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Abstract 

 Nanotechnology has arisen as one of the most important fields in recent research, 

for the implications in both basic and applied science and technological applications. 

The manipulation of matter at the nanoscale is accompanied by the appearance of novel 

properties and large surface to volume ratio which can be exploited in a number of 

applications ranging from optics, catalysis and sensing, to name a few. 

In this work, we mainly focused on the synthesis and the use of nanomaterials for the 

preparation of nanocomposites and structures to be employed in the optical field. The main 

advantage of introducing nanosized inclusions in a host material is that specific 

functionalities or desired optical change can be imparted while transparency in the visible 

range can be retained.  

 The whole activity can be divided in the synthesis and processing of nanoparticles 

and in their usage for some specific application. 

Cadmium selenide (CdSe), Titanium dioxide and layered titanates have been mainly 

addressed due to PL emission properties and high refractive index. In addition, zinc sulfide 

(ZnS) nanoparticles have been synthesized. 

CdSe nanoparticles (Quantum Dots) have been obtained by colloidal chemistry and part of 

the work has been spent in the synthesis of core-shell nanoparticles with a CdSe core and a 

shell of semiconductor materials with wider band gap in order to increase the stability of 

the emission properties of such materials. These nanoparticles were introduced in sol-gel 

derived ZrO2 waveguides to obtain materials showing optical gain which was characterized 

by ASE (Amplified Spontaneous Emission) experiments. 

 High refractive index materials are useful in many optical applications. High 

refractive index depositions were obtained introducing Titania nanoparticles in proper 

matrices. 

A sol-gel synthesis for titanium dioxide nanoparticles has been developed yielding to 

anatase particles in the 3-5 nm range. These were embedded in an epoxy-based hybrid 

material obtaining transparent depositions with refractive index in the 1.51-1.89 range. 

 Layered titanates were further addressed since they allowed extending the 

processing and engineering of titanium oxide materials. A synthetic colloidal procedure 
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was developed, in which titanate nano-sheets are produced by reaction of a titanium 

alkoxide and an organic base.  

These materials allowed to obtained composites with multifumctional properties since 

materials embedding both titanate sheets and quantum dots could be obtained and applied 

in PL active waveguide and functional coating for LED devices to improve light extraction 

and produce white light through down-conversion. Coatings for LED were also developed 

using conventional sol-gel derived hybrid materials. 

The obtained layered titanates could also be modified and treated by UV curing, leading to 

material’s densification and enhancement of the refractive index at relatively low 

temperatures (200 °C). This processing behavior has been exploited in Bragg mirror 

fabrication and vertical optical microcavity incorporating quantum dots. The procedure 

employed for microcavity fabrication was found to be effective in keeping the optical 

properties of quantum dots, allowing for optical characterization of this structure. 

 The properties of titanium dioxide have been exploited for optical gas sensing 

applications embedding gold nanoparticles  in a crystalline TiO2 matrix. Anatase TiO2 

particles have been successfully used as matrix material for this application. The employed 

preparation of such nanocomposites allowed tailoring of porosity and gold-titania interface 

which could be studied by optical measurements. Optical sensing was evidenced by 

variation in thin film absorbance at wavelengths near the plasmon resonance of gold 

nanoparticles caused by the presence of the gas analytes. 

Gold nanorods were introduced in the synthesized titanates. Gold nanorods are known to 

spheroidise upon thermal treatment, losing their peculiar optical properties. We found that 

the processing treatments developed for titanates resulted in improved thermal stability of 

such nanostructures as shown by optical measurements. This result is very interesting since 

it would allow extending gold nanorods’s exploitation in optical applications. 

Finally, composites with enhanced refractive index were realized by introducing ZnS 

nanoparticles in hybrid sol-gel material. A synthesis of ZnS nanoparticles has been 

developed, which allows nanoparticles functionalization and introduction in a hybrid 

organic-inorganic sol-gel matrix. 
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Abstract (Italiano)

Il campo delle nanotecnologie è diventato tra i più importanti nella recente ricerca 

scientifica. È’ un settore multidisciplinare nelle conoscenze che ne costituiscono le basi e 

trova applicazione in svariati ambiti della tecnologia. 

La manipolazione della materia su nanometrica è accompagnata dalla comparsa di nuove 

proprietà ed un elevato valore di superficie per unità di volume. Queste proprietà possono 

essere sfruttate in applicazioni nei campi dell’ottica, della catalisi e della sensoristica, per 

non citarne che alcuni. 

In questo lavoro, l’attività è stata principalmente focalizzata sulla sintesi e l’uso di 

materiali nanostrutturati per la preparazione di nanocompositi e strutture di interesse nel 

campo dell’ottica. Il vantaggio principale nell’ introdurre particelle nanometriche in un 

materiale risiede nella possibilità di introdurre specifiche funzionalità o variazioni nelle 

proprietà ottiche mantenendo nello stesso tempo la trasparenza nel visibile. 

L’intera attività può essere divisa nella sintesi e successiva manipolazione di nanoparticelle 

e nel loro uso in specifiche applicazioni. 

Seleniuro di Cadmio (CdSe), Biossido di Titanio (TiO2) e Titanati a strati sono stati 

principalmente presi in considerazione per sfruttare specifiche proprietà di 

fotoluminescenza e di elevato indice di rifrazione. Sono inoltre state sintetizzate 

nanoparticelle di Solfuro di Zinco (ZnS). 

Nanoparticelle di CdSe, anche chiamate Quantum Dots (QDs), sono state ottenute 

attraverso sintesi di tipo colloidale. Parte del lavoro è stata dedicata al ricoprimento di 

queste nanoparticelle con semiconduttori a più elevato band gap con lo scopo di aumentare 

la stabilità delle proprietà di emissione di questi materiali. Queste nanoparticelle sono state 

introdotte in guide d’onda costituite da Biossido di Zirconio (ZrO2) ottenuto per via sol-gel 

per ottenere materiali con proprietà di guadagno ottico testate in esperimenti di emissione 

spontanea amplificata (ASE). 

 Materiali ad alto indice di rifrazione trovano utilizzo in molte applicazioni ottiche. 

Deposizioni a elevato indice di rifrazione sono state ottenute introducendo particelle di 

biossido di titanio in opportune matrici. 

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

colloidali stabili di particelle cristalline con la struttura cristallografica dell’anatase con 
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diametro intorno a 3-5 nm. Queste nanoparticelle sono state introdotte in una matrice ibrida 

sol-gel ottenendo deposizioni trasparenti con indice di rifrazione variabile tra 1.51 e 1.89. 

 Sono stati successivamente presi in considerazione i titanati a strati perché 

permettono di estendere le possibilità di manipolazione ed ingegnerizzazione  di materiali a 

base di ossido di titanio. 

È stata sviluppata una sintesi colloidale in cui “foglietti“ nanometrici di titanati sono 

prodotti per reazione di un alcossido di titanio e una base organica. 

Questi materiali hanno permesso di ottenere compositi con proprietà multifunzionali. 

Infatti, materiali contenenti titanati lamellari e QDs sono stati ottenuti e applicati in guide 

d’onda con proprietà di fotoluminescenza e ricoprimenti funzionali su dispositivi LED per 

migliorare la frazione di luce estratta e produrre luce bianca per conversione di parte della 

luce emessa in luce a lunghezza d’onda maggiore. Ricoprimenti per LED sono inoltre stati 

sviluppati con materiali ibridi sol-gel più convenzionali. 

I titanati stratificati sono stati trattati utilizzando radiazione UV. Questo genere di 

trattamento porta a una densificazione del materiale con conseguente aumento dell’indice 

di rifrazione impiegando durante il processo temperature relativamente basse (200 °C). 

Questo trattamento è stato impiegato nella fabbricazione di specchi multistrato dielettrici e 

cavità ottiche verticali dove sono stati inseriti QDs come emettitori luminescenti. Il metodo 

utilizzato è stato verificato essere compatibile con la conservazione delle proprietà di 

emissione dei Quantum Dots, permettendo la caratterizzazione ottica delle strutture 

sviluppate. 

 Sono state inoltre considerate applicazioni sensoristiche per il rilevamento di gas 

tramite misure ottiche di materiali a base di TiO2 contenenti nanoparticelle d’oro. 

Le nanoparticelle di anatase in precedenza menzionate sono state adoperate come matrice, 

consentendo sia di agire sulla porosità, sia di caratterizzare l’interfaccia oro/titania tramite 

misure ottiche. La funzionalità sensoristica è stata determinata studiando la variazione 

nell’assorbanza ottica a lunghezze d’onda vicine alla risonanza plasmonica delle particelle 

d’oro, causata dalla presenza di uno specifico gas nell’atmosfera. 

Nanorods di oro sono stati inseriti in matrici di titanati lamellari. Queste nanostrutture 

d’oro tendono ad assumere la forma sferica in seguito a trattamento termico perdendo così 

le loro specifiche proprietà. Il trattamento di densificazione sviluppato per i titanati è stato 

applicato per questi compositi, fornendo una migliore stabilità termica dei nanorods, come 

dimostrato da misure ottiche. Questo risultato è interessante poiché potrebbe permettere di 

estendere l’utilizzo di queste nanostrutture in applicazioni ottiche. 
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 Infine, sono stati realizzati compositi con aumentato indice di rifrazione utilizzando 

particelle di solfuro di zinco per le quali è stata sviluppata una sintesi colloidale e una 

procedura di funzionalizzazione per il loro inserimento in matrici ibride sol-gel. 
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Chapter 1    

Introduction 

1.1  Introductory remarks

 The increasing request of materials possessing novel properties has motivated a 

considerable part of recent research in this area. In particular, advances in application 

fields such as optics, catalysis and sensing, to name a few, are strictly dependent on the 

possibility of optimizing, at the same time, different aspects of the material to be used. 

Successful devices fabrication often requires different functional properties to be present in 

the same material, possibility of shaping and manufacturing to achieve specific structures 

and compatibility of processing conditions of the different materials used. 

Nanoscience and nanotechnology have imposed themselves as important tools in achieving 

the above described requirements. Relevant features of nano-scaled materials include: 

 a) arising of new optical and electronic properties with respect to bulk  

 b) dramatic increase of surface to volume ratio maximizing active interfaces 

 c) realization of composite materials embedding nano-sized objects in a matrix for 

imparting desired functionalities while maintaining elevated homogeneity with respect, for 

example, to light interaction (nanometric phases do not scatter light). 

  

 Beyond arising of novel properties, nanoscaled objects can be combined together in 

the same materials to create nanocomposites. This class of materials consists of a host 

matrix where one or more nanometric inclusions are embedded. The resulting material can 

be regarded as a homogeneous medium. This strategy allows for novel functional, physical 

or chemical properties which can be tailored by acting on the type of inclusion, matrix and 

their interface. 

By proper choice of constituents and their combination, different requirement can be met 

in the same material. 
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1.2 Motivation and outline 

  

 In the present thesis work, the synthesis and application of nanostructured materials 

is described with the aim of producing multifunctional innovative materials. Beyond  

functional properties, the activity has been directed toward materials which could be 

processed or treated in conditions such that their combination in nanocomposites or 

devices does not result in loss of their peculiar properties. 

These features are extremely relevant in a lot of research fields, even if the main 

application considered in the present work deals with optical properties. 

In this field, not only optical properties of the material are important, but also the 

possibility of shaping into specific geometry would be desired. 

Nanocomposites offer the possibility to introduce and tune more than one properties in a 

suitable host material. In particular, great interest is found in introducing optically active 

functionalities such as luminescence properties and in tuning dielectric properties, such as 

refraction index. 

Proper choice of the host matrix can be exploited to give suitable processing behavior with 

the desired fabrication technique.  

These properties can be exploited in a number of devices such as optically-active photonic 

structures, conformal coatings and waveguides. 

 The aim of the present work resides in the synthesis of nanoparticles and their 

introduction in proper matrices in order to obtain nanocomposites and structures to be 

employed in the optical field. Thus, the main part of the PhD activity has been spent on the 

synthesis of nanoparticles, their processing and introduction in host materials in order to 

modify and tune their optical properties.  

Basically, the approach we followed consisted in synthesizing NPs separately with respect 

to composite synthesis (ex-situ approach) using colloidal methods. This allows tailoring 

optimal conditions for the desired particle crystallinity, structure and subsequent 

functionalization necessary to make them compatible with the desired host material. 

In this work, Cadmium Selenide and Titanium Dioxide based nanostructured materials have 

been mainly addressed. Minor work has also been devoted to Zinc Sulfide nanoparticles. 

 CdSe quantum dots (QDs) have been synthesized and used as the optically active 

component. Semiconductor nanoparticles are very promising as efficient luminescent 

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



3

dyes and can be properly functionalized to be homogeneously introduced in different 

matrices.  

In order to have greater  stability of emission properties, CdSe core particles are generally 

covered by shell of semiconductor materials with wider band gap. Thus a part of the thesis 

work has been spent in the synthesis of such heterostructures. 

Optical structures often require high refractive index materials. Titanium dioxide has been 

used as the high refractive index component and the attention has been focused on 

Titanium dioxide nanocrystals (NCs) and Layered Titanates which could be 

processed into nanocomposite. 

TiO2 NCs have already been applied for varying dielectric properties. In this case, we 

focused on obtaining crystalline particles at mild synthetic conditions while keeping 

colloidal stability. These are important conditions since crystallinity ensures high refractive 

index and colloidal stability with absence of large agglomerates is necessary for having 

transparent materials that does not scatter light. 

Layered titanates have attracted our interest since they can be modified and treated by 

methods other than thermal annealing. In fact UV irradiation has been exploited as an 

alternative route for densification and refractive index enhancement. Furthermore, specific 

titanates were found to be compatible with quantum dots. 

Transmission Electron Microscopy (TEM) and X Ray diffraction (XRD) analyses were 

used for structural characterization of nanoparticles. Optical characterization was carried 

out with UV-Vis spectroscopy and photoluminescence analyses. 

 The above mentioned materials have been used for fabricating nanocomposites or 

deposition fabrication. Materials incorporating one type of particles have been obtained to 

impart a specific modification or functionality. A further development regarding the 

incorporation of more than one type of particles has also been worked out to obtain 

multifunctional materials. 

These materials were mainly analyzed by means of UV-Vis and FT-IR spectroscopy and 

spectroscopic ellipsometry for optical characterization, while structural evolution was 

mainly followed by XRD measurements.   

In details, semiconductor QDs have been embedded in sol-gel derived zirconium oxide 

waveguides that have been used in Amplified Stimulated Emission Experiments (ASE) in 

order to verify the effectiveness of QDs loaded nanocomposites as optical gain media. 

TiO2 NCs has been introduced in an epoxy-based hybrid organic-inorganic matrix in order 

to enhance the refractive index. 
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A multifunctional nanocomposite material embedding both QDs for luminescence 

properties and layered titanates for for refractive index enhancement was obtained. These 

properties could be exploited for QDs loaded waveguides. 

This strategy was also used for the encapsulation of LED encapsulation, where a thick 

coating with an high refractive index (due to TiO2) and down conversion properties (due to 

QDs) can be used to enhance light extraction from LED and to produce white light through 

conversion of a part of the LED emission in lower energy radiation. This activity was also 

developed with a more conventional sol-gel organic-inorganic hybrid material. 

The possibility to use QDs for optical gain has motivated their introduction in optically 

active devices such as coplanar microcavitiy. Bragg mirrors have been obtained using the 

developed titanates as the high refractive index layer, while sol-gel SiO2 film has been 

used as the low refractive index layer. 

ZnS is another interesting material due to its high refractive index and transparency in the 

visible range. For these reasons, nanocomposites with enhanced refractive index were 

obtained introducing ZnS NCs in sol-gel hybrid materials. 

The synthesized TiO2 nanostructured materials have also been used in combination with 

gold nanoparticles for optical gas sensing applications. 

Finally, gold nanorods were introduced in titanates matrix to improve their thermal 

stability. 

The thesis can be divided in three sections. 

 The first comprises Chapter 1 in which the introduction, motivation and outline of 

the entire work is presented and Chapter 2 in which there are described the experimental 

set-up used for the synthesis and the instrumentation used for samples characterization are 

described. 

 The second part comprises Chapter 3 and Chapter 4, in which the synthesis of 

nanocrystals and their characterization is described. In Chapter 3 a brief literature review 

on properties and synthesis of core and core@shell CdSe particles is first presented. The 

colloidal synthesis of such nanostructures is then described along with their TEM and 

optical characterization. In Chapter 4 details of the synthesis of  anatase-TiO2 and layered 

titanates is described after a brief bibliographic summary of the properties and synthesis of 

these materials. 

 The last section will deal with applications of the synthesized materials. In Chapter 

5, the use of TiO2 and layered titanates for high refractive index depositions and conformal 



5

coatings (i.e. LED encapsulation) is described. Gold loaded titania materials are then 

presented in the final part of this chapter. In Chapter 6 the preparation of quantum dots-

loaded sol-gel zirconia waveguides for Amplified Spontaneous Emission (ASE) 

applications and the fabrication of optical coplanar microcavity incorporating quantum 

dots is described. In Chapter 7 the results on ZnS NC loaded nanocomposites are 

presented. 

 Finally, the conclusions and future perspectives of the PhD activity will be 

discussed in Chapter 8. 
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Chapter 2   

Materials and Methods 

In this chapter, a brief description of the instrumentation 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 figure 2.1 consists in a heating mantle, a 

temperature controller (J-Kem Gemini-J temperature), a three-necked flask and a glass 

syringe. 

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

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

to reach 0,003 bar in the reaction flask. 

      

Figure 2.1 Experimental setup used for nanoparticles synthesis

The temperature controller allows achieving the desired temperature through controlling 

power supply to the heating mantle. The temperature was monitored by means of a J-type 

thermocouple inserted in the reaction flask through an available neck. The remaining neck 
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was sealed with a rubber septum through which injection of regents loaded in the syringe 

was possible.  

Chemicals 

Glycydoxypropyltrimethoxysilane (GPTMS), Titanium Tetraisopropoxide Ti(IsPrOH)4, 

Titanium tetraisopropoxide, ethylene glycol, 1-amino-1-hexanol, polyethylene glycol 

(average molecular weight : 1000), polyvinilpirrolidone (average molecular weight : 

10000), cadmium oxide, zinc oxide, oleic acid, diisooctylphosphinic acid, 

octadecylammine, octadecene, elemental selenium, elemental sulphur and all employed 

solvents were purchased from Aldrich.  

3-isocyanatopropyltrimethoxysilane was purchased from ABCR.  

Doubly distilled water was used in the reactions. 

2.2 Instrumentation  

 X-Ray Diffraction 

The crystalline phases of produced materials have been characterized by a Philips PW1710 

X-Ray diffraction (XRD) using a diffractometer equipped with grazing-incidence X-ray 

optics. The analysis was performed using CuKα-Ni filtered radiation at 30 kV and 40 mA. 

Due to limited amount of produced materials, powder samples were most often analyzed 

with the grazing angle optics. This was performed by depositing on a quartz or silicon 

substrate a thick layer (about 1 millimeter) of powder. The X-Ray incident angle was set 

equal to 3°. 

When thin films were analyzed, a grazing angle of 0.5° was used. 

The average crystallite size was calculated using the Scherrer correlation after fitting the 

experimental profiles with a pseudo-Voigt (sum of Gaussian and Lorentzian) function.
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Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) measurements were performed on a FEI-Tecnai 

Field-emission Gun (FEG) (S)TEM F-20 Super Twin, at 200 kV primary tension. Analyses 

were done on nanoparticles deposited from a colloidal solution on a holey carbon film 

supported by a copper grid or in cross-sectional samples for NCs embedded in thin films.

In the case of titanates materials described in sections 4.3.2 and 4.3.3, the samples was 

prepared by just dispersing the titanate powders in methanol without obtaining a clear sol. 

Thus, particles aggregates were deposited on the copper grid. 

UV-Vis and photoluminescence measurements 

UV-Vis-NIR absorption spectra were taken using a JASCO V-570 spectrometer. 

Absorption measurements of liquid samples was performed with a quartz cuvette (1 cm 

optical path), while thin films on quartz substrate were analyzed placing the substrate 

perpendicularly to the light beam. 

For measurements of the pure absorption component of a thin film deposition, both 

transmittance (T) and reflectance (R) spectra were taken using an integrating sphere 

attachment ( Model ISV-469, internally coated with barium sulfate) which could be 

mounted directly in the spectrophotometer sample chamber. The absorption component 

could be calculated as 100-T- R. 

 Photoluminescence measurements of fluorophores dissolved in a liquid medium 

were taken on a Jasco FP-6300 standard spectrofluorimeter. A quartz cuvette with 1 cm 

optical path was used also in this case. 

Beyond steady state PL measurements, determination of quantum yield of synthesized 

fluorophores could be performed through comparison of the integrated PL from an organic 

dye whose quantum yield is known. We have used Rhodamine 6G for this purpose with a 

quantum yield value of 0.98 for an excitation wavelength of 480 nm. 

The absorbance of both sample and organic dye was kept low (in the 0.01-0.1 range) to 

avoid re-absorption phenomena and assure the same exited volume and light generation 

geometry. 

The following relationship has been used for quantum yield determination [1]: 

2

2
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)101(

R
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R
R
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Where QY, I, (1-10-abs) and n are the quantum yield, the integrated PL emission, the 

fraction of absorbed light at PL excitation wavelength (480 nm) and refractive index of the 

solvent used respectively. Analogues quantities are indicated with subscript “R”  for the 

organic dye reference sample. 

FT-IR and Raman spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed in the 

400-4000 cm-1  range using a JASCO FT-IR 6300 system using a resolution of 2 cm-1 on 

films deposited on silicon wafer substrate. If powders were to be analyzed, they were 

embedded in a KBr pellet which was then analyzed. 

Raman spectroscopy (FT-Raman) measurements were performed with a JASCO RFT-600  

Raman attachment operating at a 1064 nm wavelength excitation laser. In this case, 

samples were analyzed as powders. 

Spectroscopic ellipsometry 

Spectroscopic ellipsometry analyses were done with a VASE32 J. A. Wollam Co. 

Measurements. 

This is a rotating analyzer ellipsometer, whose main components are: 

Light source / Polarizer / Sample /Continuously Rotating Analyzer / Detector 

A light with known polarization (generally linearly polarized) is obtained through a 

polarizer placed after the light source. This beam interacts with the sample (i.e. a substrate 

coated with a thin film) and the resulting reflected wave is analyzed to get its  polarization 

state. In the employed configuration, this operation is done by modulating the signal with a 

rotating polarizer placed before the detector. The modulated signal can be processed in 

order to get the ellipsometer parameter of ψ e ∆. 

These parameters are related to the “s” (TE) or “p” (TM) polarization state of the 

electromagnetic wave which respectively have the electric field vector (TE) or magnetic 

field vector (TM) perpendicular to the plane of incidence.  
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Figure 2 Schematic of light interaction with an interface

The Fresnel coefficients define the reflection of a light beam from a single interface and 

are different for “s” and “p” states. 

In their polar form, the reflected waves can be expressed as: 

where ∆ is the phase change upon reflection, r is ratio between the amplitude of incident 

(
~

,sp
iE ) and reflected (

~
,sp

rE ) electric field vectors and 
~

,spr  is the Fresnel coefficients [2,3].  

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

Figure 2.3 Fresnel coefficients for a single interface 

  

where subscripts “0”,”1”,  refers to thin film and substrate (Figure 2.3) respectively. 
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ñ is the complex refractive index, ñ = n- + ik, being n the real component and k the 

extinction coefficient related to the absorption coefficient α as  
λ
πα k4=  . 

Analogue pseudo-Fresnel coefficients can be defined for a substrate/thin film/incident 

medium system. They are reported in figure 2.4. 

Figure 2.4 Pseudo-Fresnel coefficients for substrate/film system

spr ,
01 , spr ,

11  are the Fresnel coefficients at incident-beam-medium/thin film and thin 

film/substrate interfaces respectively. 
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accessible parameters )arctan( s
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r

r
=Ψ  and   

sp
∆−∆=∆  with pseudo-Fresnel coefficients 

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

 The determination of optical constants and film thickness from measured Ψ and ∆

is done by fitting procedures using the provided software. It is possible to build a model for 

the measured system, whose parameters are varied to minimize the model-generated Ψ and 

∆ values with the experimental ones. 

Measurements were typically performed at three different incident angles (65°, 70° and 

75°) in the 300-1200 nm range. 
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Generally, a Cauchy dispersion model was assumed for non-absorbing depositions. If 

information about the extinction coefficient k were desired, the “General Oscillator” model 

was adopted, which allowed to model k curves with different curves. The Tauc-Lorentz 

curve was most often assumed for modelling k behaviour. 

 The ellpsometry instrument allows to measure specular reflectance and 

transmission spectra at different incident angles between the incident light beam and the 

sample. Due to physical limitation of the instrument it was not possible to measure the 

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

M-line spectroscopy 

M-line technique is used to determined the allowed mode of light  propagation in a 

waveguide structure of a film on a substrate. 

It is based on the optical coupling between an high refractive index prism and the 

deposition [4], as schematized in figure 2.5.  

Figure 2.5 Schematic representation of prism-guiding film coupling 

An air gap is always present between the two components. The incident beam is first 

refracted at the prism interface and it is totally reflected at the prism/air gap interface. 

Under this condition, an evanescent wave is established in the air gap region. The intensity 

of the reflected beam is then determined at the detector.  

By moving the incident beam angle α, the evanescent field can be coupled into an allowed

mode of the guiding layer. This can be detected by the intensity loss of the totally reflected 

wave, since part of its full intensity is coupled in the waveguide. 

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

component of propagation constant in the prism and in the guiding layer  are equal : 
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where np and ng are te refractive index of the prism and guiding layer respectively. 

)sin(θgn  is referred to as the  effective refractive index neff

A typical data presentation is a plot of the effective refractive index versus the reflected 

intensity. A dip in this spectrum appear when the allowed mode is excited. 

From this measurement, the refractive index and the thickness of the guiding film can be 

determined if more than one allowed mode is seen. If only one mode is detected, either the 

refractive index or the film thickness need to be known. 

Amplified Spontaneous Emission (ASE) measurements 

A titanium sapphire laser system at 800 nm delivering 150 fs pulses, with a maximum of 

0.7 mJ per pulse energy at 1 kHz repetition rate was used for ASE experiments.  

A 400 nm wavelength beam was obtained with a BBO doubling crystal and a cut-off filter.  

The intensity was varied with a half wave plate, a polarizer and a set of filters. The incident 

beam was focused with a 200 mm focal length cylindrical lens onto slide samples.  

The sample edge emitted beam, in a lateral configuration, was detected by an optical fiber 

connected to a micro-spectrometer (Ocean Optics). A vertical 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 change their electronic and optical 

properties when size become sufficiently small, typically in the few nanometers range. 

This effect has been verified for various systems including oxides [1-3] (TiO2, ZnO), II-VI 

semiconductors [4-6] (CdSe, CdS, ZnS, ZnSe ), III-V compounds [7-12] (InP, GaP GaAs, 

InAs,) and IV-VI compounds [13] (PbS, PbTe PBSe,). 

The size dependence of electronic structure and carrier dynamics is among the most 

important topic of nanoscience and nanotechnology and attracts much interest not only in 

fundamental research but also in a great variety of applications including optics, 

electrochemistry, photochemistry, for which advantages deriving from nanometric 

dimension, i.e. large surface area and absence of light scattering, are coupled with new 

electronic structure 

  

 Optical applications will be mainly addressed in this thesis. Semiconductor 

nanoparticles (NPs), or quantum dots (QDs), are very attractive in this field because of 

their absorption and emission properties dependence on particles size, enhanced stability 

compared to organic dye or molecules, large non-linear optical properties and availability 

of different processing procedures allowing functional materials fabrication. 

Such flexibility in properties and synthetic manipulation has already been exploited in 

various applications of semiconductor quantum dots such as light emitters in functional 

depositions and LEDs, optical gain material for lasing purposes and biological fluorescent 

labels.[14-25].  
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In order to successfully employ QD in optical applications, high quality samples are 

required. This imply mainly good size monodispersion and stability in the host 

environment. 

The former can be satisfied if high temperature colloidal synthetic approaches are adopted. 

Actually, techniques such as (Chemical Vapour Deposition) CVD, solid state precipitation 

or low temperature colloidal syntheses do not allow monodispersion, size tuning to very 

small dimension and good crystallinity.  

Stability of emission properties can be achieved by inorganic wide bang gap 

semiconductor shell to be grown on QD surface. Once again, synthesis of this type of 

heterostructures is possible within the high temperature colloidal synthesis framework. 

Among semiconductor materials, cadmium selenide can be considered archetypal for 

quantum-sized particles study and preparation and a lot of novel approaches have been 

proposed with this compound in the scientific literature. Furthermore, its absorption and 

emission spectra can be varied throughout almost all the visible frequency range by 

varying particle size. 

For these reasons, this material has been chosen during the present research activity. 

In this chapter, fundamental properties including crystal structure and optical features 

coming from quantum size effects are first described both for CdSe core and CdSe@ZnS 

core@shell particles. A brief description of the theoretical basis and state of art of the 

available high temperature colloidal syntheses in non-polar solvents developed during last 

years is presented along with synthetic requirements for core and core@shell particles. 

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

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

nanocrystals 

3.2.1  CdSe core particles 

 Both bulk and nano-sized CdSe assume the cubic zinc blend structure or the 

hexagonal wurtzite structure (see figure 3.1). The latter is the most stable and occurs more 

frequently in colloidally synthesized nanocrystals.

Nanocrystals typically exhibit crystal facets due to differential surface energy of 

crystallographic planes [61] and often possesses stacking fault defects which occur as grain 

boundaries mainly occurring on specific planes separating hexagonal and cubic local 

structures [58,62]. 

The lattice parameters of nano-sized QD are close to bulk material, even if the incomplete 

coordination of surface atoms, which are a non-negligible fraction of the total number of 

atoms, causes surface reconstruction of some planes [26]. 

Crystallographic phase can be controlled, to some extent, by changing synthesis 

environment [27-31]. In particular, it has been shown that the cubic structure is assumed in 

the early stages of nucleation and growth and is replaced by wurtzite in the later stages. 

Particles obtained with methods involving specific ligands, rapid nucleation and slow 

growth can kinetically retain the cubic structure. 

Figure 3.1 Cadmium selenide wurtzite (A) and zinc blend (B) structure and TEM micrograph showing 
four stacking faults defects (C) (Source : Schrier  [61]) 
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 Absorption of light in a semiconductor causes the formation of an exciton 

consisting in an electron (e) and hole (h) pair, each considered as charge carriers with a 

defined effective mass and mobility. 

Once this pair has been formed, in most cases this system can be described with the 

electron turning around the hole bound with a screened coulombic potential. The most 

probable charge carriers separation is defined by the exciton Bohr radius Ba  in Equation 

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

assumed [32],  

                                 (3.1) 

                                             

where ε is the dielectric permittivity of the semiconductor, h is the Plank constant , 0m  is 

the free electron mass, e is the electron charge,*m is the reduced mass of the exciton 

defined as  
**

**

he

he

mm

mm

+
 with *

em  and *
hm  the effective masses of electron and hole 

respectively. 

When particle size is significantly smaller than the exciton Bohr radius, discretization and  

change of energy levels structure is mainly due to size quantization effect [32, 33, 34]. This 

situation is referred to as strong confinement regime and regards CdSe quantum dots 

whose typical dimension falls below 6 nm, which is the Ba value for CdSe also reported in 

Table 3.1 along with other II-V semiconductor’s data. In these conditions, only the 

quantization effect can be considered for a qualitative description of the electronic 

structure, while other contributions such as e-h coulomb interaction can be accounted as 

corrections. 

Table 3.1Bulk band gap and exciton Bohr radius for some wurtzite II-V semiconductors

Bulk band gap 

(eV) 

Exciton Bohr Radius 

(nm) 

CdSe [39] 1.74 6 

CdS [68] 2.58 3.0 

ZnS [68] 3.83 2.2 

CdTe [69] 1.43 7.3 

20
*

24

emm
aB

hπε=



19

If nanocrystals size is similar or grater than Ba intermediate and weak confinement 

regimes are present, respectively, and other interactions such as coulomb attraction 

between e and h have much more influence if compared to quantization effects. 

The size quantization effect can, at a good approximation, be approached by the effective 

mass model with infinite energy barrier at nanoparticles surface. 

This leads to the following equation for electron and hole energy dependence on particle 

size [32,33], where the zero energy level is the bulk conduction and valence band for 

electron and hole respectively: 

(3.2) 

where a  is the particle radius and Ln,ϕ  is a numerical value depending on quantum 

numbers whose first three values are0,1ϕ = π, 1,1ϕ ≈ 4.49, 2,1ϕ ≈ 5.76. 

This relationship defines energy level position fore and h independently, leading to the 

situation depicted in figure 3.2. Due to larger effective mass of the hole, valence states are 

denser in the energy scale, while electron state are more separated. 

Figure 3.2  Confinement effect in nanometer sized semiconductor  

The lowest energy optical transitionE∆ , which actually corresponds to the band gap of the

semiconductor nanocrystals, is the sum of electron and hole energy shift due to quantum 

confinement. It is described by Eq. 3.3 where particle band gap is shown to be inversely 

proportional to the square of particle radius. 
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(3.3) 

If the coulomb interaction is also considered as contribution to the energy of electronic 

states, the energy gap is determined as follows [33-36]: 

(3.4) 

A more precise relationship is derived in ref. [37] by Brus which takes into account also 

for polarization effects. 

The reported equations can be used for qualitative understanding of size dependence of 

electronic properties, but the observed allowed transition under optical excitation can be 

explained only if the real semiconductor band structure, spin-orbit coupling and valence 

band mixing are considered [32,35,38]. These effects results in the valence band electronic 

levels shown in figure 3.3. In this figure the strongest allowed optical transitions are also 

assigned in a typical absorption spectrum of CdSe quantum dots following a work of 

Norris et Bawendi [38]. 

Figure 3.3  Quantum dot electronic structure and strongest optical transition [38] (right) . 3.2 nm diameter 
CdSe quantum dot with assigned optical transitions (left)

2*

2

, 2 am
EE bulkg

πh+=∆

a

e

am
EE bulkg ε

π 2

2*

2

,

8.1

2
−+=∆ h



21

The absorption spectrum is then determined by the oscillator strength of every transition. 

The oscillator strength per unit volume has been predicted to be proportional to 
3

1

a
 [71] 

for the lowest band edge transition, due to increasing overlap of electron and hole 

wavefunctions with decreasing sizes which causes an enhanced transition probability. Thus 

the absorption cross section at the band edge per particle should be independent on particle 

size, since particle volume scales as 3a . Experimental measurements of absorption cross 

section actually found a size dependence of this parameter which resulted to be linear with 

particle diameter for the lowest energy allowed transition [70,72]. At higher transition 

energies where NC optical transitions merge to a structureless bulklike absorption, the 

absorption cross section per particle scales with particle volume as for bulk semiconductor. 

The knowledge of extinction coefficient is of paramount importance since it allows for de 

determination of the concentration by simple optical measurement. A widely used 

relationship for the molar extinction coefficient dependence on QD size has been reported 

by Yu et al.[102], along with the first exitonic peak dependence on particle diameter. 

These relationship are reported in table 3.2. 

εεεε (Liter/mol/cm) 5857 X (D)2.65 

D (nm) (1.6122 X10-9)λ4 - (2.6575 X 10-6)λ3 +(1.6242 X 10-3)λ2 - (0.4277)λ + (41.57) 

Table 3.2  Molar extinction coefficient (ε) and first optical transition wavelength position (λ) as a function 
of particle diameter (D)

Other factors such as polydispersion of NCs ensembles modify absorption spectra causing 

line broadening with respect to otherwise extremely narrow single NC emission. PL 

emission profile has also been used to estimate particles size distribution [40]. Also the 

increase in dielectric constant of the environment can shift particle’s transition energy at 

the band edge toward longer wavelengths (solvatochromic shift) [41]. 

Furthermore, due to second order effects (exchange interaction between electron and hole, 

non-spherical shape of the particle and crystal field effect) the exciton energy structure is 

composed of five energy sub-levels [42, 32] resulting in further band splitting of the 1S 3/2 

highest energy valence state. These sub-bands can be grouped in two main level of the 

1S3/2 state, which have been referred to as absorbing state and emitting state, since the 
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absorption is much more probable for the former. In fact, the excitation of the lowest 

energy sub-level of the emitting state is forbidden and, for this reason, it is called dark 

exciton. Optical excitation is indeed possible for other higher exciton energy sub-levels 

whose relative oscillator strength changes with NP radius and shape and determine the 

exact position of the first absorption band [42]. 

Once an electron-hole pair is produced after optical absorption, the electron relaxes to the 

lowest energy 1S state and hole relaxes to the emitting state in the picoseconds time scale. 

Thereafter e-h recombination can occur with emission of a photon [43,44], giving rise to 

spontaneous photoluminescence. At very low temperatures the hole relaxes to the lowest 

energy dark exciton sub-band from which the emission is predicted to be very slow leading 

to luminescence lifetimes of the order of 1µs. At higher temperatures also the other sub-

band levels of the emission state can be populated from which the emission is much faster 

in the commonly observed nanosecond lifetimes [43,44]. The overall situation is 

schematically shown in figure 3.4. 

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

The luminescence peak is observed to be red-shifted with respect to the first absorption 

peak. Such shift is referred to as Stoke shift and it is due to the fact that the energy of 

exciton emitting state from which recombination occurs is lower than the energy of the 

absorbing state, as explained above [32]. 

The quantum yield of luminescence emission is strongly dependent on surface states. 

Nanocrystals possess a great fraction of surface atoms, which are not completely 

coordinated. The presence of a large number of unsaturated dangling bonds originates 

trapping states whose energy position [45] can be located inside the band gap. Electron and 

hole radiative recombination can be prevented by relaxation of charge carriers to such 
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surface trapping states, thus lowering band edge luminescence quantum yield (PL QY) 

[32]. Charge carriers in the surface states can further recombine with non-radiative process 

or by radiative process with emission of light typically at the red-side of the PL band edge 

transition. 

Indeed, it is known that surface passivation with organic molecules, such as aliphatic 

amines or with inorganic shell results in dramatic increase of photoluminescence quantum 

yield. 

 CdSe quantum dots exhibit non-linear optical features such as two-photon 

absorption and multi exciton processes such as Auger recombination . 

