, the same
solvents has not always the same efficacy in caoatitig all semiconductor compounds.
For these reason, alternative approaches in nordicating solvents have been
attempted in which complexation of precursors sgreed only to organic ligands, while
the solvent is intended to have no influence orilstic evolution.
The most common solvent used so far has been @lex#ae which is liquid at room
temperature and boils at 320°C. CdS was the fystesn to be synthesized within these
methods, using oleic acid as complexing agent f® @nd elemental sulfur dissolved in
octadecene[95]. The obtained particles were ofeextty high quality, despite the
simplicity of the reaction scheme and also lll-Iénsconductor particles could be
successfully synthesized [96].
The most important feature in non-coordinating sotvapproach is the possibility to tune
the reactivity of precursor by changing type ankdthee quantity of complexing agent,
providing one to optimize for nucleation and growtrents.
This fact can be rationalize if the activity coei@inty is introduce in the definition of

monomer chemical potential as follows :

He = Heq + RTIN(S) (3.23)

This coefficient accounts for change in chemicaleptial and reactivity due to factors
other than concentration, such as ligand concéntrand type.
If the above mentioned synthesis is taken as ampbea the cadmium precursor might not

be the simple cadmium oleate salt at those eleviaiegberatures, since ligands can be
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expected to be quite labile. Thus, if ligand coniion is increased, their number nearby
cadmium ion should also increase resulting in majability of cadmium monomer in
solution and decreased reactivity toward particlenfation.

In fact, it has been observed that both partictBusaafter short periods from injection (
which can be taken as the initial nucleation ragiand the final unreacted monomer
concentration in solution increase upon increasiigjgand concentration. This can be
explained by the reduced reactivity which acts norease the critical radius during
nucleation through Eq. 3.11 and to diminish nuabeatrate through Eqg. 3.12 leaving
greater amounts of unreacted monomers availablgsidicle growth.

The possibility to tune monomer reactivity alloves §ood balance between nucleation and
growth. This means that monomer reactivity showddlgh enough for a good nucleation
event but not too high to consume all monomersénrucleation step. If all monomer are
soon consumed, Ostwald ripening and defocusingrogsioge supersaturation need to be

sufficiently high for maintenance of narrow dispensduring growth.

The flexibility of these approaches has been &urtexploited by using binary
ligand system, where two different complexing agenbleic acid QA) and
diisooctylphosphinic acidlMPPA), are used for the metal [97].

In this work, the role of these molecules are discand a detailed insight in particles
evolution from nucleation to growth stages by meaingV-Vis spectroscopy is provided
from size and number of particles variation dutiinge (see figure 3.17).

The general trend consisted in an increase ingb@artumber over the first 30 seconds from
the injection, and this can be considered the @atice period. Then, particles number
decreases and particles size increases over tlosvilo 400 seconds after which period
growth is almost concluded. Interestingly, the ltetalume of the precipitated phase does
not change in this second stage, thus the obsee®ease in particle number is not simply
dissolution of smaller particle but dissolution aredprecipitation on bigger particle as
typical of Ostwald ripening even if this process@ally occurs in the later stages of the

synthesis.
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Figure 3.17 Particle number and size evolution at differentTGPPA ratio with constant Cd:OA ratio
(Source : Van Embden et al. [97])

This scenario is quite different from the classaé proposed by La Mer and summarized
in Fig. 3.13. First of all nucleation period is f[moeged in time and not a discrete event.
This is likely to be caused by the continuous daseein temperature due to injection of
cool reagents which in turn acts to decrease dalubf monomer keeping supersaturation
quite high for nucleation over 30 seconds.

This prolonged nucleation do not cause howeverlyspersed ensemble of initial nuclei,
since the decrease in supersaturation due to manconsumption causes an increase of
the critical radius r* over time. Thus, at a giveme, previously formed nuclei with
smaller radius will dissolve while new nuclei tertdsa have a dimension similar to the
critical radius of that moment. As a result, it deargued that the nanocrystal population
will tend to have the same radius r*.

Also the stage following nucleation period is noherent with the classical view since
simple growth is not the only process but alsonipg seems to be present. The authors
refers to such anticipated ripening as Early TinfgeRing (ETR).

The picture coming out from this study shows thatleation, growth and ripening are
most likely to occur at same time.

While keeping the same nanocrystal evolution trendnber of particles and their sizes
were demonstrated to be highly dependent on the ¢ydigands used and their relative
amount. By keeping the same Cd:OA ratio and var{iiMiPPA content, an increase of
initial nuclei and final particle number and a d=ge of their size was observed. In the

following stage, the number of particle decreases ninor extent if moré MPPAIs used.
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Furthermore, ifTMPPAis added to a composition initially comprising p®A, particle
number decreasing is stopped soon aftdPPAinjection.

If OA content is increased while keepin@MPPA constant, smaller particle size and
number of particles are obtained.

The above results can be explained by the diffecembplexing behavior of the two
ligands.

TMPPA is supposed to bind more strongly to partstlface than to monomer in solution.
This leads to a greater driving force toward ppiation and particle formation and a
decrease of surface energy due to stable chertimorpond on particle surface. These
factors diminish the energy barrier of nucleatio ghe critical nuclei radius, resulting in
a greater number of particles and decrease of fiadicle size. ThugMPPA can be
considered as a “nucleating agent”.

On the contrary stability of cadmium oleate compleihe solution phase is believed to be
higher with respect to the TMPPA counterpart. TS acts as a solubilizing agent,
lowering the effective supersaturation and indu@agicle number decreasing to be more
pronounced and particle sizes to be larger. Far riason it is referred to as “ ripening
agent”.

A combination of the two ligands has been veriftedprovide the best conditions for
highly reproducible size tuning in the 2.4-5.6 nnandeter range while keeping
monodispersion.

The discussion has so far dealt with synthetic remvinent effect on nucleation and
growth, without considering the chemistry behind ginocess.

The simplest view which can be suggested implieaptex thermal decomposition and
further reaction of cadmium with selenium.

Recent studies by Alivisatos et al. [98] shed tligh the mechanistic aspect of
reaction between phosphonate and oleate cadmiunpleres with selenium complexed
with phosphines.

Cadmium complexes were prepared by heating cadmokide (CdO) in presence of the
complexing agents. The reaction with oleic acidrupeating occurs with release of water,

as described from the following reaction :

CdO + 20A~> Cd(OA), + H,O

An analogue reaction occurs with phosphonic acid.
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The reaction leading to semiconductor monomer CQu&ebeen suggested to be initiated
by an elettrophilic attack of the chalcogenideha P=Se bond by the cadmium atom and
a concomitant nucleophile attack of the phosphoroeister by an oxygen from the
carboxyilic or phosphonate groups. This leads ¢ahge of the P=Se bond to form CdSe
and formation of trialkylphosphine oxide.

Among reaction product it was found also anhydriafesleic acid or phosphonic acid. The

suggested reaction scheme is depicted in figui& 3.1

CdX,
ﬁe CdX %é — = (CdSe A E |
B 2 il e . o .\'Iﬁ
R \RR R,F{-HR R
R= CSH1? or Cqu 0 o 0o
R = Cy47H sy ; o ,
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o Pl N - .-
X= 0o R R™ fo( O R
OH OH \R" , OH
MX, |1 n=012.

R._;;_i.{-FI;{ Hypothetical tranzition state

X

Figure 3.18 Proposed reaction scheme leading to CdSe formatidrsupposed transition state (Source :
Haitao et al. [98])

The kinetic of this reaction has been studied a@snsidering sulfur and tellurium as
chalcogenide and zinc as metal. It was found teattron kinetic increases in the order
S<Se<Te and Zn<Cd, which can be related to thelisgadf initial complexes.

Thus, the rate of P=Se bond cleavage is likely raportant step in determining the
following nucleation and growth stage, since avwaiBdSe monomers are determined by

the above-described reactions.
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3.3.3 Core@Shell NPs synthesis

As far as shell synthesis is concerned, sevesakscan be in principle considered
to get the desired properties [63].
The main goal in shell growth is to obtain unifomefects-free coverage of core particle.

In order to achieve this, three main obstacles ned& overcome :

- too high monomer solubility and low reactivity
- too strong binding of ligand to particle surface

- homogeneous nucleation of shell precursors

The role of complexing agents is fundamental toarhphe right solubility and reactivity
to ensure slow and uniform growth. This is partelyl true if highly reactive
organometallic precursors are used. However, if@oy ligands or metal-complex bonds
are too stable, shell growth can be prevented sdemosition become unfavorable.
Moreover, synthetic environment where equilibriunte adriven mostly toward
solubilisation can facilitate Ostwald ripening adefocusing or dissolution of deposited
shell material.
Increase in temperature can enhance reactivity re€yssors but at the same time it
increase solubility and cause ripening and lospasticle stability. Precursors reactivity
should be such that the temperature for slow anmam growth is not too high to cause
ripening and particle dissolution, but the highempbssible to achieve good crystallinity
and annihilation of possible structural defects.
On the other hand, ligands should not bind toongfisoto particle surface since this can
block reactive site for monomer in solution. In etlwords, particles should be not too
stable, but have labile ligands on the surface deanonstrated by Peng et al. [49], where
pyridine was used since it was known to bind weadklgadmium sites.
Finally, if monomer reactivity is too high or ligdntype and concentration is not
optimized, homogeneous precipitation of shell preaucan occur.
It is difficult to satisfy all these requirementadathe possibility to do that is obviously
linked with the progress in synthetic methods.

The first core@shell syntheses were based on aquealoidal chemistry at low
temperature [99]. Henglein et al. showed that PL-@ld be enhanced to 50% by
growing a Cd(OH) on CdS NPs. Also Brus et al. successfully depdsteS on CdSe
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particles [106]. Even if fluorescence enhancemeart atability were obtained, broad
distribution of cores and thin shells with poor staflinity due to low synthesis
temperature were typical.

The possibility to produce particles in non-polaigh boiling point solvents not only
allowed for semiconductor NCs with higher qualityt lalso brought to new approaches for
shell growth as demonstrated by Hines and Guyat€lio Core@shell structures with
improved PL-QY and narrow distribution were obtaineing organometallic precursors
such as diethyl zinc and bis(trimethylsilyl)sulpdidor ZnS shell growth [100]. This
synthesis was then optimized by Dabbousi et al. ¢gowing thicker shell and presenting
detailed structural data also reported in secti@P3

Further development of organometallic approachsteell growth has been achieved by
using solvent mixtures comprising amines, whichem@und to provide a good media or

particle stability during growth retaining good noalispersion [50].

The use of “greener” salt based precursor forl gvelvth was first introduced by
Mekis et al.[51] using b5 and cadmium acetate and Reuss et al. who syrgdesi
CdSe@2znSe with high PL-QY and stable emission pt@sealso in aqueous media [59].
The use of less reactive monomer led to higherrobmf shell growth, even if good
precursors for ZnS shell other than organometphecursor are difficult to find since zinc
complex tend to be less reactive with respect timgam ones [107].
Salt based precursors in non-coordinating solverevadopted by Li et al. employing the
SILAR method for CdSe@CdS patrticles [55]. In thistpcol, the chalcogen and metal
precursors are alternatively injected and allone@dsorb on particle surface in order to
minimize the risk of homogeneous nucleation sinkeirt coexistence in solution is
reduced. The method also allows for monolayer bynatayer deposition with the
possibility of finely tune the composition of thieetl and surface stoichiometry.
Multiple shell CdSe@CdS@ZnS systems were then egimdd employing greener
precursors for CdS and diethyl zinc for the finaydr. SILAR approach was further
developed for “super” graded shell of the CdSe@ CE8{@/n, s S@ZnS employing only
oleic acid as comlexing agent for both zinc anchuad [67].
Such methods have been recently used for syntlgsisdSe@CdS@zZnS for lasing
application by Jaseniak et al.[17]. Van Embden.atlao employed the SILAR method for
CdSe@CdS NPs [63] by using the binary ligand approalready described in the

previous section. In this thesiSMPPA was used to complex cadmium since it is more
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reactive than cadmium oleate, but it tends to Isimdngly to particle surface and to cause
significant homogeneous nucleation. Addition@A help to enhance patrticle reactivity
aiding for the displacement GfMMPPA molecules out from surface sites. This results in
uniform coverage of CdSe core achieving optimizedddion for right shell monomer

reactivity eliminating homogeneous nucleation.

3.4 Experimental

3.4.1 CdSe Core synthesis and results

CdSe NPs were prepared according to the procethgeribed in ref [97], using
the binary ligand approach described in section23.3his protocol enables for size
particle tuning , good monodispersion and reprdullitgi. The procedure consists in
preparing a cadmium containing solutioBdO solution and a selenium containing
solution, Se solutionThe quantity of chemicals used are reported inld&.3, while the
synthesis set-up is described in Chapter 2. Thailddt procedure is described in the

following steps:

- A CdO solutionis prepared by adding cadmium oxide powder tolatisa of 1-
octadecene QDE) and oleic acid QA) or diisooctylphosphinic acidTMPPA
depending on the desired size ( see Table 3.3 ¢g.sbhution is degassed under
vacuum at 100°C for 1 hour and then switched toogén atmosphere using
conventional Schlenk line. The solution is thenteééao 300°C and held a this
temperature for two hours. A clear solution whdre tadmium oxide powder is
completely complexed is so obtained

- A Se solutionis obtained by weighting selenium powder in a glasd. Then
trioctylphosphine TOP) is added and complete dissolution of seleniurm@P is
observed. The solution is completed with the addibf TMPPAandODE.

- The coldSe solutionis loaded in a syringe and rapidly injected in tia Cd

solutionand the resulting solution is held at the growthgerature for 45 minutes.

48



Recipe Cd solution Se solution
Growth
Cdo OA TMPPA ODE Se TOP TMPPA ODE
Temperature
(mg) (9) (@) (9) (m) (9) (9) (@) .
(°C)

Cl 30 0,3 12 158 1.16 0.3 4.0 200
Cc2 60 1.5 12 37.2 1.16 0.767 3.55 230
C3 60 15 12 37.2 1.16 0.250 4.0 230

Table 3.3Employed compositions for synthesis of CdSe sytigheih the protocol described in ref.[97]

The evolution of particle diameter using recipesable 3.3 has been followed by optical
absorption measurements on aliquot extracted &reift time. The particle diameter is
calculated from the equation reported in tableah@ evolution during synthesis is shown
in figure 3.19 A, while the absorption spectrum tioe final particle around the band-edge

onset is reported in figure 3.19 B.
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Figure 3.19Particle diameter evolution during synth€si} and absorption spectra near the band edge
for final particle foe recipe€1,C2,C3 (B)

Thus particle’s size tuning is possible and quéproducible dimension are obtained by
simply varying the synthetic parameters and allgMor equilibrium dimensions to be
reached. RecipeS1, C2 andC3 allows for CdSe diameter of 2.65 nm, 3.35 nm airé 4
nm. respectively These sizes are not the same geeddiin ref [97] for the same
composition, but differences in experimental settamperature profile after injection and
minor growth times (45 minutes instead of 60 misuae€lopted to minimize the risk of
Ostwald Ripening) can account for these differencAsayway reproducibility of
dimensions are indeed quite good. A TEM mage chrdighe obtained from recip€2 is

shown in figure 3.20. A mean diameter of 3.2 +1nd has been estimated from TEM data
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and interplanar distances determined through FREEt(Fourier Transformation) analysis

are in good agreement with the wurtzite hexagoimatsire.
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Figure 3.20 TEM micrograph of cores obtained from recip2

The band edge luminescence of as-synthesized em@particles is very low (lower than
1%) and a broad band at the red-side of then neak due to defect-state emission can be

observed, as shown in figure 3.21, for particlemioled from recip€1.

700 o

4 Band-edge luminescence
600 o \

500 o

400 o \

8004 / \ Defect state luminesence

| -
RN
mo-‘ J

0 _

PL intensity (a.u.)

T T T T T
400 500 600 700 800

Wavelength (nm)

Figure 3.21 PL spectrum of as-synthesized particles obtaineah flecipeC1

These core particles have been mainly used for@shell synthesis. Before shelling
protocol, cores must be purified to remove excegmntls and unreacted precursors. The
washing and extraction protocol is analogue to thported in ref [102] and it applies to
lipophobic coated particles.

The synthesis batch (about 20 ml in volume) ist fiocded in a separating funnel . A
methanol/chloroform equivolume mixture is then atideubsequently, methanol is slowly
added until the solution became turbid. At thisgetahe mixture undergoes phase-
separation due to immiscibility between methanal @DE. A particle-free bottom liquid
layer and un upper particle containing layer isitbbtained. The bottom layer is mainly a

methanol/chloroform mixture that tend to dissolggahds or precursors impurities, while
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the upper layer is mainly a chlorofol@DE mixture in which particle are stable. If some
acetone is added, particles tend to be more comtedtin the upper layer probably
because of the increased solubility @DE in the bottom layer. Once a clearly defined
phase boundary is achieved, the bottom layer adied.

This procedure is repeated at least two-times tporowe purification. The so-obtained

particles are stored under dark.

3.4.2 Core@Shell synthesis

3.4.2.1 The SILAR method

The method we decided to employ for core@shellr®gis has been first proposed
by Peng et al. [55] for CdSe@CdS, further develdpetews et al.[67] for production of
graded structures and used by Jaseniak et al. {d&7]QD synthesis for optical
amplification purposes.

This procedure relies on the knowledge of the nunalbel mean diameter of initial CdSe
cores in the starting solution. This is possible@tigh the relationships proposed by Yu et
al. [102] that correlate the first absorption peakparticle diameter and the particle
diameter to extinction coefficient.

Once these data are known, the method consist®uidmg the amount of shell material
precursor necessary for one monolayer growth. Tditian is such to alternatively
provide only one of the two shell constituentsaltay for their deposition on the growing
particle. Thus, two consecutive addition are resgliio grow a monolayer.

The moles to be added in one additibh,, can be calculated from the following

relationship, which is based on a spherical comimentodel for the shell.

ar Yo,
Eq' 3.24 Nshell = nCdSecore? ((R + r|\/||_)3 - Rg)) M—sthell

shell

Where N0 1S the number of CdSe cores to be covered, Reigarticle radius before

monolayer growth s is the monolayer thickness of the bulk semiconatuctaterial to be

depositedshen and MW are shell material’s density and molecular weidlitese data
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for semiconductor materials of interest are giveriable 3.4. The monolayer thickness is

here assumed as half the lattice constant ¢ oftinizite structure [63].

CdSe Cds ZnS CdsZngsS
rve (nm) 0,35 0.335 0.31 0,322*
Pshen (Kg/m?) 5.81 4.82 3.98 4.61*
MW ghen (gr/mol) 191.37 144.47 97.44 120.9

* Lattice parameter estimated from linear interpotaidegard law) between CdS and Zns lattice constant.
Density is then estimated from this unit cell pagtens

Table 3.4 Material's data for semiconductors of interest [[JLO3

This method allows for monolayer by monolayer gtowthose composition can, in
principle, be finely tuned. In the work of Mews [6#t was shown the possibility to tune
the composition of the shell from CdS to ZnS withistermediate layer of ZRgCd) sS.

In the present experimental activity, two typestofictures have been targeted.

The first comprises a shell structure composed ML2f CdS and 2 ML of ZnS ( referred
to as theCSSsystem), while the second is composed of ML of (GIBIL of ZnS$ sCdy sS
and 2 ML of ZnS ( referred to &8SSSsystem). A schematic representation is given in
figure 3.22.

CSS structure CSSS structure

Figure 3.22 Schematic representation of tar@8SandCSSSstructure
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3.4.2.2 Core@Shell synthesis procedure

The first stage is the preparation of CadmiumrmcZand Sulphur precursors for

shell growth. The procedures for precursor’s prafan is given below :

Sulfur precursor(S-ODB : 96 mg of elemental sulfur are loaded in 50 hnké-
necked flask with 30 ml dDDE for a concentration of 0.1M sulfur. The solutien i
heated under vacuum at 100°C for one hour. The stheye is then switched to
nitrogen and the temperature is brought to 180%C3fbminutes. The solution is
then allowed to cool and switched to vacuum whentémperature reaches 100°C.

At room temperature the flask is again filled wititrogen.

Cadmium Precursors two cadmium solution,TMPPA-Cd and OA-Cd were
prepared using eith@MPPAor OA as complexing agents respectively.

0,38 g of cadmium oxide are loaded in a 5@hmde-necked flask with 3.48 g

of TMPPA or 3.38 g 0fOA and 26.19 ml oODE giving a metal concentration of
0.1M and OA/Cd or TMPPA/Cd of 4. The solution is heated at 100°C under
vacuum for one hour, then the temperature is rais&90°C for 2 hours, obtaining
a clear solution. The solution is then allowed ¢oladown to 100°C and put under
vacuum for degassing and eliminating residual moést released from
complexation reaction. The solution is then allowedcool at room temperature

and stored under nitrogen.

Zinc precursor(TMPPA-Zn : 0.24 g of zinc oxide powder are loaded in anil0
three-necked flask with 3,48 g ®MPPA and 26.19 ml ofODE giving a metal
concentration of 0.1M and BMPPA/Znratio of 4 . The solution is heated at 100°C
for 1 hour under vacuum and then heated to 310°@emumitrogen. Since
complexation reaction is quite slow, the solutisrkept at this temperature for 4
hours. It is then cooled to 100°C and put undeuuat for 30 minutes and further
heated to 310°C for 4 hours. The resulting solutsoquite clear and is allowed to
cool, degassed under vacuum and finally stored rundgogen at room

temperature.
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In a typical core@shell synthesis, 1.2 g of octgtiemine ODA) and 2.36 g (3 ml)
of ODE are loaded in a three-necked flask and heatedrwatium at 100°C for 30
minutes. The mixture is allowed to cool at 40°C emdacuum. The atmosphere is
switched to nitrogen and 1.88nol of purified CdSe cores (in a mixture ©DE and
chloroform) are added.
The solution is again put under vacuum to remosgedwal traces of chloroform and then
heated at 100°C for one hour. Then core nanoceysted slowly heated to the initial
growth temperature at which the first cadmium preeu injection is performed. This
temperature depends on the diameter of the imiigd used.
In the present thes{S81 andC2 core particles (respectively obtained from synthescipe
C1 and C2 described in section 3.4.1) have been used. &brthe initial growth
temperature is 195°C, f@2 particles it is 210°C. This is due to the facttthmaller cores
tend to dissolve at temperature lower than biggesand stable initial cores are desirable
for further growth.
All precursors additions are performed using angeipump, setting addition rates and
volumes in order to provide the necessary amoupr@&tursor’s solution in 5 minutes for
the first three addition and in 10 minutes for tAmaining ones. The amount of precursor
for each addition is calculated as describe inptleeeding section and a 10% excess metal
is used in order to account for non complete reaatf all the monomer added as suggest
in ref. [63]. The final addition consists in zincepursor since a metal rich surface ensure
better photostability [104] and easier cappingrdj@xchange procedure, as discussed in
Chapter 6.
Precursor’s addition temperatures are progressinehgased during the synthesis and are
reported in table 3.5. Reaction times occurringveen the beginning of two consecutive
additions were equal to 10 minutes for the firse¢haddition, while in the remaining
synthesis 20 minutes are allowed for metal reacmh 30 minutes for sulfur reaction.
The CS particles are then cooled at 200°C and &uhaathis temperature for 1 hour.
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CSS structure 2 ML CdS 2 ML ZnS

Starting cd s| cd s| zn S zvlu q n
core
Temperature | C2 core | 210 210] 220f 22 239 23 240 2§0 2jo
(°C) C1core | 195] 210] 220] 22d 23 23 2o 2}o ko
B
CSSS structure 2 ML CdS 3 ML C@ ZngsS 2 ML ZnS
Starting Cd| s | cd S cdzrl s| cdzn t cdgn  |s 7N s |zn S

core

Temperature | C2 core | 210 | 210| 220] 224 230 23p 239 230 230 430 p40 P40 |2200| 240

(°C) Clcore| 105| 210 220] 22 230] 23p 23] 2jo 290 430 p4o psao [2ze0| 240

Table 3.5 Reaction temperatures during cadmium (cd), suffaad zinc (zn) addition stages for CSS (A)
and CSSS (B) shell growth

The batch is then cooled to 60°C and 20 ml ofrigpanol are added to cause flocculation.
The particles are centrifuged at 6000 rpm for 5utés and redispersed in chloroform.
Another purification round is performed by addimgthanol and centrifuging the particles
at the same conditions. Finally the particles aspatsed again in chloroform and used for

further capping ligand exchange as describe in @n#&p

3.4.2.3 Results and discussion

In the first attempts to produce CS structures,tied to reproduce the Mews
recipe which employs only oleic acid as complexaggnt. We couldn’t reproduce that
procedure since it resulted in broad distributiendeduced from optical spectra due to
excess ripening of the particles. This can belaited to the use of oleic acid which is
likely to induce excess monomer solubility and thpsning.

For these reasons we moved toward the us@MMPA which was demonstrated to
enhance particle stability. Furthermof&PPA complex are more reactive being this a
desirable condition. The complexing agents to meettdd was also changed from 8:1 to
4:1 to raise monomer reactivity. Greater reactiviligo enhance the probability of
homogeneous nucleation of shell material. For teéson we decided to employ a drop-

wise addition of the precursor, in order to avaigeysaturation build-up.
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To grow the intermediate alloy layer we uséd-OA as metal precursors, in order to
balance the reactivity of zinc and cadmium. In faadmium precursors are more reactive,
thus in this step we use@A since it lowers reactivity of cadmium with the aioh
depositing zinc and cadmium with the same ratethdnCdS layer growth théd-TMPPA
precursor was used.

Solvent mixture QDE + ODA) was kept since it has been shown to offer goadilgty
[55] and good growth of monodispersed patrticled.[B0fact, only small dissolution was
observed from optical measurements comparing startiore particles with particles
heated at the initial shell growth temperaturehis solvent mixture.

Finally also the CSSS “super graded” structure metained in these first attempts and the
3.2 nmC2 CdSe core was employed in this shelling procedure.

Using these conditions the first batch of core Igbesiticles was obtained.

Aliquots were extracted from the solution after thdditions necessary for CdS,
CdysZne 5S and ZnS (after the annealing step) and useddEM @nd optical measurements
The TEM micrographs for each of this stage are shiowiigure 3.23.

CdSe CdS CdSe CdS GgdzZn, S CdSe CdS Cd sZn oS ZnS

Figure 3.23 Bright field (top) and HR-TEM (bottom) images ofrpieles extracted from batch solution at
different stages. Cd-OA was used in the intermedilidged layer
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Dobs 20 DExpected .
Sample Phases (from FFT-HR TEM analysis)
(nm) | (m)
CdSe CdS 51+0.9 4.52 CdSe + CdS + CdSS s
CdSe
71+1. 4 Z z
Cd05ZnO5S +1.3 6.46 CdSe + CdS + Cd3sSo5+ ZnS + Cdh7ZNng3 S
CdSe
CdoZNosS 85410 770 CdSe + CdS + Cds’%ﬁg ZnS+ Cdy7ZNngsS +
ZnS

Table 3.6 Observed and expected diameters along with pesagisignation of phases detected from FFT
analysis

Diameters of the particles are seen to progressiwvedrease. FFT analyses was also
performed to get interplanar distances. From tldase it was possible assign the different
phases present in a single particle, which are sanzed in table 3.6.

In the CdSe CdS GdZnosS stage the particles resulted to be anisotropithis case the
mean value between long and short axis was assumétke other cases almost spherical
particles were obtained.

In table 3.6, there are also reported the expediagheters (Bypected €Stimated from a
concentric shell model using monolayer parametersable 3.4 and an initial CdSe core
diameter of 3.2 nm.

The observed diameters are consistently greater tine theoretical ones. This can be
related to ripening of the particles or to presenfeunreacted precursors from core
synthesis due to non complete purification. Sucheacted precursors (cadmium and
selenium) can deposit on growing particle incregsihe diameter. Furthermore, the
growth most probably is not epitaxial since a létreflection attributable to different
phases are detected, while pure epitaxial growthlaveesult in reflection attributable to
only one structure. The absorption and emissioctspénormalized for the absorption at
the 480 nm excitation wavelength) for starting C@8ees and final core@shell particles

are presented in the figure 3.24.
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Figure 3.24 Absorption and emission spectra for CdSe coresh@thtine) and core@shell (solid line) in
chloroform obtained using Cd-OA in the intermedialley layer

Fluorescence quantum vyield is consistently enhangedo almost 40%, showing an
effective influence of the shelling procedure. Atbe resulting absorption and emission
features are quite narrow.
Anyway, this procedure is not satisfactory sinceaésn’t provide homogeneous coverage
through all the stages ( anisotropy is observethdwsynthesis ) probably due to presence
of different ligands, epitaxial growth is not foled and ripening is very probable which
can be favored by presence of oleic acid. Thus,leynent of two type of ligands does
not seem to be beneficial.

For these reasons we moved to a synthesis empgloginly TMPPA as capping
ligand.
Further, we decided to test both CSS and CSSStsteuon CdSe core with two different
diameters, in order to understand the effectivennéss alloy layer and the possibility to
obtain different color with core@shell structure.
The procedure for the synthesis is the same ufteshe use ofCd-TMPPAalso in the
alloy layer in the CSSS structure synthesis. Th8e&Ccbre employed were the 2.65 @
particles and the 3.2 n@2 particles as described in section 3.4.1. Theselesmwill be
referred to a€1-CSS C1-CSSS C2-CSSandC2-CSSS
TEM analyses were performed only on the fi#SS and CSS core@shell particles
employingC2 CdSe core (see figure 3.25).
In this case, from FFT analyses G6&8Sparticles it is possible to conclude that about 70%
of particles shows one single reflection, while tieenaining particles shows different

reflections which could be attributable to the sgrhase reported in table 3.6.
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The same holds true for the CSSS particles unhegonly 30% of the analyses particles
shows only one reflection.

These data suggest a better epitaxial growth ofethramples if compared with the
previous one.

From comparison of observed and expected diameteran be observed that in this case
lower experimental values are obtained than thepeated (see table 3.7).

This suggests that the reactivity of some precsré®mot high enough to deposit shell
material completely.

To have a deeper insight on this problem, the sipglrticle composition measured with
Energy-Dispersive X-ray Spectroscopy (EDS) techaiguring TEM measurement has
been taken and presented in figure 3.26 as theiatatios Se/Cd, S/Cd and S/Cd. These
data are also compared with the theoretical onksileted from a concentric model and

presented in the bar graph in the same figure.

C2-CSSS (CdSe CdS G@Zn ¢S ZnS
structure)

C2-CSS  (CdSe CdS ZnS structure)

Figure 3.25 Bright field (top) and HR-TEM with FFT analysis @m) data of samples C2-CSS and C2-
CSSSS employing only TMPPA as complexing agent
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Sample

Dobs o

(nm)

DExpected

(nm)

CdSe CdS znS (CSS)

5.2+08 5. 77

CdSe CdS CgiZnosS ZnS (CSSS)

7.3 %0.

