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Abstract 
 
Plasmonic properties of metallic nanoparticles (NPs) have been object of many studies in the recent 

decades. Thanks to their ability of inducing enhancement of the surrounding electromagnetic field 

magnitude and of light absorption, through coherent oscillations of free electrons (plasmons), metallic 

NPs could be exploited in many different fields, from energy production through light harvesting, 

photocatalysis, or for medical and biological purposes and for enhanced spectroscopic techniques like 

Surface Enhanced Raman Spectroscopy (SERS).  

Among the different studied metals, gold (Au) has always been one of the most investigated, because 

of its attractive properties like high free carrier density, chemical stability and non-toxicity. 

A popular topic regarding Au NPs, is their integration within wide band gap semiconductors, like 

TiO2, to sensitize them, extending their light absorption field to the visible part of the spectrum. This 

strategy has been exploited to increase efficiency of devices like photovoltaic cells, or photoanodes 

for solar water splitting. However, in the recent years these kinds of systems have received a lot of 

attention also for their application toward SERS, since they could offer superior characteristics, 

combining plasmonic enhancement effect of metallic NPs, together with anti-reflection, light trapping 

and scattering properties of semiconductors. Different strategies, like chemical synthesis, have been 

proposed in literature, to perform the integration of Au NPs within semiconductor films. By the way, 

chemical methods show some disadvantages, like the scarce control on NPs size and geometry, the 

difficulty of produce highly pure materials without presence of residual contaminants and the 

necessary use of toxic and potentially harmful solvents. On the other hand, physical techniques like 

Pulsed Laser Deposition (PLD), offer a way to overcome these inconveniences, combined to the 

possibility to tune film characteristic and properties during synthesis thanks to the regulation of 

deposition parameters. The aim of this thesis has been that of achieving control on morphological, 

structural and optical properties of hybrid systems consisting of Au NPs integrated within TiO2 

hierarchical quasi-1D nanostructured films. This has been possible taking advantage of versatility of 

PLD technique and exploiting post-deposition thermal treatments to obtain further control on film 

characteristics. Two synthesis approaches have been studied, one consisting in a one-step co-

deposition of TiO2/Au films, leading to integration of Au NPs within the oxide films. The other 

exploited thermal evaporation of Au layers on top of already synthetized TiO2 films, allowing to 

obtain deposition of NPs on top of film surface. In a second time, potentialities of the nanostructured 

composite films as substrates for SERS technique, have been tested. Thanks to the collaboration with 

Prof. Nathalie Lidgi-Guigui of Université Paris 13, I have been able to personally perform SERS 

measurements on the samples, using 4-Mercaptobenzoic acid (MBA) as analyte molecule, making a 

detailed analysis and comparison of the obtained results. Finally, a preliminary investigation of a 

possible further SERS enhancement effect provided by irradiation of TiO2/Au films with UV light 

has been carried out, providing an interesting starting point for future investigations. 
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Sommario 
 
Negli ultimi decenni, le proprietà plasmoniche esibite da alcune nanoparticelle (NPs) metalliche, sono 

state oggetto di intensi studi. Grazie alle loro abilit¨ di produrre un forte incremento dellôintensit¨ di 

campi elettromagnetici nelle loro vicinanze e di accrescere lôassorbimento di luce, attraverso 

eccitazione di oscillazioni di elettroni liberi (plasmoni), le NPs metalliche sono state sfruttate in 

differenti settori, come produzione di energia fotovoltaica, processi di fotocatalisi, per applicazioni 

in campo medico o biologico e anche per applicazioni spettrografiche come la tecnica di ñSurface 

Enhanced Raman Spectroscopyò (SERS). 

Tra i diversi metalli con propriet¨ plasmoniche studiati finora, lôoro (Au) ¯ sempre stato uno dei più 

investigati, per via delle sue propriet¨ come lôelevata densit¨ di elettroni liberi, la stabilit¨ chimica, 

resistenza alla corrosione e non tossictà. Un campo di ricerca molto diffuso riguardo le Au NPs, è 

quello della loro integrazione allôinterno di materiali semiconduttori, come ad esempio il biossido di 

titanio (TiO2), con lo scopo di estenderne le capacit¨ di assorbimento di luce anche allôinterno dello 

spettro visibile. Questa strategia ¯ stata sfruttata, per esempio, per aumentare lôefficienza di dispositivi 

come celle fotovoltaiche o fotoanodi per la produzione di idrogeno tramite ñPhotoelectrochemical 

Water Splittingò. Tuttavia, recentemente, questo tipo di sistemi ibridi, ha ricevuto crescente 

attenzione anche riguardo alla loro applicazione nei confronti del SERS. Infatti combinando le 

proprietà plasmoniche delle NPs metalliche con quelle dei materiali semiconduttori, come le capacità 

di anti-riflessione, e di ñintrappolamentoò o dispersione della luce, potrebbe essere possibile ottenere 

substrati dalle caratteristiche uniche. Diverse strategie di sintesi sono state presentate in letteratura 

per ottenere lôintegrazione di Au NPs e film di materiali semiconduttori, come ad esempio la sintesi 

per via chimica. Tuttavia, questi metodi presentano alcuni svantaggi, quali lo scarso controllo sulle 

dimensioni e geometria delle NPs, la difficoltà di produrre materiali con elevata purezza, eliminando 

la presenza di possibili contaminanti, e lo spesso necessario utilizzo di solventi altamente tossici e 

potenzialmente pericolosi. Un approccio alternativo, è quello offerto dalle tecniche di deposizione 

fisica, come ad esempio la ñPulsed Laser Depositionò (PLD). Tramite essa, ¯ possibile superare i 

difetti delle tecniche chimiche. In aggiunta, la PLD offre la possibilità di controllare le proprietà dei 

film sintetizzati, gi¨ durante le fasi di deposizione, attraverso unôopportuna regolazione dei suoi 

parametri.  

Lo scopo di questa tesi, è stato quello di raggiungere il controllo di proprietà morfologiche, cristalline 

e ottiche di sistemi compositi, costituiti da Au NPs integrate in film gerarchici quasi-1D e 

nanostrutturati, di TiO2. Questo ¯ stato fatto sfruttando la versatilit¨ della PLD e lôutilizzo di 

trattamenti termici, grazie ai quali è stato possibile raggiungere un ulteriore controllo delle 

caratteristiche dei film. Due sono state le strategie di sintesi prese in considerazione. La prima consiste 

nella co-deposizione, in unôunica fase, di film di TiO2/Au, che ha permesso di ottenere lôintegrazione 

delle Au NPs allôinterno del film di ossido metallico. La seconda invece, si ¯ basata sullôevaporazione 

termica di Au su film di TiO2 sintetizzati in precedenza, in questo modo è stato possibile ottenere la 

deposizione di Au NPs sulla superficie superiore del TiO2. 

In un secondo momento, i campioni prodotti, sono stati utilizzati per verificare le loro potenzialità 

come substrati da impiegare per il SERS. Grazie alla collaborazione con la Prof. Nathalie Lidgi-

Guigui, dellôUniversit® Paris 13, ho potuto infatti testare personalmente i campioni, compiendo 

misurazioni SERS attraverso lôuso di acido 4-mercaptobenzoico (MBA) come molecola analita. 

Durante la permanenza nel laboratorio parigino, ho quindi effettuato una dettagliata analisi e 

comparazione dei risultati ottenuti tramite i diversi campioni. 
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In aggiunta, ¯ stata effettuata anche unôindagine preliminare su un possibile ulteriore effetto di 

ñenhancement SERSò, conseguente allôirraggiamento dei film di TiO2/Au tramite luce UV, la quale 

ha fornito interessanti spunti di ricerca per il futuro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 4 

Table of Contents 
 

Introduction 

 

 State of the art on integration of plasmonic Au NPs within nanostructured TiO2 films ........ 16 

 Plasmonic properties of metallic nanoparticles ................................................................... 16 

 Surface Enhanced Raman Scattering .................................................................................. 18 

Plasmon Resonance Energy Transfer (PRET) ............................................................................... 24 

Scattering and anti-reflection effects .............................................................................................. 25 

Hot electron injection ..................................................................................................................... 25 

 Synthesis of plasmonic Au NPs .......................................................................................... 26 

 Titanium dioxide ................................................................................................................. 30 

 Nanostructured TiO2 thin films ........................................................................................... 32 

 Integration of plasmonic Au NPs within TiO2 films ........................................................... 33 

 Objectives of this work........................................................................................................ 39 

 Experimental techniques ................................................................................................... 42 

 Pulsed Laser Deposition (PLD) ........................................................................................... 42 
2.1.1 Deposition of TiO2 films and co-deposition of composite TiO2 films integrated with Au NPs .................... 44 

 Thermal Evaporation ........................................................................................................... 45 
2.2.1 Thermal Evaporation of Au on top of TiO2 films ......................................................................................... 46 

 Scanning Electron Microscopy (SEM)................................................................................ 47 

 Raman Spectroscopy and SERS .......................................................................................... 48 

 UV/Vis/NIR Spectroscopy .................................................................................................. 51 

 Synthesis of TiO2 hierarchical films with integrated Au nanoparticles ................................. 53 

 Synthesis: co-deposition via PLD of composite TiO2/Au films.......................................... 53 

 Annealing strategy ............................................................................................................... 55 

 8 Pa TiO2/Au co-deposited films with 2.9 at% of Au ......................................................... 56 
3.3.1 Morphological characterization (SEM) ....................................................................................................... 56 
3.3.2 Crystalline structure characterization (Raman spectroscopy) ..................................................................... 59 
3.3.3 Optical properties ....................................................................................................................................... 62 

 8 Pa TiO2/Au co-deposited films with 1.03 at% of Au ....................................................... 64 
3.4.1 Morphological characterization (SEM) ....................................................................................................... 65 
3.4.2 Crystalline structure characterization (Raman spectroscopy) .................................................................... 67 
3.4.3 Optical analysis ........................................................................................................................................... 69 

 Summary and conclusions ................................................................................................... 71 

 Co-depositions of TiO2/Au films with augmented porosity ................................................ 72 



 

 5 

3.6.1 Synthesis and morphological analysis of co-deposited TiO2/Au films at 10 and 12 Pa, with 2.9 at % of Au

 72 
3.6.2 Optical properties ....................................................................................................................................... 74 
3.7 Summary and conclusions .......................................................................................................................... 76 

 Au-evaporated on TiO2 nanostructured porous films .......................................................... 77 

 Synthesis: thermal evaporation of gold ............................................................................... 78 

 Morphological characterization on Au-evaporated NPs (SEM) ......................................... 79 
4.2.1 Penetration of Au-evaporated NPs within TiO2 nanostructured films........................................................ 79 
4.2.2 Size distribution of Au NPs on film surface and influence of TiO2 morphology .......................................... 82 

 Optical properties ................................................................................................................ 87 

 Summary ............................................................................................................................. 90 

 Surface Enhanced Raman Scattering (SERS): study of 4-MBA molecules with TiO2/Au 

nanostructured composite films ............................................................................................... 91 

 4-Mercaptobenzoic acid (MBA) ......................................................................................... 91 

 Samples preparation ............................................................................................................ 93 

 SERS measurements and results ......................................................................................... 94 

 SERS measurements on co-deposited TiO2/Au samples .................................................... 95 
5.4.1 Co-depositions with 8 Pa morphology ........................................................................................................ 95 
5.4.2 Co-depositions with augmented porosity: 10 and 12 Pa morphologies (Au 2.9 at%) ................................ 99 

 SERS measurements on Au-evaporated TiO2 films .......................................................... 100 

 Au evaporated on Si and glass substrates .......................................................................... 104 

 Conclusions and future developments ............................................................................... 107 

 UV-irradiation of TiO2/Au films and study of photo-induced enhanced Raman 

spectroscopy (PIERS) effect ........................................................................................................ 108 
5.8.1 Measurements and results ....................................................................................................................... 109 

 Conclusions and perspectives ........................................................................................... 117 

 Bibliography .................................................................................................................... 121 

 

 

 

 

 

 



 

 6 

List of Figures 
 

(p. 16) Figure 1.1: Illustration of free electrons clouds oscillation, with respect to the 

nuclei of a metallic NP, induced by an incident external electromagnetic field            

(p.17) Figure 1.2: Schematic representation of the energy flux and electric field 

intensity for an incident electromagnetic wave toward a metallic NP, with the 

electric field in the plane of the image. Red and blue colours represent high and 

low electric field intensities. Scattering effect is neglected  

(p.19) Figure 1.3 example of a commercially available SERS substrate, Klarite, 

consisting of a patterned Si surface, then coated with Au. 

(p.20) Figure 1 4: (a) Schematic representation of photolithographic production 

process for P-NPG; (b) plan view SEM image of a representative surface 

morphology of P-NPG substrate 

(p.20) Figure 1.5: SERS spectra acquired with (a) NPG and (b) comparison with SERS 

spectra acquired with Klarite and 2D-NPG substrates 

(p.21) Figure 1.6: (a) Mechanism of charge transfer mediated by TiO2 defect states; 

(b) SERS spectrum of ciprofloxacin adsorbed on TiO2 NPs 

(p.23) Figure 1.7: ñ(a) Ultraviolet C light (UVC) pre-irradiation (before analyte 

molecule deposition) creates oxygen vacancies (VO) in the TiO2 below the 

conduction band. (b) The substrate is then irradiated with the Raman laser (633 

nm) which photoexcites TiO2, leading to increase in charge on the nanoparticles. 

(c) The charged nanoparticles lead to the PIERS enhancement. As the VO are 

replenished, upon exposure to air, fewer electrons can be photoexcited into the 

conduction band of TiO2. (d) The PIERS effect gradually disappears as the VO 

are completely replenished over time (30ï60 min).ò 

(p.24) Figure 1.8: ñ(a) PIERS (green) and SERS (blue) spectra of Rhodamine 6G 

(concentration of 10-7 M), with Raman modes of the solid shown by the orange 

lines. All spectra collected under identical collection conditions. (b) Absorption 

spectra of a thin film showing LSPR shifts for AuNPs on TiO2 after irradiation 

with 254 nm light (3 h). Dashed lines indicate peak position (c) Average of total 

spectral enhancement (EF) of PIERS over SERS for dinitrotoluene (10-9 M) over 

time, horizontal line indicates the normal SERS intensityò  

(p.26) Figure 1.9: proposed mechanism for SERS in Ag/TiO2 nanocomposite 

(p.27) Figure 1.10: TEM images of Au NPs produced by HAuCl4/NH2OH seeding, 

with diameters of (a) 22 nm, (b) 48 nm and (c) 99 nm 

(p.28) Figure 1.11: SEM images showing the morphology evolution of Au NPs, 

percolating domains and films as a function of the shot number and the 

background gas pressure. All images are taken at the same magnification. A 

continuous red line separates NPs from percolating domains and thin films 



 

 7 

(p.28) Figure 1.12: Optical transmission spectra of Au NPs and films as a function of 

the background gas pressure at (a) 100 and (b) 500 shots, respectively 

(p.29) Figure 1.13: SEM images showing time evolution in morphology of thermally 

evaporated Au films and annealed at different temperatures. Film thicknesses of 

about (a) 21 and (b) 36 nm 

(p.31) Figure 1.14: Planar Ti3O and Ti6O polyhedral representation of crystalline 

structure of TiO2 phases: (a) rutile, (b) anatase and (c) brookite. Ti and O atoms 

have been represented in white and red respectively 

(p.32) Figure 1.15: SEM images of the sample deposited at 40Pa after one hour 

annealing in air at 400°C, showing the organization at different scales: (a) the 

uniform forest like assembly; (b) single trees; (c) high resolution image of a tree 

tip. This series of images clearly indicate that single TiO2 nanoparticles are 

assembled in a tree level hierarchical structure 

(p.34) Figure 1.16: TEM image of the of the Au/TiO2 composite synthetized by Haruta 

(p.34) Figure 1.17: SEM image of the layered TiO2/Au film obtained by Tamm et al. 

(p.35) Figure 1.18: Schematic description of TiO2 (left) nanorods and (right) branched 

nanorods 

(p.35) Figure 1.19: (a) UV-Vis absorption spectra and (b) I-V curves of TiO2 NRs, 

BNRs and Au/TiO2 BNRs 

(p.36) Figure 1.20: (a) Cross section SEM image of multistacked layers of gold NPs 

of diameter of 14 nm embedded in a TiO2 layer of total thickness of 200 nm (the 

various components of the device were artifcially colored for clarity). (b) 

UV/visible spectra of TiO2 fillm, AuNPs and AuNPs-TiO2 composite at normal 

incidence. Absorption spectra of AuNPs were multiplied by a factor of 3for 

clarity  

(p.37) Figure 1.21: schematic representation of the three ways of Au NPs integration 

in nanostructured TiO2 films 

(p.37) Figure 1.22: SEM cross-sections of TiO2 nanostructured films with different 

morphologies, resulting from PLD deposition at (a) 5 Pa and (b) 8 Pa of 

background pressure 

(p.38) Figure 1.23: different target configurations studied for the co-deposition of 

TiO2/Au film, varying number of Au foils, it was possible to adjust Au content 

of the films 

(p.38) Figure1.24: optical properties of co-depositions at (top graphs) 5 Pa in the (a) 

as deposited and (b) annealed conditions and of (bottom graphs) 8 Pa in the (c) 

as deposited and (d) annealed conditions 

(p.41) Figure 2.1: schematic view of a typical Pulsed Laser Deposition apparatus  

(p.43) Figure 2.2: representation of PLD conditions for the different deposition 

mechanisms 

(p.43) Figure 2.3: pictures of the different target configurations used for the deposition 

of (a) bare TiO2 and (b), (c) co-deposition of TiO2/Au films 



 

 8 

(p.44) Figure 2.4: picture of ongoing PLD process within deposition chamber  

(p.45) Figure 2.5: representative scheme of a thermal evaporator apparatus. 

(p.45) Figure 2.6: Edwards E306A thermal evaporator  

(p.47) Figure 2.7: schematic representation of a SEM device 

(p.48) Figure 2.8: (a) Raman scattering spectrum of Rayleigh, Stokes and Anti-Stokes, 

and (b) energy level diagram 

(p.49) Figure 2.9: scheme of a Raman apparatus 

(p.50) Figure 2.10: optical transmission measurement configuration: (a) total 

transmittance, (b) diffused transmittance 

(p.50) Figure 2.11: Representation of Haze factor measurements, being T the total and 

S the diffused transmittance 

(p.53) Figure 3.1: picture of TiO2 ablated targets with 1.03 at% (a) and 2.9 at% (b) of 

Au 

(p.53) Figure 3.2: picture of ongoing PLD process within deposition chamber 

(p.55) Figure 3.3: comparison of SEM cross-section images of morphologies TiO2 film 

deposited at different background pressures 

(p.56) Figure 3.4: comparison of SEM cross-section images of TiO2/Au co-deposited 

films at 8 Pa with 2.9 at% of Au, undergone to different thermal treatments 

(image scale of 100 nm) 

(p.58) Figure 3.5: Raman spectra of different TiO2 crystalline phases anatase (1) and 

(2) rutile 

(p.59) Figure 3.6: Raman spectra of as deposited (black) and annealed at 250°C-2h 

(red) and 250°C-6h (blue) films 

(p.59) Figure 3.7: Raman spectra of samples annealed at 500°C-2h, 500°C-6h and 

700°C-2h. 

(p.60) Figure 3.8: Raman spectra extended to higher wavelengths 

(p.61) Figure 3.9: Transmittance spectra of TiO2/Au films; (b) shows a zoom of LSPR 

peaks. 

(p.62) Figure 3.10: Example of curve fitting through a polynomial function 

(p.63) Figure 3.11: Haze factors of co-deposited TiO2/Au films, 8 Pa, Au 2.9 at% 

(p.64) Figure 3.12: comparison of SEM cross-section images of TiO2/Au co-deposited 

films at 8 Pa with 1.03 at% of Au, undergone to different thermal treatments 

(p.65) Figure 3.13: data comparison about Au NPs size in TiO2/Au films with different 

Au contents: (a) average Au NPs diameter value and (b) standard deviation vs. 

annealing treatment conditions. 

