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Résumé étendu 
 

Microstructure, la chimie et les propriétés optiques de ZnO et ZnO-Au 

nanocomposites couches minces produites par magnétron DC-réactive co-

pulvérisation  

 

Les matériaux composites sont des mélanges homogènes de deux ou plusieurs éléments 

de natures et propriétés différentes (mécaniques, optiques, chimiques, etc). Ils offrent la 

possibilité d'obtenir des propriétés qu'aucun des composants pris individuellement ne 

présente. Ils comprennent des mélanges de polymères, de céramiques, de métaux, de 

biomatériaux ou leurs combinaisons. Ils sont principalement utilisés dans le domaine de 

l'ingénierie pour modifier les propriétés mécaniques telles que la dureté, l'élasticité ou 

la résistance mécanique, entre autres propriétés. 

Les premiers développements des matériaux composites ont débuté à partir de 

composants macroscopiques (dont un exemple typique est le béton) vers des 

composants à l’échelle du micron et, finalement, vers des composants dispersés à 

l’échelle du nanomètre ou de quelques nanomètres. Ces derniers sont appelés 

nanocomposites. En raison d’effets de confinement et d’effets quantiques qui se 

produisent à l'échelle nanométrique, Ils peuvent présenter de nouvelles propriétés par 

rapport à celles des composites dont les composants sont dispersés aux échelles 

macroscopiques et du micron. Parmi les matériaux nanocomposites, les hybrides semi-

conducteur/métal sont très intéressants en raison de leurs propriétés catalytiques et 

opto-électroniques uniques et de la possibilité de les ajuster dans une large gamme. 

Cependant, pour profiter de ces propriétés, il est nécessaire de comprendre les 

interactions qui agissent au sein de ces matériaux telles que le comportement des 

interfaces semi-conducteurs|métal et de les relier aux propriétés fonctionnelles telles 

que le transport électrique, les mécanismes catalytiques, les propriétés plasmoniques ou 

l’exaltation de signaux spectroscopiques (Raman, photoluminescence). Ainsi, les 

matériaux semi-conducteurs à large bande interdite et les films minces nanocomposites 

métal/oxyde constituent des blocs de construction pour le développement d'une 



 

8 
 

nouvelle génération de dispositifs dans le domaine de la plasmonique, de 

l’optoélectronique, de la catalyse et de la détection. 

Le but de ce travail de recherche de doctorat est de contribuer à une meilleure 

compréhension du comportement des films minces nanocomposites semi-

conducteur/métal par l'étude de la microstructure, de la chimie et des propriétés 

optiques dans des couches minces ZnO et ZnO-Au nanocomposites élaborées par co-

pulvérisation magnétron réactive continue. Le choix de chaque constituant dans les 

films nanocomposites a été réalisé en raison de leurs propriétés intéressantes et des 

avantages particuliers, ce qui conduit à un matériau présentant un potentiel élevé dans 

de multiples domaines d'applications. Les travaux décrits dans ce manuscript sont 

organisés en quatre chapitres et une conclusion générale.  

Dans le premier chapitre nous passons, tout d’abord, en revue les principales 

caractéristiques de l’oxyde de zinc (ZnO) et donnons les procédés d’élaboration de ce 

matériau. Nous continuons avec une description générale des caractéristiques de l'or en 

précisant l'influence de la taille de nano-objets d’or sur l’émergence de propriétés 

catalytiques et de l'effet de résonance plasmon de surface localisée (LSPR). Nous 

terminons le chapitre par une description des caractéristiques et applications des 

nanocomposites oxyde/métal comprenant les films nanocomposites ZnO-Au. 

Dans le chapitre 2, nous décrivons en détail la méthode de pulvérisation cathodique 

magnétron réactive, les facteurs les plus importants pour l’élaboration des minces 

réalisés au cours de cette étude et détaillons certains avantages de cette méthode. Le 

chapitre se poursuit par une description des méthodes de caractérisation utilisées pour 

étudier les propriétés structurales, microstructurales, optiques, électriques et chimiques 

des films minces de ZnO et ZnO-Au synthétisés.  

Les films ont été élaborés et caractérisés de façon à obtenir des informations utiles sur 

les propriétés de la matrice ZnO prise séparément sous forme de films minces et des 

films nanocomposites ZnO-Au. Par conséquent, dans le chapitre 3, nous décrivons les 

conditions expérimentales de croissance de ZnO films minces sur des substrats 

différents en utilisant la technique de pulvérisation cathodique réactive. Nous avons 

étudié plus particulièrement l'influence des conditions expérimentales sur les 

propriétés de croissance et les propriétés optiques des couches minces élaborées. Un 
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paramètre expérimental important pendant l’étape de synthèse a été le débit d’oxygène 

(OFR pour oxygen flow rate). Le chapitre est divisé en deux parties principales. Dans une 

première partie, nous étudions la possibilité d'obtenir des films minces monocristallins 

de ZnO épitaxiés sans assistance thermique sur des substrats (0001)-saphir à partir de 

la pulvérisation cathodique réactive, tandis que dans la deuxième partie de ce chapitre 

nous décrivons l'évolution de la réponse optique des films en fonction de la nature et du 

type de défauts ponctuels présents dans différentes conditions de croissance. Il a été 

possible de montrer que la croissance épitaxiale de films minces de ZnO sur substrats de 

saphir peut être réalisée sans assistance thermique et pour des supports dont la 

température auto-établie est proche de la température ambiante. Plus particulièrement, 

ces conditions nécessitent une croissance lente des films et de contrôler finement le 

débit d’oxygène (OFR) pendant la phase de dépôt de façon à obtenir une teneur élevée 

d’oxygène dans la phase gazeuse. L'épitaxie est réalisée sur des substrats de saphir 

orientés (0001) et produit des films minces de ZnO qui croissent selon l’axe c de la 

maille wurtzite. Nous proposons un mécanisme de croissance dans lequel le 

bombardement des films par des atomes d’oxygène rapides ne se produit qu’au-delà 

d’un débit critique lorsque la surface de la cible est suffisamment oxydée.  