D 7.70

Table 3.7 Observed and expected diameters are reported tatieebelow

C2-CSS C2-CSSS

Expected
Observed Expected Observed
for C2-
Values for C2-CSS Values

CSSS

Se/Cd 0.4 0.33 0.1 0.16
S/Cd 1.1 2.03 1.4 2.59
Zn/Cd 0.7 1.36 0.6 1.75

Atomic ratio

I

ﬂ JUITEI)

24
22

2,04

18
16
1.4
1,2
1,0

0,8
0,6

04
0.2
0,0

Se/Cd| |

Es/Cd
I Zn/Cd |

T
Observed

T T
Expected C2-CSS Expected C2-CSS with 1ML ZnS

Figure 3.26 Observed and expected atomic ratios for a singtéigke. In the bar-graph observed values
are represented with those expected for C2-CS$tstmuiand C2-CSS structure with only one ML of oute

ZnS

As it is evident, the atomic ratios does not fitwihe theoretical values for the targeted

desired structures. In particular, mainly sulfud anc seems to be in a lower amount than

that predicted. In the case of t@8Sstructure, experimental data seem to be in acocela

with a particle where the outer ZnS layer is nomptete and consists in only one

monolayer. Thus, it can be argued that after tip@siéion of one monolayer of zinc,

the particle do not grow further, probably duedssl reactivity of the zinc site on particle

surface toward sulfur.
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Figure 3.27 Absorption and emission spectra of particles etduring the synthesis of core@shell
nanocrystal with different targeted shell struct(@&SandCSSS on different core@1 andC2). For CSS
structure A, B and C refer to CdSe core partickdSe CdS and CdSe CdS ZnS synthesis stages
respectively, while for CSSS structure A, B, C &hdefer to CdSe core, CdSe CdS, CdSe CdS«Zd o5

ZnS and CdSe CdS CdS g£n o5 ZnS respectively.

CSS CSSS
AlB|Cc|A|BfC|D

PL-QY (%) 15 48 44 15 43 40 38
Aem (NM) 577 | 611 | 609 | 577| 609 626 62
starting
core
PL FWHM
30.2 27.4 29.9 30.2 27.4 28.p 306
(nm)
PL-QY (%) 18 48 48 18 51 53 57
Aem (NM) 538 588 588 538 585 617 609
starting
core
PL FWHM
27.8 27.3 27.4 27.8 27.4 29.p 288
(nm)

Table 3.8 Fluorescence quantum yield (PL-QY), emission peasitipn and emission peak width are
reported
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This point will be discuss later on in more detals for theC2-CSSS the real structure is
more difficult to estimate from compositional dagace zinc is introduced in the synthesis
also in the earlier alloy layer stage. In any c#sis, possible to conclude that a thick ZnS
layer is not present in the real structure, whidula be desirable in order to have stable
nanocrystals.

Optical characterization has been carried outhmsd samples and presented in
figure 3.27 and table 3.8.
The absorption and emission peaks are observelifta@vard longer wavelengths after
deposition of the CdS and G@dZn oS layer. This is due to the incomplete electronic
confinement offered by this materials toward Cd&g,described in section 3.2.2 and
extensively studied in a recent work by Van Embeleal.[105].
Not only the first absorption peak is shifted withe shelling procedure, but also the

absorption profile result to be changed, as clestitywn in figure 3.28.

45
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=: 3,0

8 C1-CSSS
® 25
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Figure 3.28 Absorption spectra for the CdSe@Sample obtaingtisnwork. Spectra are normalized at
the band edge. (C2 CdS sample refer to C2 coraed\sy two ML of CdS)

It can be seen that after normalization of the giigm at the band-edge, the cadmium
sulfide layer causes an higher absorption at smalkvelengths with respect to core
particles. This effect is slightly enhanced withe tAnS layer and it is much more

pronounced for structures comprising the alloy taye
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This effect is explained by the increasing thicletthe shell material which absorbs at
shorter wavelengths ranges [105].

Fluorescence quantum yield is observed to consigtertreases from the very low value
of CdSe cores after the CdS shell and remain conatter the ZnS growth stage.

The difference in the size of starting cores alkmns for emission color tuning, as shown

in figure 3.29.

Figure 3.29 Emission from colloidal solution of orange-emitti@-CSS (left) and yellow emitting C1-
CSS (right) under standard UV-lamp illumination &4 vials are 1 cm in diameter and 6 cm height)

These particles have been successfully used inifedpstimulated emission applications
as described in Chapter 6.

The main problem encountered in those experimenssrelated with the poor stability of
ASE emission of the particles with time. A possitéeise of this behavior can be found on
the small thickness of the ZnS layer.

Thus we tried to increase the ZnS layer thickrimssimply increasing the amount
of ZnS precursors, with the aim of balancing thedoyield of the reaction leading to ZnS
formation by extending the SILAR procedure withtfigr additions of ZnS precursors
equivalent to 2 ML of ZnS on thHe2-CSSpatrticles.

TEM analyses were performed on these particlesevehled a slight increase in diameter
to 5.6 £ 0.7 nm (still much lower than the expecieg? nm value ), but the composition of
the particle was almost unchanged with respe@2dCSSsample, indicating that further
growth was limited.

An explanation of this effect can be related tocanario in which the zinc-rich surface
obtained after the first zinc precursor additionas so reactive toward the sulfur precursor
used. This can be attributable to the presenddi?PAas stabilizer on the surface which

has been argued to bound strongly to metal suddes [97], limiting particle reactivity
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and stopping particle growth after initial stagésis is not the case when growing the CdS
layer, since cadmium precursors are much moreiveact

For these reasons we tried to employ a more reastifur precursor in order to balance
this effect.

Thus, maintaining the same SILAR procedure we ¢uibsti S-ODE with (TMS)S
dissolved inODE. In these attempts, slightly larger CdSe coreiglagt thanC2 samples
were used with a 3.57 nm diameter (as estimateu first absorption peak position).

The first attempts resulted in coarsening of thetigdas with broader size distribution, as
deduced from increased absorption linewidth. Thusomered the growing temperature in
the final ZnS to 230°C.

In this case we obtained particles with a good PL-®¥3%, even if the some ripening
was still observed. TEM data are shown in figu03and table 3.9.

Figure 3.30 TEM images for core@shell particles with a CS§eastructure on a 3.57 nm CdSe core

Dops £O DExpected
(nm) (nm)

6.1+p.8 6.15

Sample

CdSe CdS zZnS (CSS) on 3.57 nm cor

D

Table 3.9 Obserrved and expected final diameters are regantthe table
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In table 3.9 observed and expected diameters pogteel analogously to previous samples.
In this case good agreement between these valuwddamed suggesting for obtainment of
the desired structure, even if zinc content seenieetstill slightly lower than the expected
one. This is further suggested from compositiom@adeported in figure 3.31, which are in

good agreement with the expected values calcufedeta concentric model.

A
=3

3.57nm CdSe-CSS ] (IS
1,6 4 [[T1T1 Zn/Cd
Expected for 3.57
Observed Values 144
nm CdSe-CSS o 12
Se/Cd 0.4 0.36 T SR = — 1
g 08
S/Cd 1.4 1.87
04+
Zn/Cd 12 1.23 E E
00 T

T
Observed Expected 3.57nm core-C

Figure 3.31 Measured and expected composition for single cone@particles with a CSS target
structure on a 3.57 nm CdSe core using (TJ8%)s sulphur precursor for ZnS shell growth

The presence of ripening may suggests that sudfdepositing on the particles, since no
stabilizer for sulfur is present in the reactiosteyn causing an increase of surface energy
and Ostwald ripening kinetics. Even if ripeningais adverse effect to be avoided because
it indicates instability of particles in some stag@ our case it can be related to the desired
enhanced sulfur precursor reactivity. In any caseher optimizations are necessary also
taking into consideration zinc precursor readgjivit

Optical data for these particles are summarizdayure 3.32.
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Figure 3.32 Absorbance and PL spectra core@shell particles sgizibd employing (TMS$ for ZnS
shell growth
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The luminescence emission is at 623 nm and thenatd quantum yield is 30%. The
FWHM PL peak width is 34.3 nm, slightly larger thaalues reported in table 3.8. for
previously synthesized particles, due to the alehscussed ripening phenomena.
Interestingly, the capping ligand exchange desdribeChapter 6 worked only if Zn
(Acetate) was introduced with the amino-functionalized malecused in the ligand
exchange. This is because these particles likelylted in a sulfur rich surface which is
not good for binding with amines, since amines limdhetal sites.

These patrticles have been used for ASE experintemsprove particle stability.
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Chapter 4

TiO , nanomaterials: Synthesis and
Properties

4.1 Introduction

Titanium dioxide (TiQ) has advantageous physical and chemical propettas
makes it among most used and studied oxides fensfic and industrial purposes.
It is cheap, chemically stable and non-toxic in bwk state (toxicological effects of
nanoscale Ti@is not yet known).
Titanium dioxide has been largely employed as whitgnent and used as material for
dental and orthopaedic implants due to its biocdribisy.
From the application point of view, the most impmoit property is represent by the
semiconducting behavior of this material. This nsakean ideal material for photovoltaic
application in dye-sensitized solar cell fabricatj@r?], gas sensing [3,4], low temperature
oxidation of carbon monoxide if used in combinatieith gold [5,6,7] and electrocromic
devices [8].
The possibility of optically exciting titanium diale with UV radiation along with its
catalytic properties justifies its wide use in pieatalysis. Water treatment by oxidation of
organic impurities in presence of TH@ a common example. These properties are related

to the ability of generating hydroxyl radicals pessing strong oxidising power [9,10,11].

Titanium dioxide is an interesting material aleo dptical applications.
This is due to transparency in the visible speategion, UV absorption properties and
high refractive index.
The wide range of processing methods developedasantikes it very attractive for
photonic applications.
In particular, colloidal syntheses allows toobtasmometric particles which can be used

for functional nanocomposites [12-14], optical @& in which high refractive index
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materials are required such as optical waveguiBesgg reflectors and optical micro-
cavities [15-20], and materials with controlled mploology exhibiting porosity in the
nanometer scale with large surface area suited hiotoghemical or electrochemical
applications.

In this chapter, the synthesis and processingldidal TiO, based nanomaterials
is presented, while their application will be désed in Chapter 5.

Two basic types of materials have been addres3e@,: colloidal nanoparticlesn the
anatase crystal structure alayered titanatesonsisting, in their dried powder form, of
nanometric layers with general composition {@im:j]> stacked in an ordered layered
fashion with a cation intercalated between thergye

Layered titanates have been studied [21-25] andl @se precursors for titania with
controlled morphology and crystalline structuree3é& compounds are also very attractive
due to optical, photochemical and electronic proger Furthermore, ion-exchange,
intercalation of functional organic molecules andgbility of hybrid assemblies can be
applied to titanates materials [29-39].

Very interestingly, UV irradiation has been shownm lie a useful tool for material
modification allowing for densification strategiggferent from heat treatment [40,41].

In the first part of this chapter, a brief survefythe general properties of these
materials is presented. In the experimental phd, dynthesis and the results regarding
TiO, anatase particles are first described. Layereddits synthesis and results are then
described.

For clarity, layered titanates are further dividied Tetramethylammonium hydroxide
(TMA-TIi) and 6-amino-1-1hexanol derivedH-Ti) titanates, which differs in the reagents
used for their synthesis, in the structure and gssitig behavior.
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4.2 Properties and Synthesis of TiQand Layered Titanates

4.2.1 Titanium dioxide NPs: Properties and Synthes

Titanium dioxide exists in three major polymorphstile, anatase and brookite. The most
thermodynamically stable phase at ambient condisantile which is the common phase
of titanium dioxide found in nature.

Rutile and anatase have tetragonal unit cells,enfribokite has an othorombic structure.

The structures are shown in figure 4.1, while nawtailed data are reported in a table 4.1

Figure 4.1 Structures of anatase (A), rutile (B) and brook@ TiO, polymorphs

RUTILE ANATASE BROOKITE

Structure Tet Tet Orth
Unit cell
a 4.584 a 3.783 a 5.472
parameters (A) [42] b 4584 b 3.783 b 5.172
c 2.953 c 9.497 c 9.211
; 3
De”S'[th(]Kgl ) 4.26 3.84 417
Band gap (eV) and 3.0eV 3.2eV 3.4eV
optical absorption
onset (nm) [44,45] 410 nm 385 nm 365 nm
Refractive index Oc axis 2.609 [ caxis 2.561 [Jc axis 2.583
(in the visible
range)[43] Il c axis 290 /I caxis 2.488 /I c axis 2.70

Table 4.1Main data for TiQ major polymorphs
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The most opened structure is that of anatase,tigguh the lower density if compared to
other polymorphs. The thermodynamic stability ofre@hase has been showed to be size
dependent [47]. Rutile is the most stable for pletsize above 35 nm, brookite in the 11-
35 nm range and anatase below 11 nm. This belraisodue to the different surface
enthalpy being larger for rutile and lower for aasa.

The titanium atoms in TiQexists the 4 oxidation state with neighbouring oxygen atoms
in the octahedral coordination. Thus, the basi¢ imtitanium dioxide is an octahedron
and the way these units arrange themselves gisesaidifferent polymorphs.

In particular, in the rutile structure octahedraits share all corners and only two edges,

while in the anatase structure they share all esraed fours edges in a “zig-zag” fashion.

o — 0 —

Girowih unit for nanile

Corowih nit for anasise

Grawth unit for brookite or amtuse

Figure 4.2 TiOg octahedral units arrangement in rutile (A), are@) and brookite (C) (Source [92]).
Growth schemes resulting into growth units of diéfg TiO, polymorphs (D) (Source : [48])

In figure 4.2 D, the growth units for different wttures arising from different
arrangements of octahedral units is shown [48]c&ime way titania octahedra bonds to
each other is dependent on synthetic parametarsettson why different phases can be

obtained with different synthesis is apparent.
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Different structures can be easily distinguishedardy through XRD diffraction analysis
but also through Raman spectroscopy. Raman patieens fact completely different for
each phase. Furthermore XRD can be used to estagieles size through the Scherrer
formula. In figure 4.3, XRD diffraction patterns ofery small TiQ crystals whose

dimensions were measured by TEM analysis [52] laoavs.

2R =1.5nm

sl N—

2.0 nm
;./\V

T T T T

2.5 nm

A

{101}

20 30 40 50 60
20

3.0 nm

Figure 4.3 XRD diffraction patterns for very small TiO2 NCso(@ce : Monticone et al. [52])

Also Raman peak broadening and position are depedeparticle size [49], allowing for
convenient use of this technique for particle’srgjz

The main optical properties of titania are tramepey in the visible range, UV
absorption and high refractive index (values regmbrh Table 4.1).
The band gap is in the UV (see Table 4.1) rangecandbe enlarged by size quantization
phenomena occurring for sufficiently small partisiees.
The exciton Bohr radius, as defined in Chaptera3, Ibeen estimated to be very small for
titanium dioxide, in the range of 0.75-1.90 nm][60as small as 0.3 nm [51].
Furthermore, small band gap shifts with respec¢héobulk value has been measured even
for 2 nm particles and in general band gap shiftaler than 0.5 eV have been found.
Thus, size quantization for titanium dioxide is rextpect to have a striking effect on

optical properties, unless particle’s size is v@nall, at least below 1 or 2 nm [52].
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Various synthetic approaches are available for, TMIP’s synthesis [53 and ref.s
therein] including direct oxidation, aerosol pysidi, physical vapor deposition, and
solution chemistry. The latter is the most intangstrom our point of view since it allows
to obtain of stable colloidal sols consisting ofrerely dispersed particles which can be
processed and used in optical applications or whetarge surface to volume ratio is
needed.

Sol-gel chemistry plays a crucial role in theserapphes, where titanium halides (as
TiCl,) or titanium alkoxides are used as precursors.

In hydrolytic syntheses, these precursors are figsirolyzed and then condensed to give
the oxide network.

When these molecules interact with water withoubppr tailoring of the synthetic
parameters such as pH and temperature, titaniumoxigies with a certain degree of
condensation are obtained in the amorphous staje Thé easiest way to crystallize this
material is to heat it up (i.e. 400°C-500°C) andatase is generally obtained which
undergo coarsening of the grain size. Obviouslyh&mr processing is limited by the high
degree of aggregation preventing obtainment aduasarent colloidal sol.

Large crystals or particles without structural défeand with good crystallinity can be
achieved by hydrothermal synthesis where temperatam be consistently raised up, even
if large aggregates are usually obtained whose &k morphology can be tailored by
controlling a great number of synthetic paramet¢id,48,55,56,57,58,59,60,61].
Nonetheless, optical applications are not possilitle such products, since light scattering
from large crystals or aggregates do not allowtrf@nsparency.

Also non-hydrolytic routes are available for syrdiseof small and non-aggregated
particles [62], but they are not here describeck l@nce they are not relevant for the
present work.

Hydrolytic synthesis will be briefly described inder to put in evidence the synthetic
conditions necessary for (a) having a crystallingtemal just in the solution synthesis
stage and (b) a non-aggregated colloidal statedf srystalline domains.

It is generally accepted that acidic conditions aezessary to have the formation of
crystalline titania particles [54,63-67].

In highly acidic media, the pH is well below theoeédectric point resulting in highly
protonated titania particle surfaces. Highly acidandition leads to solubilization of the
initial amorphous hydrolyzed product. It is argudtht in these conditions titanium

octahedra are present as single units which rgptat@ by reciprocal condensation.
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Sufficient solubility and structural rearrangemengiven to the system to evolve from the
amorphous state.

Since crystalline phases are more stable (and nasshsoluble [68]) than the amorphous
phase, crystalline nuclei formed by reprecipitatmocesses would remain stable and
further undergo growth processes.

The crystalline phase which is obtained under tleeselitions strongly depends on the pH,
anion type present in the solution and synthesmpézature [55,61,69].

The general (simplified) formula describing theustural titania unit can be written as
Ti(O)a(OH)s(OH,)6-a-b [66,64]. In acidic condition this is reduced tq@H)s(OH,)e.a With
the number of OH decreasing with increasing pHg158]. Furthermore alkoxy groups
can still be present if the hydrolysis has not pestto completeness.

Condensation happens between two Ti-OH groups férdnt octahedral. Thus, the
suggested scenario is that species comprising i@étewill preferentially give rise to
anatase structure since bond through edges ofiguhits is favored, while more acidic
conditions limit OH presence in the coordinationlsbétitanium leading to preferential
corner condensation and minor edge condensationileRigt then formed in these
conditions.

In presence of anions, such as chlorine, titaniumt undergoing condensation may
comprise also these species in its coordinatiorrgptaffecting the way octahedral units
are condensed and the resulting phases [49].

Beyond the above described considerations, otlgemaents can be assumed to explain
phase dependence on process parameters which steadnrelated to reaction-rate
concepts [54,64]. If condensation rate is quite ,lothhe formation of the more
thermodynamically stable phase is preferred simig is expected to have the lower
activation energy of nucleation. Higher precipttatirates can results in the metastable
anatase phase since the way ¢lfond to give anatase is statistically favored wibpect
to that resulting in rutile (edge bonding is morelable during octahedral collision than
corner bonding [70])

Thus, higher temperature may favor anatase formatmmle lower temperature (and
longer times for crystalline phase formation) maguits in rutile, as schematized in figure
4.4,
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Figure 4.4 Effect of temperature on precipitation time andstajline phase ( Source : Gopal et al. [64])

The above-described arguments are related to iysya without taking into account the
colloidal stability of the obtained particles. A@dionditions obviously help in preventing
particles agglomeration through electrostatic rejoul, even if many of reported synthesis
end up with large particles precipitate.

Particle’s colloidal stability can be limited by foation of large particles (bigger particles
has higher attractive Van Der Waal forces), highidostrength (i.e. high electrolytes
concentration) and can be enhanced by the usebilising or complexing agents. The
latter approach has been used, for example, byh®aret al.[71] and Cozzoli et al. [72].
These methods can results in perfectly dispersedmatric crystalline domain, with a
protected surface.

Major disadvantages are related to organic molscatisorbed on particle surface which
can be detrimental if the particle surface is meariie the active interface for application
purposes. Furthermore, a non-negligible fractionogjanic material is bound to the
material, limiting the full exploitation of titanian optical applications such as
enhancement of refractive index (organic materisdse low refractive index) and
transparency loss (certain stabilizing agents dasors in the visible when complexed
with titanium).

In optical applications, transparent colloidal ¢ of small particles with high degree of
stability is required. Thus synthetic conditionedé¢o be adjusted in order to limit extreme

particle coarsening, assuring crystallinity and dirg aggregation.
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To the best of our knowledge, these aspects hase tensidered simultaneously only by
Nussbaumer et al. [73], who reported the synthekid nm (diameter) pure rutile phase
nanoparticles from TiGlin water. The process basically consisted in @ralrhydrolysis
step at low temperature (0-10°C) and further headin§0°C. The solution is transparent
for about 80 minutes and then it gets cloudy.

A mechanism of titania formation for every stagetloé process was suggested. The
hydrolysis of the precursors was argued to leagasitively charged mononuclear oxo-
hydroxo-chloride , TiQUOH),(CI)2*, which initially form oligomers through conderisat
Subsequently, these oligomers would bind togetbefotm particles consisting of an
highly crosslinked network. Particles evolution vaasalyzed through TEM and found to
be amorphous during almost all the entire heatteg.sJust before the solution become
cloud, particles become crystalline. There is alkmimdow-time in which particles are
crystalline and colloidaly stable at the same time.

During the heating stage, particles do not chahg& diameter and only an “internal”
aging process is argued that leads to further awat®n, higher crosslinking density and
rearrangement of the network toward greater orddrcaystallization.

The condensation during the aging process occursproduction of water and expulsion
of positive charges. The reduced charge due toesmadion has been suggested as the
reason why particles aggregate soon after densificand crystallisation, introducing
another element to be kept into considerationyi$tailisation and colloidal stability is
desired.

Influence of synthetic parameters was in agreeméhtthe concept introduced so far. For
example, increased acidity lead to larger timeotmservation of precipitation due to
increasing electric charge of the particle, whilereased temperature in the heating stage

leads to anatase product since this it is congididrestically favoured.
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4.2.2 Layered Titanates

Several types of layered titanates with differearhpositions have been studied.

Common titanates incorporate alkaline metal catimnachieve charge neutrality. Their
general formula can be written agTA,O.n+1 Where A represents the alkaline metal cation
intercalated in the layered structure.The layees a@mposed of [FDzn+1% polyanions
which arrange themselves in a stepped fashion@srshelow for a sodium trititanate and
potassium tetratitanate .These types of structgeseerally have monoclinic unit cells
[74,76].

Figure 4.5 Structure of potassium tetratitanate and sodiititatrate (Source : Izawa et al. [74])

Other titanates structures can occurs. For exanjp#mates with intercalated cesium
cations with general formula {8,40x4 O4 (0: Vacancy) have an orthorhombic structure
isomorphic to lepidocrocite ( a layered iron hydd=) [75].

Also in these structures the basic unit is thegld€ahedron.

In a titanate layer, a definite number of §i©ctahedra (depending on the type of
octahedral units) share edges to form a linearessmpiin the same plane. Each sequence is
joined above and below to similar groups by furtedge sharing, resulting in a zig-zag
ribbon structure. Finally, these ribbons forms thger by connecting through terminal
corners [77].

Thus, the TiQoctahedron share four edges with other units. Tégeag ribbon assembly
and the octahedron sharing four edges are alsowausi the anatase lattice.

These similarities can be observed just lookingRD diffraction data.

In fact, anatase XRD diffraction peaks correspogdim (200) and (213) planes (which
appears at 48 deg and 61 dépgdfraction angles if CuKa is used as X-ray sojiraee
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also observed in titanates diffraction pattern arel related to unit periodicities of the in
plane crystallinity of the titanate layer having @matase-like arrangement of constituting
titanium octahedra [25,28]. These peaks are noseptein the rutile structure since
octahedral arrangement is different.

A consequence of such structural similarity is #asiness with which it is possible to
switch from titanate to anatase. In fact, an in-sgarrangement is sufficient for phase
changing resulting in lower temperatures of anafaseation as compared with other
titania precursors. It has been found that acidirenment and low temperatures are
sufficient to induce phase change, which could xglogted to obtain very interesting

morphologies [77].

A scheme showing this phase switching is showiguré 4.6.

Figure 4.6 Schematic representation of phase switching frdayered titanate to anatase (Source : Zhu et
al. [74])

Layered titanates can undergo ion-exchange progedsere the pristine metal cation can
be substituted with Hproton exchanged), with other metal cation or vaithanic cations
such as protonated amines or ammonium cations.

XRD is a powerful tool to characterize these matsrsince the layer structure give rise to
diffraction peaks in the low-angle region whichresponds to interlayer distance.
Evolution of interlayer distance can be followed Ibgking to diffraction peak position.
For example, ion exchange of potassium tetratieanaith amines molecules with
increasing alkyl chain length results in increasimgerlayer distance in order to
accommodate larger molecule between titanate §i68189]. This process can be readily

followed with XRD diffraction analysis, as shownkigure 4.7.
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Figure 4.7 XRD data for potassium tetratitanate intercalatéth alkyldiamines with increasing chain
length from a to g. Progressive shift of the lowngle peak is observed. (Source : Airoldi et 88])7

In proton exchanged [23] or alkyl ammonium titaf@®¢ water molecules can also be
present between the layers, contributing to thd firtarlayer distance.

The use of alkyl ammonium molecules with titanates results in the formation of
colloidal solutions [25,36]. In such solution statéanates were demonstrated to be
completely exfoliated, that is in a single-sheatditon. This was proved by in-situ XRD
analysis of layer restacking upon drying. Beyontkerlayer distance, the number of
coherently stacked layer could be deduced from X8k width.

It was observed that with the ongoing of the drypngcess, broad XRD peaks at low angle
initially appeared which could be associated wibhnfation of a pair of titanate sheet
separated by a large interlayer of water moleculdss peak moves toward shorter
distances due to increasing water removal throwglp@ation. In addition, the number of
stacked layer increased from the initial pair reésglin narrow peaks indicative of good
crystallinity of the layered structure.

Since the initial XRD signal was attributable ttitanate layers pair, it is apparent that the
starting solution consisted of exfoliated layers.

Dynamic light scattering on similar titanate catlal solutions, but prepared in different
conditions, was used for measuring the diametehefobjects in the solution and it was

found to be 15 nm [22], probably indicating onlyrted exfoliation.
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Titanate nanosheets have been shown to have phalityca properties [81,40]. This

property can be used to remove under UV irradiatioyanic cations intercalated in the
layered structure resulting in interlayer contracti giving another possibility for

material’s modification.

These properties have been used for material’s frnation, as will be described in

Chapter 5.

Optical properties of titanate nanosheets have baelied [41,46,82] for colloidal
layered titanates obtained through exfoliation obt@nic titanates by ammonium
molecules. Both absorption features in the exfetlatolloidal solution state and in thin
film have been measured and found to present & lalge-shift with respect to anatase
bulk absorption onset .

Both optical and spectroelectrochemical experiméniad a band gap value of about 3.8
eV, much greater than the 3.2 eV value for anafEise.suggested electronic structure for

the titanate nanosheet layer is shown in figureah@® compared with anatase.
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Figure 4.8 Representation of a titanate layer (left) and ssted electronic structure compared with that
of anatase (right) (Source : Sakai et al. [82])

This observation has been explained with quantumfimement effects due to the
extremely small thickness of the layer (0.7 nm)tHe case of a two dimensional structure

the following reference relationship can be assutoaetktermine the band gap shift

h? h?

AE_ = +
P 4u Ly’ 8ulLZ?

Eq. 4.1
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where L, andp, are the reduced effective masses of electron-paiein parallel and
perpendicular directions to the plane definingléyer respectively whilé,y andL, are the
lateral dimension and thickness of the layer.

For the previously described titanates, the tertated to lateral dimensions could be
neglected in Eq. 4.1.since lateral extension walsarD.1-lum.

In Figure 4.4, the absorption spectra of thesendia layers in solutions are reported.
Beyond the strong blue-shift of the absorption brgéearound 330 nm (corresponding to
about 3.8 eV), a definite peak is observed at 266umch was explained as the exciton

transition peak similar to CdSe nanoparticles andmalogues.
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Figure 4.9 UV-Vis absorption spectra of colloidal layered tizes solution at different concentrations
( Source : Sasaki et al. [41] )

The absorption features of this material were ungkd if measured after deposition on a

substrate, intercalation of a polycation and itstplecomposition using UV radiation [].
Synthesis of titanate nanosheets is not a strodgleloped field as for titanium

dioxide NPs. A common approach [25] consists in sodéid state reaction at high

temperature from titanium oxide and the desireera#lated cation precursor.

If a colloidal solution of layers is desired, theslid can be put in solutions containing

ammonium salt which finally leads to exfoliation@gviously described [25,36].

In this case, the lateral extension of lamelldarge, in the 0.1-iim range.

Other approaches are based on acid-base reacabmedn hydrolysis products of titanium

alkoxides and ammonium hydroxide or alkylamined.[22

The general pathway is summarized in the followeggction scheme.
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Hydrolysis :

mTi(OPr) + 2m+1)H,O0 — HTiOom+1+ 4mPrOH

Acid-base reactions :

HoTimOom+r+ RNHi N'OH — [ RnELN'][ HTi nO2m+1~] + H20 for weak bases
HoTimOome1+ 2RINFOH — [ RN'] TinOom+12 ] + HoO for strong bases

The first stage is the hydrolysis and condensaifdhe alkoxide leading to polymeric
titanic acid or hydrous titanium oxide. Then, degiag on the alkaline strength of the base
used, only the first or both of the subsequent-heisk reactions occurs where the hydrous
titanium oxide can be deprotonated by the basen@agla negative charge.

At this stage a layered structure can be formetdddua be partially exfoliated in the
solution state or orderly layered in the dried penstate.

It was found that the exact type of titanatev@alue in the above reactions) changes with
the type of used base. It was suggested that airaixf trititanate, tetratitanate,

hexatitanates and so on, is likely to be the prodiithis type of synthesis.

87



CHAPTER 4 -TiO, nanomaterials : Synthesis and Properties

4.3 Experimental

In the following sections, the experimental proaedyresults and discussion for anatase
TiO, particles and layered titanate are describednaits are divided in Tetramethyl-
ammonium hydroxide derived MA-Ti) and 6-amino-1-hexanol derivedH-Ti) for

clarity of exposition.

4.3.1 TiQ anatase nanocrystals

4.3.1.1 Synthesis

TiO, NCs were synthesized by adding dropwise 10.5 nohditanium Tetraisopropoxide
(Ti(OPY),) into a previously prepared solution containing wateydrochloric acid and
methanol in a 50 ml glass flask. The quantity oftmaaol was adjusted to give a
concentration of titanium equal to 0,7 M and thusal solution volume of 15 ml, while
the water to titanium and acid to titanium ratiosrgvvaried as described in Table 4.2 in

order to study the influence of synthesis pararsetarparticles formation and sol stability.