Two photon absorption occurs at high incident energy at frequencies at which linear 

absorption is not possible. The two photon absorption cross section increases with particles 

diameter and results to be much bigger than organic dyes [46-48], which makes quantum 

dots particularly interesting in non-linear optics application. A linear relationship between 

quantum dot diameter (D) and two photon absorption (σTPA)  has been found with a slope 

of 3.45 at 800 nm excitation wavelength [46]. 

At high excitation power, more than one exciton can be produced in a single quantum dot. 

As a consequence of the multi-exciton process, the oscillator strength and the energy of 

transitions are modified due to state filling and Stark effect. The former regards the 

decreasing of absorption band due to depletion of charge carriers in the already exited 

ground state, while the latter is related to the changes of electronic structure following the 

strong electric fields created after e-h pair formation [32,72].  

These effects are relevant in optical gain experiments where processes involving typically 

two exciton states  per quantum dots are involved. In particular, the emission from which 

optical gain is obtained regards the transition of one of the two e-h pairs with energy hωbx

from a biexciton state to the single exciton state, as shown in the figure 3.5.  
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Figure 3.5  Peak energy shift δE of luminescence emission from  bi-exciton state compared to single 
exciton state 

This transition energy is observed to be lower if compared to single exciton transition 

energy hωx [32,101]. This shift is mainly due to the attractive coulomb interaction between 

the two excitons which causes a transition energy difference δΕ (see figure 3.5). This 

emission shift is normally observed in lasing applications and it is an evidence of the 

multi-exciton nature of this process, as it will be discussed in Chapter 6. 

Another multi-exciton process relevant in lasing is Auger recombination. This is a process 

which happens when more than one exciton is created inside the nanocrystal and consists 

in relaxation of an e-h pair and energy transfer to a third charge carrier (figure 3.6). This 

process has much faster rates in quantum-confined particles than in bulk semiconductors 

and the decay time of exited states due to Auger processes is strongly dependent on 

particle size and scales with 3a . 

This is an important process if QD are used as gain media since it soon depletes the multi 

exciton states necessary for amplified emission to occur. Auger process happens in a very 

short time scale as low as 45 picoseconds, if the auger relaxation 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 quantum yield is typically strongly reduced 

to low values for as-synthesized CdSe core particles. This is mainly due to presence of 

surface electronic disorder caused by unsaturated dangling bonds of surface atoms [45]. 

Passivation by organic molecules, particularly amines [49,50], is effective in raising PL 

QY, but it relies on surface adsorption equilibrium instead of stable bonds. Attaching 

organic ligands to nanocrystal surface can provide a useful tool for solubility in desired 

solvents and raise of quantum yield, but they are labile and in dynamic equilibrium with 

surrounding environment. This strategy does not guarantee stability of particle emission 

properties  and usually PL QY reduction is observed due to photooxidation [51]. 

Application of QD mainly requires high luminescence quantum efficiency, stability of 

emission properties for long time in the desired environment and particle compatibility in 

the desired solvents or solid matrix in order to achieve optimal processing behavior. 

These aspects can be fulfilled by inorganic coverage of quantum dots, where shell of 

semiconductor materials are deposited on pristine dot surface. 

Several types of such heterostructures depending on the relative position of conduction and 

valence band gap have been developed in order to manipulate and alter the electronic 

properties of the particle [52]. 

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

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

preventing electrons and holes interactions with the surrounding media. Physical 

separation of the optically active surface of the core from, for example, oxygen or water 

molecules has been verified to strongly increase photostability and the resistance towards 

photooxidation, which mainly involve Se surface sites to form SeO2 oxide species in CdSe 

particles [53]. 

At the same time, shell growth eliminates surface defect states and prevent carriers to 

combine with the outer surface of the structure, thus leading to substantial increase in PL 

QY. 

To maximize effectiveness of this solution, the shell should ideally be thick and have wide 

band gap in order to result in wide band gap offsets with regard to both conduction and 

valence band of core material.  

Figure 3.7  Type 1 heterostructure (∆Ecb and ∆Evb are conduction and valence band gap offsets 
respectively) 

Different materials have been deposited on CdSe particles to form core@shell (CS) 

structures. Several candidates as material for shell deposition can be found in other II-VI 

semiconductors.  In Figure 3.8 band gap position of some semiconductor materials are 

reported. It is evident that CdS, ZnS and ZnSe have favorable 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 some II-VI semiconductors with respect to 
vacuum (Source : Reiss et al. [52])

 CdSe@CdS structures have been widely studied [49,50,51,54,55]. Peng et al.[55] 

demonstrates through TEM, XPS and XRD analyses that epitaxial growth of several 

monolayers of  CdS on CdSe is possible. This is favored by  the small lattice mismatch ( 

around 4% ) between these materials which is fundamental for minimization of structural 

defects in the final structure.  

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

dislocations is very probable and a critical thickness of two monolayer has been be 

estimated for this system [56]. Beyond this limit dislocations should arise which are most 

likely not able to completely relief stresses. Thus, incoherent strain is supposed to  be 

created  which is responsible for electronic traps that reduces band edge luminescence.  

In any case CS with quantum yield approaching 50% has been synthesized with improved 

stability with respect to bare cores. 

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

block holes and electrons inside the core. This is particularly true for electrons since 

conduction band offset is rather small, while the holes results to be more confined. Since 

photoxidation requires the presence of an hole and oxygen at particle surface [57], this lead 

to the observed improvement of photostability. 

A comparison of photostability between different structures is depicted in figure 3.9 
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Figure 3.9  PL quantum yield evolution under UV illumination for different CS systems to test effect of 
shell structure on photostability (Source: Mekis et al.[51])

Thus, even if stability is improved, sensitivity toward external environment is not always 

satisfactory. 

Lack of strong confinement also bring to a red shift increasing of the absorption peak with 

increasing shell coverage, since charge carriers wavefunctions can partially leak into the 

shell [49,58]. This effect has been recently extensively studied by Van Embden et 

coworkers [105], who also reported correlations between absorption peak shift and CdS 

shell thickness for different sizes of starting CdSe cores. 

In addition, absorption at shorter wavelength is increased due to the presence of CdS shell 

absorbing at that spectral regions. 

 The CS CdSe@ZnSe structure is analogue to the previous system for which the 

band gap of shell material is not much wider than CdSe core. However, in this case 

conduction band offset is much greater providing efficient confining for electrons while a 

smaller barrier exist for the holes. Even if the 6.3% lattice mismatch value with respect to 

CdSe is greater with respect to CdS, epitaxial growth is possible and favoured by the 

common anion structure. 

Narrow distributions with PL QY in the 60-85% range has been obtained within this 

system [59], with improved stability with respect to cores[60]. 

Lattice distortion effect on optical properties basis has also been  studied on these 

particles[74], as well as ripening behavior of bare and ZnSe covered CdSe nanocrystals 

[73]. 
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 The most studied CS system is CdSe@ZnS. The reason is in the wide band gap 

which ensures a very limited leakage of carriers wavefunction into the shell. This also 

results in a lot of beneficial aspects including the best stability of emission properties and 

high PL QY. 

In order to have the maximum efficiency, the shell should be as thicker as possible. 

Unfortunately, the wide band gap comes along with  the larger lattice mismatch with 

respect to CdSe core (12%) if compared with shell materials considered so far, as shown in 

figure 3.10. 

Figure 3.10  Band gap energy versus lattice parameters a and c of wurzite CdSe,CdS, ZnSe and ZnS 
(Source: ref [60]) 

In ref. [58], a comprehensive characterization of a wide size-series ZnS shell deposition on 

CdSe has been carried out by means of optical, TEM, Small and Wide angle diffraction 

techniques. 

The main features observed were a maximum PL QY of 50% after 1.3 ML ZnS (a 

monolayer “ML” thickness  can be approximately taken as half the c lattice constant of the 

wurtzite shell material) coverage and a progressive decreasing of emission yield with 

further increase of shell thickness. 

The former was explained with the progressive elimination of surface vacancies and non-

radiative recombination sites. This coverage was also found to be the minimum to 

completely passivate surface Se sites, since no SeO2 was detected after prolonged exposure 

to air with XPS measurements. 

Thicker shell resulting in the decrease of luminescence is likely due to arising of structural 

defect. 

Three possible way for shell growth are possible : epitaxial coherent growth, incoherent 

epitaxial (with misfits dislocations ) and highly disordered. 
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Highly disordered growth was excluded  because diffraction analyses showed distinct 

diffraction peaks of ZnS shell. 

Small coverage could not be detected with diffraction techniques  due to dominant 

diffraction of core, but TEM analyses reveals no presence of interfaces and continuity of 

lattice fringes throughout the particle. Thus coherent epitaxial growth could be assumed for 

thin shell. Thicker shell were detectable with diffraction analyses and resulted to have the 

ZnS bulk lattice parameter. This means that incoherency exists between core and shell 

materials. TEM measurements reveals also in this case absence of interfaces and extension 

of lattice planes, but presence of defects or dislocations could not be detected with this type 

of analyses. Thus, the most likely scenario consists in an incoherent epitaxial growth for 

thick shells where defects such as misfit dislocations or low-angle grain boundary can 

account for incoherent growth and structural accommodation of the arising strain, as 

previously discussed for the CdSe@CdS system. These defects can, nonetheless, provide 

electronic traps for non-radiative recombination that caused the observed decrease in PL 

QY. 

Also ZnS shell lead to a small red-shift of the absorption peak due to a not complete 

confinement of ZnS shell, even if the extent of this effect is much lower with respect to the 

case of CdS shell, as shown in figure 3.11.  

Figure 3.11  Representation of the  radial probability for both electrons and holes is shown for CdSe, 
CdSe@CdS and CdSe@ZnS (left) and absorption shift for increasing CdS and ZnS shell (right) (Source: 
Dabbousi et al. [58]). 
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This shift tends to become less evident with increasing shell thickness [63], due to longer 

tunnelling distances which cause a minor extent of carrier delocalization. 

Deposition of ZnS shell often results in non-spherical particles with typical aspect ratio 

around 1.2. This results from preferential shell growth on crystallographic planes showing 

lower superficial energy or higher reactivity. These differences are amplified by the large 

lattice mismatch of shell material resulting in elongated particles [58] 

 In order to encounter both electronic and structural requirement for high 

performance core@shell particles, multiple shell structures (CSS) have been adopted in the 

last few years. These particles consists of an intermediate layer (generally around 2 ML) of 

CdS or ZnSe  deposited between the CdSe core particle and the outer wide band gap ZnS 

shell. This solution provides efficient confinement and minimization of structural defects 

because of a smooth change of lattice parameter due to introduction of materials with 

minor lattice mismatch (see figure 3.9). 

This approach was first exploited for the CdSe@ZnSe@ZnS CSS system [64,65] and 

further extended also to CdSe@CdS@ZnS by Talapin et al.[60]. In this paper it was shown 

that a contraction and an expansion of the CdSe core and ZnS outer shell respectively was 

obtained in the CSS structure by means of XRD measurements. This suggested that this 

graded shell assumes a coherent epitaxial growth without dislocations or other defects 

which should otherwise be necessary to accommodate interfacial strain if bulk parameters 

were assumed from particle’s constituent materials.  

For these reasons, the CSS structure had much higher PL QY (up to about 80%) and was 

much less sensitive to the PL QY decrease with increasing ZnS thickness if compared to 

the CdSe@ZnS structure. 

As far as emission stability is concerned, the multishell approach resulted to be comparable 

with CdSe@ZnS particles and better than CdSe@ZnSe CS one.  

The CdSe@CdS@ZnS structure was also studied by Z-contrast STEM analyses in order to 

understand the structural basis for PL QY maximization [66]. It was shown that uniform 

shell coverage was assumed only for multiple shell structures and that this was crucial for 

high PL QY. 

Finally, this idea was further extended to structures comprising alloy layers, as described in 

[67]. A CdSe@CdS@Cd 0.5Zn 0.5S@ZnS was synthesized through the SILAR (Successive

Ion Layer Adsorption Reaction) technique with the aim of making lattice parameter 

variation as smooth as possible, resulting highly luminescent and stable particles also in 

aqueous environments. 
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3.3  Colloidal synthesis of CdSe and CdSe@Shell nanoparticles 

3.3.1  Nucleation and growth: a theoretical overview  

 A phase transformation is driven from a difference in chemical potential µ between 

phases constituting a system. In transformation like crystallization of a single element from 

its liquid state (or precipitation from a solution), the process is caused by higher chemical 

potential of the element in the liquid state compared to solid state (or higher µ with of 

solute with respect to the precipitated solid state). 

In single element transformations, the key parameter is the temperature of the system, 

while in precipitation-from-a-solution processes, the concentration of solutes is also 

important. 

If we consider a system comprising an element X in solution at a fixed temperature, it 

would precipitate to form a solid phase if an equilibrium concentration Ceqis exceeded. 

In equilibrium condition, the chemical potential of the element X in the solution phase µl   

is equal to the chemical potential of the same element X in the solid stateµs . 

If µe is taken as the equilibrium chemical potential, µl   and µscan be expressed as follows : 

                                                          

, (3.5) 

The term C/Ceq   is the supersaturation S of the system. The difference in chemical potential 

that causes phase transition is )ln(SRT , which is related to the Gibbs free energy change 

per unit volume ∆GV  of transformed solid phase by the molar volume Vm  through the 

relation 
m
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)ln(−=∆ ( 3.6). This treatment is valid for flat surfaces but it needs to be 

corrected since formation of a particle precipitate occurs with creation of a surface which is 

associated with a surface energy γ. This energy actually modifies the chemical potential µs

and equilibrium concentration Ceq in the solid state through Equations 3.7a and 3.7b , 

known as the Gibbs-Thomson equation [75]. 
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Thus, the actual ∆GV   becomes : 

(3.8) 

At equilibrium ∆GV  is zero, thus from Eq. 3.8 it can be concluded that the concentration of 

species in solution in equilibrium with a particle with radius r is greater than the 

equilibrium concentration in the case of flat surfaces. 

On this basis the classical nucleation theory can be described. Within this framework, the 

stability of formed particles is predicted and the radius of metastable nuclei can be 

determined. Once this radius is reached, further growth is energetically favored. 

The free energy change ∆G involved in the formation of a nucleus can be separated in a 

term related to ∆GV   and one related to surface energy as follows : 

(3.9) 

where ∆GV   is related to supersaturation S (Eq. 3.6), in the case of precipitation from 

solution. 

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

Figure 3.12  Free energy evolution of a particle versus its radius

The radius corresponding to maximum value of energy change is the critical radius r* of  

the metastable nucleus  and the energy associated with it is the critical energy barrier ∆G*   

that need to be overcome to form a metastable particle are reported below. 
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(3.10) 

(3.11) 

It is possible to see that the supersauration value, along with surface tension has a dramatic 

effect on the thermodynamics of the process. In particular, an increase in supersaturation 

leads to a decrease of both the energy barrier and the smaller stable nucleus radius, while 

the opposite effect holds true for surface tension.

Once a population of stable nuclei has been formed, growth of particles becomes the 

relevant process. The classical approach to the overall process of particles nucleation and 

growth has been first proposed by La Mer [76]. Within this framework, the nucleation 

event (stage II in figure 3.13) occurs when a critical supersaturation value C*min, higher 

than equilibrium concentration is reached. As a consequence of nuclei formation, the 

concentration of monomer in solution decreases below the threshold value for nucleation 

but it is still greater than equilibrium concentration Ceq. At these conditions the process 

enters the growth stage ( stage III in figure 3.13) . At even later periods, when almost all 

monomers are depleted, Ostwald ripening  starts and dissolution of  smaller particles in 

favor of bigger particles growth is observed due to chemical potential dependence on 

particle radius. 

Figure 3.13  Schematic representation of stages involved in nucleation and growth process. Cs is the 
equilibrium concentration and C*min is the minimum concentration necessary for nucleation. (Source : 
Sugimoto [77])

Stage I, which occurs before the nucleation event, accounts for the increase of monomer 

concentration in solution typically due to decomposition of the precursors adopted in the 

synthesis. 
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The existence of a critical supersaturation threshold is related with the kinetic aspect of 

nucleation. The rate of nucleation can be expressed as follows [75]: 

(3.12) 

Where ∆G* is the energy barrier as expressed in Eq. 3.10. From this equation it could be 

shown that the rate of nucleation become significant at a concentration greater than Ceq, 

that is the above mentioned C*min.  The threshold C value for nucleation is strongly 

dependent on surface tension values increasing for higher values of this parameter. 

  

 For the synthesis of colloidal particles with good monodispersion, nucleation 

should be a rapid event and separated from the growth stage. These conditions should 

guarantee the production of a population of nuclei with small size dispersion because of the 

similar condition experienced in the short nucleation period, without secondary nucleation. 

Furthermore, if nucleation is too long, growth occurs at the same time amplifying size 

differences of produced nuclei. Thus a rapid burst of nucleation is desired for good 

monodispersion. This principle is assumed in “ hot injection protocols ”, where an 

explosive-like nucleation is sought as described in the following sections. 

Size distribution evolution is then determined also by the growth stage. Different types of 

growth regimes have been  identified and described in detail [75,77]. 

The main processes involved in the growth of a nucleus are the diffusion flux of monomer 

from bulk solution to particle surface and subsequent reaction leading to monomer 

deposition and particle accretion. 

In order to explain the main features regarding particle’s growth, the same approach 

developed by Sugimoto is here described [77].  

Monomer concentration profile near particle surface is schematically shown in figure 3.14. 
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Figure 3.14  Monomer concentration profile near particle surface during growth stage (Source : Sugimoto 
[77])

The diffusion flux JDiff is activated by the concentration difference between the bulk 

monomer concentration Cb and the concentration at the particle-solution interface Ci across 

the diffusion layer δ.  If D is the diffusion coefficient and r the particle radius, JDiff can be 

expressed as follows: 

(3.13) 

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

reacting monomer JReact is : 

(3.14) 

with k being the rate constant and Ceq the equilibrium concentration. Under steady-state 

conditions, JDiff=JReact=J leading to the following equation: 

(3.15) 

If D<<kr, the diffusion controlled regime is established. In such conditions, from Eq. 3.15 

Ci becomes equal to Ceq. Substituting Ci for Ceq in Eq. 3.13 we obtain the following 

relationship for the diffusion controlled growth : 

Eq. 3.16 
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If D>>kr, the growth is reaction.controlled  and Cb results equal to Ci and J  

Eq. 3.17 

Till now the dependence of equilibrium concentration Ceq on particle radius r as expressed 

in Eq 3.7b has not be considered. If this is taken into account Ceq can be expressed as 

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

Eq. 3.18 

Analogously the bulk concentration is expressed as : 

  

Eq. 3.19 

where r* is the particle radius in equilibrium with bulk concentration Cb. 

Using these equation, we obtain the following corrected relationship for diffusion limited ( 

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

Eq. 3.19 

Eq. 3.21 

By using the relation 
dt

dr

V

r
J

M

24π=  it is possible to get the particle radius evolution from 

Eq. 3.210 and 3.21. 

For diffusion limited growth, Eq. 3.22 is derived if an infinite diffusion layer δ is assumed. 

Eq. 3.22 

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

Eq. 3.23 
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In both cases particles with a radius smaller than r* dissolve (negative growth rate), as 

expected also from thermodynamics considerations. In reaction limited regime, the growth 

rate increases with particle radius and this acts to further broaden the size distribution. 

In diffusion limited regime, the growth rate diminishes with particle radius, thus smaller 

particles will grow more rapidly with respect to bigger one. This process results in 

progressive size distribution narrowing and it is often referred to as “focusing” [78]. 

Focusing condition requires supersaturation to be high enough. This can be understood if   

growth rates expressed in Eq. 3.22 and 3.23 are plotted as a function of particle radius. 

This has been done in ref. [75] using more detailed formulations, and reproduced here in 

figure 3.15, where the parameter K is proportional to D/k, while S is proportional to the 

supersaturation. It can be seen that for high K values (reaction controlled growth) growth 

rate increase with particle radius, while the opposite holds true for low K values ( diffusion 

limited regime) if particle radius is larger than that corresponding to growth rate maximum. 

In this range smaller particles grow faster then bigger ones leading to narrowing of the size 

distribution with time. This process has been observed and studied also in semiconductor 

particles synthesis [79]. The conditions under which this process occurs are favored at high 

supersaturation values, as shown in figure 3.15 b. In fact, for low supersaturation values, 

which can occur at the end of particle growth when most monomer are depleted, growth 

rate is almost independent from particle radius and it also increases with particle radius for 

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

Figure 3.15  Growth rate as  function of particle radius expressed in r* units. Parameter K is proportional 
to D/k, while S is proportional to the supersaturation (Source : Talapin et al. [75]) 

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

occur only through Ostwald ripening, which results in smaller particle dissolution and 
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deposition on bigger ones, with final increasing of mean particle radius (coarsening), while 

maintaining a stable size distribution, after an initial transient in which defocusing can 

occur [75]. 

Thus, in order to obtain monodisperse colloidal particle, diffusion limited regime must be 

sought providing high enough supersaturation to make focusing process effective. Of 

course, supersaturation need to be kept below the critical value C*min to avoid secondary 

nucleation. 

3.3.2  CdSe NPs synthesis 

 Most synthetic approaches have been based on colloidal chemistry and two main 

general strategies in semiconductor particles can be identified [78]. The first is based on 

kinetic control of particle formation in bulk solution by varying ligand and precursor’s 

concentration  or temperature. The second relies on particle formation within nanocavities, 

such as micelles, dendrimers or other types of template [80-84]. 

The latter approach is not generally flexible, since the condition required for template 

formation in solution are quite strict and factors such as temperature and ligand type and 

concentration cannot be exploited. Monodispersion and crystallinity are indeed difficult to 

obtain with such methods. 

Bulk solution approaches are much more promising since a great variety of parameters can 

be attempted in a wide range. Actually, the first syntheses of this type were performed in 

aqueous solution and limited at low temperatures[85,86]. Thus, the quality of nanoparticles 

were quite poor. 

Nonetheless, a lot of effort has been devoted to development of this route especially after 

the inaugural synthetic protocol by Murray et al. [87] which employed organometallic 

precursors in coordinating solvent. 

This protocol, further optimized by Peng et al. [88], can be summarised as follows : 

- Usage of coordinating solvents such as trioctylphosphine (TOP) and 

trioctylphosphine oxide (TOPO, Tech grade ) 

- Dimethyl Cadmium Cd(CH3)3  and elemental selenium dissolved in TOP as 

precursors 

- High reaction temperatures in the 150°C-360°C and air-free environment 

Fast injection of cold precursors in hot TOPO, “hot injection protocol”, promotes an 

efficient nucleation event and subsequent growth necessary for good monodispersion, as 
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described in the previous section. In figure 3.16, the typical experimental set up is 

presented. The solvent is degassed and heated at elevated temperatures in a three necked 

flask and the cold precursors are then rapidly injected. Nucleation is rather explosive in 

nature and soon stopped by the decrease in temperature caused by injection of cold 

reagents. Growth is then performed at lower temperatures. 

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

TOPO is considered a coordinating solvent since it is able to complex cadmium and give 

control over the extremely reactivity of organometallic precursors. Finally, this method 

ensures samples with good crystallinity due to high synthesis temperature, good 

monodispersion and some control over size by simply quenching the reaction at different 

growth times. 

Size focusing and defocusing were verified in such systems applying the theoretical 

concept described before [88]. 

These protocols also enabled synthesis of anisotropic CdSe nanorods [89] and was applied 

to other types of semiconductors with poor results.

 The high toxicity of organometallic compounds, its difficult handling and the 

difficulty in synthesize good quality particles other than CdSe motivated researchers 

toward so called “alternative routes”[90]. These are based  on air-stable inorganic salts, 

oxides or organic salts as  precursors complexed by organic ligands which can be chosen 

among a lot of chemicals including fatty acids, phosphines, amines, phosphinic and 

phosphonic acids. The first syntheses [90,91] were performed in coordinating solvents and 

leads to good quality samples for CdSe particles. The greater stability of precursors used in 

this methods compared to organometallic compound is a desirable property since it make it 

easier to control the reaction. Widely tunable CdSe quantum dot sizes were obtained by  
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simply changing type of ligand and precursors [91], enabling obtainment of particles 

emitting in all the visible range. Also shape control of nanocrystal resulted to give much 

more possibilities [92]. Furthermore, the dependence of synthetic environment on usually 

unpredictable and irreproducible PL emission properties of CdSe core has been studied as 

a function of  synthetic parameter [93]. It was shown that a maximum in PL QY exists 

during growth time which was attributed to the maximum quality of surface reconstruction 

achievable only in certain stage of the synthesis when particle surface is in equilibrium 

with bulk solution. 

Other semiconductor particles such as PbS, PbSe[94], CdS and CdTe[90] could be 

synthesized withy improved quality. 

Even thought coordinating solvents led to high quality CdSe NPs, particles of different 

semiconductor type could not be synthesized with the same quality.  Most likely, the same 

solvents has not always the same efficacy in coordinating all semiconductor compounds.  

 For these reason, alternative approaches in non-coordinating solvents have been 

attempted in which complexation of precursors is assigned only to organic ligands, while 

the solvent is intended to have no influence on synthetic evolution. 

The most common solvent used so far has been 1-octadecene which is liquid at room 

temperature and boils at 320°C. CdS was the first system to be synthesized within these 

methods, using oleic acid as complexing agent for CdO and elemental sulfur dissolved in 

octadecene[95]. The obtained particles were of extremely high quality, despite the 

simplicity of the reaction scheme and also III-IV semiconductor particles could be 

successfully synthesized [96]. 

The most important feature in non-coordinating solvent approach is the possibility to tune 

the reactivity of precursor by changing type and relative quantity of complexing agent, 

providing one to optimize for nucleation and growth events. 

This fact can be rationalize if the activity coefficient γ is introduce in the definition of 

monomer chemical potential as follows : 

(3.23) 

This coefficient accounts for change in chemical potential and reactivity due to factors 

other than concentration, such as ligand concentration and type.  

If the above mentioned synthesis is taken as an example, the cadmium precursor might not 

be the simple cadmium oleate salt at those elevated temperatures, since ligands can be 
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expected to be quite labile. Thus, if ligand concentration is increased, their number nearby 

cadmium ion should also increase resulting in major stability of cadmium monomer in 

solution and decreased reactivity toward particle formation. 

In fact, it has been observed that both particle radius after short periods from injection ( 

which can be taken as the initial  nucleation radius) and the final unreacted monomer 

concentration in solution increase upon increasing of ligand concentration. This can be 

explained by the reduced reactivity which acts to increase the critical radius during 

nucleation through Eq. 3.11 and to diminish nucleation rate through Eq. 3.12 leaving 

greater amounts of unreacted monomers available for particle growth. 

The possibility to tune monomer reactivity allows for good balance between nucleation and 

growth. This means that monomer reactivity should be high enough for a good nucleation 

event but not too high to consume all monomers in the nucleation step. If all monomer are 

soon consumed, Ostwald ripening and defocusing occur since supersaturation need to be 

sufficiently high for maintenance of narrow dispersion during growth. 

  

 The flexibility of these approaches has been further exploited by using binary 

ligand system, where two different complexing agents, oleic acid (OA) and 

diisooctylphosphinic acid (TMPPA), are used for the metal [97]. 

In this work, the role of these molecules are discuss and a detailed insight in particles 

evolution from nucleation to growth stages by means of UV-Vis spectroscopy is provided 

from size and number of particles variation during time (see figure 3.17). 

The general trend consisted in an increase in particle number over the first 30 seconds from 

the injection, and this can be considered the nucleation period. Then, particles number 

decreases and particles size increases over the following 400 seconds after which period 

growth is almost concluded. Interestingly, the total volume of the precipitated phase does 

not change in this second stage, thus the observed decrease in particle number is not simply 

dissolution of smaller particle but dissolution and re-precipitation on bigger particle as 

typical of Ostwald ripening even if this process generally occurs in the later stages of the 

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

This scenario is quite different from the classical one proposed by La Mer and summarized 

in Fig. 3.13. First of all nucleation period is prolonged in time and not a discrete event. 

This is likely to be caused by the continuous decrease in temperature due to injection of 

cool reagents which in turn acts to decrease solubility of monomer keeping supersaturation 

quite high for nucleation over 30 seconds. 

This prolonged nucleation do not cause however a polydispersed ensemble of initial nuclei, 

since the decrease in supersaturation due to monomer consumption causes an increase of 

the critical radius r* over time. Thus, at a given time, previously formed nuclei with 

smaller radius will dissolve while new nuclei tends to a have a dimension similar to the 

critical radius of that moment. As a result, it can be argued that the nanocrystal population 

will tend to have the same radius r*. 

Also the stage following nucleation period is not coherent with the classical view since 

simple growth is not the only process but also ripening seems to be present. The authors 

refers to such anticipated ripening as Early Time Ripening (ETR). 

The picture coming out from this study shows that nucleation, growth and ripening are 

most likely to occur  at same time. 

While keeping the same nanocrystal evolution trend, number of particles and their sizes 

were demonstrated to be highly dependent on the type of ligands used and their relative 

amount. By keeping the same Cd:OA ratio and varyingTMPPA content,  an increase of 

initial nuclei and final particle number and a decrease of their size  was observed. In the 

following stage, the number of particle decreases to a minor extent if more TMPPA is used. 
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Furthermore, if TMPPA is added to a composition initially comprising only OA, particle 

number decreasing is stopped soon after TMPPA injection. 

If OA content is increased while keeping  TMPPA constant, smaller particle size and 

number of particles are obtained. 

The above results can be explained by the different complexing behavior of the two 

ligands.  

TMPPA is supposed to bind more strongly to particle surface than to monomer in solution. 

This  leads to a greater driving force toward precipitation and particle formation and a 

decrease of surface energy  due to stable chemisorption bond on particle surface. These 

factors diminish the energy barrier of nucleation and the critical nuclei radius, resulting in 

a greater number of particles and decrease of final particle size. Thus TMPPA can be 

considered as a “nucleating agent”. 

On the contrary stability of cadmium oleate complex in the solution phase is believed to be 

higher with respect to the TMPPA counterpart. Thus OA acts as a solubilizing agent, 

lowering the effective supersaturation and inducing particle number decreasing to be more 

pronounced and particle sizes to be larger. For this reason it is referred to as “ ripening 

agent”. 

A combination of the two ligands has been verified to provide the best conditions for 

highly reproducible size tuning in the 2.4-5.6 nm diameter range while keeping 

monodispersion. 

The discussion has so far dealt with synthetic environment effect on nucleation and 

growth, without considering the chemistry behind the process. 

The simplest view which can be suggested implies complex thermal decomposition and 

further reaction of cadmium with selenium. 

 Recent studies by Alivisatos et al. [98] shed light on the mechanistic aspect of 

reaction between phosphonate and oleate cadmium complexes with selenium complexed 

with phosphines. 

Cadmium complexes were prepared by heating cadmium oxide (CdO) in presence of the 

complexing agents. The reaction with oleic acid upon heating occurs with release of water, 

as described from the following reaction : 

CdO + 2OA � Cd(OA)2 + H2O 

An analogue reaction occurs with phosphonic acid. 
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The reaction leading to semiconductor monomer CdSe has been suggested to be initiated 

by an elettrophilic attack of  the chalcogenide in the P=Se bond by the cadmium atom and 

a concomitant nucleophile attack of the phosphorous center by an oxygen from the 

carboxyilic or phosphonate groups. This leads to cleavage of the P=Se bond to form CdSe 

and formation of trialkylphosphine oxide. 

Among reaction product it was found also anhydrides of oleic acid or phosphonic acid. The 

suggested reaction scheme is depicted in figure 3.18. 

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

The kinetic of this reaction has been studied also considering sulfur and tellurium as 

chalcogenide and zinc as metal. It was found that reaction kinetic increases in the order 

S<Se<Te and Zn<Cd, which can be related to the stability of initial complexes. 

Thus, the rate of P=Se bond cleavage is likely an important step in determining the 

following nucleation and growth stage, since avaible CdSe 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, several issues can be in principle considered 

to get the desired properties [63]. 

The main goal in shell growth is to obtain uniform, defects-free coverage of core particle. 

In order to achieve this, three main obstacles need to be 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 to impart the right solubility and reactivity 

to ensure slow and uniform growth. This is particularly true if highly reactive 

organometallic precursors are used. However, if too many ligands or metal-complex bonds 

are too stable, shell growth can be prevented since deposition become unfavorable. 

Moreover, synthetic environment where equilibrium are driven mostly toward 

solubilisation can facilitate Ostwald ripening and defocusing or dissolution of deposited 

shell material. 

Increase in temperature can enhance reactivity of precursors but at the same time it 

increase solubility and cause ripening and loss of particle stability. Precursors reactivity 

should be such that the temperature for slow and uniform growth is not too high to cause 

ripening and particle dissolution, but the higher is possible to achieve good crystallinity 

and annihilation of possible structural defects. 

On the other hand, ligands should not bind too strongly to particle surface since this can 

block reactive site for monomer in solution. In other words, particles should be not too 

stable, but  have labile ligands on the surface , as demonstrated by Peng et al. [49], where 

pyridine was used since it was known to bind weakly to cadmium sites. 

Finally, if monomer reactivity is too high or ligand type and concentration is not 

optimized, homogeneous precipitation of shell precursor can occur. 

It is difficult to satisfy all these requirements and the possibility to do that is obviously 

linked with the progress in synthetic methods. 

 The first core@shell syntheses were based on aqueous colloidal chemistry at low 

temperature [99]. Henglein et al. showed that PL-QY could be enhanced  to 50% by 

growing a Cd(OH)2 on CdS NPs. Also Brus et al. successfully deposited ZnS on CdSe 
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particles [106]. Even if fluorescence enhancement and stability were obtained, broad 

distribution of cores and thin shells with poor crystallinity due to low synthesis 

temperature were typical. 

The possibility to produce particles in non-polar, high boiling point solvents not only 

allowed for semiconductor NCs with higher quality but also brought to new approaches for 

shell growth as demonstrated by Hines and Guyot-Sionest. Core@shell structures with 

improved PL-QY and narrow distribution were obtained using organometallic precursors 

such as diethyl zinc and bis(trimethylsilyl)sulphide for ZnS shell growth [100]. This 

synthesis was then optimized by Dabbousi et al. [50] growing thicker shell and presenting 

detailed structural data also reported in section 3.2.2. 

Further development of organometallic approach for shell growth has been achieved by 

using solvent mixtures comprising amines, which were found to provide a good media or 

particle stability during growth retaining good monodispersion [50]. 

 The use of “greener” salt based precursor for shell growth was first introduced by 

Mekis et al.[51] using H2S and cadmium acetate and Reuss et al. who synthesized 

CdSe@ZnSe with high PL-QY and stable emission properties also in aqueous media [59]. 

The use of less reactive monomer led to higher control of shell growth, even if good 

precursors for ZnS shell other than organometallic precursor are difficult to find since zinc 

complex tend to be less reactive with respect to cadmium ones [107]. 

Salt based precursors in non-coordinating solvent were adopted by Li et al. employing the 

SILAR method for CdSe@CdS particles [55]. In this protocol, the chalcogen and metal 

precursors are alternatively injected and allowed to adsorb on particle surface in order to 

minimize the risk of homogeneous nucleation since their coexistence in solution is 

reduced. The method also allows for monolayer by monolayer deposition with the 

possibility of finely tune the composition of the shell and surface stoichiometry. 

Multiple shell CdSe@CdS@ZnS systems were then synthesized employing greener 

precursors for CdS and diethyl zinc for the final layer. SILAR approach was further 

developed for “super” graded shell of the CdSe@CdS@Cd0.5Zn0.5 S@ZnS employing only 

oleic acid as comlexing agent for both zinc and cadmium [67]. 

Such methods have been recently used for synthesis of CdSe@CdS@ZnS for lasing 

application by Jaseniak et al.[17]. Van Embden et al. also employed the SILAR method for 

CdSe@CdS NPs [63] by using the binary ligand approach already described in the 

previous section. In this thesis TMPPA was used to complex cadmium since it is more 
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reactive than cadmium oleate, but it tends to bind strongly to  particle surface and to cause 

significant homogeneous nucleation. Addition of OA help to enhance particle reactivity 

aiding for the displacement of TMPPA molecules out from surface sites. This results in 

uniform coverage of CdSe core achieving optimized condition 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 procedure described in ref [97], using 

the binary ligand approach described in section 3.3.2. This protocol enables for size 

particle tuning , good monodispersion and reproducibility. The procedure consists in 

preparing a cadmium containing solution, CdO solution, and a selenium containing 

solution, Se solution. The quantity of chemicals used are reported in Table 3.3, while the 

synthesis set-up is described in Chapter 2. The detailed procedure is described in the 

following steps: 

- A CdO solution is prepared by adding cadmium oxide powder to a solution of 1-

octadecene (ODE) and oleic acid (OA) or diisooctylphosphinic acid (TMPPA) 

depending on the desired size ( see Table 3.3 ). The solution is degassed under 

vacuum at 100°C for 1 hour and then switched to nitrogen atmosphere using 

conventional Schlenk line. The solution is then heated to 300°C and held a this 

temperature for two hours. A clear solution where the cadmium oxide powder is 

completely complexed is so obtained 

- A Se solution is obtained by weighting selenium powder in a glass vial. Then 

trioctylphosphine (TOP) is added and complete dissolution of selenium in TOP is 

observed. The solution is completed with the addition of TMPPA and ODE.

- The cold Se solution is loaded in a syringe and rapidly injected in the hot Cd 

solution and the resulting solution is held at the growth temperature for 45 minutes.

-
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Recipe Cd   solution Se  solution

CdO 

(mg) 

OA 

(g) 

TMPPA 

(g) 

ODE 

(g) 

Se 

(m) 

TOP 

(g) 

TMPPA 

(g) 

ODE 

(g) 

Growth 

Temperature 

(°C) 

C1 30 - 0,3 12 158 1.16 0.3 4.0 200 

C2 60 1.5 - 12 37.2 1.16 0.767 3.55 230 

C3 60 1.5 - 12 37.2 1.16 0.250 4.0 230 

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

The evolution of particle diameter using recipes in table 3.3 has been followed by optical 

absorption measurements on aliquot extracted at different time. The particle diameter is 

calculated from the equation reported in table 3.2 and evolution during synthesis is shown 

in figure 3.19 A, while the absorption spectrum for the final particle around the band-edge 

onset is reported in figure 3.19 B. 