Les films produits avec différentes conditions de synthèse ont été caractérisés par 

spectroscopie de photoluminescence. Cette technique a permis d’observer un 

changement dans la chimie des défauts qui évolue depuis une situation où elle est 

dominée par des défauts de donneurs superficiels dans des conditions riches en zinc 

vers une situation riche en oxygène où les atomes d’oxygène en position interstitielle 

dominent. La possibilité de faire varier la chimie de défauts dans les films épitaxiés 

ouvre des possibilités pour étudier l'influence des défauts ponctuels sur les propriétés 

des films de ZnO en l'absence de joints de grains.  

L'étude des propriétés optiques permet d’améliorer la compréhension de la relation 

étroite entre les énergies liées au gap d’émission et au gap d'absorption. Les résultats 

permettent de mieux comprendre la grande dispersion des valeurs de gap rapportées 

dans la littérature  sur les films de ZnO, en proposant un modèle qui tient compte des 

défauts chimiques majoritaires. Plus particulièrement, a été mise en évidence la 

nécessité de considérer l'énergie Urbach pour expliquer le comportement optique des 

films de ZnO présentant une grande densité de défauts ponctuels. Une relation simple 
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qui relie les énergies d’absorption et d'émission a été proposée sur la base de la théorie 

de l'énergie Urbach impliquant les interactions  exciton-phonons et exciton-défauts. 

Dans le chapitre 4, nous décrivons la synthèse et la caractérisation de films 

nanocomposites ZnO-Au obtenus par co-pulvérisation cathodique magnétron réactive 

continue d’une cible de zinc et d’une cible d’or. Nous avons observé combien les 

propriétés structurales, microstructurales, optiques et physiques sont influencées par 

l'incorporation dans une matrice de ZnO, par la teneur en or et par la variation des 

conditions de synthèse réactive. Dans ce chapitre, nous évaluons évalué les conditions 

qui permettent d’obtenir des films de nanocomposites qui présentent le phénomène de 

résonance plasmon de surface localisée (LSPR) par les nanoparticules d’or dans le 

domaine optique visible. Dans un premier temps nous avons étudié la façon dont 

l'incorporation d'or dans la matrice de ZnO et la variation de la quantité d’oxygène dans 

la phase gazeuse pendant la synthèse influencent les propriétés structurales et  

microstructurales. Une forte diminution de la  cristallinité est observée au cours de 

l’incorporation d’or. Ceci s’accompagne d’une déformation de la maille cristalline de ZnO 

et d’une évolution de l’état de contrainte avec la teneur en or. Tous les films présentent 

des contraintes compressives qui tendent à être relaxées avec l’ajout d’or. Ceci peut 

s’expliquer par la ségrégation spontanée de l’or pour former des nanoparticules plus 

ductiles que la matrice ZnO et par la présence d’atomes d’or piégés dans la matrice qui 

déforment sa maille cristalline. La taille caractéristique des particules est proche de 3 

nanomètre quelle que soit la teneur en or. Des recuits sous air ont été réalisés qui 

permettent de mettre en évidence une augmentation de la taille des particules d’or 

autour de 5 nanomètre et d’une relaxation de la maille cristalline de la matrice vers les 

dimensions la maille de ZnO wurtzite massive pure. Ceci suggère que les atomes d’or 

piégés dans la matrice libérés au cours du recuit et viennent alimenter les particules 

déjà formées.  

L’étude a été poursuivie par des analyses chimiques qui indiquent qu'il est possible de 

former des nanoparticules présentant une structure cœur/coquille avec une coque d’or 

oxydé en Au2O3 et un noyau d’or métallique ou des nanoparticules complètement 

métalliques mais chargées négativement en fonction du comportement de la matrice.  

Ceci peut s’expliquer par un changement du caractère chimique de la matrice ZnO qui 

passe d’un caractère réducteur à un caractère oxydant lorsque la chimie des défauts 
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évolue. En effet, dans le chapitre 3 il a été montré que a nature des défauts majoritaires 

dans ZnO évolue avec les conditions de synthèse. Nous proposons un modèle 

d’interaction entre les nanoparticules et la matrice dans lequel la présence de défauts 

donneurs (accepteurs) dans la matrice de ZnO permet réduire (oxyder) les 

nanoparticules d’or et de modifier les propriétés des deux composants du 

nanocomposite.  

Ces phénomènes s’accompagnent de changements dans les différentes propriétés 

fonctionnelles évaluées. Nous avons plus particulièrement sondé les propriétés de 

d’absorption et d’émission optique, les propriétés vibrationnelles et la conductivité 

électrique des couches formées. L’ensemble des propriétés sont affectées par la 

microstructure des films soit à l’état brut d’élaboration soit après un recuit dans l’air. 

Dans une situation où les nanoparticules d’or sont à l’état métallique et sont chargées 

négativement, une absorption optique se manifeste dans le visible du fait du phénomène 

de résonance plasmon de surface localisée, les signaux vibrationnels (Raman) et de 

photoluminescence de la matrice ZnO sont exaltés et les films présentent une 

conductivité électrique mesurable et qui s’améliore  avec l’augmentation de la teneur en 

or. La présence d’une coquille d’or à la surface des nanoparticules d’or éteint le signal 

LSPR, réduit l’exaltation des signaux Raman et de photoluminescence et rend les films 

résistifs.  

Ce travail de recherche contribue à la compréhension des mécanismes à l’œuvre dans les 

films minces ZnO et ZnO-Au et de leur influence sur les propriétés d’usage de ces 

matériaux. Notamment, une meilleure compréhension de l’interaction à l’interface entre 

les nanoparticules d’or et la matrice de ZnO a pu être réalisée.  

Ce travail pourra, d’une part, servir de base à une meilleure compréhension de 

l’influence des défauts sur les propriétés optiques de ZnO. D’autre part, il indique des 

directions de recherche pour le développement d’applications et la maîtrise l’ajustement 

des propriétés des films minces nanocomposites ZnO-Au films. Cependant, les 

mécanismes permettant d’expliquer l’exaltation des signaux spectroscopiques Raman et 

de photoluminescence à l’échelle de particules dans le domaine du nanométre ne sont 

toujours pas complètement compris et doivent être étudiés plus en détail. 
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General Introduction 
  

Composite materials are inhomogeneous mixtures of two or more components of 

different nature and properties (mechanical, optical, chemical, etc). They offer the 

possibility to achieve properties that none of the individual components exhibit. They 

include mixtures of polymers, ceramics, metals or biomaterials and their combination. 