A B C D E
H,OITi 12.5 25 55 25 25
HCI/Ti 1.72 1.72 1.72 0.86 3.44

Table 4.2 Compositions tested for Tianoparticles synthesis

From composition A to C the water content is inseghreaching a water to titanium
molar ratio of 55 which corresponds to a methaneé fsolution with water as the only
solvent. Compositions D and E present an acidt@aoitim ratio lower and higher than the
one adopted in the recipes previously mentionespheetively.

The solution is stirred for 60 minutes at room teragure aftefli(OPr'),addition and then
heated in an oil bath at 70 °C and kept at thigpmature for one, two or four hours under

refluxing.
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A clear sol is generally obtained in these condgiamd TiQ powders are retrieved by
adding the minimum quantity of acetone necessatyaie flocculation of the oxide and
subsequently centrifuging at 4000 rpm for 2 minufEse obtained precipitate can be
dispersed again in methanol obtaining a clear molut

The evolution of the powders with varying annegliamperatures from 150°C to 500°C

is also analyzed by XRD and Raman spectroscopy.

4.3.1.2 Results and discussion

Figure 1A shows the evolution of XRD patterns loé hanopowders obtained for
composition A (see table 4.2) after one (diffractattern a), two (diffraction pattern b) or
four (diffraction spectrum c) hours of refluxingnge at 70 °C, respectively. It is evident a
clear sharpening of the diffraction peaks with téaction time, leading to a pattern which

can be assigned to anatase crystal structure ( 83601357 ).

TiO2 from supernatant phase

g

TiO2 from first precipitation

Intensity (a.u.)
(
Intensity (a.u.)
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Figure 4.10 XRD patterns of Ti@ NCs obtained from recipe A after 1h (a), 2h(b) &hdc) of refluxing
at 70°C. Pattern “d” belong to the material obtdideom recipe A after 4 hours of heating using essce
acetone for precipitation. Pattern “e” refers t©INCs obtained from recipe C after 1 hour of heatinte.
Main diffraction peaks position and relative intities of rutile and anatase TiQrystal structures are
reported at the bottom of the figure (A); XRD patte of comparison of Ti© NCs obtained from first
acetone flocculation and from a second flocculatidnthe supernatant solution obtained after thst fir
precipitation round (B).
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The product isolated after flocculation is depenasnthe amount of acetone used. This is
shown in spectrum “d” of figure 1 for the materadtained from composition “A” after
four hours of reaction time. In this case, a 5:lune ratio of acetone to as synthesized
solution instead of 3:1, which is the minimum amiooecessary to have a precipitate. It is
evident that broader features in diffraction pati@re present if excess acetone is used.
To further analyze this aspect, the clear supenbasalution obtained after acetone
precipitation (with a 3:1 volume ratio) has beenlexied and flocculated with further
addition of acetone, in order to analyze the malenot retrieved after the first
precipitation round. In figure 4.10B, XRD data afch powders are compared with those
obtained from the first precipitation (analoguesfmectrum “c” in Figure 4.10A). The
material in the supernatant has broader diffragbieaks.

Recipe C produced a spontaneous white precipitatingl heating. This precipitate has
been collected by centrifugation and found to bestadline titania in the rutile structure
(spectrum “e” in figure 4.10A, JCPDS 87-0710).

The results obtained employing recipe A can beilasdrto the evolution of titanium oxide
from amorphous to crystalline state. In highly acidiedia, titania is peptized leading to
soluble six-fold coordinated titanium octahedraingdexes, which can condense forming a
crystalline structure at the reaction temperatwrexplained previously. In the conditions
corresponding to recipe A, octahedral units coneenigh the kinetically favored edge
sharing mechanism, leading to anatase insteadit# stitucture.

A possible mechanism explaining our XRD resultcassistent with the formation of
crystalline nuclei from amorphous titanium hydraxiditially present in the solution. This
nuclei grow with time due to deposition of titaniwxide monomers from solution leading
to powders with more defined diffraction features.

Thus, broad peaks observed in the early stageskatg to result from the presence of
amorphous phase or smaller crystals. They becomepeshavith the ongoing of
crystallization process in the final stage.

The effect of precipitation conditions can be expd considering the different solubility
of the amorphous and the smaller particles fraciih respect to the bigger crystallites
one, resulting in a size-selective precipitation][&ince the latter has minor colloidal
stability with respect to the former, the use @ thinimum amount of acetone allows for
precipitation of the bigger crystalline particleshile the remaining smaller (or still
amorphous) fraction is left in the supernatantsTikisupported by data reported in figure
4.10B.
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Thus, if properly done, the described processinghatke allows for crystalline titania
extraction and separation from smaller particle amorphous matter.

The composition was found to affect the describeldalior significantly. Water content
increases from compositions A to C ,while keepitigeo parameters constant. The most
evident effect is the increasing instability of #@ution with increasing amount of water.
Solution B is opalescent after two hours of reactiime and a small amount of
spontaneous precipitate is formed after four hoBrecipitate induced with flocculation
with acetone also resulted to be Ti@hatase (XRD spectra not shown).

Solution C, where water is the only solvent, gal@&rge amount of spontaneous precipitate
in the rutile structure after only one hour of gt

Solutions D and E have, respectively, a lower aigtidr content of acid with respect to
solution B. Solution D gelled within one hour, whiolution E remained transparent for
two hours, after which time a small amount of ppeéate was formed.

The increasing amount of water is likely to enhative rate of hydrolysis and further
condensation of the alkoxide precursor, thus redud¢he stability of the solution. As
expected, if the quantity of acid is too small,réhes not sufficient repulsion between the
growing particles, leading to extensive interactiand finally to a gel.

The compositional-dependent crystalline structware een a topic widely discussed in the
literature, and briefly discussed in section 4.2lparticular, the nature of the titanium
species present in solution has been correlatétetavay titanium species condense to
originate a specific crystal structure. Chloringdioxyl and alkoxy ligands can coordinate
titanium in our solution, thus a large variety d@hrium species can be present. The
number and type of the species coordinated to ititancan force and direct the
condensation into a crystalline form or another.

The obtainment of rutile from synthesis employindyowater is not surprisingly, since
very acidic media and the use of HCI has been shovewour rutile formation.

Since in these conditions only aggregated titarda wbtained, we tried to control reactions
by lowering the amount of water for hydrolysis irtimanol as the main solvent.

It is likely that the presence of methanol as th&msolvent affects crystallisation and
favours the anatase structure.

In addition, replacement of water with methanol viasnd to lead to sols with good
colloidal stability, which can be processed anddusemake nanocomposite materials.
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For this reason, further structural and opticalrabgerizations will refer to Ti@particles
obtained from composition A with four hours of leeding time, since it gave the best
colloidal stability and transparency.

TEM data of titania particles are shown in figur@¥4 These were obtained depositing a
diluted colloidal TiQ sol on a copper grid.

In figure 4.11a well dispersed particles can beegpted, showing absence of aggregates.
Crystalline NPs, as evident from HR-TEM of figurd b, with a mean diameter of 4.0 £
1.5 nm have been identified and the crystallinesphdeduced from Fourier Transform of
HR-TEM images (see the inset of figure 4.11b) waatase, in accordance with XRD

measurements, even if the presence of brookite baréxcluded.

0 =
02 4 6 81012

Diameter (nm) |

Figure 4.11 TEM images of TiQ NCs obtained with recipe A: bright-field (BF-TENthage with the
histogram of size distribution (a); HR-TEM of a N@Gth the FFT in the inset showing some reflectiofis
the anatase phase(b)

UV-Vis absorption spectrum of 20-times diluted FHédlution used for sol-gel film doping
is presented in figure 4.12. An absorption edgdhéUV region at around 370 nm can be
seen, in accordance with UV absorption propertiegi®,. In order to quantitatively
estimate the band gap energy from absorption spebe following relationship has been
used to fit the absorption behavior of $i©@2,93] :

. (hur:vEg)2 Eq.4.1
wherea is the absorption coefficientyithe photon energy of radiation ang tBe band
gap of the material. The absorption coefficienis linearly correlated to the measured
absorbance A. Thus, by plottinglv)°° versus k, a linear behavior is obtained in the

absorption range which can be used for the detetiom of g, as shown in figure 4.12B.
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An absorption onset of 3.21 eV (386 nm) is rewgwsing this method. This value is
almost equal to that of bulk anatase (3.2 eV). Quarsize effect have been clearly seen
for particles diameters smaller than 2 nm [52] @r[80]. Thus, this effect is not present in
our samples, whose mean size resulted to be 4eamTEM measurements, or around 3.5

from Raman or XRD measurements (see below).

4
4,0 A TiO, colloids in solution TiO, anatase NCs absorption

onset estimation
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Figure 4.12 uv-Vis spectrum of Ti@nanocrystals in methanol (A) and estimation ofapton onset of
particles in solution (B).

Formation of non- aggregated crystalline particfesm alkoxide precursors using
chelating agents have already been reported [71]A2fhe synthetic approach here
reported, no specific organic molecules are usectddoidal stability. In our case, after
precipitation it was possible to redisperse thdiglas in methanol because of the strong
electrostatic repulsion due to the highly acidigissnment and eventually also to alkoxide
organic groups bound to particle surface. Indeedaméysis on Ti@powders previously
vacuum-dried and heat treated at 150°C for one, lstvaws (figure 4.13) a weight loss up
to 300°C which can be attributed to organic decasitjmm, even if most of the weight loss
occurs below 200°C and is likely due to water dwveiat adsorbed on particles. Thus, the

presence of organic matter is low and can be rqughktimated to be less than 5 % by

weight.

weight loss (%)

Temperature ( °C)

Figure 4.13 Thermogravimetric analysis of vacuum-dried TNICs obtained after acetone-flocculation
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FT-Raman spectroscopy was performed on titania posvdeat treated at different
temperatures, in order to understand the stalafityCs toward growth or coarsening with
temperature. In fact, a peak shift and width veorabf Raman bands are expected to be
evident upon changes in size of Fi@nhatase NCs, particularly in the size range obthin
within the described procedures [49]. The samegqe®dias been followed also by XRD
measurements, and the two results are compared.

FT-Raman spectra shown in figure 4.14A are typidadnatase (bands at 144 ¢ml97
cmt, 399 cm?, 513 cm?, 519 cm* and 639 crt) [84]. With the increase of annealing
temperature a continuous shift and sharpeningeotltaracteristic Raman bands of anatase
is clearly observed and evidenced in the insetguiré 4.14A for the main peak. This can
be attributed to growth and coarsening of crystaldomains [49]. This is confirmed also
by XRD measurements shown in figure 4.14B, whesemming of diffraction peaks with

annealing temperature is evident.

1A
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Figure 4.14 Raman spectra (A) and XRD patterns (B) of Ti@wders heat treated at different
temperatures. Magnification in the main peak reggoshown in the inset.

In table 4.3 it is reported the mean diameter @,NCs estimated from the main Raman

band position using the following relationship ded in ref [49] :
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1
D 15

w=100(—=) +142 Eq. 4.2
wherew[cm Y] is the peak position wavenumber dxdnm] is the particle diameter.
Particle diameter has been also estimated by XR®Wroadening of the main diffraction

peak through Scherrer formula.

D FT-Raman D XRD
(nm) (nm)
150°C 3.6 3.1
200°C 4.0 3.9
300°C 5.0 4.8
400°C 5.9 5.6
500°C 7.5 7.4

Table 4.3 TiO, NCs mean diameter (D) estimated from main Ramak pesition and from XRD line
broadening

Both measurements gave similar results: in padictiie size of the crystalline domains
increases of about 1 nm at each temperature steyea®00 °C, with a slightly more

pronounced increase for annealing at 500 °C. Tius,likely that coarsening occurs till

400 °C with more pronounced sintering and deradifom at 500 °C.

This information about particle tendency towardtesiimg and coarsening will be used to
explain the morphological structure evolution ofOFiNCs depositions upon different

annealing temperature, as it will be discussedhaper 5.
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4.3.2 Layered titanates from 6-amino-1-hexanol (AH-

As anticipated in the Introduction, two type ténates were produced depending
on whether 6-amino-1-hexanofKl) or Tetramethylammonium hydroxidd NIA) were
used as bases.

Titanates obtained witiMA, referred to asTMA-Ti, are very useful compounds since
depositions of this material can be modified by hods other than thermal treatment, as
shown in the section 5.2.2.

On the other hand, this material can be dispersaibtain a stable colloidal solution only
if water is used as solvent. Solvent mixture cosipg methanol or ethanol can also be
used along with water, which has to be presenbmnsicerable amount in any case.

This is not favourable if the introduction of seoncductor quantum dot particles in titanate
matrix is desired. Even if it is possible to tr@msjuantum dots in water (and thus probably
in the titanate matrix), this normally results iacdeasing of the emission properties of
QDs. Furthermore,TMA is a strong and oxidising base which can degrédde host
particles.

For these reasons, we have tried to synthesise emalogue manner titanate nanosheets
using weaker bases. We choose 6-amino-1-hexarz@ #irs the same capping ligand used
for QD particle transfer in alcoholic media. Thigagsegy allowed for titanate to be stable in

alcohol and to be compatible with quantum dotssThaterial will be referred to &d4-Ti.
4.3.3.1 Synthesis

In a typical synthesis, 15 g (241 mmol) of antoydr ethylene glycolHG) were
loaded in a three necked flask fitted with a refhgxcondenser. The flask was placed in an
heating mantle and heated at 60°C under vacuum2@ominutes. Subsequently the
temperature was raised to 100°C after switchinghitoogen flow using conventional
Schlenk line setup. 1.19 g (4.2 mmol) of titanisogropoxide Ti(OPr),) were injected
with a syringe and the solution turned immediatgdaque, forming a precipitate.

A second injection consisting in 1.5 g (12.7 mnadlB-ammino-1-hexanolH) dissolved

in 7.6 g (422 mmol) of water was quickly performaad an optically clear solution was
obtained within few seconds. The synthesis wasethon for 8 hours at 100°C. Finally
the particles were collected by centrifugation @0@ rom for 4 minutes after inducing

flocculation by adding the minimum amount of acetamhich corresponded to a 3 tol
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acetone to TiQ synthesis-solution ratio. This precipitate, reddr to asAH-Ti, was
dispersed in methanol resulting in an opaque dssper which was made transparent by
applying a 20 mbar vacuum for 10 minutes, as walldxplained in the following. This
solution was then used for UV-Vis optical measunetsie

If used for XRD measurements, the powders were waedried soon after acetone
precipitation at 3 mbar for 10 minutes. TEM anatyseere done on the dried powders
data, previously suspended in methanol (withoutieatig colloidal stability) and

deposited on a copper grid.

4.3.2.2 Results and discussion

In the synthesis of titanate nanosheets, ethydgyeol was used as solvent due to
its high boiling point which allows for stable hieat Furthermore, flocculation of
titanates using acetone was easy from the resusiidgent phase. The use of ethylene
glycol also affects the reaction. In particular, giarting precursor undergoing hydrolysis
and condensation is a titanium glycolate complexgchviis formed when TIP is injected
into ethylene glycolresulting in a spontaneous ipittes. This compound has been
collected by centrifugation, washed with acetorsmuwum-dried and characterized by XRD
(see figure 4.15A). This pattern is in good agreameith those reported in [29] for
titanium glycolate complex.

The XRD patterns of the vacuum-drid#i-Ti are shown in figure 4.15B for different heat-

treatment temperatures.

1B
h _ 500°C
] Anatase
Y
] 400°C
-
3] e T
S 1 N e
E‘ i 1.70 nm 100°C
= 1 N~ e %
3
E A
T T T T T T
0 20 40 60 80 100
2 0 (deg)

Figure 4.15 XRD patterns of the product obtained from TIP ari/ieine glycol reaction (A) and of the
final synthesized titanates aannealed at diffelemperatures (B)
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The pattern cannot be assigned to anatase, brawkngile TiO, crystalline structure. In
particular, a wide peak at low diffraction anglé$2 deg is present. This can be attributed
to a layered structure composed of titanates wite intense peak at low angle
corresponding to diffraction from the layers. Daiftion peaks in the higher diffraction
angles region at about 48° and 62° are most litedbted to the in plane crystallinity of the
single titanate sheet, as observed for similar @amgs by Sasaky et al.[25,41], while the
peak at about 26° can arise from a periodicityheflayer stack superstructure.

The formation of this type of structures in synthesvolving titanium alkoxides and
amines has already been reported [22], even iumcase an amino-alcohol is used. The
synthetic route employed in this work results imdat XRD peaks analogous to those
reported in [86-88] for similar compound. XRD daaggests the formation of domains
with a limited number of packed layers. It is likehat AH does not promote large
stacking of ordered sheets. From the position ®XRD peak in the low diffraction angle
region, an interlayer distance of 1.70 nm can beutated from Bragg relationship.

From figure 4.15B, it can also be seen that thiscsiire remains stable up to 300 °C,
indicating a good thermal stability of the obtaineqystalline structures, switching to
anatase at 400°C and 500°C. Moreover, by compahnieglycolate with titanate pattern it
is worth noting that no diffraction peak of theatitum glycolate is discernible in the final
titania powders, suggesting complete reaction isfdbmplex.

TEM micrographs of such crystallites are preseimdajure 4.16.

Figure 4.16 Bright field TEM (A) and HR-TEM (B) analyses fékH-Ti layered titanate; Schematic
representation of a possible structure for stadkadate nanosheets ( In Figure 4.16B, the intgnmitfile
along the white line is reported (C)
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The sheet-like nature of this material is appanerigure 4.16a, even if layered stacks are
not easily detected. Few stacked layers (2 or 3¢ wetected and figure 4.16b shows in an
example of a three layers stack. The observed dimerof the layered structure is in

agreement with XRD data, from which a dimensior3.df nm along the stacking direction

was calculated from Scherrer relationship. Sineeititerlayer distance is estimated to be
1.70, it is apparent that few sheets are stackée. [&teral dimension of the layers is
around 5 nm.

FT-IR spectra of the titanate powder (embedded KBapellet) and titanium glycolate is

shown on figure 4.17.

Absorbance
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Figure 4.17 FT-IR spectrum for titanium glycolate (a) andriéite powder (b)

FT-IR of the titanium glycolate is similar to thaported in ref.s [89-90], where bands at
around 595 cf and 635 crit were assigned to Ti-O-C of the titanium glycolegenplex.
This complex can contribute also to the band deteat around 1060 ¢meven if also C-
C-O bond of ethylene glycol has vibrations in ti5ad-1150 crit region [95]. Bands at
2950 cnt and 2850 ci can be assigned to stretching vibrations of C-Hdhavhile bands
in the 918-880 ci region can be assigned to C-C stretching vibragiod to C-H out of
plane bending.

In the titanate spectrum, absorption in the low evaimber region in the 450-550 ¢m
range can be assigned to Ti-O vibration [89,94{hef titanate, while those in the 1550-
1650 cm' range can be assigned to NMibration [74] of intercalated and protonated.
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Bands in the 1050-1150 ¢hare still present in the titanate spectrum, suiggshe
presence of ethylene glycol molecules, even if awenot say if this is free or bound to
titanium sites of titanates sheets. Bands assalciatgtanium glycolate complex are in fact
not clearly seen in the spectrum, probably becafisge much lower number with respect
to non-hydrolysed titanium glycolate. Anyway, theegence of EG bound to titanium
cannot be excluded, since titanium glycolate isvkmao be more stable than other
alkoxides with respect to hydrolysis [90].

The TG-DTA on this powder is presented in figures4
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Figure 4.18 TGA and DTA analysis of titanate powders

Thermal degradation of titanate powders can be Ipnassociated with loss of the layered
structure due to decomposition of intercalated Adletules.

The broad band at 3400 &rean be assigned to OH vibration of adsorbed watdecules.
Weight loss continues up to about 600°C and a gtexothermic peak is observed at
570°C. The final weight loss is about 30%. Degtiada temperatures are higher than
those forTMA derived titanates (see next section), as obsebye®hya et al. [22] for
titanates from triethylamine. This behavior suggest enhanced stability of this titanate
with respect to titanates fromMA where thermal decomposition ended at temperature
lower than 500°C. This can be explained by the faat AH is not a sufficiently strong
base to undergo a second acid-base reaction isytithesis pathway presented in section
4.2.2. This material is most likely composed of togen alkylammine titanate of the type

[RoH4N]* [HTimO2m+q . The interaction between the titanate layers acamrgued to be
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enhanced by the presence of hydrogen through xemnple, hydrogen bonding [22]. This
can in turn lead to higher thermal stability of titeanate where higher temperatures are
required to removeH from the structure. Furthermore, the hydroxyl gron the AH
molecule may take part in such interactions mecmasi

As described in the experimental section, the aites were flocculated by adding acetone,
centrifuged and redispersed in methanol. A cledioidal solution was then obtained after
applying vacuum. This can be explained considetitag under vacuum the quantity of
acetone still remaining after the precipitationgadure is removed. Since acetone acts as a
non-solvent, its removal allows for colloidal stélito be achieved again.

The clear solution obtained in this way can behirtdiluted with methanol maintaining
good colloidal stability. In this state titanateyéas are most probably to be exfoliated,
since most titanate layers appear as single shredfsM images or as two or three layers
stacks.

The UV-Vis spectrum presented in figure 4.19 feartate in methanol shows a significant
blue-shift of the absorption edge with respect itk liitania, in agreement with quantum
confinement due to extremely small thickness ofiélyers. An absorption onset of 3.68 eV

(336 nm) could be estimated using the same proeeatkscribed above.

40 A AH-Ti in solution AH-Ti absorption onset B
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Figure 4.19 UV-Vis spectrum ofAH-Ti titanate in methanol (A) and estimation of absorptnset of
titanate layers in solution (B)
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4.3.3 Layered titanates from Tetramethylammoniydrdxide (TMA-TI)
4.3.3.1 Synthesis

Layered titanates were synthesized from ethylepeo(EG), Titanium tetraisopropoxide
(Ti(OPY),), water and Tetramethyammonium hydroxi@#@). The relative amount of the
reagents was varied as summarized in table 4 drder to study the influence of solution
composition on the final product. The final voluofethe resulting solution was kept equal
to 15 ml.

[T1] (M) [-(rrl:]/l(ﬁ /]ﬂ,iﬂ) [(l_r|nz<§?/] r/T[l-I(;i|])
cl 0,2 0,75 100
i~ 0,2 1,5 100
3 0,2 3 100
c4 0,4 0,75 50
5 0,8 0,75 25

Table 4.4 Compositions tested iMA-Ti synthesis

The procedure is analogue to that describe FxTi.

EG was heated with an heating mantle in a 50 ml thesked flask fitted with a refluxing
condenser at 60°C under vacuum (3mbar) for 20 regaububsequently the temperature
was raised to 110°C after switching to nitrogenwflasing conventional Schlenk line
setup. Ti(OPr'), was then injected with a syringe and the solutiomed immediately
opague. A second injection consisting in Tetramlathynonium hydroxide dissolved in
water was quickly performed and an optically cleatution was obtained within few
seconds. The synthesis was carried on at 110°@ r&dction time was held constant to 8
hours when compositional parameters were variedewte tested the effect of heating
time from 30 minutes to 8 hours only on compositén

Finally, the product were collected by centrifugatiat 4000 rpm for 4 minutes after
inducing flocculation with acetone.

The so obtained precipitate was washed two timdh watetone and two times with

methanol and dried under vacuum.
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The powders was subsequently used for XRD, TEM|JRETFT-Raman analyses and heat
treated at 200°C, 300°C, 400°C and 500°C.

4.3.3.2 Results and discussion

XRD data shown in figure 4.20 refers to the prodalstained from composition5 after

four hours of reaction time and it is representat¥the material synthesized in this work.
The XRD patterns do not belong to typical titaniauhoxide phases (anatase, rutile or
brookite). In particular, strong diffraction peaks the low angle region are seen,

suggesting for a layered structure analogue toetheported in [22] and described in

section 4.2.2.
|
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Figure 4.20 XRD pattern of powders obtained from recipe c504rh heating time. A magnification in
the wider diffraction angle range is shown in theet. Diffraction angles and deduced interplanatadice
from Bragg relationship are reported in the table

The obtained layered titanates have an interlajgante of 1.14 nm, as deduced from
diffraction peak position and confirmed by TEM ars@s shown in figure 4.21.

TEM analyses were done on the dried powder prepasefor XRD data, previously
suspended in methanol (without achieving colloistalbility) and deposited on a copper
grid.
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[l Titanate layer
Dv @ TMA’

o H20

Figure 4.21 Bright field TEM (A) and HR-TEM (B) analyses ftayered titanate synthesized from recipe
c5, 4h heating time; HR-TEM showing periodicitiesldnging to single titanate layer (C); Schematic
representation of a possible stacked titanate tambs (D). (In Figure 4.21B, the intensity profileng the
white line is reported)

A layered structure is clearly seen. The interlajistance is estimated to be around 1 nm.
Domains with a number of 6-8 stacked layers aren,seach having a mean lateral
dimension of about 5 nm.

HR-TEM in figure 4.21C shows periodicities attrinbte to single layer 2-D crystal
arrangement.

The particular structure assumed gives rise taliffiaction features at wider angles, even
if the exact structure has not yet been determiads we cannot assign specific index to
XRD peaks. The peak observed at 7.7° correspondsetinterplanar distance which is
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exactly two times that corresponding to the diffiat peak at 15.5°. They correspond to
different orders of diffraction from the same mager periodicity.

XRD peaks corresponding to interlayer distancebaoad, implying that few layers are
stacked in the powder state, coherently with TEMada

Powders derived from different synthesis conditishew the same diffraction pattern in
terms of peak position (figure 4.22A), thus we feed our attention on the more

concentrated solution to see the effect of hedting (figure 4.22B).
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Figure 4.22 XRD diffraction spectra for powders obtained froiffatent composition (A) and different
heating time for recipe c5 (B)

In table 4.5, the size of the nano-layered domsimated with Scherrer formula using the
peaks at 7.7 deg and at 48.4 deg are reported! fimsted synthetic parameters, including
composition and time. The former gives indicatiabsut the dimension perpendicularly to
the layer Dy in figure 4.21D) and the number of stacked layersile the latter gives
information about the lateral extensidd, ) of the titanate sheet. The peak at 48.4 deg is
always present in the XRD pattern of layered titesareported in the literature,
independently on the particular structure assunted¢an be assigned [25,41] to the
periodicity arising from the anatase-like arrangetrad TiOs octahedra that constitute the

two-dimensional layer, as described in section24.l. fact, this diffraction peak is present
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in the XRD pattern of anatase. Thus, even if wddidtisolve yet the structure from XRD

data, we can assign this peak to an in plane slagé periodicity.

Recipe Synthetis parameters R(7.7deg) D (48.4 deg)
cl [Ti]J0.2 M  [TMA]/ [Ti]0.75 8h 5.9 4.9
c2 [Ti]0.2 M [TMA]/ [Ti]1.5 8h 7.1 6.0
c3 [Ti]0.2 M  [TMA]/ [Ti]3 8h 3.7 6.3
c4 [Ti]0.4M [TMA]/ [Ti]0.75 8h 11.6 6.0
ch [Ti]0.8 M [TMA]/[Ti]0.75 8h 7.1 6.3
cb [Ti]0.8 M [TMA]/[Ti]0.75 30 min 6.8 3.3
c5 [Ti]J0.8 M  [TMA]/ [Ti]0.75 1h 4.8 5.4
c5 [Ti]J0.8 M  [TMA]/ [Ti]0.75 2h 6.8 5.7
c5 [Ti]J0.8 M  [TMA]/ [Ti]0.75 4h 8.6 5.5

Table 4.5 Layered titanate domain characteristic dimensiogpaild Q) as defined in Figure 4.x7d for all
employed synthetic conditions (synthetis parametezgeported for clarity)

Compositional parameters seem to have no effetht@number of stacked layers, while a
trend is seen for the lateral extension. In paldiGuhis becomes larger for compositions
employing higher TMA] and [Ti] concentration which results in increasing titasat
formation and growing kinetics. Also increasingataan time leads to wider sheets.

The erratic behavior of the dimension relative e tnterlayer distance is explained
considering how the powders are obtained. In th#alincolloidal state, before the
precipitation procedure, nanosheets are, veryjkphrtially or completely exfoliated
[25,36]. Once precipitated and dried, titanate saeets tend to stack in an ordered
fashion. Thus, the number of stacked layers dep@mdshe precipitation and drying
procedures rather than on synthesis parameters.

In the applications described in Chapter 5, titesdrom recipe5 with four hours heating
time has been used since it is the most concedtiatditanium precursors and longer
heating time does not produce significant changebke diffraction pattern. For this reason
we carried out TEM analysis and the measuremersisritbed in the following only on this
sample.

FT-IR spectrum (figure 4.23A) of the powder revehls presence of water (adsorbed or in
the interlayer space, band at 1655'cand 3400 cil) and TMA (1489 and 949 cif)
which is most probably intercalated between ttantte layers [22].

FT-Raman (figure 4.23B) does not match with rutleanatase structure, as expected,
while pattern from peaks at 278 ¢nB884 cm-1, 443 cm-1 and 663 Crris analogue to
that reported for other titanates [22,91]. Alsadhis spectrunTMA bands are detectable.
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Figure 4.23 FT-IR (A) and FT-Raman (B) spectra of layeBdA-Ti titanates synthesized using recipe
c5 with four hours of heating time

TG-DTA analysis in figure 4.24 shows two weightdasteps at about 330°C and 438°C,
analogously to those reported for similBMA intercalated titanates. These feature are
likely due toTMA cations decomposition, associated with exotheié peaks, with a

final weight loss of about 20%.
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Figure 4.24 TG and DTA curve of layered TMA-Ti titanates syrglzed using recipe c5 with four hours
annealing time.

Ethylene glycol is here used as solvent and alléovsstable and high temperature

synthesis condition. Furthermore, aft&ifOPr), injection, a titanium glycolate complex
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forms as described in the previous section. Thismpgtex subsequently undergoes
hydrolysis and reaction witiMA. This complex is likely to play a role during the
synthesis. It can play an important role in tharfation of the final structure since the
interlayer distances obtained in this work areedéht from the 1.7 nm value reported in
other works wherdMA s used [22,80].

Using ethylene glycol along with water also allofes easy flocculation using small

amount of acetone, leading to convenient processing washing of the product,

eliminating exces§MA

UV-Vis absorption properties of colloidal titanatanolayers in water are shown in figure
4.25. The colloidal solution was obtained dispegdine powder prepared as previously

described in a aqueous solution containigA. This likely causes a complete or at least a
partial exfoliation of layers resulting in an ogtily clear solution.
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Figure 4.25 UV-Vis absorption spectra fafMA-Ti colloidal solutions in water at different concetion
in the 0.01-0.3 g/L (A) and estimation of absorptamset of titanate layers in solution (B)

The absorption edge is in the UV region at abo 133, largely blue shifted with respect
to anatase. A band gap value of 3.76 eV could lbeeve from UV-Vis absorption
spectrum data using Eq. 4.1.