(p.66) Figure 3.14: Raman spectra of TiO2/Au films with 1.03 at% of Au. (a) Raman 

spectra of films as deposited and after annealings at 250°C. (b) Raman spectra 

of films annealed at 500°C and 700°C; also spectrum of TiO2/Au film with 2.9 



 

 9 

at% of Au annealed at 700°C is shown (green) for comparison. (c) Raman 

spectra of films annealed at 500°C and 700°C after baseline removal. (d) 

Comparison of position and FWHM of anatase peak at144 cm-1; baseline has 

been removed 

(p.67) Figure 3.15: Raman spectra extended to higher wavelengths of samples with 

1.03 at% (a) and 2.9 at% of Au 

(p.68) Figure 3.16: optical transmittance spectra of TiO2/Au films with 1.03 at% of 

Au; Figure (b) shows a zoom around LSPR peak position 

(p.69) Figure 3.17: zoom around LSPR peak position of optical transmission spectra 

of films with 2.9 at% (a) and 1.03 at% (b) of Au 

(p.70) Figure 3.18: comparison between LSPR peak data about co-depositions with 

1.03 at% and 2.9 at% content of Au, namely: (a) LSPR wavelength, (b) peak 

FWHM and (c) Transmittance value (%) at minimum peak position 

(p.72) Figure 3.19: SEM cross-section images of co-depositions at 10 Pa (a and b) and 

12 Pa (b and c) before (left) and after (right) annealing. 

(p.74) Figure 3.20: optical transmission spectra of co-depositions at 8, 10 and 12 Pa 

deposited with 3 Au foils target 

(p.74) Figure 3.21: comparison between peak wavelength (a) and FWHM (b) of co-

depositions 

(p.76) Figure 4.1: comparison between (a) 8 Pa and (b) 12 Pa TiO2 film morphologies 

(p.77) Figure 4.2: TiO2 target 

(p.78) Figure 4.3: SEM images of 8 Pa film sample cross-sections, both before (left) 

and after (right) annealing. 

(p.80) Figure 4.4: SEM images of 8 Pa film sample cross-sections, both before (left) 

and after (right) annealing. 

(p.82) Figure 4.5: SEM top-view images of 8 Pa (left) and 12 Pa (right) samples with 

3, 6 and 15 nm of evaporated Au and annealed at 500°C for 2 hours (image scales 

of 100 nm. 

(p.84) Figure 4.6: Average NPs diameter values vs. evaporated Au quantity 

(p.84) Figure 4.7: SEM top-view images of sample with 8 Pa TiO2 film with 15 nm of 

evaporated Au, before (a) and after (b) heat treatment at 500°C-2h in air. 

(p.85) Figure 4.8: SEM top-view images of 8 Pa TiO2 films with 6 nm of evaporated 

Au, undergone to different annealing treatments. 

(p.86) Figure 4.9: Transmittance spectra of sample with TiO2 at 8 Pa (a) and 12 Pa (b) 

and evaporated Au, before and after annealing 

(p.87) Figure 4.10: data comparison about plasmon peak position (a) and FWHM (b) 

between 8 Pa and 12 Pa films 

(p.88) Figure 4.11: Haze factors of Au evaporated samples with (a) 8 Pa and (b) 12 Pa 

morphology 

(p.90) Figure 5.1: MBA molecule 



 

 10 

(p.92) Figure 5.2: (a) Raman spectrum of MBA (upper one) and SERS spectru of MBA 

on Au (below); (b) pictorial representation of a Self-assembled Monoloayer of 

MBA molecules on Au 

(p.95) Figure 5.1: comparison between SERS spectra of co-deposited 8 Pa TiO2/Au 

films with 2.9 at% of Au 

(p.95) Figure 5.4: plot of MBA peaks intensity values for the differently annealed 

substrates 

(p.96) Figure 5.2: comparison between (a) LSPR position and (b) Au NPs diameter 

between co-depostions at 8 Pa with different Au contents 

(p.98) Figure 5.6: comparison between SEM cross-sections of 8 Pa co-depositions 

with 1.03 at% (a) and 2.9 at% (b) of Au annealed at 700°C-2h 

(p.98) Figure 5.7: SERS spectra and peak intensity values of co-depositions at 10 Pa 

(top) and 12 Pa (bottom) 

(p.99) Figure 5.8: SERS spectra of Au-evaporated samples at (a) 8 Pa and (b) 12 Pa; 

graph (c) shows only spectra of samples with 3 nm of evaporated Au, in order to 

better appreciate presence of MBA peaks. 

(p.103) Figure 5.9: SEM top-view images of Au evaporated on Si: 6 nm of evaporated 

Au (top) and 15 nm (bottom), before (left) and after (right) annealing at 500°C-

2h in air 

(p.105) Figure 5.10: comparison between SEM top-view images of (a) Si and (b) TiO2 

samples with 15 nm of evaporated gold in the as evaporated conditions. 

(p.108) Figure 5.11: plasmon shift of UV-irradiated samples 

(p.110) Figure 5.12: comparison of SERS spectra of samples before and after UV-

irradiation 

(p.112) Figure 1.13: comparison between peak intensities of different co-deposited 

samples, before and after UV irradiation 

(p.113) Figure 5.14: comparison between peak intensities of Au-evaporated sample, 

before and after UV-irradiation 

 

 

 

 

 

 

 

 

 



 

 11 

List of Tables 

 

(p.54) Table 3.1: summary of main deposition parameters 

(p.55) Table 3.2: details about annealing parameters 

(p.57)  Table 3.3: Data about Au NPs size statistical analysis carried out through ImageJ 

software on SEM cross-section images 

(p.60) Table 3.4: Data about anatase Raman peak at 144 cm-1 of annealed samples 

(p.61) Table 3.5: Data about LSPR peak of TiO2/Au films 

(p.65) Table 3.6: data about Au NPs size for TiO2/Au co-deposition samples at 8 Pa wit 

1.03 at% of Au 

(p.67) Table 3.7: Data about anatase Raman peak at144 cm-1 of annealed samples 

(p.69) Table 3.8: Data about LSPR peak of TiO2/Au films with 1.03 at% of Au 

(p.72) Table 3.9: Summary of PLD synthesis parameters 

(p.73) Table 3.10: data about Au NPs size 

(p.74) Table 3.11: data about LSPR peaks of co-deposition films 

(p.77) Table 4.1: Summary of main PLD deposition parameters  

(p.81) Table 4.2:  Data referring to Au penetration values measured through SEM 

images analysis of TiO2 films at 8 Pa (Figure 4.3) and 12 Pa (Figure 4.4) 

(p.83) Table 4.3: Average diameter values of Au NPs on top of TiO2 films at 8 and 12 Pa 

(p.85) Table 4.4: data about diameter of Au NPs formed on 8 Pa TiO2 samples with 6 nm of 

evaporated Au, after different annealing 

(p.86) Table 4.5: Optical transmission data about plasmonic peaks of 8 Pa samples 

before and after annealing. 

(p.87) Table 4.6: Optical transmission data about plasmonic peaks of 12 Pa samples 

before and after annealing. 

(p.93) Table 5.1: Characteristics of co-deposited samples: Au NPs sizes, depending on film 

morphology, Au content and thermal treatments (void cells in case of not exploited 

treatments) 

(p.93) Table 5.2: Characteristics of Au-evaporated samples: Au NPs sizes, depending on film 

morphology, Au thickness and thermal treatments.  

 (p.95) Table 5.3: data about SERS intensities of 4-MBA peaks for samples at 8 Pa with 2.9 

at% of Au 



 

 12 

(p.98) Table 5.4: comparison between SERS intensities of MBA peaks measured on 

TiO2/Au co-depositions 

(p.100) Table 5.5: data about SERS intensity values of MBA peaks, for Au-evaporated 

samples at 8 Pa 

(p.100) Table 5.6: data about SERS intensity values of MBA peaks, for Au-evaporated 

samples at 12 Pa 

(p.101) Table 5.7: SERS enhancement factors of Au-evaporated samples 

(p.101) Table 5.8: surface area coverage (%) of Au NPs on TiO2 film surfaces of Au-

evaporated samples 

(p.103) Table 5.9: comparison between average size distribution of Au NPs on TiO2 film and 

Si samples 

(p.104) Table 5.10: data about peak intensity values for Au-evaporated Si and glass substrates 

(p.104) Table 5.11: SERS enhancement factors of Au-evaporated Si substrates 

(p.108) Table 5.12: data about plasmon shift of UV-irradiated co-depositions 

(p.111) Table 5.13: data about peak intensity values of-irradiated samples, before after 

and 8 days after exposure to UV light 

(p.112) Table 5.14: ratio between peak intensities after and before UV-irradiation 

of co-deposited samples 

(p.112) Table 5.15: ratio between peak intensities after and before UV-

irradiation of Au-evaporated sample  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 13 

Introduction  
 
In the last years, increasing attention from the scientific community has grown around the 

fascinating field of plasmonics, which explores how electromagnetic fields can be 

confined over dimensions smaller than their wavelengths. Plasmonics is based on 

processes resulting from the interaction between electromagnetic waves and the free 

conduction electrons present within metallic surfaces or nanostructures. This interaction 

gives rise to the excitation of coherent collective electronic oscillations in resonance with 

the incoming radiation, called plasmons, leading to an enhanced optical-near field of 

subwavelength dimension. [1] 

What is more, plasmonic vibration frequencies of metallic nanoparticles (NPs) can be 

widely tuned through different parameters like NPs dimensions, composition and also by 

regulation of properties of the surrounding environment, like its dielectric constant. 

Thanks to their unique properties, plasmonic nanoparticles have been extensively studied 

in relation with a wide number of different applications. Due to their ability of enhancing 

absorption of light, plasmonic materials have raised great interest in the energetic field, 

since they represent an appealing solution for increase the efficiency of photovoltaic cells 

or photocatalytic processes [2]. Because of their sub-wavelength light focusing capability 

plasmonic materials are also desirable for applications in nanophotonics and 

telecommunications. Finally, thanks to their ability of enhancing electromagnetic fields, 

plasmonic nanoparticles have been also applied for imaging, in the medical or biological 

field [3] and for spectroscopy, like in the case of Surface Enhanced Raman Scattering 

(SERS) [4]. 

Among the different metals exhibiting plasmonic properties, gold (Au) is for sure one of 

the most studied and exploited [5], because it combines its great ability of sustaining 

plasmonic oscillations, together with high chemical stability, resistance to corrosion and 

biocompatibility. For this reason, it has been widely exploited. 

One of the most investigated applications is the use of Au NPs for the sensitization of 

wide bandgap semiconductor materials, like metal oxides, for example for energetic 

applications like the production of photoanodes for solar water splitting [6]. 

Among metal oxides, TiO2 is one of the most used for the production of photoanaodes, 

because of its high activity, chemical inertness, non-toxicity and low cost [7]. 

Semiconductor materials need to absorb photons with energy equal or higher than their 

characteristic ban gap, which is usually comparable with energy of UV-light, to generate 

electron-hole pairs. However, to achieve higher efficiency photoanodes, but also 

photovoltaic cells, would need to strongly absorb light also in the visible part of the 

spectrum in order to better exploit the incoming solar radiation. For this reason, the use 

of Au NPs integrated within semiconductor materials can offer an increase in devices 

efficiency, due to their ability of enhance light absorption through plasmon resonances, 

since they generally fall in the visible light range, between 400 and 600 nm [6]. 

By the way, in the recent years, semiconductor materials like TiO2, but also metal-

dielectric composite materials have raised increasing interest for their application as 

substrates toward SERS [8]. 

SERS is a spectrographic technique consisting in the intensification of the characteristic 

Raman spectrum of the analyte molecules and represents a powerful method for the 

detection of those chemical or biological analytes which could not be easily detected 

through standard spectrography. 

SERS enhancement mechanisms generally relies on electromagnetic field intensification 

provided by plasmonic nanostructures like metal NPs. However, it can exploit also a 

second enhancement contribution, based on charge-transfer between the substrate and the 
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analyte. Semiconductor materials have been proven to be highly effective in providing 

this kind of enhancement [9], exhibiting also other appealing feature toward SERS, like 

light-trapping and anti-reflection properties. 

Recent studies [8, 10, 11] have also shown that hybrid metallic/dielectric systems could 

be used as SERS-active substrates with superior characteristics due to the combination of 

the unique properties of the two kind of materials. 

For these reasons in this thesis we have decided to test the application of composite 

nanostructured TiO2/Au films as substrates for SERS. 

During my work I have dealt with the synthesis and control of morphology, structure and 

optical properties of Au NPs integrated within hierarchical quasi-1D nanostructured films 

synthetized via Pulsed Laser Deposition (PLD) technique. 

Despite of the different methods reported in literature to produce Au NPs and TiO2 films, 

both through chemical and physical synthesis, PLD represents an alternative and 

appealing approach. Indeed, thanks to its high versatility, PLD offers the possibility of 

tuning properties of the synthetized films through the regulation of deposition parameters. 

What is more, with PLD, it is also possible to perform Au NPs integration within TiO2 

films in a simple one-step co-deposition process based on the ablation of a composite 

target. 

Thanks to this I have been able to deposit film with controlled morphologies and 

composition. 

In my study I have focused in particular on the control of Au NPs morphology within the 

oxide films, mainly their size and distribution. In order to do this, I have exploited 

different post-deposition thermal treatments in order to induce formation and coarsening 

of NPs. Through this strategy I have also been able to control TiO2 crystalline structure, 

with the aim of controlling Au NPs size in both amorphous and crystalline films. 

Together with the co-deposition method, I have explored also a different synthesis 

strategy based on the thermal evaporation of Au on top of previously deposited 

nanostructured TiO2 films. This approach has been proposed to explore a different sample 

architecture, with Au NPs on top of film surface. 

All the strategies applied to synthesis and control of sample characteristics have been 

thought in order to achieve control on both their morphology and optical properties to 

verify if their tunability could be achieved and in particular, to verify the possibility of 

applying them as effective substrates for SERS measurements.  

During my work I have taken advantage of different characterization techniques for the 

study of the synthetized samples. Morphology investigation has been possible through 

the use of Scanning Electron Microscope (SEM), while crystalline structure evolution has 

been monitored through Raman spectroscopy and optical properties have been measured 

through UV/Vis/NIR spectroscopy. This thesis has been organised in six chapters: 

 

- Chapter 1 has the aim to provide a general background on the topics treated in the 

thesis. What is more, it contains the state of the art about the studied materials, their 

properties and the main synthesis technique explored in literature, and SERS. For this 

reason, a brief description of plasmonic properties of metals will be introduced before 

of a discussion on SERS, in which the main basic mechanism will be outlined, together 

with a presentation of the different kind of substrates currently studied and applied to 

this technique. This will be followed by a description of titanium dioxide structure and 

characteristics. Then focus will be moved on Au NPs integration within TiO2 films, 

which is the actual subject of this work. The chapter ends with a detailed exposition of 

the objective of this thesis. 
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- Chapter 2 exposes all the experimental methods used in this work. Pulsed Laser 

Deposition (PLD) represents the main synthesis technique together with thermal 

evaporation. This part is follows by a description of the instruments used for materials 

characterization: Scanning Electron Microscopy (SEM), UV/Vis/NIR spectroscopy, 

Raman spectroscopy and Surface Enhanced Raman Spectroscopy (SERS). 

 

- Chapter 3 is where my experimental results are exposed for the first time. Here are 

reported the details about systems of Au NPs integrated within TiO2 hierarchical 

nanostructured films through PLD synthesis technique, with a one-step co-deposition 

of the two materials at the same time. Attention is focused on the post-thermal 

treatment carried out on the samples to induce and control size of Au NPs and 

crystalline structure of the TiO2 film matrix and the resulting changes on plasmonic 

and optical properties. 

 

- Chapter 4 treats the second synthesis approach studied in this work: thermal 

evaporation of Au on top of TiO2 films. The study on the influence of quantity of 

evaporated Au, film morphology and thermal treatments on formation and size of Au 

NPs is here presented. Once again morphological and optical analyses have been 

carried out on the different samples, to monitor changes induced by the different 

synthesis parameters employed. 

 

- Chapter 5 reports about tests on all the different produced samples, applied as 

substrates for SERS measurements. Evaluation of the role played by the different 

sample characteristics and their influence on SERS performances are reported through 

a comparison of the obtained results. 

 

- Chapter 6 summarizes results and conclusions drawn from the whole work and 

highlights possible future perspectives. 

 

During the work I have personally performed synthesis through PLD, thermal evaporation 

and thermal treatments. Furthermore, I have carried out Raman measurements on my 

sample and the subsequent data analysis. I have also assisted to SEM and UV/Vis/NIR 

spectroscopic measurements, after of which I have elaborated the obtained data. Finally, 

for the second part of my thesis work, I have moved to Paris, France, to the facilities of 

CSPBAT Laboratoire of Université Paris 13, where I have personally carried out carry 

out SERS measurements using my samples, analysing and evaluating the obtained results 

with the supervision of Prof. Nathalie Lidgi-Guigui. 
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 State of the art on integration of 

plasmonic Au NPs within nanostructured 

TiO 2 films 
 

 

 Plasmonic properties of metallic nanoparticles 

 
During the last two decades, metal nanoparticles (NPs) have been extensively studied due 

to the high interest raised around their plasmonic properties and the impressive number 

of possible applications in different fields, including energetic storage and production, 

catalysis, biological and medical applications, telecommunications and spectroscopy 

[12,13]. 

Plasmons are defined as collective oscillations of clouds of free electrons present in the 

conduction band of metals, which are excited from an incident electromagnetic radiation 

and occurring at specific frequencies [1]. Due to quantum confinement effects, when the 

size of the NPs is lower than the wavelength of the exciting electromagnetic field, the 

interaction results in polarization of the NPs, due to which, free electron clouds are 

displaced asymmetrically, as shown in Figure 1.1 

 

 
Figure 1.1: Illustration of free electrons clouds oscillation, with respect to the nuclei of a metallic NP, 

induced by an incident external electromagnetic field [14]  

In this case, plasmons result to be non-propagating excitations, distributed over the whole 

particle volume and for this reason they take the name of Localized Surface Plasmon 

Resonances (LSPRs) [15]. Because of the coherent displacement of the negatively 

charged cloud of electrons around the positively charged lattice ions, a restoring 

Coulombic force establishes, which pulls electrons back to the lattice. Because of this, 

LSPRs could be represented with a mass-spring harmonic oscillator, where the external 

forcing action is provided by the incident light [16]. What is more, consequently to the 

coherent electron oscillations, plasmons generate an electric field, which is in the opposite 

direction with respect to the external one, therefore NPs act like ñnanoantennasò [16]. 

LSPRs within the NPs possess a specific frequency given by: 
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‫               (1.1) 

 

Where ‫  is the plasmon frequency of the bulk metal, which directly depends on material 

characteristics, while ‐  is the dielectric constant of the surrounding environment [1,14]. 

As evident from equation 1.1 therefore, plasmon resonance frequency not only directly 

depends on NPs material properties, but also on characteristics of the surrounding 

material. Moreover, equation 1.1 is derived from Drude model for the hypothesis of a 

spherical nanoparticle. By the way it can be demonstrated [17], that ‫  also depends 

on NPs size and shape. Taking into account these information, it appears evident that 

LSPR frequency of NPs could be tuned toward different values, by acting on its 

composition (i.e. metallic material), morphology and also on dielectric properties of the 

external environment, making it possible, in principle, to synthetize NPs able to absorb 

light in a very wide range of the electromagnetic spectrum. Another extremely appealing 

feature of plasmonic metal NPs, together with the tunable extinction wavelength, is their 

enlarged absorption and scattering cross-section compared with their geometrical size [6]. 

Figure 1.2 represents the interaction between a nanoparticle and an external incident 

electromagnetic field (represented by the white arrows), showing that photons absorption 

by the metal NP takes place in a much larger area than the actual NP size [14]. 

 

 
 

Figure 1.2: Schematic representation of the energy flux and electric field intensity for an incident 

electromagnetic wave toward a metallic NP, with the electric field in the plane of the image. Red and blue 

colours represent high and low electric field intensities. Scattering effect is neglected [6]  

Mieôs theory reports that, for a spherical nanoparticle with radius a, light absorption cross-

section (ůabs) scales with a3, while scattering cross-section (ůscatt) with a6 [1,14]. 

According to this, size actually determines NPs behaviour toward absorption and 

scattering, indeed light scattering effect for NPs smaller than 100 nm will be negligible, 

being overcame by absorption effect [6]. 

Thanks to their unique properties, plasmonic NPs have been exploited in many different 

applications, for their optical enhancement capabilities. Because of their near-field 
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coupling via dipole interactions, opportunely close spaced NPs can be used to create 

waveguides for electromagnetic waves, obtaining light confinement below the diffraction 

limit and therefore be applied in the field of nanophotonics devices for the transmission 

of optical signals [18]. Application of metallic NPs for increase efficiency of 

photocatalytic process like water splitting is another diffused application [6]. They can be 

used to enhance light absorption of photoanodes, generally made of high band gap 

semiconductor material, extending their absorption field also to visible light. For the same 

reason they can be used for other energetic applications like photovoltaics [2]. Plasmonic 

NPs, for their capability of interact with external electromagnetic field increasing their 

intensity, are also widely used to produce substrates for Surface Enhanced Raman 

Spectroscopy, a spectrographic technique through which it is possible to enhance weak 

Raman signal produced by an analyte molecule, as it is better explained in the next 

section. 