There are mostly employed  in the engineering field to modify mechanical properties as 

hardness, elasticity or mechanical resistance1, among other properties. 

The forefront development of composite materials have evolved from macroscopic 

components (which a typical example is concrete) to micro-scale components and finally 

to nano-scale components of a few nanometers. The latter are referred as 

nanocomposites. Nanocomposites can exhibit new properties compared to the bulk 

state or to macro- and micro-scaled composites of the same components due to 

confinement and quantum effects occurring at the nano-scale. They are generally 

composed of a matrix wherein are embedded fibers, particles or sheets of a nanoscale 

size. They are used for their exceptional performance in optoelectronic devices, 

biosensors and medical treatments but also in an increasing number of industrial fields 

pushing the development of new technologies. Among nanocomposite materials, the 

semiconductor/metal hybrids are highly interesting because of their unique catalytic 

and optoelectronic properties and the possibility to tune it easily. However, to take 

advantage of these properties it is necessary to understand the interactions in action 

such as semiconductor|metal interface interactions2–10 and to relate them to the 

electrical transport characteristics, catalytic mechanisms, plasmonic effect or surface 

enhance Raman effects. After studying the characteristics of ZnO films, this PhD work 

investigates on the specific interactions and resulting physical properties occurring in 

ZnO-Au nanocomposite films deposited by reactive magnetron sputtering. 

The aim of this PhD research work is to contribute to a better understanding of 

semiconductor/metal nanocomposites by studying the microstructure, chemistry and 

optical properties of ZnO and ZnO-Au nanocomposite thin films grown by DC-reactive 

magnetron co-sputtering. The choice of each component in the nanocomposite films is 
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due to their interesting individual properties and advantages, leading to a material with 

a high potential in multiple fields of applications.  

This manuscript is organized in four chapters and a general conclusion.  

In chapter 1 we review the main features of the ZnO structure and give information 

about its optical behavior and defect chemistry. We describe some of the elaboration 

methods of ZnO thin films including the magnetron sputtering. We continue with a 

general description of gold and the influence on the nanometric scale on the gold 

catalytic properties and on the emergence of the localized surface plasmon resonance 

(LSPR) effect. We end the chapter with a description of oxide/metal nanocomposites 

including the ZnO-Au nanocomposites and their applications. 

In chapter 2 we describe in details the sputtering method, which are the most important 

factors for thin film elaborations conducted within this study and some of its 

advantages. Afterwards, we describe the characterization methods used to study the 

structural, microstructural, optical, electrical and chemical properties of thin ZnO and 

ZnO-Au films synthetized. 

ZnO films were elaborated and characterized to collect useful information on the matrix 

relevant to the description in chapter 4 of the behavior of ZnO-Au nanocomposite films 

grown. Therefore, in chapter 3, we describe the experimental conditions to grow ZnO 

thin films on different substrates by using the reactive sputtering technique and 

controlling the oxygen flow rate (OFR).  Then, we investigate the influence of 

experimental conditions on the growth and optical properties of ZnO thin films. The 

chapter is divided in two main parts. In a first part we investigate on the possibility to 

obtain single-domain epitaxial ZnO thin films without thermal assistance on (0001)-

sapphire substrates using reactive DC magnetron sputtering. In the second part of the 

chapter we describe the evolution of the optical response of the grown films and the 

underlying role of the chemical defects present using different growth conditions on the 

optical properties. 

In chapter 4, we describe the synthesis and characterization of ZnO-Au nanocomposite 

films grown by reactive DC magnetron co-sputtering. We will observe how deeply are 

influenced the structural, microstructural, optical and physical properties by the 

incorporation of gold into ZnO as matrix, by the gold content and the variation of the 
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OFR when compared to pure ZnO. In this chapter we evaluate more particularly the 

conditions to obtain nanocomposite films showing the Au LSPR absorption in the visible 

region. The study continues with chemical analyses that indicate it is possible form 

nanoparticles with a shell/core structure composed of an Au2O3 shell and Au0 core 

Supported by the results obtained in chapter 3 we propose a mechanism of Au203 shell 

that takes in count the interactions between ZnO and Au. Photoluminescence, electrical 

conduction and vibrational properties are finally analyzed to the light of the 

understanding gained on the microstructure and local chemical states in the films. 
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Chapter 1 

1. Generalities on ZnO, Au and ZnO-Au 

nanocomposites 

 

In this chapter, are described the properties of zinc oxide and gold before giving a short 

literature review on ZnO-Au nanocomposites. The choice of each component in the 

nanocomposite films is due to their interesting individual properties and advantages, 

leading to a material with a high potential in multiple fields of applications. ZnO is a 

semiconductor deeply studied in optoelectronic applications and gold has exceptional 

optical and chemical properties in the form of particles of sizes below a few tens of 

nanometers. 

 

1.1. Properties of ZnO 

 

ZnO has been used for a long time as powder in the industry for rubber vulcanization, in 

paints, in the ceramics industry, in agriculture, as excipient or active component in drugs 

or as a food additive. Its use for other technological applications covers less than 8 % of 

the total ZnO consumption pointing out it has likely not fully expressed its potential. It 

has been investigated since the early 20th century with temporal interest in the 1950s 

and 1970s after the discovery of its piezoelectric properties. Moreover, since the 

beginning of the 2000s there has been a continuous and increasing interest to 

investigate ZnO for new applications. According to the research Web of SciencesTM 

database (see fig 1.13 at the end of this chapter), there has been an explosion of 

publications containing the word ZnO in the title since the beginning of 2000. ZnO has 

been studied as nanoparticles, nanowires, thin films, among others, with potential 

applications as a transparent electrode or luminescent layer in optoelectronic devices 
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such as solar cells, UV light emitting diodes and electrochromic devices. It has also been 

studied for its catalytic properties. 

 

1.1.1. Structure and vibrational modes 

 

ZnO is a II-VI wide bandgap binary semiconductor that can exists in three types of 

crystal structures: Rock-salt, cubic zinc-blende or hexagonal wurtzite structure. 

However, the most abundant phase is the hexagonal wurtzite structure. Ab-initio 

calculations of the cohesive and internal energy of the three crystal structures show that 

wurtzite is the most stable structure followed by zinc-blende and the rock salt structure 

explaining the abundance of the wurtzite structure. In the following we describe only 

this structure generally observed during thin film deposition of ZnO (fig. 1.1). 