Furthermore, at increasing dilution a peak at 24% appears, analogously to spectra
obtained for other titanates by Sasaki et al. [#2]that work, this peak was attribute to
optical transition of quantum confined electrortatss of the titanate single sheet.
Thermal stability of this titanate has been asskasélifferent temperatures. XRD data are
shown in figure 4.26 and reveal that the layeredgctiire is maintained until 200°C, while

it is lost at 300°C due to decomposition of TMians. At 400°C anatase structure is
obtained whose crystalline domains became grea&f0aC.
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Chapter 5

TiO , nanomaterials: Optical applications

5.1 Introduction

Nanocomposite are a powerful tool for properly eudielectric, optical and
functional properties of the resulting material.
TiO, nanocomposites are interesting materials due ta@bBo6rption properties and optical
transparency. The high refractive index of titacéa be used to prepare high refractive
index films or variable refractive index materiblschanging the titania to matrix ratio [1].
These materials have also been studied for noasliogtical applications [2]. In particular,
third order effects have been evaluated and measmts of two-photon absorption
coefficient and non-linear refractive index havem@erformed and their dependence upon
particles crystallinity and concentration has bstemwied [3,4].
Titania-polymer nanocomposites have been appliedptical data storage since they
enhance refractive index contrast upon applicattbnmodulated light intensity with
respect to pure polymer [5].
Thus, such materials allows for convenient engingeof linear and non-linear optical
properties.

A lot of synthetic approaches are available in litexature for TiQ embedding
materials fabrication.
They can be mainly divided in :
a) in situ synthesis where Ti@atrticles are synthesized in the preformed matriwhere
the matrix is polymerized through organic or sdlsgactions around the nanoparticles [6-
10]
b) ex situ synthesis where the particles are sgiebd in an independent reaction system
and then introduced in the desired matrix mat¢tiai16].
In situ methods generally allows for good homoggnef the materials if optimization of
matrix/particle interface is tailored [9]. If adnium alkoxide is used as precursor, it can be

mixed with alcohol or water soluble polymers. Cotiphty between the two phases can
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CHAPTER 5 -TiO, nanomaterials: Optical applications

be promoted by introduction of silane groups in {halymer backbone [10]. This
approache generally leads to amorphous inorganiaoh@which ca be made crystalline
by subsequent material treatment such as thermalfng in wet atmosphere or dipping
in hot water [4, 17-19].
Homogeneity in ex-situ synthesis is harder to aahidecause of the inherent tendency
toward agglomeration, thus surface chemistry andtiomalization play a crucial role.
On the other hand, this strategy is much more lllexsince it allows more degrees of
freedom on the choice of matrix and particles ayrdresis of particles can be tailored to
get the desired size, crystallinity and surfacexdbtry without any limitations imposed by
polymerization reaction or solubility behavior betmatrix constituents.
Post synthesis functionalization has been appl@dwater-born titania nanocrystals
synthesized via hydrolytic methods in order to mtleam compatible with apolar matrix
such as polystyrene [11] using sulfonic acid tern@ddigands. Silane based ligands can
also be used relying on Ti-O-Si bond formation. c&lgxypropyltrimethosysilane has
been used to impart a photopolymerisable moietyli@y particle surface, allowing for
photocurable materials with high refractive ind&3][ A lot of more recent excellent
example of silane functionalization have been &gpto non-hydrolytic synthesis, where
stable and transparent colloidal oxide sols in desired solvent can be obtained [20]
which can be further used for nanocomposites patioar[21].

In order to have transparent composites, scatférom embedded particles has to
be avoided. The loss of transparency due to soajtean be expressed by the following

formula derived from the Mie theory [22]:
3

I——expr X! (nID -1)] Eq. 5.1
l, b4y i -

m

which refers to spherical particles with radiuand refractive indexy,,, N, is the matrix
refractive index] andlg are the intensity of the transmitted and incidegtitirespectively,
@ the volume fraction of the particles,the wavelength of light ang the optical path
length.

In the figure below, a plot of EQ.5.1 is shown formatrix refractive index of 1.5, a
particles volume fraction of 0.2 and increasingaetive index of the particles.
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Figure 5.1 Plot of Eq. 5.1 for a matrix refractive index abla particles volume fraction of 0.2 and
increasing refractive index of the particles of5L(&), 2 (b), 2 .5 (c), 3 (d), 4 (e) (Source :€ap22])

Unless the refractive index of the particles is shaene of the matrix, transparency losses
due to scattering always exist, even if they argligible for particles with diameter of
about 20 nm in the case ofngvalue of 2.5 (curve c in Figure 5.1), which is ttase of
titania in the anatase structure.

Thus, it appears very important to have highly hgameously dispersed particles in the
host material in order to avoid large aggregatesssitetter light.

As previously stated, refractive index can be tundth particles volume fraction in the
host matrix. The dielectric behavior of a compositaterial made of spherical particles
embedded in a solid matrix can be analyzed thramagious models [23] such as Maxwell
Garnett and Bruggeman. These are effective mediundeta valid if particles are
sufficiently small to consider the resulting masérmomogeneous with respect to light
interaction.

Experimentally, refractive index is found to be &ng dependent on the volume fraction
of the particles, at least for not extremely highumoe fraction [24].

In the following, the synthesis of high refractirelex nanocomposites obtained
from anatase Ti@particles and MA-Ti titanates is described. Further, the obtainmet of
multifunctional material both possessing high retirge index and luminescent properties
is reported and applied for waveguide fabricatiod BED encapsulation.

Finally, the synthesized titania nanomaterials wesed as matrix for gold particles to
investigate optical gas sensing behavior and impgwolé nanorods stability upon thermal
treatment.
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5.2 High refractive index films

5.2.1 Fabrication of high refractive index and posathin films fromTi@anatase particles

4.2.1.1 Synthesis of nanocomposite films

Nanocomposite films where TiONCs are embedded in an hybrid sol-gel matrix
are produced by mixing a colloidal TAQCs solution with the matrix precursors sol.

The hybrid material was synthesized from 3-Glycigmopyltrimethoxysilane GPTMS
and Titanium Tetraisopropoxyd@&i(OPr),) following synthetic strategies similar to those
reported in [25]. 27 mmol dBPTMSwas first hydrolyzed with a stoichiometric amooht
water under vigorous stirring at ambient tempegatiar five hours. Then, 3 mmol of
Ti(OPr), dissolved in methoxyethanol was added drop wise.

The quantity of methoxyethanol was adjusted to giviemal volume of 10 ml and thus a
3M final alkoxides concentration. The solution vaisred at ambient temperature for 30
minutes, refluxed for 1 hour at 80 °C, cooled tdbaent temperature and finally three-fold
diluted with methoxyethanol.

Nanocomposite and TiJilms were made using particles obtained with pech
with four hours reaction time (see chapter 4.3TiD, NCs were collected with the
procedure described in section 4.3.1.1 using th@nmim amount of acetone to have a
precipitate.

TiO, particles obtained from 5 ml of as-synthesizeditsmh were collected and dispersed
again with 150ul of methanol, obtaining a clear colloidal sol. Ftsolution was then
mixed with the hybrid sol-gel solution in differeptoportion in order to obtain five TiO
NCs loading ranging from 20 wt% to 80 wt% with 13%vincreasing step. These
percentages were based on the weights of, pi@ticles and sol-gel solution measured
after drying at 150°C in an oven. The obtained tsahs were diluted with methoxyethanol
and spun at 5000 rpm for 20 seconds under nitragansphere.

Films consisting of pure TiONCs were prepared by diluting the titania collbisial with
ethanol and spun at 3000 rpm for 20 seconds unttegan atmosphere. The films were
heat treated at 150 °C, 200 °C, 300 °C, 400 °C5@d°C for one hour in air.

Films have been deposited on silica glass or silmbstrate.
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5.2.1.2 Results and discussion

The matrix used to obtain nanocomposite fill@yTi) is an epoxy-based hybrid
sol-gel system wher&i(OPr), is used to promote the organic polymerizatiorhefépoxy
group of GPTMSwhich should result in a polyethyleneoxide netwinterconnected to the
inorganic network formed by hydrolysis and condéinseof the metal alkoxide.

FT-IR analysis (figure 5.2A) of the undoped hybsdl-gel flm showed no absorption
band corresponding to C-H stretching of closed gping at 3060 —2995 cify which can
be correlated to epoxy polymerization [25]. Bantisfaout 3400-3300 ci 2900-2800
cmi* and 1100 ci can be assigned to O-H, C-H and Si-O-Si vibratioespectively.
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Figure 5.2 FT-IR spectrum ofGlyTi hybrid matrix deposited on silicon substrate (A)scheme of the
alkoxide precursors of the hybrid material is gisesented (B)

The hybrid deposition containing 80%wt of Bi@anocrystals has been analyzed with
cross section TEM. Dispersed Ti@©rystalline domains are seen in the HR-TEM image
presented in figure 5.3a, while the STEM analysmorted in figure 5.3b shows a uniform
composition of the film without Ti@ aggregation, which is necessary for optical
transparency.

In Figure 5.4 refractive index and extinction coméint curves in the 300-1000 nm
wavelength range are presented. Refractive indéxesalmeasured at 630 nm) can be
easily tuned between 1.51 (pure matrix) up to atmio®9, corresponding to the 80 %wt
TiO, loaded nanocomposite coating, while pure 2Tfiln (100%wt TiG, in figure 5.4)
treated at 150 °C has a refractive index value @3.1.

Extinction coefficient values are almost zero in #%-800 nm range, implying a good
transparency in the visible while the absorptionnisreasing in the UV range with the

increasing TiQ content.
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17510 nm

T5 film
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Figure 5.3 Cross-section HR-TEM image (a) and STEM imageafbB0 wt% TiQ loaded composite
film.

Using a TiQ density of 3.84 Kg/[26] and a density of 1.24 KgAfor the hybrid matrix,
estimated with Archimedean method, it is possiblednvert weight fractions to volume
fractions. The experimental refractive index valg®w a linear relation with TiO
volume fraction incorporated in the material. Thishavior has been observed also in
previous publications [6, 21, 22]. However, extdation from the obtained linear fit for a
100% titania gives a refractive index value of ab@uW9, which is much lower than
reported values for anatase, i.e. 2.493-2.554 [R6ksible explanations may include the
presence of amorphous TiQwhich has lower refractive index) or lower retige index
values for nanometric TiO with respect to bulk material, as observed for PbS
nanoparticles [24].

More likely, porosity has to be considered as althhase in our depositions, where matrix
material is not able to fill the voids completeRhis causes the refractive index values to
be lower than those for porosity-free samples, tlougering the extrapolated values for
pure TiQ. In the pure TiQ film heat treated at 150 °C, where voids amongigles are
not filled with any matrix, the refractive index msuch lower than the literature value for
anatase, suggesting for high porosity of this film

Since porous deposition of crystalline Ei€an be interesting in different application area,
the effect of thermal treatment on the structurthis film has been investigated.
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Figure 5.4 Refractive index n (A) and extinction coefficient(B) dispersion curves of Ti©
doped and undoped films. (C) Experimental refractindex values at 630 nm plotted versus,TiO
volume fraction and Ti©weight fraction.

Refractive index values and film thickness of pliif®, NCs films annealed at different

temperatures are reported in Table 5.1. The mastgunced enhancement in refractive

index is obtained by annealing the film at 500 td &lm thickness consistently decreases

for heat treatments at temperatures above 200 °C.

From measured refractive index it is possible torede the volume fraction of porosity by

the following relationship derived from the Bruggemmodel for the effective medium

[27]:

n,

2 2 2 2
o, —N Nro, —N

1-n?

Porosity =

2 2
Mro,” +2N

2 2
Mro,” +2N
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CHAPTER 5 -TiO, nanomaterials: Optical applications

where nrioz is the refractive index of fully densified TiChere assumed to be 2.52, and n
the experimental refractive index of the film. Patypsemains quite high up to 400 °C,
while at 500 °C it is drastically reduced (seeddhll).

Refractive index  Film thickness  Porosity

(@630 nm) (nm) (% vol)
150°C 1.92 82 38
200°C 1.94 85 36
300°C 1.98 75 34
400°C 2.03 61 31
500°C 2.21 55 20

Table 5.1 Refractive index values, thicknesses and estimptedsity of TiQ NCs thin films
under different thermal treatment temperatures

This behavior can be correlated to that observedhi® evolution of TiQ NCs powders
previously described in section 4.3.1, where a mprenounced increase in mean
crystallite size was observed between 400 °C and°&00rhus, it is likely that porosity
decreases with temperature due to coarsening amerisg of the particles leading to
progressive densification. These processes seebesédnhanced above 400 °C.

SEM micrographs of pure TUNCs films (see figure 5.5) shows that film anndadé 150
°C are highly porous (figure 5.5A), while films aaled at 500 °C are much more
densified (figure 5.5B).

LILIT 2

INFM-TASC |

Figure 5.5 SEM micrograph of Ti@NCs film annealed at 150 °C (A) and 500 °C (B)
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In figure 5.6A and B refractive index and extincticoefficient are reported, while in
Figure 5.6C XRD diffraction pattern with grazinggdatechnique are shown for TAQICs
depositions on silicon substrate treated above°800At lower annealing temperatures of
150 °C and 200 °C, XRD signal could not be detedtem TiO,NC'’s films. Since
starting material is crystalline, as proved fromIXBn powders, it is likely that the signal
from the thin film is too weak due to small cryssate and small film thickness. XRD of
TiO2 NCs powders could instead be detected due to higke volume fraction present in
the X ray radiation penetration volume. The XRDtgraus of films annealed at higher
temperatures belong to the anatase structure anowmag of XRD peaks is seen due to

increasing TIQNCs size, as observed for titania powders.
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Figure 5.6 Refractive index (A), extinction coefficient (B) ues and XRD diffraction spectra (C) for
TiO2 NCs depositions treated at different tempeestu

Extinction coefficients in the UV region increasé&hwincreasing annealing temperature.
This effect is related to the increasing densifwaf the material, so that the measured

effective extinction coefficient is progressivelgised up due to higher TiOvolume

123



CHAPTER 5 -TiO, nanomaterials: Optical applications

fraction (i.e. reduced porosity) in the film. Tiuan be easily seen from Eq. 5.3 and Eq. 5.4
expressing the effective refractive index and estiom coefficient of a two phase system

derived from a Volume Averaging Theory [23].

nZ, :%[A+\/A2+Bz] Eqg. 5.3

Gy =2 [-A+ AT+ B7] =a. >4
where A=g(n; -k +@1-@(n’ -k?) , B=2mk, +20-¢nk._,n is the refractive
index, k is the extinction coefficient. Subscripts”“and “d” refer to the continuous phase
(i.e. the matrix) and the dispersed phase (i.e.itlcisions) respectively, whileeff’
designates the optical constants of the overallltiag material with a volume fraction
@of the dispersed phase.

These relationships were found to be in good ageeéwith numerical simulations of
porous structures to a better extent than otheguéetly used models [23]. From Egs. 5.3
and 5.4 it is apparent that not only the refractivéiex is modified upon variation of the
relative volume fraction of the constituent phadas, also the extinction coefficient is
obviously affected.

Another possible reason of this behavior can batedl|to the different band gap due to
different particle size (quantum size effect), whigas shown to increase with annealing
temperature (see section 4.3.1). In this casdjn@iparticles have a band gap almost equal
to bulk TiO, (see section 4.3.1). Particles annealed at higimeperatures are bigger, thus
band gap should remain unchanged. The obskriliehavior is thus most likely to be
entirely explained with the structural evolutiontbé deposition.

The method described in this thesis gives theipidigs to obtain highly porous
nanocrystalline titania coatings at temperaturésvibd00°C, while keeping the particles in
a very small size range necessary for large suidaea. This allows for films with good
optical quality, transparency and porosity whishparticularly interesting for a great
variety of applications including gas sensing, lyaia and incorporation of other types of

nanoparticles or organic molecules.

124



5.2.2 High refractive index thin films from Tetraimgammonium hydroxide derived
titanates (TMA-Ti)

5.2.2.1 Titanate film synthesis and modificationd aDistributed Bragg Reflector
fabrication

The powders obtained as described in section #a&s3first dispersed in water withTMA
concentration of 0.03M obtaining a clear colloidalution with a titanate concentration of
200 g/L. To improve film quality under spin castitigs solution was twofold diluted with
methanol and spun at 3000 pm for 20 seconds ontzy@and silicon substrates for
ellipsometry and FT-IR measurement respectively.

These films were first stabilized at 100°C for 30wates and then treated at 200 °C, 300
°C, 400 °C and 500 °C or exposed to UV radiationdd25, 1.25, 2.5, 5, 12.5 and 15
minutes. These depositions will be referred t®@§ 300, 400, 500 for thermally treated
samples and35”’UV, 75”UV, 2.5'UV, 5'UV, 12.5'UV and 15UV for UV treated
samples. Finally also combined thermal and UV tnesits were investigated. For
example 15’UV + 200refers to a treatment where the deposition i$ i\ treated for 15
minutes and then heated at 200°C temperature fer lmur. If the time of thermal
treatment is varied, it will indicated in minutesfbre in the sample name.

UV irradiation was performed with a mercury-xen@amp (Hamamatsu LC6) with a an
intensity estimated to be 460mW/tr@t 365 nm. UV light relevant in this applicatio i
that emitted at 250 nm, where the employed lampamasmission band. If a 0.15 ratio is
assumed between the band at 250 nm and that an®6%as inferred from spectral
radiance provided by the lamp’s supplier), an istignemission at 250 nm of about
70mW/cnf can be estimated.

The obtained depositions were investigated with XBectroscopic ellipsometry and FT-
IR spectroscopy.

The photocatalytic properties of titanate deposgiannealed at different temperatures on
silicon substrates were investigated with the steacid method [41]. Stearic acid was
dissolved in methanol and spun on the titanatesfilihhe films were exposed at UV
radiation and FT-IR measurements were carriecoerty 1minute of irradiation.
Furthermore, the solubility of the titanate films aqueous 0.001M, 0.01M and 0.1M
Tetramethylammonium hydroxide solutions and puréewaf TiO; films was tested for a

dipping time of 60 seconds.
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CHAPTER 5 -TiO, nanomaterials: Optical applications

In order to investigate the ion-exchange propertésuch titanates, films previously
stabilized at 100°C for 30 minutes were dipped 0,6 M of copper chloride or silver
nitrate solution in methanol for 24 hours. Thespad&ions were rinsed with water and
analyzed with XRD before and after baking at 200f6Cone hour. Depositions prior to
and after heating will be referred to@s andCu 200for copper exchanged samplég
andAg 200for silver exchanged films respectively.
Cu 200andAg 200were also analyzed through spectroscopic ellipsgme
Composite films were realized by mixing the titanatolloidal solution with
polyvinilpirrolidone previously dissolved in meth@n Composite films with 20%wt,
50%wt and 80%wt of titanates were realized and gpuguartz substrates.
Since the above-described treatments of the téanlaad to high refractive index films,
we employed these processing conditions for Distetd Bragg Reflectors (DBR)
fabrication.
DBRs are structures consisting of an alternatirgpdiion sequence of two materials with
different optical constants. The most common dessgbased on layers with thickness
equal to one quarter of the wavelength for which thirror is designed to have the
maximum reflectivity. The maximum reflectivity anddth of the reflection stopband (i.e.
the wavelength range where reflectivity is highkrease with the refractive index
difference of the employed materials.
Bragg gratings designed for highest reflectivity 280 nm were realized on quartz
substrates by spin coating titanate and silicasfilwith a quarter wavelength thickness
calculated through the following relationship :

A

4n
wheret if the film thickness) is the maximum reflectivity wavelength in vacuamd n is
the refractive index value of the film.
Silica sol was obtained from standard sol-gel pseicey of Tetraethoxysilane following
the method described in [28]. Spin coating condgidor obtainments of the target film
thicknesses were optimized by ellipsometry measeargsnof the thickness prior to Bragg
grating fabrication.
Two strategies were adopted for grating fabricatibhe first, grating 500, consists in
thermal treatment of each layer at 500 °C for ibutes, while the secondrating UV,
involves a treatment at 200 °C for 5 minutes whialowed a 5 minute UV irradiation
(5’UV+5200) in the case of the titanate layer.
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5.2.2.2 Results and discussion

In the table 5.2, refractive indexes, interlayestalice estimated from XRD data and

solubility behavior under all processing condis@mployed in this work are reported.

Sample Reﬁgg;ive c-[)rr‘llt(;zl;z{eiz?] (n?n) H,0O O’I\?I()l oli/(l)1 SI)'I\%I L\\A
(%) TMA | TMA
100 1.78 0 1.14 | yes - - -
32" 1.94 21 1.14 | yes - - -
75" 1.98 27 1.13 | yes - - -
2.5 1.99 37 1.12| no| yes - -
2) 2.01 38 0.93| no yes - -
7.5 2,04 42 0.93| no no yes -
10’ 2,04 41 092| no no yes -
12.5° 2,04 41 0.92| no no yes -
15’ 2,05 42 0.93 no no yes -
200 1,91 24 1.14 | yes - - -
15'UV+200 2.28 57 0.92| no no no no
300 2.17 46 1.00| no no no no
15'UV+300 2.29 60 0.68| no no no no
400 2.31 57 - no no no no
15'UV+400 2.34 60 - no no no no
500 2.32 59 - no no no no
5'UV+5'200 2.26 - - no no no no
UV+500 2.34 59 - no no no no
Cu 200 2.22 56 0.71| - - - -
Ag 200 2.17 44 - - - - -

Table 5.2 Refractive index at 630 nm, film’s thickness cootien, interlayer distance
calculated from Bragg relationship using diffraatipeak position from XRD analysis
(A=2dsin@), and solubility in aqueous solutions with incregsi MA concentration for all

employed titanate film modifications (yes=solubie=not soluble, -=not evaluate).
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CHAPTER 5 -TiO, nanomaterials: Optical applications

For thermally treated samples, the same strucawalution of TiQ powders is observed
with increasing temperature. Figure 5.7A shows KD pattern of titanates films

annealed at different temperatures.
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Figure 5.7 XRD pattern (A) and FT-IR spectra (B) for titanatepdsitions annealed at different
temperatures. (C) XRD data for titanate film oficsih substrate and the same material in powder forat
treated at 500°C. (D) Schematic showing the sugdefeposition structure

Peaks at 7.7 deg and 15.4 deg related to interldiggainces are observed 200 while

peaks at wider diffraction angles are not deteetatiiggesting for an orientation of titanate
sheets parallel to the substrate. From peak’s lieyzva mean dimension of 3.9 nm can be
assigned to the domains at normal direction torlaydane using Scherrer equation. The
number of stacked layers is thus approximately letqu8 or 4, less than values obtained
for the same material in the powder condition (sect.3.3). The peak width can also be
related to the degree of structural order. Thus,tie same number of stacking layers,

XRD peak relative to interlayer diffraction getsder if, for example, interlayer distances
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are spread over a range of values [33]. Thus,ditatayers in the deposition are stacked
with a minor number or in a less ordered fashion.

If we assume that the starting titanates solutmmsists of titanate nanosheets with an high
degree of exfoliation, we can argue that such raaets restack during the drying stage of
the coating process. Thus, the fast evaporatiorerexqced during spin coating do not
allow for titanate stack with long range order. f@a other hand, the restacking rate during
the process used to obtained the powders is licebe slower leading to a slightly higher
number of stacked layers.

Even if we have no characterization of the statatahate layers in the colloidal solution,
the dependence of the stacked state on materiaegsimg point out a scenario where
titanate layers exist in a highly exfoliated s{@@].

When this solution is spun over the substrateithed flow established during spinning
can give an orientation to these layers, whichaastigain upon solvent evaporation to
give the low-angle diffraction peaks observed inD<gpectra of thin films.

This orientation seems to influence the formatidnanatase structure 400 and 500
samples, resulting in a preferred orientation. bt fine diffraction peak at 25.3° was much
more intense with respect to other peaks if contpaoethe same material at the same
treatment temperature analyzed in the randomiyntecepowder state (Figure 5.7C).
Elimination of organic matter such as TMAt elevated temperatures is evident from FT-
IR shown in figure 5.7B. The decomposition of thegamic cations also led to
destabilization of the layered structure, whichagigear at 300 °C.

Elimination of organic matter along with crystaditon and densification leads to high
refractive index values as high as 2.31 in theblasiange (see table 5.2).

A qualitative appreciation of film densificationrcée gained looking to the film thickness
contraction (final thicknes$00 sample thickness %) also reported in table5.2s hseen

to increase after thermal treatment at 200 °C chiseevaporation of residual solvent
retained after the initial stabilization at 100 &hnealing at higher temperatures leads to
increasing thickness contraction.

These data also suggest that an ordered structaneas that represented by titanate sheets
favors better densification and crystallization thie material. This leads to higher
refractive indexes and lower crystallization tengpere if compared to titania films
prepared from other conventional sol-gel routesoothe previously described TiICs
films, whose inherent porosity limits the refraetindex value at around 2.2 after thermal
treatment at 500°C.
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Layered titanates have been investigated for fedtocatalytic activity resulting
in decomposition of organic matter. This capabiligs also been exploited to decompose
intercalated organic material allowing for materknsification, enhanced hardness and
refractive index [30,31].

We studied these properties for the titanates regrerted looking at their photocatalytic
behavior by the stearic acid method as describéeiexperimental.

The disappearance from FT-IR spectra of the C-Hlbdn the 2750-3000 cirange of
stearic acid deposited @90, 300, 400 500 films was monitored every 60 seconds of UV
irradiation time at room temperature. The resulesshown in figure 5.8, where the areas
under the C-H bands normalized to the their intialues are shown. It is apparent that
200 400 and500 samples shows comparable photocatalytic behavibile\v800 sample

shows a strong decrease of stearic acid degradation
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Figure 5.8 Evolution of normalized area under C-H vibrationstéaric acid deposited on titanate films
heat treated at different temperature versus WAdiation time in a photocatalytic test

Layered titanates (sampB90 shows photocatalytic activity similar to anatasenples,
even if a suitable comparison should take into whamation also inherent surface area of
the material. Loss of crystallinity and arising sifuctural defects are, most likely, to be
responsible of the diminished catalytic behavioth&300sample.

The possibility of decomposing organic matter urlderirradiation has been exploited for
titanate film modification [31], since eliminatiaf the intercalated tetramethyl ammonium
caion is possible.

The effect of combined thermal and UV treatment basn thoroughly studied on the
material described in this thesis.

Refractive index and XRD evolution has been fiodioived with increasing UV irradiation
time (see table 5.2 and figure 5.9A). Broadeninghef main diffraction peak is observed
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after 75” irradiation time along with a continuoshift toward higher diffraction angles
which corresponds to diminishing interlayer disesc (reported in Table 5.2). This
behavior is kept till 5 minutes of irradiation timad a constant value of interlayer distance
is then reached. The shift of XRD peaks is coreelatith the disappearance T¥IA from

the FT-IR spectra shown in figure 5.9B.

From a structural point of view, UV irradiation t#s in loss of coherency or order of the
layer stacking sequence due to decomposition obthanic cation which is necessary for
the stabilization of the layered structure. This ba inferred by XRD peak broadening, as
simulated for similar systems by Sasaki et al. [3d)e decomposition of intercalated
compounds obviously results also in a decreasedlayer distance to an almost constant
value of 0.92-0.94 nm, similar to that reporteddoalogue UV irradiated layered titanates
in ref. [30,31].

It is likely that small cations fragments like hHand H(H3O") ions are left after the
decomposition process as as they keep chargeahigutd1].

The UV treated film is not readily soluble in watéyee Table 5.2), while it can be
exfoliated and colloidaly dispersed in aqueousutsmh containing TMA. This is a
behavior ha been found also for a protonic titajdfg which have a denser and more

stable structure than TMA intercalated compounds.
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Figure 5.9 XRD (A) and FT-IR (B) spectra for titanate films siicon substrate UV-treated for different
irradiation time. IR peaks labeled with * are agsgid to TMA vibration.

Refractive index values show a quite steep incregs& 7.5 minute irradiation time at

which a constant value is reached (see table R&yactive index is slightly enhanced
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with respect to pristine layered titanate films thieaated at 200 °C because of the higher
degree of densification as evidenced from contaadif interlayer distance.

The structure assumed after UV treatment is notstable one, since we realized that if
subsequent thermal treatment is applied, a furtherlayer contraction is obtained,
reaching an interlayer spacing of almost 0.7 nmiclwiapproaches that of dried FeOOH
lepidocrocite structure (0.66 nm) without any itdger guests [32]. This suggests an
almost complete contraction of the layers likelgda removal of the 0" or other small
molecules present as interlayer hosts producetidoprievious UV treatment.

Very interestingly, these films could not be dis®al in highly concentrated TMA aqueous
solutions analogously to those synthesized at higgraperatures, further confirming the
obtainment of a different and more compact strgctur

It has to be noticed that after thermal annealongy broad peaks are seen indicating
almost complete disappearance of order in the stgadequence. Thus, at this point the
most probable situation consists of incoherentlysely packed titanate layers with a
preferential orientation parallel to the substrate.

XRD pattern of samples irradiated 15 minutes beforat treatment are shown in figure
5.10, in comparison with the patterns of therméigated and UV treated samples. In the

same figure a scheme of the possible layer titdilateevolution is presented.

A 15'UV + 500 B
i Y 500 Starting layered
titanate film
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Figure 5.10 XRD patterns of titanate films after combined thatrand UV treatment.(A); Schematic
representation of suggested structural modificadiotained after UV and thermal treatment. (B)
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Refractive index values largely increase with sti@rmal treatment after UV irradiation,
reaching values as high as 2.28 at 200°C, verylain® values obtained with heat-
treatments at much higher temperatures.

If the samples are UV irradiated before thermadttreent, much higher refractive index
values can be obtained with respect to only thdymaéated samples. This effect is
evident in the case of samples treated at 200 UC380 °C, where previous elimination
through UV light of TMA cations allows for enhancedntraction of the layers leading to
higher densification and refractive index. Thiseisdent also from thickness contraction
which is much higher in the case of samples treatddUV irradiation (see table 5.2).

At 400 °C and 500 °C the structure is determinedhieycrystallization of a new phase, i.e.
anatase. Thus, in this case UV treatment seemave much less effect on refractive
index.

Since we were interested in producing high refvactindex depositions, we further
investigated these procedures in order to find mieimum UV exposure and heat
treatment time to achieve high refractive indexueal

Thus, one hour of heating time at 200 °C was agpbe.5’'UV, 5’'UV, 10'UV and15’UV
samples. XRD data and refractive index valueshosvn in figure 5.11. It is evident that
almost 5 minutes of UV irradiation are needed tbajmost the ultimate refractive index
value, while slightly longer time is necessary tthiave the final structure which still
retains pristine interlayer distances. This is niiaely due to non uniform irradiation over

the whole thickness of the film. Higher irradiatiome is needed to get uniform structure.
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Figure 5.11 XRD patterns (A) and refractive index at 630 (B) of titanate films treated under different
UV radiation times and subsequently annealed atQ®6r one hour.
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Intensity (a.u.)