Figure  3.19 Particle diameter evolution during  synthesis(A) and absorption spectra near the band edge 
for final particle  foe recipes C1,C2,C3 (B) 

Thus particle’s size tuning is possible and quite reproducible dimension are obtained by 

simply varying the synthetic parameters and allowing for equilibrium dimensions to be 

reached. Recipes C1, C2 and C3 allows for CdSe diameter of 2.65 nm, 3.35 nm and 4.76 

nm. respectively These sizes are not the same predicted in ref [97] for the same 

composition, but differences in experimental set up, temperature profile after injection and 

minor growth times (45 minutes instead of 60 minutes adopted to  minimize the risk of 

Ostwald Ripening) can account for these differences. Anyway reproducibility of 

dimensions are indeed quite good. A TEM mage of a particle obtained from recipe C2 is 

shown in figure 3.20. A mean diameter of 3.2 ± 0.5 nm has been estimated from TEM data 
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and interplanar distances determined through FFT (Fast Fourier Transformation)  analysis 

are in good agreement with the wurtzite hexagonal structure. 

Figure 3.20  TEM micrograph of cores obtained from recipe C2

  

The band edge luminescence of as-synthesized core nanoparticles is very low (lower than 

1%) and a broad band at the red-side of then main peak due to defect-state  emission can be 

observed, as shown in figure 3.21, for particles obtained from recipe C1. 

Figure 3.21  PL spectrum of as-synthesized particles obtained from recipe C1

These core particles have been mainly used for core@shell synthesis. Before shelling 

protocol, cores must be purified to remove excess ligands and unreacted precursors. The 

washing and extraction protocol is analogue to that reported in ref [102] and it applies to 

lipophobic coated particles. 

The synthesis batch (about 20 ml in volume) is first loaded in a separating funnel . A 

methanol/chloroform equivolume mixture is then added. Subsequently, methanol is slowly 

added until the solution became turbid. At this stage the mixture undergoes phase-

separation due to immiscibility between methanol and ODE.  A particle-free bottom liquid 

layer and un upper particle containing layer is then obtained. The bottom layer is mainly a 

methanol/chloroform mixture that tend to dissolve ligands or precursors impurities, while 
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the upper layer is mainly a chloroform/ODE mixture in which particle are stable. If some 

acetone is added, particles tend to be more concentrated in the upper layer probably 

because of the increased solubility of ODE in the bottom layer. Once a clearly defined 

phase boundary is achieved, the bottom layer is discarded. 

This procedure is repeated at least two-times to improve 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@shell synthesis has been first proposed 

by Peng et al. [55] for CdSe@CdS, further developed by Mews  et al.[67] for production of 

graded structures and used by Jaseniak et al. [17] for QD synthesis for optical 

amplification purposes.  

This procedure relies on the knowledge of the number and mean diameter of initial CdSe 

cores in the starting solution. This is possible through the relationships proposed by Yu et 

al. [102] that correlate the first absorption peak to particle diameter and the particle 

diameter to extinction coefficient. 

Once these data are known, the method consists in providing the amount of shell material 

precursor necessary for one monolayer growth. The addition is such to alternatively 

provide only one of the two shell constituents allowing for their deposition on the growing 

particle.  Thus, two consecutive addition are required to grow a monolayer. 

The moles to be added in one addition shellN  can be calculated from the following 

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

Eq. 3.24 

Where CdSecoren , is the number of CdSe cores to be covered, R is the particle radius before 

monolayer growth, rML is the monolayer thickness of the bulk semiconductor material to be 

deposited,ρshell  and MWshell are shell material’s density and molecular weight. These data 

shell
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for semiconductor materials of interest are given in table 3.4. The monolayer thickness is 

here assumed as half the lattice constant c of the wurtzite structure [63]. 

CdSe CdS ZnS Cd0.5Zn0.5S

rML (nm) 0,35 0.335 0.31 0,322* 

ρρρρshell  (Kg/m3)    5.81 4.82 3.98 4.61* 

MW shell (gr/mol) 191.37 144.47 97.44 120.9 

* Lattice parameter estimated from linear interpolation (Vegard law) between CdS and Zns lattice constant. 
Density is then estimated from this unit cell parameters 

Table 3.4  Material’s data for semiconductors of interest [103]

This method allows for monolayer by monolayer growth whose composition can, in 

principle, be finely tuned. In the work of Mews [67], it was shown the possibility to tune 

the composition of the shell from CdS to ZnS with an intermediate layer of ZnS0.5Cd0.5S. 

In the present experimental activity, two types of structures have been targeted. 

The first comprises a shell structure composed of 2 ML of CdS and 2 ML of ZnS ( referred 

to as the CSS system), while the second is composed of ML of CdS, 3 ML of ZnS0.5Cd0.5S 

and 2 ML of ZnS ( referred to as CSSS system). A schematic representation is given in 

figure 3.22. 

Figure 3.22  Schematic representation of target CSS and CSSS structure
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3.4.2.2 Core@Shell synthesis procedure 

 The first stage is the preparation of  Cadmium, Zinc and Sulphur precursors for 

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

- Sulfur precursor (S-ODE) : 96 mg of elemental sulfur are loaded in 50 ml three-

necked flask with 30 ml of ODE for a concentration of 0.1M sulfur. The solution is 

heated under vacuum at 100°C for one hour. The atmosphere is then switched to 

nitrogen and the temperature is brought to 180°C for 30 minutes. The solution is 

then allowed to cool and switched to vacuum when the temperature reaches 100°C. 

At room temperature the flask is again filled with nitrogen. 

-

- Cadmium Precursors : two cadmium solution, TMPPA-Cd and OA-Cd were 

prepared using either TMPPA or OA as complexing agents respectively.  

      0,38 g of cadmium oxide are loaded in a 50 ml three-necked flask with 3.48 g          

of TMPPA  or 3.38 g of OA and 26.19 ml of ODE 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 raised to 300°C for 2 hours, obtaining 

a clear solution. The solution is then allowed to cool down to 100°C and put under 

vacuum for degassing and eliminating residual moisture released from 

complexation reaction. The solution is then allowed to cool at room temperature 

and stored under nitrogen.               

- Zinc precursor (TMPPA-Zn) : 0.24 g of zinc oxide powder are loaded in a 50 ml 

three-necked flask  with 3,48 g of TMPPA and 26.19 ml of ODE giving a metal 

concentration of 0.1M and a TMPPA/Zn ratio of 4 . The solution is heated at 100°C 

for 1 hour under vacuum and then heated to 310°C under nitrogen. Since 

complexation reaction is quite slow, the solution is kept at this temperature for 4 

hours. It is then cooled to 100°C and put under vacuum for 30 minutes and further 

heated to 310°C for 4 hours. The resulting solution is quite clear and is allowed to 

cool, degassed under vacuum and finally stored under nitrogen at room 

temperature. 
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 In a typical core@shell synthesis, 1.2 g of octadecylamine (ODA) and 2.36 g (3 ml) 

of ODE are loaded in a three-necked flask and heated under vacuum at 100°C for 30 

minutes. The mixture is allowed to cool at 40°C under vacuum. The atmosphere is 

switched to nitrogen  and 1.83 µmol of purified CdSe cores (in a mixture of ODE and 

chloroform) are added. 

The solution is again put under vacuum to remove residual traces of chloroform and then 

heated at 100°C for one hour. Then core nanocrystals are slowly heated to the initial 

growth temperature at which the first cadmium precursor injection is performed. This 

temperature depends on the diameter of the initial core used. 

In the present thesis C1 and C2 core particles (respectively obtained from synthesis recipe 

C1 and C2 described in section 3.4.1) have been used. For C1 the initial growth 

temperature is 195°C, for C2 particles it is 210°C. This is due to the fact that smaller cores 

tend to dissolve at temperature lower than bigger ones and stable initial cores are desirable 

for further growth.  

All precursors additions are performed using a syringe pump, setting addition rates and 

volumes in order to provide the necessary amount of precursor’s solution in 5 minutes for 

the first three addition and in 10 minutes for the remaining ones. The amount of precursor 

for each addition is calculated as describe in the preceding section and a 10% excess metal 

is used in order to account for non complete reaction of all the monomer added as suggest 

in ref. [63]. The final addition consists in zinc precursor since a metal rich surface ensure 

better photostability [104] and easier capping ligand exchange procedure, as discussed in 

Chapter 6. 

Precursor’s addition temperatures are progressively increased during the synthesis and  are 

reported in table 3.5. Reaction times occurring between the beginning of two consecutive 

additions were equal to 10 minutes for the first three addition, while in the remaining 

synthesis 20 minutes are allowed for metal reaction and 30 minutes for sulfur reaction. 

The CS particles are then cooled at 200°C and annealed at this temperature for 1 hour. 
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A 

CSS structure 2 ML CdS 2 ML ZnS 
Starting 

core 
cd s cd s zn s zn s zn 

C2 core 210 210 220 220 230 235 240 240 240 Temperature 
(°C) C1 core 195 210 220 220 230 235 240 240 240 

B

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

The batch is then cooled to 60°C and  20 ml of isopropanol are added to cause flocculation. 

The particles are centrifuged at 6000 rpm for 5 minutes and redispersed in chloroform. 

Another purification round  is performed by adding methanol and centrifuging the particles 

at the same conditions. Finally the particles are dispersed again in chloroform and used for 

further capping ligand exchange as describe in Chapter 6. 

3.4.2.3 Results and discussion 

 In  the first attempts to produce CS structures, we tried to reproduce the Mews 

recipe which employs only oleic acid as complexing agent. We couldn’t reproduce that 

procedure since it resulted in broad distribution as deduced from optical spectra due to 

excess ripening of the particles. This can be attributed to the use of oleic acid which is 

likely to induce excess monomer solubility and thus ripening. 

For these reasons we moved toward the use of TMMPA which was demonstrated to 

enhance particle stability. Furthermore TMPPA complex are more reactive being this a 

desirable condition. The complexing agents to metal ratio was  also changed from 8:1 to 

4:1 to raise monomer reactivity. Greater reactivity also enhance the probability of 

homogeneous nucleation of shell material. For this reason we decided to employ a drop-

wise addition of the precursor, in order to avoid supersaturation build-up. 

CSSS structure 2 ML CdS 3 ML Cd0.5Zn0.5S 2 ML ZnS 

Starting
core

Cd s cd s cdzn s cdzn s cdzn s zn s zn s zn 

C2 core 210 210 220 220 230 230 230 230 230 230 240 240 240 240 240 Temperature 
(°C) C1 core 195 210 220 220 230 230 230 230 230 230 240 240 240 240 240 
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To grow the intermediate alloy layer we used Cd-OA as metal precursors, in order to 

balance the reactivity of zinc and cadmium. In fact, cadmium precursors are more reactive, 

thus in this step we used OA since it lowers reactivity of cadmium with the aim of 

depositing zinc and cadmium with the same rates. In the CdS layer growth the Cd-TMPPA

precursor was used. 

Solvent mixture (ODE + ODA) was kept since it has been shown to offer good stability 

[55] and good growth of monodispersed particles [50]. In fact, only small dissolution was 

observed from optical measurements comparing starting core particles with particles 

heated at the initial shell growth temperature in this solvent mixture. 

Finally also the CSSS “super graded” structure was retained in these first attempts and the 

3.2 nm C2 CdSe core was employed in this shelling procedure.  

Using these conditions the first batch of core shell particles was obtained. 

Aliquots were extracted from the solution after the additions necessary for CdS, 

Cd0.5Zn0.5S and ZnS (after the annealing step) and used for TEM and optical measurements 

The TEM micrographs for each of this stage are shown in figure 3.23. 

   
CdSe CdS CdSe CdS Cd0.5Zn0.5S CdSe CdS Cd 0.5Zn 0.5S ZnS 

Figure 3.23  Bright field (top) and HR-TEM (bottom) images of particles extracted from batch solution at 
different stages. Cd-OA was used in the intermediate alloyed layer 
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Sample 
Dobs ±σσσσ  

(nm) 

DExpected        

((((nm) 
Phases (from FFT-HR TEM analysis) 

CdSe CdS 5.1 ± 0.9 4.52 CdSe + CdS + CdSe 0.5 S 0.5

CdSe 
Cd0.5Zn0.5S 

7.1 ± 1.3 6.46 CdSe + CdS + CdSe 0.5 S 0.5 + ZnS + Cd 0.7 Zn 0.3 S 

CdSe 
Cd0.5Zn0.5S 

ZnS 
8.5 ± 1.0 7.70 

CdSe + CdS + CdSe0.5S0.5 + ZnS+ Cd 0.7 Zn 0.3 S + 
ZnS 

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

Diameters of the particles are seen to progressively increase. FFT analyses was also 

performed to get interplanar distances. From these data it was possible assign the different 

phases present in a single particle, which are summarized in table 3.6. 

In the CdSe CdS Cd0.5Zn0.5S stage the particles resulted to be anisotropic. In this case the 

mean value between long and short axis was assumed. In the other cases almost spherical 

particles were obtained. 

In table 3.6, there are also reported the expected diameters (DExpected) estimated from a 

concentric shell model using monolayer parameters in table 3.4 and an initial CdSe core 

diameter of 3.2 nm. 

The observed diameters are consistently greater than the theoretical ones. This can be 

related to ripening of the particles or to presence of unreacted precursors from core 

synthesis due to non complete purification. Such unreacted precursors (cadmium and 

selenium) can deposit on growing particle increasing the diameter. Furthermore, the 

growth most probably is not epitaxial since a lot of reflection attributable to different 

phases are detected, while pure epitaxial growth would result in reflection attributable to 

only one structure. The absorption and emission spectra (normalized for the absorption at 

the 480 nm excitation wavelength) for starting CdSe cores 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 cores (dashed line) and core@shell (solid line)  in 
chloroform obtained using Cd-OA in the intermediate alloy layer 

Fluorescence quantum yield is consistently enhanced up to almost 40%, showing an 

effective influence of the shelling procedure. Also the resulting absorption and emission 

features are quite narrow. 

Anyway, this procedure is not satisfactory since it doesn’t provide homogeneous coverage 

through all the stages ( anisotropy is observed during synthesis ) probably due to presence 

of different ligands, epitaxial growth is not followed and ripening is very probable which 

can be favored by presence of oleic acid. Thus, employment of two type of ligands does 

not seem to be beneficial. 

 For these reasons we moved to a synthesis employing  only TMPPA as capping 

ligand. 

Further, we decided to test both CSS and CSSS structure on CdSe core with two different 

diameters, in order to understand the effectiveness of an alloy layer and the possibility to 

obtain different color with core@shell structure. 

The procedure for the synthesis is the same unless for the use of Cd-TMPPA also in the 

alloy layer in the CSSS structure synthesis. The CdSe core employed were the 2.65 nm C1

particles and the 3.2 nm C2 particles as described in section 3.4.1. These samples will be 

referred to as C1-CSS, C1-CSSS, C2-CSS and C2-CSSS. 

TEM analyses were performed only on the final CSSS and CSS core@shell particles 

employing C2 CdSe core (see figure 3.25). 

In this case, from FFT analyses on CSS particles it is possible to conclude that about 70%

of particles shows one single reflection, while the remaining particles shows different 

reflections which could be attributable to the same phase reported in table 3.6. 
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The same holds true for the CSSS particles unless that only 30% of the analyses particles  

shows only one reflection. 

These data suggest a better epitaxial growth of these samples if compared with the 

previous one. 

From comparison of observed and expected diameters, it can be observed that in this case 

lower experimental values are obtained than those expected (see table 3.7). 

This suggests that the reactivity of some precursors is not high enough to deposit shell 

material completely. 

To have a deeper insight on this problem, the single particle composition measured with 

Energy-Dispersive X-ray Spectroscopy (EDS) technique during TEM measurement has 

been taken and presented in figure 3.26 as the atomic ratios Se/Cd, S/Cd and S/Cd. These 

data are also compared with the theoretical ones calculated from a concentric model and 

presented in the bar graph in the same figure. 

C2-CSS      (CdSe CdS ZnS structure) 
C2-CSSS          (CdSe CdS Cd 0.5Zn 0.5S ZnS  

structure) 

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

20 nm20 nm
10 nm10 nm
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Sample 
Dobs ±σσσσ  

(nm) 

DExpected    

((((nm) 

CdSe CdS ZnS (CSS) 5.2 ± 0.8 5.77 

CdSe CdS Cd0.5Zn0.5S ZnS (CSSS) 7.3 ± 0.9 7.70 

Table 3.7  Observed and expected diameters are reported in the table below

Figure 3.26  Observed and expected atomic ratios for a single particle. In the bar-graph observed values 
are represented with those expected for C2-CSS structure and C2-CSS structure with only one ML of outer 
ZnS

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

desired structures. In particular, mainly sulfur and zinc seems to be in a lower amount than 

that predicted. In the case of the CSS structure, experimental data seem to be in accordance 

with a particle where the outer ZnS layer is not complete and consists in only one 

monolayer. Thus, it can be argued that after the deposition of one monolayer of zinc,  

the particle do not grow further, probably due to less reactivity of the zinc site on particle 

surface toward sulfur. 

C2-CSS C2-CSSS 

Observed 

Values 

Expected 

for C2-CSS 

Observed 

Values 

Expected 

for C2-

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 
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Figure 3.27  Absorption and emission spectra of  particles extracted during the synthesis of core@shell 
nanocrystal with different targeted shell structure (CSS and CSSS) on different core (C1 and C2). For CSS 
structure A, B and C refer to CdSe core particles, CdSe CdS and CdSe CdS ZnS synthesis stages 
respectively, while for CSSS structure A, B, C and D refer to CdSe core, CdSe CdS, CdSe CdS Cd 0.5Zn 0.5 

ZnS and CdSe CdS  CdS Cd 0.5Zn 0.5  ZnS respectively.

Table 3.8  Fluorescence quantum yield (PL-QY), emission peak position and emission peak width are 
reported

  CSS CSSS 

  A B C A B C D 

PL-QY (%) 1.5 48 44 1.5 43 40 38 

    

λλλλem (nm) 

    

577 611 609 577 609 626 623 

C2
starting 

core 
PL FWHM  

(nm) 
30.2 27.4 29.9 30.2 27.0 28.9 30.6 

PL-QY (%) 1.8 48 48 1.8 51 53 57 

    

λλλλem (nm) 

    

538 588 588 538 585 612 609 

C1
starting 

core 
PL FWHM 

(nm) 
27.8 27.3 27.4 27.8 27.4 29.2 28.8 
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This point will be discuss later on in more details. As for the C2-CSSS, the real structure is 

more difficult to estimate from compositional data, since zinc is introduced in the synthesis 

also in the earlier alloy layer stage. In any case, it is possible to conclude that a thick ZnS 

layer is not present in the real structure, which would be desirable in order to have stable 

nanocrystals. 

 Optical characterization has been carried out on these samples and presented in 

figure 3.27 and table 3.8. 

The absorption and emission peaks are observed to shift toward longer wavelengths after 

deposition of the CdS and Cd 0.5Zn 0.5S layer. This is due to the incomplete electronic 

confinement offered by this materials toward CdSe, as described in section 3.2.2 and 

extensively studied in a recent work by Van Embden et al.[105]. 

Not only the first absorption peak is shifted with the shelling procedure, but also the 

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

Figure 3.28  Absorption spectra for the CdSe@Sample obtained in this work. Spectra are normalized at 
the band edge. (C2 CdS sample refer to C2 core covered by two ML of CdS) 

It can be seen that after normalization of the absorption at the band-edge, the cadmium 

sulfide layer causes an higher absorption at smaller wavelengths with respect to core 

particles. This effect is slightly enhanced with the ZnS layer and it is much more 

pronounced for structures comprising the alloy layer.  
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This effect is explained by the increasing thickness of the shell material which absorbs at 

shorter wavelengths ranges [105]. 

Fluorescence quantum yield is observed to consistently increases from the very low value 

of CdSe cores after the CdS shell and remain constant after the ZnS growth stage.  

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

in figure 3.29. 

Figure 3.29 Emission from colloidal solution of orange-emitting C2-CSS (left) and yellow emitting C1-
CSS (right) under standard UV-lamp illumination (Glass vials are 1 cm in diameter and 6 cm height) 

These particles have been successfully used in amplified stimulated emission applications 

as described in Chapter 6. 

The main problem encountered in those experiments was related with the poor stability of 

ASE emission of the particles with time. A possible cause of this behavior can be found on 

the small thickness of the ZnS layer.  

 Thus we tried to increase the ZnS layer thickness by simply increasing the amount 

of ZnS precursors, with the aim of balancing the lower yield of the reaction leading to ZnS 

formation by extending the SILAR procedure with further additions of ZnS precursors 

equivalent to 2 ML of ZnS on the C2-CSS particles. 

TEM analyses were performed on these particles and revealed a slight increase in diameter 

to 5.6 ± 0.7 nm (still much lower than the expected 7.02 nm value ), but the composition of 

the particle was almost unchanged with respect to C2-CSS sample, indicating that further 

growth was limited. 

An explanation of this effect can be related to a scenario in which the zinc-rich surface 

obtained after the first zinc precursor addition is not so reactive toward the sulfur precursor 

used. This can be attributable to the presence of TMPPA as stabilizer on the surface which 

has been argued to bound strongly to metal surface sites [97], limiting particle reactivity 
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and stopping particle growth after initial stages. This is not the case when growing the CdS 

layer, since cadmium precursors are much more reactive. 

For these reasons we tried to employ a more reactive sulfur precursor in order to balance 

this effect. 

Thus, maintaining the same SILAR procedure we substituted S-ODE with (TMS)2S

dissolved in ODE. In these attempts, slightly larger CdSe core particles than C2 samples 

were used with a 3.57 nm diameter (as estimated from first absorption peak position). 

The first attempts resulted in coarsening of the particles with broader size distribution, as 

deduced from increased absorption linewidth. Thus we lowered the growing temperature in 

the final ZnS to 230°C. 

In this case we obtained particles with a good PL-QY of 33%, even if the some ripening 

was still observed. TEM data are shown in figure 3.30 and table 3.9. 

Figure 3.30  TEM images for core@shell particles with a CSS target structure on a 3.57 nm CdSe core

Sample 
Dobs ±σσσσ  

(nm) 

DExpected    

((((nm) 

CdSe CdS ZnS (CSS) on 3.57 nm core 6.1 ± 0.8 6.15 

Table 3.9  Obserrved and expected final diameters are reported in the table 
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In table 3.9 observed and expected diameters are reported analogously to previous samples. 

In this case good agreement between these values is obtained suggesting for obtainment of 

the desired structure, even if zinc content seems to be still slightly lower than the expected 

one. This is further suggested from compositional data reported in figure 3.31, which are in 

good agreement with the expected values calculated from a concentric model. 

Figure 3.31  Measured and expected composition for single core@shell particles with a CSS target 
structure on a 3.57 nm CdSe core using (TMS)2S as sulphur precursor for ZnS shell growth

The presence of ripening may suggests that sulfur is depositing on the particles, since no 

stabilizer for sulfur is present in the reaction system causing an increase of surface energy 

and Ostwald ripening kinetics. Even if ripening is an adverse effect to be avoided because 

it indicates instability of particles in some stages, in our case it can be related to the desired 

enhanced sulfur precursor reactivity. In any case, further optimizations are necessary also 

taking into consideration  zinc precursor reactivity. 

Optical data for these particles are summarized in figure 3.32. 

Figure 3.32  Absorbance and PL spectra core@shell particles synthesized employing (TMS)2S for ZnS 
shell growth 

3.57nm CdSe-CSS 

Observed Values 
Expected for 3.57 

nm CdSe-CSS 

Se/Cd 0.4 0.36 

S/Cd 1.4 1.87 

Zn/Cd 1.2 1.23 
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The luminescence emission is at 623 nm and the estimated quantum yield is 30%. The 

FWHM PL peak width is 34.3 nm, slightly larger than values reported in table 3.8. for 

previously synthesized particles, due to the already discussed ripening phenomena. 

Interestingly, the capping ligand exchange described n Chapter 6 worked only if Zn 

(Acetate)2 was introduced with the amino-functionalized molecule used in the ligand 

exchange. This is because these particles likely resulted in a sulfur rich surface which is 

not good for binding with amines, since amines bind to metal sites.  

These particles have been used for ASE experiments to improve particle stability. 
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Chapter 4 

TiO 2 nanomaterials: Synthesis and 
Properties 

4.1 Introduction 

  
 Titanium dioxide (TiO2) has advantageous physical and chemical properties that 

makes it among most used and studied oxides for scientific and industrial purposes. 

It is cheap, chemically stable and  non-toxic in the bulk state (toxicological effects of 

nanoscale TiO2 is not yet known). 

Titanium dioxide has been largely employed as white pigment and used as material for 

dental and orthopaedic implants due to its biocompatibility. 

From the application point of view, the most important property is represent by the 

semiconducting behavior of this material. This makes it an ideal material for photovoltaic 

application in dye-sensitized solar cell fabrication [1,2], gas sensing [3,4], low temperature 

oxidation of carbon monoxide if used in combination with gold [5,6,7] and electrocromic 

devices [8]. 

The possibility of optically exciting titanium dioxide with UV radiation along with its 

catalytic properties justifies its wide use in photocatalysis. Water treatment by oxidation of 

organic impurities in presence of TiO2 is a common example. These properties are related 

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

 Titanium dioxide is an interesting material also for optical applications. 

This is due to transparency in the visible spectral region, UV absorption properties and 

high refractive index.  

The wide range of processing methods developed so far makes it very attractive for 

photonic applications. 

In particular, colloidal syntheses allows toobtain nanometric particles which can be used 

for functional nanocomposites [12-14], optical devices in which high refractive index 



CHAPTER 4 - TiO2 nanomaterials : Synthesis  and Properties

74

materials are required such as optical waveguides, Bragg reflectors and optical micro-

cavities [15-20], and materials with controlled morphology exhibiting porosity in the 

nanometer scale with large surface area suited in photochemical or electrochemical 

applications. 

 In this chapter, the synthesis and processing of colloidal TiO2 based nanomaterials 

is presented, while their application will be described in Chapter 5. 

Two basic types of materials have been addressed : TiO2 colloidal nanoparticles in the 

anatase crystal structure and layered titanates consisting, in their dried powder form, of 

nanometric layers with general composition [TimO2m+1]
2- stacked in an ordered layered 

fashion with a cation intercalated between the layers. 

Layered titanates have been studied [21-25] and used as precursors for titania with 

controlled morphology and crystalline structure. These compounds are also very attractive 

due to optical, photochemical and electronic properties. Furthermore, ion-exchange, 

intercalation of functional organic molecules and possibility of hybrid assemblies can be 

applied to titanates materials [29-39]. 

Very interestingly, UV irradiation has been shown to be a useful tool for material 

modification allowing for densification strategies different from heat treatment [40,41].  

 In the first part of this chapter, a brief survey of the general properties of these 

materials is presented. In the experimental part, the synthesis and the results regarding 

TiO2  anatase particles are first described. Layered titanates synthesis and results are then 

described.  

For clarity, layered titanates are further divided in Tetramethylammonium hydroxide 

(TMA-Ti) and 6-amino-1-1hexanol derived (AH-Ti) titanates, which differs in the reagents 

used for their synthesis, in the structure and processing behavior.  
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4.2 Properties and Synthesis of TiO2 and Layered Titanates  

4.2.1  Titanium dioxide NPs: Properties and Synthesis 

Titanium dioxide exists in three major polymorphs: rutile, anatase and brookite. The most 

thermodynamically stable phase at ambient condition is rutile which is the common phase 

of titanium dioxide found in nature. 

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

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

Figure 4.1  Structures of anatase (A), rutile (B) and brookite (C) TiO2 polymorphs 

RUTILE ANATASE BROOKITE

Structure Tet Tet Orth 

Unit cell 
parameters (Å) [42]

a   4.584 
b   4.584 
c   2.953 

a   3.783 
b   3.783 
c   9.497 

  a  5.472 
  b  5.172 
 c   9.211 

 Density (Kg/m3) 
[43] 

4.26 3.84 4.17 

Band gap (eV) and 
optical absorption 
onset (nm) [44,45] 

3.0 eV 

410 nm 

3.2 eV 

385 nm 

3.4 eV 

365 nm 

Refractive index  
(in the visible 

range)[43] 

⊥ c axis        2.609 

// c axis         2.90 

⊥ c axis        2.561

//   c axis        2.488 

⊥ c axis           2.583

//  c axis           2.70 

Table 4.1 Main data for TiO2 major polymorphs

A B C
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The most opened structure is that of anatase, resulting in the lower density if compared to 

other polymorphs. The thermodynamic stability of each phase has been showed to be size 

dependent [47]. Rutile is the most stable for particle size above 35 nm, brookite in the 11-

35 nm range and anatase below 11 nm.  This behaviour is due to the different surface 

enthalpy being larger for rutile and lower for anatase. 

The titanium atoms in TiO2 exists the 4+ oxidation state with neighbouring oxygen atoms 

in the octahedral coordination. Thus, the basic unit in titanium dioxide is an octahedron 

and the way these units arrange themselves gives rise to different polymorphs. 

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

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

  

Figure 4.2  TiO6 octahedral units arrangement in rutile (A), anatase (B) and brookite (C) (Source [92]). 
Growth schemes resulting into growth units of different TiO2 polymorphs (D) (Source : [48]) 

In figure 4.2 D, the growth units for different structures arising from different 

arrangements of octahedral units is shown [48]. Since the way titania octahedra bonds to 

each other is dependent on synthetic parameters, the reason why different phases can be 

obtained with different synthesis is apparent. 
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Different structures can be easily distinguished not only through XRD diffraction analysis 

but also through Raman spectroscopy. Raman patterns are in fact completely different for 

each phase. Furthermore XRD can be used to estimate particles size through the Scherrer 

formula. In figure 4.3, XRD diffraction patterns of very small TiO2 crystals whose 

dimensions were measured by TEM analysis [52] are shown. 

Figure 4.3  XRD diffraction patterns for very small TiO2 NCs (Source : Monticone et al. [52])

Also Raman peak broadening and position are dependent on particle size [49], allowing for 

convenient use of this technique for particle’s sizing. 

 The main optical properties of titania are transparency in the visible range, UV 

absorption and high refractive index (values reported in Table 4.1). 

The band gap is in the UV (see Table 4.1) range and can be enlarged by size quantization 

phenomena occurring for sufficiently small particle sizes. 

The exciton Bohr radius, as defined in Chapter 3, has been estimated to be very small for 

titanium dioxide, in the range of  0.75-1.90 nm [50] or as small as 0.3 nm [51]. 

Furthermore, small band gap shifts with respect to the bulk value has been measured even 

for 2 nm particles and in general band gap shifts smaller than 0.5 eV have been found. 

Thus, size quantization for titanium dioxide is not expect to have a striking effect on 

optical properties, unless particle’s size is very small, at least below 1 or 2 nm [52]. 
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 Various synthetic approaches are available for TiO2  NPs synthesis [53 and ref.s 

therein] including direct oxidation, aerosol pyrolisis, physical vapor deposition, and 

solution chemistry. The latter is the most interesting from our point of view since it allows 

to obtain of stable colloidal sols consisting of extremely dispersed particles which can be 

processed and used in optical applications or where a large surface to volume ratio is 

needed.  

Sol-gel chemistry plays a crucial role in these approaches, where titanium halides (as 

TiCl4) or titanium alkoxides are used as precursors. 

In hydrolytic syntheses, these precursors are first hydrolyzed and then condensed to give 

the oxide network. 

When these molecules interact with water without proper tailoring of the synthetic 

parameters such as pH and temperature, titanium hydroxides with a certain degree of 

condensation are obtained in the amorphous state [54]. The easiest way to crystallize this 

material is to heat it up (i.e. 400°C-500°C) and anatase is generally obtained which 

undergo coarsening of the grain size. Obviously further processing is limited by the high 

degree of aggregation preventing obtainment of a transparent colloidal sol. 

Large crystals or particles without structural defects and with good crystallinity can be 

achieved by hydrothermal synthesis where temperature can be consistently  raised up, even 

if large aggregates are usually obtained whose size and morphology can be tailored by 

controlling a great number of synthetic parameters [11,48,55,56,57,58,59,60,61]. 

Nonetheless, optical applications are not possible with such products, since light scattering 

from large crystals or aggregates do not allow for transparency.  

Also non-hydrolytic routes are available for synthesis of small and non-aggregated 

particles [62], but they are not here described here since they are not relevant for the 

present work. 

Hydrolytic synthesis will be briefly described in order to put in evidence the synthetic 

conditions necessary for (a) having a crystalline material just  in the solution synthesis 

stage and (b) a non-aggregated colloidal state of such crystalline domains. 

It is generally accepted that acidic conditions are necessary to have the formation of 

crystalline titania particles [54,63-67]. 

In highly acidic media, the pH is well below the isoelectric point resulting in highly 

protonated titania particle surfaces. Highly acidic condition leads to solubilization of the 

initial amorphous hydrolyzed product. It is argued that in these conditions titanium 

octahedra are present as single units which reprecipitate by reciprocal condensation. 
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Sufficient solubility and structural rearrangement is given to the system to evolve from the 

amorphous state. 

Since crystalline phases are more stable (and much less soluble [68]) than the amorphous 

phase, crystalline nuclei formed by reprecipitation processes would remain stable and 

further undergo growth processes. 

The crystalline phase which is obtained under these conditions strongly depends on the pH, 

anion type present in the solution and synthesis temperature [55,61,69]. 

The general (simplified) formula describing the structural titania unit can be written as 

Ti(O)a(OH)b(OH2)6-a-b [66,64]. In acidic condition this is reduced to Ti(OH)a(OH2)6-a with 

the number of OH decreasing with increasing pH [11,61,58]. Furthermore alkoxy groups 

can still be present if the hydrolysis has not proceed to completeness. 

Condensation happens between two Ti-OH groups of different octahedral. Thus, the 

suggested scenario is that species comprising more OH will preferentially give rise to 

anatase structure since bond through edges of the TiO6 units is favored, while more acidic 

conditions limit OH presence in the coordination shell of titanium leading to preferential 

corner condensation and minor edge condensation. Rutile is then formed in these 

conditions. 

In presence of anions, such as chlorine, titanium unit undergoing condensation may 

comprise also these species in its coordination sphere, affecting the way octahedral units 

are condensed and the resulting phases [49]. 

Beyond the above described considerations, other arguments can be assumed to explain 

phase dependence on process parameters which are instead related to reaction-rate 

concepts [54,64]. If condensation rate is quite low, the formation of the more 

thermodynamically stable phase is preferred since this is expected to have the lower 

activation energy of nucleation. Higher precipitation rates can results in the metastable 

anatase phase since the way TiO6 bond to give anatase is statistically favored with respect 

to that resulting in rutile (edge bonding is more probable during octahedral collision than 

corner bonding [70]) 

Thus, higher temperature may favor anatase formation, while lower temperature (and 

longer times for crystalline phase formation) may results in rutile, as schematized in figure 

4.4. 
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Figure 4.4  Effect of temperature on precipitation time and crystalline phase ( Source : Gopal et al. [64]) 

The above-described arguments are related to crystallinity, without taking into account the 

colloidal stability of the obtained particles. Acidic conditions obviously help in preventing 

particles agglomeration through electrostatic repulsion, even if many of reported synthesis 

end up with large particles precipitate. 

Particle’s colloidal stability can be limited by formation of large particles (bigger particles 

has higher attractive Van Der Waal forces), high ionic strength (i.e. high electrolytes 

concentration) and can be enhanced by the use of stabilizing or complexing agents. The 

latter approach has been used, for example, by Sanchez et al.[71] and Cozzoli et al. [72]. 

These methods can results in perfectly dispersed nanometric crystalline domain, with a 

protected surface. 

Major disadvantages are related to organic molecules adsorbed on particle surface which 

can be detrimental if the particle surface is meant to be the active interface for application 

purposes. Furthermore, a non-negligible fraction of organic material is bound to the 

material, limiting the full exploitation of titania in optical applications such as 

enhancement of refractive index (organic materials have low refractive index) and 

transparency loss (certain stabilizing agents can absorbs in the visible when complexed 

with titanium). 

In optical applications, transparent colloidal solution of small particles with high degree of 

stability is required. Thus synthetic conditions need to be adjusted in order to limit extreme 

particle coarsening, assuring crystallinity and avoiding aggregation.  
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To the best of our knowledge, these aspects have been considered simultaneously only by 

Nussbaumer et al. [73], who reported the synthesis of 3 nm (diameter) pure rutile phase 

nanoparticles from TiCl4 in water. The process basically consisted in an initial hydrolysis 

step at low temperature (0-10°C) and further heating at 60°C. The solution is transparent 

for about 80 minutes and then it gets cloudy. 

A mechanism of titania formation for every stage of the process was suggested. The 

hydrolysis of the precursors was argued to lead to positively charged mononuclear oxo-

hydroxo-chloride ,TiOa(OH)b(Cl)c
a+, which initially  form oligomers through condensation. 

Subsequently, these oligomers would bind together to form particles consisting of an 

highly crosslinked network. Particles evolution was analyzed through TEM and found to 

be amorphous during almost all the entire heating step. Just before the solution become 

cloud, particles become crystalline. There is a small window-time in which particles are 

crystalline and colloidaly stable at the same time.

During the heating stage, particles do not change their diameter and only an “internal” 

aging process is argued that leads to further condensation, higher crosslinking density  and 

rearrangement of the network toward greater order and crystallization.  

The condensation during the aging process occurs with production of water and expulsion 

of positive charges. The reduced charge due to condensation has been suggested as the 

reason why particles aggregate soon after densification and crystallisation, introducing 

another element to be kept into consideration if crystallisation and colloidal stability is 

desired. 

Influence of synthetic parameters was in agreement with the concept introduced so far. For 

example, increased acidity lead to larger time for observation of precipitation due to 

increasing electric charge of the particle, while increased temperature in the heating stage 

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

Several types of layered titanates with different compositions have been studied. 

Common titanates incorporate alkaline metal cations to achieve charge neutrality. Their 

general formula can be written as A2TinO2n+1 where A represents the alkaline metal cation  

intercalated in the layered structure.The layers are composed of  [TinO2n+1]
2- polyanions 

which arrange themselves in a stepped fashion as shown below for a sodium trititanate and 

potassium tetratitanate .These types of structures generally have monoclinic unit cells 

[74,76]. 