 

 

 Surface Enhanced Raman Scattering 

 
Surface Enhanced Raman Scattering (SERS) is an extremely powerful vibrational 

spectroscopy technique, which have started being developed just in the last few decades 

[19] and has widely spread as an analytical tool for detection of chemical [20], biological 

[21] and medical analytes [22]. In extremely basic terms, SERS represents a way to 

increase the weak signal of Raman scattering technique [23], providing an exceptional 

instrument for the characterization of even very low concentrated solutions, containing 

just a small number of the analyte molecules, up to single-molecule detection. Because 

of its large potential, SERS has raised a lot of attention within the scientific community, 

therefore many researches have been conducted on this topic, leading to the development 

of the technique. Although its diffusion, the exact fundamentals mechanisms behind 

SERS processes are quite complicate and have not yet been fully clarified [24, 25]. For 

this reason, we will limit just to a description of the main concepts. In literature it is 

extensively agreed that there are two main mechanisms responsible of SERS 

enhancement: electromagnetic enhancement and charge-transfer, or chemical, 

enhancement [26, 27, 28]. Both rely on the adsorption of the molecular analyte on the 

surface of the SERS-active substrate, which is then irradiated with a monochromatic 

radiation (i.e. a laser) resulting in the excitation of Raman scattered light modes.  

Chemical enhancement mechanism is due to a charge-transfer between Fermi level of the 

substrate and analyte molecule energy levels and requires bonding between analyte and 

substrate. In this process, incident radiation interacts with the substrate, inducing 

formation of electron-hole pairs, which can lead to a transfer of charges from the material 

to the molecule, inducing consequent Raman emissions. However according to literature, 

its role in determination of the overall SERS effect is marginal in comparison with that 

of electromagnetic field enhancement [23,25,29,30]. Electromagnetic field enhancement 

mechanism is due to the excitation of plasmonic vibrations within substrate surface, 

caused by the interaction with the incident laser light. Systems with free, or almost free 

electrons are needed to sustain this excitation [24], so noble metals, which exhibit large 

free charges density, represent the most diffused example of plasmonic materials. Surface 

plasmon resonances (SPRs) are responsible of inducing a strong intensification of the 
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electromagnetic field in the proximity of metal surface, since they can enhance the 

incident electromagnetic field [24]. Because of this, Raman modes of the adsorbed 

molecules are dramatically enhanced [29], since as known, Raman intensity is 

proportional to the square of the incident magnetic field amplitude. Moreover, as showed 

also by Moskovitz [24], Raman scattered light undergoes to a further enhancement since 

SPR action enhance also the emitted Raman electromagnetic field. The overall effect 

results in the fact that SERS enhancement is proportional to the fourth-power of the 

incident electromagnetic field amplitude. What is more, due to non-linear optical 

phenomena involved, the total electromagnetic enhancement can be even higher [24]. 

However, since enhancement effect rapidly decays with distance from the enhancing 

region (~r10 in the case of spherical NPs), proximity between analyte molecules and 

substrate surface is essential [23]. Another important parameter regards the excitation 

source, which should enable efficient excitation of SPRs. According SERS theory, a 

maximum should occur for laser in tune with plasmon SPRs. However, experimental tests 

present in literature [23], showed higher enhancement for SPRs wavelengths red-shifted 

in respect with the laser one. Plasmonic effect, is the main reason why metallic substrates 

are widely used for SERS, in various different forms, like nanostructured patterned 

surfaces, colloidal NPs solutions, or NPs deposited on solid substrates. Figure 1.3 shows 

an SEM image of Klarite, an example of a popular and commercialized SERS substrate, 

consisting of a Si nanopatterned surface (through the use of photolithography), coated 

with Au. 

 

 
 

Figure 1.3 example of a commercially available SERS substrate, Klarite, consisting of a patterned Si 

surface, then coated with Au. 

An example of the use of metallic plasmonic NPs as SERS substrates was reported by Xu 

et al. [31], which used Ag NPs for the detection of an important biological macromolecule 

like hemoglobin (Hb). The SERS active colloid Ag NPs were prepared via chemical 

method, by citrate reduction of AgNO3, with the addition of NaCl as activation agent, 

obtaining an estimated concentration of NPs of about 10-11 M. Then Hb was incubated in 

the NPs solution for 3 h to allow adsorption on Ag. Droplets of the Hb/Ag solution were 

then deposited on a solid substrate (a polymer coated Si wafer) and rinsed with purified 

Milli -Q Plus water. The researchers repeated the experiment with decreasing 

concentration of Hb, being able to measure clear SERS spectra up to the very low 

concentration of 10-11 M of Hb, making them able to state that detection of single Hb 

molecule adsorbed on Ag NPs surface was achieved. 
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Jiao et al. instead [32], demonstrated the possibility to achieve SERS enhancement with 

the use of nanoporous gold (NPG) films on which a regular nanopattern were impressed 

using photolitography (2D-NPG substrate), as shown in Figure 1.4. 

 

  

 

Figure 1 4: (a) Schematic representation of photolithographic production process for P-NPG; (b) plan 

view SEM image of a representative surface morphology of P-NPG substrate [32] . 

SERS measurements were performed using benzenethiolate molecules, which were 

deposited on the substrates by soaking them in an ethanol solution with 1 mM 

concentration of the analyte. Acquired spectra were then compared to those obtained with 

the use of a widely diffused SERS commercial substrate like Klarite (see Figure 1.3). The 

results, reported in Figure 1.5, showed that molecules were efficiently detected also with 

the use of NPG surfaces (Figure 1.5 a), however comparison with SERS spectra acquired 

with the nanopatterned substrates (Figure 1.5 b), Klarite and 2D-NPG, clearly showed the 

higher intensity of obtained with the latter two. 

 

 
a)  

 

b)  

 

Figure 1.5: SERS spectra acquired with (a) NPG and (b) comparison with SERS spectra acquired with 

Klarite and 2D-NPG substrates [32]  

These examples showed the effective potentiality and high SERS effect provided by 

plasmonic metallic nanostructures, through electromagnetic field enhancement. 

By the way, despite of what previously stated, more recent studies [9, 32, 8] showed the 

attractive potentialities of the use of non-plasmonic materials as quantum dots, [34] 
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semiconductor nanostructures or NPs like TiO2 [33, 35] and dielectrics [36]  as efficient 

SERS substrates, in which enhancement provided by chemical/charge-transfer processes 

plays a major role, together with other non-plasmonic resonance effects. Dielectric 

systems and in particular semiconductors, are characterized by a great variety of 

parameters and properties, which can be tailored to achieve Raman scattering 

enhancement. By controlling refractive index and NPs morphology and size (which 

should be comparable with the exciting wavelength), it is possible to trap light inside the 

dielectric NPs, creating multiple total internal reflections which give rise to resonant 

modes able to amplify Raman response [8]. Different works in this field outlined the 

potentiality of high-refractive index nanostructured materials. Alessandri for example, 

demonstrated [33] remarkable enhancement of Raman sensititvity using TiO2 shell-based 

spherical NPs, in absence of plasmonic resonance, through combined effect of high 

refractive index of the shell layer and light scattering within the NPs (made of a SiO2 

core). What is more, metallic systems relying on plasmonic based intensification of the 

electromagnetic field, could cause strong perturbation of the system. In case of proteins 

or other biomolecules, this could induce their denaturation and deterioration, as reported 

by Mahmoudi et al. [37]. Dielectrics instead, offering increased Raman sensitivity while 

causing minimal perturbation of the analyte system, result much more suitable to work 

with this kind of molecules. Speaking about dielectric materials, TiO2 is one of the most 

promising for SERS application due to its appealing properties like high refractive index, 

biocompatibility, synergistic coupling with plasmonic NPs or possibility of surface 

functionalization [8]. Yang et al. reported different example of SERS enhancement given 

by charge-transfer using TiO2 NPs [38] with sizes of 8-13 nm and synthetized via sol-gel 

technique, functionalized with different thiophenol-related molecules, to sustain binding 

between the analyte and the NPs. SERS spectra of molecules adsorbed on NPs showed 

strong peak enhancement compared to spectra in solution, confirming that charge-transfer 

provided by TiO2 NPs, which was due to presence of energy state within material band 

gap induced by defects (Figure 1.6 a), was effectively in producing SERS effect.  

 
a)  

 

b)  

 

Figure 1.6: (a) Mechanism of charge transfer mediated by TiO2 defect states [38]; (b) SERS spectrum 
of ciprofloxacin adsorbed on TiO2 NPs [39]  

SERS performances of TiO2 NPs were confirmed once more by Yang research group 

[39], for the detection of a fluoroquinolone antibiotic, ciprofloxacin (CIP). Even in this 
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case Raman spectrum of the agent, were successfully enhanced by the charge-transfer 

effect as showed in Figure 1.6 (b). 

A further promising example of substrates for SERS applications is given by composite 

systems of dielectrics and plasmonic metal NPs. Metallic NPs generally contribute to 

SERS with their local electromagnetic field magnitude increase ablity. The overall 

behaviour of these plasmonic NPs is dependent from their size, distribution but also from 

the dielectric constant of the surrounding dielectric environment. Therefore, plasmonic 

properties and consequently also SERS behaviour, can be tuned through control of the 

mentioned parameters. Dielectric nanostructures, from their side, can offer other 

important contributions [8]. Photocatalytic activity of semiconductors for example can be 

exploited for production of self-cleaning and recyclable substrates. Additionally, 

nanostructured semiconductor surfaces can provide control of wettability, an essential 

parameter for distribution and concentration of the analytes on substrates, according to 

Alessandri [8]. Nanostructured semiconductor optical properties can be exploited to 

maximize light trapping, light scattering and anti-reflection. Combination of all these 

different features, could lead to the synthesis of SERS substrates with unique properties. 

An example could be found in the work by Samransuksamer et al. [40], in which they 

used TiO2 nanorods (NRs) decorated with Au NPs as composite recyclable SERS 

substrates. TiO2 NRs were prepared via ion-assisted electron beam evaporation, then Au 

NPs where deposited on them through Deposition-Precipitation (DP) by soaking in a 

HAuCl4 solution. SERS performances were then evaluated using methylene blue (MB). 

SERS measurements reported a successful enhancement of spectra of MB, compared to 

those taken on bare Si substrates, with an enhancement factor of ~106 and a lower 

detection limit at concentration of 10-7 M. What is more the substrates proved to be 

recyclable, through cleaning via UV irradiation. After each cleaning cycle SERS 

measurements where repeated, reporting a decrease in the enhancement factor value, 

which however remained considerably high, up to 7 cleaning cycles. 

Another peculiar and interesting case of SERS involving composite substrates of Au NPs 

and TiO2 (rutile) films, is that of recent article by Ben-Jaber et al. [41]. They reported 

about SERS measurements on substrates, previously irradiated with UV light (254 nm), 

which induced a clear further increase in SERS enhancement, with respect to that 

obtained with non-irradiated samples (Figure 1.8 a). The effect was referred to as Photo-

induced enhanced Raman spectroscopy (PIERS). The authors proposed that PIERS effect 

could be based on a charge transfer from TiO2 toward Au NPs mediated by the UV-

irradiation. A pictorial representation of the mechanism proposed by the authors is 

showed in Figure 1.7. 
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Figure 1.7: ñ(a) Ultraviolet C light (UVC) pre-irradiation (before analyte molecule deposition) creates 

oxygen vacancies (VO) in the TiO2 below the conduction band. (b) The substrate is then irradiated with the 

Raman laser (633 nm) which photoexcites TiO2, leading to increase in charge on the nanoparticles. (c) The 

charged nanoparticles lead to the PIERS enhancement. As the VO are replenished, upon exposure to air, 

fewer electrons can be photoexcited into the conduction band of TiO2. (d) The PIERS effect gradually 

disappears as the VO are completely replenished over time (30ï60 min).ò [41]  

UV-irradiation indeed, it is known to induce oxygen vacancy defects in TiO2 [42], which 

act as donor states (VO) within TiO2 energy band-gap, at about 0.7 eV below the 

conduction band (CB) [42]. Presence of these donor states would allow optical absorption 

also of visible light [43]. According to Ben-Jaber et al. therefore, illumination of samples 

with Raman laser could cause transfer of electrons occupying VO states of TiO2, into Au 

energy levels [41, 44] (followed by a consequent shift in plasmon position) and then lead 

to a further charge transfer between Au NPs and analyte molecules, enhancing the 

resulting SERS signal [41]. To support their assumption of charger-transfer between TiO2 

and Au, the authors performed optical measurements on plasmon position before and after 

sample irradiation. They reported of a blue-shift of 12 nm in LSPR position after 

irradiation (Figure 1.8 b), which according to them, was caused by the charge-transfer 

toward Au NPs. However, the favourable effect induced by UV light should vanish after 

some time (i.e. about 30 to 60 min [41]), since oxygen vacancies would be healed because 

of sample exposure to air. Indeed, measurement repeated in time reported of the decrease 

in the SERS enhancement (Figure 1.8 c). 
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Figure 1.8: ñ(a) PIERS (green) and SERS (blue) spectra of Rhodamine 6G (concentration of 10-7 M), with 

Raman modes of the solid shown by the orange lines. All spectra collected under identical collection 

conditions. (b) Absorption spectra of a thin film showing LSPR shifts for AuNPs on TiO2 after irradiation 

with 254 nm light (3 h). Dashed lines indicate peak position (c) Average of total spectral enhancement (EF) 

of PIERS over SERS for dinitrotoluene (10-9 M) over time, horizontal line indicates the normal SERS 

intensityò [41]  

In the next sections, some of the possible mechanisms related with the interaction of 

metallic plasmonic NPs and semiconductors and their relationship with SERS 

mechanisms, are introduced. The aim is that of presenting a brief overview of those 

mechanisms, which could play a role in determining SERS enhancement provided by the 

substrates. However, both the exact explanation about the working principles of these 

processes and their exact role toward SERS, are still under debate and need further 

research to be fully understood. Therefore, since it goes beyond the purpose of this work 

to offer an exhaustive interpretation about these mechanisms, we will just limit to present 

some of them. 

 

 

Plasmon Resonance Energy Transfer (PRET) 
 

As already seen in the previous sections, LSPRs induce highly intense electromagnetic 

fields in the vicinity of the plasmonic NPs, which is order of magnitudes more intense 

than the incident one. However, this intensity has a maximum at NPs surface and decays 

as ρȾί at short distanced and as ρȾὨ for longer distances, being s the distance from NPs 

surface and c the one from NPs center [14, 6]. The rate of absorption of optical energy 

for a semiconductor is proportional to the electric field, therefore, with enhancement 
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caused by plasmonic effect, electron-hole pair generation rate will increase in the 

proximity of metal NPs. As widely known, also from literature [6], through manipulation 

of NPs characteristics such as size, shape and composition, it is possible to tune the 

intensity of the electric field. As already reported in Section 1.1, smaller NPs have lower 

scattering rate, but as size decreases below 20 nm, there is an increase in probability of 

electron emission from NPs surface. Because of this, is commonly found that PRET 

maximum probability is given for spherical NPs smaller than 20 nm. PRET mechanism 

therefore, is responsible of an energy transfer from plasmonic oscillations within a 

plasmonic material toward a nearby absorber (i.e. such as a semiconductor material but 

also an analyte molecule), through an electric field, and for this reason, is thought to be 

largely responsible of SERS electromagnetic enhancement effect 

 

 

Scattering and anti-reflection effects 
 

Scattering mechanism, as mentioned in Section 1.2, could be used to enhance 

performances of SERS substrates. Scattering probability is maximum for NPs larger than 

100 nm in size. Light scattering provided by small NPs embedded in a homogeneous 

medium could be considered as symmetric in all the directions. Instead, when NPs are 

placed between two different dielectrics, light will be preferentially scattered in the one 

with larger permittivity [45]. What is more, scattering cross-section for metal NPs can 

also be 10 times higher than their actual size, thanks to their plasmonic properties. By 

properly tuning these parameters therefore, it is possible to increase the optical path of 

light within the substrate, avoiding its reflection, and increasing the possibility of 

activation of Raman modes of the analyte adsorbed on the substrate. 

 

Hot electron injection 
 

For NPs smaller than 20 nm, LSPRs are absorbed and can cause generation of electron-

hole pairs in the metal, with larger energies than those in the background thermal 

distribution, which are referred to as ñhotò carriers. If hot electrons possess sufficient 

energy, when in contact with an n-type semiconductor, can be injected in its conduction 

band (CB). In this way NPs can enhance light absorption of the material. However, for 

this process, direct contact between metal and semiconductor is strictly required. The 

transfer is made possible because of formation of a Shottky barrier at the interface 

between the materials, with the work function of the plasmonic material being higher than 

that of the semiconductor. This mechanism is generally exploited for photocatalytic 

processes, as water splitting, to enhance TiO2 photoanodes performances. However, Yang 

et al. [46], suggested that this mechanism could be also responsible of the increase of 

SERS enhancement of a hybrid TiO2/Ag NPs system, through charge-transfer effect. As 

shown in Figure 1.9 and proposed by the researchers, laser light is absorbed by Ag with 

excitation of LSPRs, which induces injection of photoexcited electrons into TiO2 CB. 

Electrons than, can be transferred into the LUMO level of the analyte determining an 

increase of SERS effect. 

 



 

 26 

 
 

Figure 1.9: proposed mechanism for SERS in Ag/TiO2 nanocomposite [46]  

 

 Synthesis of plasmonic Au NPs 

 
Noble metals are the most widely diffused plasmonic materials and among them gold 

(Au) is one of the most studied and employed [47, 48, 49]. Au exhibits a large density of 

free electrons which makes it a very desirable candidate for plasmonic applications [50]. 

Indeed, Au NPs LSPR frequency generally could cover a wide range within the visible 

light spectrum (i.e. from 400 to 600 nm) [6], so they are widely studied as a powerful 

method to enhance light absorption in photovoltaic devices, improving their 

performances [2]. What is more, Au exhibits high chemical stability and resistance 

against corrosion, therefore its use for photocatalytic applications is preferred to that of 

other popular plasmonic metals like silver [51, 52]. Furthermore, Au NPs have shown 

great biocompatibility, making them suitable for biological and medical applications like 

imaging or sensing, also because of the ease of surface functionalization with organic and 

biological molecules. Finally, plasmonic properties and all the other appealing 

characteristics just mentioned, make of Au NPs an ideal candidate material to be exploited 

for Surface Enhanced Raman Spectroscopy (SERS), as reported in literature. [12]. 

Several different approaches are documented in literature for the synthesis of Au NPs, 

exploiting chemical or physical techniques. One of the most diffused method is the 

precipitation from aqueous solutions through chemical reduction of Au ions, as AuCl4-, 

with the use of a reducing agent such as sodium borohydride, hydrazine, hydroxylamine 

or others [53]. Turkevich method is one the most popular processes and it exploits sodium 

citrate, which is added to a boiling aqueous solution of chloroauric acid (HAuCl4). 

Sodium citrate acts both as reducing and capping agent, preventing Au NPs 

agglomeration and controlling also their size [51, 56]. A different method, developed by 

Brown et al. [55] and Link et al. [56] to tune colloidal NPs size through seeding growth, 

is based on colloidal Au surface-catalyzed reduction of Au3+ with hydroxylamine 

(NH2OH). Using Turkevich process and by varying the mixing of Au salt and sodium 

citrate solutions, the researchers produced Au NPs with average diameters between 10 

and 20 nm. Then, by reduction of the added HAuCl4 with hydroxylamine [55] or 

hydroxylamine hydrochloride [56], they were able to further increase the dimensions of 
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the previously produced NPs, up to 100 nm in diameter. A few images acquired thanks 

to Transmission Electron Microscope (TEM), are showed in Figure 1.10. 

 

 
Figure 1.10: TEM images of Au NPs produced by HAuCl4/NH2OH seeding, with diameters of (a) 22 nm, 

(b) 48 nm and (c) 99 nm [56]  

Chemical techniques for Au NPs production however could present some drawbacks: like 

the difficulty of eliminating presence of residual contaminants on NPs surface, the 

difficulty in obtaining NPs with shapes different from the spherical one and the fact that 

dangerous and toxic chemical agents are involved in the synthesis [57]. 

Physical synthesis techniques instead can offer a different approach and a solution to the 

mentioned problems. Some examples are Atomic Layer Deposition (ALD) [58], thermal 

evaporation [59], sputtering [60], production on NPs inducing dewetting processes on 

previously deposited Au layers [61, 62], or Pulsed Laser Deposition (PLD). This last 

method was used by Argawal et al. [63], which produced Au NPs for SERS purposes via 

PLD. In their work, they studied the effects of background gas pressure, performing 

depositions with fixed number of laser pulses (i.e. 30000) and setting pressure of argon 

(Ar) gas to values from 10 to 150 Pa. By doing this, they showed that that morphology of 

the deposited Au is highly influenced by pressure. For low pressure values, Au forms 

percolated films, while for high pressures, no more films, but spherical and isolated NPs 

are deposited with sizes of 2-4 nm. 