Analogously, forl5’UV depositions, it has been verified that a post-tlanneatment of
five minutes at 200°C is sufficient to obtain coetpl shrinkage of interlayer distances and

the highest refractive index, as shown in the fgbul 2.
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Figure 5.12 XRD patterns(A) and refractive index at 630 nm (B) of titanatien§ treated under UV
radiation for 15 minutes time and subsequently aleteat 200°C for different times.

In conclusion, a treatment consisting of five mesutJV irradiation time followed by five
minutes at 200°CXUV+5'200 sample) was verified to be sufficient to obtaimaterial
with a refractive index as high as 2.26 (see t&f, almost equal to th&5’'UV+200
sample, even if complete titanate layer contraasamot achieved.

lon exchange with copper and silver ions has aeen used to induce
modifications of titanate thin films. XRD data filmn exchanged films are shown in figure
5.13, with corresponding FT-IR spectra.. These defiars to as-exchange@y andAg)
and further thermally treated sampl€z1200andAg200).
In the case of copper exchanged films, the diffosicpeak ofCu deposition is consistently
shifted with respect t@00 sample (also reported as reference in the figUi@ks suggests
the exchange between bulky TMA ions and Cu ionsltieg in interlayer distance
contraction, even if compositional analyses shobkl performed to confirm this
hypothesis. In ref [34], ammonium cations were sgstully exchanged with Ni ions,
while other cations (CsK") were found not to maintain the layered structérgthermore
the Ni exchanged material was stable untill veghitemperatures.
In our case, thermal annealing results in furtleertm@action and consistent loss of order as

deduced from line broadening, revealing the infitglf this structure.
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Silver doesn’t allow for layered structure stapildven before heat treatment. Such films
do not show any diffraction peak at low angles. sehBlms looked colored, due to silver

reduction and metallic particles formation respblesfor the surface plasmon absorption

in the visible.
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Figure 5.13 XRD pattern (A) and FT-IR spectra (B) of ion exopgad samples. XRD data for a sample
only annealed at 200°C is reported for comparison

Refractive index is largely enhanced in both casesn if transparency in the visible is

lost in silver containing depositions.

Cu 200 deposition was transparent and the refagtisiex in the visible range was 2.22.

This suggests for another low temperature alteradtr high refractive index obtainment.
Refractive index and extinction coefficient cunae® reported in figure 5.14 for

selected samples described in this section.
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Figure 5.14 Refractive index (A) and extinction coefficient vas (B) of samples processed under
selected treatments
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It can be seen that procedures employing UV lidlotaato achieve refractive index values
approaching those &00 samples, and treatment ®JV+5'200 samples give almost the
same optical properties thab5’UV+60'200 samples Also Cu 200 sample shows
refractive index enhancement and very good traesgsr suggesting.
Extinction coefficients increase in the UV rangethwihermal annealing, UV and ion-
exchange densifying treatments. In this case, tfexztecan be both related to the film
densification and the variation of crystal struetuin fact, depositions still possessing a
lamellar structure have higher band gap energy ¢sedon 4.3.3) than those with the
anatase structure as for materials annealed atG0Uhus the absorption behavior cannot
be completely attributed to structural or morphatagevolution, but also to variation of
material’s electronic structure.

Finally, SEM morphological characterization 200, 15’'UV + 200, Cu 200 Ag
200samples are reported in the micrographs of figut®& SSilver particles are clearly seen
in the Ag 200 sample, while quite homogeneous depositions ateir@d in the other

samples.

Figure 5.15 FEG-SEM micrographs f&00 (A), 15UV + 200(B), Cu 200(C) andAg 200 (D) samples

Particles seen i@u 200 sample are likely due to residual copper chlogdk after water

rinsing of the sample after the dipping stage
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5.2.2.3 Layered Titanates applications

In this section, some applicationsTaflA-Tilayered titanate will be described.
In particular, titanate nanocomposite films deposg using polivinypirrolidone (PVP) as
matrix and Distributed Bragg Reflectors (DBR) aesdribed.
Nanocomposite films were prepared by simply mixéngolloidal solution of titanate with
PVP previously dissolved in methanol.
Different weight percentages of titanate in PVPébgen realized by changing the relative
amount of these solutions. Transparent materiale baen obtained with 20%wt, 50%wt
and 80%, with a refractive index of 1.57, 1.79,91/@spectively. This allows for a
convenient and straightforward method for obtainingable refractive index materials.
XRD of such composites (figure 5.16) shows simfzatures as those reported 200

film, with peak intensity accordingly decreasingtwincreasing amount of PVP.

] Y 80%wt

50%wt

Intensity (a.u.)

20%wt

20 (deg)

Figure 5.16 XRD patterns of PVP-Titanate composite film witfffelient inorganic content

The employment of such materials in multilayer riedition, such as Bragg
gratings, is particularly convenient because hgfractive indexes can be achieved at very
low temperature. The main problem encountered @sehstructures deals with thermal
stresses arising during temperature cycling betvagsrealing and ambient temperatures.
This in turn causes severe cracking and limitaitionumber of layers that can be deposited
without defects formation, unless annealing schedufound [35].

It has been shown that an annealing temperatuf@f°C is sufficient for satisfactory

titanates treatment, leading to crystallizationtlod anatase.phase. DBRs without cracks
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have been obtained by heat treating both silicataadate layer at 500 °C . This will be
referred to agrating 500.

Analogues DBRs were conveniently fabricated appiyiive minutes of UV irradiation
followed by five minutes of annealing at 200 °Cdescribed in the experimental for the
grating UV procedure.

Both these procedures allowed for multilayer degomsiup to ten silica/titanate doublets
without appearance of cracking.

Refractive index of silica layer was measured tolb#4 for both type of annealing
processes, while refractive index of titanate layleave already been discussed and are
reported in table 5.2. From these refractive indalues the thicknesses of the Si@nd
TiO, layers are calculated as explained in the expetahesection for a designed
maximum reflectivity value at 620 nm wavelength.eTbbtained thickness values are
about 108 nm for the SpQdayer, 67 nm for titanate layer grating 500 and 69 nm in
grating UV.

In figure 5.17 transmission spectra of gratings posed of six and ten silica/titanate
doublets are shown for both treatments. Transnuétas lowered in a specific wavelength
range (the stopband region) since reflectivitynbanced near the wavelength for which
the mirror is designed.

Since thermal treatments at 500 °C lead to high&active index values, transmittance
inside the stopband (i.e. high reflectivity wavejdgnregion) is lower with respect to Bragg
gratings with the same number of layers obtainetth wie UV treatment. In fact, higher
differences in refractive indexes between the mateemployed for grating fabrication
lead to more efficient mirrors with higher reflagty and wider stopband.

100

100+ Grating 500 Grating UV

(AN 80 4

80 o

60+
60 |

40

---- 6 doublets 204
—— 10 doublets

40

Transmittance
Transmittance

20

---- 6 doublets
—— 10 doublets

T ¥ T T T T
T ¥ T v T ¥ T ¥ T T
Gy 400 €0y 800 1000 1200 200 400 600 800 1000 1200

Wavelength(nm) Wavelength (nm)

Figure 5.17 Transmission spectra fgrating 500 andgrating UV
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Reflectance spectra measured on the ellipsomestyument for different incident angles
are shown in figure 5.18 fograting 500 and grating UV for 6 high/low index layer

doublets.
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Figure 5.18 Measured reflectance spectra f8rating 500 and Grating UV at different angles and
ellipsometer software simulations of the same stinec(0° reflection spectra is also reported is trase)

Due to physical limitation of the instrument, it svaot possible to measure the reflectance
at normal incidence. Reflection at 15° can nonesglbe taken as a good estimation of
normal reflectivity, since this does not vary sigiaintly in a small angle range around
perpendicular direction. Simulations carried outhwihe software of the ellipsometry
instrument (V-Wase32, J.A. Woolam Co., Inc.) udimg measured optical constant values
of titanate and silica film (for the same treatmeonditions of grating fabrication) are also

shown in figure 5.18.
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Reflectivity values of 0.95 and 0.9 at 620 nm wereasured fograting 500 andgrating
UV consisting of 6 high/low index doublets respedtiv8he simulated value for 15°
reflection at 620 nm are 0.99 and 0,98daating 500 andgrating UV respectively.
Measured values are lower than simulated ones.iS tiisely due partly to surface quality
of the deposition, that must be improved in ordeintrease specular reflection, and partly
to differences between target and obtained filrokiiesses. The latter problem is enhanced
in grating UV fabrication since several steps are included enpifocess (deposition, UV
irradiation and thermal treatment), each of them io&roduce experimental errors. In this
case, experimental setup has to be improved tolgster reproducibility.
The possibility of creating inorganic gratings etivitemperature is particularly useful not
only for defects minimization but also for optigakctive devices that involve materials
that cannot sustain high temperature treatmentizition of these gratings for optical
micro-cavity fabrication incorporating quantum dslescribed in Chapter 6.

In conclusion, the change in solubility behavioduced by UV irradiation (see
table 5.2) motivated some attempts in the UV paiitgr of TMA-Ti depositions.
These experiments were performed by irradiatingesdepositions through a mask with a
20 pum pitch and further thermal annealing at 200°C.rENen optical contrast could be
detected under optical microscope observation #fisrtreatment, subsequent dipping in
water orTMA aqueous solutions in order to remove the nondimtad part did not result in
a well developed morphological pattern.
Since the patterning of titanate can result in gfhactive index material surface structure
or in crystalline titania by subsequent thermalatimeent, with enormous interest for
photonic applications, we believe that further agsk by improving setup conditions and
changing the type of intercalated organic catidreukl be carried on.
Analogue Electron Beam Lithography (EBL) pattermmas applied without results.
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5.3 Multifunctional material for optical waveguides and conformal
coatings for LED encapsulation

Materials satisfying different requirements at sane time are of interest in many
technological fields.
In this section, the use of a multifunctional meteis described and exploited for planar
waveguides and conformal coating fabrication. Scaatings have been applied to LED
devices not only to impart proper packaging andgmtoon but also novel functionalities.
In particular, high refractive index, incorporatioh optically active materials and proper
attitude towards processing conditions have beersidered in the synthesis of a novel
material.
The approach to introduce in the same materialtredl above-mentioned features is
described in the following.
First, we made use of theH-Ti titanates described in section 4.3.1 as the regfactive
index component. This material could be processedldohol media and resulted to be
compatible with quantum dots, which were used asatically active component. The
resulting multifilled-composite (defined in this way since it incorpesadifferent nano-
sized inclusions) was used for film deposition amdinescent optical waveguides.
The use of this material to create coatings for LddVices is then described in section
5.3.2. This application has been further developitd the employment of a hybrid sol-gel

matrix giving better results.

5.3.1 Multifunctional material from 6-amino-1-hexent derived titanates (AH-Ti)

5.3.1.1 Synthesis

In the following, the synthesis of nhanocomposigpasitions using alcohol soluble
titanates AH-Ti) embedded in polymer and hybrid sol-gel matesalescribed
Two materials were chosen as host for titanate steggis. The first is polyvinylpirroldone
(PVP, 10000 average molecular weight), a polymer whiecks found to be highly
compatible with titanates colloids. The polymer wdissolved in ethanol obtaining a
solution with a concentration of 200 mg/ml whichsagsed for composite fabrication. The
second matrix is a material derived from the funaiization of polyethylene glycoPEG

1000 molecular weight) with an equimolar amount ofis&yanatopropyl-
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trimethoxysilane, here referred toREG-SIO, . This is obtained through reaction between
the hydroxyl group oPEG with isocyanate group of the silane molecule, @scdbed in
[36]. PEG is first melt at 60°C wunder vacuum and then mixedth 3-
isocyanatopropyltrimethoxysilane. The reactionagied out at 80 °C for four hours. This
material is then diluted with ethanol obtaining @uson with a concentration of 100
mg/ml.
In a typical composite fabrication, 2.5 mlAH-Ti as-synthesized solution were processed
as described in section 4.3.2 to obtain about 0.df MO, solution in methanol.
100 pl, 200 pl, and 400pul of PVP or PEG-SIO, solution were added to the titanates
nanosheets solution corresponding to theoreticat@atrations of 79%wt, 65%wt and
48%wt of titanates respectively. These sols wilréspectively labeled &3VP1, PVP2 or
PVP3 whenPVP is used as matrix, an@dEG1, PEG2 and PEG3 if PEG-SIO; is used.
Finally all the solutions were diluted to 1 ml widthanol and spun at 3000 rpm for 20
seconds. These films were annealed at 100 °C, QGh¢ 300 °C for one hour in air.
Titanate films were also obtained by spinning Até-Ti colloidal solution with the same
processing parameters and will referred Tas Spectroscopic ellipsometry and FT-IR
analyses were carried out on films deposited omtgj@ad silicon substrate, respectively.
Quantum dots emitting at 610 nm were used forrppi and PEG2 depositions.
These patrticles were of the Core@Shell type withGBSSshell structure synthesized as
described in section 3.4.2.
Loading of QD’s was performed by mixing 1@0 of the matrix solutionTi or PEG2)
with 300 ul of a colloidal solution of 6-amino-1-hexanol fulmmalized CdSe@ZnS in
ethanol, obtained as described in section 6.3.&.alsorbance at first exciton peak of the
10-fold diluted QDs solution used for doping was.0An exact estimation of the QDs
concentration is not possible since the extinctioefficient for these particle is not known.
However, if the extinction coefficient of CdSe conaith the same first absorption peak
position is assumed, a concentration of 1.7%a®I/L can be estimated.
PVP based materials were not doped with QDs sintieemmeasurements results were not
satisfactory, as will be described in the nextisact
Four layers were realized by spinning the resultdodutions at 3000 rpm on quartz
substrates and annealing each layer at 250 °Gvinfinutes in air.
QD-doped and undopeti and PEG2 depositions were tested with m-line technique to

analyse waveguiding properties.
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Nanoimprinting lithography was applied to tR&EG2 material doped with QDs using a
PDMS mould with 4um pitch and 110 nm features depth, which was agbea film

spun at 1000 rpm for 5 seconds immediately aft@osi#éion. The whole assembly was
treated in an oven at 100°C for 30 minutes. Aftet,tthe mould was removed and the

structure was further treated at 150°C for 30 naaut

5.3.1.2 Results and discussion

The reason for employin@VP or PEG-SIO, as matrices is due to their good
compatibility with the obtainedH-Ti material and to the plasticity of the final compes
material necessary for the processing of defeetdtauctures.

The use ofPVP to improve processing of Tglbased material has already been reported
[37]. PEG-SIO, has been adopted with the aim of taking advantigéhe possible
interactions between silica alkoxides and titarragilting in functionalization with PEG
molecules, contributing to suppress interactionts/éen titanates nanosheets.

FT-IR spectra of aPEG-SIO, film (normalized to the CH band) showing the sd#an
coupling between hydroxyl group of PEG and the yanate group of the organosilane
forming the urethane group is shown in figure 5.19Ae resulting target molecule is

depicted in figure 5.19B.
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Figure 5.19 FT-IR of aPEG-SIO, film on silicon substrate before and after heatimgPEG and organo-
silane mixture (A). Scheme of the target finalsddunctionalized polyethylene glycole (B)

The OH band intensity diminishes while a band assite to NH vibration belonging to

the urethane group appears after the reaction.
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Figure 5.20 shows the FT-IR spectra of plireand PEG-SiO, andPVP composite films
annealed up to 300 °C.
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Figure 5.20 FT-IR spectra ofPEG2, PVP2 and Ti samples at different treating temperatures

The FT-IR spectra of all films shows a broad abgompin the low wavenumber region
which can be related to Ti-O bond vibrations. Thespnce of ethylene glycol molecules
(C-O-C vibration in the 105-1150 ¢hregion [51]) are not seen Ti films, probably due
to the low content and thickness of the analyziedl. finstead it was detected in the titanate
powder (see section 4.2.2).

In PEG2 sample bands in the 1050-1150tragion can be assigned to PEG molecule of
the matrix [51]. Bands belonging to titanium glyat® complex are not clearly identified in
our spectra. This can be due to the small absoebahthese bands in this films, even if
complexation of some titanium site by ethylene glynolecules cannot be excluded since
this complex is known to be stable toward hydraydihe presence of ethylene glycol
chelating titanium would be desirable to have stabhterials with limited interactions
between titanate sheets in order to reduce stsfia@s improve stress-relief properties of
the composite material during solvent evaporativoliived in films or bulks fabrication.
Analyzing the evolution of the FT-IR spectra of theat-treated films (figure 5.20), it can
be concluded that the films are stable up to 2001ACact, at 300 °C the peaks in the
2850-3000 crit region (C-H vibrations), at 1050-1150 ¢rfC-O-C bond of PEG [51)), at
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around 1660 cim (C=0 bond of PVP [52]) disappear due to thermatod®position.
Contributions of hydroxyl vibrations at 3000-360@tare always present.

The stability of titanate component was tested YAIDTA analysis as reported in
Chapter 4, and it was found to be stable for teaipess below 300 °C.

Bands assignable to Si-O-Ti bond (at 940’d#0]) could not be detected in the FT-IR
spectra ofPEG nanocomposite films. This can be due either toialiffy in observing
these bands due to low absorption or too littlen@tr at all) reaction of the titanates with
the siloxane network. The latter may result froma stability of the titanium sites or from
unfavorable conditions employed in our procedurgrtmmote silane coupling.

Ti deposition on silicon treated at 200°C was anayzg XRD. The diffraction data are
reported in figure 5.21 and shows the presencelwbad and weak peak in the low angle

region supporting the presence of a layered straclso in the deposition.
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Figure 5.21 XRD diffraction pattern oAH-Ti titanates deposited on a silicon substrate andaed at
200°C

The layered nature of this material can affectdtnacture of the deposition since titanate
nanosheets can assume a preferential orientati@lgdado the substrate when deposited
by spin coating or dip coating, as already obserwvegrevious works [34]. This is

supported by the diffraction pattern shown in feyus.21, since no peaks at wider

diffraction angle are detected.
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In table 5.3 the refractive indexes evaluated lBcspscopic ellipsometry for puiié and

composite films are reported for different composis and annealing temperatures.

T (°C) Ti PEG1 | PEG2 | PEG3| PVP1| PVP2| PVP3 Ti+ QD PEG2
QD

.

100 1,81 1,76 1,69 1,61 1,74 1,7 1,6f - -

200 1,83 1,81 1,74 1,65 1,76 1,74 1,66 1.81 1.32

300 1,83 1,81 1,74 1,65 1,8( 1,7% 1,68 - -

Table 5.3 Refractive index at 630 nm f@ii and nanocomposite samples at different tempesature

The refractive index increases with titanate conierthe nanocomposite films achieving
the maximum value of 1.83 for pufié film. This value is much lower than crystalline
TiO; (n = 2.493-2.554 for anatase and n = 2.616-2.803utile [26]) due to the presence
of organic moieties such as 6-ammino-1-hexanol ethglene glycol. In fact, the amount
of organic matter has been measured to be roughdw from thermogravimetric
analysis of the powders.

Films without cracks with thicknesses up to few noics were obtained witlPEG2
composition by spin casting and annealing at 200st@wing the effectiveness of this
synthetic approach.

Ti, PEG2 and PVP2 films annealed at 200 °C with thicknesses (estwghafrom
spectroscopic ellipsometry measurements) of 170, &4d 260 nm respectively were
characterized also with M-line technique in order test the optical waveguiding
behaviour. The small size of the employed nanositrad titanates is particularly useful
for this application, since optical losses relatedcattering should be minimized. These
measurements are shown in figure 5.22 for TE pdéion mode, where an optical mode is
clearly seen for 543.5 nm, 632.6 nm and 1319PWP2 shows the broader features in the
M-line measurements, suggesting stronger opticaéde or higher surface roughness
probably caused by an initial degradation of thérixalt is likely that 200 °C is a too high
temperature for this material. Measurements undérmp®larization mode are analogue at
543.5 nm and 632.6 nm, while no optical mode ctaldietected at 1319 nm.
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Figure 5.22 M-line measurements in TE polarisation modelgfPEG2 andPVP2 samples at different
wavelengths

QD-doped waveguides were realised introducing @&eS QDs in purdi and
PEG2 material. Since 6-amino-1-hexanol has been usedigasd for both titanates
solutions and QDs, the solution comprising both gonents resulted to be very stable and
could be used to obtain optically transparent nigtewithout aggregates formations.

In figure 5.23, m-line results for TE polarizatiare reported for QD doped andPEG2
with a thickness of 188 nm and 240 nm respectielstimated from spectroscopic
ellipsometry measurements). They show the presehaaevaveguiding mode, even if they

are less evident than undoped samples.

Ti+ QD I PEG2 + QD

B 1319 nm 1319 nm

f/\/\[&'s nm 632.6 nm
N.S nm N&S nm

Effective refractive index,p Effective refractive index, 3

Intensity (a.u.)

Figure 5.23 M-line measurements in TE polarisation mode of @adedTi and PEG2 samples at
different wavelengths
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Refractive index and extinction coefficient curveseasured with spectroscopic
ellipsometry are reported in figure 5.24. QDs idtrction leaves the refractive index
almost unchanged with a refractive index value @&lland 1.72 (at 630 nm) for QD
loadedTi andPEG2 matrix respectively, while extinction coefficieistconsistently raised
below quantum dots absorption edge wavelength ar@®® nm and steeply increases at
about 330 nm due to titanate onset absorption.t&x@eak of quantum dots is not seen in

the extinction coefficient curves due to low nantigkes concentration.
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Figure 5.24 Refractive index and extinction coefficient curdes QD doped and undopdd andPEG2
samples

Ti Ti+QD | PEG2 | PEG2 + QD PVP2

Film thickness (nm) 170 188 240 275 260
nat543.5nm, TE 1.845 1.855 1.738 1.748 1.759
nat 543.5 nm, TM 1.773 1.809 1.695 1.709 1.729
nat632.6 nm, TE 1.825 1.832 1.731 1.735 1.746
n at 632.6 nm, TM 1.752 1.792 1.684 1.697 1.719
nat1319 nm, TE 1.783 1.773 1.694 1.677 1.709

Table 5.4 Refractive index estimated by M-line measurement$E and TM polarization mode. Film
thicknesses reported in the table are estimatesbbgtroscopic ellipsometry measurements and us#dtkin
calculation of refractive index by modal propagatineasurements.

In table 5.4 the refractive indexes estimated fromline measurements assuming the
thicknesses found from the spectroscopic ellipsometeasurements are reported for
different wavelengths and polarizations. It canskeen that they are in good agreement
with the values measured by spectroscopic ellipggmir TE polarization. In T™M
polarization, refractive indexes are significanfiywer. This can be related to an

anisotropic structure of the depositions causethbyorientation of titanate sheets parallel
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to the substrate, as previously suggested. Thigesuit in birefringence of the deposition
explaining the observed different optical constasttserved under different polarization
mode.

The UV-Vis absorption and photoluminescence spemtr@Ds in solution are shown in
figure 5.25. The PL peak position is 610 nm witkF\&HM of 27 nm. The PL quantum

yield of these NPs measured with respect with agamic standard was found to be

approximately 23%.
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Figure 5.25 Absorption and PL measurements of the QDs dispédrssolution used for film doping

The possibility to obtain high refractive indextaimperature as low as 200°C is beneficial
for retaining the emission properties of QDs, whante otherwise degraded at higher
temperatures [38]. PL emission from QD-loaded dejoos is shown in figure 5.26. The
PL peak position (608 nm and 604 nm TorandPEG2 film, respectively) and the FWHM
(29 nm and 30 nm fofi and PEG2 film, respectively) are only slightly different rio
those of QDs in solution, indicating that the depeld synthesis is not affecting

significantly the optical properties of the QDs.
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Figure 5.26 PL measurements @i andPEG?2 films loaded with QDs

The possibility to process this material as thidks is related to the very good
stress-relief behavior and plasticity of the depelb nanocomposites that are capable of
sustain stresses arising during film casting. Temesents an improvement with respect to
other TiQ based materials for high refractive index appidret
For these reason®EG2 material doped with QDs has been tested in narriringug
lithography..

This technique consists in reproducing a surfadeepaby embossing a deposition with a
nanopatterned mould. Sufficient plasticity of thatarial to be embossed is required to
achieve the desired surface pattern.

AFM images in figure 5.27 demonstrate that thetpléyg of the developed nanocomposite
is suitable for pattern formation, even if the e can be optimized by minimization of
shrinkage (due to solvent evaporation) and by apgtin of an external pressure to favor
better filling of the mould. In fact, the pattesiabout 60nm high while mould’s one is 110

nm.

83 nm

-24 nm

X: 9.6 pm

—-40 nm

Figure 5.27 2D and pattern profile (left) and 3D detail (righf)AFM image ofPEG2 doped with QDs
film patterned by nanoimprinting lithography
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5.3.2 LED encapsulation

In this section, the above described materialsapmied in a practical application
consisting in encapsulation of LED devices.

The aim of this work was both to improve light exdion from LED chip and to convert
part of LED chip light output to white light prodimn working on the encapsulating
material.

Light extraction from the emitting LED chip is litad from internal reflection due
to the high refractive index of the semiconductaatenial constituting the LED chip.
Thus, a consistent fraction of generated light ies&rapped in the LED.

To diminish this effect, a polymeric coating (refime index around 1.5) is normally

applied since the fraction of reflected light isnghished due to lower refractive index
difference between LED material and the medium elibe device.

From results summarized in figure 5.30, it is cadeld that the higher is the refractive
index of the coating the higher is the light exti@t. This effect is observed only if the

shape of the coating is hemispherical, otherwiseeffort in raising the refractive index is

vanished if the coating has flatter shapes. This®, a correct coating shape is of great
importance for maximizing light extraction.

A scheme of the target structure is shown in figr8 along and the parameters
influencing light extraction for the red and blumi#ing LED used in this work are

summarized in figure 5.29.

Yellow-emitting
QD particles

High refractive index
Hemispherical coating

Blue-emitting LED chip

Figure 5.28 Schematic representation of the designed coatirlge®
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RED chip-LED (AlinGaP material) BLUE chip-LED (InGaN material)
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Figure 5.29 Light extraction dependence on coating refractiviex and shape calculated from ray-
tracing simulation. Shape geometry “a” correspondrichemisphere, while geometries “b” and “c” présen
increasing flatness

It can be seen that in order to maximize light @tion a good hemispherical shape
(geometry “a” in figure 5.29) is needed. In fadatter shapes (geometries “b” and “c” in
figure 5.29) dramatically reduces the light exti@ct

The problem of white light production has been teath the introduction in the coating
of compounds able to down-convert part of the lggnitted by the LED. In our case, QDs
have been used due to their stability, continudusogption above ban-gap energy and
tunable emission color with particle dimension. Degonversion has been applied to
blue-emitting LED at about 450 nm. At this waveldn@Ds efficiently absorbs radiation.
Emission color of quantum dots should be in the-580 nm range (yellow light) in order
to produce white light in combination with 450 nadiation of LED.

Finally, the employed material has to be transgaaen possibly absorbs UV light for
protection purposes.

Two techniques have been used to deposit the ialater the LED. The first is
based on a simple dispensing technique in whiobnéralled syringe deposits a droplet of
material on LED top. By adjusting the syringe moeay it is possible to obtain an
hemispherical coating. This technique need to @®aceaterials with quite high viscosity
in order to obtain the correct droplet formatiordda avoid swelling of the droplet once
deposited. The so-obtained coating is then cured.

The other technique is based on aerosol-deposiising an aerosol printing technology
(Aerosol Jet) from Optomec Inc. The process consists in crgaiimaerosol of the desired

solution within a carrier gas flow. Subsequently #erosol is carried to the print head and
focused inside the nozzle using a sheath gas fétmpgen). Aerosol J&t offers the

possibility to pattern the material in the 10-1Q08 dimensional range.
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A schematic representation of the process is showigure 5.30.
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Figure 5.30 Schematic representation of the employed aerosttinyg technology

The Aerosol J&trequires solutions that have to be fluid enougtréate an aerosol.

While the aerosol-based technique requires the rrabt® be in a solvent medium, a

solvent-free material would be desirable for thepdnsing technique. In fact, solvent
evaporation leads to dramatic change of the coaipe and to drying stresses which
leads to extensive cracking if the material becortws stiff before evaporation is

completed, limiting plasticity and stress-reliehbgior.

One of the approach followed to create high reéifvacindex materials has been
based on the introduction of titania nanoparticgleshe material. First attempts in this
direction were accomplished using pi@natase particles described in section 4.3.1 and
5.2.1.

Different epoxy based matrix similar to those dissat in section 5.2.1 were used as host
matrices for these particles.

In the dispensing technique, viscous solutionsregeired, so we were obliged to remove
the solvent component under vacuum until the desiigcosity was obtained.

Removal of solvent is also beneficial to minimizeattng change effect and cracking
during solvent evaporation.

Since the cracking tendency increased with the atnoftiinorganic filler, we have taken
into consideration this parameter by adjustingdbecentration to give a refractive index
of about 1.7.

In order to minimize risks of cracking, a thermating profile was adopted, comprising

two hours at ambient temperature, 1 hour at 6ALlQur at 80 °C and 30 min at 100 °C.
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We realized that this material was not the besicehsince it led to extensive cracking
after evaporation of the solvent even in the eathges of the thermal curing treatment.
Titania particles probably interact strongly whdreyt become closer due to solvent
evaporation. These interactions lead to a rigidlette well before evaporation is
completed. Stresses arising from further evapamatemnot be relaxed, causing extensive
cracking.

Furthermore, the acidic environment necessary &p keplloidal stability of TiQ NCs
most likely accelerates the kinetics of hydrolyaisd condensation leading to enhance
gelling tendency of the solution.

These are the causes for the unsuccessfully deposiith the aerosol based technique.
Even if a clear colloidal solution was used, th&t fvaporation process, which inherently
accomplishes the small droplets forming the aerassulted in fast gelling. Only opaque
depositions were obtained in this case since theenmah depositing on the substrate
consisted in already gelled droplets.

Finally, acidic environment damages QDs partictgfide or selenide readily dissolve in
acidic media) preventing their utilization.

Thus, remaining on a nanocomposite concept of theemal, we tried to move toward
different synthesis of titania and to work on thatnx material to enhance cracking
resistance. Finally, environments with weak bagigiere sought to limit gelling tendency
and to be compatible with semiconductor QDs.

These considerations brought to develop the matiscribed in the previous section.
PEG2 composition was thus tried in this application.eTsolvent component of this
solution was removed under vacuum until a viscahsti®n was obtained which could be
dispensed to form droplets on the LED device.

The behavior of this material was much better thle® previous one tested in this
application. Once treated, the coating appearepaent but cracks were still present in
the material, even if cracking was much less extenghan previous attempts.
Furthermore, too much solvent was still presenthim material causing extensive shape
change and very flat geometries.

PEG2 material was also deposited with aerosol printeapnology (Aerosol J&}.