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

  

Other titanates structures can occurs. For example, titanates with intercalated cesium 

cations with general formula CsxTi2-x/4□x/4 O4 (□: vacancy) have an orthorhombic structure 

isomorphic to lepidocrocite ( a layered iron hydroxide) [75].

Also in these structures the basic unit is the TiO6 octahedron.  

In a titanate layer, a definite number of TiO6 octahedra (depending on the type of 

octahedral units) share edges to form a linear sequence in the same plane. Each sequence is 

joined above and below to similar groups by further edge sharing, resulting in a zig-zag 

ribbon structure. Finally, these ribbons forms the layer by connecting through terminal 

corners [77]. 

Thus, the TiO6 octahedron share four edges with other units. The zigzag ribbon assembly  

and the octahedron sharing four edges are also observed in the anatase lattice.  

These similarities can be observed just looking to XRD diffraction data. 

In fact, anatase XRD diffraction peaks corresponding to (200) and (213) planes (which 

appears at 48 deg and 61 deg 2θ diffraction angles if CuKa is used as X-ray source) are 
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also observed in titanates diffraction pattern and are related to unit periodicities of the in 

plane crystallinity of the titanate layer having an anatase-like arrangement of constituting 

titanium octahedra [25,28]. These peaks are not present in the rutile structure since 

octahedral arrangement is different. 

A consequence of such structural similarity is the easiness with which it is possible to 

switch from titanate to anatase. In fact, an in-situ rearrangement is sufficient for phase 

changing resulting in lower temperatures of anatase formation as compared with other 

titania precursors. It has been found that acid environment and low temperatures are 

sufficient to induce phase change, which could be exploited to obtain very interesting 

morphologies [77]. 

A scheme showing this phase switching is shown in figure 4.6. 

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

Layered titanates can undergo ion-exchange processes where the pristine metal cation can 

be substituted with H+ (proton exchanged), with other metal cation or with organic cations 

such as protonated amines or ammonium cations.  

XRD is a powerful tool to characterize these materials since the layer structure give rise to 

diffraction peaks in the low-angle region which corresponds to interlayer distance. 

Evolution of interlayer distance can be followed by looking to diffraction peak position. 

For example, ion exchange of potassium tetratitanate with amines molecules with 

increasing alkyl chain length results in increasing interlayer distance in order to 

accommodate larger molecule between titanate hosts [78,79]. This process can be readily 

followed with XRD diffraction analysis, as shown in Figure 4.7. 
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Figure 4.7  XRD data for potassium tetratitanate intercalated with alkyldiamines with increasing chain 
length from a to g. Progressive shift of the lower angle peak is observed. (Source : Airoldi et al. [78])

In proton exchanged [23] or alkyl ammonium titanate[80], water molecules can also be 

present between the layers, contributing to the final interlayer distance. 

The use of alkyl ammonium molecules with titanates can results in the formation of 

colloidal solutions [25,36]. In such solution state, titanates were demonstrated to be 

completely exfoliated, that is in a single-sheet condition. This was proved by in-situ XRD 

analysis of layer restacking upon drying. Beyond interlayer distance, the number of 

coherently stacked layer could be deduced from XRD peak width. 

It was observed that with the ongoing of the drying process, broad XRD peaks at low angle 

initially appeared which could be associated with formation of a pair of titanate sheet 

separated by a large interlayer of water molecules. This peak moves toward shorter 

distances due to increasing water removal through evaporation. In addition, the number of 

stacked layer increased from the initial pair resulting in narrow peaks indicative of good 

crystallinity of the layered structure. 

Since the initial XRD signal was attributable to a titanate layers pair, it is apparent that the 

starting solution consisted of exfoliated layers. 

Dynamic light scattering on similar titanate colloidal solutions, but prepared in different 

conditions, was used for measuring the diameter of the objects in the solution and it was 

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

property can be used to remove under UV irradiation organic cations intercalated in the 

layered structure resulting in interlayer contraction, giving another possibility for 

material’s modification.  

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

Chapter 5. 

 Optical properties of titanate nanosheets have been studied [41,46,82] for colloidal 

layered titanates obtained through exfoliation of protonic titanates by ammonium 

molecules. Both absorption features in the exfoliated colloidal solution state and in thin 

film have been measured and found to present a large blue-shift with respect to anatase 

bulk absorption onset . 

Both optical and spectroelectrochemical experiments found a band gap value of  about 3.8 

eV, much greater than the 3.2 eV value for anatase. The suggested electronic structure for 

the titanate nanosheet layer is shown in figure 4.8 and compared with anatase. 

Figure 4.8  Representation of a titanate layer (left) and suggested electronic structure compared with that 
of anatase (right)  (Source : Sakai et al. [82]) 

This observation has been explained with quantum confinement effects due to the 

extremely small thickness of the layer (0.7 nm). In the case of a two dimensional structure 

the following reference relationship can be assumed to determine the band gap shift 

Eq. 4.1 
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where µxy and µz are the reduced effective masses of electron-hole pair in parallel and 

perpendicular directions to the plane defining the layer respectively while Lxy and Lz are the 

lateral dimension and thickness of the layer. 

For the previously described titanates, the term related to lateral dimensions could be 

neglected in Eq. 4.1.since lateral extension was in the 0.1-1µm. 

In Figure 4.4, the absorption spectra of these titanate layers in solutions are reported. 

Beyond the strong blue-shift of the absorption onset at around 330 nm (corresponding to 

about 3.8 eV), a definite peak is observed at 266 nm which was explained as the exciton 

transition peak similar to CdSe nanoparticles and its analogues.  

Figure 4.9  UV-Vis absorption spectra of colloidal layered titanates solution at different concentrations  
( Source : Sasaki et al. [41] ) 

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

substrate, intercalation of a polycation and its photodecomposition using UV radiation []. 

 Synthesis of titanate nanosheets is not a strongly developed field as for titanium 

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

temperature from titanium oxide and the desired intercalated cation precursor.  

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

ammonium salt which finally leads to exfoliation as previously described [25,36]. 

In this case, the lateral extension of lamellae is large, in the 0.1-1 µm range. 

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

alkoxides and ammonium hydroxide or alkylamines [22]. 

The general pathway is summarized in the following reaction scheme. 
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Hydrolysis : 

mTi(OPr)4 + (2m+1)H2O              H2TimO2m+1 + 4mPrOH

Acid-base reactions : 

H2TimO2m+1 + RnH4-nN
+OH-               [ RnH4-nN

+][ HTi mO2m+1 
- ] + H2O  for weak bases 

H2TimO2m+1 + 2R4N
+OH-               [ R4N

+] 2[ TimO2m+1 
2- ] + H 2O   for strong bases  

The first stage is the hydrolysis and condensation of the alkoxide leading to polymeric 

titanic acid or hydrous titanium oxide. Then, depending on the alkaline strength of the base 

used, only the first or both of the subsequent acid-base reactions occurs where the hydrous 

titanium oxide can be deprotonated by the base assuming a negative charge.  

At this stage a layered structure can be formed that can be partially exfoliated in the 

solution state or orderly layered in the dried powder state. 

It was found that the exact type of titanate (m value in the above reactions) changes with 

the type of used base. It was suggested that a mixture of trititanate, tetratitanate, 

hexatitanates and so on, is likely to be the product of this type of synthesis. 
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4.3 Experimental  

In the following sections, the experimental procedures, results and discussion for anatase 

TiO2 particles and layered titanate are described. Titanates are divided in Tetramethyl-

ammonium hydroxide derived (TMA-Ti) and 6-amino-1-hexanol derived (AH-Ti) for 

clarity of exposition. 

4.3.1  TiO2  anatase nanocrystals 

4.3.1.1 Synthesis 

TiO2 NCs were synthesized by adding dropwise 10.5 mmol of Titanium Tetraisopropoxide 

(Ti(OPri)4) into a previously prepared solution containing water, hydrochloric acid and 

methanol in a 50 ml glass flask. The quantity of methanol was adjusted to give a  

concentration of titanium equal to 0,7 M and thus a final solution volume of 15 ml, while 

the water to titanium and acid to titanium ratios were varied as described in Table 4.2  in 

order to study the influence of synthesis parameters on particles formation and sol stability.  

A B C D E 

H2O/Ti 12.5 25 55 25 25 

HCl/Ti 1.72 1.72 1.72 0.86 3.44 

Table 4.2  Compositions tested for TiO2 nanoparticles synthesis

From composition A to C the water content is increased reaching  a water to titanium 

molar ratio of 55 which corresponds to a methanol free solution with water as the only 

solvent. Compositions D and E present an acid to titanium ratio lower and higher than the 

one adopted in the recipes previously mentioned, respectively. 

The solution is stirred for 60 minutes at room temperature after Ti(OPri)4addition and then 

heated in an oil bath at 70 °C and kept at this temperature for one, two or four hours under 

refluxing. 
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A clear sol is generally obtained in these conditions and TiO2 powders are retrieved by 

adding the minimum quantity of acetone necessary to have flocculation of the oxide and 

subsequently centrifuging at 4000 rpm for 2 minutes. The obtained precipitate can be 

dispersed again in methanol obtaining a clear solution. 

The evolution of the powders  with varying annealing temperatures 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 of the nanopowders obtained for 

composition A (see table 4.2) after one (diffraction pattern a), two (diffraction pattern b) or  

four (diffraction spectrum c) hours of refluxing time at 70 °C, respectively. It is evident a 

clear sharpening of the diffraction peaks with the reaction time, leading to a pattern which 

can be assigned to anatase crystal structure ( JCDS 86-1157 ). 

  

Figure 4.10  XRD patterns of TiO2 NCs obtained from recipe A after 1h (a), 2h(b) and 4h (c) of refluxing 
at 70°C. Pattern “d” belong to the material obtained from recipe A after 4 hours of heating using excess 
acetone for precipitation. Pattern “e” refers to TiO2 NCs obtained from recipe C after 1 hour of heating time. 
Main diffraction peaks position and relative intensities of rutile and anatase TiO2 crystal structures are 
reported at the bottom of the figure (A); XRD patterns of comparison of TiO2  NCs obtained from first 
acetone flocculation and from a second flocculation of the supernatant solution obtained after the first 
precipitation round (B). 
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The product isolated after flocculation is dependent on the amount of acetone used. This is 

shown in spectrum “d” of figure 1 for the material obtained from composition “A” after 

four hours of reaction time. In this case, a 5:1 volume ratio of acetone to as synthesized 

solution instead of 3:1, which is the minimum amount necessary to have a precipitate. It is 

evident that broader features in diffraction pattern are present if excess acetone is used. 

To further analyze this aspect, the clear supernatant solution obtained after acetone 

precipitation (with a 3:1 volume ratio) has been collected and flocculated with further 

addition of acetone, in order to analyze the material not retrieved after the first 

precipitation round. In figure 4.10B, XRD data of such powders are compared with those 

obtained  from the first precipitation (analogue to spectrum “c” in Figure 4.10A). The 

material in the supernatant has broader diffraction peaks. 

Recipe C produced a spontaneous white precipitate during heating. This precipitate has 

been collected by centrifugation and found to be crystalline titania in the rutile structure 

(spectrum “e” in figure 4.10A, JCPDS 87-0710 ). 

The results obtained employing recipe A can be ascribed to the evolution of titanium oxide 

from amorphous to crystalline state. In highly acidic media, titania is peptized leading to 

soluble six-fold coordinated titanium octahedral complexes, which can condense forming a 

crystalline structure at the reaction temperature as explained previously. In the conditions 

corresponding to recipe A, octahedral units condense with the kinetically favored edge 

sharing mechanism, leading to anatase instead of rutile structure. 

A possible mechanism explaining our XRD results is consistent with the formation of 

crystalline nuclei from amorphous titanium hydroxide initially present in the solution. This 

nuclei grow with time due to deposition of titanium oxide monomers from solution leading 

to powders with more defined diffraction features. 

Thus, broad peaks observed in the early stages are likely to result from the presence of 

amorphous phase or smaller crystals. They become sharper with the ongoing of 

crystallization process in the final stage. 

The effect of precipitation conditions can be explained considering the different solubility  

of the amorphous and the smaller particles fraction with respect to the bigger crystallites 

one, resulting in a size-selective precipitation [83]. Since the latter has minor  colloidal 

stability with respect to the former, the use of the minimum amount of acetone allows for 

precipitation of the bigger crystalline particles, while the remaining smaller (or still 

amorphous) fraction is left in the supernatant. This is supported by data reported in figure 

4.10B.  
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Thus, if properly done, the described processing method allows for crystalline titania 

extraction and separation from smaller particles and  amorphous matter. 

The composition was found to affect the described behavior significantly. Water content 

increases from compositions A to C ,while keeping other parameters constant. The most 

evident effect is the increasing instability of the solution with increasing amount of water. 

Solution B is opalescent after two hours of reaction time and a small amount of 

spontaneous precipitate is formed after four hours. Precipitate induced with flocculation 

with acetone also resulted to be TiO2 anatase (XRD spectra not shown). 

Solution C, where water is the only solvent, gave a large amount of spontaneous precipitate 

in the rutile structure after only one hour of heating. 

Solutions D and E have, respectively, a lower and higher content of acid with respect to 

solution B. Solution D gelled within one hour, while solution E remained transparent for 

two hours, after which time a small amount of precipitate was formed. 

The increasing amount of water is likely to enhance the rate of hydrolysis and further 

condensation of the alkoxide precursor, thus reducing the stability of the solution. As 

expected, if the quantity of acid is too small, there is not sufficient repulsion between the 

growing particles, leading to extensive interactions and finally to a gel. 

The compositional-dependent crystalline structure has been a topic widely discussed in the 

literature, and briefly discussed in section 4.2.1. In particular, the nature of the titanium 

species present in solution has been correlated to the way titanium species condense to 

originate a specific crystal structure. Chlorine, hydroxyl and alkoxy ligands can coordinate 

titanium in our solution, thus a large variety of titanium species can be present. The 

number and type of the species coordinated to titanium can force and direct the 

condensation into a crystalline form or another. 

The obtainment of rutile from synthesis employing only water is not surprisingly, since 

very acidic media and the use of HCl has been shown to favour rutile formation. 

Since in these conditions only aggregated titania was obtained, we tried to control reactions 

by lowering the amount of water for hydrolysis in methanol as the main solvent. 

It is likely that the presence of methanol as the main solvent affects crystallisation and 

favours the anatase structure. 

In addition, replacement of water with methanol was found to lead to sols with good 

colloidal stability, which can be processed and used to make nanocomposite materials. 
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For this reason, further structural and optical characterizations will refer to TiO2 particles 

obtained from composition A with  four hours of refluxing time, since it gave the best 

colloidal stability and transparency. 

TEM data of titania particles are shown in figure 4.11.  These were obtained depositing a 

diluted colloidal TiO2 sol on a copper grid. 

In figure 4.11a well dispersed particles can be appreciated, showing absence of aggregates. 

Crystalline NPs, as evident from HR-TEM of figure 4.11b, with a mean diameter of 4.0 ± 

1.5 nm have been identified and the crystalline phase deduced from Fourier Transform of 

HR-TEM images (see the inset of figure 4.11b) was anatase, in accordance with XRD 

measurements, even if the presence of brookite can’t be excluded.  

Figure 4.11  TEM images of TiO2 NCs obtained with recipe A: bright-field (BF-TEM) image with the 
histogram of size distribution (a); HR-TEM of a NC with the FFT in the inset showing some reflections of 
the anatase phase(b) 

UV-Vis absorption spectrum of 20-times diluted TiO2-solution used for sol-gel film doping 

is presented in figure 4.12. An absorption edge in the UV region at around 370 nm can be 

seen, in accordance with UV absorption properties of TiO2. In order to quantitatively 

estimate the band gap energy from absorption spectra, the following  relationship has been 

used to fit the absorption behavior of TiO2 [92,93] : 

Eq.4.1 

where α is the absorption coefficient, hν the photon energy of radiation and Eg the band 

gap of the material. The absorption coefficient α is linearly correlated to the measured 

absorbance A. Thus, by plotting (Αhν)0.5 versus hν,  a linear behavior is obtained in the 

absorption range which can be used for the determination of Eg, as shown in figure 4.12B. 
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An absorption onset of 3.21 eV (386 nm)  is retrieved using this method. This value is  

almost equal to that of bulk anatase (3.2 eV). Quantum size effect have been clearly seen 

for particles diameters smaller than 2 nm [52] or 2,4 [50]. Thus, this effect is not present in 

our samples, whose mean size resulted to be 4 nm from TEM measurements, or around 3.5 

from Raman or XRD measurements (see below).  

Figure 4.12  UV-Vis spectrum of TiO2 nanocrystals in methanol (A) and estimation of absorption onset of 
particles in solution (B).

Formation of non- aggregated crystalline particles from alkoxide precursors using 

chelating agents have already been reported [71,72]. In the synthetic approach here 

reported, no specific organic molecules are used for colloidal stability. In our case, after 

precipitation it was possible to redisperse the particles in methanol because of the strong 

electrostatic repulsion due to the highly acidic environment and eventually also to alkoxide 

organic groups bound to particle surface. Indeed, TG analysis on TiO2 powders previously 

vacuum-dried and heat treated at 150°C for one hour, shows (figure 4.13)  a weight loss up 

to 300°C which can be attributed to organic decomposition, even if most of the weight loss 

occurs below 200°C and is likely due to water or solvent adsorbed on particles. Thus, the 

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

weight. 

Figure 4.13 Thermogravimetric analysis of vacuum-dried TiO2 NCs obtained after acetone-flocculation

A B
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FT-Raman spectroscopy was performed on titania powders heat treated at different 

temperatures, in order to understand the stability of NCs toward growth or coarsening with 

temperature. In fact, a peak shift and width variation of Raman bands are expected to be 

evident upon changes in size of TiO2 anatase NCs, particularly in the size range obtained 

within the described procedures [49]. The same process has been followed also by XRD 

measurements, and the two results are compared. 

FT-Raman spectra shown in figure 4.14A are typical of anatase (bands at 144 cm−1, 197 

cm−1, 399 cm−1, 513 cm−1, 519 cm−1 and 639 cm−1) [84]. With the increase of annealing 

temperature a continuous shift and sharpening of the characteristic Raman bands of anatase 

is clearly observed and evidenced in the inset of figure 4.14A for the main peak. This can 

be attributed to growth and coarsening of crystalline domains [49]. This is confirmed also 

by XRD measurements shown in figure 4.14B, where sharpening of diffraction peaks with 

annealing temperature is evident. 

Figure 4.14  Raman spectra (A)  and XRD patterns (B)  of TiO2 powders heat treated at different 
temperatures. Magnification in the main peak region is shown in the inset. 

In table 4.3 it is reported the mean diameter of TiO2 NCs estimated from the main Raman 

band position using the following relationship derived in ref [49] : 
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where ω [cm−1] is the peak position wavenumber and D [nm] is the particle diameter. 

Particle diameter has been also estimated by XRD line broadening of the main diffraction 

peak through Scherrer formula.  

.  

Table 4.3  TiO2 NCs mean diameter (D) estimated from main Raman peak position and from XRD line 
broadening. 

Both measurements gave similar results: in particular the size of the crystalline domains 

increases of about 1 nm at each temperature step above 200 °C, with a slightly more 

pronounced increase for annealing at 500 °C. Thus, it is likely that coarsening occurs till 

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

This information about particle tendency toward sintering and coarsening will be used to 

explain the morphological structure evolution of TiO2 NCs depositions upon different 

annealing temperature, as it will be discussed in Chapter 5. 

D FT-Raman 
(nm) 

D XRD 
(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 
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4.3.2 Layered titanates from 6-amino-1-hexanol (AH-Ti) 

  As anticipated in the Introduction, two type of titanates were produced depending 

on whether 6-amino-1-hexanol (AH) or Tetramethylammonium hydroxide (TMA) were 

used as bases.  

Titanates obtained with TMA, referred to as TMA-Ti, are very useful compounds since 

depositions of this material can be modified by methods other than thermal treatment, as 

shown in the section 5.2.2. 

On the other hand, this material can be dispersed to obtain a stable colloidal solution only  

if water is used as solvent. Solvent mixture comprising methanol or ethanol can also be 

used along with water, which has to be present in considerable amount in any case. 

This is not favourable if the introduction of semiconductor quantum dot particles in titanate 

matrix  is desired. Even if it is possible to transfer quantum dots in water (and thus probably 

in the titanate matrix), this normally results in decreasing of the emission properties  of 

QDs. Furthermore, TMA is a strong and oxidising base which can degrade the host 

particles. 

For these reasons, we have tried to synthesise in an analogue manner titanate nanosheets 

using weaker bases. We choose 6-amino-1-hexanol since it is the same capping ligand used 

for QD particle transfer in alcoholic media. This strategy allowed for titanate to be stable in 

alcohol and to be compatible with quantum dots. This material will be referred to as AH-Ti. 

4.3.3.1 Synthesis 

  In a typical synthesis, 15 g (241 mmol) of anhydrous ethylene glycol (EG) were 

loaded in a three necked flask fitted with a refluxing condenser. The flask was placed in an 

heating mantle and heated at 60°C under vacuum for 20 minutes. Subsequently the 

temperature was raised to 100°C after switching to nitrogen flow using conventional 

Schlenk line setup. 1.19 g (4.2 mmol) of titanium isopropoxide (Ti(OPri)4) were injected 

with a syringe and the solution turned immediately opaque, forming a precipitate. 

A second injection consisting in 1.5 g (12.7 mmol) of 6-ammino-1-hexanol (AH) dissolved 

in 7.6 g (422 mmol) of water was quickly performed and an optically clear solution was 

obtained within few seconds. The synthesis was carried on for 8 hours at 100°C. Finally 

the particles were collected by centrifugation at 4000 rpm for 4 minutes after inducing 

flocculation by adding the minimum amount of acetone which corresponded to a 3 to1 
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acetone to TiO2 synthesis-solution ratio.  This precipitate, referred to as AH-Ti, was 

dispersed in methanol resulting in an opaque dispersion, which was made transparent by 

applying a 20 mbar vacuum for 10 minutes, as will be explained in the following. This 

solution was then used for UV-Vis optical measurements.  

If used for XRD measurements, the powders were vacuum-dried soon after acetone 

precipitation at 3 mbar for 10 minutes. TEM analyses were done on the dried powders 

data, previously suspended in methanol (without achieving colloidal stability) and 

deposited on a copper grid. 

4.3.2.2 Results and discussion 

 In the synthesis of titanate nanosheets, ethylene glycol was used as solvent due to 

its high boiling point which allows for stable heating.  Furthermore, flocculation of 

titanates using acetone was easy from the resulting solvent phase.  The use of ethylene 

glycol also affects the reaction. In particular, the starting precursor undergoing hydrolysis 

and condensation is a titanium glycolate complex, which is formed when TIP is injected 

into ethylene glycolresulting in a spontaneous precipitates. This compound has been 

collected by centrifugation, washed with acetone, vacuum-dried and characterized by XRD 

(see figure 4.15A). This pattern is in good agreement with those reported in [29] for 

titanium glycolate complex.  

The XRD patterns of the vacuum-dried AH-Ti are shown in figure 4.15B for different heat-

treatment temperatures.  

Figure 4.15  XRD patterns of the product obtained from TIP and ethylene glycol reaction (A) and of the 
final synthesized titanates aannealed at different temperatures (B) 
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The pattern cannot be assigned to anatase, brookite or rutile TiO2 crystalline structure. In 

particular, a wide peak at low diffraction angles at 5.2 deg is present. This can be attributed 

to a layered structure composed of titanates with the intense peak at low angle 

corresponding to diffraction from the layers. Diffraction peaks in the higher diffraction 

angles region at about 48° and 62° are most likely related to the in plane crystallinity of the 

single titanate sheet, as observed for similar compounds by Sasaky et al.[25,41], while the 

peak at about 26° can arise from a periodicity of the layer stack superstructure. 

The formation of this type of structures in synthesis involving titanium alkoxides and 

amines has already been reported [22], even if in our case an amino-alcohol is used. The 

synthetic route employed in this work results in broad XRD peaks analogous to those 

reported in [86-88] for similar compound. XRD data suggests the formation of domains 

with a limited number of packed layers. It is likely that AH  does not promote large 

stacking of ordered sheets. From the position of the XRD peak in the low diffraction angle 

region, an interlayer distance of 1.70 nm can be calculated from Bragg relationship. 

From figure 4.15B, it can also be seen that this structure remains stable up to 300 °C, 

indicating a good thermal stability of the obtained crystalline structures, switching to 

anatase at 400°C and 500°C. Moreover, by comparing the glycolate with titanate pattern it 

is worth noting that no diffraction peak of the titanium glycolate is discernible in the final 

titania powders, suggesting complete reaction of this complex. 

TEM micrographs of such crystallites are presented in figure 4.16.  

  

Figure 4.16  Bright field TEM (A) and HR-TEM (B) analyses for AH-Ti layered titanate; Schematic 
representation of a possible structure for stacked titanate nanosheets ( In Figure 4.16B, the intensity profile 
along the white line is reported (C)

A B

C 
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The sheet-like nature of this material is apparent in figure 4.16a, even if layered stacks are 

not easily detected. Few stacked layers (2 or 3) were detected and figure 4.16b shows in an 

example of a three layers stack. The observed dimension of the layered structure is in 

agreement with XRD data, from which a dimension of 3.1 nm along the stacking direction 

was calculated from Scherrer relationship. Since the interlayer distance is estimated to be 

1.70, it is apparent that few sheets are stacked. The lateral dimension of the layers is 

around 5 nm. 

FT-IR spectra of the titanate powder (embedded in a KBr pellet) and titanium glycolate is 

shown on figure 4.17. 

Figure 4.17  FT-IR spectrum for titanium glycolate (a) and titanate powder (b)

FT-IR of the titanium glycolate is similar to that reported in ref.s [89-90], where bands at 

around 595 cm-1 and 635 cm-1 were assigned to Ti-O-C of the titanium glycolate complex. 

This complex can contribute also to the band detected at around 1060 cm-1, even if also C-

C-O bond of ethylene glycol has vibrations in the 1050-1150 cm-1 region [95]. Bands at 

2950 cm-1 and 2850 cm-1 can be assigned to stretching vibrations of C-H bond, while bands 

in the 918-880 cm-1 region can be assigned to C-C stretching vibration and to C-H out of 

plane bending. 

In the titanate spectrum, absorption in the low wavenumber region in the 450-550 cm-1  

range can be assigned to Ti-O vibration [89,94] of the titanate, while those in the 1550-

1650 cm-1  range can be assigned to NH3
+ vibration [74] of intercalated and protonated AH.  
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Bands in the 1050-1150 cm-1 are still present in the titanate spectrum, suggesting the 

presence of ethylene glycol molecules, even if we cannot say if this is free or bound to 

titanium sites of titanates sheets. Bands associated to titanium glycolate complex are in fact 

not clearly seen in the spectrum, probably because of the much lower number with respect 

to non-hydrolysed titanium glycolate. Anyway, the presence of EG bound to titanium 

cannot be excluded, since titanium glycolate is known to be more stable than other 

alkoxides with respect to hydrolysis [90]. 

The TG-DTA on this  powder is presented in figure 4.18.  

Figure 4.18  TGA and DTA analysis of titanate powders

Thermal degradation of titanate powders can be mainly associated with loss of the layered 

structure due to decomposition of intercalated AH molecules.  

The broad band at 3400 cm-1 can be assigned to OH vibration of adsorbed water molecules. 

Weight loss continues up to about 600°C and a strong exothermic peak is observed at 

570°C.  The final weight loss is about 30%. Degradations temperatures are higher than 

those for TMA derived titanates (see next section), as observed by Ohya et al. [22] for 

titanates from triethylamine. This behavior suggests an enhanced stability of this titanate 

with respect to titanates from TMA where thermal decomposition ended at temperature 

lower than 500°C. This can be explained by the fact that AH is not a sufficiently strong 

base to undergo a second acid-base reaction in the synthesis pathway presented in section 

4.2.2. This material is most likely composed of hydrogen alkylammine titanate of the type 

[RnH4-nN]+ [HTimO2m+1]
-. The interaction between the titanate layers can be argued to be 
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enhanced by the presence of hydrogen through, for example, hydrogen bonding [22]. This 

can in turn lead to higher thermal stability of the titanate where higher temperatures are 

required to remove AH from the structure. Furthermore, the hydroxyl group in the AH

molecule may take part in such interactions mechanisms. 

As described in the experimental section, the titanates were flocculated by adding acetone, 

centrifuged and redispersed in methanol. A clear colloidal solution was then obtained after 

applying vacuum. This can be explained considering that under vacuum the quantity of 

acetone still remaining after the precipitation procedure is removed. Since acetone acts as a 

non-solvent, its removal allows for colloidal stability to be achieved again. 

The clear solution obtained in this way can be further diluted with methanol maintaining 

good colloidal stability. In this state titanate layers are most probably to be exfoliated, 

since most titanate layers appear as single sheets in TEM images or as two or three layers 

stacks. 

The UV-Vis spectrum presented in figure 4.19 for titanate in methanol shows a significant 

blue-shift of the absorption edge with respect to bulk titania, in agreement with quantum 

confinement due to extremely small thickness of the layers. An absorption onset of 3.68 eV 

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

Figure 4.19  UV-Vis spectrum of AH-Ti titanate in methanol (A) and estimation of absorption onset of 
titanate layers in solution (B)

A B
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4.3.3  Layered titanates from Tetramethylammonium hydroxide (TMA-Ti) 

4.3.3.1 Synthesis 

Layered titanates were synthesized from ethylene glycol (EG), Titanium tetraisopropoxide 

(Ti(OPri)4), water and Tetramethyammonium hydroxide (TMA). The relative amount of the 

reagents was varied as summarized in table 4.4, in order to study the influence of solution 

composition on the final product. The final volume of the resulting solution was kept equal 

to 15 ml. 

 [TI] (M) 
[TMA]/[Ti] 
(mol/mol) 

[H 2O]/[Ti] 
(mol/mol) 

c1 0,2 0,75 100 

c2 0,2 1,5 100 

c3 0,2 3 100 

c4 0,4 0,75 50 

c5 0,8 0,75 25 

Table 4.4  Compositions tested in TMA-Ti synthesis

The procedure is analogue to that described for AH-Ti. 

EG was heated with an heating mantle in a 50 ml three necked flask fitted with a refluxing 

condenser at 60°C under vacuum (3mbar) for 20 minutes. Subsequently the temperature 

was raised to 110°C after switching to nitrogen flow using conventional Schlenk line 

setup. Ti(OPri)4 was then injected with a syringe and the solution turned immediately 

opaque. A second injection consisting in Tetramethylammonium hydroxide dissolved in 

water was quickly performed and an optically clear solution was obtained within few 

seconds. The synthesis was carried on at 110°C . The reaction time was held constant to 8 

hours when compositional parameters were varied, while we tested the effect of heating 

time from 30 minutes to 8 hours only on compositionc5. 

Finally, the product were collected by centrifugation at 4000 rpm for 4 minutes after 

inducing flocculation with acetone. 

The so obtained precipitate was washed two times with acetone and two times with 

methanol and dried under vacuum. 
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The  powders was subsequently used for XRD,TEM, FT-IR, FT-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 product obtained from composition c5 after 

four hours of reaction time and it is representative of the material synthesized in this work. 

The XRD patterns do not belong to typical titanium dioxide phases (anatase, rutile or 

brookite). In particular, strong diffraction peaks in the low angle region are seen, 

suggesting for a layered structure analogue to those reported in [22] and described in 

section 4.2.2.  

Figure 4.20  XRD pattern of powders obtained from recipe c5, 4 hours heating time. A magnification in 
the wider diffraction angle range is shown in the inset. Diffraction angles and deduced interplanar distance 
from Bragg relationship are reported in the table 

The obtained layered titanates have an interlayer distance of 1.14 nm, as deduced from 

diffraction peak position and confirmed by TEM analyses shown in figure 4.21. 

TEM analyses were done on the dried powder prepared as for XRD data, previously 

suspended in methanol (without achieving colloidal stability) and deposited on a copper 

grid. 

2θθθθ (deg) D (nm)
7.7 1.14 
15.5 0.57 
23.9 0.37 
26.3 0.34 
30.6 0.29 
34.1 0.26 
38.4 0.23 
44.2 0.20 
48.4 0.18 
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DL 

DN 

Titanate layer 

TMA+

H2O

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

A layered structure is clearly seen. The interlayer distance is estimated to be around 1 nm. 

Domains with a number of 6-8 stacked layers are seen, each having a mean lateral 

dimension of about 5 nm. 

HR-TEM in figure 4.21C shows periodicities attributable to single layer 2-D crystal 

arrangement. 

The particular structure assumed gives rise to the diffraction features at wider angles, even 

if the exact structure has not yet been determined. Thus we cannot assign specific index to 

XRD peaks. The peak observed at 7.7° corresponds to the interplanar distance which is 

A B 

C D 
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exactly two times that corresponding to the diffraction peak at 15.5°. They correspond to 

different orders of  diffraction from the same interlayer periodicity. 

XRD peaks corresponding to interlayer distance are broad,  implying that few layers are 

stacked in the powder state, coherently with TEM data. 

Powders derived from different synthesis conditions show the same diffraction pattern in 

terms of peak position (figure 4.22A), thus we focused our attention on the more 

concentrated solution to see the effect of heating time (figure 4.22B). 

Figure 4.22  XRD diffraction spectra for powders obtained from different composition (A) and different 
heating time for recipe c5 (B)

In table 4.5, the size of the nano-layered domain estimated with Scherrer formula using the 

peaks at 7.7 deg and at 48.4 deg are reported for all tested synthetic parameters, including 

composition and time. The former gives indications about the dimension perpendicularly to 

the layer (DN in figure 4.21D) and the number of stacked layers, while the latter gives 

information about the lateral extension (DL) of the titanate sheet. The peak at 48.4 deg is 

always present in the XRD pattern of layered titanates reported in the literature, 

independently on the particular structure assumed. It can be assigned [25,41] to the 

periodicity arising from the anatase-like arrangement of TiO6 octahedra that constitute the 

two-dimensional layer, as described in section 4.2.2. In fact, this diffraction peak is present 
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in the XRD pattern of anatase. Thus, even if we couldn’t solve yet the structure from XRD 

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

Recipe Synthetis parameters DN (7.7 deg) DL (48.4 deg)
c1 [Ti]0.2 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]0.4 M     [TMA]/ [Ti]0.75        8h 11.6 6.0 
c5 [Ti]0.8 M     [TMA]/ [Ti]0.75        8h 7.1 6.3 
c5   [Ti]0.8 M     [TMA]/ [Ti]0.75   30 min 6.8 3.3 
c5 [Ti]0.8 M     [TMA]/ [Ti]0.75        1h 4.8 5.4 
c5 [Ti]0.8 M     [TMA]/ [Ti]0.75        2h 6.8 5.7 
c5 [Ti]0.8 M     [TMA]/ [Ti]0.75        4h 8.6 5.5 

Table 4.5  Layered titanate domain characteristic dimensions DN and DL as defined in Figure 4.x7d for all 
employed synthetic conditions (synthetis parameters are reported for clarity)

Compositional parameters seem to have no effect on the number of stacked layers, while a 

trend is seen for the lateral extension. In particular, this becomes larger for compositions 

employing higher [TMA] and [Ti] concentration which results in increasing titanates 

formation and growing kinetics. Also increasing reaction time leads to wider sheets. 

The erratic behavior of the dimension relative to the interlayer distance is explained 

considering how the powders are obtained. In the initial colloidal state, before the 

precipitation procedure, nanosheets are, very likely, partially or completely exfoliated 

[25,36]. Once precipitated and dried, titanate nanosheets tend to stack in an ordered 

fashion. Thus, the number of stacked layers depends on the precipitation and drying 

procedures rather than on synthesis  parameters. 

In the  applications described in Chapter 5, titanates from recipe c5 with four hours heating 

time has been used since it is the most concentrated in titanium precursors and longer 

heating time does not produce significant changes in the diffraction pattern. For this reason 

we carried out TEM analysis and the measurements described in the following only on this 

sample. 

FT-IR spectrum (figure 4.23A) of the powder reveals the presence of water (adsorbed or in 

the interlayer space, band at 1655 cm-1 and 3400 cm-1) and TMA (1489 and 949 cm-1) 

which is most probably intercalated between the titanate layers [22]. 

FT-Raman (figure 4.23B) does not match with rutile or anatase structure, as expected, 

while pattern from peaks at  278 cm-1, 384 cm-1,  443 cm-1 and 663 cm-1  is analogue to 

that reported for other titanates [22,91]. Also in this spectrum TMA bands are detectable. 
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Figure 4.23  FT-IR (A) and FT-Raman (B) spectra of layered TMA-Ti titanates synthesized using recipe 
c5 with four hours of heating time

TG-DTA analysis in figure 4.24 shows two weight loss steps at about 330°C and 438°C, 

analogously to those reported for similar TMA intercalated titanates. These feature are 

likely due to TMA cations decomposition, associated with exothermic DTA peaks, with a 

final weight loss of about 20%. 

Figure 4.24  TG and DTA curve of layered TMA-Ti titanates synthesized using recipe c5 with four hours 
annealing time. 

Ethylene glycol is here used as solvent and allows for stable and high temperature 

synthesis condition. Furthermore, after Ti(OPri)4 injection, a titanium glycolate complex 
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forms as described in the previous section. This complex subsequently undergoes 

hydrolysis and reaction with TMA. This complex is likely to play a role during the 

synthesis. It can play an important role in the formation of the final structure since the 

interlayer distances obtained in this work are different from the 1.7 nm value reported in 

other works where TMA is used [22,80]. 

Using ethylene glycol along with water also allows for easy flocculation using small 

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

eliminating excess TMA. 

UV-Vis absorption properties of colloidal titanate nanolayers in water are shown in figure 

4.25. The colloidal solution was obtained dispersing the powder prepared as previously 

described in a aqueous solution containing TMA. This likely causes a complete or at least a 

partial exfoliation of layers resulting in an optically clear solution. 

  

Figure 4.25  UV-Vis absorption spectra for TMA-Ti colloidal solutions in water at different concentration 
in the 0.01-0.3 g/L (A) and estimation of absorption onset of titanate layers in solution (B) 

The absorption edge is in the UV region at about 330 nm, largely blue shifted with respect 

to anatase. A band gap value of 3.76 eV could be retrieve from UV-Vis absorption 

spectrum data using Eq. 4.1. 