 

FIG. 1.1.  Crystal structure of ZnO wurtzite hexagonal type. (left) side view, (right) top 

view showing the hexagonal symmetry. Blue and red balls represent Zn and O atoms, 

respectively. 

 

The ZnO wurtzite structure has a 𝐶6𝑣
4  or 𝑃63𝑚𝑐 space group revealing a 6-fold symmetry 

and the lattice parameters for bulk ZnO are a=b=0. 32539 nm and c=0.52042 nm. 

However, the lattice parameters can evolve depending on several factors such as the 

free-electron concentration, doping, presence of point defects, external strains or by 

variation of the temperature. The structure can be described as two hexagonal 
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interpenetrating networks shifted along the c-axis with a zinc (oxygen) atom 

surrounded by four oxygen (zinc) atoms.  This tetrahedral conformation is common in 

materials showing sp3 hybridazion as in diamond whereas in II-VI binary compounds it 

is related with the hybridization between the Zn2+ cation s and the O2- anion 𝑝 orbitals.  

The wurtzite cell does not exhibit inversion symmetry which induces crystallographic 

polarity along the c-axis. The Zn-terminated and the O-terminated polar faces 

correspond to the (0001̅) and (0001) crystal planes, respectively. The piezoelectricity, 

spontaneous polarization as well as growth, etching, formations of defects, optical 

properties directly depend on, or are affected by the polarity of ZnO. 

Knowledge of the vibrational properties of the ZnO crystal lattice is important for 

understanding in details the optical properties and, more particularly, the 

photoluminescence properties investigated in chapter 3. From symmetry 

considerations, the irreducible representation of phonons is expressed as follows: 

 𝛤 = 2𝐴1 + 2𝐵1 + 2𝐸1 + 2𝐸2 (1. 1) 

The total number of phonons can be calculated as 3s, with s the number of atoms. As the 

unitary crystal cell of ZnO contains 4 atoms, a pair for each type of atoms, 12 phonon 

modes exist among which are acoustic and optical modes. The 𝐴1  and 𝐵1modes are 

onefold degenerated while the E modes are twofold degenerated. Also a set of the 

𝐴1  and 𝐸1 modes are acoustic phonons divided in 1 longitudinal acoustic (LA) and two 

transversal acoustic (TA) modes. Hence the symmetry of optical phonons can be 

expressed as: 

 𝛤𝑜𝑝𝑡 = 1𝐴1 + 2𝐵1 + 1𝐸1 + 2𝐸2 (1. 2) 

The phonon modes can be divided in three longitudinal optical (LO) and six transversal 

optical (TO) modes. The 𝐵1 modes are Raman and IR inactive (silent modes). 

The group theory only considers purely vibrational non-propagating modes. However, 

experimental results imply propagating optical phonon modes. interacting with the 

polarity-induced macroscopic electric field, which acts as an additional restoring force 

for the ion oscillation11,12. Consequently, for the 𝐴1 and 𝐸1 polar modes occurs an 

additional LO-TO splitting. 
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FIG. 1.2. Wurtizite ZnO optical phonon modes. Atoms displacement are indicated by the 

blue line. Blue and red balls represent Zn and O atoms, respectively. 

 

Table 1.1. Symmetry of Raman active modes for wurtzite ZnO and the frequencies of the lattice 

vibration modes for and Raman scattering geometries. *Inactive. Theoretical calculation13,14. 

Symmetry Raman shift (cm-1) Energy (meV) Scattering configuration15 

𝐴1-TO 378-380 46.8- 47.1 x(yy)x′ 

𝐸1-TO 409-413 50.7- 51.2 x(zy)x′, x(yz)y 

𝐴1-LO 574-579 71.2- 71.8 z(xx)z′ 

𝐸1-LO 583-591 72.3- 73.3 x(yz)y 

𝐸2
𝑙𝑜𝑤 98-102 12.2- 12.6 z(xx)z′,x(yy)x′ 

𝐸2
ℎ𝑖𝑔ℎ

 437-438 54.2- 54.3 z(xx)z′,x(yy)x′ 

𝐵1
𝑙𝑜𝑤 261* 32.4 Silent mode 

𝐵1
ℎ𝑖𝑔ℎ

 552* 68.4 Silent mode 

 

During lattice vibration, in the 𝐴1 and 𝐵1 symmetries, the atoms move parallel to the c-

axis, while they move perpendicular to it in the E1 and E2 symmetries (see fig. 1.2). Due 

to this, the detection of each vibrational mode in Raman spectroscopy depends on the 
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geometry of the measurements particularly for highly oriented films. The 𝐸2modes are 

non-polar and are only Raman active. 

The Raman shift frequencies of active optical phonon modes are listed in Table 1.1.  

 

1.1.2. Bandgap energy  

  

Theoretical calculations determining the ZnO band diagram reveal that the valence band 

maxima and the conduction band minima are localized at the gamma point (k=0) of the 

Brillouin zone, showing that ZnO is a direct-bandgap semiconductor. The band diagram 

can be described at low energies (near -9 eV) by a group of 10 bands corresponding to 

the Zn 3d levels, 6 bands between -5 and 0 eV corresponding to the O 2p bonding states 

and represent the valence band. The conduction band is represented by 2 bands that 

correspond to delocalized Zn 3s levels (fig. 1.3). 

 

FIG. 1.3 Calculated band structure of ZnO using the HSE hybrid functional in density functional 

theory. The energy of the valence-band maximum (VBM) was set to zero. From 16. 
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Spectroscopic measurements confirmed that ZnO has a direct bandgap transition with a 

value close to 3.4 eV for bulk ZnO17. As the top of the valence band is mainly related with 

the O 2p orbitals that are threefold degenerated into three A, B and C subbands due to 

crystal-field and spin-orbit interactions18,19. The band diagram representation is 

depicted in fig. 1.4. The A and C valence subbands have a Γ7 symmetry and the B band 

has a  Γ9 symmetry. The energy separation of these three bands referred to the valence 

band maxima are 0, 4.9 and 43.7-48.6 meV, respectively20,21.  