In this case, the solution was diluted with ethamobrder to achieve the conditions for
aerosol formation and the substrate was heated ttC8during deposition. The printing

velocity was 5 mm/s and the nozzle diameter 200 [The obtained structure were
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annealed at 100°C for 30 minutes in air. Resulteevgeiite good and are shown in figure
5.31.

Figure 5.31 Depositions of PEG2 material on LED chips and wityramid-like structure on glass
substrate (A) obtained with aerosol depositiontetdgy (B)

Using this technique, a transparent material cbeldieposited also allowing to build more
complex shapes (see Figure 5.31B). Even if someksrare present at the edge of the
structure, the results obtained with this techniguwe satisfactory demonstrating the
possibility to usePEG2 nanocomposites not only for the realization of thiims but also

for the realization of high aspect ratio 3D microstures with 3D mesoscale maskless

direct writing technique.

Cracking is minimized and is seen only at the LEIges. Another problem encountered
was the excessive swelling of the material during tleposition, resulting in material
displacement from LED top. This problem will bealissed later on.

Interestingly, aerosol technique allows for enhanoeterial processing with respect to
dispensing method. This can be explained by twahnmeasons. The first is related to the
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fact that smaller depositions can be made. It mamthe bigger bulky samples are more
difficult to process since mechanical stresseshagber. The second can be related to a
technique peculiarity. In the aerosol condition sledution is divided in small droplets and
solvent is likely to begin evaporation at this gta§o, when the material is deposited on
the substrate, part of the solvent has already b&aoved when no geometrical constraint
are present, contrary to the situation in whichpevation is accomplished in a bulky state
where shrinkage is impeded by the substrate orthick geometry.
Even if these results were quite encouraging, weded to look for materials with lower
refractive indexes but with enhance processing \aehavith respect to cracking, in order
to make use also of the available dispensing tdolggo

The material we’ve chosen to continue this worknsepoxy based sol-gel hybrid
material. This is obtained through conventional -ga&l processing of Titanium-
tetraisopropoxide (30% molar), diphenyl-dimetholaise (60%mol) (see figure 5.32B)
and an epoxy based polymer (10%mol) obtained thr@adution polymerisation of bis(4-
glycidylphenyl)methane with 3-glycidoxypropyl-dinmetxymethylsilane. This solution
will be referred to aBphTi.
In this case the material has not the structur@ @bmposite but it is meant to be an
inorganic network with homogeneity at a molecutarel. Phenyl groups introduced with
the organosilane are used because they contributerease the refractive index.
The epoxy polymer is here used as a plasticizemllf alkoxides are used, cracking easily
occurs. The addition of this polymer has been fotmeé&nhance stress relief properties
almost eliminating cracks formation during dryirtgges. If the quantity of this component
is further raised up, refractive index diminishesl éhe material is more difficult to harden
with thermal treatment.
This solution could be concentrated by removing sb&vent under vacuum to achieve
desired viscosity and resulted to be compatibleh véitamino-1-hexanol functionalized
guantum dots particles.
The refractive index ofDphTi material at 630 nm is 1.62, well below titania
nanocomposite but with improved processing behavior
Refractive index and extinction coefficient curvies DphTi and DphTi loaded with
yellow emitting quantum dotC{L-CSS sample described in section 3.4.2) are shown in
figure 5.32A.
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Figure 5.32 Refractive index and extinction coefficient curee DphTi deposition on silicon substrate
(A). Structure of the employed diphenyldimethoxyséarecursor (B)

This material has been used in both depositiomigales. The curing profile is as follows:
- Step 11 hours at 60°C
- Step 23 hour at 80 °C
- Step 31 hour at 110°C
- Step 430 minutes at 150°C

The evolution of coating with curing profile is st in figure 5.33. Soon after the
deposition, an almost hemispherical shape is obdain

With the ongoing of the evaporation, the coatiratéins even if to a much less extent than
titania composite. The most striking effect of ewaion is the formation of bubbles
inside the cured material, which is obviously duease effect .

Bubbles are probably originated from residual soivtbat remains trapped since it is not
removed before material starts to stiffen. We cotildhanage to avoid this problem by
changing the curing profile in terms of temperasua@d times. Interestingly, bubbles are
originated from LED chip surface. In fact, analogaepositions on glass slides or on LED
support board where no LED chips were present dicshow any bubble formation. It is
likely that LED provide surface nucleation sitesidls as asperities or roughness) for

bubble formation.
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DPhTIA DPhTIA, step 1 DPhTIiA, step 4

d o

Figure 5.33 DphTi depositions through the syringe dispensing metbmoh after depositions and at
different stages of the curing profile

With the ongoing of the evaporation, the coatirggtéins even if to a much minor extent
than titania composite. The most striking effecewéporation is the formation of bubbles
inside the cured material, which is obviously duease effect .

Bubbles are probably originated from residual soivtbat remains trapped since it is not
removed before material starts to stiffen. We cotildhanage to avoid this problem by
changing the curing profile in terms of temperasua@d times. Interestingly, bubbles are
originated from LED chip surface. In fact, analoguaepositions on glass slides or on LED
support board where no LED chips were present dicshow any bubble formation. It is
likely that LED provide surface nucleation sitesidls as asperities or roughness) for
bubble formation.

Analogue problems were encountered in the procgsdisol-gel hybrids [39]. In that case
the problem was solved by increasing the networkiimgetics (using more effective
catalyst) in order to stiffen the material moreidap Probably this is correlated with the
deformation of the material when a bubble is form&the material is more stiff, a bubble
cannot be originated in the material.

This problem was much less evident when using ¢énesal printing technology, as shown
in figure 5.34.

In the left picture of this figure, bubbles areaslg seen originating from LED chip edges,
but the problem is much less pronounced than inpkzsmobtained with the other
technique. Analogously to titania composites, swglbf the material from LED chip is
observed, creating a cup-like deposition.

The shape could be improved with a second depaosii@rder to “fill” the previous cup-

like shape. In this way a good coverage of the orap obtained.
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Figure 5.34 Aerosol depositions ddphTi material. Single coating and double coating amwshat the
left and right pictures respectively

Flux extraction measurements were performed on tB@ered withDphTi using
the dispensing technique. Main results are summaiiz Figure 5.35. Simulations of flux
extraction enhancement are presented using ditffgeometries for coating with refractive
index of 1.62, equal tBphTi material.

Measured values of flux enhancement (calculatettiesatio between the flux before and
after LED encapsulation) lie between simulated @aldior low and high ellipsoid, in
agreement with the achievement of a non hemispdiesi@ape.

With the aim of improving flux extraction, we dejtesl a second coating consisting of a
commercial resin with lower refractive index (abdus) but which could be shaped into
desired hemispherical shape. Simulations showetdthiea strategy greatly enhanced the
flux extraction of the first coating, even if itvery flat.

An increase in flux extraction is indeed observedthe measured values after the

deposition of a second coating of the above-desaimmmercial resin.
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Figure 5.35 Simulated and experimental flux extraction (detewei as the ratio between the flux before
and after LED encapsulation) for different coatgepmetries

Analogue measurements were performed on blue equitEDs. In this case, LED coated
with DphTi always showed a diminished extracted flux wittpess$ to uncoated samples.
This is most probably because these materials terfletecome yellow particularly after
heat-treatment. This means tHaphTi absorbs in the blue region as it is apparent ,
diminishing LED’s light output. Thus, such hybrid aterial cannot be used for
enhancement of light extraction for blue LEDs.

As far as down conversion for white light prodoatis concerned, the introduction
of QDs is effective indeed, as demonstrated inrédu36.

Figure 5.36 Light emission from a blu emitting LED covered wibiphTi with lower (A) and higher (B)
concentration of yellow emitting quantum dots.
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In both the pictures reported in figure 5.36, b&mitting chip are covered witBphTi
material containing yellow emitting quantum dots.the coatings of figure 5.36A, the
concentration of emitting particles is less thessthfor samples shown in Figure 5.36B.
Concordantly, the increasing quantity of partidesds to major light conversion with a
resulting light output which is more white lightseambling.

Further measurements on samples of Figure 5.36Bslaogvn in Figure 5.37. In the
spectral emission of the device, both LED and QDission are apparent. The
determination of the color coordinates indicatet th@ obtained light output is quite far
from white coordinates as defined from automotiamdards.

Achievement of the right color requires further ioptation based on quantum dots
concentration tuning and coating geometry. In fécts apparent that not only a major
amounts of quantum dots is needed to improve amawersion, but also the thickness of
the coating is important since thicker depositiandirs blue light absorption from the
guantum dots and , as a consequence, higher caomers

Nevertheless, the obtained results demonstrategteat potentiality of the developed
multifunctional nanocomposites which have high aefive index, down conversion

properties and processability with industrial tagoes.
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Figure 5.37 Emission output of sample shown in figure 5.36B (#)d determination of colour
coordinates (B)
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5.4 Gold NCs loaded titanium dioxide nano-composite

5.4.1 Composites from anatase-7i#&hd gold colloids for optical gas sensing applioas

The obtainment of transparent, crystalline, poroasostructured thin films of
titanium dioxide is particularly interesting in gasnsing applications since interactions
with gas analytes is enhanced and charge carmesittes as well as dielectric properties of
titanium dioxide can be altered in presence ofipadr species in the atmosphere.

Gold nanoparticles have a strong absorption invibible range due to Surface Plasmon
Resonance (SPR). The characteristics of this abeorfeature are extremely dependent
on the dielectric properties of the material sunding gold nanoparticles.

This property has led to the utilization of golchoparticles in optical gas sensing with the
aim of emphasizing dielectric or electronic changéshe surrounding matrix through
optical detection of the induced variation in gpldsmon resonance.

Titania-gold composites has already been useddosisg purposes [40]. Samples were
prepared by mixing gold colloids with a sol-getita precursors obtained from a titanium
alkoxide chelated with acetylacetone. Good optiesponse was observed under CO
exposure only if samples were annealed at 500 tGhi& temperature crystallization of
titania matrix occurs. Samples annealed at 400 still, presenting amorphous titania,
presented poor optical response toward CO exposure.

These samples were also tested for détection. In this case both amorphous and
crystalline titania samples showed good opticgloese.

The idea behind the use of crystalline titanidosd$ as the matrix where to embed
gold particles is related to the possibility of ey crystalline titania without annealing at a
temperatures as high as 500°C. In this way highergity and controlled morphology.

In fact, such a system can be viewed as an enseofibpp@rticles whose morphology
evolution in terms of crystalline domain’s ripeniagd porosity has been described in
section 5.2.1 with increasing annealing temperature

This represents an advantage with respect to theectional sol-gel method since we can

play with annealing temperature without worryingabtitania crystallization.
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5.4.1.1 Titania/Gold composite film synthesis

Anatase TiQ colloids in methanol were prepared as describesgation 4.3.1.

Gold colloids were prepared according to the Tuiktewnethod [50] by reducing HAugl
salt with trisodium citrate in water. After 2 houte solution was concentrated in a rotary
evaporator and Au nanoparticles (NPs) were pretgit with acetone, centrifuged at
4000rpm for 5 minutes and re-dispersed in ethaeatlihg to a 30mM concentration
solution.

The starting solutions were prepared by mixingrttethanol suspension of TAQICs with
PVP-capped Au NPs in ethandliG samples series) leading to a final Ti€&ncentration
of 33 g/l and a Au:Ti molar ratio of about 0.05.

Au-free samples were prepared for comparison pegpdy simply substituting the Au
ethanol suspensions with pure ethanol, obtaifingamples.

All the samples were deposited by spin coatingd@02pm for 30 seconds on either quartz
or silicon substrates and heated in a muffle fueretc300 °C, 400 °C or 500 °C for 1 hour.
Annealing temperature is indicated with numbergl 35 respectively at the end of the
sample name.

Film thicknesses are all in the 35-55 nm range, nasasured with spectroscopic

ellipsometry.

5.4.1.2 Results and discussion

TiO, NPs adopted in this work have been characterizesg¢tion 4.3.1 and were found to
be anatase with a mean dimension of 4-5 nm, wiulé golloids were synthesized with a
mean dimension of 15 nm, proved from TEM charazé¢ion (data not shown)

XRD measurements performed on thin films (figurg8%.confirm the crystalline anatase
phase of TiQ[42] and show also Au peaks [42] fbr andTiG series.

Diffraction peaks from titania are not clearly elged inTi3 and TiG3 samples and
become more intense with increasing temperatuegntent, even if starting TiOnaterial

is crystalline, due to reason analogue to thossudged in section 5.2..

Thermal treatment also affects XRD peak width duerystallite size evolution. T¥ONCs
grow in size at higher temperatures, due to coargesf particles, as already discussed.
From these data, it is also shown that gold peakaad undergo any relevant change in

shape and intensity, indicating good Au NPs stighihi this TiO, matrix.
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Scanning electron microscopy was used to charaetehe surface morphology of the
samples and Au NCs distribution inside the Zi@atrix. Micrographs ofiG3 andTiG5
are reported in figure 5.39.

Au nanocrystals of spherical shape are homogeneausl statistically dispersed in a
micron scale, and only very few small aggregatesbeaseen.
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Figure 5.39 SEM micrographs fofiG3 andTiG5 films

164



Optical data are now described and used to retaedeeper insight in film structure.
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Figure 5.40 Uv-Vis spectra of gold colloids in ethanol (A) afdG samples treated at different
temperatures (B)

In figure 5.40A, UV-Vis spectra of gold colloids ethanol is reported and a clear SPR
peak at about 525 nm is present.

Figure 5.40B reports the absorption spectrdi@ films. SPR peak of gold particles is
clearly visible, and a progressive red-shift witltcreasing annealing temperature can be
observed.

It is well known that SPR frequency is stronglyatell to the dielectric properties of the
material surrounding gold NCs: from SEM images aXBD spectra almost no
morphology changes or aggregation phenomena ofaiticjes can be observed, thus any
change in SPR peak position is directly relatedetfactive index of the surrounding
matrix. In each samples series, SPR wavelength rigressively red-shifted with
increasing temperature, and this result is asstiatith the increase of the refractive
index of the material surrounding gold particlesisTfact is confirmed by ellipsometry
data and discussed in the following.

In fact, at a first approximation the SPR peak hlagen related to dielectric constants of

the matrix from the following relationships [40].

4 2
Ko = R (£, +26,) A, :1/% Eq. 5.2

where Ajis the bulk plasma wavelength of golé, is the high frequency value of the

dielectric function and, is the dielectric constant of the matrix. Thesduea are

respectively 131 nm and 12.2 for gold.
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N, m and&,are the electron concentration, the effective nedidbe electron in gold and
vacuum permittivity respectively.
For a non-absorbing matrig, is related to its refractive index throughn =/ ¢,,.

From this relationship one can easily see that $fRelength red-shifts with increasing
refractive index of the matrix.

Refractive index curves of un-doped and gold-dopmdposite films have been estimated
from ellipsometry measurements and refractive indlxes are reported in table 5.5 for

selected wavelengths of interest.

Sample Refractive index @ Ave'rage peEa)lippisPiEon inzggegtgliR _Rg/;?z;gﬁve
1100 nm Porosity (%) (nm) wavelength index frc_>r_n
SPR position
Ti3 1.968 45 - 1.97 2.16
Ti4 2.038 38 - 2.04 2.37
Ti5 2.153 28 - 2.15 2.55
TiG 3 2117 - 608 2.18 -
TiG4 2.154 - 634 221 -
TiG 5 2.277 - 658 2.35 -

Table 5.5 Refractive index values, SPR wavelengths and agignporosity for all produced samples

Refractive index values at 1100 nm were choserefesance because sufficiently away
from SPR region and not to be strongly affectedbycal absorption of Au NPs.
Refractive index is observed to increase Tor samples with increasing annealing
temperature. These data can be used to get somematfon about average film
densification and porosity, which has been caledlas described in section 5.2.1 using
refractive index at 1100 nm and a value of 2.44Ti@, anatase at this wavelength [43].
Differences in refractive index can be interpressddifferences in amount of porosity by
means of effective medium optical models, where st densified material has the
highest refractive index.

These calculations has been made only for undop@glses since the model used take into
account only two non-absorbing phases ¢r#md air), while gold containing samples

strongly absorbs in the visibl&iG films have higher indexes at 1100 nm with respect
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Ti, but this may be related to modification of opticanstant by the presence of a third
phase rather than minor average porosities.

The refractive index difference between 400 °C 3866 °C annealed samples is around
0.04, while the difference in refractive index beem 500 °C and 400 °C is around 0.12; a
greater increment of n occur between 400 °C and “&)0as can be clearly seen from
figure 6, indicating that densification process D, colloids is activated at higher
temperatures, affecting global porosity of the matr

Interestingly, optical data can be used also fdeeper appreciation of local structure of
the composite film.

SPR frequencies are, in fact, related to localedigic properties of the matrix around the
Au particles, and the theoretical refractive indaiculated from the SPR peak results to be
greater than experimental refractive indexes oh lsiiped and undoped Ti@natrix (see
Table 5.5). This is in countertendency with presigesults concerning Ti&ol-gel thin
films doped with Au nanoparticles [44], where th@erimental refractive index resulted
to be slightly higher than the theoretical valueplably because of higher amount of
amorphous matrix or porosity facing Au crystalsmpared to the average value of the
sample.

In this work, the optical characterization resudtgygest that the material structure just
around gold surface is more densified, if compdwethe to the average structure of the
films, and thus preferential organization or cogeraf titania on gold particle can be

inferred by these data.

These observations are summarized in figure 5.4®ravthe SPR peak position of Au-
doped samples associated with refractive index mdoped matrix measure at the
corresponding SPR wavelength is reported, togetliter the theoretical refractive index
calculated from SPR peaks by means of Eq. 5.2.

Moreover, increasing annealing temperature leadsrtber coverage of Au nanoparticles,
because the difference between theoretical andriexpatal refractive index becomes
higher. Thus, it is likely that iTiG3 sample, TiQ nanoparticles are in poor contact with
gold, while inTiG4 andTiG5 the coverage of Au becomes higher, while the dlofzrix

densification is still far to be complete.
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Figure 5.41 SPR wavelength correlated to experimental refradtidex values of undoped matrix at SPR
wavelength and to matrix refractive index valuetaoted using Eq. 5.2

In summary, the extent by which gold “feels” titams not strictly dependent on the overall
degree of densification of the matrix.
All the samples show an experimental refractiveeinanuch lower than the theoretical
value predicted by Mie theory, so preferential oigation of TiQ on gold leading to
extensive anatase/gold interface is here addreasedhe key idea for optical data
interpretation.

Gas sensitivity behavior toward CO was tested lpasuaring change in absorption
spectra ofliG films under exposure to an atmosphere of 1%vR©fin air.
In order to activate the gas sensing responseajdpesitions are tested between 250°C and
350°C 300°C operative temperature (OT).
TiG3 sample was tested only at 250 °C to avoid strattcimanges in the film, but they
show instable baseline, maybe because of the uasatganic compounds still present
inside the film, or to the matrix not fully stalzéd after the 300°C annealing, so only the
results of 400°C and 500°C treated samples wipesented.
Figure 5.42 shows the optical absorbance chaAge-{ Aja9 of the samples, that is the
difference between the absorbance measured imradrthe absorbance measured during

target gas flowing, performed at 350°C for CO.
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Figure 5.42 Absorption spectra difference between absorptmesum in air and under CO gas exposure
for TIG4 andTIG5 depositions at an operating temperature of 350°C

TiG4 and TiG5 give response to both gases, with a wavelengtleraigmce of optical
sensitivity. The Au plasmon peak undergoes a bhuk-during gas exposure. This effect
can be related to the interaction of reducing gasidls the n-type semiconductor TiO
matrix, that can promote a catalytic oxidationtod gas, causing an increase in the amount
of conducting electronll. This results in a shift of the plasmon band ghar frequencies
as deduced from Eq.5.2 [40]; this behavior canumealso to the adsorption of target gases
in the matrix sites, leading to a local changehia tefractive index, causing the observed
shift of the Au SPR frequencies.

The absorption change curves reported in figurg présents one absolute maximum and
one minimum. The temporal response of both sanygpesating at a wavelength near the

absolute minimum of the absorbance change cureegrasented in figure 5.43.

Absorbance

Time (min)

Figure 5.43 Dynamic optical absorption evolution under H2 an@ €xposure folTIG4 and TIG5
depositions at an operating temperature of 350°C
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The dynamic performance of the sensors is quitedgeoth an almost square output
signal: very fast response time, satisfactory recpwtime, and good recovery of the
baseline level.

Contrary to films derived from conventional sol-galocessing, sensitivity toward CO
detection is good also for 400 °C annealing tempesaand recovery of the baseline after
switching between CO to air is better.

This confirms that crystalline anatase is neededCiO detection. Since catalysis of CO
oxidation has been argued to be enhanced by adeedloped anatase-Au interface [45],
the synthetic scheme we utilized to produce JJAQ composites is particularly
advantageous not only for employment of crystaliimegerials, but also for the preferential
facing of TiQ on gold particles that seems to be suggested foam optical
characterization.

In figure 5.45 the sensitivity toward,;Hs also shown and the results are similar to CO
sensitivity in terms of optical changes. In thiseathe literature on Heaction is limited
with respect to CO, even if a similar oxidation attan was suggested to explain
conductometric as well as optical sensing [40].

A comprehensive description of sensing behaviorlvélreported elsewhere.
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5.4.2 Enhancement of gold nanorods stability in TMAitanates.

In this section gold nanorods are introduced fitamate matrix. The effect of film
treatments described in section 5.2.2 on the thestadility of gold nanorods will be
described.

Gold nanorods are interesting materials in optegaplications since they present two
surface plasmon resonances associated with traes\ard longitudinal rod direction.
Furthermore, the SPR position of the longitudini@smon is strongly dependent on its
aspect ratio. Higher aspect ratio leads to higheveleagths for longitudinal plasmon
resonance.

This material is not stable under intense radiatieading to loss of their original shape
due to their tendency toward spheroidization. Tdifect is believed to be caused by the
fast heating to high temperature induced by lad®omotion. This temperature rise
enhances the energy of the lattice promoting tigegement of the lowest surface energy
which is assumed by the spherical shape.

The activation energy necessary to induce this esld@ange was demonstrated to be
increased if the nanorods were covered by a sledl [46], a stiffer environment, making
rods more stable toward heat effects.

Water soluble titanates were densified at low tawpees if UV treatment was first
applied.

We made use of this behavior to investigate thentakestability of gold nanorods in such

titanate matrix with or without UV treatment befaebsequent thermal treatment.

5.4.2.1 Film synthesis

35 mg of titanate powder was dissolved in 0,17%hwater with 6ul of a 25% wt
solution of TMAH in methanol. After complete dissbbn, 0.175 ml of methanol were
further added to dilute the solution, resultingifinal 100 gr/L titanate concentration.
Gold nanorods with an aspect ratio of 2.4 as estichiom optical spectra [48] (see figure
5.44) in water were used in these experiments.

A known amount of gold nanorods in water was miwth 50 pl of titanate solution.
The resulting sol was spun on quartz or silicorssalbes at 2000 rpm for 20 sec
All samples were first treated at 100°C for 20 n@suto let evaporation of more volatile

solvents.
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Processing conditions are summarized in table 5.6.

The samples were treated for 30 minutes from 20@0°Z00 °C with 100 °C increasing
step either with or without a densifying treatmstaige applied before thermal annealing.
Such densifying treatment consisted in 15 minufég\oirradiation followed by 5 minutes

of annealing at 200 °C. This treatment is the samthat described in section 5.2.2 where

it was referred td5’UV + 5'200.

UV-Vis absorption spectra were taken for each samplorder to investigate the thermal

stability of the rods. In table 5.6, sample nanmeeaso reported.

Sample treatment

Sample name

20’ 100 °C (reference)

100

15'UV + 5’ 200 °C “densifying treatment stage

PT (Pre-treatment)

15°'UV + 5’200 + 30’200 °C PT 200
15°'UV + 5’200 + 30’300 °C PT 300
15°'UV + 5’200 + 30’400 °C PT 400
15’'UV + 5’200 + 30’500 °C PT 500
15’'UV + 5’ 200 + 30’600 °C PT 600
15°'UV + 5’200 + 30’700 °C PT 700

30’ 200 °C 200

30’ 300°C 300

30’ 400°C 400

30’ 500°C 500

30’ 600°C 600

30’ 700°C 700

Table 5.6Processing conditions employed in this work for #anorods loaded titanate films
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5.4.2.2 Results and discussion

Optical spectra of gold nanorods in solution dreva in figure 5.44. Two SPR
absorption are seen at 519 nm and 636 nm corresmpnd transverse (SRR and
longitudinal (SPR) plasmon oscillation respectively. From these dataaspect ratio of
about 2.4 can be estimated [48]. In the same figpteeal spectra 0100 andPT samples

are shown.

PT ™

Absorbance

636 100

\ 519
P 7,//’\_//\ ~—

Au rods in water

T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Figure 5.44 Absorption spectra of gold nanorods in watet@andPT depositions

SPR- and SPR wavelength positions are slightly red-shifted 100 and PT samples
treatment, due to higher refractive index of sundinog medium. In particular, the SPR
band results to be more shifted if compared witlRSPThis is in agreement with
theoretical model results, which predict an higbensitivity of SPR toward changes in
dielectric properties of the surrounding medium|[47

SEM analyses should be performed to confirm thaeumprocessing condition of sample
100 and PT, the nanorods are unchanged in their shape. Hascterization is not yet
available. Evolution of the optical spectra witlen@asing annealing temperature is shown

for samples with and without UV treatment in fig&rd5.

A * AU rods SPR position in water

Absorbance

4(‘)0 6(‘)0 860 10‘00
Wavelength (nm)
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Figure 5.45 Uv-Vis spectra evolution of only thermally treatsamples (A) and with a UV densifying
treatment before thermal annealing

In samples only thermally treated a blue-shift loé tSPR is observed indicating the
beginning of rod’s long axis shortening. At 400 ®ly one plasmon resonance is
observed at 594 nm corresponding to spherical gatwbparticles absorption. The red-shift
of this resonance with respect to gold particlewater is due to the high refractive index
of the matrix, which has been demonstrated to lbaéage when treated at 400°C.

At higher annealing temperatures only one plasneakps observed which further shifts
to higher wavelengths.

Samples that were subjected to a PT stage (seeeflgd5B) before thermal annealing
showed a different behavior.

First, it is apparent that the SPRavelength position is progressively red-shiftedhw
increasing temperature, which is correlated wittreasing refractive index of surrounding
medium.

Second, the presence of the $RRsition is clearly observed till 400°C, which ués to
be almost unchanged with increasing temperature.

At the moment we cannot separate the effect relatdlte red-shift of gold rods’s SPR in a
matrix with increasing refractive index and thaedo blue shift caused by diminishing
aspect ratio.

Even if morphological analyses need to be perfornveel can state that an increased
thermal stability is achieved if the titanate mais made stiffer around gold rods before
thermal annealing. This is more clearly seen inrg5.46 , where samples with or without

UV treatment at the same subsequent thermal angdatiatment are compared.
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Figure 5.46 Comparison between samples annealed at differenpematures with or without UV
treatment
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Chapter 6

Waveguides and Vertical Optical
Microcavities incorporating CdSe@ZnS
NPs

6.1 Introduction

Quantum dots have been exploited for nanocompfaditecation both in polymer
and sol-gel derived inorganic matrices[1-8].
Embedding of nanoparticles in solid matrices alldarschemical and mechanical stability
while preventing particles aggregation.
The main difficulties arising from the fabricatiohsuch materials can be individuated in:

- achieving good compatibility between particles @anodt matrix material in order to

keep nanoparticles homogeneously dispersed and ogitical quality.

- retaining optical properties of QD (PL-QY and mdrspersion) inside the matrix.
Thus matrix material is not just a host, but it dedéo have particular requirements to
achieve the desired functional properties. Also lipands introduced on particle surface
have an important role. Proper ligand’s choicewfage modification strategy is generally
the only tool for QD compatibilisation with host tegal.

A great variety of strategies for QD surface fuetiization has been developed includes:
a) direct exchange of pristine ligands which ugsuakpose hydrophobic chains such as
trioctylphosphine oxide (TOPOQO); b) direct functitimation of particle’s surface with
polymers (“grafting to” approaches) from which n@oolecular architecture can be
grown; c) polymer growth initiated from the paréicdurface functionalized with suitable
polymerization inititators (“grafting from” approhes); d) particle “encapsulation” in
macromolecular structures such as dendrimers oeli®ésc These structures can be built
using amphiphilic molecules which bind through hogitobic interactions with pristine

QD ligands. (see figure 6.1).
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Figure 6.1 Functionalization of a particle covered with TOROathich poly (maleic anhydridait-1-
tetradecene) is bound by means of hydrophobicadntems with alkyl chain of TOPO. The opening af th
anhydride ring gives carboxylic acid able to stakilihe particle in water. An amino functionalizedss

linker agent is added to stabilize the organiclsf@l (A); Capping exchange of particle pristine ligands

with nitroxide-functionalized moleculeghis group can be used as initiator of styrene ipelyzation [9]

(B); Capping exchange with thiol based hydroxyiirated organic dendrons resulting in a water delub
particle with improved oxidation resistance [7] (C)

These strategies rely on exposing at the outerasarfof ligands shell specific
functionalities which can develop favorable int¢i@ec with host material, preventing or
limiting the driving force toward aggregation. lonse cases the exposed functionalities
have been exploited in “grafting from” approachedjere moieties able to initiate
polymerization reaction have been used along wighprecursor monomers of the matrix
in order to start the polymer chain directly frone article surface[9]. The negative aspect
of this approach is the incompatibility of partEleith common polymerization methods,

such as anionic or radical polymerization, whichults to be too harsh for retainment of
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optical properties. In figure 6.1 examples of iesting developments in QD’s surface
chemistry are given.
Furthermore, applications where matrix materialdnée have electronic accessibility
toward nanoparticles, such as solar cells or leghttting devices [31], careful choice of
surface ligands able to facilitate charge transf@tween polymeric matrix and
nanoparticles is necessary for the improvement wtdgerformance.
Oxide material from sol gel processing have be&d as matrices for QD composites used
mainly in optical and photonic application, such @stical gain materials showing
amplified stimulated emission (ASE).