Furthermore, at increasing dilution a peak at 245 nm appears, analogously to spectra 

obtained for other titanates by Sasaki et al. [42]. In that work, this peak was attribute to 

optical transition of quantum confined electronic states of the titanate single sheet. 

Thermal stability of this titanate has been assessed at different temperatures. XRD data are 

shown in figure 4.26 and reveal that the layered structure is maintained until 200°C, while 

it is lost at 300°C due to decomposition of TMA+ ions. At 400°C anatase structure is 

obtained whose crystalline domains became greater at 500°C. 

A B



109

Figure 4.26  XRD data for titanate powder heat treated at different temperatures for 1 hour in air 
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Chapter 5 

TiO 2 nanomaterials: Optical applications 

5.1 Introduction 

 Nanocomposite are a powerful tool for properly tune dielectric, optical and 

functional properties of the resulting material.  

TiO2 nanocomposites are interesting materials due to UV absorption properties and optical 

transparency. The high refractive index of titania can be used to prepare high refractive 

index films or variable refractive index materials by changing the titania to matrix ratio [1]. 

These materials have also been studied for non-linear optical applications [2]. In particular, 

third order effects have been evaluated and measurements of two-photon absorption 

coefficient and non-linear refractive index have been performed and their dependence upon 

particles crystallinity and concentration has been studied [3,4]. 

Titania-polymer nanocomposites have been applied in optical data storage since they 

enhance refractive index contrast upon application of modulated light intensity with 

respect to pure polymer [5].  

Thus, such materials allows for convenient engineering of linear and non-linear optical 

properties. 

 A lot of synthetic approaches are available in the literature for TiO2 embedding 

materials fabrication. 

They can be mainly divided in : 

a) in situ synthesis where TiO2 particles are synthesized in the preformed matrix or where 

the matrix is polymerized through organic or sol-gel reactions around the nanoparticles [6-

10] 

b) ex situ synthesis where the particles are synthesized in an independent reaction system 

and then introduced in the desired matrix material [11-16].  

In situ methods generally allows for good homogeneity of the materials if optimization of 

matrix/particle interface is tailored [9]. If a titanium alkoxide is used as precursor, it can be 

mixed with alcohol or water soluble polymers. Compatibility between the two phases can 



CHAPTER 5 - TiO2 nanomaterials: Optical applications

116

)]1(
4

3
exp[

4

3

0

−
−

=
m

pp

n

nxr

I

I

λ
φ

be promoted by introduction of silane groups in the polymer backbone [10]. This 

approache generally leads to amorphous inorganic domains which ca be made crystalline 

by subsequent material treatment such as thermal annealing in wet atmosphere or dipping 

in hot water [4, 17-19]. 

Homogeneity in ex-situ synthesis is harder to achieve, because of the inherent tendency 

toward agglomeration, thus surface chemistry and functionalization play a crucial role. 

On the other hand, this strategy is much more flexible since it allows more degrees of 

freedom on the choice of matrix and particles and synthesis of particles can be tailored to 

get the desired size, crystallinity and surface chemistry without any limitations imposed by 

polymerization reaction or solubility behavior of the matrix constituents. 

Post synthesis functionalization has been applied to water-born titania nanocrystals 

synthesized via hydrolytic methods in order to make them compatible with apolar matrix 

such as polystyrene [11] using sulfonic acid terminated ligands. Silane based ligands can 

also be used relying on Ti-O-Si bond formation. Glycidoxypropyltrimethosysilane has 

been used to impart a photopolymerisable moiety on TiO2 particle surface, allowing for 

photocurable materials with high refractive index [13]. A lot of more recent excellent 

example of silane functionalization have been applied to non-hydrolytic synthesis, where 

stable and transparent colloidal oxide sols in the desired solvent can be obtained [20] 

which can be further used for nanocomposites preparation [21]. 

 In order to have transparent composites, scattering from embedded particles has to 

be avoided. The loss of transparency due to scattering can be expressed by the following 

formula derived from the Mie theory [22]:  

Eq. 5.1 

which refers to spherical particles with radius r and refractive index np,, nm is the matrix 

refractive index, I and I0 are the intensity of the transmitted and incident light respectively, 

φp the volume fraction of the particles, λ the wavelength of light and x the optical path 

length. 

In the figure below, a plot of Eq.5.1 is shown for a matrix refractive index of 1.5, a 

particles volume fraction of 0.2 and increasing refractive index of the particles. 
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Figure 5.1  Plot of Eq. 5.1 for a matrix refractive index of 1.5, a particles volume fraction of 0.2 and 
increasing refractive index of the particles of 1.75 (a), 2 (b), 2 .5 (c), 3 (d), 4 (e)  (Source : Caseri [22]) 

Unless the refractive index of the particles is the same of the matrix, transparency losses 

due to scattering always exist, even if they are negligible for particles with diameter of 

about 20 nm in the case of a np value of 2.5 (curve c in Figure 5.1), which is the case of 

titania in the anatase structure. 

Thus, it appears very important to have highly homogeneously dispersed particles in the 

host material in order to avoid large aggregates that scatter light. 

As previously stated, refractive index can be tuned with particles volume fraction in the 

host matrix. The dielectric behavior of a composite material made of spherical particles 

embedded in a solid matrix can be analyzed through various models [23] such as Maxwell 

Garnett and Bruggeman. These are effective medium models valid if particles are 

sufficiently small to consider the resulting material homogeneous with respect to light 

interaction. 

Experimentally, refractive index is found to be linearly dependent on the volume fraction 

of the particles, at least for not extremely high volume fraction [24].  

 In the following, the synthesis of high refractive index nanocomposites obtained 

from anatase TiO2  particles and TMA-Ti titanates is described. Further, the obtainment of a 

multifunctional material both possessing high refractive index and luminescent properties 

is reported and applied for waveguide fabrication and LED encapsulation. 

Finally, the synthesized titania nanomaterials were used as matrix for gold particles to 

investigate optical gas sensing behavior and improve gold nanorods stability upon thermal 

treatment. 
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5.2 High refractive index films 

5.2.1 Fabrication of high refractive index and porous thin films fromTiO2 anatase particles    

4.2.1.1 Synthesis of nanocomposite films 

 Nanocomposite films where TiO2 NCs are embedded in an hybrid sol-gel matrix 

are produced by mixing a colloidal TiO2 NCs solution with the matrix precursors sol. 

The hybrid material was synthesized from 3-Glycidoxypropyltrimethoxysilane (GPTMS) 

and Titanium Tetraisopropoxyde (Ti(OPri)4) following synthetic strategies similar to those 

reported in [25]. 27 mmol of GPTMS was first hydrolyzed with a stoichiometric amount of 

water under vigorous stirring at ambient temperature for five hours. Then, 3 mmol of 

Ti(OPri)4 dissolved in methoxyethanol was added drop wise. 

The quantity of methoxyethanol was adjusted to give a final volume of 10 ml and thus a 

3M final alkoxides concentration. The solution was stirred at ambient temperature for 30 

minutes, refluxed for 1 hour at 80 °C, cooled to ambient temperature and finally three-fold 

diluted with methoxyethanol. 

 Nanocomposite and TiO2 films were made using particles obtained with recipe A 

with four hours reaction time (see chapter 4.3.1). TiO2 NCs were collected with the 

procedure described in section 4.3.1.1 using the minimum amount of acetone to have a 

precipitate. 

TiO2 particles obtained from 5 ml of as-synthesized solution were collected and dispersed 

again with 150 µl of methanol, obtaining a clear colloidal sol. This solution was then 

mixed with the hybrid sol-gel solution in different proportion in order to obtain five TiO2

NCs loading ranging from 20 wt% to 80 wt% with 15 wt% increasing step. These 

percentages were based on the weights of TiO2 particles and sol-gel solution measured 

after drying at 150°C in an oven. The obtained solutions were diluted with methoxyethanol 

and spun at 5000 rpm for 20 seconds under nitrogen atmosphere. 

Films consisting of pure TiO2 NCs were prepared by diluting the titania colloidal sol with 

ethanol and spun at 3000 rpm for 20 seconds under nitrogen atmosphere. The films were 

heat treated at 150 °C, 200 °C, 300 °C, 400 °C and 500 °C for one hour in air. 

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

 The matrix used to obtain nanocomposite films (GlyTi ) is an epoxy-based hybrid 

sol-gel system where Ti(OPri)4 is used to promote the organic polymerization of the epoxy 

group of GPTMS which should result in a polyethyleneoxide network interconnected to the  

inorganic network formed by hydrolysis and condensation of the metal alkoxide. 

FT-IR analysis (figure 5.2A) of the undoped hybrid sol-gel film showed no absorption 

band corresponding to C-H stretching of closed epoxy ring at 3060 –2995 cm-1, which can 

be correlated to epoxy polymerization [25]. Bands at about 3400-3300 cm-1, 2900-2800 

cm-1 and 1100 cm-1 can be assigned to O-H, C-H and Si-O-Si vibrations, respectively. 

  

Figure 5.2  FT-IR spectrum of GlyTi  hybrid matrix deposited on silicon substrate (A). A scheme of the 
alkoxide precursors of the hybrid material is also presented (B) 

The hybrid deposition containing 80%wt of TiO2 nanocrystals has been analyzed with 

cross section TEM. Dispersed TiO2 crystalline domains are seen in the HR-TEM image 

presented in figure 5.3a, while the STEM analysis reported in figure 5.3b shows a uniform 

composition of the film without TiO2 aggregation, which is necessary for optical 

transparency. 

In Figure 5.4 refractive index and extinction coefficient curves in the 300-1000 nm 

wavelength range are presented. Refractive index values (measured at 630 nm) can be 

easily tuned between 1.51 (pure matrix) up to almost 1.89, corresponding to the 80 %wt 

TiO2 loaded nanocomposite coating, while pure TiO2 film (100%wt TiO2 in figure 5.4) 

treated at 150 °C has a refractive index value of 1.93. 

Extinction coefficient values are almost zero in the 450-800 nm range, implying a good 

transparency in the visible while the absorption is increasing in the UV range with the 

increasing TiO2 content. 

A B

GPTMS 

Ti(IsPrOH) 4 
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Figure 5.3  Cross-section HR-TEM image (a) and STEM image (b) of 80 wt% TiO2 loaded composite 
film.  

Using a TiO2 density of 3.84 Kg/m3 [26] and a density of 1.24 Kg/m3 for the hybrid matrix, 

estimated with Archimedean method, it is possible to convert weight fractions to volume 

fractions. The experimental refractive index values show a linear relation with TiO2

volume fraction incorporated in the material. This behavior has been observed also in 

previous publications [6, 21, 22]. However, extrapolation from the obtained linear fit for a 

100% titania gives a refractive index value of about 2.19, which is much lower than  

reported values for anatase, i.e. 2.493-2.554 [19]. Possible explanations may include the 

presence of amorphous TiO2 (which has lower refractive index) or lower refractive index 

values for nanometric TiO2 with respect to bulk material, as observed for PbS

nanoparticles [24].  

More likely, porosity has to be considered as a third phase in our depositions, where matrix 

material is not able to fill the voids completely. This causes the refractive index values to 

be lower than those for porosity-free samples, thus lowering the extrapolated values for 

pure TiO2. In the pure TiO2 film heat treated at 150 °C, where voids among particles are 

not filled with any matrix, the refractive index is much lower than the literature value for 

anatase, suggesting  for high porosity of this film. 

Since porous deposition of crystalline TiO2 can be interesting in different application area, 

the effect of thermal treatment on the structure of this film has been investigated. 

Si

surface

100 nm

T5 film

(a)(a) (b)(b)

175±10 nm

Si

surface

100 nm100 nm

T5 film

(a)(a) (b)(b)
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Figure 5.4  Refractive index n (A) and extinction coefficient k (B) dispersion curves of TiO2-
doped and undoped films. (C) Experimental refractive index values at 630 nm plotted versus TiO2

volume fraction and TiO2 weight fraction.  

Refractive index values and film thickness of pure TiO2 NCs films annealed at different 

temperatures are reported in Table 5.1. The most pronounced enhancement in refractive 

index is obtained by annealing the film at 500 °C and film thickness consistently decreases 

for heat treatments at temperatures above 200 °C. 

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

the following relationship derived from the Bruggeman model for the effective medium 

[27]: 
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where n TiO2  is the refractive index of fully densified TiO2, here assumed to be 2.52, and n 

the experimental refractive index of the film. Porosity remains quite high up to 400 °C, 

while at  500 °C it is drastically reduced (see table 5.1). 

Table 5.1  Refractive index values, thicknesses and estimated porosity of TiO2 NCs thin films 
under different thermal treatment temperatures

This behavior can be correlated to that observed for the evolution of TiO2 NCs powders 

previously described in section 4.3.1, where a more pronounced increase in mean 

crystallite size was observed between 400 °C and 500 °C. Thus, it is likely that porosity 

decreases with temperature due to coarsening and sintering of the particles leading to 

progressive densification. These processes seems to be enhanced above 400 °C. 

SEM micrographs of pure TiO2 NCs films (see figure 5.5) shows that film annealed at 150 

°C are highly porous (figure 5.5A), while films annealed at 500 °C are much more 

densified (figure 5.5B). 

Figure 5.5  SEM micrograph of TiO2 NCs film annealed at 150 °C (A) and 500 °C (B)

Refractive index 
(@630 nm) 

Film thickness 
(nm) 

Porosity 
(% vol) 

150°C       1 . 9 2         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 

A B 
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In figure 5.6A and B refractive index and extinction coefficient are reported, while in 

Figure 5.6C XRD diffraction pattern with grazing angle technique are shown for TiO2 NCs 

depositions on silicon substrate treated above 300 °C. At lower annealing temperatures of 

150 °C and 200 °C,  XRD signal could not be detected from TiO2NC’s films. Since 

starting material is crystalline, as proved from XRD on powders, it is likely that the signal 

from the thin film is too weak due to small crystal size and small film thickness. XRD of 

TiO2 NCs powders could instead be detected due to higher TiO2 volume fraction present in 

the X ray radiation penetration volume. The XRD patterns of films annealed at higher 

temperatures belong to the anatase structure and narrowing of XRD peaks is seen due to 

increasing TiO2 NCs size, as observed for titania powders. 

  

Figure 5.6  Refractive index (A), extinction coefficient (B) curves and XRD diffraction spectra (C) for 
TiO2 NCs depositions treated at different temperatures 

Extinction coefficients in the UV region increase with increasing annealing temperature. 

This effect is related to the increasing densification of the material, so that the measured 

effective extinction coefficient is progressively raised up due to higher TiO2 volume 
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fraction (i.e. reduced porosity) in the film. This can be easily seen from Eq. 5.3 and Eq. 5.4 

expressing the effective refractive index and extinction coefficient of a two phase system 

derived from a Volume Averaging Theory [23]. 

Eq. 5.3 

Eq. 5.4 

where ))(1()( 2222
ccdd knknA −−+−= φφ  , ccdd knknB )1(22 φφ −+= , n is the refractive 

index, k is the extinction coefficient. Subscripts “c” and “d” refer to the continuous phase 

(i.e. the matrix) and the dispersed phase (i.e. the inclusions) respectively, while “eff” 

designates the optical constants of the overall resulting material with a volume fraction 

φ of the dispersed phase. 

These relationships were found to be in good agreement with numerical simulations of 

porous structures to a better extent than other frequently used models [23]. From Eqs. 5.3 

and 5.4 it is apparent that not only the refractive index is modified upon variation of the 

relative volume fraction of the constituent phases, but also the extinction coefficient is 

obviously affected. 

Another possible reason of this behavior can be related to the different band gap due to 

different particle size (quantum size effect), which was shown to increase with annealing 

temperature (see section 4.3.1). In this case, pristine particles have a band gap almost equal 

to bulk TiO2 (see section 4.3.1). Particles annealed at higher temperatures are bigger, thus 

band gap should remain unchanged. The observe k behavior is thus most likely to be 

entirely explained with the structural evolution of the deposition. 

 The method described in this thesis gives the possibility to obtain highly porous 

nanocrystalline titania coatings at temperatures below 400°C, while keeping the particles in 

a very small size range necessary for large surface area. This allows for  films with good 

optical quality,  transparency and porosity which is particularly interesting for a great 

variety of applications including gas sensing, catalysis and incorporation of other types of 

nanoparticles or organic molecules. 

][
2
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5.2.2 High refractive index thin films from Tetramethylammonium hydroxide derived 
titanates (TMA-Ti) 

5.2.2.1 Titanate film synthesis and modification and Distributed Bragg Reflector 
fabrication 

The powders obtained as described in section 4.3.3 was first dispersed in water with a TMA

concentration of 0.03M obtaining a clear colloidal solution with a titanate concentration of 

200 g/L. To improve film quality under spin casting this solution was twofold diluted with 

methanol and spun at 3000 pm for 20 seconds on quartz and silicon substrates for 

ellipsometry and FT-IR measurement respectively. 

These films were first stabilized at 100°C for 30 minutes and then treated at 200 °C, 300 

°C, 400 °C and 500 °C or exposed to UV radiation for 0.625, 1.25, 2.5, 5, 12.5 and 15 

minutes. These depositions will be referred to as 200, 300, 400, 500 for thermally treated 

samples and 35’’UV , 75’’UV , 2.5’UV, 5’UV , 12.5’UV and 15’UV for  UV treated 

samples. Finally also combined thermal and UV treatments were investigated. For 

example, 15’UV + 200 refers to a treatment where the deposition is first UV treated for 15 

minutes and then heated at 200°C temperature for one hour. If the time of thermal 

treatment is varied, it will indicated in minutes before in the sample name.

UV irradiation was performed with a mercury-xenon lamp (Hamamatsu LC6) with a an 

intensity estimated to be 460mW/cm2 at 365 nm. UV light relevant in this application is 

that emitted at 250 nm, where the employed lamp has an emission band. If a 0.15 ratio is 

assumed between the band at 250 nm and that at 365 nm (as inferred from spectral 

radiance provided by the lamp’s supplier), an intensity emission at 250 nm of about 

70mW/cm2 can be estimated. 

The obtained depositions were investigated with XRD, spectroscopic ellipsometry and FT-

IR spectroscopy. 

The photocatalytic properties of titanate depositions annealed at different temperatures on 

silicon substrates were investigated with the stearic acid method [41]. Stearic acid was 

dissolved in methanol and spun on the titanate films. The films were exposed at UV 

radiation and  FT-IR measurements were carried out every 1minute of irradiation. 

Furthermore, the solubility of the titanate films in aqueous 0.001M, 0.01M and 0.1M 

Tetramethylammonium hydroxide solutions and pure water of TiO2 films was tested for a 

dipping time of 60 seconds. 
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In order to investigate the ion-exchange properties of such titanates, films previously 

stabilized at 100°C for 30 minutes were dipped in a 0,75 M of copper chloride or silver 

nitrate solution in methanol for 24 hours. These depositions were rinsed with water and 

analyzed with XRD before and after baking at 200 °C for one hour. Depositions prior to 

and after heating will be referred to as Cu and Cu 200 for copper exchanged samples, Ag

and Ag 200 for silver exchanged films respectively. 

Cu 200 and Ag 200 were also analyzed through spectroscopic ellipsometry. 

Composite films were realized by mixing the titanate colloidal solution with 

polyvinilpirrolidone previously dissolved in methanol. Composite films with 20%wt, 

50%wt and 80%wt of titanates were realized and spun on quartz substrates. 

Since the above-described treatments of the titanates lead  to high refractive index films, 

we employed these processing conditions for Distributed Bragg Reflectors (DBR) 

fabrication. 

DBRs are structures consisting of an alternating deposition sequence of two materials with 

different optical constants. The most common design is based on layers with thickness 

equal to one quarter of the wavelength for which the mirror is designed to have the 

maximum reflectivity. The maximum reflectivity and width of the reflection stopband (i.e. 

the wavelength range where reflectivity is high) increase with the refractive index 

difference of the employed materials. 

Bragg gratings designed for highest reflectivity at 620 nm were realized on quartz 

substrates by spin coating titanate and silica films with a quarter wavelength thickness 

calculated through the following relationship : 

where t if the film thickness, λ  is the maximum reflectivity wavelength in vacuum and n is 

the refractive index value of the film. 

Silica sol was obtained from standard sol-gel processing of Tetraethoxysilane following 

the method described in [28]. Spin coating conditions for obtainments of the target film 

thicknesses were optimized by ellipsometry measurements of the thickness prior to Bragg 

grating fabrication. 

Two strategies were adopted for grating fabrication. The first, grating 500, consists in 

thermal  treatment of each layer at 500 °C for 15 minutes, while the second, grating UV, 

involves a treatment at 200 °C for 5 minutes which followed a 5 minute UV irradiation  

(5’UV+5’200) 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, interlayer distance estimated from XRD data and 

solubility behavior  under all processing conditions employed in this work are reported. 

Sample 
Refractive 

index 

Thickness 
contraction 

(%) 

D 
(nm) H2O

0,001 
M 

TMA 

0,01 
M 

TMA 

0,1 M 
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 - - 

5’ 2.01 38 0.93 no yes - - 

7.5’ 2,04 42 0.93 no no yes - 

10’ 2,04 41 0.92 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 contraction, interlayer distance 
calculated from Bragg relationship using diffraction peak position from XRD analysis 
(λ=2dsinθ ), and solubility in aqueous solutions with increasing TMA concentration for all 
employed titanate film modifications (yes=soluble, no=not soluble, -=not evaluate).
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For thermally treated samples, the same structural evolution of TiO2 powders is observed 

with increasing temperature. Figure 5.7A shows the XRD pattern of titanates films 

annealed at different temperatures. 

Figure 5.7  XRD pattern (A) and FT-IR spectra (B) for titanate depositions annealed at different 
temperatures. (C) XRD data for titanate film on silicon substrate and the same material in powder form heat 
treated at 500°C. (D) Schematic showing  the suggested deposition structure 

Peaks at 7.7 deg and 15.4 deg related to interlayer distances are observed in 200 while 

peaks at wider diffraction angles are not detectable, suggesting for an orientation of titanate 

sheets parallel to the substrate. From peak’s linewidth, a mean dimension of 3.9 nm can be 

assigned to the domains at normal direction to layer’s plane using Scherrer equation. The 

number of stacked layers is thus approximately equal to 3 or 4, less than values obtained 

for the same material in the powder condition (section 4.3.3). The peak width can also be 

related to the degree of structural order. Thus, for the same number of stacking layers, 

XRD peak relative to interlayer diffraction gets wider if, for example, interlayer distances 

D 
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are spread over a range of values [33]. Thus, titanate layers in the deposition are stacked 

with a minor number or in a less ordered fashion.  

If we assume that the starting titanates solution consists of titanate nanosheets with an high 

degree of exfoliation, we can argue that such nanosheets restack during the drying stage of 

the coating process. Thus, the fast evaporation experienced during spin coating do not 

allow for titanate stack with long range order. On the other hand, the restacking rate during 

the process used to obtained the powders is likely to be slower leading to a slightly higher 

number of stacked layers. 

Even if we have no characterization of the state of titanate layers in the colloidal solution, 

the dependence of the stacked state on material processing point out a scenario where 

titanate layers exist in a highly exfoliated state [29]. 

When this solution is spun over the substrate, the liquid flow established during spinning 

can give an orientation to these layers, which restack again upon solvent evaporation to 

give the low-angle diffraction peaks observed in XRD spectra of thin films. 

This orientation seems to influence the formation of anatase structure in 400 and 500 

samples, resulting in a preferred orientation. In fact, the diffraction peak at 25.3° was much 

more intense with respect to other peaks if compared to the same material at the same 

treatment temperature analyzed in the randomly oriented powder state (Figure 5.7C).  

Elimination of organic matter such as TMA+  at elevated temperatures is evident from FT-

IR shown in figure 5.7B. The decomposition of the organic cations also led to 

destabilization of the layered structure, which disappear at 300 °C. 

Elimination of organic matter along with crystallization and densification leads to high 

refractive index values as high as 2.31 in the visible range (see table 5.2).  

A qualitative appreciation of film densification can be gained looking to the film thickness 

contraction (final thickness/100 sample thickness %) also reported in table5.2. This is seen 

to increase after thermal treatment at 200 °C caused by evaporation of residual solvent 

retained after the initial stabilization at 100 °C. Annealing at higher temperatures leads to 

increasing thickness contraction. 

These data also suggest that an ordered structure such as that represented by titanate sheets 

favors better densification and crystallization of the material. This leads to higher 

refractive indexes and lower crystallization temperature if compared to titania films 

prepared from other conventional sol-gel routes or to the previously described TiO2 NCs 

films, whose inherent porosity limits the refractive index value at around 2.2 after thermal 

treatment at 500°C. 
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 Layered titanates have been investigated  for their photocatalytic activity resulting 

in decomposition of organic matter. This capability has also been exploited to decompose 

intercalated organic material allowing for material densification, enhanced hardness and 

refractive index [30,31]. 

We studied these properties for the titanates here reported looking at their photocatalytic 

behavior by the stearic acid method as described in the experimental. 

The disappearance from FT-IR spectra of the C-H bonds in the 2750-3000 cm-1 range of 

stearic acid deposited on 200, 300, 400, 500 films was monitored every 60 seconds of UV 

irradiation time at room temperature. The results are shown in figure 5.8, where the areas 

under the C-H bands normalized to the their initial values are shown. It is apparent that

200, 400 and 500 samples shows comparable photocatalytic behavior, while 300 sample

shows a strong decrease of stearic acid degradation. 

Figure 5.8  Evolution of normalized area under C-H vibration of stearic acid deposited on titanate films 
heat treated at different temperature versus UV irradiation time in a photocatalytic test   

Layered titanates (sample 200) shows photocatalytic activity similar to anatase samples, 

even if a suitable comparison should take into consideration also inherent surface area of 

the material. Loss of crystallinity and arising of structural defects are, most likely, to be 

responsible of the diminished catalytic behavior of the 300 sample. 

The possibility of decomposing organic matter under UV irradiation has been exploited for 

titanate film modification [31], since elimination of the intercalated tetramethyl ammonium 

caion is possible. 

The effect of combined thermal and UV treatment has been thoroughly studied on the 

material described in this thesis. 

Refractive index and XRD evolution has been first followed with increasing UV irradiation 

time (see table 5.2 and figure 5.9A). Broadening of the main diffraction peak is observed 
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after 75’’ irradiation time along with a continuous shift toward higher diffraction angles 

which corresponds to diminishing interlayer distances  (reported in Table 5.2).  This 

behavior is kept till 5 minutes of irradiation time and a constant value of interlayer distance 

is then reached. The shift of XRD peaks is correlated with the disappearance of TMA from 

the FT-IR spectra shown in figure 5.9B. 

From a structural point of view, UV irradiation results in loss of coherency or order of the 

layer stacking sequence due to decomposition of the organic cation which is necessary for 

the stabilization of the layered structure. This can be inferred by XRD peak broadening, as 

simulated for similar systems by Sasaki et al. [33]. The decomposition of intercalated 

compounds obviously results also in a decreased interlayer distance to an almost constant 

value of 0.92-0.94 nm, similar to that reported for analogue UV irradiated layered titanates  

in ref. [30,31].  

It is likely that small cations fragments like NH4
+ and H+(H3O

+) ions are left after the 

decomposition process as as they  keep charge neutrality [31].  

The UV treated film is not readily soluble in water (see Table 5.2), while it can be 

exfoliated and  colloidaly dispersed in aqueous solution containing TMA. This is a 

behavior ha been found also for a protonic titanate [31] which have a denser and more 

stable structure than TMA intercalated compounds. 

Figure 5.9  XRD (A) and FT-IR (B) spectra for titanate films on silicon substrate UV-treated for different 
irradiation time. IR peaks labeled with * are assigned to TMA vibration. 

Refractive index values show a quite steep increase up to 7.5 minute irradiation time at 

which a constant value is reached (see table 5.2). Refractive index is slightly enhanced 
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with respect to pristine layered titanate films heat treated at 200 °C because of the higher 

degree of densification as evidenced from contraction of interlayer distance. 

The structure assumed after UV treatment is not the stable one, since we realized that if 

subsequent thermal treatment is applied, a further interlayer contraction is obtained, 

reaching an interlayer spacing of almost 0.7 nm  which approaches that of dried FeOOH 

lepidocrocite structure (0.66 nm) without any interlayer guests [32]. This  suggests an 

almost complete contraction of the layers likely due to removal of the H3O
+ or other small 

molecules present as interlayer hosts produced by the previous UV treatment. 

Very interestingly, these films could not be dissolved in highly concentrated TMA aqueous 

solutions analogously to those synthesized at higher temperatures, further confirming the 

obtainment of a different and more compact structure. 

 It has to be noticed that after thermal annealing, only broad peaks are seen indicating 

almost complete disappearance of order in the stacking sequence. Thus, at this point the 

most probable situation consists of incoherently closely packed titanate layers with a 

preferential orientation parallel to the substrate.

XRD pattern of samples irradiated 15 minutes before heat treatment are shown in figure 

5.10, in comparison with the patterns of thermally treated and UV treated samples. In the 

same figure a scheme of the possible layer titanate film evolution is  presented. 

  

Figure 5.10  XRD patterns of titanate films after combined thermal and UV treatment.(A); Schematic 
representation of suggested structural modification obtained after UV and thermal treatment. (B) 

B 
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Refractive index values largely increase with such thermal treatment after UV irradiation, 

reaching values as high as 2.28 at 200°C, very similar to values obtained with heat-

treatments at much higher temperatures.  

If the samples are UV irradiated before thermal treatment, much higher refractive index 

values can be obtained with respect to only thermally treated samples. This effect is 

evident in the case of samples treated at 200 °C and 300 °C, where previous elimination 

through UV light of TMA cations allows for enhanced contraction of the layers leading to 

higher densification and refractive index. This is evident also from thickness contraction 

which is much higher in the case of samples treated with UV irradiation (see table 5.2). 

At 400 °C and 500 °C the structure is determined by the crystallization of a new phase, i.e. 

anatase. Thus, in this case UV treatment seems to have much less effect on refractive 

index. 

Since we were interested in producing high refractive index depositions, we further  

investigated these procedures in order to find the minimum UV exposure and heat 

treatment time to achieve high refractive index values. 

Thus, one hour of heating time at 200 °C was applied to 2.5’UV, 5’UV , 10’UV and 15’UV 

samples. XRD data  and refractive index values are shown in figure 5.11. It is evident that 

almost 5 minutes of UV irradiation are needed to get almost the ultimate refractive index 

value, while slightly longer time is necessary to achieve the final structure which still 

retains pristine interlayer distances. This is most likely due to non uniform irradiation over 

the whole thickness of the film. Higher irradiation time is needed to get uniform structure. 

Figure 5.11  XRD patterns (A)  and refractive index at 630 nm (B) of titanate films treated under different 
UV radiation times and subsequently annealed at 200°C for one hour. 
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Analogously, for 15’UV depositions, it has been verified that a post-thermal treatment of  

five minutes at 200°C is sufficient to obtain complete shrinkage of interlayer distances and 

the highest refractive index, as shown in the figure 5.12. 

Figure 5.12  XRD patterns (A) and refractive index at 630 nm (B) of titanate films treated under UV 
radiation for 15 minutes time and subsequently annealed at 200°C for different times. 

In conclusion, a treatment consisting of five minutes UV irradiation time followed by five 

minutes at 200°C (5’UV+5’200 sample) was verified to be sufficient to obtain a material 

with a refractive index as high as 2.26 (see table 5.2), almost equal to the 15’UV+200

sample, even if complete titanate layer contraction is not achieved. 

 Ion exchange with copper and silver ions has also been used to induce 

modifications of titanate thin films. XRD data for ion exchanged films are shown in figure 

5.13, with corresponding FT-IR spectra.. These data refers to as-exchanged (Cu and Ag) 

and further thermally treated samples (Cu200 and Ag200). 

In the case of copper exchanged films, the diffraction peak of Cu deposition is consistently 

shifted with respect to 200 sample (also reported as reference in the figure). This suggests 

the exchange between bulky TMA ions and Cu ions resulting in interlayer distance 

contraction, even if compositional analyses should be performed to confirm this 

hypothesis. In ref [34], ammonium cations were successfully exchanged with Ni ions, 

while other cations (Cs+, K+) were found not to maintain the layered structure. Furthermore 

the Ni exchanged material was stable untill very high temperatures. 

In our case, thermal annealing results in further contraction and consistent loss of order as 

deduced from line broadening, revealing the instability of this structure. 
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Silver doesn’t allow for layered structure stability even before heat treatment. Such films 

do not show any diffraction peak at low angles. These films looked colored, due to silver 

reduction and metallic particles formation responsible for the surface plasmon absorption 

in the visible. 

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

Refractive index is largely enhanced in both cases, even if transparency in the visible is 

lost in silver containing depositions. 

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

This suggests for another low temperature alternative for high refractive index obtainment. 

 Refractive index and extinction coefficient curves are reported in figure 5.14 for 

selected samples described in this section. 

Figure 5.14  Refractive index (A) and extinction coefficient curves (B) of samples processed under 
selected treatments. 
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It can be seen that procedures employing UV light allow to achieve refractive index values 

approaching those of 500 samples, and treatment of 5’UV+5’200 samples give almost the 

same optical properties than 15’UV+60’200 samples. Also Cu 200 sample shows 

refractive index enhancement and very good transparency, suggesting.

Extinction coefficients increase in the UV range with thermal annealing, UV and ion-

exchange densifying treatments. In this case, the effect can be both related to the film 

densification and the variation of crystal structure. In fact, depositions still possessing a 

lamellar structure have higher band gap energy (see section 4.3.3) than those with the 

anatase structure as for materials annealed at 500 °C. Thus the absorption behavior cannot 

be completely attributed to structural or morphological evolution, but also to variation of 

material’s electronic structure. 

 Finally, SEM morphological characterization of 200, 15’UV + 200, Cu 200, Ag 

200 samples are reported in the micrographs of figure 5.15 .Silver particles are clearly seen 

in the Ag 200 sample, while quite homogeneous depositions are obtained in the other 

samples. 

Figure 5.15  FEG-SEM micrographs for 200 (A), 15UV + 200 (B), Cu 200 (C) and Ag 200 (D) samples 

Particles seen in Cu 200 sample are likely due to residual copper chloride salt after water 

rinsing of the sample after the dipping stage 

A B 

C D 
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5.2.2.3  Layered Titanates applications 

 In this section, some applications of TMA-Ti layered titanate will be described. 

In particular, titanate nanocomposite films depositions using polivinypirrolidone (PVP) as 

matrix and Distributed Bragg Reflectors (DBR) are described. 

Nanocomposite films were prepared by simply mixing a colloidal solution of titanate with 

PVP previously dissolved in methanol. 

Different weight percentages of titanate in PVP have been realized by changing the relative 

amount of these solutions. Transparent materials have been obtained with 20%wt, 50%wt 

and 80%, with a refractive index of 1.57, 1.79, 1.89 respectively. This allows for a 

convenient and straightforward method for obtaining tunable refractive index materials. 

XRD of such composites (figure 5.16) shows similar features as those reported for 200

film, with peak intensity accordingly decreasing with increasing amount of PVP.  

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

 The employment of such materials in multilayer fabrication, such as Bragg 

gratings, is particularly convenient because high refractive indexes can be achieved at very 

low temperature. The main problem encountered in these structures deals with thermal 

stresses arising during temperature cycling between annealing and ambient temperatures. 

This in turn causes severe cracking and limitation in number of layers that can be deposited 

without defects formation, unless annealing schedule is found [35]. 

It has been shown that an annealing temperature of 500 °C is sufficient for satisfactory 

titanates treatment, leading to crystallization of the anatase.phase. DBRs without cracks 
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have been obtained by heat treating both silica and titanate layer at 500 °C . This will be 

referred to as grating 500. 

Analogues DBRs were conveniently fabricated applying five minutes of UV irradiation 

followed by five minutes of annealing at 200 °C as described in the experimental for the 

grating UV procedure. 

Both these procedures allowed for multilayer deposition up to ten silica/titanate doublets 

without appearance of cracking. 

Refractive index of silica layer was measured to be 1.44 for both type of annealing 

processes, while refractive index of titanate layers have already been discussed and are 

reported in table 5.2. From these refractive index values the thicknesses of the SiO2 and 

TiO2 layers are calculated as explained in the experimental section for a designed 

maximum reflectivity value at 620 nm wavelength. The obtained thickness values are 

about 108 nm for the SiO2 layer, 67 nm for titanate layer in grating 500 and 69 nm in 

grating UV. 

In figure 5.17 transmission spectra of gratings composed of six and ten silica/titanate 

doublets are shown for both treatments. Transmittance is lowered in a specific wavelength 

range (the stopband region) since reflectivity is enhanced near the wavelength for which 

the mirror is designed. 

Since thermal treatments at 500 °C lead to higher refractive index values, transmittance 

inside the stopband (i.e. high reflectivity wavelength region) is lower with respect to Bragg 

gratings with the same number of layers obtained with the UV treatment. In fact, higher 

differences in refractive indexes between the materials employed for grating fabrication 

lead to more efficient mirrors with higher reflectivity and wider stopband. 

Figure 5.17   Transmission spectra for grating 500 and grating UV
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Reflectance spectra measured on the ellipsometry instrument for different incident angles 

are shown in figure 5.18 for grating 500 and grating UV for 6 high/low index layer 

doublets. 

Figure 5.18  Measured reflectance spectra for Grating 500 and Grating UV  at different angles and 
ellipsometer software simulations of the same structure (0° reflection spectra is also reported in this case)

Due to physical limitation of the instrument, it was not possible to measure the reflectance 

at normal incidence. Reflection at 15° can nonetheless be taken as a good estimation of 

normal reflectivity, since this does not vary significantly in a small angle range around 

perpendicular direction. Simulations carried out with the software of the ellipsometry 

instrument (V-Wase32, J.A. Woolam Co., Inc.) using the measured optical constant values 

of titanate and silica film (for the same treatment conditions 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 were measured for grating 500 and grating 

UV consisting of 6 high/low index doublets respectively. The simulated value for 15° 

reflection at 620 nm are 0.99 and 0,98 for grating 500 and grating UV respectively. 

Measured values are lower than simulated ones. This is likely due partly to surface quality 

of the deposition, that must be improved in order to increase specular reflection, and partly 

to differences between target and obtained film thicknesses. The latter problem is enhanced 

in grating UV fabrication since several steps are included in the process (deposition, UV 

irradiation and thermal treatment), each of them can introduce experimental errors. In this 

case, experimental setup has to be improved to gain better reproducibility. 