 

FIG. 1.4. Representation of the conduction and valence band states for ZnO with a  direct 

transition. The valence band is split by into three subbands due to crystal field and spin-orbit 

interactions. Each subband has a specific symmetry. 

 

In semiconductors the absorption and the emission processes are transitions between 

the valence and conduction bands in the near absorption edge. For the absorption 

process, photons with higher energy than the bandgap energy allow electrons to jump 

from the valence band to the conduction band. It leaves a hole in the valence band. In the 

emission process, the excited electron relaxes to its ground state, releasing a photon 

with a lower energy than the absorption energy. The difference in energy between both 

processes is due to the creation of an electron-hole pair (exciton) that behaves as a 

neutral quasiparticle in which the charges are coupled by columbic forces and can move 
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together (free exciton) through the crystal carrying energy but not mass. As there are A, 

B and C valence subbands, A, B and C excitons can be produced. Excitons are classified in 

Frenkel and Wannier excitons According to the exciton interaction radius22,23. The first 

are mostly found in molecular crystal and the second occur mainly in ionic crystals like 

ZnO. The larger is the interaction radius the more stable is the exciton, leading to a high 

exciton binding energy (𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛) If the exciton binding energy is higher than 𝑘𝐵𝑇 the 

exciton can be detected by photoluminescence measurements at a given temperature, 

𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 in ZnO is close to 60 meV.  

The presence of free exciton can therefore be detected at room temperature.  In a perfect 

semiconductor crystal  where there is absence of defects, the electronic band structure 

consist in sharp edges and only allows transitions from localized states in the valence 

and conduction bands24,25. The exciton binding energy corresponds then to the 

difference between the bandgap energy determined by absorption (𝐸𝑔(𝑎𝑏𝑠)) and 

bandgap energy determined by emission (𝐸𝑔(𝑒𝑚𝑠)). However, the introduction of defects 

could affects both processes26–29. 

To access to the value of 𝐸𝑔(𝑎𝑏𝑠) it is necessary to obtain the absorption spectrum. For 

semiconductors, the absorption spectrum is described as the sum of different 

independent contributions and it could be divided in two main regions30–35 (fig. 1. 5). At 

energies higher than 𝐸𝑔(𝑎𝑏𝑠) the material can be described by the Tauc relationship: 

 ℎ𝜐𝛼 = 𝐵(ℎ𝜈 − 𝐸𝑔(𝑎𝑏𝑠))
1
2⁄  (1. 3) 

From which it is possible to obtain directly the absorption bandgap energy of the films. 

At energies below 𝐸𝑔(𝑎𝑏𝑠), the absorption should be equal to zero, but it is possible to 

detect an absorption tail, the Urbach tail. It follows an exponential behavior: 

 𝛼 = 𝛼0𝑒𝑥𝑝
((ℎ𝑣−𝐸0) 𝐸𝑢⁄ )  (1. 4) 

Where 𝛼0 and 𝐸0 are constants that depend on the material, hv is the photon energy and 

𝐸𝑢 is the Urbach energy.  

Unintentional doping with native defects is very common in ZnO films. The native point 

defects caused by a displacement, removal or substitution of lattice atoms that induce 

deformation of the ideal structure. Identified native defects are vacancies, interstitials or 
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antisites (atoms of different natures, here Zn and O, exchanging their lattice positions). 

In ZnO it is possible to have zinc and oxygen vacancies (VZn and VO) both at neutral and 

ionized states, zinc and oxygen interstitials (Zni and Oi) as well as zinc and oxygen 

antisites (ZnO and OZn). Frenkel (cation vacancy and cation interstitial) defects are also 

possible21,36.  

The energy of formation of native defects indicates which are stable under given 

conditions. Theoretical calculations have shown that VO and Zni are predominant under 

Zinc-rich conditions. However, the VO has the lower energy of formation. At oxygen-rich 

conditions, VZn shows the lowest energy of formation. Knowledge about the nature of 

native defects in ZnO is important because its properties are strongly depending on the 

presence of intrinsic defects such as zinc and oxygen interstitials or vacancies16,37–40. The 

ZnO thin films are favored to generate n-type semiconductors and we can mention that 

p-type doping has become a challenge in the last years due to the difficulty to avoid a 

charge compensation mechanism with native defects. 

 

FIG. 1.5. Typical absorption spectrum of a ZnO film. In the near absorption edge, at energies 

higher than the 𝐸𝑔(𝑎𝑏𝑠) the absorption coefficient follows the Tauc relation, below the 𝐸𝑔(𝑎𝑏𝑠) it 

follows an exponential behavior. 
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1.1.3. ZnO thin films growth 

 

The synthesis of ZnO is reported for various deposition methods. However, a strong 

dispersion of the crystal quality, the bandgap energy, the stoichiometry and the defect 

chemistry is encountered depending on the synthesis conditions. 

With chemical methods such as electrodeposition, sol-gel, Chemical Bath Deposition, it is 

usual to obtain polycrystalline, nanocrystalline or amorphous ZnO films32,41,42. As the 

films are grown in an aqueous medium, it is very difficult to avoid OH- and H+ species 

that act as active defects in the crystalline structure of ZnO. ZnO synthesized by sol-gel 

methods could be easily doped and and produced in the form of different nanostructures 

such as nanorods, nanowires, etc at a relatively low temperature (<100 °C)41–43. ZnO 

nanostructures can also be obtained by CVD (chemical vapor deposition) methods. 

Another interest related to the growth ZnO is the possibility to obtain single crystal 

oriented films using different methods such as Metal-Organic Vapor Phase Epitaxy 

(MOVPE)44, molecular Beam Epitaxy (MBE)45 or pulsed laser deposition (PLD)46,47. The 

growth of high quality ZnO epitaxial films generally requires substantial thermal 

assistance above typically 300°C during growth. Epitaxial ZnO is increasingly demanded 

as it prevents dangling bonds, charge carriers trapping and scattering at the grain 

boundaries that influence the electronic and optical properties of polycrystalline 

ZnO48,49. 