Even in our laboratory studies on production of Au NPs via PLD were carried out, for 

example through the work done by Ghidelli et al. [64]. Similarly to Argawal at al., they 

explored the role of background pressure, but focusing also on variation of the number of 

laser pulses, to control growth of NPs and films, with the aim of tuning plasmonic 

properties of the Au structures. Figure 1.11 reports an example of the different 

morphologies obtained through variation of both laser pulses number and gas pressure, 

from which is evident the influence of the two parameters. Tests showed that Au coverage 

increased with the number of shots, passing from deposition of NPs, to percolated and 
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even continuous films. Pressure instead was also able to modify NPs size, which reached 

a maximum for pressure equal to 100 Pa. 

 

 

 
 

Figure 1.11: SEM images showing the morphology evolution of Au NPs, percolating domains and films as 

a function of the shot number and the background gas pressure. All images are taken at the same 

magnification. A continuous red line separates NPs from percolating domains and thin films [64]  

Through optical measurements it was also possible to demonstrate that NPs, percolated 

and continuous films had different behaviours. This can be seen for example for the cases 

of 100 and 500 shots in Figure 1.12. 

 

  

Figure 1.12: Optical transmission spectra of Au NPs and films as a function of the background gas 

pressure at (a) 100 and (b) 500 shots, respectively 
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In the case of NPs, optical properties showed a dependence on average diameter, enabling 

to tune plasmonic resonance wavelength which had an almost linear dependence from 

NPs size. 

Another different and largely used approach, for production of Au NPs is represented by 

dewetting processes induced on pre-deposited Au films. This technique is based on the 

instability of metallic thin films, in the order of 2 to 50 nm in thickness, that upon heating 

tend to evolve toward formation of isolated NPs. The phenomenon is due to decrease in 

total energy of all the generated surfaces and interfaces and strain energy of the film, 

resulting from the formation of NPs. The process is activated by thermal energy, which 

starts to induce formation of holes within the film. However, process kinetics is not only 

determined by heating temperature, but also by film morphology, grain size and 

boundaries and vacancy distribution [65]. Dewetting can be divided in three essential 

main steps: voids formation, growth and coalescence (or NPs formation). Temperature 

plays its role, in determining the incubation time (ti) for voids formation, which is also 

dependent from film thickness. Voids formation generally, is initiated by grain 

boundaries or surface irregularities, through the nucleation of pores at film-substrate 

interface, which grow toward film surface. Different studies were carried out which 

proved that thermal dewetting is a simple and versatile method for the production of Au 

NPs. Muller et. Al. [66], carried out systematic studies on the role of temperature of 

annealing and thickness of Au film, which results are reported in Figure 1.13. 

 

 

 
 
Figure 1.13: SEM images showing time evolution in morphology of thermally evaporated Au films and 

annealed at different temperatures. Film thicknesses of about (a) 21 and (b) 36 nm [66]  

The two matrices show the different evolution in time of Au film with thicknesses of (a) 

21 nm and (b) 36 nm under different temperatures, from which it appears that low 

thickness films are more prone to undergone dewetting processes. 

Tesler et al. [67], studied dewetting processes on Au percolated films, produced through 

thermal evaporation and tuning of their plasmonic properties. Percolated morphology 

provided high surface coverage on the substrates, showing however uncovered channels 

which could act as void nucleation sites. The researchers used annealing treatments at 

550°C with various durations. The different thermal treatments allowed them to obtain 

non-spherical Au NPs with major axes length going from 20 up to even 340 nm and aspect 

ratios between 1.12 and 1.3. Through optical measurement Tesler et al. also assessed Au 

NPs morphological differences ability to shift the plasmonic behaviour of the samples. 

Indeed, evaluating extinction spectra it was noticed that large Au islands (from size of 

about 200 nm) showed better scattering performances, while smaller NPs were dominated 

by light absorption behaviour. 
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Production of NPs through dewetting processes induced on Au films deposited via 

thermal evaporation, was explored also in our laboratory through the work of Afifi [68]. 

During his work he tested thermal evaporation of Au films 20, 10 and 5 nm thick on Si 

substrates. Through SEM analysis he verified that for thicknesses of 20 and 10 nm, 

evaporated Au formed nearly continuous films, while 5 nm thick films resembled a 

percolated structure. After evaporation, annealing was performed at 500°C for 2 h. In this 

way Afifi obtained formation of NPs with mean diameters of 375, 100 and 50 nm 

respectively for decreasing initial thicknesses of the Au layers.  
 

In conclusion, dewetting on Au films deposited through thermal evaporation, induced via 

annealing treatment, results to be an effective method through which is possible to tune 

both Au NPs morphology and optical properties, by changing the amount evaporated on 

the substrates. 

 

 

 Titanium dioxide 

 
Titanium dioxide (TiO2) is one of the most widely studied material in the field of photo-

active materials, due to its strong photocatalytic active behaviours and other appealing 

properties like the great chemical stability, bio-compatibility and low cost [7, 69], making 

it very interesting for energetical and green applications like photovoltaics, hydrogen 

production, water purification, environmental remediation [7, 69, 70, 71]. However, it has 

raised lot of interest also as an appealing material for SERS [8], as shown in Section 1.2. 

TiO2 possesses three polymorphs crystalline phases: rutile, anatase and brookite. 

However, the last one is only rarely used for the applications mentioned before, for this 

reason we will focus just on anatase and rutile. Every of the TiO2 different phases is 

characterized by an arrangement of slightly elongated TiO6 octahedra connected through 

vertices and edges [72]. Both rutile and anatase have tetragonal structure, but the one of 

anatase contains 12 atoms within its conventional unit cell, while that of rutile just 6. 

Figure 1.14 reports the three different crystalline structures of TiO2 polymorphs. 
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Figure 1.14: Planar Ti3O and Ti6O polyhedral representation of crystalline structure of TiO2 phases: 

(a) rutile, (b) anatase and (c) brookite. Ti and O atoms have been represented in white and red 

respectively [72]  

Among the three, rutile is the most stable polymorph, even though the difference in Gibbs 

free energy of formation between rutile and anatase, is very small (lower than 15 kJ/mol). 

Through synthesis at low temperatures (below 400°C) it is easy to obtain anatase 

formation, however it is not unusual to encounter rutile phase even at moderate 

temperatures (like 400-600°C), while for higher treatment temperatures, it became the 

predominant phase. 

Presence of oxygen vacancies, compensated by Ti3+ centers, makes of TiO2 a n-type 

semiconductor. About material electronic structure, valence band is mainly formed by the 

overlapping between oxygen 2p orbitals; the lower part of the conduction band instead is 

mainly constituted by 3d orbital of Ti4+ cations, with t2g symmetry. TiO2 is generally 

considered an indirect semiconductor, with similar bang gap values for rutile and anatase 

of 3.0 and 3.2 eV respectively. However factors like crystalline size or presence of 

dopants could modify the band structure. 

Usually anatase is considered the most photoactive phase, despite of its larger band gap. 

Several reasons are proposed in literature to justify difference in photoactivity between 

anatase and rutile, of which the most reported include variation of the electronic structure 

(e.g. Fermi level position or electronic mobility), or surface properties (e.g. hydroxyl 

concentration). Moreover, the fact that anatase has higher surface area and lower density 

compared to those of rutile, due to the smaller crystalline size, may contribute to justify 

the higher photoactivity of anatase [7]. 

As already reported TiO2 is a very appealing material because of its photoactivity, which 

has been largely studied for photocatalytic and energetic application, but it has gathered 

lots of interest around the possibility of exploiting its properties also for SERS 

applications, both with the material in the form of NPs or films integrated with plasmonic 

NPs [8]. 
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 Nanostructured TiO2 thin films  

 
Because of its large popularity as a photoactive material, several methods have been 

studied in order to enhance TiO2 performances in terms of absorption in the visible 

spectrum and reduction of charge recombination rate. Early researchers focused on the 

synthesis of nanoporous semiconductor films to increase surface area to volume ratio and 

reducing bulk recombinations. However, the high number of grain boundaries introduced 

within the film, acted as electron scattering or trapping sites, causing an undesired 

increase of electron-hole recombination losses. Recently instead, the attention has been 

addressed toward 1D nanostructures, as nanorods, nanowires or nanotubes, because of 

their appealing properties in terms of charge separation, transport and light absorption 

[73]. Furthermore, production of branched vertically oriented TiO2 nanoparticles was 

explored to combine the high directionality of the nanostructures with an augmented 

surface area. Various techniques have been exploited for the synthesis: Chemical Vapor 

Deposition (CVD) [69], sol-gel nanoparticles synthesis followed by sintering, Ti 

anodization [73], sputtering techniques, or Pulsed Laser Deposition (PLD). In our 

laboratory, as already anticipated, much interest was given to the use of PLD for 

fabrication of hierarchical quasi-1D TiO2 nanostructures. It was demonstrated through the 

work of Di Fonzo et al. [74], that using PLD bottom-up approach allowed the assembling 

of ultrafine NPs, lower than 10 nm in size, in a hierarchical ñtree-likeò nanostructure, 

obtained without any use of templates or pre-patterning. Through the optimization of PLD 

synthesis parameters, it was possible to grow the ñsingle treeò structures and the entire 

film formed by them, controlling crystalline structure, morphology, NPs density (i.e. film 

porosity) and size. Figure 1.15 reports an example of the nanostructured film. 

 

 
Figure 1.15: SEM images of the sample deposited at 40Pa after one hour annealing in air at 400°C, showing 

the organization at different scales: (a) the uniform forest like assembly; (b) single trees; (c) high resolution 

image of a tree tip. This series of images clearly indicate that single TiO2 nanoparticles are assembled in 

a tree level hierarchical structure [74] . 
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Regulating background gas pressure within the deposition chamber, in a range between 

10 and 100 Pa, Di Fonzo et al. found out that a decrease in film density was caused by 

increase of pressure (i.e. of more than one order of magnitude along the mentioned range). 

Annealing treatment carried out in air at 400°C for one hour, was exploited to increase 

film crystallinity. Raman measurements verified that for lower pressures the predominant 

phase was anatase, while rutile started to appear when pressures were higher. Pictures in 

Figure 1.15 show a multiscale image of TiO2 film deposited at 40 Pa in dry air and 

annealed at 400°C for one hour. The forest structure (corresponding to the whole film) 

had a thickness in the micrometer scale, while diameters of single trees were in the order 

of hundreds of nanometers and each leaf had sizes in the range of nanometers. Study on 

film synthesis however, lead also to considerable results in terms of water splitting 

performances (which were the objective of their studies), since Matarrese et al. [75] 

verified that with the open film morphology, could be achieved values of photocurrent up 

to 200 µA/m2 and efficiency up to 8% under UV irradiation. 

 
 

 Integration of plasmonic Au NPs within TiO 2 films 
 

As already outlined, in this work we deal with the integration of Au NPs in hierarchical 

quasi-1D nanostructured films of TiO2 for SERS applications. Integration of metallic 

plasmonic NPs represents an effective method to sensitize TiO2 or other oxide films, 

toward the absorption of visible light [76], which have been widely studied for 

enhancement of efficiency of photovoltaics devices or photo-anodes for water splitting 

[6], but have attracted increasing attention, also for production of SERS substrates [8] as 

already mentioned in Section 1.2. 

Among the most used plasmonic noble metals, Au and Ag are the most extensively 

employed, for the purpose of enhancing visible light harvesting in wide band gap metal 

oxides, since their LSPR frequencies lie in the visible part of the electromagnetic 

spectrum. However, Au have been often preferred to Ag due for example because of its 

higher resistance to photo-induced corrosion, while Ag have been reported to suffer 

oxidation under illumination when in contact with TiO2 [51]. 

In literature various methods have been explored for the integration of Au NPs within 

TiO2 films, using both chemical or physical techniques. Haruta et al. conducted extensive 

researches on the absorption of preformed Au colloids within metal oxides [77,78] 

(Figure 1.16), studying different methods for deposition of Au NPs on a TiO2 support. 

Two chemical methods were employed, both based on suspensions in water or other 

solvents. The first one exploited reduction of AuCl4- done with citrate in aqueous solution. 

In the second, reducing action is given by NaBH4 in water, while extraction of Au NPs 

was done into toluene by means of a phase transfer agent. Both strategies led to Au NPs 

with diameters of about 5 nm. Then, the preformed NPs colloid cold be absorbed on solid 

TiO2 films [79]. 
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Figure 1.16: TEM image of the of the Au/TiO2 composite synthetized by Haruta [78]  

A different approach to incorporate Au NPs within TiO2 film photo-anodes is represented 

by photo-deposition, which was studied by Primo et al. [80]. In this process, the oxide 

phot-anode is placed within a solution of gold tetrachloroaurate. Due to irradiation with 

light of specific wavelength the production of electron and hole is induced in the 

semiconductor. These electrons can therefore be used to reduce AuCl4- into metallic gold, 

that will deposit on semiconductor surface. This method led to synthesis of NPs with 

average diameters of 10 to 30 nm. 

A second strategy exposed by Primo et al., was that of ñdeposition-precipitationò [80], in 

which aqueous solutions of HAuCl4 are brought to a specific pH value before adding TiO2 

in the solution. After stirring for a long time (i.e. around 24 h), the obtained solid is 

recovered and exhaustively washed to remove any presence of Cl- ions, then reduced 

typically through annealing treatment in a reducing atmosphere (e.g. hydrogen gas), to 

form Au NPs. 

Another example of synthesis method is given by spray pyrolysis, showed by Tamm et 

al. [81]. They used this technique to embody Au NPs within TiO2 and obtain a layered 

plasmonic material (see Figure 1.17). 

 

 
 

Figure 1.17: SEM image of the layered TiO2/Au film obtained by Tamm et al. [81]  
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They grew TiO2 films through Atomic Layer Deposition (ALD), i.e. a type of CVD 

technique (as already reported by Niilisk et al. [82]). For Au NPs production instead, they 

used an aqueous solution of HAuCl4 as a precursor, which than undergone to pyrolysis at 

400°C. After having deposited NPs on film surface, another TiO2 layer was grown on top 

of the previous one, again through ALD. 

In the research by Su et. Al [83], which similarly to Primo et al. used a photoreduction 

production technique [80], a very important result was outlined, regarding the 

performances of TiO2/Au composite films. Su group, studied both Au NPs integration 

within TiO2 nanorods (TiO2 NRs) and branched nanorods (TiO2 BNRs), of which a 

representation is given in Figure 1.18 on the left and on the right respectively.  

 

 

 
 

Figure 1.18: Schematic description of TiO2 (left) nanorods and (right) branched nanorods [83]  

The comparison between the two showed that, the higher surface area of the BNRs 

nanostructures is responsible of a higher absorbance of light at wavelengths below 

400 nm, compared to that of NRs (Figure 1.19 a). The addition of Au NPs induced a 

further increase in visible light absorption with a small peak at 534 nm (Figure 1.19 a). 

Finally, also photogenerated current density measurement were carried out, showing the 

higher performances of Au TiO2 BNRs system (Figure 1.19 b) 
a)  

 

b)  

 

Figure 1.19: (a) UV-Vis absorption spectra and (b) I-V curves of TiO2 NRs, BNRs and Au/TiO2 

BNRs 

 

 

As already mentioned in Section 1.3 chemical methods for synthesis and integration of 

Au NPs within TiO2 films present different drawbacks, like the presence of residual 

chemicals which act like contaminant agents reducing material purity and deplete its 
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properties, the lack of control on dispersion and distribution homogeneity of the NPs on 

film volume, limitations regarding dimensions and shape of the NPs. 

Physical techniques could offer instead some advantages in respect to these problems. 

Mubeen et al., used electron-beam evaporation to synthetize multistacked film structures 

(showed in Figure 1.20 a), with alternate Au and TiO2 layers. Through post-thermal 

treatments they induced dewetting processes on the Au layers, with consequent formation 

of Au NPs of diameters around 14 nm and a total film thickness of about 200 nm. This 

approach allowed an increase in light absorbance in the visible, with a peak around 620 

nm (Figure 1.20 b) [84]. 

 

 
 

Figure 1.20: (a) Cross section SEM image of multistacked layers of gold NPs of diameter of 14 nm 

embedded in a TiO2 layer of total thickness of 200 nm (the various components of the device were artifcially 

colored for clarity). (b) UV/visible spectra of TiO2 fil lm, AuNPs and AuNPs-TiO2 composite at normal 

incidence. Absorption spectra of AuNPs were multiplied by a factor of 3for clarity [84] . 

Borges et al. [85, 86], but also Rodrigues et al. [87] used DC Magnetron Sputtering, to 

ablate composite TiO2/Au targets, depositing oxide films with embedded Au NPs 

dispersed in the whole volume. Au NPs content could be effectively controlled by varying 

target composition. What is more, Borges et al. showed that through annealing at different 

temperatures, could be achieved control on film crystallinity, but also on NPs size shape 

and spatial distribution. This resulted also in tuning of optical and plasmonic properties 

exhibited by the composite material. However, using sputtering techniques by Borges and 

Rodrigues research groups, obtained deposition of compact and dense film.  

Physical Vapour Deposition (PVD) techniques instead are more suitable for the synthesis 

of more porous films and vertically oriented nanostructures, as showed in the previous 

section through the work of Di Fonzo et al. [74] with Pulsed Laser Deposition (PLD). 

Even though studies on plasmonic metal NPs produced via PLD, could be found in 

literature, like those of Argawal et a. [88, 63], Donnelly et al. [89] or Domingo [90], 

systematic studies and analysis on integration of Au NPs and TiO2 films are not 

extensively reported. However, in our laboratory, through the work of Bricchi and Zapelli 

et al. [91, 92, 93] it was explored the synthesis of Au NPs integrated with hierarchical 

TiO2 nanostructured. Different configurations were tested, which are schematized in 

Figure 1.21, all with the use of PLD: 

- Deposition of Au NPs directly on top of previously grown and annealed TiO2 

nanostructured films (Figure 1.21 a). 

- Deposition of Au NPs on a substrate (i.e. glass or Si) followed by further deposition 

of TiO2 nanostructured films on the already existing Au NPs (Figure 1.21 b) 



 

 37 

- Co-deposition of Au-TiO2 nanostructured film in a single-step process, through the 

use of composite targets of TiO2 with Au slices (Figure 1.21 c) 

 

Figure 1.21: schematic representation of the three ways of Au NPs integration in nanostructured TiO2 films 

Co-depositions showed [92] to be the most interesting and original integration method, 

showing wider possibility of tuning film properties. During the studies at our laboratory 

it was verified that by varying synthesis parameters it was possible to achieve a quite wide 

control on film properties. As already shown in work by Di Fonzo et al., film morphology 

can be tuned by changing deposition pressure. In their work Bricchi, Zappelli et al., 

focused mainly on two pressures to which corresponded two different film morphologies: 

a compact one at 5 Pa and the one at 8 Pa characterized by a more porous tree-like 

nanostructure. A comparison of the two is showed in Figure 1.22. 

 

 
 

Figure 1.22: SEM cross-sections of TiO2 nanostructured films with different morphologies, 

resulting from PLD deposition at (a) 5 Pa and (b) 8 Pa of background pressure 

What is more, Au content of films can be easily adjusted by changing the number of Au 

foils on the target, as shown in Figure 1.23. Through this method it has been possible to 

change Au content from 0.5 at% up to 5 at%. 
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Figure 1.23: different target configurations studied for the co-deposition of TiO2/Au film, varying number 

of Au foils, it was possible to adjust Au content of the films [93]  

Finally, annealing treatments at 500°C in air proved to be effective in inducing phase 

transition in TiO2 films from amorphous to crystalline (i.e. anatase), but also to induce Au 

NPs formation, due to Ostwald ripening mechanisms [91]. Extensive optical analysis 

then, showed that the different parameters studied resulted in different optical properties, 

as reported in Figure 1.24. 

 
a)  

 

b)  

 

c)  

 

d)  

 

Figure1.24: optical properties of co-depositions at (top graphs) 5 Pa in the (a) as deposited and (b) annealed 

conditions and of (bottom graphs) 8 Pa in the (c) as deposited and (d) annealed conditions [91] . 



 

 39 

Indeed, optical absorption of both film morphologies showed an increase together with 

its Au content, in a range between 350 and 750 nm. In the as deposited conditions (graphs 

on the left in Figure 1.24), while for 5 Pa films no plasmonic resonance could be observed, 

for 8 Pa plasmonic peaks started to appear at higher Au contents around 540 nm. After 

annealing instead (graphs on the right in Figure 1.24), also 5 Pa films showed plasmonic 

peaks at around 575 nm, while the already existing peaks of the 8 Pa experience a red-

shift (i.e. increase in wavelength), of about 20 nm in respect with the initial position. 