The use of inorganic matrices provide enhancablilgyy and processability, along
with high refractive index necessary if waveguidaapfigurations are used.
Silica, titania and zirconia have been used as Wmstsemiconductor nanocrystals.
Titanium oxide has been probably the most usedftical gain composites or fluorescent
materials.
As synthesized nanocrystals are generally solublaon-polar media and they are not
compatible with sol-gel synthesis usually carriediia alcoholic solvents.
The general approach consists first to perform @picg exchange between the original
ligands (generally TOPO or long chain alkyl carbaxyphosphininc or phosphonic acids)
with an amino-alcohols such as 5-amino-1-pentafBl) ©r 6-amino-1-hexanol (AH) [2,3]
or Tris-hydroxylpropylphosphine [4,27] or both [6].
These molecules have functionalities such as plwwepk or amino groups that bind to the
particle surface leaving hydroxyl groups to be esqubto the outer environment. Amino
groups binds to the metal sites of particle surfad@le phosphine based ligands binds to
chalcogen sites [11]. Simultaneous usage of bqgtle tyf molecule is probably the best
solution for optimization of capping exchange.
This procedure not only allows for transfer from fpwlar solvents to alcoholic solvents
with good colloidal stability, but provides efficie compatibilization with sol-gel
environment.
In fact, the presence of outer hydroxyl groups lsamsed for anchoring the particle to sol-
gel precursors through OH condensation with hydmdy metal alkoxides., as
schematically shown in figure 6.3
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Figure 6.2 Ligand exchange with AP molecules and further hygra@ondensation with hydrolyzed
titanium alkoxide leading to particle immobilizatiin the sol-gel matrix (Source : Petruska et dl.[5

Accurate choice of sol gel precursors with orgduoitctionalities (organo-alkoxides) able
to bound directly to particle surface can be usenhprove particles’ homogeneity in the
matrix. This has been done using 3-aminopropyltinoeysilane (APS) and
(triethoxysilyl)propyl isocyanate (TSPI) as silipeecursors [2]. In this case, after amino-
pentanol functionalization and phase transfer iramdh organosilicon compounds were
added. It was observed that APS was effectiverfeparing highly loaded composites but
precipitation of QD occurred if it was employedtas only matrix precursor. This was
attributed to the strongest affinity of amino fuooglity of the APS compared to AP
which is thus displaced from particle surface cagi€)D aggregation. If TSPI is also used,
better stability is obtained since isocyanate grisupought to have lower binding activity.
The nanocomposite film obtained with this methodvat high stability, absence of
cracks formation as opposed to titania matrix filfagrthermore, high volume fractions of
quantum dots were incorporated which allowed fghhiefractive index compared to the
otherwise too low index values of undoped silicai@veguiding. These conditions are
necessary for ASE.

In applications where stability of luminescence pmies is required, such as ASE,
electronic properties of the matrix material shooédsuch to prevent excited QD charge
carrier to leak into the matrix [10]. These arguisemere used to explain the poor stability
of luminescence and ASE of CdSe@ZnS particleganii matrix with respect to zirconia
both derived in an analogue method from sol-gel ggsimg. In fact, since band gap of
zirconia is wider than the titania one, carrier fomement in the particle is supposed to be
enhanced in titania, leading to loss of emissiabibty and, likely, enhanced photo-

oxidation (figure 6.3).
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Beyond matrix consideration, the employed parsicieed to be the most stable is
possible assuring absence of structural defectstlamdest confinement as possible in
order to limit surface traps competitive with radia recombination. Furthermore, surface
stoichiometry has been found to play an importald n CdSe quantum dot photostability
[11]. In particular, it was shown that a cadmiurohrisurface consistently enhanced the
photostability if compared to a selenium rich soefaThis suggest that a metal rich particle

surface is much more desirable for stable devices.
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Figure 6.3 Comparison of CdSe band gap with varying size With,, ZrO, and ZnS. Zirconia provides
the best insulation being the material with theexidand gap (Source : Jaseniak et al. coworkei [10

Once a stable emission medium is obtained withetltesnposites, their processability can
be exploited in a number of application includig, an example, their introduction in
structures possessing cavity or feedback mecharimntise production of lasers.

In particular, coupling of QD emission with photonstructures to create distributed
feedback gratings or co-planar microcavities hagenbexploited, allowing for lasing or
study of cavity modification of the spontaneous siun[12-18].

In the following, amplified stimulated emissioning QD is briefly discussed. In

the experimental section nanocomposite film synshes described along with optical,
ellipsometric and ASE characterization. Finally, st results regarding the fabrication

and optical characterization of a vertical co-plam&rocavity are described.
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6.2 Amplified stimulated emission with CdSe@ZnS quanm dots

Semiconductor lasers are extensively used in aeuwof fields. Quantum-confined
lasers are expected to be more advantageous aneoseluctor bulk devices due to lower
lasing thresholds and minor performance sensitiibyvard temperature due to
discretization of electronic levels and consequenter thermal depopulation of band
edge states, while maintaining high gain values.

For these reasons, employment of semiconductortgomaots for lasing purposes is
considered very promising. The size dependencenoiinescence spectrum also allows for
easy tuning of emission color over almost all tigble range. Furthermore, established
method for solvent processing and introduction ifede@nt matrices makes it possible to
extend the use QD-based material in different photstnuctures or devices.

The understanding of fundamental processes undgrlgptical gain in quantum dots has
been addressed by Klimov and co-workers [22] and)§@a and co-workers [23].

If the band edge emission of a quantum dot is nesblelith a two-level system with two-
fold degeneracy, population inversion should bdgimNe., =1 while complete population
inversion should be reached at. N2, where N, is the average number of e-h pair in a
dot. Thus, optical gain in semiconductor quanturhstmuld arise primarily from two e-h
pair emission.

In order to obtain materials capable of optical afiggkion, also processes which acts to
deplete the population of inverted states neecetodmsidered, since they are competitive
with gain achievement. In the case of quantum datsh mechanisms are charge carrier
trapping by surface states and Auger processesmbBderately well passivated particles,
surface trapping effect can be neglected with retsfme Auger process. As discussed in
Chapter 3, in quantum confined system the rate hiclwAuger process depopulates
excited levels is very fast and scales with whereR is the particle radius. In particular,

for the biexciton state the time,) for the Auger relaxation has been found to seale
7, = BR® with B equal to about 5 ps/rAi25].
In order to observe optical amplification, the ghinldup timets, i.e. the time necessary

for light amplification to be established in the teréaal, needs to be shorter than

competitive gain states relaxation.
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The gain buildup time depends on the volume fraatibguantum dots in the material and

the gain cross section through [22] :

4R n

T3 Eafgc Eq. 6.1
where oy is the gain cross section (defined as materiah gadivided by the volume
concentration of particlesph & is the particle volume fraction, the refractive index of
the gain material and c is the speed of light iouan.

For optical amplificatiorts has to be minor tham,. This condition leads to a minimum
volume fraction of particle in the material to obaeamplified emission, defined from Eq.
6.2.

S 4n n,
a Eq. 6.2
3 0,08 q

Inserting typical values for the quantities in thisationship ( FF2, o= 10* cnf, f= 5
ps/nm®), a volume fraction of 0.005 is obtained. For thesasons, early attempts to obtain
amplified emission with QDs precipitated from maltglass were unsuccessful since the
achieved concentration was very low.

Klimov et al. [22,24] demonstrated ASE in clospicked films of quantum dots where
the volume fraction was about 0.2. At increasingitation pump fluencé (photon/cm)

emission spectra are recorded ( figure 6.4).
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Figure 6.4 ASE emission spectra taken at increasing pump deieimset: Emission intensity over pump
intensity at the ASE peak (solid squares) and antgmeous emission peak (opened squares) (Source :
Klimov et coworkers [24])
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Above a specific excitation power, the thresholadven a narrow peak, corresponding to
the amplified emission, appears on the red sidiéefspontaneous fluorescence emission
peak. This shift is a clear evidence that the gtéte from which the amplified emission
occurs is a biexciton state, due to coulomb intevadetween the e-h pairs as explained in
section 3.2.1.

Furthermore, using fs pulse excitation, the averagaber ofe-h pair per particle can be
estimated as N~ foo, where oo is the absorption cross section at the excitation
wavelength. The N, value at the threshold energy was determined tb.hen agreement
with the bi-excitonic nature of the gain processgjimntum dots.

An advantage of quantum dot over other system®jbtical gain is the high absorption
cross section with respect, for example, to orgatyes. This leads to lower thresholds,
since a lower excitation power is necessary toesehithe threshold value ofelN for
population inversion. Quantum dots also possesk hlgsorption cross section in two-
photon absorption processes, which has been usedrS8E experiment showing the

feasibility of up-converting wavelength lasing syssej7].

A method to study the amplified emission of a mates the variable strip length
method (VSL)[28], where an optically active film éxcited perpendicularly to the film
plane over a stripe-type region whose length isedarThe emission is then probed

laterally from the edge of the film.

Figure 6.5 Schematic representation of ASE measurement witiable Strip Length method ( Source:
Dal Negro et co-workers [28])

The active film needs to have a sufficiently higfractive index to be a waveguide. In
these conditions the emitted light is coupled itite allowed mode of the waveguide,

defined by an angle of propagation inside the waickg
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As the emitted light propagates, it will experietight amplification along the ray path if
the material is in the condition of population imsien, which in turn depends on the
excitation fluence. This amplified emission is mdasing emission, since it does not have
complete coherence as in devices with feedback mestha. Thus it is called Amplified
Stimulated Emission (ASE).

The intensity dependence on stripe length can Iiesaimodeled within the 1D-amplifier
model [29]. In figure 6.6 a two level system comsprg an exited level with energy &ith

a population Mand a ground level with energy &nd a population Ns represented.

E- N>
Ahsorption | SHmulited | Spontaneous
emission emission
By:p Bup An
E; Ny
By=B~o

Figure 6.6 Two level system showing spontaneous emission,usgied emission and absorption.®
B1.p and A, are the transition rates apdhe electromagnetic energy density

This system can undergo spontaneous emission,@issoand stimulated emission with
the two latter processes depending on the fielensity, while the probability of each to
occur is proportional to the population. From thmdel the following equation for
intensity dependence on length can be derived [29]:

di Q
E:(Nz—Nl)ai (2)+ Nzﬂpgphv Eqg. 6.3

Where ogis the cross section of absorption and stimulatecsson, As, the spontaneous
emission transition rate ard the solid angle viewed by the detector as showRigure
6.5.

If N2 > N3, the population inversion condition is achieved goantity (N, — N,)o, which

is the material gain coefficierg is a positive quantity and the material actsragatical
amplifier. If Eqg. 6.3 is integrated over lengtte tfollowing is obtained:

JS
1(2) =F"(egZ -1) Eq. 6.4

: Q
Jspis NZAnghu.
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This relationship accounts for the typical supeedir intensity profile versus stripe length,
as shown in the inset of figure 6.4.

In quantum dot composites, Auger effect diministiesgain lifetime. This effect must be
considered for fitting experimental data and cantdken into account by the following

equation proposed by Chan et al. in ref. [26] asedualso in ref [27].

1(2) O Ol (-e7'2) Eg. 6.5

wherel, is the effective gain length and takes into actdanthe fact that the inverted
species (biexciton states) diminishe over a lesgie } due to Auger process.
Eq. 6.5 is used for fitting VSE data for QD loadwedterial. An example of ASE for QD

loaded films is given in figure 6.7 along with thiéing curve obtained using Eq. 6. 5.
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Figure 6.7 Typical ASE profile fitted with Eq. 6.5 for a quamh dot loaded silica nanocomposite
(Source: Chan et co-workers [26)]

Typical modal gain values estimated from VSE meshfmi quantum dot nanocomposites

are around 100 ¢
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6.3 Experimental

6.3.1 QDs functionalization and preparation of QDs loadhuh films

In this section the procedure for embedding quantiots in sol-gel derived

zirconia film for optically active waveguide is aebed.

The first step is a proper functionalization of QiD<rder to make them stable in sol-gel

environment.

1l-amino-lhexanol (AH) was employed in the cappinghange procedure where

lipophilic ligands attached to particle surface (FRIA and ODA in our case) is displaced

by AH imparting solubility in alcoholic media andability in the sol-gel matrix, as

described previously.

The procedure, analogue to that reported in réf2[l] and can be summarized as follows:

The purified CdSe@Shell dispersed in 4 ml of abflorm deriving (derived from a
typical batch described in Chapter 3) are predgiteby adding 10 mg of AH
dissolved in chloroform. The solution becomes tirboon after AH addition due
to instability of particles with an outer coveragfehydroxyl groups in chloroform.
The solution is let to stir in an heterogeneougestar 3 hours. Then the particles
are precipitated at 4000 rpm for 3 minutes. Fos ftocedure to work particle
surface should be metal rich since amine functipnbinds to metal sites.

The particles are then dispersed in 1 ml of a OA ethanolic solution and 1 ml
of chloroform is added. In this solvent mixture therrticles are stable and are left
under stirring for at least 24 hours or prior tage in sol-gel films.

The particles are again precipitated from thisisoh by adding excess hexane and
dispersed in iso-propanol. The concentration is1dbat the absorbance of the 100-
fold diluted solution is 0.25 at the band edge.sTéolution is further used for
doping sol-gel solutions. In the case of C2-CSSigas, solutions with optical
absorbance at the band edge of 0.125 and 0.0504fdl@ diluted were also
prepared for doping sol-gel matrices. We made ulkehe solution optical
absorbance to refer to different particles conediuins since the molar extinction
coefficient necessary to calculate the molar comagaon is not known for the

core@shell NPs obtained in this work.
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This procedure has been followed for all type atipkes employed for film fabrication.

A slight variation has been introduced from paescbbtained using (TM& for ZnS shell
growth. In this case 5 mg of Zinc Acetate is introeld in the second stage of the described
procedure to enrich the particle surface with zatems, otherwise dispersion in alcohol

was not possible due to less efficiéii exchange on a sulfur rich surface.

QD-doped zirconia film were prepared as follows:

- Zirconia sol was prepared by dissolving 0.23 mbiml of isopropanol and then
adding 1 ml of Zirconium(Isopropoxidg)

- 100l of Zirconia sol is mixed with 200l of QD sol and spun on quartz substrates
at 3000 rpm for 20 seconds. Four or five layersdmeosited to have film with a
sufficient thickness in order to get waveguidingopgmrties at the emission
wavelength of quantum dots. Each layer was treaté260°C for 5 minutes. This
thermal treatment has been chosen as a compromiiaedn the need of material
densification necessary for high refractive indexi ahe degradation of QD [10].
In order to obtain films with different QD conceatipns, the same procedure was
adopted in terms of mixed volumes but using cddbiQD solutions with different
concentrations prepared as previously describeis. was done only with C2-CSS
type particles and deposition with increasing cotragion will be referred to as
QD 5, QD 12,5andQD 25respectively.
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Refractive index

6.3.2 Optical and ASE characterisation of QDs-Zirconigdsitions

The introduction of QDs in zirconia has been nyaicharacterized with
ellipsometry technique and UV-Vis spectroscopy.
The effect of quantum dots on the optical propsroé the films can be analyzed from
refractive index and extinction coefficient detemation with increasing particle
concentration. These data are shown in figuref@.&ilms prepared using a batch of
particle with the C2-CSS structure whose concentrdtas been varied as explained in the
experimental.
The introduction of quantum dots results in aneéase of the refractive index fQD 25
andQD 12.5concentrations, while for the low&D 5 concentration the refractive index is
almost unchanged with respect to undoped Zfin. This can be explained by the
introduction of high-refractive index (around 2s®miconductor particles. The extinction
coefficient values resemble the typical absorp8pectra of quantum dots, even if at the
lower concentration the excitonic peak cannot Iséirdjuished from fitting of ellipsometry

data
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Figure 6.8 Refractive index (left) and extinction coefficiefnight) curves for undoped ZgOmatrix and
QD nanocomposite with different concentrations
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Films with QD 25 concentration were prepared with C2-CSS, C1-C38IC2-CSSS
type particles. Ellipsometry data are presentéovben figure 6.9.
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Figure 6.9 Refractive index and extinction coefficient curves zirconia films with different types of
quantum dots at a concentration QD 25. In the tahée refractive index n ar 630 nm, the extinction
coefficient k, ( atAz,9 and film thickness t are estimated from ellipstmy data fitting, while the position of
the first absorption peakgps and extinction coefficientdq are estimated frorR and T measurement of the
nanocomposite film

The absorption of QDs in the deposited films canek&acted from transmittance and
reflection measurements of composite films. Theda dere collected using an integrating
sphere and allows for determination of total redece and transmittance. The absorption
can be evaluated d@sR-T whereR and T are the reflectance and transmittance of the
composite film on quartz substrate. In this wayaae eliminate the interference fringes
from absorption spectra of the film isolating p@atesorption component. The absorption

measured in this way is presented in figure 6.10.
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Figure 6.10 Absorption of QD-loaded films at a concentratioR @6 estimated from total reflectance and
transmission measurements using an integratingspbedifferent particles type

From these data we can retrieve the first absorppeak position and width. They are
found to be almost the same as in solution, ingligato dissolution or broadening under
film treatment.

Extinction coefficient values at the first absooptipeak can also be evaluated from these

data,kr 1 through the following relationships:

— Aabsa _i(_ln(R-'-T)) Eq 6.6

K = -
RT 4n  4n t

beinga the absorption coefficient which can be evaluatedchfthe Lambert-Beer formula
—In(T)
T
where T is substituted withT+R to isolate the pure absorption component. Then the

47k
extinction coefficient k is linked ta through a = T Using the film thicknesses

estimated from ellipsometry datag k are calculated and presented in the table of figure
6.8. These values are smaller than those estinfratedellipsometry data fitting.
The obtained samples often present typical surfameghness caused by striations

phenomena occurring during spin casting. Thus, textagy caused by surface
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inhomogeneities of the film can be taken as a ptssxplanation of the difference kf
values estimated by different methods. In f&cyalues from ellipsometry are obtained
from fitting the ellipsometry parameters along withnsmission data measured with a
standard configuration, that is without the intégig sphere. In this case transmission
losses due to scattering are accounted as hikgledues in the data fitting procedures.

The use of an integrating sphere apparatus allovdetect also the scattered light and the
pure absorption component is retrieved. For thhessonsk values retrieved with this
method are more reliable.

A tentative estimation of the volume fraction ofagtum dots in the film can be made from
the knowledge of extinction coefficient values bé thanocomposite material and particle
absorption cross section at the band edge. Sirciatter quantity has not been determined
for the QD used, an estimated value need to bathiken the literature. One possibility is
to use the cross section value for CdSe core aingpdi the same wavelength of our
core@shell C2-CSS particles, obtaining a value.80dx10™ cn?. In ref [27] the cross
section at 400 nm for a core@shell particle simtl@rour C2-CSS sample has been
reported. This value is larger than that relatieethe first absorption peak because
absorption is larger at smaller wavelengths. Weazaount for this by simply normalizing
the absorption from an absorption spectrum of @utigles, obtaining a value of 0.4x¥0
cn?.

If these two values are used, the volume fractib@2CSS patrticles in the zirconia film
can be estimated in the range 0.09-0.26, wkerehas been used for these calculations.
Arguing similar values for the other samples, wa state that the quantum dots volume
fraction is very likely larger than the 0.005 estied threshold value necessary to have
ASE.

These films underwent ASE experiments in orddesd the possibility to use such
materials as gain media for lasers. The experirhsatap used is described in Chapter 2.
All the described depositions showed the appearah@SE peak above a definite value
of pumping intensity, both under 1-photon excitatet 400 nm wavelength and 2-photo
excitation wavelength, as shown in figure 6.11.

ASE threshold power and VSE measurements are peesém figure 6.11 for both 1-
photon and 2-photon excitation.

ASE threshold at 1-photon excitation is around ®.Jcnf fluence, which is typical for
this systems. The same is true for 2-photon exaitabut with much higher threshold

values .
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Figure 6.11 ASE emission profile and threshold for differemiricles at 400 nm and 800 nm excitation
wavelength

A red-shift of the ASE peak is present in theseGS5 and C2-CSSS samples due to the

negative interaction energy of the bi-exciton st&er the C1-CSSS, a blue-shift of the

peak is observed, suggesting for a positive intema@nergy. This fact is unusual in ASE

experiments and it lacks of explanation at the madme
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The stability of the ASE peak over excitation tirmeshown in figure 6.12 only for C2-CSS
sample, being the behavior of the other samplelogne.

Stability was not satisfactory particularly undept@ton excitation. The intensity of the
ASE peak shows about a 30% decrease within one urwder 1-photon excitation and a
fast disappearance in about 5 minutes under 2-pletoitation.

The poor stability is likely due to the thin Zn§da on these particles (see section 3.4.2.3),

which do not offer resistance against photo-oxatgtiwhich can be responsible of
degradation of the emission properties.
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Figure 6.12 ASE intensity evolution with time under 1-photordaphoton excitation

VSL measurements are presented in figure 6.13 ®BICES particles in zirconia films.
Data fitting was performed with the integrated foohEq. 6.7. This model has been
proposed by Jaseniak et al.[27] and it is analdgukat expressed from Eg. 6.5.

_(z-z0)

%:g(z)e " 1,.(2) whereg(z2)=0,1,,=0 if z<zandg(z)=g ifz> %
l

di,, Eq. 6.7
dz =Js

=1, +1

SX bx

In this case the total intensilyis separated in biexcitor,f) and single excitonldy)
emission intensities contributions. The former givise to optical amplification while the
latter accounts for the spontaneous emission. pbetaneous emission from the biexciton
state is neglected.

Zy is an offset fitting parameter accounting for pubgam inhomogeneity at the sample

edge andJs, is a factor related to the spontaneous emissiorergéon. As previously
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described|, is the effective gain length related to the biextilifetime (limited by Auger
process) and can be defined as the biexcitonrifetnultiplied by the speed of light in the
medium.

This fitting procedure allows determining the geoefficientg. Values in the order of few
hundred crit were obtained in agreement with those usuallyddarthe literature [24,27].

Analogue results have been obtained for samplgsapeevith other shell structure.
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Figure 6.13VSE measurements and fitting using Eq. 6.5 for@S5 particles containing zirconia films
Main data retrieved from ASE measurements are suinethin Table 6.

1-photon 400 nm 2-photon 800 nm
excitation excitation
ASE Threshold OStdabiIity | ASE Threshold | Stability
(md/cm?) (A’&f f;ﬁf;se'n (md/cm?)
C2-CSS 0.073 24.8 9.405 *
C2-CSSS 0.172 12.2 9.013 *
C1-CSss 0.158 40.7 14.064 *

(*stability are not reported since ASE peak de@edasa period minor to 5 minutes)
Table 6.1 ASE threshold, gain factor g and stability (defirexi% decrease of ASE peak after one hour of

excitation) are reported for different type of jpaés in zirconia under 400 nm and 800 nm excitatio
wavelength

ASE threshold are much lower for 1-photon excitatiban 2-photon excitation. This is
related to the lower 2-photon absorption crossi@eatausing much higher fluences to
achieve population inversion. Furthermore, the @ympkent of a CSSS structure seems to
result in higher ASE threshold values. This suggésat under the synthetic procedures
adopted, the growth of more complex shell strustwan result in higher probability of
structural defects leading to lower PL efficienaydaneed of higher pump intensity to

obtain optical amplification.
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Even if the stability needs to be improved, our gl® demonstrate the possibility to
obtain up-conversion, i.e. emission of higher epeegliation than that used for excitation.
With the aim of increasing ASE stability, particiegth improved ZnS shell (synthesized
using (TMS)S as sulfur precursor as described in section Bwle2e embedded in ZrO
films with concentration corresponding@ 25.

In this case ASE emission was observed under 2ephetcitation which soon disappeared
after few seconds. If the deposition was againeelxin the same point, ASE occurred
again showing the same behavior. We cannot finexatanation to this behavior that does
not seem to be related to degradation of the pestiotherwise further excitation should
not be accompanied from ASE emission.

It is likely that trap states are involved whichghmi arise from structural defects in the
shell structure. Even if a thicker ZnS shell hasrbdeveloped, it has probably been grown
with poor epitaxial matching on the pristine coteusture. It is apparent that synthesis

need further optimization.
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6.3.3 Optical microcavities incorporating QDs

6.3.3.1 Basic principles of coplanar microcavities

Radiative transitions occur in two distinct waystimulated emission and
spontaneous emission. The first depends on th&@beagnetic field in the active medium
and can be manipulated in order to have lasing samsby coupling it to feedback
mechanisms.

Spontaneous emission has long been believed to peo@ess which could not be
controlled. In the few last decades, it has beawshthat if an active medium is put in
microscopic optical cavities or photonic crystale spontaneous emission rates and
profile are altered.

Among all available optical structures, Fabry-Peesonator is the most simple. It consists
of two co-planar mirrors separated by a distancehvis of the order of the wavelength of

light in the case of microcavity structures.
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Figure 6.14 Schematic representation of electromagnetic wavescavity defined by two mirrors with reflectiyi
R; and R ( Source : Schubert [30])

The transmitted waves emerging from a cavity isdbm over all the waves generated
from internal reflection at the cavity interfacess shown in figure 6.14a. The phase
difference @ (here defined for a single pass between the tvlecters) between these

waves determines the transmittance of the cavitychvHinds its maximum when
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2¢ =02n4n... ,where constructive interference is achieved, evhibr different

@transmittance decreases with a Lorentzian typeler@it least near the maximum value).
The maximum transmittance and the phase changat which transmittance decreases to

half its peak value can be estimated from the Yalg equations [30]:

T=— Eq. 6.7
1-RR)’ e
[L-VRIR?]

Eq.6.8

* [4/RR) T2

Where R and R are the reflectivity of the mirrors delimitatiniget cavity.

For symmetric cavities whereR =R, the maximum value of transmission is 1
independently of the reflectivity value of the roms, while for asymmetric cavities

(R #R,), the transmittance peak value is lower than 1.

From another point of view, the possibility to baa transmitted wave through the cavity
corresponds to the existence of an allowed modshawn in figure 6.14b. In our case,
this condition is fulfilled when a standing wavendze sustained inside the cavity.

From a practical point of view, it is more converii¢o use frequency or wavelength
instead of the phase. These are all equivalent tigiean through the following

relationships:

—_ 2mLcav [— ZmLCaVV
A C

@ Eq. 6.9
where n is the refractive index of the cavityandA are the frequency and the wavelength
of the light in vacuum.

Thus the condition for fundamental frequency or @lamgth of the allowed optical modes

is :

N = 2nlL,, _ 2nL v Eqg. 6.10
A C

with N being an integer number abg, the cavity thickness.
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From figure 6.12c it is possible to see that in¢hse of unity reflection of both mirror the
width of the transmittance peak is zero and it $etadbroaden with decreasing reflectivity
of the mirrors.

The cavity finesseF, is a parameter which takes into account the peilh and is
defined as the separation in frequency betweenatlewved modes and the peak width in
frequencyAv. Another frequently used parameter is the quédityor,Q, defined ag/Av,
where v is the fundamental frequency of the allowed modesing the previous

relationships, Q can be calculated as follows:

- A 0= 7 Eq. 6.11a,b
Av DA A (@-JRR)

High quality cavity imply highQ values.

When an emitter is inserted in a cavity, enhancénoérthe spontaneous emission is
observed if the emission wavelength is the santbeawavelength of the allowed mode of
the cavity. Emission in a spectral region whiclesloot overlap the transmittance peak of
the cavity is instead suppressed.

This effect can be understood on the basis of theowing guantum-mechanical

expression for the rate of the radiative transiti@gon::

S Spon

W, pom: = JW(') LW,)dy, Eq. 6.12
0

where W{) . is the spontaneous emission rate into the optiwade! and o(v,) is the

optical mode density [30]. While the first term the integral depends only on the
wavefunction of the initial and final states oéttransition, the density of optical modes
can be modified.

In a coplanar microcavitiy, the density of opticabdes is greatly enhanced for allowed
mode frequencies and suppressed elsewhere witbatetgpthe constant free space optical
mode density, as shown in figure 6.15.
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Figure 6.150ptical mode density in a coplanar cavity (Sourceldint [30])

Thus, emission rate and intensity from an emitteide a cavity is greatly enhanced with
respect to free-space emission. This enhancemisotréterred to as the Purcell effecd),
increases with the finesses F or quality fa€oof the cavity and can be estimated below

for emission at the fundamental wavelength of ity :

G :En(Rl—RZ)M Eqg. 6.13
7 (1-\RR,)

As for the integrated enhancement one should tatkkeaccount the overlap between the
emission in free-space and cavity resonance. Iflaiter is narrower than the former,
suppression of emission at wavelengths locatedobuhe cavity mode occurs. Thus
emission spectral narrowing is observed in thigcas

Another interesting feature is the cavity resonara® cavity emission position
dependence on the direction from which the streciarobserved. This dependence is
originated from the fact that light emerging frdhe structure at an observation angle
Y different from normal direction is originated frdight rays traveling in the cavity at an
angleB with respect to normal (see figure 6.16). Thisadtrces a different optical path
and phase differencegwith respect to the normal directiobhe dependence of resonance

wavelength\(0) on 6 is given from by Eq. 6.14.

A(8) = A(0)cos®) Eqg. 6.14

Figure 6.16Detection angle¥) dependence of mode position
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whereA(0) is the resonance wavelength at normal direa@®defined from Eg. 6.10.
Thus, by tuning the observation angle also the sipnswavelength range that are

enhanced is varied, this causing a shift of thetg@mission peak.

6.3.3.2 Fabrication of optical micro-cavity incorpng QDs

In order to fabricate the micro cavity, we decidedise silica-titania Bragg grating
structures as mirrors since they allows to obtagh neflectance using simple spin coating
techniques.

The cavity layer is made using zirconia’s dopednfquim dots prepared as described
previously.

A difficulty which is encountered in fabricatingdudevices is related to the compatibility
of the material treatment used. In our case, aoseriimitation is given by the high
temperature involved in the creation of the higiaetive deposition of the Bragg grating
mirror, since temperature higher than 250°C arbiflolen to quantum dots. This problem
can be solved by using low temperature techniqueb as rf-sputtering which allows to
deposit high refractive index without further thedmreatment. This technique is time
consuming and it is not available in our laborasriAnother possibility is to grow a Bragg
mirror by conventional sol-gel techniques treatthg material at elevated temperatures.
Then the defect layer with quantum dots is depdsitg a second Bragg grating cannot be
deposited in the same manner. So a sputtered métadr (for example silver) can be
deposited as the cladding mirror obtaining an asgtrimncavity. This procedure retain
emission properties of QD, but the reflectivitysiiiver is limited to 0.9, limiting Q values
and the possibility to play with mirror reflectiyitf lasing applications are considered.

In Chapter 5, we showed the possibility to prodigegg gratings at low
temperature as 200°C using lamellar titanates aftposure to UV radiation, suggesting
the utilization of this procedures for fabricatiohthe microcavity .

The target structure we designed includes a firag§ grating on quartz substrate where
both silica and titanate layers are treated at GO@8beled agrating 500 in Chapter 5),
the deposition of the ZrQD layer with concentratio@D 12,5(C2-CSS particles were
used) and a final Bragg grating by exploiting the ty&atment on titanate films ( labeled
asgrating UV). The procedure for grating fabrication is given imater 5.

A schematic representation of the structure isrgindigure 6.17.
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Figure 6.17 Schematic representation of the target microcastitycture

The Bragg gratings consists of six silica-titanaublets. Reflectivity can be enhanced by
simply increasing the doublets number. In thist fatempts, we decided to stop to 6
doublets value since in both type of mirrors quiigh reflectivity was reached and
problems arising from possible stress build-upsnairgmized, even if deposition of more
layers can be exploited. Reflectivity at 620 nm veasluated to be 0.95 and 0.9 for
grating 500 andgrating UV respectively.

A concentration QD 12,5 in the defect layer was leygd in these first attempts to avoid
risk of too high absorption of the cavity which damit the cavity effect.