Magnetron sputtering50,51 has become a traditional method for the deposition of ZnO 

films. Films deposited by this method are usually textured along the c-axis on different 

substrates and depositions can be performed in DC, radio frequency (RF), medium 

frequency (MF) or high-power impulse magnetron sputtering (HIPIMS) modes. It is 

possible to use a ZnO target in presence of argon with little addition of oxygen or from a 

zinc metallic target sputtered in a reactive atmosphere, in our case a mixture of Ar and 

O2 (see chapter 2, section 2.1). The advantages of using the reactive magnetron 

sputtering is the possibility to grow ZnO films by adjusting the chemical composition in 

a large extent52. 
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1.2. Properties of Gold 

 

1.2.1. General considerations 

 

Gold (Au) is a malleable and ductile transition metal of the group 11 in the periodic 

classification of elements. Its electronic configuration is  [𝑋𝑒]4𝑓145𝑑106𝑠1. Its crystal 

structure is face-centered cubic (fcc), with 4 atoms in the unit cell and a coordination 

number of 12. Most of the annual world demand of Au (4120 tons in 2011) is used in 

jewelry (48 %) followed by uses as money (41 %), comprising gold bars. Its 

participation in technology is only of 11 % mostly for electrical contacts in the electronic 

industry due to its high conductivity and corrosion resistance.  

Detailed contribution of the Gold demand is depicted in fig. 1.6. Since the early 1990s, 

there has been a sustained interest in the use and study of nanometric gold for 

application in various fields such as medicine, optics and catalysis due to novel or 

improved properties with reference to bulk gold. 

 

FIG. 1.6. Total world demand of gold in 2011 year showing a demand of 11% for the technology 

sector53. 
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1.2.2. Gold nanoparticles 

 

There are several reasons for a different behavior of gold at the nanometric scale. One of 

it is the modification of the electronic structure. In order to explain its origin, it is 

necessary to recall some features of the energy band diagram of a metal. The band 

diagram shows superimposed valence and a conduction bands and each of the energy 

bands is not continuous but results from the contributions of N-atoms with N-energy 

levels including antibonding (high energy)  and bonding (low energy ) levels. When the 

dimensions are decreased to the nanometer scale, the number of atoms decreases 

dramatically and the separation between energy levels increases (fig. 1.7). The 

properties of materials being highly sensitive to the electronic structure, they are 

modified with reference to the bulk phase. 

 

FIG. 1.7. Schematic representation of the band diagram in a metal and its evolution when the 

number of atoms is decreased to a few atoms per nanoparticle. 

 

A second set of considerations are related to the geometry of nano-objects. First, as the 

size of nanoparticles (NPs) decreases, the fraction of surface atoms increases. This has 

several consequences: surface atoms vibrate more freely leading to a higher mobility of 

surface atoms and drop of the melting temperature54,55. Moreover, depending on the 

number of atoms, it is possible to obtain different nanoparticle shapes, as is observed in 
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fig. 1.8a for the Au series of 10, 18, 20, 24, 38 and 42 atoms. Facetted geometries with a 

given number of edges, corners or steps and different bond lengths, bond angles or 

coordination numbers compared to periodic surfaces are thereby obtained (fig. 1.8b 

shows it in the case of Pt NPs). Therefore, the uncompensated bonding forces and 

coordination number evolve with the position of atoms at the particle surface and the 

reactivity of surface atoms is different and higher than in the bulk metal56.  

 

FIG. 1.8. Representation of metallic NPs for (a) 10 to 42 Au Atoms and their corresponding 

geometrical configurations57. (b) Pt NPs with different number of atoms and shapes, N1 present 

a color-table indicating the coordination number for each geometrical configuration55. (c) 

Dodecahedral Au781 and Penta-star Au932 NPs close to 4 nm in diameter58. 

 

There are several studies of nanoparticules of a few atoms (nanoclusters) revealing that 

for cluster between 15 to 19 atoms the atoms in the Au nanocluster are all surface 

atoms59, but this proportion readily decreases with the increase in the size of NPs. 

However, the catalytic activity seems to be enhanced by sites with low coordination 

numbers only for NPs with sizes lower than 1 nm containing around 50 atoms55,57. 

Furthermore, the fraction of sites with low coordination numbers is low in particles with 

more than 150 atoms (~2 nm) of dodecahedral or penta-star geometries (fig. 1.8c) but 

the catalytic activity is high. Hence, other mechanisms than site improvement such as 
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the presence of charged Au atoms are involved in the overall catalytic activity of Au 

NPs58,59. 

Relativistic effects are also considered to affect deeply the shape, catalytic activity60 as 

well as chemistry of gold NPs61. This short overview on some of the effects present in 

gold NPs shows that their behavior is affected by many factors, which influences can be 

difficult to separate. 

 

1.2.2.1. Localized surface plasmon resonance 

 

Another important consequence of the reduction of the size of gold objects to the 

nanoscale is the absorption of light at a given wavelength depending on the particle size. 

Gold is known to be a metal of low reactivity. However, it is possible to obtain gold 

compounds in highly oxidizing conditions. The most stable oxidation states of gold are 

Au+1 and Au3+. A well-known recipe to dissolve gold is in an aqueous solution of 

concentrated HNO3 and HCl (aqua regia), producing Au3+ ions in solution. Nitric acid 

oxidizes the metallic Au and HCl forms complex anions as AuCl4- stabilizing the Au ions 

and helping to dissolve the Au.  

If the AuCl4- aqueous solution is gently reduced by citric acid, it is possible to obtain 

colloidal suspensions of metallic Au nanoparticles NPs. Gold colloidal suspensions are 

colored and the obtained color is strongly dependent on the size of the Au (NPs). This 

behavior is absent in the bulk state and the visual result has been applied for centuries. 

It is at the origin of the color of stained glass in the middle age churches. It is possible to 

trace its use back to the Roman culture with the famous example of the Lycurgus cup of 

the IV century. The cup represents an episode from the myth of King Lycurgus who 

attacked Dionysus. The cup shows this moment when Lycurgus is entrapped by the 

branches of the vine (metamorphosed nymph Ambrosia), while Dionysus, Pan and a 

satyr torment him for his evil behaviour62. The cup is composed of Silver-Gold alloy NPs 

of a diameter close to 70 nm dispersed in melted silica. When the light is reflected from 

the surface, the cup shows an opaque Jade color. In contrast, if the light pass through the 

cup, it absorbs the blue radiation and the transmitted light is red (wine color) (see fig. 
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1.9). Scientific approaches to study the optical behavior of Au NPs start with the works 

of Michael Faraday studying colloidal suspensions. 