The results therefore, demonstrated the feasibility of integration of Au NPs within TiO2 

nanostructures through PLD, showing also the wide possibility of tuning their optical and 

plasmonic properties. 

  

 

 Objectives of this work 

 
The aim of this thesis was that of achieving control on morphological, structural (i.e. 

crystal phase) and optical properties of composite nanostructured films of TiO2 and Au. 

In particular, I wanted to explore in depth the integration of Au NPs within TiO2 films, 

pushing further the degree of control on properties of composite films, already obtained 

in the previous works of Bricchi and Zapelli [92,93], which demonstrated to be able to 

tune TiO2 morphology and Au content of films, as already shown in Section 1.6, through 

the regulation of Pulsed Laser Deposition (PLD) synthesis parameters. In addition to this, 

I wanted to develop substrates of interest for the application in Surface Enhanced Raman 

Spectroscopy (SERS) field. 

To achieve these goals, two different synthesis strategies were explored. 

 

The first approach was that of the integration of Au NPs within TiO2 films, exploiting co-

deposition process, via PLD. Exploiting the know-how achieved by Bricchi and Zapelli 

[92, 93] on synthesis control, I focused my attention on control of size and distribution of 

Au NPs within the oxide matrix. To do this, I exploited two solutions: 

 

- I took advantage of post-deposition thermal treatments, with the aim of inducing the 

activation of diffusion and coarsening mechanisms (like Ostwald ripening or 

coalescence) on the Au within the films. For this reason, treatments at different 

temperatures and with different durations were tested, to verify the influence of these 

parameters on the formation and growth of Au NPs. 

- Secondly, I explored also the role played by film composition, by depositing films 

with different Au contents and then exposing them to thermal treatments, to verify if 

samples annealed in the same conditions, but with different Au content, would have 

presented a different Au NPs morphology. 

Another interesting possibility offered by the annealing strategy, was that of regulating 

also TiO2 crystal structure. Through appropriate regulation of annealing temperature, I 

wanted to try to induce NPs growth both within amorphous and crystalline films. Indeed, 

using ñlow temperatureò treatments (i.e. below phase transition temperature of the TiO2), 

I wanted to keep films amorphous while promoting Au diffusion mechanisms and NPs 

growth. Increasing temperature instead, also crystallization was expected to occur. With 

this strategy, I was interested in understanding the role played by TiO2 phase both in 
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determining samples optical properties and SERS enhancement effect. The different 

phases could have also played some role in the UV-induced charge-transfer from TiO2 to 

Au NPs, proposed by Ben-Jaber [41], that I was interested to test. 

Finally, I also tried to co-deposit samples with augmented film porosities, with the aim 

of having a higher available nanostructured surface able to host Au NPs and hopefully 

promote some light scattering mechanism, but also to allow higher penetration of analyte 

molecules within the substrates, during SERS measurements. 

 

The second synthesis strategy proposed, was meant to explore a different method for Au 

NPs integration and infiltration in TiO2 films. This approach consisted in the thermal 

evaporation of Au on top of previously deposited TiO2 films (i.e. via PLD), followed by 

thermal treatments, to induce dewetting mechanisms on the Au layer and consequent 

formation of Au NPs. The reason to explore this strategy was that of both having films 

with Au NPs on their top surface, but also to verify if it was possible to infiltrate them 

within the films through an alternative method to PLD co-deposition. Once again, I 

wanted to achieve also control on Au NPs morphology, therefore I tried different 

solutions to do this: 

 

- The first strategy was that of controlling Au NPs size, through quantity of evaporated 

Au. For this reason, I tried to evaporate Au layers with various thicknesses on different 

samples, to influence dewetting mechanism, (i.e. induced by annealing) and obtain 

NPs with different sizes, depending on Au quantity used, as was reported for example 

by Afifi [68]. 

- Secondly, to achieve further control on NPs size, I tested Au evaporation on films with 

two different morphologies (i.e. porosities) with the aim of influencing dewetting 

mechanisms through the different surface morphology of the films [94]. 

In addition to the last point, the different film porosities were interesting also to see if 

they could influence also penetration of Au within films. Even in this case, the aim was 

also that of understanding how film characteristics and properties would have influenced 

SERS enhancement. 

All the obtained samples were characterized in terms of morphology, structure and optical 

properties by Scanning Electron Microscope (SEM), Raman spectroscopy and 

UV/Vis/NIR spectroscopy. 

In the second part of my work instead, I conducted SERS measurements on all the 

previously synthetized samples. This was possible thanks to the collaboration with Prof. 

Nathalie Lidgi-Guigui of the CSPBAT laboratoire of Université Paris 13, which hosted 

me in her laboratory, offering me the possibility of personally testing my samples. The 

aim was that of verifying if the samples were able to perform as effective SERS substrates 

and to compare enhancement provided by each, to understand which characteristics were 

the most suitable toward the spectrographic technique. For this reason, using 4-

Mercaptobenzoic acid (MBA) as analyte molecule, I studied both the behaviour of co-

deposited and Au-evaporated films carrying out a detailed analysis on the role played by 

the different sample characteristics, namely: Au contents, Au NPs morphology, TiO2 

morphology and structure and optical properties. 

In addition to the standard SERS measurements, I also conducted some investigations on 

the UV-enhancement and the TiO2-Au NPs charge-transfer mechanisms proposed by 

Ben-Jaber et al. [41]. To better understand this phenomenon, I exploited samples with 
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different TiO2 crystalline structure, to verify also if this parameter could have influenced 

the obtained results. 
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 Experimental techniques 
 

This chapter has the aim of introducing synthesis and characterization techniques exploited 

during this thesis work. A brief description of main characteristics, working principles and 

instrumental set up will be given, providing also some details about the parameters employed 

during samples preparation and study. 

 

 Pulsed Laser Deposition (PLD) 
 

Pulsed Laser Deposition (PLD) is a versatile Physical Vapour Deposition (PLD) synthesis 

technique, which offer an elevated degree of control on properties and characteristics of 

the deposited films or nanostructures, thanks to the possibility of regulation of its main 

operative parameters. PLD due its versatility to the possibility of working with a wide 

range of materials like metals, ceramics, oxides, semiconductors [95]. What is more 

through regulation of parameters like background pressure within the deposition 

chamber, laser energy density, target-to-substrate distance (dTS) or substrate temperature, 

it is possible to control growth and morphology of the deposited films. The technique is 

based on the irradiation through intense laser pulses, of a target material, which causes 

generation of a plasma (i.e. a plasma plume). Species ejected from the ablated target 

therefore deposits on a conveniently positioned substrate, originating deposition and 

formation of nanostructures. Laser-target interaction induces an ablation process, which 

together with plasma plume expansion rely on very complex physical processes which 

will not be treated into much details. Deposition process consist basically of three main 

steps: 

 

- Ablation of a solid target made by highly energetic focused laser pulses. 

- Expansion of vaporized species and formation of a plasma with characteristic plume 

shape in the normal direction with substrate surface. 

- Film growth caused by condensation of the ablated species on substrate surface. 

 

The main PLD apparatus, of which a schematic representation is given in Figure 2.1, is 

composed by a laser source and a vacuum chamber, in which target material and substrate 

are deposited. 

 

 
Figure 2.1: schematic view of a typical Pulsed Laser Deposition apparatus  
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A set of mirrors, lenses and windows are used to determine the optical path followed by 

laser pulses to get into deposition chamber and be focused on the target, typically with an 

incidence angle of 40°-50° with respect to the normal to target surface. Usually target and 

substrate, which are placed one in front of the other, have a roto-translational and 

rotational movement, in order to obtain both a more homogeneous deposition on the 

substrate (i.e. film thickness) and target consumption. A pumping system consisting of a 

primary and a turbomolecular pump, is used evacuate the chamber and reach high vacuum 

conditions, ranging from 10-3 up to 10-7 Pa. Once that the desired vacuum conditions are 

reached, the chamber can be filled with the desired background gas (ex. O2, N2, Ar etc.). 

Background gas pressure regulation is an important parameter and during this work, 

extensive use of its regulation was made, in order to tune film morphology and porosity: 

- Low pressures allow the ablated species to reach the substrate with almost no 

collisions and with high kinetic energy. This causes an atom-by-atom deposition of 

compact films. 

- Increasing pressure values instead, collisions between background gas molecules and 

species ejected from the target are favoured leading to spatial confinement of the 

generated plasma. This induces formation of clusters and deposition of more porous 

nanostructured films. 

 

 
 
Figure 2.2: representation of PLD conditions for the different deposition mechanisms 

Together with pressure also dTS is able to influence deposition mechanisms. A useful 

parameter, taking into account action of both to determine the deposition regime, is L, 

which is defined as the ration between dTS and the visible plume length (lp), that depends 

on pressure [95]. Based on L parameter, three different regimes can be identified: 

- L < 1, substrate in ablation plume: kinetic energy of the ablated species is high enough 

to avoid formation of clusters while they are reaching the substrate, resulting in 

deposition of smooth and compact films. 

- L ~ 1, substrate at plume edge: interaction between ablated species and background 

gas increase, decreasing kinetic energy of the former, inducing growth of vertically 

oriented columnar nanostructures. 

- L > 1, substrate out of plume: collision probabilities are further increased, inducing 

plume confinement and clusters formation. This causes loss of directionality of the 

species reaching the substrate and deposition of cluster-assembled, nanoporous films 

[96]. 

 

In this work, L ~ 1 condition was exploited in order to obtain hierarchical nanostructured 

films composed by vertically oriented tree-like TiO2 nanostructures. Laser fluence is 

another important parameter for the control of film morphology. It is defined as the 
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number of incident photons (or incident pulse energy) per unit are and it can affect plume 

expansion dynamics. Increasing laser fluence both amount and kinetic energy of the 

ablated material are increased. PLD offers several advantages also for the regulation of 

composition of the deposited film, which can be tuned both using composite targets made 

of different material, or by using specific gas atmospheres which, combined with presence 

of plasma, can induce reactive processes and therefore alter film stoichiometry. In our 

case the former strategy was adopted, using TiO2 targets with Au foils were used to 

integrate Au NPs within the nanostructured TiO2 films. The PLD apparatus used in this 

work consisted of Nd:YAG laser with green (l=532 nm) laser pulses with pulse duration 

of 5-7 nm and frequency of 1 or 10 Hz. 

More detail about the exact parameters used during films synthesis are given in the next 

section. 

 

 

2.1.1 Deposition of TiO 2 films and co -deposition of 

composite TiO 2 films integrated with Au NPs  
 

In this work both bare TiO2 and composite TiO2/Au nanostructured films were performed. 

Films were deposited thorough ablation of a 99.9% pure TiO2 target at room temperature 

in oxygen O2 atmosphere. When integration of Au NPs within the film was desired, a 

selected number of Au foils were attached to the target in order to regulate Au content, 

which was varied from atomic percentage of 1.03 at% (1 Au foil) to 2.9 at% (3 Au foils). 

Pictures of target configurations are reported in Figure 2.3. 

 
a)  

 

b)  

 

c)  

 

Figure 2.3: pictures of the different target configurations used for the deposition of (a) bare TiO2 and (b), 

(c) co-deposition of TiO2/Au films 

Laser fluence on the target was regulated to 3.5 J/cm2 and pulse energy to 200 mJ, with 

pulse frequency of 10 Hz. Deposition regime L ~ 1 was exploited, with a selected target-

to-substrate distance (dTS) fixed to 5 cm, according to measurements carried out on plume 

length, as showed in the picture in Figure 2.4, since as previously explained, it represented 

the optimum in terms of interaction between ablated species and surrounding gas, leading 

to deposition of vertically oriented porous tree-like nanostructured films. 

 



 

 45 

 
Figure 2.4: picture of ongoing PLD process within deposition chamber 

Background pressure value was varied to tune film morphology and porosity. Co-

depositions were carried out at 8, 10 and 12 Pa, while for deposition of bare TiO2 films, 

pressure was kept at 8 or 12 Pa. Substrates used for depositions where essentially of two 

kinds: Si (100) wafers and transparent soda-lime glass, which were needed to carry out 

optical measurements. Some of the samples were kept in the as deposited condition, while 

others underwent to thermal treatments, carried out in a furnace. Different temperatures 

were used, 250°C, 500°C and 700°C. In the last case to avoid possible melting, quartz 

was used as a transparent substrate instead of glass. Finally, laser pulse shot number and 

time duration of deposition processes were varied according to the other selected 

parameters, in order to always obtain film thickness of 1 µm. All the mentioned deposition 

parameters were chosen taking advantage of the experience matured during previous 

works with PLD carried out in the laboratory [92, 93, 94, 64, 97]. 

 

 Thermal Evaporation 
 

Thermal evaporation is a widely diffused PVD technique, frequently employed for the 

deposition of metallic films. The technique is based on the evaporation, generally induced 

through a heating source like resistive heating (like that used in our work) or electron 

beams, of a metallic material placed within the crucible. Among the advantages of this 

technique there are its high deposition rate (from 10-1 up to even 103 nm/s), which can be 

easily controlled, the possibility to deposit highly pure metals and the fact that is relatively 

inexpensive compared to other PVD techniques. A thermal evaporator consists essentially 

of a vacuum chamber in which the substrate and the crucible are placed. For the case of 

resistive heating evaporation, the crucible is represented by a coil-like resistance made of 

a refractory metallic material (ex. Tungsten) connected to a power supplier, which 

induces the passage of an electric current. This, thanks to Joule effect, causes heating of 

the coil and consequently evaporation of the material positioned into it. Finally, the 

evaporated species travels toward the substrate where they deposit and condense. Figure 

2.5 shows a representative scheme of a thermal evaporator apparatus. 
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Figure 2.5: representative scheme of a thermal evaporator apparatus. 

 

Vacuum condition is one the most important parameters involved in the process, for two 

main reasons: 

- Vacuum is needed in order to remove presence of contaminants and to avoid undesired 

chemical reactions such as oxidation. 

- From vacuum also depends evaporated species mean free path, which needs to be as 

high as possible (compared to distance between crucible and substrate) in order to have 

negligible contact between the species and the background gas during the deposition, 

allowing a faster and more effective film deposition. 

 

 

2.2.1 Thermal Evaporation of Au on top of TiO 2 films  
 

In parallel with the co-deposition work, during this thesis thermal evaporation technique 

was exploited in order to integrate Au NPs on top of TiO2 films surface. An Edwards 

E306A resistive heating thermal evaporator (Figure 2.6) was therefore used to deposit Au 

layers of various thicknesses (from 3 to 15 nm) on top of TiO2 films previously synthetized 

via PLD. 

 

Figure 2.6: Edwards E306A thermal evaporator 
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 The main parameters involved in the evaporation process were: pressure, electric current 

density flowing in the tungsten (W) crucible and sample-to-crucible distance (SSD). 

Before starting Au evaporation pressure within deposition chamber were reduced to values 

of the order of 6Ā10-4 mbar through a vacuum pump which remained active also during the 

whole evaporation process, in order to increase mean free path value of the evaporated 

species. Substrates holder was kept at a short distance from the crucible (i.e. 5 cm) to obtain 

a more homogeneous coverage of the samples and reduce deposition time. Current density 

was regulated to values between 0.6 and 1.0 A/cm2, in order to have a controlled 

evaporation rate and being able to easily stop deposition once that the decided amount of 

evaporated Au was reached. The amount of evaporated Au was monitored through a quartz 

crystal microbalance sensor which measured the equivalent thickness of Au layer 

deposited on sample surface. The sensor was calibrated by checking with SEM, that the 

measured values corresponded to the actual thickness of Au deposited on a Si substrate. 

Finally, also in the cause of Au-evaporated samples, post thermal treatments were carried 

out at 500°C with the double purpose of inducing crystallization of the TiO2 film but also 

NPs formation caused by dewetting processes on the superficial Au layer. 

 

 

 Scanning Electron Microscopy (SEM) 

 
Scanning Electron Microscope (SEM) is a very useful and powerful characterization 

technique through which it is possible to obtain detailed images and information about 

sample surface morphology, but also crystalline structure and orientation at very high 

resolutions, even higher than 1 nm. Instead of photons employed by traditional optical 

microscopes, SEM uses beams of highly energetic electrons, accelerated in the 200-30000 

eV range and focused by electromagnetic lenses through Lorentz forces, to scan specimen 

surface and providing 2-dimensional images. The considerably high kinetic energy 

carried by the scanning primary electrons, emitted by the electron gun (i.e. the source of 

electrons), is dissipated through interaction with the analysed sample, generating a variety 

of signals and interaction products like secondary electrons, backscattered electrons, 

diffracted backscattered electrons or X-Rays, which are collected by a detector and 

analysed. Of course, SEM works in vacuum conditions, since otherwise electrons would 

be scattered by presence of air and it could not be possible to extract the precious 

information brought with them. Secondary and backscattered electrons are employed to 

produce images of sample surface: the former give morphological and topographical 

information, while backscattered electrons outline contrasts in composition [98]. Figure 

2.7 illustrates a simplified diagram of a SEM and its essential components. 

. 
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Figure 2.7: schematic representation of a SEM device 

The SEM device used in this work was a Field Emission Zeiss SEM Supra 40 and it was 

exploited to obtain cross-section and top-view images of the investigated films. 

 

 Raman Spectroscopy and SERS 

 
Raman spectroscopy is a spectroscopic non-destructive technique widely used for 

materials, since it is able to provide information about crystal structure, and molecules 

characterization. Raman effect, on which the technique is based, relies on the inelastic 

scattering of photons coming from an exciting monochromatic light source (i.e. a laser) 

due to interaction with the sample. Because of the inelastic scattering, re-emitted photons 

frequency is no longer equal to that of incident photons, but it results shifted toward 

higher or lower frequencies. This shift gives us information about vibrational, rotational 

and other low frequency transitions in molecules or crystals [99]. Since Raman spectra 

depend on lengths, strengths and arrangement of bonds within a material but also to 

defects, disorder, and quantum confinement within crystals, the technique is a powerful 

structural characterization tool. Physical principles on which Raman theory is based are 

quite complex, therefore in this section, only basic and general aspects are discussed. 

For the case of molecules, rom the classical physics point of view when a laser interacts 

with a sample, because of its oscillating electric field (Ὁᴆ), the incident electromagnetic 

radiation induces formation of an electromagnetic dipole moment (ὖᴆ) on material 

molecules. 

. 

 

ὖᴆ ‌ Ὁᴆ                (2.1) 

 

Being Ŭ the molecular polarizability. Necessary condition to have Raman effect is that 

π, where ὶ is the normal coordinate associated with molecule vibration. The 

induced electromagnetic dipole moment, formed by molecules excited by the incident light 

with ɜ0 frequency, are then able to re-emit light which frequency however, will be shifted 
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with respect to ɜ0, of a quantity depending on frequency of the vibrational mode involved 

in the process. Vibrational modes vibrational energetical levels of molecules, as known 

from Quantum mechanics theory, are quantized and took the name of phonons. Equation 

2.2 describes the energy of a phonon ὲ energetic level: 

 

Ὁ ὲ Ὤ’   (2.2) 

 

with Ὤ being Plankôs constant, ὲ an integer number (from 0 to infinite) and the spacing 

between energy levels is equal to Ὤ’  and is constant. Therefore photon-phono 

interaction can be divided in three different cases: 

 

- Rayleigh scattering: it corresponds to an elastic scattering mechanism and occurs when 

consequently to excitation and de-excitation process, the molecule returns back to its 

initial vibrational state and light is emitted at the same frequency of the incident photon, 

’. 

- Stokes scattering: after de-excitation molecule goes back to a vibrational state higher 

in energy with respect to the initial one; this inelastic process causes energy dissipation 

and the emission of a photon with lower frequency than the incident one, ’ ’ . 

- Anti-Stokes scattering: molecule de-excitation process led it to a lower vibrational state 

than the initial one, thus emitted photon is higher in energy and frequency than the 

incident one, ’ ’ . 

Figure 2.8 offer a representation of the three cases just described. 

 
Figure 2.8: (a) Raman scattering spectrum of Rayleigh, Stokes and Anti-Stokes, and (b) energy level diagram 

 

As shown in Figure 2.8 (a), Stokes and Anti-Stokes peaks are specular with respect to 

Rayleigh one. Intensities instead are reported as much different since, at room 

temperature Anti-Stokes processes are much less probable to occur than Stokes one. The 

process described takes place in a more complex way in the case of crystalline materials, 

indeed usually in crystals, for reasons related with energy and momentum conservation, 

only optical phonons at Brillouin zone take part to Raman effect. 