The possibility of creating inorganic gratings at low temperature is particularly useful not 

only for defects minimization but also for optically active devices that involve materials 

that cannot sustain high temperature treatment. Utilization of these gratings for optical 

micro-cavity fabrication incorporating quantum dots is described in Chapter 6. 

 In conclusion, the change in solubility behavior induced by UV irradiation (see 

table 5.2) motivated some attempts in the UV patterning of TMA-Ti depositions. 

These experiments were performed by irradiating some depositions through a mask with a 

20 µm pitch and further thermal annealing at 200°C. Even if an optical contrast could be 

detected under optical microscope observation after this treatment, subsequent dipping in 

water or TMA aqueous solutions in order to remove the non-irradiated part did not result in 

a well developed morphological pattern.  

Since the patterning of titanate can result in high refractive index material surface structure 

or in crystalline titania by subsequent thermal treatment, with enormous interest for 

photonic applications, we believe that further research by improving setup conditions and 

changing the type of intercalated organic cations should be carried on. 

Analogue Electron Beam Lithography (EBL) patterning was 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 the same time are of interest in many 

technological fields.  

In this section, the use of a multifunctional material is described and exploited for planar 

waveguides and conformal coating fabrication. Such coatings have been applied to LED 

devices not only to impart proper packaging and protection but also novel functionalities. 

In particular, high refractive index, incorporation of optically active materials and proper 

attitude towards processing conditions have been considered in the synthesis of a novel 

material. 

The approach to introduce in the same material all the above-mentioned features is 

described in the following. 

First, we made use of the AH-Ti titanates described in section 4.3.1 as the high refractive 

index component. This material could be processed in alcohol media and resulted to be 

compatible with quantum dots, which were used as the optically active component. The 

resulting multifilled-composite (defined in this way since it incorporates different nano-

sized inclusions) was used for film deposition and luminescent optical waveguides. 

The use of this material to create coatings for LED devices is then described in section 

5.3.2. This application has been further developed with the employment of a hybrid sol-gel 

matrix giving better results. 

5.3.1 Multifunctional material from 6-amino-1-hexanhol derived titanates (AH-Ti) 

5.3.1.1 Synthesis

 In the following, the synthesis of nanocomposite depositions using alcohol soluble 

titanates (AH-Ti) embedded in polymer and hybrid sol-gel material is described 

Two materials were chosen as host for titanate nanosheets. The first is polyvinylpirroldone 

(PVP, 10000 average molecular weight), a polymer which was found to be highly 

compatible with titanates colloids. The polymer was dissolved in ethanol obtaining a 

solution with a concentration of 100 mg/ml which was used for composite fabrication. The 

second matrix is a material derived from the functionalization of polyethylene glycol (PEG

1000 molecular weight) with an equimolar amount of 3-isocyanatopropyl-



CHAPTER 5 - TiO2 nanomaterials: Optical applications

142

trimethoxysilane, here referred to as PEG-SiO2 . This is obtained through reaction between 

the hydroxyl group of PEG with isocyanate group of the silane molecule, as described in 

[36]. PEG is first melt at 60°C under vacuum and then mixed with 3-

isocyanatopropyltrimethoxysilane. The reaction is carried out at 80 °C for four hours. This 

material is then diluted with ethanol obtaining a solution with a concentration of 100 

mg/ml. 

In a typical composite fabrication, 2.5 ml of AH-Ti  as-synthesized solution were processed 

as described in section 4.3.2 to obtain about 0.4 ml of TiO2 solution in methanol.  

100 µl, 200 µl, and 400 µl of PVP or PEG-SiO2 solution were added to the titanates 

nanosheets solution corresponding to theoretical concentrations of 79%wt, 65%wt and 

48%wt of titanates respectively. These sols will be respectively labeled as PVP1, PVP2 or 

PVP3 when PVP is used as matrix, and PEG1, PEG2 and PEG3 if PEG-SiO2 is used. 

Finally all the solutions were diluted to 1 ml with ethanol and spun at 3000 rpm for 20 

seconds. These films were annealed at 100 °C, 200 °C and 300 °C for one hour in air. 

Titanate films were also obtained by spinning the AH-Ti colloidal solution with the same 

processing parameters and will referred as Ti . Spectroscopic ellipsometry and FT-IR 

analyses were carried out on films deposited on quartz and silicon substrate, respectively. 

 Quantum dots emitting at 610 nm were used for doping Ti and PEG2 depositions. 

These particles were of the Core@Shell type with the CSSS shell structure synthesized as 

described in section 3.4.2. 

Loading of QD’s was performed by mixing 100 µl of the matrix solution (Ti  or PEG2) 

with 300 µl of a colloidal solution of 6-amino-1-hexanol functionalized CdSe@ZnS in 

ethanol, obtained as described in section 6.3.1. The absorbance at first exciton peak of the 

10-fold diluted QDs solution used for doping was 0.5. An exact estimation of the QDs 

concentration is not possible since the extinction coefficient for these particle is not known. 

However, if the extinction coefficient of CdSe cores with the same first absorption peak 

position is assumed, a concentration of  1.7x10-5 mol/L can be estimated. 

PVP based materials were not doped with QDs since m-line measurements results were not 

satisfactory, as will be described in the next section. 

Four layers were realized by spinning the resulting solutions at 3000 rpm on quartz 

substrates and annealing each layer at 250 °C for five minutes in air. 

QD-doped and undoped Ti  and PEG2 depositions were tested with m-line technique to 

analyse waveguiding properties. 
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Nanoimprinting lithography was applied to the PEG2 material doped with QDs using a 

PDMS mould with 4 µm pitch and 110 nm features depth, which was applied to a film 

spun at 1000 rpm for 5 seconds immediately after deposition. The whole assembly was 

treated in an oven at 100°C for 30 minutes. After that, the mould was removed and the 

structure was further treated at 150°C for 30 minutes. 

5.3.1.2 Results and discussion 

 The reason for employing PVP or PEG-SiO2 as matrices is due to their good 

compatibility with the obtained AH-Ti material and to the plasticity of the final composite 

material necessary for the processing of defect-free structures. 

The use of PVP to improve processing of TiO2 based material has already been reported 

[37]. PEG-SiO2 has been adopted with the aim of taking advantage of the possible 

interactions between silica alkoxides and titanate resulting in functionalization with PEG 

molecules, contributing to suppress interactions between titanates nanosheets. 

FT-IR spectra of a PEG-SiO2 film (normalized to the CH band) showing the silane 

coupling between hydroxyl group of PEG and the isocyanate group of the organosilane 

forming the urethane group is shown in figure 5.19A. The resulting target molecule is 

depicted in figure 5.19B. 

Figure 5.19  FT-IR of a PEG-SiO2 film on silicon substrate before and after heating the PEG and organo-
silane mixture (A). Scheme of the target final silane functionalized polyethylene glycole (B) 

The OH band intensity diminishes while a band assignable to NH vibration belonging to 

the urethane group appears after the reaction.  

A B
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Figure 5.20 shows the FT-IR spectra of pure Ti  and PEG-SiO2 and PVP composite films 

annealed up to 300 °C.  

Figure 5.20  FT-IR spectra of  PEG2, PVP2 and Ti samples at different treating temperatures 

The FT-IR spectra of all films shows a broad absorption in the low wavenumber region 

which can be related to Ti-O bond vibrations. The presence of ethylene glycol molecules 

(C-O-C vibration in the 105-1150 cm-1 region [51]) are not seen in Ti  films, probably due 

to the low content and thickness of the analyzed film. Instead it was detected in the titanate 

powder (see section 4.2.2). 

In PEG2 sample bands in the 1050-1150 cm-1 region can be assigned to PEG molecule of 

the matrix [51]. Bands belonging to titanium glycolate complex are not clearly identified in 

our spectra. This can be due to the small absorbance of these bands in this films, even if 

complexation of some titanium site by ethylene glycol molecules cannot be excluded since 

this complex is known to be stable toward hydrolysis. The presence of ethylene glycol 

chelating titanium would be desirable to have stable materials with limited interactions 

between titanate sheets in order to reduce stiffness and improve stress-relief properties of 

the composite material during solvent evaporation involved in films or bulks fabrication. 

Analyzing the evolution of the FT-IR spectra of the heat-treated films (figure 5.20), it can 

be concluded that the films are stable up to 200 °C. In fact, at 300 °C the peaks in the 

2850-3000 cm-1 region (C-H vibrations), at 1050-1150 cm-1 (C-O-C bond of PEG [51]), at 
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around 1660 cm-1 (C=0 bond of PVP [52]) disappear due to thermal decomposition. 

Contributions of hydroxyl vibrations at 3000-3600 cm-1 are always present. 

The stability of titanate component was tested by TGA/DTA analysis as reported in 

Chapter 4, and it was found to be stable for temperatures below 300 °C. 

Bands assignable to Si-O-Ti bond (at 940 cm-1 [49]) could not be detected in the FT-IR 

spectra of PEG nanocomposite films. This can be due either to difficulty in observing 

these bands due to low absorption or too little (or not at all) reaction of the titanates with 

the siloxane network. The latter may result from the stability of the titanium sites or from 

unfavorable conditions employed in our procedure to promote silane coupling. 

Ti  deposition on silicon treated at 200°C was analyzed by XRD. The diffraction data are 

reported in figure 5.21 and shows the presence of a broad and weak peak in the low angle 

region supporting  the presence of a layered structure also in the deposition. 

Figure 5.21  XRD diffraction pattern of AH-Ti titanates deposited on a silicon substrate and annealed at 
200°C

The layered nature of this material can affect the structure of the deposition since titanate 

nanosheets can assume a preferential orientation parallel to the substrate when deposited 

by spin coating or dip coating, as already observed in previous works [34]. This is 

supported by the diffraction pattern shown in figure 5.21, since no peaks at wider 

diffraction angle are detected.  
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In table 5.3 the refractive indexes evaluated by spectroscopic ellipsometry for pure Ti  and 

composite films are reported for different compositions 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 1,64 - - 

200 1,83 1,81 1,74 1,65 1,76 1,74 1,64 1.81 1.72 

300 1,83 1,81 1,74 1,65 1,80 1,75 1,68 - - 

Table 5.3 Refractive index at 630 nm for Ti  and nanocomposite samples at different temperatures 

The refractive index increases with titanate content in the nanocomposite films achieving 

the maximum value of 1.83 for pure Ti  film. This value is much lower than crystalline 

TiO2 (n = 2.493-2.554 for anatase and n = 2.616-2.903 for rutile [26]) due to the presence 

of organic moieties such as 6-ammino-1-hexanol and ethylene glycol. In fact, the amount 

of organic matter has been measured to be roughly 32%wt from thermogravimetric 

analysis of the powders. 

Films without cracks with thicknesses up to few microns were obtained with PEG2 

composition by spin casting and annealing at 200 °C, showing the effectiveness of this 

synthetic approach. 

Ti , PEG2 and PVP2 films annealed at 200 °C with thicknesses (estimated from 

spectroscopic ellipsometry measurements) of 170, 240 and 260 nm respectively were 

characterized also with M-line technique in order to test the optical waveguiding 

behaviour. The small size of the employed nanostructured titanates is particularly useful 

for this application, since optical losses related to scattering should be minimized. These 

measurements are shown in figure 5.22 for TE polarization mode, where an optical mode is 

clearly seen for 543.5 nm, 632.6 nm and 1319 nm. PVP2 shows the broader features in the 

M-line measurements, suggesting stronger optical losses or higher surface roughness 

probably caused by an initial degradation of the matrix. It is likely that 200 °C is a too high 

temperature for this material. Measurements under TM polarization mode are analogue at 

543.5 nm and 632.6 nm, while no optical mode could be detected at 1319 nm. 
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Figure 5.22  M-line measurements in TE polarisation mode of Ti , PEG2 and PVP2 samples at different 
wavelengths 
  

 QD-doped waveguides were realised introducing CdSe@ZnS QDs in pure Ti  and 

PEG2 material. Since 6-amino-1-hexanol has been used as ligand for both titanates 

solutions and QDs, the solution comprising both components resulted to be very stable and 

could be used to obtain optically transparent materials without aggregates formations. 

In figure 5.23, m-line results for TE polarization are reported for QD doped Ti  and PEG2

with a thickness of 188 nm and 240 nm respectively (estimated from spectroscopic 

ellipsometry measurements). They show the presence of a waveguiding mode, even if they 

are less evident than undoped samples. 

Figure 5.23  M-line measurements in TE polarisation mode of QD loaded Ti  and PEG2 samples at 
different wavelengths 
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Refractive index and extinction coefficient curves measured with spectroscopic 

ellipsometry are reported in figure 5.24. QDs introduction leaves the refractive index 

almost unchanged with a refractive index value of 1.81 and 1.72 (at 630 nm) for QD 

loaded Ti  and PEG2 matrix respectively, while extinction coefficient is consistently raised 

below quantum dots absorption edge wavelength around 600 nm and steeply increases at 

about 330 nm due to titanate onset absorption. Exciton peak of quantum dots is not seen in 

the extinction coefficient curves due to low nanoparticles concentration. 

Figure 5.24 Refractive index and extinction coefficient curves for QD doped and undoped Ti  and PEG2
samples 

  

Table 5.4  Refractive index estimated by M-line measurements in TE and TM polarization mode. Film 
thicknesses reported in the table are estimated by spectroscopic ellipsometry measurements and used in the 
calculation of refractive index by modal propagation measurements. 

In table 5.4 the refractive indexes estimated from m-line measurements assuming the 

thicknesses found from the spectroscopic ellipsometry measurements are reported for 

different wavelengths and polarizations. It can be seen that they are in good agreement 

with the values measured by spectroscopic ellipsometry for TE polarization. In TM 

polarization, refractive indexes are significantly lower. This can be related to an 

anisotropic structure of the depositions caused by the orientation of titanate sheets parallel 

Ti Ti + QD PEG2 PEG2 + QD PVP2 

Film thickness (nm) 170 188 240 275 260 
n at 543.5 nm, TE 1.845 1.855 1.738 1.748 1.759 
n at 543.5 nm, TM 1.773 1.809 1.695 1.709 1.729 
n at 632.6 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 
n at 1319 nm, TE 1.783 1.773 1.694 1.677 1.709 
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to the substrate, as previously suggested. This can result in birefringence of the deposition 

explaining the observed different optical constants observed under different polarization 

mode. 

The UV-Vis absorption and photoluminescence spectra of QDs in solution are shown in 

figure 5.25. The PL peak position is 610 nm with a FWHM of 27 nm. The PL quantum 

yield of these NPs measured with respect with an organic standard was found to be 

approximately 23%. 

Figure 5.25  Absorption and PL measurements of the QDs dispersed in solution used for film doping

The possibility to obtain high refractive index at temperature as low as 200°C is beneficial 

for retaining the emission properties of QDs, which are otherwise degraded at higher 

temperatures [38]. PL emission from QD-loaded depositions is shown in figure 5.26. The 

PL peak position (608 nm and 604 nm for Ti  and PEG2 film, respectively) and the FWHM 

(29 nm and 30 nm for Ti  and PEG2 film, respectively) are only slightly different form 

those of QDs in solution, indicating that the developed synthesis is not affecting 

significantly the optical properties of the QDs. 
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Figure 5.26 PL measurements of Ti  and PEG2 films loaded with QDs 

 The possibility to process this material as thick films is related to the very good 

stress-relief behavior and plasticity of the developed nanocomposites that are capable of 

sustain stresses arising during film casting. This represents an improvement with respect to 

other TiO2 based materials for high refractive index applications 

For these reasons, PEG2 material doped with QDs has been tested in nanoimprinting 

lithography.. 

This technique consists in reproducing a surface pattern by embossing a deposition with a 

nanopatterned mould. Sufficient plasticity of the material to be embossed is required to 

achieve the desired surface pattern. 

AFM images in figure 5.27 demonstrate that the plasticity of the developed nanocomposite 

is suitable for pattern formation, even if the process can be optimized by minimization of 

shrinkage (due to solvent evaporation) and by application of an external pressure to favor 

better filling of the mould. In fact, the pattern is about 60nm high while mould’s one is 110 

nm. 

Figure 5.27  2D and pattern profile (left) and 3D detail (right) of AFM image of PEG2 doped with QDs 
film patterned by nanoimprinting lithography 



151

5.3.2 LED encapsulation 

 In this section, the above described materials are applied in a practical application 

consisting in encapsulation of LED devices. 

The aim of this work was both to improve light extraction from LED chip and to convert 

part of LED chip light output to white light production working on the encapsulating 

material.  

 Light extraction from the emitting LED chip is limited from internal reflection due 

to the high refractive index of the semiconductor material constituting  the LED chip. 

Thus, a consistent fraction of generated light remains trapped in the LED. 

To diminish this effect, a polymeric coating (refractive index around 1.5) is normally 

applied since the fraction of reflected light is diminished due to lower refractive index 

difference between LED material and the medium above the device. 

From results summarized in figure 5.30, it is concluded that the higher is the refractive 

index of the coating the higher is the light extraction. This effect is observed only if the 

shape of the coating is hemispherical, otherwise the effort in raising the refractive index is 

vanished if the coating has flatter shapes. Thus, also a correct coating shape is of great 

importance for maximizing light extraction. 

A scheme of the target structure is shown in figure 5.28 along and the parameters 

influencing light extraction for the red and blue emitting LED used in this work are 

summarized in figure 5.29. 

Figure 5.28 Schematic representation of the designed coating on LED 
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Figure 5.29  Light extraction dependence on coating refractive index and shape calculated from ray-
tracing simulation. Shape geometry “a” correspond to an hemisphere, while geometries “b” and “c” present 
increasing flatness  

It can be seen that in order to maximize light extraction a good hemispherical shape 

(geometry “a” in figure 5.29) is needed. In fact, flatter shapes (geometries “b” and “c” in 

figure 5.29) dramatically reduces the light extraction 

The problem of white light production has been dealt with the introduction in the coating 

of compounds able to down-convert part of the light emitted by the LED. In our case, QDs 

have been used due to their stability, continuous absorption above ban-gap energy and 

tunable emission color with particle dimension. Down-conversion has been applied to 

blue-emitting LED at about 450 nm. At this wavelength QDs efficiently absorbs radiation. 

Emission color of quantum dots should be in the 570-580 nm range (yellow light) in order 

to produce white light in combination with 450 nm radiation of LED. 

Finally, the employed material has to be transparent and possibly absorbs UV light for 

protection purposes. 

 Two techniques have been used to deposit the material on the LED. The first is 

based on a simple dispensing technique in which a controlled syringe deposits a droplet of 

material on LED top. By adjusting the syringe movement, it is possible to obtain an 

hemispherical coating. This technique need to process materials with quite high viscosity 

in order to obtain the correct droplet formation and to avoid swelling of the droplet once 

deposited. The so-obtained coating is then cured. 

The other technique is based on aerosol-deposition, using an aerosol printing technology 

(Aerosol Jet®) from Optomec Inc. The process consists in creating an aerosol of the desired 

solution within a carrier gas flow. Subsequently the aerosol is carried to the print head and 

focused inside the nozzle using a sheath gas (e.g. nitrogen). Aerosol Jet® offers the 

possibility to pattern the material in the 10-1000 µm dimensional range. 
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A schematic representation of the process is shown in Figure 5.30. 

Figure 5.30  Schematic representation of the employed aerosol printing technology 

The Aerosol Jet® requires solutions that have to be fluid enough to create an aerosol. 

While the aerosol-based technique requires the material to be in a solvent medium, a 

solvent-free material would be desirable for the dispensing technique. In fact, solvent 

evaporation leads to dramatic change of the coating shape and to drying stresses which 

leads to extensive cracking if the material becomes too stiff before evaporation is 

completed, limiting plasticity and stress-relief behavior. 

 One of the approach followed to create high refractive index materials has been 

based on the introduction of titania nanoparticles in the material. First attempts in this 

direction were accomplished using TiO2 anatase particles described in section 4.3.1 and 

5.2.1.  

Different epoxy based matrix similar to those described in section 5.2.1 were used as host 

matrices for these particles.  

In the dispensing technique, viscous solutions are required, so we were obliged to remove 

the solvent component under vacuum until the desired viscosity was obtained. 

Removal of solvent is also beneficial to minimize coating change effect and cracking 

during solvent evaporation. 

Since the cracking tendency increased with the amount of inorganic filler, we have taken 

into consideration this parameter by adjusting the concentration to give a refractive index 

of about 1.7.  

In order to minimize risks of cracking, a thermal curing profile was adopted, comprising 

two hours at ambient temperature, 1 hour at 60 °C, 1 hour at 80 °C and 30 min at 100 °C. 
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We realized that this material was not the best choice since it led to extensive cracking 

after evaporation of the solvent even in the early stages of the thermal curing treatment. 

Titania particles probably interact strongly when they become closer due to solvent 

evaporation. These interactions lead to a rigid skeleton well before evaporation is 

completed. Stresses arising from further evaporation cannot be relaxed, causing extensive 

cracking. 

Furthermore, the acidic environment necessary to keep colloidal stability of TiO2 NCs 

most likely accelerates the kinetics of hydrolysis and condensation leading to enhance 

gelling tendency of the solution. 

These are the causes for the unsuccessfully deposition with the aerosol based technique. 

Even if a clear colloidal solution was used, the fast evaporation process, which inherently 

accomplishes the small droplets forming the aerosol, resulted in fast gelling. Only opaque 

depositions were obtained in this case since the material depositing on the substrate 

consisted in already gelled droplets. 

Finally, acidic environment damages QDs particles (sulfide or selenide readily dissolve in 

acidic media) preventing their utilization. 

Thus, remaining on a nanocomposite concept of the material, we tried to move toward 

different synthesis of titania and to work on the matrix material to enhance cracking 

resistance. Finally, environments with weak basicity were sought to limit gelling tendency 

and to be compatible with semiconductor QDs. 

These considerations brought to develop the material described in the previous section. 

PEG2 composition was thus tried in this application. The solvent component of this 

solution was removed under vacuum until a viscous solution was obtained which could be 

dispensed to form droplets on the LED device. 

The behavior of this material was much better then the previous one tested in this 

application. Once treated, the coating appeared transparent but cracks were still present in 

the material, even if cracking was much less extensive than previous attempts. 

Furthermore, too much solvent was still present in the material causing extensive shape 

change and very flat geometries. 

PEG2 material was also deposited with aerosol printing technology (Aerosol Jet®). 

In this case, the solution was diluted with ethanol in order to achieve the conditions for 

aerosol formation and the substrate was heated to 80 °C during deposition. The printing 

velocity was 5 mm/s and the nozzle diameter 200 µm. The obtained structure were 
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annealed at 100°C for 30 minutes in air. Results were quite good and are shown in figure 

5.31. 

Figure 5.31  Depositions of PEG2 material on LED chips and with a pyramid-like structure on glass 
substrate (A) obtained with aerosol deposition technology (B)

Using this technique, a transparent material could be deposited also allowing to build more 

complex shapes (see Figure 5.31B). Even if some cracks are present at the edge of the 

structure, the results obtained with this technique are satisfactory demonstrating the 

possibility to use PEG2 nanocomposites not only for the realization of thin films but also 

for the realization of high aspect ratio 3D microstructures with 3D mesoscale maskless 

direct writing technique. 

Cracking is minimized and is seen only at the LED edges. Another problem encountered 

was the excessive swelling of the material during the deposition, resulting in material 

displacement from LED top. This problem will be discussed later on. 

Interestingly, aerosol technique allows for enhanced material processing with respect to 

dispensing method. This can be explained by two main reasons. The first is related to the 

A 

B 
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fact that smaller depositions can be made. It is known the bigger bulky samples are more 

difficult to process since mechanical stresses are higher. The second can be related to a 

technique peculiarity. In the aerosol condition the solution is divided in small droplets and 

solvent is likely to begin evaporation at this stage. So, when the material is deposited on 

the substrate, part of the solvent has already been removed when no geometrical constraint 

are present, contrary to the situation in which evaporation is accomplished in a bulky state 

where shrinkage is impeded by the substrate or by a thick geometry. 

Even if these results were quite encouraging, we decided to look for materials with lower 

refractive indexes but with enhance processing behavior with respect to cracking, in order 

to make use also of the available dispensing technology. 

 The material we’ve chosen to continue this work is an epoxy based sol-gel hybrid 

material. This is obtained through conventional sol-gel processing of Titanium-

tetraisopropoxide (30% molar), diphenyl-dimethoxysilane (60%mol) (see figure 5.32B) 

and an epoxy based polymer (10%mol) obtained through solution polymerisation of bis(4-

glycidylphenyl)methane with 3-glycidoxypropyl-dimethoxymethylsilane. This solution 

will be referred to as DphTi . 

In this case the material has not the structure of a composite but it is meant to be an 

inorganic network with homogeneity at a molecular level. Phenyl groups introduced with 

the organosilane are used because they contribute to increase the refractive index. 

The epoxy polymer is here used as a plasticizer. If only alkoxides are used, cracking easily 

occurs. The addition of this polymer has been found to enhance stress relief properties 

almost eliminating cracks formation during drying stages. If the quantity of this component 

is further raised up, refractive index diminishes and the material is more difficult to harden 

with thermal treatment. 

This solution could be concentrated by removing the solvent under vacuum to achieve 

desired viscosity and resulted to be compatible with 6-amino-1-hexanol functionalized 

quantum dots particles.  

The refractive index of DphTi  material at 630 nm is 1.62, well below titania 

nanocomposite but with improved processing behavior. 

Refractive index and extinction coefficient curves for DphTi  and DphTi  loaded with 

yellow emitting quantum dots (C1-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 curve for DphTi deposition on silicon substrate 
(A). Structure of the employed diphenyldimethoxysilane precursor (B)

This material has been used in both deposition techniques. The curing profile is as follows: 

-     Step 1  1 hours at 60°C

- Step 2  3 hour at 80 °C

- Step 3  1 hour at 110°C

- Step 4  30 minutes at 150°C

The evolution of coating with curing profile is shown in figure 5.33. Soon after the 

deposition, an almost hemispherical shape is obtained.  

With the ongoing of the evaporation, the coating flattens even if to a much less extent than 

titania composite. The most striking effect of evaporation is the formation of bubbles 

inside the cured  material, which is obviously an adverse effect .  

Bubbles are probably originated from residual solvent that remains trapped since it is not 

removed before material starts to stiffen. We couldn’t manage to avoid this problem by 

changing the curing profile in terms of temperatures and times. Interestingly, bubbles are 

originated from LED chip surface. In fact, analogues depositions on glass slides or on LED 

support board where no LED chips were present did not show any bubble formation. It is 

likely that LED provide surface nucleation sites (such as asperities or roughness) for 

bubble formation. 

A B
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Figure 5.33  DphTi depositions through the syringe dispensing method soon after depositions and at 
different stages of the curing profile

With the ongoing of the evaporation, the coating flattens even if to a much minor extent 

than titania composite. The most striking effect of evaporation is the formation of bubbles 

inside the cured  material, which is obviously an adverse effect .  

Bubbles are probably originated from residual solvent that remains trapped since it is not 

removed before material starts to stiffen. We couldn’t manage to avoid this problem by 

changing the curing profile in terms of temperatures and times. Interestingly, bubbles are 

originated from LED chip surface. In fact, analogues depositions on glass slides or on LED 

support board where no LED chips were present did not show any bubble formation. It is 

likely that LED provide surface nucleation sites (such as asperities or roughness) for 

bubble formation. 

Analogue problems were encountered in the processing of sol-gel hybrids [39]. In that case 

the problem was solved by increasing the networking kinetics (using more effective 

catalyst) in order to stiffen the material more rapidly. Probably this is correlated with the 

deformation of the material when a bubble is formed. If the material is more stiff, a bubble 

cannot be originated in the material. 

This problem was much less evident when using the aerosol printing technology, as shown 

in figure 5.34.  

In the left picture of this figure, bubbles are clearly seen originating from LED chip edges, 

but the problem is much less pronounced than in samples obtained with the other 

technique. Analogously to titania composites, swelling of the material from LED chip is 

observed, creating a cup-like deposition.  

The shape could be improved with a second deposition in order to “fill” the previous cup-

like shape. In this way a good coverage of the chip was obtained. 



159

Figure 5.34  Aerosol depositions of DphTi  material. Single coating and double coating are shown at the 
left and right pictures respectively

 Flux extraction measurements were performed on LED covered with DphTi  using 

the dispensing technique. Main results are summarized in Figure 5.35. Simulations of  flux 

extraction enhancement are presented using different geometries for coating with refractive 

index of 1.62, equal to DphTi  material. 

Measured values of flux enhancement (calculated as the ratio between the flux before and 

after LED encapsulation) lie between simulated values for low and high ellipsoid, in 

agreement with the achievement of a non hemispherical shape. 

With the aim of improving flux extraction, we deposited a second coating consisting of a 

commercial resin with lower refractive index (about 1.5) but which could be shaped into 

desired hemispherical shape. Simulations showed that this strategy greatly enhanced the 

flux extraction of the first coating, even if it is very flat.  

An increase in flux extraction is indeed observed in the measured values after the 

deposition of a second coating of the above-describe commercial resin. 
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Figure 5.35  Simulated and experimental flux extraction (determined as the ratio between the flux before 
and after LED encapsulation) for different coating geometries 

Analogue measurements were performed on blue emitting LEDs. In this case, LED coated 

with DphTi  always showed a diminished extracted flux with respect to uncoated samples. 

This is most probably because these materials tend to become yellow particularly after 

heat-treatment. This means that DphTi  absorbs in the blue region as it is apparent , 

diminishing LED’s light output. Thus, such hybrid material cannot be used for 

enhancement of light extraction for blue LEDs.

 As far as down conversion for white light production is concerned, the introduction 

of QDs is effective indeed, as demonstrated in figure 5.36. 

Figure 5.36  Light emission from a blu emitting LED covered with DphTi 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, blue emitting chip are covered with DphTi

material containing yellow emitting quantum dots. In the coatings of figure 5.36A, the 

concentration of emitting particles is less then those for samples shown in Figure 5.36B. 

Concordantly, the increasing quantity of particles leads to major light conversion with a 

resulting light output which is more white light resembling. 

Further measurements on samples of Figure 5.36B are shown in Figure 5.37. In the 

spectral emission of the device, both LED and QD emission are apparent. The 

determination of the color coordinates indicate that the obtained light output is quite far 

from white coordinates as defined from automotive standards. 

Achievement of the right color requires further optimization based on quantum dots 

concentration tuning and coating geometry. In fact, it is apparent that not only a major 

amounts of quantum dots is needed to improve color conversion, but also the thickness of 

the coating is important since thicker deposition favors blue light absorption from the 

quantum dots and , as a consequence, higher conversions. 

Nevertheless, the obtained results demonstrate the great potentiality of the developed 

multifunctional nanocomposites which have high refractive index, down conversion 

properties and processability with industrial techniques. 

Figure 5.37  Emission output of sample shown in figure 5.36B (A) and determination of colour 
coordinates (B) 
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5.4 Gold NCs loaded titanium dioxide nano-composites 

5.4.1 Composites from anatase-TiO2 and gold colloids for optical gas sensing applications 

 The obtainment of transparent, crystalline, porous nanostructured thin films of 

titanium dioxide is particularly interesting in gas sensing applications since interactions 

with gas analytes is enhanced and charge carrier densities as well as dielectric properties of 

titanium dioxide can be altered in presence of particular species in the atmosphere. 

Gold nanoparticles have a strong absorption in the visible range due to Surface Plasmon 

Resonance (SPR). The characteristics of this absorption feature are extremely dependent 

on the dielectric properties of the material surrounding gold nanoparticles. 

This property has led to the utilization of gold nanoparticles in optical gas sensing with the 

aim of emphasizing dielectric or electronic changes of the surrounding matrix through 

optical detection of the induced variation in gold plasmon resonance. 

Titania-gold composites has already been used for sensing purposes [40]. Samples were 

prepared by mixing gold colloids with a sol-gel titania precursors obtained from a titanium 

alkoxide chelated with acetylacetone. Good optical response was observed under CO 

exposure only if samples were annealed at 500 °C. At this temperature crystallization of 

titania matrix occurs. Samples annealed at 400 °C, still presenting amorphous titania, 

presented poor optical response toward CO exposure.

These samples were also tested for H2 detection. In this case both amorphous and 

crystalline titania samples showed good optical response. 

 The idea behind the use of crystalline titania colloids as the matrix where to embed 

gold particles is related to the possibility of having crystalline titania without annealing at a 

temperatures as high as 500°C. In this way higher porosity and controlled morphology.  

In fact, such a system can be viewed as an ensemble of particles whose morphology 

evolution in terms of crystalline domain’s ripening and porosity has been described in 

section 5.2.1 with increasing annealing temperature. 

This represents an advantage with respect to the conventional sol-gel method since we can 

play with annealing temperature without worrying about titania crystallization. 
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5.4.1.1 Titania/Gold composite film synthesis 

Anatase TiO2 colloids in methanol were prepared as described in section 4.3.1. 

Gold colloids were prepared according to the Turkevich method [50] by reducing HAuCl4 

salt with trisodium citrate in water. After 2 hours the solution was concentrated in a rotary 

evaporator and Au nanoparticles (NPs) were precipitated with acetone, centrifuged at 

4000rpm for 5 minutes and re-dispersed in ethanol leading to a 30mM concentration 

solution. 

The starting solutions were prepared by mixing the methanol suspension of TiO2 NCs with 

PVP-capped Au NPs in ethanol (TiG  samples series) leading to a final TiO2 concentration 

of 33 g/l and a Au:Ti molar ratio of about 0.05. 

Au-free samples were prepared for comparison purposes by simply substituting the Au 

ethanol suspensions with pure ethanol, obtaining Ti  samples. 

All the samples were deposited by spin coating at 2000 rpm for 30 seconds on either quartz 

or silicon substrates and heated in a muffle furnace at 300 °C, 400 °C or 500 °C for 1 hour. 

Annealing temperature is indicated with numbers 3, 4, 5 respectively at the end of the 

sample name. 

Film thicknesses are all in the 35-55 nm range, as measured with spectroscopic 

ellipsometry. 

5.4.1.2 Results and discussion 

TiO2 NPs adopted in this work have been characterized in section 4.3.1 and were found to 

be anatase with a mean dimension of 4-5 nm, while gold colloids were synthesized with a 

mean dimension of 15 nm, proved from TEM characterization (data not shown). 

XRD measurements performed on thin films (figure 5.38) confirm the crystalline anatase 

phase of TiO2 [42] and show also Au peaks [42] for Ti  and TiG  series. 

Diffraction  peaks from titania are not clearly detected in Ti3 and TiG3 samples and 

become more intense with increasing temperature treatment, even if starting TiO2 material 

is crystalline, due to reason analogue to those discussed in section 5.2..  

Thermal treatment also affects XRD peak width due to crystallite size evolution. TiO2 NCs 

grow in size at higher temperatures, due to coarsening of particles, as already discussed. 

From these data, it is also shown that gold peaks do not undergo any relevant change in 

shape and intensity, indicating good Au NPs stability in this TiO2 matrix. 
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Scanning electron microscopy was used to characterize the surface morphology of the 

samples and Au NCs distribution inside the TiO2 matrix. Micrographs of TiG3 and TiG5 

are reported in figure 5.39.

Au nanocrystals of spherical shape are homogeneously and statistically dispersed in a 

micron scale, and only very few small aggregates can be seen. 

.

Figure 5.38  XRD data of Ti  and TiG  films at different annealing temperatures 

Figure 5.39  SEM micrographs for TiG3 and TiG5 films 
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Optical data are now described and used to retrieve a deeper insight in film structure.  

Figure 5.40  Uv-Vis spectra of gold colloids in ethanol (A) and TiG samples treated at different 
temperatures (B) 

In figure 5.40A, UV-Vis spectra of  gold colloids in ethanol is reported and a clear SPR 

peak at about 525 nm is present.  

Figure 5.40B reports the absorption spectra of TiG  films. SPR peak of gold particles is 

clearly visible, and a progressive red-shift with increasing annealing temperature can be 

observed. 

It is well known that SPR frequency is strongly related to the dielectric properties of the 

material surrounding gold NCs: from SEM images and XRD spectra almost no 

morphology changes or aggregation phenomena of Au particles can be observed, thus any 

change in SPR peak position is directly related to refractive index of the surrounding 

matrix. In each samples series, SPR wavelength is progressively red-shifted with 

increasing temperature, and this result is associated with the increase of the refractive 

index of the material surrounding gold particles. This fact is confirmed by ellipsometry 

data and discussed in the following. 

In fact, at a first approximation the SPR peak have been related to dielectric constants of 

the matrix from the following relationships [40]. 

Eq. 5.2     

where pλ is the bulk plasma wavelength of gold, ∞ε is the high frequency value of the 

dielectric function andmε  is the dielectric constant of the matrix. These values are 

respectively 131 nm and 12.2 for gold.  
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N, m and 0ε are the electron concentration, the effective mass of the electron in gold and 

vacuum permittivity respectively. 

For a non-absorbing matrix mε  is related to its refractive index n  through mn ε= . 

From this relationship one can easily see that SPR wavelength red-shifts with increasing 

refractive index of the matrix. 

Refractive index curves of un-doped and gold-doped composite films have been estimated 

from ellipsometry measurements and refractive index values are reported in table 5.5  for 

selected wavelengths of interest.  

Sample 
Refractive index @ 

1100 nm 
Average 

Porosity (%) 

Exp SPR 
peak position 

(nm) 

Refractive 
index @ SPR 
wavelength 

Matrix 
Refractive 
index from 

SPR position 

Ti 3 1.968 45 - 1.97 2.16 

Ti 4 2.038 38 - 2.04 2.37 

Ti 5 2.153 28 - 2.15 2.55 

TiG 3 2.117 - 608 2.18 - 

TiG 4 2.154 - 634 2.21 - 

TiG 5 2.277 - 658 2.35 - 

Table 5.5  Refractive index values, SPR wavelengths  and estimated porosity for all  produced samples  

Refractive index values at 1100 nm were chosen as reference because sufficiently away 

from SPR region and not to be strongly affected by optical absorption of Au NPs. 

Refractive index is observed to increase for Ti  samples with  increasing annealing 

temperature. These data can be used to get some information about average film 

densification and porosity, which has been calculated as described in section 5.2.1 using 

refractive index at 1100 nm and a value of 2.44 for TiO2 anatase at this wavelength [43]. 