 

FIG. 1.9. Lycurgus Cup from the Roman era depicting the legend of the Thracian king 

Lycurgus wrestling with vines. (Left) jade color whit reflected light. (Right) Cup turning to red 

after the light passes through the cup. 

 

Later on, in the early years of the 20th century, Gustav Mie, solved the Maxwell equations 

for absorption and scattering of electromagnetic radiation by spherical noble metallic 

nanoparticles in the early years of the 20th century63,64. He showed that noble metal, as 

Pd, Ag, and Au, nanoparticles can absorb electromagnetic radiation in the visible region 

due to the harmonic oscillation of the electrons of the NP surface (fig. 1.10). This effect 

called localized surface plasmon resonance (LSPR) occurs upon interaction with an 

electromagnetic radiation of frequency depending on the metal, the size, the shape of the 

NPs and the dielectric constant of the surrounding medium. The frequency absorbed 

corresponds to the plasmon frequency of the free electrons in the NP. 

The Mie approximation can describe the behavior of spherical metallic nanoparticles 

with only dipole polarization. For NPs that are much smaller than the radiation 
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wavelength (usually 2r<λ/10), it is possible to observe only a dipole polarization mode 

and the extinction cross section σext can be expressed as:  

 
σext(ω) = 9

ω

c
εm
3 2⁄ V

ε2(ω)

[ε1(ω) + 2εm]2 + ε22(ω)
 

(1. 5) 

With ω the angular frequency of the exciting light, c the speed of light, V the particle 

volume. εm is the dielectric function of the embedding medium. ε(ω) = ε1(ω) +iε2(ω) is 

the dielectric functions of the absorbing material, in our case of the metal NPs, with ε1 

and ε2 the real and the imaginary parts respectively. When ε1(ω) = −2εm the extinction 

cross section shows its maximum value corresponding to the resonant behavior 

describing the LSPR of a sphere in vacuum. 

 

FIG. 1.10. Schematic depiction of the coherent motion of the free electrons in a spherical metallic 

nanoparticle when excited by an external time dependent electric field fitting the plasmon 

frequency. 

 

Considering the condition of resonance (ε1(ω) = −2εm) and assuming that the 

surrounding medium has a dielectric constant distinct to zero (εm ≠ 0), the plasmon 

resonance frequency can be calculated as65–68: 

 ω =
ωp

√1+2εm
. (1. 6) 

With ωpthe electron plasma frequency in vacuum. 

In the Mie approximation neither the shape nor the size of NPs is directly considered. 

For small gold particles (radius <20 nm) exists mainly a dipole polarization but it is 
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necessary for larger sizes to consider quadrupole or higher polarization modes. 

Furthermore, different geometrical shapes such as rods, triangles, cubes, etc. produce 

different polarization modes (fig. 1.11).  

The dielectric function of noble metal NPs such as silver and gold consists of two 

contributions accounting for interband contributions (due to the 5d electrons response) 

and intraband contribution that take into account the influence of free electron 

contribution.  

In the classical approach, confinement effects appear when the mean free path of 

conduction electron is limited by the nanoparticle size. Assuming that only the free 

electrons are affected by the NPs size, the dielectric function of metallic NPs can be 

expressed in the following way: 
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(1. 7) 

Γ(R), the damping constant, takes into account the scattering of the electrons at 

phonons, lattice defects, impurities, etc. Moreover, for metal NPs it is possible to take 

into account size effects related with the electron mean free path. It can be expressed as: 

 Γ(R) = Γ0 + A
vF
R

 (1. 8) 

With bulk
, p, fv

and  0  the tabulated dielectric function of the bulk, the electron 

plasmon frequency, the Fermi velocity of free electrons and electron damping 

parameter, respectively. A is a parameter that depends on the material and is fixed to 1. 

R is the NP radius. 

Experimentally, the effect of the NPs size can be correlated with the variation in the 

bandwidth of the LSPR absorption. It is associated with the dephasing of the coherent 

electron oscillation (damping). Large bandwidths correspond to rapid loss of the 

coherence of the electron motion. For metals, the average mean free path is close to 40-

50 nm. For NPs of sizes below this value, the surface electrons can be easily scattered 

and the coherence of the electron motion decrease. Decreases in the dephasing time is 

also observed in NPs embedded in a matrix compared to isolated NPs and can be 

represented with a decrease of the damping parameter. 
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FIG. 1.11. Gold nanoparticles – absorption of various sizes and shapes69. 

 

1.3. Oxide/metal nanocomposites 

 

To take advantage of the catalytic activity or optical effects of metal NPs such as surface 

enhanced Raman spectroscopy (SERS), the NPs must be in contact with the reactants or 

the analyte, respectively. However, this interaction could affect the size, distribution or 

shape of the NPs, changing their properties. Moreover, if a temperature higher than 

room temperature is needed for the applications, the particles tend to grow by Ostwald 

ripening, which leads to loss or weakening of the properties of interest. These problems 

can be solved using a very thin oxide coating to stabilize the morphology of NPs. 

Examples of this approach are sketched in fig. 1.12 for oxide/metal shell-core structure, 

NPs distributed in an oxide surface. This approach also affects the response of the NPs 

due to the oxide|metal interface. For this reasons studying the properties of oxide / 

metal nanocomposites is a current important in materials science.  
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Oxide/metal nanocomposites are growingly studied due to their high potential in many 

fields of applications such as optoelectronic and catalytic devices.  

Using the database of the Web of SciencesTM research platform and looking for 

publications with ZnO and Au in the title, we observe that the publications are recent, 

low in number but, effectively, represent a growing research field. There are even fewer 

publications related to ZnO-Au nanocomposite films (Inset of fig. 1.13) pointing out that 

most of their characteristics are still poorly understood. This may be explained by the 

fact that tailoring, and understanding semiconductor/metal nanostructures still remains 

a challenge. As will be stated in the next paragraphs, ZnO-Au nanocomposite films have a 

high potential of applications and deserves further investigations. 

 

FIG. 1.12. Sketch of possible configurations for semiconducting-metal nanocomposites (a) Core-

shell nanostructure, (b) Metal supported on semiconducting surface (Outside structure), (c) 

metal embedded in a semiconducting matrix (inside structure). 