As already said, different crystalline structures, which therefore possess different 

vibrational modes, have different Raman spectra. This fact has been exploited during our 

work, in order to distinguish between the different polymorphs of TiO2: anatase, rutile 

and brookite. The three different crystal phases, which belongs to different space groups 
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(D4h for anatase, D2h for brookite and again D4h for rutile) and have characteristic Raman 

spectra with distinctive peaks. In the case of amorphous material instead (like our films 

were, in the as deposited conditions), no definite peak characterize the correspondent 

Raman spectrum [100]. The power of Raman spectroscopy also allows to distinguish 

confined nanostructures, since confinements causes shifts in peak positions and variations 

of their full width at half maximum (FWHM) [101]. 

The typical set-up of a Raman system major components consists of: 

 

- Excitation source (monochromatic laser) 

- Sample illumination system and light collection optics 

- Wavelengths selector (filters) 

- Light detector (CCD) 

A representation is given in Figure 2.9. 

 

 
 

Figure 2.9: scheme of a Raman apparatus 

Surface Enhanced Raman Spectroscopy (SERS) relies on the very same principles on 

which Raman spectroscopy is based. The main difference is given, as already explained 

in Chapter 1, on the presence of an active substrate, able to enhance Raman modes of the 

analyte species. However, the instrumental set-up is identical to that needed for standard 

Raman measurements. 

 

In this work TiO2 film structural characterization was carried out in our laboratory at 

Politecnico di Milano, using a Renishaw InVia micro Raman spectrometer, offering 

spectral resolution of 3 cm-1, equipped with an optical microscope and an Argon ion laser, 

l=514 nm, which power were of around 1 mW. 

SERS measurements instead, were performed in the CSPBAT Laboratoire of Université 

Paris 13, in Paris. The instrument used for this purpose was a Horiba LabRAM 300 

spectrometer, offering a spectral resolution of 3 cm-1. SERS spectra were acquired using 

a 100x magnification objective (NA=0.90). The exciting source was a He-Ne laser with 

l=632.8 nm and used power was of about 1.3 mW. 
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 UV/Vis/NIR Spectroscopy 
 

UV/Vis/NIR spectroscopy technique it is used to characterize and investigate optical 

behaviour of a material exposing it to a wide selected range of light radiation wavelengths. 

Different measurement schemes are reported in Figure 2.10. 

 
 

Figure 2.10: optical transmission measurement configuration: (a) total transmittance, (b) diffused 

transmittance 

 

Figure 2.10 (a) shows the configuration used for total transmission measurements, in 

which samples were positioned at the entrance of the sphere, with the film pointed 

towards the sphere and the spectralon, a highly reflective flouropolymer (over 95% in the 

spectral range taken into account) [102], at the opposite end of the sphere. This set up 

allowed the detector to collect the whole light which passed through the sampled material. 

Figure 2.10 (b) instead shows diffused transmittance measurement configuration, in 

which the spectralon was removed. Obtained spectra where normalized to substrate 

(glass/quartz) contribution. Collecting diffused transmittance spectra, allowed us to 

evaluate film scattering properties through Haze factor calculation, which is defined as 

the ratio between total (T) and diffused (S) transmittance (Figure 2.11) 

 

 
 

Figure 2.11: Representation of Haze factor measurements, being T the total and S the diffused transmittance 

Knowing both transmission and reflectance, it is possible to derive material absorbance 

using the simple equation: 

 

ὃ ρ Ὕ Ὑ 

 

However, on the basis of previous works, it was known that optical reflectance of Au NPs 

and TiO2 films were negligible [92,93], therefore no measurements were taken for our 

samples and the previous formula was approximated to: 

 

ὃ ρ Ὕ 
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UV/Vis/NIR spectroscopy allowed us to evaluate plasmon resonance (SPR) 

characteristics of the composite TiO2/Au films studied. 

During our work, the main optical characterization process was carried out with a Lambda 

1050 UV/Vis/NIR spectrophotometer equipped with a Perkin Elmer 150 mm integrating 

sphere modulus were used, within the facility of the Italian Institute of Technology (iit) 

in Milan. For our purpose optical transmittance (total and diffused) were measured in a 

range between 300 nm and 2000 nm, with an acquisition interval of 2 nm. 

 

Even during my stay at the CSPBAT Laboratoire of Université Paris 13 I performed some 

optical measurement using a Horiba XploRA spectrophotometer, acquiring spectra in a 

range between 400 nm and 900 nm, with an acquisition interval of of 3 nm. 
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 Synthesis of TiO2 hierarchical films with 

integrated Au nanoparticles 
 
In this chapter the first part of my work, dealing with the co-deposition via PLD of Au 

NPs within TiO2 nanostructured hierarchical films is exposed. The main objectives 

regarded achievement of control on Au NPs dimensions and their dispersion within TiO2 

films. To do this, thermal treatments were employed to induce both NPs formation and 

coarsening, thanks to the activation of diffusion processes inside the oxide matrix. For 

this reason, different temperatures and treatment durations were combined to be able to 

tune NPs morphology. The diverse annealing treatments were tested on co-deposited 

films with different Au contents, to verify if further control on NPs could be achieved. 

By the way, annealing was not employed just to promote formation of Au NPs, they also 

represented an effective strategy to regulate TiO2 crystal structure. High temperature 

treatments were used to induce crystalline phase transition from amorphous state of as 

deposited films, into anatase. Low temperature annealing instead, was meant to produce 

changes in Au NPs morphology and distribution, while maintaining films amorphous. 

The combination of these two effects on TiO2 matrix and Au NPs within it were of great 

interest, toward the objective of being able to control plasmonic properties of the 

nanostructured films. 

Exploiting PLD technique allowed us to easily and directly control both morphology (i.e. 

porosity) of the composite films, already during deposition, and their Au content. To do 

this, experience and knowhow on TiO2 nanostructured films synthesis were exploited, 

which were matured through previous works in our laboratory [92, 93] and exposed in an 

article by Bricchi et al. [91], as already mentioned in Chapter 1. Scanning Electron 

Microscopy (SEM) was used to monitor film and NPs morphology evolution, while 

through Raman spectroscopy changes in crystalline structure of the metal oxide were 

checked. Finally, optical and plasmonic properties were measure with UV/Vis/NIR 

spectroscopy. In the following paragraphs all the details about synthesis, characterization 

and the obtained results are presented. 

 

 

 Synthesis: co-deposition via PLD of composite 

TiO 2/Au films 

 
The co-deposition of TiO2/Au hierarchical nanostructured films were realized by ablation 

of a composite target made of a TiO2 core, on which a specific number of Au plates were 

attached, depending on the percentage of Au NPs (Au at %) desired to introduce within 

the films, namely of 1.03 at% (1 slice) (Figure 3.1 a) and 2.9 at% (3 slice) (Figure 3.1 b). 

 



 

 54 

 

a) 

 

b) 

Figure 3.1: picture of TiO2 ablated targets with 1.03 at% (a) and 2.9 at% (b) of Au 

Reported values of Au at% refers to Energy Dispersive X-Ray Analysys (EDX) 

quantitative measurements, about film Au content, carried out on samples synthetized 

with the same deposition parameters by Zapelli [93]. Target-to-substrate distance (TSD) 

value was of 5 cm, so at plume edge (L å 1) condition, as can be seen from Figure 3.2. 

This condition represents the optimum in terms of interaction between ablated species 

and surrounding gas, because of low kinetic energy of the ablated species results in 

vertically oriented porous films, as discussed in Chapter 2. Depositions were always 

performed at room temperature. 

 

 

Figure 3.2: picture of ongoing PLD process within deposition chamber 

 

Since the main goal of this first part of the work was to study the influence of thermal 

treatments, I chosed to use only one sample morphology to test effects of different 

annealing treatments. For this reason, films were deposited at the pressure of 8 Pa in 

oxygen (O2) atmosphere. This condition induced the deposition of tree-like 

nanostructured TiO2 films [92, 93], whose porosity could have been useful also for the 

future SERS tests with 4-MBA molecules, to allow higher penetration than in a compact 

film. Two different Au contents were tested, 2.9 at% (3 Au slices) and a lower one of 1.03 

at% (1 slice), in order to verify if amount of Au could determine different diffusion 

processes within the film and consequently influence Au NPs size. Laser pulses number 

were set each time to obtain film thickness of about 1 µm. Deposition parameters are 

summarized in Table 3.1. 
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Table 3.1: summary of main deposition parameters 

 

 Annealing strategy 

 
Thanks to thermal energy transferred to the films during heat treatments, different kinetic 

processes like Ostwald ripening and coalescence, can occur causing diffusion of Au at 

the atomic or nano- scale resulting in changes in NPs dimensions but also in their 

distribution. By the way, also TiO2 structure can be affected by temperature which, if high 

enough, can cause crystalline phase transition from amorphous to anatase, or rutile, 

modifying dielectric constant and refractive index of the material. These can modify 

LSPR frequency, which depends on the surrounding environment characteristics [103] as 

mentioned in Chapter 1. Because of this, combination of NPs growth and morphology 

changes, together with TiO2 matrix phase transition, could represent an effective way to 

tune optical properties of the system. In one of their works, Borges et al. [104] reported a 

study of Au NPs size evolution induced by thermal treatments, into TiO2 and also Al2O3 

films. Matrix structure were seen to play an active role on kinetics and diffusion processes 

acting on Au NPs, affecting their dimensions. In a similar way, Au NPs growth 

mechanisms within TiO2 could be influenced in different ways depending on the structure 

of the film, leading to different NPs sizes in the case of presence of amorphous or 

crystalline film. Therefore, the different NPs size, together with the difference in 

dielectric constant of crystalline and amorphous TiO2 could induce variations of LSPR 

frequencies, which depend on both NPs size and surrounding environment. This variation 

of LSPR was reported by Borges et. al in another of their works [103]. For these reasons, 

during the experimental phase different temperatures were chosen, across that of phase 

transition from amorphous TiO2 to anatase. Namely the employed annealing temperatures 

were: 

 

¶ Low Temperature, T= 250°C; 

¶ Intermediate Temperature, T= 500°C; 

¶ High Temperature, T= 700°C; 

 

The lowest value was selected to avoid crystallization of the as deposited amorphous films 

[86], while 500°C is reported to be able to induce transition into anatase phase [105].The 

latter value was selected in order to test the action of temperatures higher than the one 

usually used to obtain crystallization (i.e. 500°C); what is more at 700°C also the 

possibility of appearance of rutile phase was expected [103]. For the first two of the 

preceding conditions, two different treatment durations were tested, namely 2 hours (a 

Fluence 

[J/cm2] 
Gas TSD [cm] 

Pressure 

[Pa] 

Au foils 

on 

target 

(at%) 

Laser 

pulse 

number 

3.5 Oxygen 5 8 

1 (1.03 

at%), 3 

(2.9 

at%) 

18600, 

22200 
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standard duration used also in the previous works in our laboratory [92,93]) and a longer 

one of 6 hours to understand if time, together with temperature would have been a useful 

parameter able to determine augmented coarsening of nanoparticles. For the treatment at 

700°C only the 2 hours duration was explored. In Table 3.2 other details regarding the 

annealing are reported; cooling was carried out by keeping samples within the furnace 

until room temperature was reached, which typically took about 12 hours. 

 

 

Heating 

ramp 

[°C/min] 

Temperature 

[°C] 

Maintanament at treatm. 

Temperature [h] 
Atmopshere 

4 
250, 500, 

700 
2, 6 Air  

              

 Table 3.2: details about annealing parameters 

 

 8 Pa TiO 2/Au co-deposited films with 2.9 at% of Au 
This section contains the results of all the characterizations carried out on the TiO2/Au 

nanostructured films synthetized in an O2 atmosphere with a background pressure of 8 Pa 

and a content of gold of 2.9 at%, corresponding to 3 Au slices on the target. 

 

3.3.1 Morpholog ical  characterization  (SEM) 

 
Investigation on morphology evolution was conducted through Sem images, on both Au 

NPs and TiO2 films before and after the different annealing treatments. Synthetized films, 

in the as deposited conditions, presented the characteristic hierarchical 1-D vertically 

oriented, tree-like nanostructure as reported also in the article published by Bricchi et al. 

[91], with remarkable porosity. As already said background pressure had an essential role 

in determining film structure, indeed higher pressure translated in a more porous film, as 

can be clearly seen from the comparison of pictures in Figure 3.3.  

 

Figure 3.3: comparison of SEM cross-section images of morphologies TiO2 film deposited at different 

background pressures 

 

 

 

a)  TiO2 deposited at 5 

Pa 

 

b)  TiO2 deposited at 8 

Pa 

 

c)  TiO2 deposited at 12 Pa 
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In as deposited condition (Figure 3.4 a) could be noticed that Au NPs had a very low 

concentration within the film and only a very few could be spotted (i.e. some of them 

have been encircled). By the way, measurable NPs showed a diameter of about 5 nm on 

average, in agreement with what reported in the paper by Bricchi et al., about nominally 

equal samples analysed through Transmission Electron Microscope (TEM) [91]. From 

Figures 3.4 (d) and (e), is evident how annealing treatments above 500°C affected TiO2 

 

a)   As deposited 

 

b) Air 250°C, 2 h  

 

c) Air 250°C, 6 h 

 

d) Air 500°C, 2 h 

 

e) Air 500°C, 6 h 

 

f) Air 700°C, 2 h 

Figure 3.4: comparison of SEM cross-section images of TiO2/Au co-deposited films at 8 Pa with 2.9 at% of 

Au, undergone to different thermal treatments (image scale of 100 nm) 
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morphology and nanostructure, compared to as deposited condition (Figure 3.4 a). Phase 

transition from amorphous to anatase visibly changed shape and dimensions of the tree-

like particles, which looked more compact after high temperature annealing. This was 

even more evident for treatment at 700°C (Figure 3.4 f). On the contrary structure of 

samples treated at 250°C (Figure 3.4 b and c) did not show significant changes in their 

morphology with respect to the as deposited one, meaning that crystal structure remained 

amorphous (as confirmed by Raman measurement reported in the next Section). Data 

about NPs sizes, reported in Table 3.3, were the results of measurements carried out on 

SEM images taken in different film points (from 3 to 5) for each sample condition. 

Unfortunately, ImageJ software was not able to automatically recognize Au NPs from 

TiO2 background due to their very small size and the scarce contrast with the background 

TiO2. NPs were than measured through software manual tools. For this reason, it was not 

possible to carry out a detailed statistical evaluation, however acquired data were accurate 

enough to give information about size evolution. 

 

 As 

deposite

d 

250°C-

2h 

Air 250°C-

6h 

500°C-

2h 

500°C-

6h 

700°C-

2h 

Average 

diameter 

(nm) 

5.3 5.5 6.2 8.0 7.6 11.9 

Standard 

deviation 

(nm) 

0.96 0.68 1.06 1.2 1.7 3.1 

 

Table 3.3: Data about Au NPs size statistical analysis carried out through ImageJ software on SEM cross-

section images 

 

Looking at SEM Images it appeared clear how annealing treatments changed not only 

size, but also NPs distribution within titanium dioxide compared to the as deposited 

situation. Even at the lowest temperature, new particles appeared, distributed within the 

oxide matrix. From analysis, it resulted that NPs diameter grew with temperature, what 

is more, together with average NPs size, at higher temperatures there was also a broader 

dispersion of diameter values, coherently with what reported also from Borges et al [86]. 

According to Moldovan et al. [106], which studied thermal evolution and formation of 

silver nanoparticles within TiO2 porous films using TEM, the two main mechanisms 

governing NPs dynamics are Ostwald ripening and NPs coalescence. In the first one, 

single atoms migrate towards particles increasing their sizes, while in the case of 

coalescence are NPs themselves to move against each other and finally merge. Our results 

showed that average NPs size remained equal for treatments carried out at the same 

temperature, despite of the pronounced difference in duration (2 hours for the shorter and 

6 hours for the longer case). This seemed to exclude a strong influence of time in 

determining further coarsening of nanoparticles, which was obtained only by increasing 

temperature. However, for longer treatments (see Figure 3.4 d and e, about annealing at 

500°C 2h and 6 h), even if dimensions do not change significantly, the number of visible 

NPs, considering an equal sample volume, seemed to be higher than for shorter annealing 

treatments. Unfortunately, as already said, the used software was not powerful enough to 

carry out a precise evaluation (TEM analysis would have been a useful tool for this 
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purpose), but this might induce to suppose that, regardless of the occurring diffusion 

phenomenon, mobility of Au atoms/NPs within TiO2 film could be strictly determined by 

temperature and increases with it. So, as reported also by Moldovan, initial particles 

distance has a fundamental role, since once that Au NPs or atoms have reached diffusion 

limit, coarsening processes cannot go further even if sample is kept at high temperature 

for a longer time. For this reason, due to the limited possible diffusion length, instead of 

producing few big NPs, the system could be preferably driven toward formation of a 

larger number of NPs with smaller average size, which grows with temperature. 

 

 

3.3.2 Crystalline structure characterization (Raman 

spectroscopy) 

 
Raman spectra were acquired on samples on glass substrates with a Renishaw InVia micro 

Raman spectrometer, with laser excitation wavelength of 514.5 nm (green) and power of 

1 mW. Raman analysis was performed in order to investigate TiO2 crystal structure and 

verify if phase transformations occurred after thermal treatments. Each titanium dioxide 

different allotropic phase possesses peaks at characteristic frequencies. Anatase, which 

spectrum is reported in Figure 3.5, has six Raman active modes namely at 144 cm-1 (Eg), 

197 cm-1 (Eg), 399 cm-1 (B1g), 519 cm-1 (superimposed with the 515 cm-1 band) (A1g, B1g) 

and 639 cm-1 (Eg). Rutile phase instead has four Raman active modes at: 143 cm-1 (B1g) 

447 cm-1 (Eg) 612 cm-1 (A1g) and 826 cm-1 (B2g) [107]. 

 

 

 

Figure 3.5: Raman spectra of different TiO2 crystalline phases anatase (1) and (2) rutile [108]   

Before presenting Raman spectra of the samples, a clarification about how data were 

treated need to be done. Some of the spectra are presented as they have been collected 

(raw data) without any manipulation, while to some of the others, baselines were removed 

during data analysis. However, it will be explicitly indicated in Figures, when this 

correction was applied. 

Measurements indicated that as deposited samples presented amorphous TiO2 phase, as a 

result of the growth process carried out at room temperature [91]. As we expected also 

films annealed at 250°C for 2 and 6 hours maintained their amorphous structure and no 
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noticeable difference appeared in their spectra, when compared to the as deposited sample 

spectrum, as can be seen in Figure 3.6. 

 

Figure 3.6: Raman spectra of as deposited (black) and annealed at 250°C-2h (red) and 250°C-6h (blue) 

films 

Spectra of samples annealed at 500°C and 700°C instead, clearly demonstrated the 

occurred crystallization of TiO2 (Figure 3.7). 

 

Figure 3.7: Raman spectra of samples annealed at 500°C-2h, 500°C-6h and 700°C-2h. 

 

a) Baseline were removed 

 

b) Spectrum of TiO2 at 8 Pa, with no Au, annealed 

at 500°C-2h; raw data, no baseline has been 

removed 

 

c) Spectra of samples annealed at 500°C and 

700°C with no data manipulation, in order 

to show presence of a baseline 

 

d) Comparison of position and FWHM anatase 

peak at144 cm-1; baseline has been removed 
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It is worth to notice that, analysing Eg peak at 144 cm-1 it seemed that the degree of 

crystallinity was higher for samples annealed for longer time or higher temperature, since 

peak intensity increased while FWHM decreased, as reported in Figure 3.7 (d) and Table 

3.4 

Peak Air 500°C-2h Air 500°C-6h 
Air 700°C-

2h 

Position 

 (cm-1) 
145.5 145.4 144.3 

FWHM 

 (cm-1) 
15.7 11.6 9.7 

Intensity 

(a.u.)* 
87556 95049 121257 

 

Table 3.4: Data about anatase Raman peak at 144 cm-1 of annealed samples. 

*Intensity values reported, correspond to integral values calculated under peak curves. 

What is more, looking at the anatase Raman spectrum of a pure TiO2 film synthetized at 

8 Pa and annealed at 500°C for 2 hours (Figure 3.7 b), we could notice that presence of 

Au, introduced some differences, which were already discussed in previous works by 

Bricchi and Zapelli [92,93] and we briefly report here: 

- First of all, Raman spectra were characterized by the presence of a background, not 

present in bare TiO2 spectra. Extending measurement to higher wavelengths (Figure 

3.8) we discovered that this growing background was probably due to a 

photoluminescence phenomenon which superimposes to Raman modes and might be 

due to a disordered state caused by Au NPs presence [92]. What is more, intensity 

grew with increasing temperature or annealing duration, and curves of crystalline and 

amorphous films showed maxima in two different points (i.e. 610 and 689 nm).  