After the growth ofgrating 500 on a quartz substrate, the defect layer was diggosi

The refractive index of the zirconia doped film hvitoncentratiorQD 12.5 was first
measured and the cavity thickness was calculated) . 610 in order to have a cavity
resonance at 620 nm overlapping the spontaneousreficence emission of the
nanoparticles embedded in the film.

The defect later with the exact thickness was tlestndifficult step since only slight
variation of few nanometers can significantly shiffé cavity position. For the measured
refractive index of 1.76, a layer thickness of abbu6 nm is calculated. We decided to
grow the cavity depositing 3 consecutive layeran$pating conditions for obtaining the
required layer thickness were calibrated measutimg thickness by spectroscopic
ellipsometry on silicon substrates. The active matevas then deposited on the Bragg
reflector and an annealing step at 250°C for 5 teswas applied at each deposited layer.
A reference sample consisting of a deposition od@ped zirconia on a quartz substrate
prepared in the same conditions as for the cawityrder to obtain has been prepared. An
absorption spectrum derived from total reflectaand transmittance measurements of the

reference sample is reported in figure 6.18.
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Figure 6.18 Absorption spectrum of the reference sample froml tetflectance (R) and transmittance (T)
measurements

The final grating UV was deposited. The resulting structure have theapproperties
shown in figure 6.17.

In figure 6.19A, transmission and reflectance speate taken using an integrating sphere.
The experimental set-up is such that absorptiotaken perpendicularly to the surface,
while reflectance is taken at an incident directidrich slightly differs from normal one of
few degrees. This allows to have an estimate o€dvéy position at normal direction both
in transmittance and reflectance. In the same digilre emission spectra of a deposition of
the same cavity material on quartz substrate medsmith a standard spectrofluorimeter is

also included. Very good overlap between spontasiemission of the quantum dots and

cavity position is seen.
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Figure 6.19 Transmission and reflectance (normal incidence) spettrum taken with an integrating

sphere set-up with PL emission of a QD loaded nigcageference film (A); Specular reflectance spectr
taken on ellipsometry at different reflection arggie the 15°-75° degree range (B)
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The software of the ellipsometer allows to simulidte optical properties of the structure
shown in figure 6.17 using previously measuredaogpiparameters of the material of each
layer. Silica and titania film thicknesses wereesgial to the values necessary to maximize
the reflectivity at 620 nm. Then reflectance speeire simulated by varying the thickness
of the cavity layer. The obtained results are regzbin table 6.2.

In figure 6.19B, specular reflectance spectra fi¢mint incident angles measured with the
ellipsometer are presented. In this case, measutenceuld be taken only for reflection
angles higher than 15° due to physical limitatioh tlee instrument. The expected
dependence of the cavity position on the reflecéingle is observed.

The cavity positions obtained with this measurenwarn be compared with simulation
carried out for the same reflection angles. In ttase the best accordance is found for a
cavity layer with a thickness of 174 nm (see t&hB), in good agreement with the target

value of 176 nm.

Simulated Simulated Observed
. . . . Observed
o\ | Cavity position | cavity position . N FWHM cavity
Angle (°)| _ cavity position _
with 174nm | with 178nm () peak width
nm
thickness (nm) | thickness (nm) (nm)
0 618 622 618 (*) 20(%)
10 615 619 - -
15 611 616 611 19.2
20 607 611 604 19.6
30 596 599 592 18.1
45 571 574 567 18.2
60 546 548 542 16.3
75 526 528 522 15.6

(*) obtained from transmission data taken on ellipsemit the same sample conditions as for reflection
data

Table 6.2 Simulated cavity position using ellipsometer saite for different cavity thickness, observed
cavity position from reflectance data and obsereadity emission position and peak width

At normal direction the cavity position has beetineated from transmission spectra taken
with the ellipsometer with the same sample oriémagind position with respect to light
beam used for reflectance, and found to be at &8 mhe estimate@ value from this
transmission spectrum is 31 and an analogue vdiug5 as retrieved from reflectance

spectrum at 15°.
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The emission of the cavity has been charactensaty the apparatus schematized

in figure 6.19.

Substrate QD-loaded microcavity

\ Or Reference Film

Laser514.4 nm

Excitation angle {2°)

10193]3(]

Detection angle (0°50°)

Figure 6.20 Schematic of set-up used for characterisation dfcalp microcavity incorporating QD
emitters

The excitation laser was at 514.4 nm wavelengthvaitid 1.6mW power. Measurements
were performed at 2° incident angle with respechdamal direction to the substrate. In
these conditions, the transmitted intensity was8 W and 1.5 mW for cavity and
reference samples respectively.

The emission from the cavity was collected at défe detection angles in the 0°-50°
range, while emission from the reference sampledesscted at 0° and 50°.

Cavity emission results are summarized in figug96.

The normalized emission spectra are reported urdig.21A at 0° detection angle for the
cavity and for the reference sample. The shapkeotavity emission taken in two different
regions of the sample is also reported and it appede different.

The effect of the cavity is apparent leading tomamg of the emission peak with respect
to reference emission. The coupling of the photatiacture with the QD’s emission is
also proved by the expected angular dependenckeoérmission peak which is seen to
move toward shorter wavelengths (see figure 6.2bB table 6.3), while reference
emission peak position and width are practicallghamged at different detection angles.
The Q value retrieved from cavity emission at 0° is 88yich is larger than the value
obtained from transmission or reflectance measunésne

This can be related to the inhomogeneity of thectdhyer thickness. Smaller area of the
sample are probed during cavity emission measureniban reflectance or transmission

ones due to the small dimension of the laser sgetluo excite the cavity. Thus the
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negative effect of thickness inhomogeneity of théedt layer on the cavity peak width will

be diminished if smaller area are probed, leadincatvity narrowing.

Furthermore, cavity emission was not equal if mess$at different points supporting

inhomgeneity of the defect layer. Also the angdlependence of peak position in the low
angle region did not follow a regular trend for sbangles (which are not shown in the
figure). It is likely that the procedure for deviéabrication need to be optimized to
improve the quality of the depositions and theickhess homogeneity.

Imperfections in the structure can also be respdmdior the presence of uncoupled

emission clearly seen at 50° detection angle.
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Figure 6.21 Normalized emission spectra of reference emissimke( at 50° detection angle) and cavity
emission at 0° detection angle taken at two diffepints of the sample (A); Cavity emission afatiént
observation angles (B)

The width of the emission cavity is also seen wwrease at higher detection angles (see
Table 6.3) leading to lowdD values. This was also observed by Jaseniack B2land
Rabaste et al. [15] and it was explained by théadn@D absorption at shorter wavelength.

This has an adverse effect Qrfactor.

) o Cavity emission Reference Reference
° Cavity emission ) o o
Angle (°) . FWHM peak width | e,mission peak | FWHM emission
position (nm) N )
(nm) position (nm) peak width (nm)
0 618 11.14 618 32
10 620 14.54 - -
20 612 17 - -
30 608 30.12 - -
50° 598 44.66 617 30

Table 6.3 Observed cavity emission position and peak widtth Bference emission position and peak
width
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The peak position at normal direction is at 618 mmagreement with observed cavity
position and with simulations for a 1.74 nm thiekity as shown from results in table 6.2.
The agreement of simulated and experimental cgpagk position is not good which can
again be attributable to defect layer thicknessinbgeneity.

In order to have information on the emission enkarent, the as-detected emission
intensity of the reference and cavity emissiom@imal direction are reported in figure
6.22.
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Figure 6.22 Spectral enhancement of cavity emission with @espo reference emission at 0° detection
angle

The emission is strongest in the case of quantuts oo the cavity, with a spectral
enhancement factor of about 7, indicating the mcatibn of the emission properties of
QD.

In order to see if lasing emission was possibléliis device, emission measurements
were performed under increasing excitation powarguthe experimental setup described
in Chapter 2 employed for ASE experiments. Thetakion wavelength was 400 nm and
the geometry configuration of the experiment waasl@yue to that depicted in figure 6.18.
Data are shown in figure 6.23.

PL emission intensity (normalised)
?

T T T T
500 550 600 650 700 750

Wavelength (hm)

Figure 6.23 Cavity and reference emission under femptosecaset l@xcitation at 400 nm. No lasing was
seen at increasing excitation power
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Spectral narrowing was again observed with respeaeference spectrum, even if no
lasing emission was detected, probably becausevofcbncentration of quantum dots or
insufficient feedback due to low mirror reflectivitThese parameters can be adjusted
along with overall improvement of device qualityptiwating further attempts in laser
emission obtainment.

Despite the absence of lasing, the data preseatddr suggest that the described
cavity fabrication procedure is compatible with guen dots, whose emission properties
are maintained and could be studied under microgcatfiect.

In particular, the UV treating of the titanate hasved to be a useful method to couple
high refractive index materials with QDs emitters.

This possibility can be exploited for further stesliof quantum dots emission in an optical
cavity, for lasing conditions tailoring and fabtiice of other type of 1D optically active

photonic structures similar to those presente@firs [19-21].
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Chapter 7

ZnS NCs loaded hybrid matrix composites

7.1 Introduction

Nanocomposites made from a sol-gel hybrid mateasl matrix and nanoparticles
as fillers are particularly interesting for the itugn of optical properties. In fact, this can be
achieved by acting on the type of both the emplogeghnosilane and the embedded
nanoparticles.

In particular, we focused our attention in obtagnhigh refractive index materials and the
synthesis of nanocomposites from sol-gel derivebridymatrix as host for zinc sulfide
nonoparticles has been worked out.

Among semiconductors materials, zinc sulfide exhilimteresting properties for optical
application due to its transparency in the visitalege, large refractive index valua &
2,36 at 620 nm) [1], UV filter behavior and, if dapwith particular ions, luminescence
properties. For these reasons, it has been exglaitel introduced in various types of
matrices to obtain functional materials [2-8].

The host material used herein consists in a hydmganic-inorganic epoxy-based material
containing phenyl groups, which have been provedhtwlify both thermal and optical
properties [9]. Hybrid materials possess some adgas over organic polymers, such as
improved thermal and physical properties. The sblygute for the synthesis of these
materials allows a simple way to homogeneouslyoduce organic moieties by using
specific organosilanes, thus changing and tuningiphll and functional features [10-13].
ZnS nanocrystals (NCs) have been introduced irethesterials and nanocomposite thin
films have been obtained. In particular, refractimdex changes upon introduction of
phenyl groups and zinc sulfide nanocrystals are hddressed.

Both these components have been proved to raisectigk index and to be transparent in

the visible range.
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7.2 ZnS nanocomposite depositions

7.21 ZnS NCs and nanocomposite synthesis

Two hybrid sols, named s@Z and solDGZ, with different compositions have
been prepared using GlycidoxypropyltrimethoxysilandGPTMS,  zirconium
tetraisopropoxide (ZOPr)) and dyphenyldymethoxysilanBPDMS) as precursors.

GZ and DGZ solutions were synthesized usingPTMSZr(OPY) = 75:25 and
DPDMSGPTMS Zr(OPr)= 50:25:25 precursors’ molar ratios, respectively.

Sol GZ was prepared hydrolyzing GPTMS with a stwictetric amount of water at
ambient temperature for 5 hours, after that a Emiuof methoxyethanol, ZOPr and
NaOH (NaOH:Alkoxides = 0.001) was added drop wise.

Sol DGZ was synthesized by mixilPDMSand Z(OPr and adding drop wise a solution
containing water H,O/( Zr(OPH) r+DPDMS = 0.33), NaOH, (NaOH:Alkoxide = 0.001)
and methoxyethanol. After stirring for 15 minuté8PTMS hydrolyzed as previously
described, was added. These solutions were refliee@.5 hours at 80°C. Alkoxide
concentration was kept constant and equal to 2.5

ZnS NCs have been synthesized adapting the prozathscribed by Kho et al.
[14]. First, 20 ml of a 1M water solution of Trigfroxymethyl)aminomethane was
prepared. Then cystein, mercaptoethanol and a 1Mi@o of zinc sulfate ZnSQ) in
water was poured in the reaction flask. The comaéinh of Zn precursor in this solution
was 0.1 M. Cysteine and mercaptoethanol were atidgive a molar ratio of 0.25 and 2.5
with respect to the zinc precursor. This solutiaswtirred for 10 minutes. Finally, sodium
sulfide N&9S) (Zn/S = 1) dissolved in water was added underirsg. The solution was
incubated for 1 hour at 50°C. ZnS NCs were flodmaleby adding ethanol and collected
by centrifuging at 4000 rpm. The precipitate waspdrsed in 8 ml water. At this stage,
tetrahydrofuran THF) and 400ul of mercaptohexanol were added and an opaquei@olut
was obtained. This dispersion became transpargst stfrring for 12 hours. Finally, ZnS
NCs were precipitated with acetone and redispeirsebout 4 ml of 2:1 v/v mixture of
THF and water to give a clear and concentrated ZnS $&igion which was used for
nanocomposite synthesis.

Nanocomposite depositions were obtained with twiieint concentrations,
referred to asoading level landloading level 2These have been prepared by mixing 250

ul (loading level Jand 100Qul (loading level 2 of eitherDGZ or GZ solutions with 0.5 ml
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of ZnS NCs colloids. To improve NCs compatibilityitev the matrix 10 pl of
mercaptopropyltrimethoxysilane were also added.

The obtained solutions were aged 12 hours, aftechwihey were three-fold diluted with
methoxyethanol.

These solutions were spun on a silicon substréd@@@ rpm for 20 sec to obtain thin films
that were heat treated at 150°C for 30 minutescklfilms (up to 10um) were also
obtained by casting the solution on a quartz satesat 80°C.

Films were analogously obtained frddZ andDGZ solutions without ZnS NCs.

7.2.2 Results and discussion

Among the large number of synthetic procedures ggeg in the literature [15-21], the
synthetic route for ZnS NCs described in ref. [hdk been taken into account due to its
easiness, high yield and good colloidal stabiliBysteine was there employed as the
capping ligand for such NCs. This molecule forn&naS complex, thus it binds to the Zn
sites of NC surface. The resulting NCs expose #rbaxylic functionality of cysteine to
the outer environment leading to very hydrophilicface which makes NCs very stable
only in water media, while colloidal stability igdt in organic solvents.

Cysteine capped ZnS are thus not compatible with dbveloped hybrid sol whose
environment is hydrophobic, since organic solvearid phenyl groups are used in such
materials. This would eventually leads to the ppiaiion of the NCs from the solution,
preventing the realization of homogeneous nanocaitgso

In order to make the ZnS NCs compatible with thérldy materials, we developed an
analogous procedure for making the as-synthesizdrvgoluble NCs compatible with the
sol-gel matrices. Mercaptohexanol and mercaptoptopgthoxysilane are proper ligands
for good compatibility with the hybrid environmeand the described procedure has been
designed to enrich the ZnS NCs surface with theslegules.

Mercaptoethanol was used in the ZnS synthesis esrmifin capping agent instead of
cysteine since this resulted to facilitate thessgjuent exchange with mercaptohexanol.

In fact, cysteine probably bounds too strongly i8ANCs surface, making it more difficult
to be displaced by a new capping agent, while fhiscedure is more efficient if

mercaptoethanol is used as the pristine ligand.
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In order to easily extract the particles by floatidn with ethanol, the usage of a small
amount of cysteine was found to be necessary. Bipbihis makes NCs surface

sufficiently hydrophilic to allow separation by ation of an organic solvent from the

original solution and unreacted reagents.

It is likely that the residual presence of cysteamemercaptoethanol bound on ZnS NCs
surface after mercaptohexanol exchange makes #&seary to add water in the final

solvent mixture in order to obtain a stable colédislolution.

The described functionalization procedure for ZnSsNvas found to be compatible with
the sol-gel matrices synthesized in this work.

UV-Vis absorption spectra of ZnS NCs after eachgestaof the synthesis or

functionalization procedure are reported in figare.

2,0
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Bulk ZnS
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180 240 300 360 420 480 540

Wavelength (nm)

Figure 7.1 Absorption spectra of as synthesized ZnS nanodsystdution (a), after ethanol precipitation
and redispersion in water (b) and final doping Botu(c). All spectra were taken with a dilution H#00.
The vertical line represents the position of theoaption band of bulk ZnS.

The absorption band due to ZnS nanoparticles ig Bhifted compared to bulk ZnS
(absorption onset at 340 nm, [15]). After the fieshanol precipitation and dispersion in
water, the absorption feature of ZnS NCs appeassshoulder at around 270 nm (figure 1
curve b), similarly to spectra reported in otherrkgo[21]. Concentration of particles in
solution is increased after each stage of the dbestrprocessing, reaching a final
concentration in th@HF/water mixture of about 35 g/L (figure 7.1 curve &} estimated

from the weight of dried powder.
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XRD pattern (figure 2) of the dried precipitate @bed from final doping solution can be
assigned to sphalerite ZnS (JCPDS 05-0566). Thee sdiffraction pattern has been
obtained also for the ZnS NCs loaded DGZ sol-del {see figure 7.2).

ZnS powder

ZnS loaded
DGZ film

Intensity (arb.units)

(220) @311)

(200)

24 28 32 36 40 44 48 52 56 60
26 (9)

Figure 7.2 XRD patterns of dried ZnS powders and of GZ filnpdd with the same ZnS nanoparticles.
The main diffraction planes with their relativednsity (ZnS sphalerite JCPDS 05-0566) are alscated at
the bottom of the picture.

HR-TEM images showed the presence of nanopartidesig an almost spherical shape

with a mean diameter D = 4.8 nm and standard dewiat= 1.0 nm (see figure 7.3a).

substrate 50nm

Figure 7.3 (A) High-resolution image of ZnS NCs showing <11lattice planes fringes of sphalerite ZnS;
(B) Cross-sectional Dark-Field S-TEM image of th&@Dhybrid film containing ZnS NCs corresponding to
doping level qsee text)
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From EDX compositional analysis it was evaluateci@mic ratio Zn/S of about 0.9 £ 0.1.
Figure 7.3b shows the cross-sectional dark-fie[dEB image of the ZnS NCs loaded
DGZ film in which the contrast is related to the atomumber of the elements present in
the different region of the sample. The film apgegquite homogeneous and no large
aggregates (in the order of tens of nanometer®) tabscatter light significantly are seen.
This degree of homogeneity is important for keegragsparency.

The film thickness is (160 = 10) nm as retrievednir STEM image. From EDX
compositional analysis it was evaluated an atomtio IZn/S of about 0.9 £ 0.1 also in the
case of th&dGZ nanocomposite film.

The hybrid material used as the matrix has beerthegized fromGPTMS an
organoalkoxide presenting an epoxy ring functidgatat can be polymerized to give a
polyethylene oxide networlDPDMS s also added in order to homogeneously introduce
phenyl groups by co-condensation of the alkoxidesigs ofDPDMS with those of the
other. Z(OPY) is finally introduced in the reaction system battrcatalyze the epoxy ring
polymerization [24] and to promote the developmeht stiff SiQ-ZrO, mixed oxide
network. The refractive index of Zgs quite high (in the 2.13-2.20 range for monaclin
ZrO, depending on the crystallographic axis [1]) analsb contributes to raise the overall
refractive index.

Figure 7.4 shows the FT-IR spectra of undoped kybilims. Peaks at 3075, 3046, 1229,
1191, 743, 700 and 520 &mrin DGZ spectrum can be assigned to phenyl vibrations
[22,23]. No epoxy ring vibrations (2995-3060 tinand) can be observed®Z spectrum
which can be related to th@PTMS epoxy group polymerization [24], while a partial
overlapping with phenyl vibrations is presentdGZ films. The band around 1060 ¢m
and the doublet at 2900 nare assigned to silica and C-H vibrations respelsti[22,23].
Very similar FT-IR spectra (data not shown) weréaoted for hybrid films incorporating
ZnS NPs.
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Figure 7.4FT-IR spectra of undoped GZ and DGZ sol-gel hybmatrices

UV-Vis measurements (figure 7.5) made on thick d@pms on quartz substrate showed a
clear change in the absorption edge after introoncf ZnS NCs.

Also in the case of the composite films, a bludtisig of the absorption edge, compared to
bulk ZnS, is evident. This is less pronounced @ d¢hse 0DGZ matrix due to absorption
contribution of phenyl groups at higher wavelengilkich is evident by comparinGZ

and DGZ matrices spectra.
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Figure 7.5 UV-Vis absorption spectra of GZ (A) and DGZ (Blnfs deposited on quartz substrate. The
vertical line represents the position of the absonpband of bulk ZnS

In figure 7.6 it is reported the photoluminescespectrum of the ZnS NCs loaded DGZ
film (with the corresponding optical absorption sfpem): the PL band centered on 420
nm can be correlated to defect-type luminesceradyliarising from defective surface

states [22].
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Figure 7.6 UV-Vis absorption and photoluminescence spectruxaif@ion wavelength 337 nm) for ZnS
NCs doped DGZ hybrid film.

In order to have a rough estimate of the fillingtéaf (i.e., the volume fraction) of ZnS
particles in the nanocomposite depositions, we tisedZnS NCs solution concentration
and densities of ZnS (4 Kgfj1]) while the densities used for hybrid materiatere
measured by Archimedean method on bulky samplegcamdi to be 1.26 Kg/fnand 1.32
Kg/m? for bulk DGZ andGZ, respectively. The values bfor ZnS NCs were estimated to
be about 0.04 and 0.1 ftwading level landloading level 2espectively.

As expected, ellipsometry measurements showed emase in refractive index upon
increasing concentration of ZnS NCs (Table 7.1)aldgously, the effect of refractive
index enhancement upon introduction of phenyl gsocgn be appreciated by comparing
GZ andDGZ hybrids at the same ZnS loading level.

Refractive index Film thickness

(@ 630 nm) (nm)

GZ 1.50 576

GZ +2ZnS Loadingleve 1 1.52 257
GZ +2ZnS Loading level 2 1.56 162
DGz 1.53 115

DGZ + ZnS Loading level 1 1.56 231
DGZ + ZnS Loading level 2 1.59 149

Table 7.1 Refractive index and film thickness of nanocompe#iin films
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To evaluate the ZnS NCs concentration in the filme, used Maxwell-Garnett theory
which is an effective medium model which can beliad to materials embedding
spherical inclusions.

This model was used to calculate the refractivexnchange of the nanocomposite over
the measured wavelength range as a function oZti& NCs filling factor,f (i.e., the
volume fraction): we used for the matrix the meaduellipsometric data and ZnS
literature data [27] for the NCs (assuming the agersize measured by TEM).

Finally, we used the Maxwell-Garnett theory to nlotthe refractive index change upon
variation of the ZnS NCs content in order to comeptre theoretical results with the
experimental ones. This was done only for ZnS N@®edDGZ matrix as representative
example.

Calculations were carried out over the wavelengtige of the experimental measurements
as a function of the ZnS NCs filling factdr We used for the matrix the measured
ellipsometry data and ZnS literature data [27]tfee NCs and the TEM measured average
size was assumed. In figure 7.7A, the calculateahgh of the refractive index curves is
shown. A linear trend of the refractive index ewdfd at 630 nm is found in the 0-0.3
filling factor range (see figure 7.7B). This is agreement with the reported linear

dependence of refractive index on volume fractibthe inorganic NCs [23].
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Figure 7.7 Maxwell-Garnett simulations of the refractive indexzZnS NCs loade®GZ as a function of
the ZnS filling factorf (A) and linear evolution of the refractive indesngputed at 630 nm (B)

A best fit procedure has been used to evaluatZnigevolume fraction from the measured
refractive index (see figure 7.8). A filling factealuef of 0.024 and 0.077 for ZnS loaded
GZ hybrid has been found foloading level 1and loading level 2 respectively.
Analogously, a filling factor of 0.033 and 0.081sae@alculated foDGZ nanocomposites,

in good agreement with the nominal values.
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Figure 7.8 Experimental refractive index curves (solid linegacorresponding Maxwell-Garnett fit (open
symbols) forGZ nanocomposites (A) andGZ nanocomposites (B). The corresponding filling fadtés
indicated.
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Chapter 8
Conclusions

In this work, the synthesis and processing of nancsired materials for optical
applications has been described.
With the aim of introducing specific functionaldieand variations in the dielectric
properties of the materials, NPs of the desiredertas, obtained by means of colloidal
synthetic routes, have been introduced in host iceatrto obtain multifunctional
nanocomposite materials.
The activity can be divided in:
a) synthesis and characterization of nanocrystalschasecadmium selenide, titanium
dioxide, zinc sulfide and layered titanates and
b) their applications in active waveguides with photinescence or optical gain
properties, conformal coating and coplanar micrdeiwith cadmium selenide

NPs emitters.

The procedures for the synthesis of CdSe partiwiéls tunable size have been
presented in Chapter 3. In order to increase tialgy of these particles, surface coverage
with larger band gap semiconductor has been adatte3$is was accomplished adopting
the SILAR procedure which allows tailoring the carapion of the shell by growing
monolayers one at a time. A shell with graded cositjom was adopted by growing a CdS
layer on pristine CdSe surface and ending with 8 layer. A cadmium zinc sulfide alloy
was also attempted. A synthetic procedure was dpedl by successive steps which
finally resulted in the desired shell structureemvf further optimization is required to
achieve greater particles stability.

These particles were introduced in Zrédl-gel waveguides and tested in ASE (Amplified
Spontaneous Emission) experiments.
The obtained samples showed optical gain propeutieier both 1-photon and 2-photon

excitation. The stability under excitation need®further improved, particularly under 2-
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photon excitation. This requires further work, whibas to be manly directed toward
thicker ZnS layer coverage with better structuraliy Precursor’s reactivity, role of the
complexing agents and synthetic parameters akegplparameters that must be tailored to
improve shell quality.

A sol-gel synthesis for Ti©Qnanoparticles has been developed and described in
Chapter 4.

Synthetic parameters have been optimized in oadave transparent colloidal solutions
of crystalline titania particles. Nanocrystals e tanatase crystal structure in the 3-5 nm
diameter range have been obtained.

The obtained particles could be extracted fromsbi@tion and introduced in an epoxy-
based sol-gel matrix.

This allows for transparent depositions with tueabéfractive index in the 1.51-1.89
range.

In order to extend the processing and engineeoingitanium oxide materials,
layered titanates compounds were taken into coratida. This class of lamellar
compounds are constituted of nanosheetsere [TiOm:1]® usually units arrange
themselves in a two-dimensional crystalline laysercalated by cations necessary for
charge balance. We have developed a synthetic roukéhich titanate nano-sheets are
produced by reaction of a titanium alkoxide andeganic base. Titanate nanosheets have
been obtained which are at least partially exfetlatesulting in transparent colloidal
solution.

TEM characterization showed the lamellar naturéhefobtained materials where also the
lateral extension of the sheet was in the nanom@hout 5 nm) range.

Depending on the type of organic base used, Tetmgfaenmonium hydroxideTMA) and
6-Amino-1-hexanol AH), titanates with different structural charactécstand processing
behavior have been obtained. In particular, theseved fromTMA are stable in aqueous
solutions, while those derived froAH could be used also in alcoholic media. The former
will be referred to a3 MA-Ti, the latter ag&\H-Ti.

These materials could be modified by UV curingam-exchange processes, allowing for
modifications or treatments by methods other ti@nnhal annealing.

The behavior ofTMA-Ti titanates under UV irradiation and thermal treattmeas been
investigated through X-Ray Diffraction and ellipsetny. Enhancement of refractive index
was correlated with the contraction of titanateetayleading to densification of the

material. This permitted to obtain high refractimeex depositions at temperature as low
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as 200°C. This was applied in DBR (Distributed Rra&eflectors) obtained by
alternatively depositing titanate and silica ashigh and low refractive index layers. Low
temperature processing not only allowed to obtaorerfavorable conditions for grating
fabrication in terms of defects formation, but alsanake high index material processing
compatible with Quantum Dots. This was exploited floe fabrication of a coplanar
microcavity incorporating quantum dots. This stawethas been described in Chapter 6.
The modification of the spontaneous emission of e emitters under cavity effect has
been characterized. This confirmed the possibibfy coupling the developed high
refractive index material processing with quantustsdNo lasing emission was observed
with this device, possibly due to low concentrat@nQDs in the defect layer or low
reflectivity of the mirrors. These parameters carleanced along with the overall quality
of the fabrication procedure thus greatly motivafimgfuture work or improvement of this
device.

In Chapter 5 it was shown that UV irradiation résdlalso in the change of solubility
behavior. Thus, interesting future perspectives as® related to exploitation of UV-
induce solubility change for UV patterning of titdes depositions.

One goal of the present work was to synthesize temah presenting a luminescent
functionality, high refractive index and good prssability allowing for defect free bulk
samples.

This task has been approached synthesizing a nampasite material by mixing different
functional NPs with suitable matrices.

AH-Ti titanates have been used to enhance the refraotiex, QDs were used as the
active component and the processing behavior of tmaterial has been tailored with
proper choice of the matrix material (a polyethylghgol functionalized silane) with the
aim of enhancing the plasticity allowing for stragdaxation during drying processes
involved in sample fabrication. The latter is ai®es problem for thick coatings or bulk
samples often leading to severe cracking or damage.

AH-Ti titanates are compatible with QDs, allowing foricgity transparent materials.

By varying the amount of titanates and matrix, téactive index could be varied from
1.5 to the 1.8. The last value was obtained withuee titanate matrix at an annealing
temperature of 200°C which does not damage QD& |t

Such nanocomposites were used as waveguides akdfitms with a refractive index of

1.7 were patterned with nanoimprinting techniques.
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This strategy was also used for encapsulation d dEvices, where thick coatings with
high refractive index embedding luminescent maleai® desirable to enhance light
extraction from LED and to produce white light thglh down-conversion.
The above described QD-loaded titanate materialwgas for this application and it has
proved to be quite promising if used with aerosasddl deposition techniques, even if
cracking problems could not be solved completehus this activity was continued with a
sol-gel hybrid material doped with quantum dotsceint showed more favorable
processing conditions.

The properties of titanium dioxide can be exphbbitlor optical gas sensing
applications if gold nanoparticles are introduaed icrystalline TiQ matrix.
The anatase-TiDparticles have been successfully used as matrixerrabtfor this
application allowing for porosity tailoring, morplogiical and gold-titania interface to be
studied from optical measurements.
Optical sensing were proved by variation in thimfabsorbance at wavelengths near the
plasmon resonance of gold NPs caused by presemas @nalytes
Gold nanorods were introduced RMA-Ti titanates. Gold nanorods are known to
spheroidize upon thermal treatment, losing theaupar optical properties. We found that
the developed UV densifying treatment applied ptiorheat treatment results in the
retainment of rod optical features to higher terapee. Improved stability of such
nanostructures is very interesting since it allex$ending their exploitation in optical
applications.
Finally, composites with enhanced refractive ingexe realized by introducing ZnS NCs
in hybrid sol-gel materials based on Diphenyl Dinoatysilane and Zirconium
isopropoxide.
A synthesis of ZnS NPs, which could be functioredizn order to be introduced sol gel

matrix, has been developed.
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