Differences in refractive index can be interpreted as differences in amount of porosity by 

means of effective medium optical models, where the most densified material has the 

highest refractive index. 

These calculations has been made only for undoped samples since the model used take into 

account only two non-absorbing phases (TiO2 and air), while gold containing samples 

strongly absorbs in the visible. TiG  films have higher indexes at 1100 nm with respect to 
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Ti , but this may be related to modification of optical constant by the presence of a third 

phase rather than minor average porosities.  

The refractive index difference between 400 °C and 300 °C annealed samples is around 

0.04, while the difference in refractive index between 500 °C and 400 °C is around 0.12; a 

greater increment of n occur between 400 °C and 500 °C, as can be clearly seen from 

figure 6, indicating that densification process of TiO2 colloids is activated at higher 

temperatures, affecting global porosity of the matrix.  

Interestingly, optical data can be used also for a deeper appreciation of local structure of 

the composite film. 

SPR frequencies are, in fact, related to local dielectric properties of the matrix around the 

Au particles, and the theoretical refractive index calculated from the SPR peak results to be 

greater than experimental refractive indexes of both doped and undoped TiO2 matrix (see 

Table 5.5). This is in countertendency with  previous results concerning TiO2 sol-gel thin 

films doped with Au nanoparticles [44], where the experimental refractive index resulted 

to be slightly higher than the theoretical value, probably because of higher amount of 

amorphous matrix or porosity facing Au crystals, compared to the average value of the 

sample.  

In this work, the optical characterization results suggest that the material structure just 

around gold surface is more densified, if compared to the to the average structure of the 

films, and thus preferential organization or coverage of titania on gold particle can be 

inferred by these data. 

These observations are summarized in figure 5.41, where the SPR peak position of Au-

doped samples associated with refractive index of undoped matrix measure at the 

corresponding SPR wavelength is reported, together with the theoretical refractive index 

calculated from SPR peaks by means of Eq. 5.2.  

Moreover, increasing annealing temperature leads to further coverage of Au nanoparticles, 

because the difference between theoretical and experimental refractive index becomes 

higher. Thus, it is likely that in TiG3 sample, TiO2 nanoparticles are in poor contact with 

gold, while in TiG4 and TiG5 the coverage of Au becomes higher, while the global matrix 

densification is still far to be complete.  
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Figure 5.41 SPR wavelength correlated to experimental refractive index values of undoped matrix at SPR 
wavelength and to matrix refractive index values obtained using Eq. 5.2 

In summary, the extent by which gold “feels” titania is not strictly dependent on the overall 

degree of densification of the matrix. 

All the samples show an experimental refractive index much lower than the theoretical 

value predicted by Mie theory, so preferential organization of TiO2 on gold leading to 

extensive anatase/gold interface is here addressed as the key idea for optical data 

interpretation.  

 Gas sensitivity behavior toward CO was tested by measuring change in absorption 

spectra of TiG  films under exposure to an atmosphere of 1%v/v of CO in air. 

In order to activate the gas sensing response, the depositions are tested between 250°C and 

350°C 300°C operative temperature (OT). 

TiG3 sample was tested only at 250 °C to avoid structural changes in the film, but they 

show instable baseline, maybe because of the  residual organic compounds still present 

inside the film, or to the matrix not fully stabilized after the 300°C annealing, so only the 

results of 400°C and 500°C treated samples will be presented. 

Figure 5.42 shows the optical absorbance change (Aair – Agas) of the samples, that is the 

difference between the absorbance measured in air, and the absorbance measured during 

target gas flowing, performed at 350°C for CO. 
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Figure 5.42 Absorption spectra difference between absorption spectrum in air and under CO gas exposure
for TIG4  and TIG5  depositions at an operating temperature of 350°C
  

TiG4 and TiG5 give response to both gases, with a wavelength dependence of optical 

sensitivity. The Au plasmon peak undergoes a blue-shift during gas exposure. This effect 

can be related to the interaction of reducing gases with the n-type semiconductor TiO2

matrix, that can promote a catalytic oxidation of the gas, causing an increase in the amount 

of conducting electrons N. This results in a shift of the plasmon band at higher frequencies 

as deduced from Eq.5.2 [40]; this behavior can be due also to the adsorption of target gases 

in the matrix sites, leading to a local change in the refractive index, causing the observed 

shift of the Au SPR frequencies. 

The absorption change curves reported in figure 5.42 presents one absolute maximum and 

one minimum. The temporal response of both samples operating at a wavelength near the 

absolute minimum of the absorbance change curves are presented in figure 5.43. 

Figure 5.43  Dynamic optical absorption evolution under H2 and CO exposure for TIG4  and TIG5
depositions at an operating temperature of 350°C 
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The dynamic performance of the sensors is quite good, with an almost square output 

signal: very fast response time, satisfactory recovery time, and good recovery of the 

baseline level.  

Contrary to films derived from conventional sol-gel processing, sensitivity toward CO 

detection is good also for 400 °C annealing temperature and recovery of the baseline after 

switching between CO to air is better. 

This confirms that crystalline anatase is needed for CO detection. Since catalysis of CO 

oxidation has been argued to be enhanced by a well developed anatase-Au interface [45], 

the synthetic scheme we utilized to produce TiO2-Au composites is particularly 

advantageous not only for employment of crystalline materials, but also for the preferential 

facing of TiO2 on gold particles that seems to be suggested from our optical 

characterization. 

In figure 5.45 the sensitivity toward H2 is also shown and the results are similar to CO 

sensitivity in terms of optical changes. In this case, the literature on H2 reaction is limited 

with respect to CO, even if a similar oxidation reaction was suggested to explain 

conductometric as well as optical sensing [40]. 

A comprehensive description of sensing behavior will be reported elsewhere. 
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5.4.2 Enhancement of gold nanorods stability in TMA-Ti titanates. 

 In this section gold nanorods are introduced in a titanate matrix. The effect of film 

treatments described in section 5.2.2 on the thermal stability of gold nanorods will be 

described. 

Gold nanorods are interesting materials in optical applications since they present two 

surface plasmon resonances associated with transverse and longitudinal rod direction. 

Furthermore, the SPR position of the longitudinal plasmon is strongly dependent on its 

aspect ratio. Higher aspect ratio leads to higher wavelengths for longitudinal plasmon 

resonance. 

This material is not stable under intense radiation, leading to loss of their original shape 

due to their tendency toward spheroidization. This effect is believed to be caused by the 

fast heating to high temperature induced by laser absorption. This temperature rise 

enhances the energy of the lattice promoting the achievement of the lowest surface energy 

which is assumed by the spherical shape. 

The activation energy necessary to induce this shape change was demonstrated to be 

increased if the nanorods were covered by a silica shell [46], a stiffer environment, making 

rods more stable toward heat effects. 

Water soluble titanates were densified at low temperatures if  UV treatment was first 

applied. 

We made use of this behavior to investigate the thermal stability of gold nanorods in such 

titanate matrix with or without UV treatment before subsequent thermal treatment. 

5.4.2.1 Film synthesis 

 35 mg of titanate powder was dissolved in 0,175 ml of water  with 6 µl of a 25% wt 

solution of TMAH in methanol. After complete dissolution, 0.175 ml of methanol were 

further added to dilute the solution, resulting in a final 100 gr/L titanate concentration. 

Gold nanorods with an aspect ratio of 2.4 as estimated from optical spectra [48] (see figure 

5.44) in water were used in these experiments. 

A known amount of gold nanorods in water was mixed with 50 µl of titanate solution. 

The resulting sol was spun on quartz or silicon substrates at 2000 rpm for 20 sec 

All samples were first treated at 100°C for 20 minutes to 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 200 °C to 700 °C with 100 °C increasing 

step either with or without a densifying treatment stage applied before thermal annealing. 

Such densifying treatment consisted in 15 minutes of UV irradiation followed by 5 minutes 

of annealing at 200 °C. This treatment is the same as that described in section 5.2.2 where 

it was referred to 15’UV + 5’200. 

UV-Vis absorption spectra were taken for each sample in order to investigate the thermal 

stability of the rods. In table 5.6, sample name are also 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 Au-nanorods loaded titanate films 
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5.4.2.2 Results and discussion 

 Optical spectra of gold nanorods in solution are shown in figure 5.44. Two SPR 

absorption are seen at 519 nm and 636 nm corresponding to transverse (SPRT) and 

longitudinal (SPRL) plasmon oscillation respectively. From these data an aspect ratio of 

about 2.4 can be estimated [48]. In the same figure optical spectra of 100 and PT samples 

are shown. 

Figure 5.44  Absorption spectra of gold nanorods in water in 100 and PT depositions  

SPRT and SPRL wavelength positions are slightly red-shifted in 100 and PT samples 

treatment, due to higher refractive index of surrounding medium. In particular, the SPRL

band results to be more shifted if compared with SPRT. This is in agreement with 

theoretical model results, which predict an higher sensitivity of SPRL toward changes in 

dielectric properties of the surrounding medium [47]. 

SEM analyses should be performed to confirm that under processing condition of sample 

100 and PT, the nanorods are unchanged in their shape. This characterization is not yet 

available. Evolution of the optical spectra with increasing annealing temperature is shown 

for samples with and without UV treatment in figure 5.45. 
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Figure 5.45  Uv-Vis spectra evolution of only thermally treated samples (A) and with a UV densifying 
treatment before thermal annealing 

In samples only thermally treated a blue-shift of the SPRL is observed indicating the 

beginning of rod’s long axis shortening. At 400 °C only one plasmon resonance is 

observed at 594 nm corresponding to spherical gold nanoparticles absorption. The red-shift 

of this resonance with respect to gold particles in water is due to the high refractive index 

of the matrix, which has been demonstrated to be anatase when treated at 400°C. 

At higher annealing temperatures only one plasmon peak is observed which further shifts 

to higher wavelengths. 

Samples that were subjected to a PT stage (see figure 5.45B) before thermal annealing 

showed a different behavior.  

First, it is apparent that the SPRT wavelength position is progressively red-shifted with 

increasing temperature, which is correlated with increasing refractive index of surrounding 

medium. 

Second, the presence of the SPRL position is clearly observed till 400°C, which results to 

be almost unchanged with increasing temperature.  

At the moment we cannot separate the effect related to the red-shift of gold rods’s SPR in a 

matrix with increasing refractive index and that due to blue shift caused by diminishing 

aspect ratio. 

Even if morphological analyses need to be performed, we can state that an increased 

thermal stability is achieved if the titanate matrix is made stiffer around gold rods before 

thermal annealing. This is more clearly seen in figure 5.46 , where samples with or without 

UV treatment at the same subsequent thermal annealing treatment are compared. 
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Figure 5.46  Comparison between samples annealed at different temperatures 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 nanocomposite fabrication both in polymer  

and sol-gel derived inorganic matrices[1-8]. 

Embedding of nanoparticles in solid matrices allows for chemical and mechanical stability 

while preventing particles aggregation. 

The main difficulties arising from the fabrication of such materials can be individuated in: 

- achieving good compatibility between particles and host matrix material in order to 

keep nanoparticles homogeneously dispersed and retain optical quality. 

- retaining optical properties of QD (PL-QY and monodispersion) inside the matrix. 

Thus matrix material is not just a host, but it needs to have particular requirements to 

achieve the desired functional properties. Also the ligands introduced on particle surface 

have an important role. Proper ligand’s choice or surface modification strategy is generally 

the only tool for QD compatibilisation with host material. 

A great variety of strategies for QD surface fuctionalization has been developed includes: 

a) direct exchange of pristine ligands which usually expose hydrophobic chains such as 

trioctylphosphine oxide (TOPO); b) direct functionalization of particle’s surface with 

polymers (“grafting to” approaches) from which macromolecular architecture can be 

grown; c) polymer growth initiated from the particle surface functionalized with suitable 

polymerization inititators (“grafting from” approaches); d) particle “encapsulation” in 

macromolecular structures such as dendrimers or micelles. These structures can be built 

using amphiphilic molecules which bind through hydrophobic interactions with pristine 

QD ligands. (see figure 6.1). 
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Figure 6.1  Functionalization of a particle covered with TOPO to which  poly (maleic anhydride alt-1-
tetradecene) is bound by means of hydrophobic interactions with alkyl chain of TOPO. The opening of the 
anhydride ring gives carboxylic acid able to stabilize the particle in water. An amino functionalized cross 
linker agent is added to stabilize the organic shell. [8] (A); Capping exchange of  particle pristine ligands 
with nitroxide-functionalized molecules. This group can be used as initiator of styrene polymerization [9] 
(B); Capping exchange with thiol based hydroxyl terminated organic dendrons resulting in a water soluble 
particle with improved oxidation resistance [7] (C)

These strategies rely on exposing at the outer surface of ligands shell specific  

functionalities which can develop favorable interaction with host material, preventing or 

limiting the driving force toward aggregation. In some cases the exposed functionalities 

have been exploited in “grafting from” approaches, where moieties able to initiate  

polymerization reaction have been used along with the precursor monomers of the matrix 

in order to start the polymer chain directly from the particle surface[9]. The negative aspect 

of this approach is the incompatibility of particles with common polymerization methods, 

such as anionic or radical polymerization, which results to be too harsh for retainment of 

A

B

C
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optical properties. In figure 6.1 examples of interesting developments in QD’s surface 

chemistry are given. 

Furthermore, applications where matrix material need to have electronic accessibility 

toward nanoparticles, such as solar cells or light emitting devices [31], careful choice of 

surface ligands able to facilitate charge transfer between polymeric matrix and 

nanoparticles is necessary for the improvement of device performance.

Oxide material from sol gel processing have been used as matrices for QD composites used 

mainly in optical and photonic application, such as optical gain materials showing 

amplified stimulated emission (ASE). 

 The use of  inorganic matrices provide enhanced stability and processability, along 

with high refractive index necessary if waveguiding configurations are used. 

Silica, titania and zirconia have been used as host for semiconductor nanocrystals. 

Titanium oxide has been probably the most used for optical gain composites or fluorescent 

materials. 

As synthesized nanocrystals are generally soluble in non-polar media and they are not 

compatible with sol-gel synthesis usually carried out in alcoholic solvents. 

The general approach consists first to perform a capping exchange between the original 

ligands (generally TOPO or long chain alkyl carboxylic, phosphininc or phosphonic acids) 

with an amino-alcohols such as 5-amino-1-pentanol (AP) or 6-amino-1-hexanol (AH) [2,3] 

or Tris-hydroxylpropylphosphine [4,27] or both [6]. 

These molecules have functionalities such as phosphorous or amino groups that bind to the 

particle surface leaving hydroxyl groups to be exposed to the outer environment. Amino 

groups binds to the metal sites of particle surface, while phosphine based ligands binds to 

chalcogen sites [11]. Simultaneous usage of both type of molecule is probably the best 

solution for optimization of capping exchange. 

This procedure not only allows for transfer from non-polar solvents to alcoholic solvents 

with good colloidal stability, but provides efficient compatibilization with sol-gel 

environment. 

In fact, the presence of outer hydroxyl groups can be used for anchoring the particle to sol-

gel precursors through OH condensation with hydrolyzed metal alkoxides., as 

schematically shown in figure 6.3 



CHAPTER 6 – Waveguides and Vertical Optical Microcavities incorporating CdSe@ZnS NPs

182

Figure 6.2  Ligand exchange with AP molecules and further hydroxyl condensation with hydrolyzed 
titanium alkoxide leading to particle immobilization in the sol-gel matrix (Source : Petruska et al.[5])

Accurate choice of sol gel precursors with organic functionalities (organo-alkoxides) able 

to bound directly to particle surface can be used to improve particles’ homogeneity in the 

matrix. This has been done using 3-aminopropyltrimethoxysilane (APS) and 

(triethoxysilyl)propyl isocyanate (TSPI) as silica precursors [2]. In this case, after amino-

pentanol functionalization and phase transfer in ethanol, organosilicon compounds were 

added. It was observed that  APS was effective for preparing highly loaded composites but 

precipitation of QD occurred if it was employed as the only matrix precursor. This was 

attributed to the strongest affinity of amino functionality of the APS compared to AP 

which is thus displaced from particle surface causing QD aggregation. If TSPI is also used, 

better stability is obtained since isocyanate group is thought to have lower binding activity. 

The nanocomposite film obtained with this method showed high stability, absence of 

cracks formation as opposed to titania matrix films. Furthermore, high volume fractions of 

quantum dots were incorporated which allowed for high refractive index compared to the 

otherwise too low index values of undoped silica for waveguiding. These conditions are 

necessary for ASE. 

In applications where stability of luminescence properties is required, such as ASE, 

electronic properties of the matrix material should be such to prevent excited QD charge 

carrier to leak into the matrix [10]. These arguments were used to explain the poor stability 

of luminescence and ASE of CdSe@ZnS particles in titania matrix with respect to zirconia  

both derived in an analogue method from sol-gel processing. In fact, since band gap of 

zirconia is wider than the titania one, carrier confinement in the particle is supposed to be 

enhanced in titania, leading to loss of emission stability and, likely, enhanced photo-

oxidation (figure 6.3). 
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 Beyond matrix consideration, the employed particles need to be the most stable is 

possible assuring absence of structural defects and the best confinement as possible in 

order to limit surface traps competitive with radiative recombination. Furthermore, surface 

stoichiometry has been found to play an important role in CdSe quantum dot photostability 

[11]. In particular, it was shown that a cadmium rich surface consistently enhanced the 

photostability if compared to a selenium rich surface. This suggest that a metal rich particle 

surface is much more desirable for stable devices. 

Figure 6.3  Comparison of  CdSe band gap with varying size with TiO2, ZrO2 and ZnS. Zirconia provides 
the best insulation being the material with the wider band gap (Source : Jaseniak et al. coworkers [10]) 

Once a stable emission medium is obtained with these composites, their processability can 

be exploited in a number of application including, as an example, their introduction in 

structures possessing cavity or feedback mechanisms for the production of lasers. 

In particular, coupling of QD emission with photonic structures to create distributed 

feedback gratings or co-planar microcavities have been exploited, allowing for lasing or 

study of cavity modification of the spontaneous emission[12-18]. 

 In the following, amplified stimulated emission using QD is briefly discussed. In 

the experimental section nanocomposite film synthesis is described along with optical, 

ellipsometric and ASE characterization. Finally, the first results regarding the fabrication 

and optical characterization of a vertical co-planar microcavity are described. 
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6.2 Amplified stimulated emission with CdSe@ZnS quantum dots

 Semiconductor lasers are extensively used in a number of fields. Quantum-confined 

lasers are expected to be more advantageous over semiconductor bulk devices due to lower 

lasing thresholds and minor performance sensitivity toward temperature due to 

discretization  of electronic levels and consequent lower thermal depopulation of band 

edge states, while maintaining high gain values. 

For these reasons, employment of semiconductor quantum dots for lasing purposes is 

considered very promising. The size dependence of luminescence spectrum also allows for 

easy tuning of emission color over almost all the visible range. Furthermore, established 

method for solvent processing and introduction in different matrices makes it possible to  

extend the use QD-based material in different photonic structures or devices. 

The understanding of  fundamental processes underlying  optical gain in quantum dots has 

been addressed by Klimov and co-workers [22] and Woggon and co-workers [23]. 

If the band edge emission of a quantum dot is modeled with a two-level system with two-

fold degeneracy, population inversion should begin for Ne-h =1 while complete population 

inversion should be reached at  Ne-h =2, where  Ne-h  is the average number of e-h pair in a 

dot. Thus, optical gain in semiconductor quantum dot should arise primarily from two e-h 

pair emission. 

In order to obtain materials capable of optical amplification, also processes which acts to 

deplete the population of inverted states need to be considered, since they are competitive 

with gain achievement. In the case of quantum dots, such mechanisms are charge carrier 

trapping by surface states and Auger processes. For moderately well passivated particles, 

surface trapping effect can be neglected with respect to Auger process. As discussed in 

Chapter 3, in quantum confined system the rate by which Auger process depopulates 

excited levels is very fast and scales with 3R , where R is the particle radius. In particular, 

for the biexciton state the time (τ2) for the Auger relaxation has been found to scale as 

3
2 Rβτ =  with β equal to about 5 ps/nm-3 [25]. 

In order to observe optical amplification, the gain buildup time τs, i.e. the time necessary 

for light amplification to be established in the material, needs to be shorter than 

competitive gain states relaxation. 
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The gain buildup time depends on the volume fraction of quantum dots in the material and 

the gain cross section through [22] : 

        Eq. 6.1 

where σg  is the gain cross section (defined as material gain g divided by the volume 

concentration of particles n0), ξ is the particle volume fraction, nr the refractive index of 

the gain material and c is the speed of light in vacuum. 

For optical amplification τs has to be minor than τ2. This condition leads to a minimum 

volume fraction of particle in the material to observe amplified emission, defined from Eq. 

6.2. 

   

            Eq. 6.2 

Inserting typical values for the quantities in this relationship ( nr=2, σg= 10-17 cm2, β= 5 

ps/nm-3), a volume fraction of 0.005 is obtained. For these reasons, early attempts to obtain 

amplified emission with QDs precipitated from molten glass were unsuccessful since the 

achieved concentration was very low. 

Klimov et al. [22,24]  demonstrated ASE in closely packed films of quantum dots where 

the volume fraction was about 0.2. At increasing  excitation pump fluence f (photon/cm2) 

emission spectra are recorded ( figure 6.4).  

Figure 6.4  ASE emission spectra taken at increasing pump fluence. Inset: Emission intensity over pump 
intensity at the ASE peak (solid squares) and at spontaneous emission peak (opened squares) (Source : 
Klimov et coworkers [24]) 

c

nR

g

r
s ξσ

πτ
3

4 3

=

βσ
πξ

c

n

g

r

3

4>



CHAPTER 6 – Waveguides and Vertical Optical Microcavities incorporating CdSe@ZnS NPs

186

Above a specific excitation power, the threshold power, a narrow peak, corresponding to 

the amplified emission, appears on the red side of the spontaneous fluorescence emission 

peak. This shift is a clear evidence that the gain state from which the amplified emission 

occurs is a biexciton state, due to coulomb interaction between the e-h pairs as explained in 

section 3.2.1. 

Furthermore, using fs pulse excitation, the average number of e-h pair per particle can be 

estimated as Ne-h= fσ0, where σ0 is the absorption cross section at the excitation 

wavelength. The Ne-h value at the threshold energy was determined to be 1.4, in agreement 

with the bi-excitonic nature of the gain process in quantum dots. 

An advantage of quantum dot over other systems for optical gain is the high absorption 

cross section with respect, for example, to organic dyes. This leads to lower thresholds, 

since a lower excitation power is necessary to achieve the threshold value of Ne-h for 

population inversion. Quantum dots also possess high absorption cross section in two-

photon absorption processes, which has been used in  ASE experiment showing the 

feasibility of up-converting wavelength lasing systems [27].

 A method to study the amplified emission of a material is the variable strip length 

method (VSL)[28], where an optically active film is excited perpendicularly to the film 

plane over a stripe-type region whose length is varied. The emission is then probed 

laterally from the edge of the film. 

Figure 6.5  Schematic representation of ASE measurement with Variable Strip Length method ( Source: 
Dal Negro et co-workers [28]) 

The active film needs to have a sufficiently high refractive index to be a waveguide. In 

these conditions the emitted light is coupled into the allowed mode of the waveguide, 

defined by an angle of propagation inside the waveguide. 

ΩΩΩΩ    
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As the emitted light propagates, it will experience light amplification along the ray path if 

the material is in the condition of population inversion, which in turn depends on the 

excitation fluence. This amplified emission is not a lasing emission, since it does not have 

complete coherence as in devices with feedback mechanisms. Thus it is called Amplified 

Stimulated Emission (ASE). 

The intensity dependence on stripe length can be at first modeled within the 1D-amplifier 

model [29]. In figure 6.6 a two level system comprising an exited level with energy E2 with 

a population N2 and a ground level with energy E1 and a population N1 is represented.  

Figure 6.6  Two level system showing spontaneous emission, stimulated emission and absorption. B21ρ, 
B12ρ and A21 are the transition rates and ρ the electromagnetic energy density 

This system can undergo spontaneous emission, absorption and stimulated emission with 

the two latter processes depending on the field intensity, while the probability of each to 

occur is proportional to the population. From this model the following equation for 

intensity dependence on length can be derived [29]:

Eq. 6.3 

Where σ is the cross section of absorption and stimulated emission, Asp the spontaneous 

emission transition rate and Ω the solid angle viewed by the detector as shown in Figure 

6.5. 

If N2 > N1, the population inversion condition is achieved and quantity σ)( 12 NN − , which 

is the material gain coefficient g, is a positive quantity and the material acts as an optical 

amplifier.  If  Eq. 6.3 is integrated over length the following is obtained: 

Eq. 6.4 
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This relationship accounts for the typical super-linear intensity profile versus stripe length, 

as shown in the inset of figure 6.4. 

In quantum dot composites, Auger effect diminishes the gain lifetime. This effect must be 

considered for fitting experimental data and can be taken into account by the following 

equation proposed by Chan et al. in ref. [26] and used also in ref [27]. 

 Eq. 6.5 

where la is the effective gain length and takes into account for the fact that the inverted 

species (biexciton states) diminishe over a length scale la due to Auger process. 

Eq. 6.5 is used for fitting VSE data for QD loaded material. An example of ASE for QD 

loaded films is given in figure 6.7 along with the fitting curve obtained using Eq. 6. 5 . 

Figure 6.7  Typical ASE profile fitted with Eq. 6.5 for a quantum dot loaded silica nanocomposite 
(Source: Chan et co-workers [26)] 

Typical modal gain values estimated from VSE methods for quantum dot nanocomposites 

are around 100 cm-1. 
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6.3 Experimental  

6.3.1  QDs functionalization and preparation of QDs loaded thin films 

 In this section the procedure for embedding quantum dots in sol-gel derived 

zirconia film for optically active waveguide is described. 

The first step is a proper functionalization of QDs in order to make them stable in sol-gel 

environment. 

1-amino-1hexanol (AH) was employed in the capping exchange procedure where 

lipophilic ligands attached to particle surface (TMPPA and ODA in our case) is displaced 

by AH imparting solubility in alcoholic media and stability in the sol-gel matrix, as 

described previously. 

The procedure, analogue to that reported in refs.[10,27] and can be summarized as follows: 

- The purified CdSe@Shell dispersed in 4 ml of chloroform deriving (derived from a 

typical batch described in Chapter 3) are precipitated by adding 10 mg of AH 

dissolved in chloroform. The solution becomes turbid soon after AH addition due 

to instability of particles with an outer coverage of hydroxyl groups in chloroform. 

The solution is let to stir in an heterogeneous state for 3 hours. Then the particles 

are precipitated at 4000 rpm for 3 minutes. For this procedure to work particle 

surface should be metal rich since amine functionality binds to metal sites.  

- The particles are then dispersed in 1 ml of a 0.1M AH  ethanolic solution and 1 ml 

of chloroform is added. In this solvent mixture the particles are stable and are left 

under stirring for at least 24 hours or prior to usage in sol-gel films. 

- The particles are again precipitated from this solution by adding excess hexane and 

dispersed in iso-propanol. The concentration is such that the absorbance of the 100-

fold diluted solution is 0.25 at the band edge. This solution is further used for 

doping sol-gel solutions. In the case of C2-CSS particles, solutions with optical 

absorbance at the band edge of 0.125 and 0.05 if 100-fold diluted were also 

prepared for doping sol-gel matrices. We made use of the solution optical 

absorbance to refer to different particles concentrations since the molar extinction 

coefficient necessary to calculate the molar concentration is not known for the 

core@shell NPs obtained in this work. 
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This procedure has been followed for all type of particles employed for film fabrication. 

A slight variation has been introduced from particles obtained using (TMS)2S for ZnS shell 

growth. In this case 5 mg of Zinc Acetate is introduced in the second stage of the described 

procedure to enrich the particle surface with zinc atoms, otherwise dispersion in alcohol 

was not possible due to less efficient AH exchange on a sulfur rich surface. 

QD-doped zirconia film were prepared as follows: 

- Zirconia sol was prepared by dissolving 0.23 ml in 6 ml of isopropanol and then 

adding 1 ml of Zirconium(Isopropoxide)4.  

- 100 µl of Zirconia sol is mixed with 200 µl of QD sol and spun on quartz substrates 

at 3000 rpm for 20 seconds. Four or five layers are deposited to have film with a 

sufficient thickness in order to get waveguiding properties at the emission 

wavelength of quantum dots. Each layer was treated at 250°C for 5 minutes. This 

thermal treatment has been chosen as a compromise between the need of material 

densification necessary for high refractive index and the degradation of QD [10].  

In order to obtain films with different QD concentrations, the same procedure was 

adopted in terms of mixed volumes but using  colloidal QD solutions with different 

concentrations prepared as previously described. This was done only with C2-CSS 

type particles and deposition with increasing concentration will be referred to as 

QD 5, QD 12,5 and QD 25 respectively. 
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6.3.2  Optical and ASE characterisation of QDs-Zirconia depositions

 The introduction of QDs in zirconia has been  mainly characterized with 

ellipsometry technique and UV-Vis spectroscopy. 

The effect of quantum dots on the optical properties of the films can be analyzed from 

refractive index and extinction coefficient determination with increasing particle 

concentration.  These data are shown in figure 6.8 for films prepared using a batch of 

particle with the C2-CSS structure whose concentration has been varied as explained in the 

experimental. 

The introduction of quantum dots results in an increase of the refractive index for QD 25

and QD 12.5 concentrations, while for the lower QD 5 concentration the refractive index is  

almost unchanged with respect to undoped ZrO2 film. This can be explained by the 

introduction of high-refractive index (around 2.3) semiconductor particles. The extinction 

coefficient values resemble the typical absorption spectra of quantum dots, even if at the 

lower concentration the excitonic peak cannot be distinguished from fitting of ellipsometry 

data 

Figure 6.8  Refractive index (left) and extinction coefficient (right) curves for undoped ZrO2 matrix and 
QD nanocomposite with different concentrations
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Films with QD 25 concentration were prepared with C2-CSS, C1-CSSS and C2-CSSS  

 type particles. Ellipsometry data are presented below in figure 6.9. 

Figure 6.9  Refractive index and extinction coefficient curves for zirconia films with different types of 
quantum dots at a concentration QD 25. In the table the refractive index n ar 630 nm, the extinction 
coefficient kell ( at λabs)  and film thickness t are estimated from ellipsometry data fitting, while the position of 
the first absorption peak λabs and extinction coefficient kR,T are estimated from R and T measurement of the 
nanocomposite film 

The absorption of QDs in the deposited films can be extracted from transmittance and 

reflection measurements of composite films. These data were collected using an integrating 

sphere and allows for determination of total reflectance and transmittance. The absorption 

can be evaluated as 1-R-T where R and T are the reflectance and transmittance of the 

composite film on quartz substrate. In this way we can eliminate the interference fringes 

from absorption spectra of the film isolating pure absorption component. The absorption 

measured in this way is presented in figure 6.10. 

From ellipsometric 
data 

From R and T 
data 

n 
(630 
nm)

kell 
at λabs

t 
(nm) λλλλabs

kR,T 

at λabs

C2-CSS 1.76 0.0089 352 598 0.0068 

C1-CSSS 1.71 0.0072 602 596 0.0037 

C2-CSSS 1.82 0.0224 664 610 0.0049 

Undoped 
ZrO 2

1.69 - - - - 
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Figure 6.10 Absorption of QD-loaded films at a concentration QD 25 estimated from total reflectance and 
transmission measurements using an integrating sphere for different particles type

From these data we can retrieve the first absorption peak position and width. They are 

found to be almost the same as in solution, indicating no dissolution or broadening under 

film treatment. 

Extinction coefficient values at the first absorption peak can also be evaluated from these 

data, kR,T through the following relationships: 

Eq. 6.6 

being α the absorption coefficient which can be evaluated from the Lambert-Beer  formula 

t

T)ln(−
=α .   

where T is substituted with T+R to isolate the pure absorption component. Then the

extinction coefficient k is linked to α through 
λ
π

α
k4

= . Using the film thicknesses 

estimated from ellipsometry data, kR,T  are calculated and presented in the table of figure

6.8. These values are smaller than those estimated from ellipsometry data fitting.  

The obtained samples often present typical surface roughness caused by striations 

phenomena occurring during spin casting. Thus, scattering caused by surface 
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inhomogeneities of the film can be taken as a possible explanation of the difference of k

values estimated by different methods. In fact, k values from ellipsometry are obtained 

from fitting the ellipsometry parameters along with transmission data measured with a 

standard configuration, that is without the integrating sphere. In this case transmission 

losses due to scattering are accounted as higher k values in the data fitting procedures. 

The use of an integrating sphere apparatus allows to detect also the scattered light and the 

pure absorption component is  retrieved. For these reasons, k values retrieved with this 

method are more reliable. 

A tentative estimation of the volume fraction of quantum dots in the film can be made from 

the knowledge of extinction coefficient values of the nanocomposite material and particle 

absorption cross section at the band edge. Since the latter quantity has not been determined 

for the QD used, an estimated value need to be taken from the literature. One possibility is 

to use the cross section value for CdSe core absorbing at the same wavelength of our 

core@shell C2-CSS particles, obtaining a value of 1.209x10-15 cm2. In ref [27] the cross 

section at 400 nm for a core@shell particle similar to our C2-CSS sample has been 

reported. This value is larger than that relative to the first absorption peak because 

absorption is larger at smaller wavelengths. We can account for this by simply normalizing 

the absorption from an absorption spectrum of our particles, obtaining a value of 0.4x10-15

cm2. 

If these two values are used, the volume fraction of C2-CSS particles in the zirconia film 

can be estimated in the range 0.09-0.26, where k R,T has been used for these calculations. 

Arguing similar values for the other samples, we can state that the quantum dots volume 

fraction is very likely larger than the 0.005 estimated  threshold  value necessary to have 

ASE.  

 These films underwent ASE experiments in order to test the possibility to use such 

materials as gain media for lasers. The experimental setup used is described in Chapter 2. 

All the described depositions showed the appearance of ASE peak above a definite value 

of pumping intensity, both under 1-photon excitation at 400 nm wavelength and 2-photo 

excitation wavelength, as shown in figure 6.11. 

ASE threshold power and VSE measurements are presented in figure 6.11 for both 1-

photon and 2-photon excitation. 

ASE threshold at 1-photon excitation is around 0.1 mJ/cm2 fluence, which is typical for 

this systems. The same is true for 2-photon excitation but with much higher threshold 

values . 
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Figure 6.11  ASE emission profile and threshold for different particles at 400 nm and 800 nm excitation 
wavelength 

A red-shift of the ASE peak is present in these C2.CSS and C2-CSSS samples due to the 

negative interaction energy of the bi-exciton state. For the C1-CSSS, a blue-shift of the 

peak is observed, suggesting for a positive interaction energy. This fact is unusual in ASE 

experiments and it lacks of explanation at the moment. 



CHAPTER 6 – Waveguides and Vertical Optical Microcavities incorporating CdSe@ZnS NPs

196

sp
sx J

dz

dI =

The stability of the ASE peak over excitation time is shown in figure 6.12 only for C2-CSS 

sample, being the behavior of the other samples analogue. 

Stability was not satisfactory particularly under 2-photon excitation. The intensity of the 

ASE peak shows about a 30% decrease within one hour under 1-photon excitation and a 

fast disappearance in about 5 minutes under 2-photon excitation. 

The poor stability is likely due to the thin ZnS layer on these particles (see section 3.4.2.3), 

which do not offer resistance against photo-oxidation, which can be responsible of 

degradation of the emission properties. 

Figure 6.12  ASE intensity evolution with time under 1-photon and 2-photon excitation

VSL measurements are presented in figure 6.13 for C2-CSS particles in zirconia films. 

Data fitting was performed with the integrated form of Eq. 6.7. This model has been 

proposed  by Jaseniak et al.[27] and it is analogue to that expressed from Eq. 6.5. 
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   Eq. 6.7

bxsx III +=

In this case the total intensity I is separated in biexciton (Ibx) and single exciton (Isx) 

emission intensities contributions. The former gives rise to optical amplification while the 

latter accounts for the spontaneous emission. The spontaneous emission from the biexciton 

state is neglected. 

Z0 is an offset fitting parameter accounting for pump beam inhomogeneity at the sample 

edge and Jsp is a factor related to the spontaneous emission generation. As previously 
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described, la is the effective gain length related to the biexciton lifetime (limited by Auger 

process) and can be defined as the biexciton lifetime multiplied by the speed of light in the 

medium. 

This fitting procedure allows determining the gain coefficient g. Values in the order of few 

hundred cm-1 were obtained in agreement with those usually found in the literature [24,27]. 

Analogue results have been obtained for samples prepare with other shell structure. 

  

  

Figure 6.13 VSE measurements and fitting using Eq. 6.5 for C2-CSS particles containing zirconia films 

Main data retrieved from ASE measurements are summarized in Table 6. 

1-photon 400 nm 
excitation 

2-photon 800 nm 
excitation 

ASE Threshold 
(mJ/cm2) 

Stability 
(% decreasein 

60 min) 

ASE Threshold 
(mJ/cm2) 

Stability 

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 decrease in a period minor to 5 minutes)

Table 6.1  ASE threshold, gain factor g and stability (defined as % decrease of ASE peak after one hour of 
excitation) are reported for different type of particles in zirconia under 400 nm and 800 nm excitation 
wavelength 

ASE threshold are much lower for 1-photon excitation than 2-photon excitation. This is 

related to the lower 2-photon absorption cross section causing much higher fluences to 

achieve population inversion. Furthermore, the employment of a CSSS structure seems to 

result in higher ASE threshold values. This suggests that under the synthetic procedures 

adopted, the growth of more complex shell structures can result in higher probability of 

structural defects leading to lower PL efficiency and need of higher pump intensity to 

obtain optical amplification. 
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Even if the stability needs to be improved, our samples demonstrate the possibility to 

obtain up-conversion, i.e. emission of higher energy radiation than that used for excitation. 

With the aim of increasing ASE stability, particles with improved ZnS shell (synthesized 

using (TMS)2S as sulfur precursor as described in section 3.4.2) were embedded in ZrO2 

films with concentration corresponding to QD 25. 

In this case ASE emission was observed under 2-photon excitation which soon disappeared 

after few seconds. If the deposition was again exited in the same point, ASE occurred 

again showing the same behavior. We cannot find an explanation to this behavior that does 

not seem to be related to degradation of the particles, otherwise further excitation should 

not be accompanied from ASE emission. 