- The fact that Eg peak resulted shifted from its characteristic position of 144 cm-1 (see 

Table 3.4) and other peaks were much less evident (Figure 3.7 a vs b), might induce 

to think that Au presence could represent an impurity within TiO2 films, hindering 

crystallization process. 

 
Figure 3.8: Raman spectra extended to higher wavelengths 
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3.3.3 Optical properties  

 
Optical properties of samples were studied using a UV/Vis/NIR spectrophotometer 

performing total and diffused transmittance measurements in a range between 300 and 

2000 nm. As could be seen from graphs in Figure 3.9 and Table 3.5, the different 

annealing treatments produced pronounced changes in the optical behaviour, confirming 

the effective possibility of tuning plasmonic properties through them. 

 

 

 

(a)  

 

(b)  

Figure 3.9: Transmittance spectra of TiO2/Au films; (b) shows a zoom of LSPR peaks. 

 

 As 

dep 

250°C, 

2h 

250°C, 

6h 
500°C, 2h 500°C, 6h 700°C, 2h 

Peak - 563 nm 545 nm 573 nm 574 nm 574 nm 

FWHM - 
46.8 

nm 
64.4 nm 116.4 nm 109 nm 105 nm 

Peak 

Transm 
- 53% 59% 37% 35% 29% 

Table 3.5: Data about LSPR peak of TiO2/Au films 

 

 

Before continuing, a consideration regarding analysis of the shown data must be done. Indeed, 

transmittance spectra have been fitted around their plasmonic peak to identify peak minimum 

position and shape. To be more exact, following the example of Verma et al. [109] two 

parameters have been taken as reference: the point of maximum absorbance, which has been 

considered as LSPR wavelength (lLSPR), and full width at half maximum (FWHM) of the 

plasmonic peak. In spectra reported in Figure 3.9, transmittance (T) and not absorbance (A) 

were measured. Absorbance can be calculated through the formula: 

 

ὃ ρ Ὕ Ὑ                             (3.1) 
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However, since during previous studies [92] reflectance (R) values were demonstrated to have 

always low and constant values around 5%, it is considered as negligible. The formula could 

be approximated to: 

 

ὃ ρ Ὕ                (3.2) 

 

Therefore, it was possible to consider as point of maximum plasmonic absorbance (i.e. 

LSPR wavelength) the point of minimum transmittance of peaks showed in the collected 

spectra. To fit spectra and derive the mentioned information we used fitting tools provided 

by Origin Pro software, namely a polynomial function of the 9th order. In Figure 3.10 an 

example of fitting is given, where the red dotted-line represents the fitting function 

   

 

Figure 3.10: Example of curve fitting through a polynomial function 

Regarding optical properties and effect of the different annealing treatments, some 

considerations could be done: 

- Increasing temperature and treatment duration caused a progressively definition of 

plasmonic peak, which becomes much more evident starting from 500°C, similarly 

to what reported by Borges [86]. 

- LSPR position was progressively red-shifted from the as deposited condition (529 

nm) to annealing at 700°C (590 nm), with an abrupt variation passing from annealing 

treatments at 250°C (amorphous phase) to those at 500°C (anatase crystalline 

structure). This might be given by both the change in Au NPs size and distribution, 

but also by changes in TiO2 refractive index value, which has a direct influence on 

plasmonic frequency [110]. Indeed, according to literature, refractive index has 

different values depending on TiO2 crystalline phase, varying from 2.0 to 2.2 for 

amorphous films up to around 2.5 for anatase and 2.9 for rutile [103]. 

- Increasing treatment temperature and duration, optical transmittance around LSPR 

peak decreased, going practically to zero after 500°C 

- An exception to the two trends just reported, was given by the sample annealed at 

250°C for 6 hours, for which, transmission was slightly higher with respect to the as 

deposited one and also plasmon position (537 nm) was blue-shifted with respect to 

sample 250°C, 2h (554 nm) but still red-shifted towards that of as deposited (529 

nm). 

- Also FWHM varied depending on annealing conditions. Namely it was higher for 

higher temperature conditions, which could be justified by the fact that at treatments 
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with higher temperature and time duration corresponded a broader distribution of 

nanoparticle sizes, as suggested by Borges et al. [103]. 

 

 

 

 
Figure 3.11: Haze factors of co-deposited TiO2/Au films, 8 Pa, Au 2.9 at% 

 

Figure 3.11 shows Haze factor of the different films. Haze factor is a useful index about 

light scattering capability of a film, defined as the ration between diffused transmitted 

and total transmitted light. From graphs we can see that light scattering was higher for 

crystalline films and samples annealed at higher temperatures, since haze factor was 

higher for them. Before concluding this Section, we could make two general 

considerations about transmittance spectra of TiO2/Au co-deposited films: 

- It is possible to notice that transmittance drops to zero in the UV. This is because of 

light absorption given by TiO2 wide band gap of 3.2 eV (i.e. around 387.5 nm) [92]. 

- In the visible and NIR range instead, in some cases it is possible to observe fringes, 

which are actually due to interference phenomena depending on morphology and 

thickness of the film (which is of about 1000 nm) [111]. 

 

 8 Pa TiO2/Au co-deposited films with 1.03 at% of 

Au 

 
The effect of different annealing treatments (the same set used in the previous Section) 

was studied also for TiO2/Au films with a lower content of gold (1.03 at%), in order to 

verify if Au NPs morphology evolution was influenced by the different content of Au and 

if higher optical transmittance could be obtained  
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3.4.1 Morpholog ical characterization (SEM) 
 

 

 

 

 

 

 

 

a) As deposited 

 

b) Air 250°C-2h 

 

c) Air 250°C, 6h 

 

d) Air 500°C, 2 h 

 

e) Air 500°C, 6 h 

 

f) Air 700°C, 2 h 

 

Figure 3.12: comparison of SEM cross-section images of TiO2/Au co-deposited films at 8 Pa with 1.03 at% 

of Au, undergone to different thermal treatments 
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Table 3.6: data about Au NPs size for TiO2/Au co-deposition samples at 8 Pa wit 1.03 at% of Au 

 

From SEM images comparison in Figure 3.12, it could be observed that the lower content 

of gold (1.03 at %) determined formation of a visible lower quantity of Au NPs, for each 

case, compared to films with 2.9 at % of gold, as already reported in the article from 

Bricchi et al. [91]. In as deposited conditions no NPs were visible at all, while after 

annealing at 250°C a very few NPs started to appear even though they were still quite 

hard to spot. Starting from annealing at 500°C more Au NPs began to be observed. 

Finally, at 700°C a wide number of particles formed, but still much less compared to film 

with 2.9 at% Au annealed in the same conditions. A few visible NPs appeared already 

after thermal treatments at 250°C, however, as reported in Table 3.6, NPs size seemed 

not to change too much from one annealing condition to another and was always close to 

an average of 6 nm, except for the highest temperature case (i.e. 700°C), for which it 

reached almost 10 nm. 

 

              a) 
    

b) 

Figure 3.13: data comparison about Au NPs size in TiO2/Au films with different Au contents: (a) average Au 

NPs diameter value and (b) standard deviation vs. annealing treatment conditions. 

Graphs in Figure 3.13 show a comparison between data about NPs size of films with the 

two different Au contents studied in this chapter. From graph (a) it was evident that, at 

equal annealing conditions, Au-richer films displayed always bigger NPs sizes, which 

increased with temperature. For both contents of gold, could also be noticed a strong 

increment in NPs diameter after annealing at 700°C, compared to those at lower 

temperatures. This might significate that this temperature was responsible of an 

augmented Au diffusion capability, or more in general it could activate more incisive NPs 

growth processes. It could be interesting to test also higher temperatures to verify if they 

would have generated further increase in NPs size, however higher temperature could 

also have caused appearance of rutile crystalline phase of TiO2 and this change in matrix 

structure could have been responsible of further different behaviour of Au NPs. Graph (b) 
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instead reports size standard deviation values, which, as NPs diameter itself, increased 

with temperature and was again always higher for films with more gold, as reported also 

from a similar experience carried out by Borges et al. [86]. 

 

 

3.4.2 Crystalline structure  characterization  (Raman 

spectroscopy) 
 

According to what already reported in Raman analysis of TiO2/Au films with 2.9 at % of 

gold, samples annealed at 250°C maintained their amorphous structure also for lower 

content of Au, as shown in Figure 3.14 (a). 

 

a)  

 

b)  

 

c)  

 

 
d)  

  
Figure 3.14: Raman spectra of TiO2/Au films with 1.03 at% of Au. (a) Raman spectra of films as deposited 

and after annealings at 250°C. (b) Raman spectra of films annealed at 500°C and 700°C; also spectrum of 

TiO2/Au film with 2.9 at% of Au annealed at 700°C is shown (green) for comparison. (c) Raman spectra of 

films annealed at 500°C and 700°C after baseline removal. (d) Comparison of position and FWHM of 

anatase peak at144 cm-1; baseline has been removed 

 

200 400 600 800 1000

 

 

R
a

m
a

n
 I

n
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

 As deposited

 Air 250°C-2h

 Air 250°C-6h

200 400 600 800

R
a

m
a

n
 I

n
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

 500°C-2h

 500°C-6h

 700°C-2h

 700°C-2h (Au 2.9at%)

200 400 600 800

R
a

m
a

n
 I

n
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

 500°C-2h

 500°C-6h

 700°C-2h

 700°C-2h (Au 2.9at%)



 

 68 

At higher annealing temperatures (Figure 3.13 b and c) crystallization of TiO2 in anatase 

occurred. Even for 1.03 at% Au co-depositions, an increase in crystallinity could be seen 

for higher temperatures, given by an increase in definition of ñsecondaryò anatase peaks 

and a decrease of FWHM of peak at 144 cm-1, as reported also in Table 3.7 and Figure 

3.13 (d). 

 

 

Peak Air 500°C-2h Air 500°C-6h Air 700°C-2h 

Position 

(cm-1) 
143.8 143.9 143.9 

FWHM 

(cm-1) 
13.3 13.5 12.1 

Intensity 

(a.u.)* 
88720 78496 153713 

 

Table 3.7: Data about anatase Raman peak at144 cm-1 of annealed samples. 

*Intensity values reported, correspond to integral values calculated under peak curves 

In agreement with the fact that Au presence hinders TiO2 crystallization, in Raman spectra 

of samples with 1.03 at% of Au, the presence of anatase peaks other than the one at 144 

cm-1 seemed to be more evident than for those with 2.92 at% of Au (Figure 3.14 b), 

coherently to what reported also in Zapelliôs work [93]. 

 

a)   

 

b) 

b)  

Figure 3.15: Raman spectra extended to higher wavelengths of samples with 1.03 at% (a) and 2.9 at% of Au 

 

Despite of lower gold content, photoluminescence was still clearly visible in Raman 

spectra (Figure 3.15), resembling shapes of spectra of samples with 2.9 at% of Au and 

once again, spectra of crystalline and amorphous samples showed maxima at different 

wavelengths, respectively of 610 nm and 750 nm. 
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3.4.3 Optical analysis  
 

 
Figure 3.16: optical transmittance spectra of TiO2/Au films with 1.03 at% of Au; Figure (b) shows a zoom 

around LSPR peak position 

Figure 3.16 shows optical transmission spectra of co-depositions with 1.03 at% of Au. 

From the curves was evident that even in this case, LSPR position was influenced by the 

different annealing treatments. What is more, reduction of Au content determined a clear 

increase in film transmittance with respect to previous co-depositions, as clearly reported 

in Figure 3.16. Some other comments could be carried out: 

- Reducing the amount of gold in the film did not allow us to measure any plasmonic 

peak in the as deposited condition, which was coherent with what reported by Bricchi 

et al. [91]. 

- Similarly to what happened for Au-richer films, LSPR peak shape became more 

defined when treatment temperature increased [86], while the value of transmitted light 

(i.e. %) at peak minimum point decreased (see Figure 3.17) 
- Looking at Table 3.7, could be seen that, phase transition in titanium dioxide from 

amorphous to anatase induced an abrupt variation of plasmon resonance wavelength; 

however, after this change LSPR position value remained almost constant even 

increasing annealing temperature at 700°C.  

- Coherently to what observed for samples with 2.9 at% of Au (see Section 3.3) FWHM 

peak values increased when temperature and treatment duration were higher, as 

reported in Table 3.8 [103]. 
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a)  

 

b)  

Figure 3.17: zoom around LSPR peak position of optical transmission spectra of films with 2.9 at% (a) and 

1.03 at% (b) of Au 
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64.4 

nm 

116.4 

nm 
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Peak 

Transm 
- 53% 59% 37% 35% 29% 

 

Table 3.8: Data about LSPR peak of TiO2/Au films with 1.03 at% of Au 

Graphs in Figure 3.18 show a comparison between data relative to LSPR peak for co-

deposition samples with different amounts of gold. As already reported, LSPR 

wavelength and peak FWHM increased when treatment temperature was higher (Figure 

a and b). 
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a)  

 

b)  

 

c)  

Figure 3.18: comparison between LSPR peak data about co-depositions with 1.03 at% and 2.9 at% content 

of Au, namely: (a) LSPR wavelength, (b) peak FWHM and (c) Transmittance value (%) at minimum peak 

position 

 

 Summary and conclusions 
 

This section summarizes the main results obtained through the study of the influence of 

post synthesis thermal treatments on co-deposited composite TiO2/Au nanostructured 

films with different Au contents (namely 2.9 and 1.03 at%). Different annealing 

conditions showed to effectively tune morphology, crystal structure and optical properties 

of the films and Au nanoparticles within them: 

 

- Au NPs size and distribution (i.e. number of particles) were affected by temperature, 

increasing with it (as reported also by other authors [112]), but not very much by 

treatment duration. Average dimensions were similar for both Au contents, but NPs 

number was considerably higher for films containing more gold. 

- Crystalline structure was dependent from annealing temperature: at 250°C films 

remained amorphous, while for higher temperatures crystalline anatase phase 

appeared, with Raman peaks becoming more defined for longer treatment duration 

(500°C, 2 h and 6 h) or increasing temperature. Also, at equal annealing conditions, 

films with less gold showed higher crystallization. 
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- Optical properties were influenced both by Au contents and thermal treatment 

parameters. Plasmonic peaks became progressively more pronounced and shifted 

towards higher wavelengths with increasing temperatures and time and decreasing 

light transmittance values (which was very low for samples with 2.9 at% of Au). At as 

deposited conditions, only films with 2.9 at% of Au showed a plasmonic peak. 

 

Concluding, in this chapter was shown how taking advantage of the Pulsed Laser 

Deposition (PLD) technique it was possible to effectively synthesize composite 

nanostructured hierarchical TiO2 films embedding Au nanoparticles within them, in a 

single step process. What is more, thermal treatments showed to be an effective strategy 

to tune NPs morphology, film crystal structure and the deriving optical properties and 

LSPR frequency. These results were of great interest toward the application of these 

samples as porous, high surface area substrates for Surface Enhanced Raman 

Spectroscopy (SERS), which will be discussed in Chapter 5, because they gave us the 

chance to investigate not only enhancement given by plasmonic effects, but also to 

analyse any possible influence of the TiO2 matrix and surface. The latter could provide 

some scattering effect increasing optical path of incident light and therefore raise SERS 

signal; what is more TiO2 porous surface could also be favourable for molecules 

attachment. 

With reference to this last point, to better study the role of film porosity we decided to 

test also other sets of films with a more open morphology. The next Section will deal with 

their synthesis and characterization. 

 

 Co-depositions of TiO2/Au films with augmented 

porosity 
 

Samples here presented are not part of the previous work about influence of thermal 

treatments, they were synthetized specifically to better study the role of film porosity 

towards SERS application. Because of this, we decided to synthetize two sets of films 

with a more open morphology than that of those analysed in the previous section. The 

aim was to increase analyte molecules penetration within films and offering an augmented 

surface for molecules attachment. For these reasons we will not give an extended and 

detailed presentation about characterization on these samples, like it was done for samples 

at 8 Pa, as it was beyond the purpose for which they were thought, however we would 

like to treat shortly at least some of the results of main interest, like those regarding 

morphology and optical properties. 

 

 

3.6.1 Synthesis and morphological analysis of co -deposited 

TiO 2/Au films at 10 and 12 Pa, with 2.9 at % of Au  
 

In order to increase film porosity samples were deposited with an O2 background pressure 

of 10 and 12 Pa respectively. Results collected with 8 Pa films, showed that samples with 
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3 Au slices (2.9 at%) had a higher content of Au NPs, so this composition was selected 

for the new films, because this was expected to provide better SERS performances. 

Synthesis parameters are summarized in Table 3.9. Only the standard annealing at 500°C 

for 2 hours was performed, to induce anatase formation. However, some samples were 

kept in the as deposited condition, to evaluate through SERS measurements, any possible 

active role of TiO2 and make a comparison between crystalline and amorphous phases. 

 

Fluence 

[J/cm2] 
Gas TSD [cm] 

Pressure 

[Pa] 

Laser pulse 

number 

3.5 Oxygen 5 10, 12 
15000, 

12600 

 

Table 3.9: Summary of PLD synthesis parameters 

 

 

a)  

 

b)  

 

c)  

 

d)  

Figure 3.19: SEM cross-section images of co-depositions at 10 Pa (a and b) and 12 Pa (b and c) before 

(left) and after (right) annealing. 

Figure 3.19 shows a comparison between the two morphologies both in the as deposited 

(left) and annealed conditions (right), from which was evident, as for films at 8 Pa, that 

crystallization after thermal treatment was occurred. A very few NPs could already be 

spotted in as deposited conditions, but it was quite hard to measure them, while after 

thermal treatment lots of NPs forms, as in the case of samples at 8 Pa with 3 Au foils. 
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This confirmed that Au diffusion and NPs formation phenomena (i.e. coalescence and 

Ostwald ripening) could happen also in more porous films. In Table 3.10 are reported 

statistical evaluations about Au NPs size after annealing of samples, compared to data 

already presented about those at 8 Pa. 

 

 

 Table 3.10: data about Au NPs size 

Average diameter seemed to be quite similar for all the three morphologies, even if a 

slight difference (less than 2 nm) could be noticed, while standard deviation was higher 

for 8 Pa films, indicating a broader size distribution. 

 

 

3.6.2 Optical properties  
 

Table 3.11 and Figure 3.20 report a comparison between optical properties of co-

depositions at 8, 10 and 12 Pa. From spectra in Figure 3.19 could be noticed an important 

difference in transmittance between samples at 8 Pa and those with higher porosity. In 

the as deposited condition, 8 Pa films had a much lower transmittance value (i.e. 14%) 

than the other two. After thermal treatment also 10 Pa and 12 Pa film transmittance 

decreased, but remaining higher than that of the 8 Pa (see Table 3.11). This different 

optical behaviour could be due both to the higher sample porosity, which could allow 

higher light transmittance, but also to a difference in Au content. Even though the number 

of Au foils on the target was identical for the three kind of films, the different number of 

laser shots needed to complete the deposition, could induce a difference in effective Au 

content, as verified also in Zapelliôs work [92]. Laser shots carried out for 8 Pa samples 

(22000) were more than for 10 and 12 Pa (i.e. 15000 and 12600 respectively). To verify 

the real content value of gold, EDX analysis would be necessary. 

 
10 Pa (500°C-

2h) 

12 Pa (500°C-

2h) 
8 Pa (500°C-2h) 

Average 

diameter 

(nm) 

6.4 7.4 8.0 

Standard 

deviation 

(nm) 

1.18 1.66 3.1 
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Figure 3.20: optical transmission spectra of co-depositions at 8, 10 and 12 Pa deposited with 3 Au foils 

target 

 

 10 Pa 12 Pa 8Pa 

 
As 

dep 

500°C, 

2h 

As 

dep 

500°C, 

2h 

As 

dep 

500°C, 

2h 

Peak 
525 

nm 

576 

nm 

553 

nm 

573 

nm 

529 

nm 

581 

nm 

FWHM 56 nm 
123 

nm 
83 nm 

117 

nm 
46 nm 

135.5 

nm 

Peak 

Transm 
51.9% 12.1% 43.3% 17.3% 14.1% 2.37% 

 

Table 3.11: data about LSPR peaks of co-deposition films 

 

a)  

 

b)  

Figure 3.21: comparison between peak wavelength (a) and FWHM (b) of co-depositions 
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Graphs in Figure 3.21 report information about plasmon peak position and FWHM before 

and after thermal treatment. For each of the three morphologies annealing induced a clear 

shift toward higher wavelengths (i.e. red-shift). By the way plasmon position was slightly 

different in all the three cases (see Table 3.11 and Figure 3.20 a), which might mean that 

film morphology could effectively be used also to tune LSPR wavelength. Finally, also 

FWHM (Figure 3.20 b) increased after annealing, as already verified 8 Pa samples. By 

values comparison, could be seen that FWHM was lower for 10 and 12 Pa films, which 

was coherent with the fact that they showed lower Au NPs size dispersion (Table 3.10), 

which led to sharper peaks. 

 
 

3.7 Summary and conclusions  
 

Summarizing, in Section 3.6 co-deposited TiO2/Au films with augmented porosity (i.e. 

deposition pressure of 10 and 12 Pa) have been presented. Even though a complete 

characterization was not carried out, as in the case of 8 Pa co-depositions some 

comparison with the less porous samples with similar content of Au can be done. 

 

- Au NPs size distribution seemed to be affected by porosity, since in the as deposited 

condition for 10 and 12 Pa film almost no measurable NPs was visible, while for 8 

Pa films NPs with an average diameter of 5 nm were already formed; after annealing 

at 500°C NPs appeared even in more porous films having slightly smaller size than 

those within 8 Pa samples (see Table 3.11). 

- Optical transmission values were higher for 10 and 12 Pa films, which might be 

maybe due to higher porosity but also to a possible lower actual content of Au. 

- After annealing plasmon wavelength increases, for all the three morphologies, but a 

difference between plasmon positions was noticeable (see Table 3.11). 

 

In conclusion, also properties and characteristics of higher porosity co-deposited films 

have shown to be influenced by thermal treatments. Further tests and characterizations 

after different annealing treatments could be of interest to study Au diffusion and NPs 

coarsening phenomena also within these films, to understand influence played by 

morphology. What is more, to better understand also the influence of TiO2 morphology 

on plasmonic properties also some measurements on dielectric constant values, for 

example through ellipsometry technique, could be useful. 
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 Au-evaporated on TiO2 nanostructured 

porous films 
 

This chapter deals with the integration of gold nanoparticles in hierarchical 

nanostructured TiO2 films, through thermal evaporation of Au on top of films previously 

deposited via PLD. Two main reasons were behind this choice: 

 

1- First, we wanted to verify the possibility of infiltrating Au NPs within TiO2; for this 

reason, two different porous morphologies were tested: the one of films deposited at 8 Pa 

and an even more porous one (12 Pa), to verify if penetration depth could be effectively 

increased. Figure 4.1 shows the two morphologies. 

 

 

 

 

2- The second and most important reason was the possibility to have a large presence of 

NPs on top of TiO2 surface, with different size distributions. For this reason, after 

evaporation, samples were subjected to thermal treatments, to induce formation of Au 

NPs, from the deposited Au layer, because of dewetting processes [94].  

The main objective was trying to be able to tune Au NPs size on top of sample surfaces. 

To do this, various approaches were used. First, evaporation of different quantities of gold 

were tested, to verify if it could have led to changes in the dewetting and coarsening 

mechanisms, causing formation of NPs with a diverse size depending on the amount of 

Au, as reported in the work of Afifi [68]. The second strategy involved the regulation of 

annealing temperature and duration with the aim to control the NPs size distribution. 

Moreover, we found out that TiO2 film porosity not only had an influence on Au 

penetration depth but was also able to interfere with dewetting and NPs dimensions. 

Finally, attention was moved to optical properties of these composite samples, with the 

study of plasmon position in relation with Au quantities, film morphologies and obviously 

NPs diameter. Beyond synthesis control, tuning of NPs size and optical properties, 

interest toward Au-evaporated samples regarded also their application as SERS 

substrates. 

a)  

 

b)  

  

Figure 4.1: comparison between (a) 8 Pa and (b) 12 Pa TiO2 film morphologies 
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 Synthesis: thermal evaporation of gold 
 

Samples presented in this chapter were synthetized in a two-step process. First, TiO2 films 

were deposited via PLD following the same procedure already exposed in Section 3.2 of 

the previous chapter. The only difference regarded target composition, which was made 

just of pure TiO2 with no gold plates attached (Figure 4.2). In Table 4.1 below a summary 

of deposition parameters used is reported. 

 

 

Figure 4.2: TiO2 target 

 

Fluence 

[J/cm2] 

Laser energy 

density [mJ] 
Gas 

TSD 

[cm] 

Pressure  

[Pa] 

Film 

thickness 

[µm] 

Laser shots 

3.5 200 Oxygen 5 8, 12 1 
19200, 

12600 

 

Table 4.1: Summary of main PLD deposition parameters  

Second, gold was deposited through a thermal evaporator on top of TiO2 films which 

were still in the as deposited conditions (i.e. amorphous). The amount of evaporated Au 

was monitored through a quartz crystal microbalance sensor which measured the 

equivalent thickness of Au layer deposited on sample surface. The sensor was calibrated 

by checking with SEM, that the measured values corresponded to the actual thickness of 

Au deposited on a Si substrate. Different quantities of gold were evaporated on TiO2, in 

order to tune NPs dimensions, these quantities will be referred to as 3, 6 and 15 nm of 

Au; these values indicate just the nominal thickness of the Au layer evaporated on film 

surface and not the actual NPs sizes, which will be treated in detail in the next sections. 

Finally, after Au evaporation, to induce Au dewetting and NPs formation, samples were 

annealed at 500°C for 2 hours, i.e. the standard used conditions, but also tests with 

different conditions were done, to try to further tune NPs size. 
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 Morphological characterization on Au-evaporated 

NPs (SEM) 
 

Morphological analyses carried out with Scanning Electron Microscope (SEM) were 

focused on measuring Au penetration within TiO2 films and size distribution of NPs on 

the surface. Even though they were carried out simultaneously, to clearly expose the 

results, the two aspects will be treated in separate sections analysing the different effects 

of Au quantity, film porosity and thermal treatments. 

 

 

4.2.1 Penetration of Au -evaporated NPs within TiO 2 

nanostructured films  
 

Cross section images of Au-evaporated samples were taken both before and after 

annealing, which were performed in air at 500°C for 2 hours and evaluation of penetration 

depth were carried out for each case, through measurements on SEM images taken in 

several points of the same samples. 

 

 

a) TiO2 8 Pa, 15 nm of Au 

 

b) TiO2 8 Pa, 15 nm of Au, Air 500°C-2h 

 

c) TiO2 8 Pa, 6 nm of Au 

 

d) TiO2 8 Pa, 6 nm of Au, Air 500°C-2h 
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Figure 4.3: SEM images of 8 Pa film sample cross-sections, both before (left) and after (right) annealing. 

Initially Au evaporation was tested on TiO2 films deposited at 8 Pa, starting with 

evaporation of a 15 nm thick Au layer. Figure 4.3 (a) and (b) show penetration depth 

before (a) and after (b) annealing, which was around 200 nm for both cases (see Table 

4.2). After thermal treatment, very large NPs (with diameters of even hundreds of nm, 

see Section 4.2.2) formed on film surface because of dewetting [94]. With the aim of 

decreasing NPs size, quantity of evaporated Au was reduced to a nominal thickness of 6 

(Figure 4.3 c and d) and 3 nm (Figure 4.3 e and f). From results exposed in Table 4.2, 

seemed that reducing amount of Au also penetration depth reduced. 

 

 

 

e) TiO2 8 Pa, 3 nm of Au 

 

f) TiO2 8 Pa, 3 nm of Au, Air 500°C-2h 
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a) TiO2 12 Pa, 15 nm of Au 

 

b) TiO2 12 Pa, 15 nm of Au, Air 500°C-2h 

 

c) TiO2 12 Pa, 6 nm of Au 

 

d) TiO2 12 Pa, 6 nm of Au, Air 500°C-2h 

 

e) TiO2 12 Pa, 3 nm of Au 

 

f) TiO2 12 Pa, 3 nm of Au, Air 500°C-2h 

Figure 4.4: SEM images of 8 Pa film sample cross-sections, both before (left) and after (right) annealing. 
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Table 4.2:  Data referring to Au penetration values measured through SEM images analysis of TiO2 films 

at 8 Pa (Figure 4.3) and 12 Pa (Figure 4.4) 

 

To verify if higher film porosity would have led to a significant increment of Au 

penetration, more porous TiO2 films, deposited at 12 Pa, were used (see Figure 4.4). 

Results reported in Table 4.2, showed that for 15 and 6 nm of evaporated Au, penetration 

value seemed to be higher than for 8 Pa sample, but in the case of 3 nm penetration was 

nearly the same. Even though a detailed statistic evaluation was not carried out, from 

image analyses on all these different samples, it was evident that penetration value was 

not constant along the whole film length (i.e. varying of even two times in some case). 

Data reported in Table 4.2 are the average penetration values measured in several 

different spots along whole films length and represent a qualitative indication about how 

deeply, evaporated gold was able to infiltrate within TiO2 porous structure. Summarizing, 

even if strong affirmations cannot be made, due to the lack of a detailed statistical 

analysis, it was possible to stay that a certain penetration of Au within the films could be 

achieved through thermal evaporation and that some general trends could be noticed: 

- Penetration depth seemed to decrease together with quantity of evaporated gold. 

- Penetration seemed to be higher for more porous films. 

 

 

4.2.2 Size distribution of Au NPs on film surface and 

influence of TiO 2 morphology  
 

Statistical analyses were carried out with the use of ImageJ software, on top view images 

acquired via SEM in several different points (at least 3 to 5) of each sample, to investigate 

NPs size distribution. Figure 4.5 reports SEM images relative to top views of samples 

with TiO2 films with 8 Pa (left) and 12 Pa (right) morphology and different quantities of 

Au-evaporated (15, 6 and 3 nm from top to bottom) after annealing treatment at 500°C 

for 2 hours in air.  

Au penetration depth [nm] 

 TiO2 @ 8 Pa TiO2 @ 12 Pa 

Au nominal 

thickness [nm] 
As dep Air 500°C-2h As dep Air 500°C-2h 

15 200 180  400 250 

6 90 100 340 170 

3 80 60 90 100 
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a) TiO2 8 Pa, 15 nm of Au, Air 500°C-2h 

 

b) TiO2 12 Pa, 15 nm of Au, Air 500°C-2h 

 

c) TiO2 8 Pa, 6 nm of Au 

 

d) TiO2 12 Pa, 6 nm of Au, Air 500°C-2h 

 

e) TiO2 8 Pa, 3 nm of Au, Air 500°C-2h 

 

f) TiO2 12 Pa, 3 nm of Au, Air 500°C-2h 

Figure 4.5: SEM top-view images of 8 Pa (left) and 12 Pa (right) samples with 3, 6 and 15 nm of evaporated Au 

and annealed at 500°C for 2 hours (image scales of 100 nm. 

 

 

Looking at images reported Figure 4.5 (which display the same magnification), it 

appeared clear that diminishing quantity of evaporated gold, NPs size was lower, as 

confirmed by NPs average diameter values reported in Table 4.3 and in agreement with 

the work of other authors [68, 113].  
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However, it appeared clear that also different TiO2 morphologies affected NPs size, since 

for films with higher porosity average diameter appeared to be lower. The reason for this 

could be searched in dewetting process mechanisms, which starts with the nucleation of 

voids which can originate for example around grain boundaries, giving rise to NPs 

formation according to Müller et al. [94]. In the case of TiO2 films, porosity (i.e. the 

spacing between TiO2 tree-like nanostructures beneath the Au layer), could actually 

accounted as a sort of grain boundary. Because of this, dewetting processes could be 

effectively influenced by morphology of the surface on which they were acting, leading 

to formation of NPs with different size. So, the higher porosity of 12 Pa films, due to the 

presence of higher number of gaps within the surface (i.e. spacing between the nano-

trees) could have induced formation of more but smaller NPs than those observed on 8 

Pa films, as reported by Figures 4.5 (a) and (b). This was particularly evident in the case 

of 15 nm of evaporated Au (115 nm and 64 nm average NPs diameter), while for lower 

quantities of gold influence of morphology was less evident (see graph in Figure 4.6).  

 
Average 

diameter [nm] 

Standard 

deviation [nm] 

Min. diameter 

[nm] 

Max. diameter 

[nm] 

Au 15 nm 

8 Pa, Air500-

2h 
115 88 21 270 

12 Pa, Air500-

2h 
64 42 20 182 

Au 6 nm 

8 nm, Air500-

2h 
23 12 4 60 

12 Pa, Air500-

2h 
19 13 3 67 

Au 3 nm 

8 nm, Air500-

2h 
12 4 4 39 

12 Pa, Air500-

2h 
13 6 4 29  

 

Table 4.3: Average diameter values of Au NPs on top of TiO2 films at 8 and 12 Pa 
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Figure 4.6: Average NPs diameter values vs. evaporated Au quantity 

Finally, standard deviation value was quite high for each of the examined cases if 

compared to the relative average diameter value (Table 4.3) and increases with thickness 

of evaporated Au, as also reported by Tesler et al. [67]. 

 

4.2.2.1 Study of annealing parameters effects on size of surface 

Au NPs 
 

The previous section showed the important role of heat treatments in determining 

formation of Au NPs on top of TiO2 surface, since they activated dewetting processes 

[66]. This was particularly evident by looking at SEM images taken before and after 

annealing treatment (i.e. 500°C, 2h in air) as those in Figure 4.7, in which can be seen 

that initially Au formed a layer covering the whole TiO2 film (a), but after annealing (b) 

we have the formation of NPs. 

  

 

a)  

 

b)  

Figure 4.7: SEM top-view images of sample with 8 Pa TiO2 film with 15 nm of evaporated Au, before (a) 

and after (b) heat treatment at 500°C-2h in air. 

To study the effect of annealing parameters like temperature and duration, tests with a set 

of different annealing treatments were carried out to verify if further tuning of Au NPs 
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dimension was possible. For this experiment 8 Pa samples with 6 nm of Au were used. 

This initial choice was due to the fact that samples with 6 nm of Au were considered the 

best compromise, since their optical transmittance (see Section 4.4) was higher than those 

with 15 nm of Au, while thickness of Au layer of samples with 3 nm were suspected to 

be too low to allow further tuning of NPs dimensions, through thermal treatments [66]. 

For these reasons it was decided to start tests with just samples with 6 nm of Au and then 

to involve also other samples if positive results were achieved. Temperatures selected for 

the annealing were higher than the standard one of 500°C, in order to try to increase 

diffusion of Au and dewetting phenomena on film surface.  

 

- 500°C for 2 hours (standard annealing conditions). 

- 650°C for 2 hours. 

- 650°C for 6 hours 

 

 

 

a) Air 500°C-2h  

 

b) Air 650°C-2h 

 

c) Air 650°C-6h 

Figure 4.8: SEM top-view images of 8 Pa TiO2 films with 6 nm of evaporated Au, undergone to different 

annealing treatments. 

 

 

 

From results shown in the Figure 4.8 Table 4.4, it was clear that the different thermal 

treatments did not produce any significant variation on Au NPs morphology with respect 

to that already discussed in the previous section. This could be due to the fact the standard 

annealing parameters (i.e. 500°C for 2 h), were already sufficient to induce a complete 

dewetting, therefore further time or higher temperature were not able to modify resulting 

Au NPs morphology. For this reason, no additional tests were done. 

 

Average 

diameter 

[nm] 

Standard 

deviation 

[nm] 

Min. 

diameter 

[nm] 

Max. 

diameter 

[nm] 

8 Pa, Air500-2h 23 12.00 4 60 

8 Pa, Air650-2h 24 13.98 4 63 

8 Pa, Air650-6h 24 13.99 4 63 

Table 4.4: data about diameter of Au NPs formed on 8 Pa TiO2 samples with 6 nm of evaporated Au, after 

different annealing 
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 Optical properties 
 

Figure 4.9 presents the optical transmission spectra of samples with various quantities of 

evaporated Au (i.e. 3, 6 and 15 nm) on top of 8 and 12 Pa TiO2 films. Both spectra of 

samples as evaporated (i.e. amorphous TiO2) and annealed at 500°C-2h (i.e. crystalline 

film) are shown. Looking at graphs it appeared evident that samples optical properties 

were clearly influenced by the quantity of evaporated Au but also by thermal treatments, 

in agreement with other studies from literature carried out on thermally evaporated Au 

NPs on glass and Indium-Tin-oxide [113,114,115]. All the spectra were analysed with 

the same procedure already explained in Section 3.3.3. From optical analyses it was 

verified that samples with TiO2 films at 8 Pa and 12 Pa showed a similar behaviour 

towards quantity of evaporated Au and thermal treatments. For this reason, some general 

observations which apply to both can be carried out: 

     
    a)  8 Pa films 

A)  
B) 1            b) 12 Pa films 

Figure 4.9: Transmittance spectra of sample with TiO2 at 8 Pa (a) and 12 Pa (b) and evaporated Au, before 

and after annealing 

8 Pa Au 3 nm Au 6 nm Au 15 nm 

 
As 

dep 

Air500°C-

2h 

As 

dep 

Air500°C 

-2h 

As 

dep 

Air500°C 

-2h 

Plasmon 

wavelength 

[nm] 

553 569 637 560 - 575 

FWHM [nm] 118 91 313 94 - - 

Transmittance 

at peak [%] 
67.8 64 51.3 49.8 - 36 

 

Table 4.5: Optical transmission data about plasmonic peaks of 8 Pa samples before and after annealing. 
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Table 4.6: Optical transmission data about plasmonic peaks of 12 Pa samples before and after annealing. 

 

 

a)  

 
 

b)  

Figure 4.10: data comparison about plasmon peak position (a) and FWHM (b) between 8 Pa and 12 Pa 

films 

- From optical spectra in Figure 4.9 it was clear that increasing Au quantity, samples 

transmission progressively decreased, similarly to what reported by other authors in 

literature [113, 115] 

- After thermal treatment, plasmonic peaks became more sharply defined and a shift of 

plasmon position toward lower wavelengths was recorded (Tables 4.5 and 4.6). 

However, for as deposited spectra was not always easy to state with absolute certainty 

which is plasmon wavelength. Despite of the presence of a minimum point in 

transmittance curve, indeed, sometime peak shape was not precisely defined, 

especially for higher quantities of evaporated Au. These trends were outlined also in 

works from Dorono-Mor et al. [116] and Karakouz et al. [117]. 

 

For the case of samples with 15 nm of evaporated Au, it was not possible to define 

plasmon position for the as deposited condition, while after annealing, presence of the 

peak was more evident; however, for film at 8 Pa, due to the peculiar peak shape (Figure 

4.9 a), FWHM calculation was not carried out. Optical behaviour of annealed samples 

presented the following features: 

 

- Decreasing Au quantity, peak FWHM decreased (Tables 4.5 and 4.6), which might 

be linked to the fact that Au NPs size dispersion (i.e. standard deviation, see Table 
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4.3 in Section 4.2.2) was smaller for samples with less Au and being plasmonic 

frequency directly dependent from NPs size, if NPs size distribution becomes less 

broad, the same should happen to plasmon peak, as reported by Gaspar et al. [113].  

- From graphs in Figure 4.10, a red-shift in plasmon position (i.e. wavelength increases) 

could be observed when evaporated Au quantity increased, similarly to what reported 

by Tesler et al [67]. This trend was in good agreement with the fact that, together with 

Au-evaporated quantity, also Au NPs size grew, as shown in Section 4.2.2, and as 

known [1], for larger NPs a higher LSPR wavelength is expected. 

 

The only exception to this last trend was represented from 8 Pa sample with 3 nm of 

evaporated Au, whose absorption wavelength was higher than that of the one with 6 nm 

of Au, even though NPs size was higher for the second. By comparing data of 8 Pa and 

12 Pa films, it could be seen that for samples with the same quantity of evaporated Au, 

there was a slightly difference in plasmon wavelengths between the 8 and 12 Pa 

morphologies. This could be caused by the action played by TiO2 on Au NPs dimensions, 

which, as reported in Section 4.2.2, differs also depending on film morphology. 

Finally, in Figure 4.11, are reported haze factor values. From the graphs it could be 

noticed that Haze factor increased after annealing, for each of the examined cases, like it 

happened for the co-deposited samples (Section 3.3.4) (as reported also by Bricchi [92]). 

What is more, films with 8 Pa morphology (Figure 4.11 a) seemed to have higher haze 

factor values, considering samples with the same conditions of quantity of Au and thermal 

treatment. This last result suggested a higher light scattering ability of more compact TiO2 

films. In particular the highest haze factor was registered for the case of 15 nm of 

evaporated Au on top of 8 Pa film, which displayed an average NPs diameter of 115 nm 

(Table 4.3). This was in agreement with what predicted by Mieôs theory [111] which 

suggested a significative increase in scattering behaviour of plasmonic NPs for sizes 

larger than 100 nm. 

 

 
a)  

 

b)  

 

Figure 4.11: Haze factors of Au evaporated samples with (a) 8 Pa and (b) 12 Pa morphology 
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