It is likely that trap states are involved which might arise from structural defects in the 

shell structure. Even if a thicker ZnS shell has been developed, it has probably been grown 

with poor epitaxial matching on the pristine core structure. 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 ways: stimulated emission and 

spontaneous emission. The first depends on the electromagnetic field in the active medium 

and can be manipulated in order to have lasing emission by coupling it to feedback 

mechanisms. 

Spontaneous emission has long been believed to be a process which could not be 

controlled. In the few last decades, it has been shown that if an active medium is put in 

microscopic optical cavities or photonic crystals, the spontaneous emission rates and 

profile are altered. 

Among all available optical structures, Fabry-Perot resonator is the most simple. It consists 

of two co-planar mirrors separated by a distance which is of the order of the wavelength of 

light in the case of microcavity structures. 

Figure 6.14  Schematic representation of electromagnetic waves in a cavity defined by two mirrors with reflectivity 
R1 and R2 ( Source : Schubert  [30])

  

The transmitted waves emerging from a cavity is the sum over all the waves generated 

from internal reflection at the cavity interfaces, as shown in figure 6.14a. The phase 

difference φ (here defined for a single pass between the two reflectors) between these 

waves determines the transmittance of the cavity which finds its maximum when 
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...4,2,02 ππφ =  ,where constructive interference is achieved, while for different 

φ transmittance decreases with a Lorentzian type profile (at least near the maximum value).  

The maximum transmittance and the phase change φ1/2 at which transmittance decreases to 

half its peak value can be estimated from the following equations [30]: 

                                                                                                                                    Eq. 6.7  

  

Eq.6.8 

Where R1 and R2 are the reflectivity of the mirrors delimitating the cavity. 

For symmetric cavities where 21 RR =  the maximum value of transmission is 1 

independently of the reflectivity value of the mirrors, while for asymmetric cavities 

( 21 RR ≠ ), the transmittance peak value is lower than 1. 

From another point of  view, the possibility to have a transmitted wave through the cavity 

corresponds to the existence of an allowed mode, as shown in figure 6.14b. In our case, 

this condition is fulfilled when a standing wave can be sustained inside the cavity. 

From a practical point of view, it is more convenient to use frequency or wavelength  

instead of the phase. These are all equivalent quantities through the following 

relationships: 

Eq. 6.9 

where n is the refractive index of the cavity, ν and λ are the frequency and the wavelength 

of the light in vacuum. 

Thus the condition for fundamental frequency or wavelength of the allowed optical modes 

is : 

Eq. 6.10 

with N  being an integer number and Lcav the cavity thickness. 
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From figure 6.12c it is possible to see that in the case of  unity reflection of both mirror the 

width of the transmittance peak is zero and it tends to broaden with decreasing reflectivity 

of the mirrors. 

The cavity finesse, F, is a parameter which takes into account the peak width and is 

defined as the separation in frequency between two allowed modes and the peak width in 

frequency ∆ν. Another  frequently used parameter is the quality factor, Q, defined as ν/∆ν, 

where ν is the fundamental frequency of the allowed mode. Using the previous  

relationships, Q can be calculated as follows: 

Eq. 6.11a,b 

High quality cavity imply high Q values. 

When an emitter is inserted in a cavity, enhancement of the spontaneous emission is 

observed if the emission wavelength is the same as the wavelength of the allowed mode of 

the cavity. Emission in  a spectral region which does not overlap the transmittance peak of 

the cavity is instead suppressed.  

This effect can be understood on the basis of the following quantum-mechanical 

expression for the rate of the radiative transition Wspont : 

Eq. 6.12 

where )(l
SpontW  is the spontaneous emission rate into the optical mode l and )( lνρ is the 

optical mode density [30]. While the first term in the integral depends only on the 

wavefunction of the  initial and final states of the transition, the density of optical modes 

can be modified. 

In a coplanar microcavitiy, the density of optical modes is greatly enhanced for allowed 

mode frequencies and suppressed elsewhere with respect to the constant free space optical 

mode density, as shown in figure 6.15. 
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Figure 6.15 Optical mode density in a coplanar cavity (Source Shubert [30])

Thus, emission rate and intensity from an emitter inside a cavity is greatly enhanced with 

respect to free-space emission. This enhancement (also referred to as the Purcell effect), G, 

increases with the finesses F or quality factor Q of the cavity and can be estimated below 

for emission at the fundamental wavelength of the cavity : 

Eq. 6.13 

As for the integrated enhancement one should take into account the overlap between the 

emission in free-space and cavity resonance. If the latter is narrower than the former, 

suppression of emission at wavelengths located out of the cavity mode occurs. Thus 

emission spectral narrowing is observed in this case.

Another interesting feature is the cavity resonance and cavity emission position 

dependence on the direction from which the structure is observed. This dependence is 

originated from the fact that  light emerging from the structure at an observation angle 

ψ different from normal direction is originated from light rays traveling in the cavity at an 

angle θ with respect to normal (see figure 6.16). This introduces a different optical path 

and phase differences φ with respect to the normal direction. The dependence of resonance 

wavelength λ(θ) on θ is given from by Eq. 6.14.  

  

  

Eq. 6.14 

Figure 6.16 Detection angle (Ψ) dependence of mode position 
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where λ(0) is the resonance wavelength at normal direction as defined from Eq. 6.10. 

Thus, by tuning the observation angle also the emission wavelength range that are 

enhanced is varied, this causing a shift of the cavity emission peak. 

6.3.3.2 Fabrication of optical micro-cavity incorporating QDs  

 In order to fabricate the micro cavity, we decided to use silica-titania Bragg grating 

structures as mirrors since they allows to obtain high reflectance using simple spin coating 

techniques. 

The cavity layer is made using zirconia’s doped quantum dots prepared as described 

previously. 

A difficulty which is encountered in fabricating such devices is related to the compatibility 

of the material treatment used. In our case, a serious limitation is given by the high 

temperature involved in the creation of the high refractive deposition of the Bragg grating 

mirror, since temperature higher than 250°C are forbidden to quantum dots. This problem 

can be solved by using low temperature techniques such as rf-sputtering which allows to 

deposit high refractive index without further thermal treatment. This technique is time 

consuming and it is not available in our laboratories. Another possibility is to grow a Bragg 

mirror by conventional sol-gel techniques treating the material at elevated temperatures. 

Then the defect layer with quantum dots is deposited but a second  Bragg grating cannot be 

deposited in the same manner. So a sputtered metal mirror (for example silver) can be 

deposited as the cladding mirror obtaining an asymmetric cavity. This procedure retain 

emission properties of QD, but the reflectivity of silver is limited to 0.9, limiting Q values 

and the possibility to play with mirror reflectivity if lasing applications are considered. 

 In Chapter 5, we showed the possibility to produce Bragg gratings at low 

temperature as 200°C using lamellar titanates after exposure to UV radiation, suggesting 

the utilization of this procedures for fabrication of the microcavity . 

The target structure we designed includes a first Bragg grating on quartz substrate where 

both silica and titanate layers are treated at 500°C (labeled as grating 500 in Chapter 5), 

the deposition of the ZrO2-QD layer with concentration QD 12,5 (C2-CSS particles were 

used) and a final Bragg grating by exploiting the UV treatment on titanate films ( labeled 

as grating UV).  The procedure for grating fabrication is given in Chapter 5. 

A schematic representation of the structure is given in figure 6.17. 
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Figure 6.17  Schematic representation of the target microcavity structure 

The Bragg gratings consists of six silica-titania doublets. Reflectivity can be enhanced by 

simply increasing the doublets number. In this first attempts, we decided to stop to 6 

doublets value since in both type of mirrors quite high reflectivity was reached and 

problems arising from possible stress build-ups are minimized, even if deposition of more 

layers can be exploited. Reflectivity at 620 nm was evaluated to be 0.95 and 0.9 for 

grating 500 and grating UV respectively. 

A concentration QD 12,5 in the defect layer was employed in these first attempts to avoid 

risk of too high absorption of the cavity which can limit the cavity effect. 

After the growth of grating 500 on a quartz substrate, the defect layer was deposited. 

The refractive index of the zirconia doped film with concentration QD 12.5 was first 

measured and the cavity thickness was calculated using Eq. 610 in order to have a cavity 

resonance at 620 nm overlapping the spontaneous fluorescence emission of the 

nanoparticles embedded in the film. 

The defect later with the exact thickness was the most difficult step since only slight 

variation of few nanometers can significantly shift the cavity position.  For the measured 

refractive index of 1.76, a layer thickness of about 176 nm is calculated. We decided to 

grow the cavity depositing 3 consecutive layers. Spin coating conditions for obtaining the 

required layer thickness were calibrated measuring the thickness by spectroscopic 

ellipsometry on silicon substrates. The active material was then deposited on the Bragg 

reflector and an annealing step at 250°C for 5 minutes was applied at each deposited layer. 

A reference sample consisting of a deposition o QD doped zirconia on a quartz substrate 

prepared in the same conditions as for the cavity in order to obtain has been prepared. An 

absorption spectrum derived from total reflectance and 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 from total reflectance (R) and transmittance (T) 
measurements

The final grating UV was deposited. The resulting structure have the optical properties 

shown in figure 6.17. 

In figure 6.19A, transmission and reflectance spectra are taken using an integrating sphere. 

The experimental set-up is such that absorption is taken perpendicularly to the surface, 

while reflectance is taken at an incident direction which slightly differs from normal one of 

few degrees. This allows to have an estimate of the cavity position at normal direction both 

in transmittance and reflectance. In the same figure, the emission spectra of a deposition of 

the same cavity material on quartz substrate measured with a standard spectrofluorimeter is 

also included. Very good overlap between spontaneous emission of the quantum dots and 

cavity position is seen. 

Figure 6.19  Transmission and reflectance (normal incidence) and spectrum taken with an integrating 
sphere set-up with PL emission of a QD loaded zirconia reference film (A); Specular reflectance spectra 
taken on ellipsometry at different reflection angles in the 15°-75° degree range (B) 
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The software of the ellipsometer allows to simulate the optical properties of the structure 

shown in figure 6.17 using previously measured optical parameters of the material of each 

layer. Silica and titania film thicknesses were set equal to the values necessary to maximize 

the reflectivity at 620 nm. Then reflectance spectra are simulated by varying the thickness 

of the cavity layer. The obtained results are reported in table 6.2.

In figure 6.19B, specular reflectance spectra at different incident angles measured with the 

ellipsometer are presented. In this case, measurements could be taken only for reflection 

angles higher than 15° due to physical limitation of the instrument. The expected 

dependence of the cavity position on the reflection angle is observed. 

The cavity positions obtained with this measurement can be compared with simulation 

carried out for the same reflection angles. In this case the best accordance is found for a 

cavity layer with a thickness of 174 nm (see table 6.2), in good agreement with the target 

value of 176 nm. 

Angle (°)

Simulated 

cavity position 

with 174 nm 

thickness (nm) 

Simulated 

cavity position 

with 178 nm 

thickness (nm)

Observed 

cavity position 

(nm) 

Observed 

FWHM cavity 

peak width 

(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 ellipsometer in the same sample conditions as for reflection 
data 
Table 6.2  Simulated cavity position using ellipsometer software for different cavity thickness, observed 
cavity position from reflectance data and observed  cavity  emission position and peak width  

At normal direction the cavity position has been estimated from transmission spectra taken 

with the ellipsometer with the same sample orientation and position with respect to light 

beam used for reflectance, and found to be at 618 nm.  The estimated Q value from this 

transmission spectrum is 31 and an analogue value of 35 is retrieved from reflectance 

spectrum at 15°. 
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 The emission of the cavity has been characterized using the apparatus schematized 

in figure 6.19.  

Figure 6.20  Schematic of set-up used for characterisation of optical microcavity incorporating QD 
emitters

The excitation laser was at 514.4 nm wavelength and with 1.6mW power. Measurements 

were performed at 2° incident angle with respect to normal direction to the substrate. In 

these conditions, the transmitted intensity was  0.8 mW and 1.5 mW  for cavity and 

reference samples respectively. 

The emission from the cavity was collected at different detection angles in the  0°-50° 

range, while emission from the reference sample was detected at 0° and 50°. 

Cavity emission results are summarized in figure 6.20. 

The normalized emission spectra are reported in figure 6.21A at 0° detection angle for the 

cavity and for the reference sample. The shape of the cavity emission taken in two different 

regions of the sample is also reported and it appears to be different. 

The effect of the cavity is apparent leading to narrowing of the emission peak with respect 

to reference emission. The coupling of the photonic structure with the QD’s emission is 

also proved by the expected angular dependence of the emission peak which is seen to 

move toward shorter wavelengths (see figure 6.21B and table 6.3), while reference 

emission peak position and width are practically unchanged at different detection angles. 

The Q value retrieved from cavity emission at 0° is 53, which is larger than the value 

obtained from transmission or reflectance measurements. 

This can be related to the inhomogeneity of the defect layer thickness. Smaller area of the 

sample are probed during cavity emission measurements than reflectance or transmission 

ones due to the small dimension of the laser spot used to excite the cavity. Thus the 
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negative effect of thickness inhomogeneity of the defect layer on the cavity peak width will 

be diminished if smaller area are probed, leading to cavity narrowing. 

Furthermore, cavity emission was not equal if measured at different points supporting 

inhomgeneity of the defect layer. Also the angular dependence of peak position in the low 

angle region did not follow a regular trend for some angles (which are not shown in the 

figure). It is likely that the procedure for device fabrication need to be optimized to 

improve the quality of the depositions and their thickness homogeneity.  

Imperfections in the structure can also be responsible for the presence of uncoupled 

emission clearly seen at 50° detection angle. 

Figure 6.21  Normalized emission spectra of reference emission (taken at 50° detection angle)  and cavity 
emission at 0° detection angle taken at two different points of the sample (A); Cavity emission at different 
observation angles (B) 

The width of the emission cavity is also seen to increase at higher detection angles (see 

Table 6.3) leading to lower Q values.  This was also observed by Jaseniack et al. [32] and 

Rabaste et al. [15] and it was explained by the higher QD absorption at shorter wavelength. 

This has an adverse effect on Q factor. 

Angle (°) 
Cavity emission 

position (nm) 

Cavity emission  

FWHM peak width 

(nm) 

Reference 

e,mission peak 

position (nm) 

Reference 

FWHM emission 

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 width and reference emission position and peak 
width 
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The peak position at normal direction is at 618 nm, in agreement with observed cavity 

position and with simulations for a 1.74 nm thick cavity as shown from results in table 6.2.  

The agreement of simulated and experimental cavity peak position is not good which can 

again be attributable to defect layer thickness inhomogeneity. 

In order to have information on the emission enhancement, the as-detected emission 

intensity  of the reference and cavity emission at normal direction are reported in figure 

6.22.   

Figure 6.22  Spectral enhancement of cavity emission with respect to reference emission at 0° detection 
angle

The emission is strongest in the case of quantum dots in the cavity, with a spectral 

enhancement factor of about 7, indicating the modification of the emission properties of 

QD.  

In order to see if lasing emission was possible with this device, emission measurements 

were performed under increasing excitation power using the experimental setup described 

in Chapter 2 employed for ASE experiments. The excitation wavelength was 400 nm and 

the geometry configuration of the experiment was analogue to that depicted in figure 6.18.  

Data are shown in figure 6.23. 

Figure 6.23  Cavity and reference emission under femptosecond laser  excitation at 400 nm. No lasing was 
seen at increasing excitation power 
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Spectral narrowing was again observed with respect to reference spectrum, even if no 

lasing emission was detected, probably because of low concentration of quantum dots or  

insufficient feedback due to low mirror reflectivity. These parameters can be adjusted 

along with overall improvement of device quality, motivating further attempts in laser 

emission obtainment. 

 Despite the absence of lasing, the data presented so far suggest that the described 

cavity fabrication procedure is compatible with quantum dots, whose emission properties 

are maintained and could be studied under microcavity effect. 

In particular, the UV treating of the titanate has proved to be a useful method to couple 

high refractive index materials with QDs emitters. 

This possibility can be exploited for further studies of quantum dots emission in an optical 

cavity, for lasing conditions tailoring and fabrication of other type of 1D optically active 

photonic structures similar to those presented in ref.s [19-21]. 
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Chapter 7 

ZnS NCs loaded hybrid matrix composites 

7.1 Introduction 

 Nanocomposites made from a sol-gel hybrid materials as matrix and nanoparticles 

as fillers are particularly interesting for the tuning of optical properties. In fact, this can be 

achieved by acting on the type of both the employed organosilane and the embedded 

nanoparticles. 

In particular, we focused our attention in obtaining high refractive index materials and the 

synthesis of nanocomposites from sol-gel derived hybrid matrix as host for zinc sulfide 

nonoparticles has been worked out. 

Among semiconductors materials, zinc sulfide exhibits interesting properties for optical 

application due to its transparency in the visible range, large refractive index value ( n = 

2,36 at 620 nm) [1], UV filter behavior and, if doped with particular ions, luminescence 

properties. For these reasons, it has been exploited and introduced in various types of 

matrices to obtain functional materials [2-8].  

The host material used herein consists in a hybrid organic-inorganic epoxy-based material 

containing phenyl groups, which have been proved to modify both thermal and optical 

properties [9]. Hybrid materials possess some advantages over organic polymers, such as 

improved thermal and physical properties. The sol-gel route for the synthesis of these 

materials allows a simple way to homogeneously introduce organic moieties by using 

specific organosilanes, thus changing and tuning physical and functional features [10-13]. 

ZnS nanocrystals (NCs) have been introduced in these materials and nanocomposite thin 

films have been obtained. In particular, refractive index changes upon introduction of 

phenyl groups and zinc sulfide nanocrystals are here addressed.  

Both these components have been proved to raise refractive 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 sol GZ and sol DGZ, with different compositions have 

been prepared using Glycidoxypropyltrimethoxysilane (GPTMS), zirconium 

tetraisopropoxide (Zr(OPri)) and dyphenyldymethoxysilane (DPDMS) as precursors. 

GZ and DGZ solutions were synthesized using GPTMS/Zr(OPri) = 75:25 and 

DPDMS/GPTMS/ Zr(OPri)= 50:25:25 precursors’ molar ratios, respectively.

Sol GZ was prepared hydrolyzing GPTMS with a stoichiometric amount of water at 

ambient temperature for 5 hours, after that a solution of methoxyethanol, Zr(OPri and 

NaOH (NaOH:Alkoxides = 0.001) was added drop wise.  

Sol DGZ was synthesized by mixing DPDMS and Zr(OPri and adding drop wise a solution 

containing water (H2O/( Zr(OPri) r+DPDMS) = 0.33), NaOH, (NaOH:Alkoxide = 0.001) 

and methoxyethanol. After stirring for 15 minutes, GPTMS, hydrolyzed as previously 

described, was added. These solutions were refluxed for 2.5 hours at 80°C. Alkoxide 

concentration was kept constant and equal to 2.5 

 ZnS NCs have been synthesized adapting the procedure described by Kho et al. 

[14]. First, 20 ml of a 1M water solution of Tris(hydroxymethyl)aminomethane was 

prepared. Then cystein, mercaptoethanol and a 1M solution of zinc sulfate (ZnSO4) in 

water was poured in the reaction flask. The concentration of Zn precursor in this solution 

was 0.1 M. Cysteine and mercaptoethanol were added to give a molar ratio of 0.25 and 2.5 

with respect to the zinc precursor. This solution was stirred for 10 minutes. Finally, sodium 

sulfide (Na2S) (Zn/S = 1) dissolved in water was added under stirring. The solution was 

incubated for 1 hour at 50°C. ZnS NCs were flocculated by adding ethanol and collected 

by centrifuging at 4000 rpm. The precipitate was dispersed in 8 ml water. At this stage, 

tetrahydrofuran (THF) and 400 µl of mercaptohexanol were added and an opaque solution 

was obtained. This dispersion became transparent after stirring for 12 hours. Finally, ZnS 

NCs were precipitated with acetone and redispersed in about 4 ml of 2:1 v/v mixture of 

THF and water to give a clear and concentrated ZnS NCs solution which was used for 

nanocomposite synthesis. 

Nanocomposite depositions were obtained with two different concentrations,  

referred to as loading level 1 and loading level 2. These have been prepared by mixing 250 

µl (loading level 1)and 100 µl (loading level 2) of either DGZ or GZ solutions with 0.5 ml 
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of ZnS NCs colloids. To improve NCs compatibility with the matrix 10 µl of 

mercaptopropyltrimethoxysilane were also added.  

The obtained solutions were aged 12 hours, after which they were three-fold diluted with 

methoxyethanol. 

These solutions were spun on a silicon substrate at 5000 rpm for 20 sec to obtain thin films 

that were heat treated at 150°C for 30 minutes. Thick films (up to 10 µm) were also 

obtained by casting the solution on a quartz substrate at 80°C. 

Films were analogously obtained from GZ and DGZ solutions without ZnS NCs. 

7.2.2 Results and discussion 

Among the large number of synthetic procedures proposed in the literature [15-21], the 

synthetic route for ZnS NCs described in ref. [14] has been taken into account due to its 

easiness, high yield and good colloidal stability. Cysteine was there employed as the 

capping ligand for such NCs. This molecule forms a Zn-S complex, thus it binds to the Zn 

sites of NC surface. The resulting NCs expose the carboxylic functionality of cysteine to 

the outer environment leading to very hydrophilic surface which makes NCs very stable 

only in water media, while colloidal stability is lost in organic solvents. 

Cysteine capped ZnS are thus not compatible with the developed hybrid sol whose 

environment is hydrophobic, since organic solvents and phenyl groups are used in such 

materials. This would eventually leads to the precipitation of the NCs from the solution, 

preventing the realization of homogeneous nanocomposites. 

In order to make the ZnS NCs compatible with the hybrid materials, we developed an 

analogous procedure for making the as-synthesized water soluble NCs compatible with the 

sol-gel matrices. Mercaptohexanol and mercaptopropyltrimethoxysilane are proper ligands 

for good compatibility with the hybrid environment and the described procedure has been 

designed to enrich the ZnS NCs surface with these molecules. 

Mercaptoethanol was used in the ZnS synthesis as the main capping agent instead of 

cysteine since this  resulted to facilitate the subsequent exchange with mercaptohexanol.  

In fact, cysteine probably bounds too strongly to ZnS NCs surface, making it more difficult 

to be displaced by a new capping agent, while this procedure is more efficient if 

mercaptoethanol is used as the pristine ligand.  



CHAPTER 7 

216

In order to easily extract the particles by flocculation with ethanol, the usage of a small 

amount of cysteine was found to be necessary. Probably this makes NCs surface 

sufficiently hydrophilic to allow separation by addition of an organic solvent from the 

original solution and unreacted reagents.  

It is likely that the residual presence of cysteine or mercaptoethanol bound on ZnS NCs 

surface after mercaptohexanol exchange makes it necessary to add water in the final 

solvent mixture in order to obtain a stable colloidal solution. 

The described functionalization procedure for ZnS NCs was found to be compatible with 

the sol-gel matrices synthesized in this work. 

UV-Vis absorption spectra of ZnS NCs after each stage of the synthesis or 

functionalization procedure are reported in figure 7.1.  

Figure 7.1 Absorption spectra of as synthesized ZnS nanocrystals solution (a), after ethanol precipitation 
and redispersion in water (b) and final doping solution (c). All spectra were taken with a dilution of 1:400. 
The vertical line represents the position of the absorption band of bulk ZnS.

The absorption band due to ZnS nanoparticles is blue shifted compared to bulk ZnS 

(absorption onset at 340 nm, [15]). After the first ethanol precipitation and dispersion in 

water, the absorption feature of ZnS NCs  appears as a shoulder at around 270 nm (figure 1 

curve b), similarly to spectra reported in other works [21]. Concentration of particles in 

solution is increased after each stage of the described processing, reaching a final 

concentration in the THF/water mixture of about 35 g/L (figure 7.1 curve c), as estimated 

from the weight of dried powder. 
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XRD pattern (figure 2) of the dried precipitate obtained from final doping solution can be 

assigned to sphalerite ZnS (JCPDS 05-0566). The same diffraction pattern has been 

obtained also for the ZnS NCs loaded DGZ sol-gel film (see figure 7.2). 

Figure 7.2 XRD patterns of dried ZnS powders and of GZ film doped with the same ZnS nanoparticles. 
The main diffraction planes with their relative intensity (ZnS sphalerite JCPDS 05-0566) are also indicated at 
the bottom of the picture. 

HR-TEM images showed the presence of nanoparticles having an almost spherical shape 

with a mean diameter D = 4.8 nm and standard deviation σ = 1.0 nm (see figure 7.3a).  

Figure 7.3 (A) High-resolution image of ZnS NCs showing <111> lattice planes fringes of sphalerite ZnS; 
(B) Cross-sectional Dark-Field S-TEM image of the DGZ hybrid film containing ZnS NCs corresponding to 
doping level 2 (see text) 
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From EDX compositional analysis it was evaluated an atomic ratio Zn/S of about 0.9 ± 0.1. 

Figure 7.3b shows the cross-sectional dark-field S-TEM image of the ZnS NCs loaded 

DGZ film in which the contrast is related to the atomic number of the elements present in 

the different region of the sample. The film appears quite homogeneous and no large 

aggregates (in the order of tens of nanometers) able to scatter light significantly are seen. 

This degree of homogeneity is important for keeping transparency. 

The film thickness is (160 ± 10) nm as retrieved from STEM image. From EDX 

compositional analysis it was evaluated an atomic ratio Zn/S of about 0.9 ± 0.1 also in the 

case of the DGZ nanocomposite film. 

The hybrid material used as the matrix has been synthesized from GPTMS, an 

organoalkoxide presenting an epoxy ring functionality that can be polymerized to give a 

polyethylene oxide network. DPDMS is also added in order to homogeneously introduce 

phenyl groups by co-condensation of the alkoxides groups of DPDMS with those of the 

other. Zr(OPri) is finally introduced in the reaction system both to catalyze the epoxy ring 

polymerization [24] and to promote the development of a stiff SiO2-ZrO2 mixed oxide 

network. The refractive index of ZrO2 is quite high (in the 2.13-2.20 range for monoclinic 

ZrO2 depending on the crystallographic axis [1]) and it also contributes to raise the overall 

refractive index. 

Figure 7.4 shows the FT-IR spectra of undoped hybrid  films. Peaks at 3075, 3046, 1229, 

1191, 743, 700 and 520 cm-1 in DGZ spectrum can be assigned to phenyl vibrations 

[22,23]. No epoxy ring vibrations (2995-3060 cm-1 band) can be observed in GZ spectrum 

which can be related to the GPTMS epoxy group polymerization [24], while a partial 

overlapping with phenyl vibrations is present in DGZ films. The band around 1060 cm-1

and the doublet at 2900 cm-1 are assigned to silica and C-H vibrations respectively [22,23]. 

Very similar FT-IR spectra (data not shown) were obtained for hybrid films incorporating 

ZnS NPs. 



219

Figure 7.4FT-IR spectra of undoped GZ and DGZ sol-gel hybrid matrices

UV-Vis measurements (figure 7.5) made on thick depositions on quartz substrate showed a 

clear change in the absorption edge after introduction of ZnS NCs.  

Also in the case of the composite films, a blue shifting of the absorption edge, compared to 

bulk ZnS, is evident. This is less pronounced in the case of DGZ matrix due to absorption 

contribution of phenyl groups at higher wavelengths, which is evident by comparing GZ

and DGZ matrices spectra. 

Figure 7.5 UV-Vis absorption spectra of GZ (A) and DGZ (B) films deposited on quartz substrate. The 
vertical line represents the position of the absorption band of bulk ZnS 

In figure 7.6 it is reported the photoluminescence spectrum of the ZnS NCs loaded DGZ 

film (with the corresponding optical absorption spectrum): the PL band centered on 420 

nm can be correlated to defect-type luminescence likely arising from defective surface 

states [22]. 



CHAPTER 7 

220

Figure 7.6 UV-Vis absorption and photoluminescence spectrum (excitation wavelength 337 nm)  for ZnS 
NCs doped DGZ hybrid film.

In order to have a rough estimate of the filling factor f (i.e., the volume fraction) of ZnS 

particles in the nanocomposite depositions, we used the ZnS NCs solution concentration 

and densities of ZnS (4 Kg/m3 [1]) while the densities used for hybrid materials were 

measured by Archimedean method on bulky samples and found to be 1.26 Kg/m3 and 1.32 

Kg/m3 for bulk DGZ and GZ, respectively. The values of f for ZnS NCs were estimated to 

be about 0.04 and 0.1 for loading level 1 and loading level 2 respectively. 

As expected, ellipsometry measurements showed an increase in refractive index upon 

increasing concentration of ZnS NCs (Table 7.1). Analogously, the effect of refractive 

index enhancement upon introduction of phenyl groups can be appreciated by comparing 

GZ and DGZ hybrids at the same ZnS loading level. 

Table 7.1  Refractive index and film thickness of nanocomposite thin films 

Refractive index 

(@ 630 nm) 

Film thickness 

(nm) 

 GZ 1.50 576 

GZ + ZnS    Loading level 1 1.52 257 

GZ + ZnS    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 
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To evaluate the ZnS NCs concentration in the films, we used Maxwell-Garnett theory 

which  is an effective medium model which can be applied to materials embedding 

spherical inclusions.  

This model was used to calculate the refractive index change of the nanocomposite over 

the measured wavelength range as a function of the ZnS NCs filling factor, f (i.e., the 

volume fraction): we used for the matrix the measured ellipsometric data and ZnS 

literature data [27] for the NCs (assuming the average size measured by TEM).  

Finally, we used the Maxwell-Garnett theory to model the refractive index change upon 

variation of the ZnS NCs content in order to compare the theoretical results with the 

experimental ones. This was done only for ZnS NCs doped DGZ matrix as representative 

example. 

Calculations were carried out over the wavelength range of the experimental measurements 

as a function of the ZnS NCs filling factor .f. We used for the matrix the measured 

ellipsometry data and ZnS literature data [27] for the NCs and the TEM measured average 

size was assumed. In figure 7.7A, the calculated change of the refractive index curves is 

shown. A linear trend of the refractive index evaluated at 630 nm is found in the 0-0.3 

filling factor range (see figure 7.7B). This is in agreement with the reported linear 

dependence of refractive index on volume fraction of the inorganic NCs [23].  

Figure 7.7 Maxwell-Garnett simulations of the refractive index of ZnS NCs loaded DGZ as a function of 
the ZnS filling factor f (A) and linear evolution of the refractive index computed at 630 nm (B) 

A best fit procedure has been used to evaluate the ZnS volume fraction from the measured 

refractive index (see figure 7.8). A filling factor value f of 0.024 and 0.077 for ZnS loaded 

GZ hybrid has been found for loading level 1 and loading level 2, respectively. 

Analogously, a filling factor of 0.033 and 0.081 was calculated for DGZ nanocomposites, 

in good agreement with the nominal values.  
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Figure 7.8 Experimental refractive index curves (solid line) and corresponding Maxwell-Garnett fit (open 
symbols) for GZ nanocomposites (A) and DGZ nanocomposites (B). The corresponding filling factor f is 
indicated.
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Chapter 8 
 

 

Conclusions 
 

 

 
 In this work, the synthesis and processing of nanostructured materials for optical 

applications has been described. 

With the aim of introducing specific functionalities and variations in the dielectric 

properties of the materials, NPs of the desired materials, obtained by means of colloidal 

synthetic routes, have been introduced in host matrices to obtain multifunctional 

nanocomposite materials. 

The activity can be divided in:  

a) synthesis and characterization of nanocrystals based on cadmium selenide, titanium 

dioxide, zinc sulfide and layered titanates and  

b) their applications in active waveguides with photoluminescence or optical gain 

properties, conformal coating and coplanar microcavities with cadmium selenide 

NPs emitters. 

 

 The procedures for the synthesis of CdSe particles with tunable size have been 

presented in Chapter 3. In order to increase the stability of these particles, surface coverage 

with larger band gap semiconductor has been addressed. This was accomplished adopting 

the SILAR procedure which allows tailoring the composition of the shell by growing 

monolayers one at a time. A shell with graded composition was adopted by growing a CdS 

layer on pristine CdSe surface and ending with a ZnS layer. A cadmium zinc sulfide alloy 

was also attempted. A synthetic procedure was developed by successive steps which 

finally resulted in the desired shell structure, even if further optimization is required to 

achieve greater particles stability. 

These particles were introduced in ZrO2 sol-gel waveguides and tested in ASE (Amplified 

Spontaneous Emission) experiments. 

The obtained samples showed optical gain properties under both 1-photon and 2-photon 

excitation. The stability under excitation need to be further improved, particularly under 2-
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photon excitation. This requires further work, which has to be manly directed toward 

thicker ZnS layer coverage with better structural quality. Precursor’s reactivity, role of the 

complexing agents and synthetic parameters are all key parameters that must be tailored to 

improve shell quality. 

 A sol-gel synthesis for TiO2 nanoparticles has been developed and described in 

Chapter 4.  

Synthetic parameters have been optimized in order to have transparent colloidal solutions 

of crystalline titania particles. Nanocrystals in the anatase crystal structure in the 3-5 nm 

diameter range have been obtained. 

The obtained particles could be extracted from the solution and introduced in an epoxy-

based sol-gel matrix. 

This allows for transparent depositions with tunable refractive index in the 1.51-1.89 

range. 

 In order to extend the processing and engineering of titanium oxide materials, 

layered titanates compounds were taken into consideration. This class of lamellar 

compounds are constituted of nanosheets where [TimOm+1]
2- usually units arrange 

themselves in a two-dimensional crystalline layer intercalated by cations necessary for 

charge balance. We have developed a synthetic route in which titanate nano-sheets are 

produced by reaction of a titanium alkoxide and an organic base. Titanate nanosheets have 

been obtained which are at least partially exfoliated resulting in transparent colloidal 

solution. 

TEM characterization showed the lamellar nature of the obtained materials where also the 

lateral extension of the sheet was in the nanometric (about 5 nm) range. 

Depending on the type of organic base used, Tetramethylammonium hydroxide (TMA) and 

6-Amino-1-hexanol (AH), titanates with different structural characteristics and processing 

behavior have been obtained. In particular, those derived from TMA are stable in aqueous 

solutions, while those derived from AH could be used also in alcoholic media. The former 

will be referred to as TMA-Ti, the latter as AH-Ti. 

These materials could be modified by UV curing or ion-exchange processes, allowing for 

modifications or treatments by methods other than thermal annealing. 

The behavior of TMA-Ti titanates under UV irradiation and thermal treatment has been 

investigated through X-Ray Diffraction and ellipsometry. Enhancement of refractive index 

was correlated with the contraction of titanate layers leading to densification of the 

material. This permitted to obtain high refractive index depositions at temperature as low 



 

 227 

as 200°C. This was applied in DBR (Distributed Bragg Reflectors) obtained by 

alternatively depositing titanate and silica as the high and low refractive index layers. Low 

temperature processing not only allowed to obtain more favorable conditions for grating 

fabrication in terms of defects formation, but also to make high index material processing 

compatible with Quantum Dots. This was exploited for the fabrication of a coplanar 

microcavity incorporating quantum dots. This structure has been described in Chapter 6. 

The modification of the spontaneous emission of the QD emitters under cavity effect has 

been characterized. This confirmed the possibility of coupling the developed high 

refractive index material processing with quantum dots. No lasing emission was observed 

with this device, possibly due to low concentration of QDs in the defect layer or low 

reflectivity of the mirrors. These parameters can be enhanced along with the overall quality 

of the fabrication procedure thus greatly motivating for future work or improvement of this 

device. 

In Chapter 5 it was shown that UV irradiation resulted also in the change of solubility 

behavior. Thus, interesting future perspectives are also related to exploitation of UV-

induce solubility change for UV patterning of titanates depositions. 

One goal of the present work was to synthesize a material presenting a luminescent 

functionality, high refractive index and good processability allowing for defect free bulk 

samples. 

This task has been approached synthesizing a nanocomposite material by mixing different 

functional NPs with suitable matrices. 

AH-Ti titanates have been used to enhance the refractive index, QDs were used as the 

active component and the processing behavior of this material has been tailored with 

proper choice of the matrix material (a polyethylene glycol functionalized silane) with the 

aim of enhancing the plasticity allowing for stress relaxation during drying processes 

involved in sample fabrication. The latter is a serious problem for thick coatings or bulk 

samples often leading to severe cracking or damage. 

AH-Ti titanates are compatible with QDs, allowing for optically transparent materials. 

By varying the amount of titanates and matrix, the refractive index could be varied from 

1.5 to the 1.8. The last value was obtained with a pure titanate matrix at an annealing 

temperature of 200°C which does not damage QDs particles.  

Such nanocomposites were used as waveguides and thick films with a refractive index of 

1.7 were patterned with nanoimprinting techniques. 



CHAPTER 8 - Conclusions 

 228 

This strategy was also used for encapsulation of LED devices, where thick coatings with 

high refractive index embedding luminescent material are desirable to enhance light 

extraction from LED and to produce white light through down-conversion.  

The above described QD-loaded titanate material was used for this application and it has 

proved to be quite promising if used with aerosol based deposition techniques, even if 

cracking problems could not be solved completely. Thus, this activity was continued with a 

sol-gel hybrid material doped with quantum dots since it showed more favorable 

processing conditions.  

 The properties of titanium dioxide can be exploited for optical gas sensing 

applications if gold nanoparticles are introduced in a crystalline TiO2 matrix. 

The anatase-TiO2 particles have been successfully used as matrix material for this 

application allowing for porosity tailoring, morphological and gold-titania interface to be 

studied from optical measurements.  

Optical sensing were proved by variation in thin film absorbance at wavelengths near the 

plasmon resonance of gold NPs caused by presence of gas analytes 

Gold nanorods were introduced in TMA-Ti titanates. Gold nanorods are known to 

spheroidize upon thermal treatment, losing their peculiar optical properties. We found that 

the developed UV densifying treatment applied prior to heat treatment results in the 

retainment of rod optical features to higher temperature. Improved stability of such 

nanostructures is very interesting since it allows extending their exploitation in optical 

applications. 

Finally, composites with enhanced refractive index were realized by introducing ZnS NCs 

in hybrid sol-gel materials based on Diphenyl Dimethoxysilane and Zirconium 

isopropoxide. 

A synthesis of ZnS NPs, which could be functionalized in order to be introduced sol gel 

matrix, has been developed. 

 

 

 

 