 

Among methods used to grow ZnO-Au nanocomposites we find electrodeposition, RF-

sputtering and pulsed laser deposition70–74. To date, the ZnO-Au nanocomposite system 

has been mostly used for photocatalytic applications. Au NPs are used to improve the 

catalytic performance of ZnO not only in the UV but in the visible region75,76. These 

nanocomposites are mainly elaborated by a wet route because of the ease to produce 

optimal morphologies for this application. ZnO-Au nanocomposites have been also 

studied as electrical or optical gas sensing layers, in which reducing gases can transfer 

electrons through the ZnO matrix leading to charge variations detected by optical 

measurements of the localized surface plasmon resonance absorption (LSPR), see 

section 1.2.2.1.) or electrical measurements77–80. 
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FIG. 1.13. Number of publications returned by the Web of SciencesTM research engine using ZnO 

in title (blue), Inset: Search in title for ZnO + Au (green) and ZnO + Au + film (red). 

 

Gold contacts of ZnO-Au nanocomposite layers have also been studied. It has been found 

that the introduction of ZnO in gold electrical contact films influence the hardness 

without significant loss in the electron conductivity81–83. ZnO-Au can also be used in 

surface enhanced Raman spectroscopy (SERS) to enhance the Raman signal of selected 

molecules. It has been proved that ZnO-Au nanostructures are good SERS-active 

substrates84,85. 
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Chapter 2 

2. Thin film synthesis and 

characterization methods 

 

Thin film is a term used to describe layers deposited onto a substrate. There is no 

accurate definition of “thin” and the film thickness can vary from only a few atomic 

layers to several micrometers according to the desired properties or applications86–88. 

Compared to bulk materials, a low thickness allows decreasing the amount of materials 

used while keeping the same properties as the bulk or even leading to better 

performances. New properties can also appear. In this manuscript the term “thin” is 

used for films of a few hundreds of nanometers (100-300 nm). 

There is a wide variety of methods for the elaboration of thin films and the choice of a 

specific method depends on the required application. Among the methods existing to 

synthetize thin films, we can describe each of it according to a few criteria: e.g. whether 

it is based on chemical or physical processes and if it is operated at atmospheric 

pressure or in vacuum (high, medium or low). Nevertheless, nowadays several methods 

are hybrids considering the above-mentioned criteria. Examples of chemical methods in 

liquid medium to deposit films at atmospheric pressure are chemical bath deposition 

(CBD), sol-gel or electrodeposition, among others. These are widely used because of 

their low cost and ease of implementation. However, they are becoming increasingly less 

popular due to the chemical wastes they can generate and their low compatibility with 

other deposition methods at industrial scale. Spray-ILGAR (Ion Layer Gas reaction) and 

spray pyrolysis are also used to produce thin films of good quality via chemical reaction 

at atmospheric pressure using sprayed dispersed solutions. Among the physical 

methods to deposit films at atmospheric pressure is the spin coating method, consisting 

on the spreading of a colloidal suspension of oxides89,90 or polymers91,92 onto a substrate 

while rotating the substrate, by removing the excess of suspension and a posterior 

solvent evaporation. 
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Advantages of using vacuum methods over deposition at atmospheric pressure or in 

liquid are multiple such as the possibility to achieve high crystal quality, low impurity 

contents and, in the case of evaporation, to decrease the evaporation temperature, 

meaning a save in energy consume. In vacuum methods, the precursors of the films are 

in vapor phase from introduction of volatile precursors (gases), thermal evaporation, 

sputtering or laser ablation of a source. Vacuum methods are classified according to the 

interactions taking place in, or at the origin of, the vapor phase. If chemical reaction 

occurs in the vapor phase, it belong to the chemical vapor deposition (CVD) methods. In 

opposite, if no chemical reaction occurs in the vapor phase and the vapor phase is 

produced by a physical mean, it is related to the physical vapor deposition (PVD) 

methods86–88. CVD methods can be used at atmospheric, low, medium or high vacuum 

and produce high quality films mostly for the semiconductor industry.  One drawback of 

such methods is the use of highly toxic volatile precursors. Since the discovery of PVD 

methods, the most used method has been the thermal evaporation of a source using the 

joule effect or electron beam heating. However, the sputtering method became very 

competitive in the last decades. More precisely, it became an independent branch of thin 

film technologies in concurrence with CVD methods and thermal evaporation after 

intense researches on the sputtering theory in the 1950-60s93,94. Sputtering is a plasma 

gas (usually argon) assisted method based on the bombardment of ions coming from the 

plasma that impact a target source and eject the atoms from its surface. The sputtered 

atoms arrive to a substrate where they condense to form the film. We use the sputtering 

method for several reasons. First, it enables to obtain high quality films and to limit the 

presence of impurities.  Second, it is a relatively easily upscalable process that facilitates 

the transfer to the industry of results gained at the laboratory scale. There are also other 

reasons related to its condensation energetics, such as a high associated cooling rate 

leading to metastable states of interest for certain applications. In this chapter, we 

describe in details the sputtering method, some of its advantages and which are the 

most important factors for thin film elaborations conducted within this study and some 

of its advantages. Afterwards, we describe the characterization methods used to study 

the structural, microstructural, optical, electrical and chemical properties of thin ZnO 

and ZnO-Au films synthetized. 
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2.1. The sputtering method 

 

In a schematic description, the sputtering method is comparable to a vacuum tube diode 

as in fig. 2.1. It consists in a chamber at low pressure ~101 to 10-1 Pa of an inert gas 

atmosphere, generally argon, the source of the material to deposit placed as the cathode 

and the chamber walls including the substrate-holder as the anode or ground. As the 

cathode is negatively polarized, the voltage difference between both electrodes could 

lead to a luminescent discharge due to the ionization of the gas generating plasma.  

A DC basic discharge can be divided in three main regimes: dark, glow (luminescent) 

and arc discharge regimes. We are interested in the glow discharge regime at discharge 

currents higher than the gas breakdown voltage. This regime is divided in the normal 

and abnormal regions depending on the discharge current. At low current, in the normal 

region, the voltage is independent of the discharge current and remains nearly constant. 

The electrode current density does not change because the plasma does not cover 

completely the electrode surfaces. As the discharge current increases, the surface 

coverage of the electrode by the plasma increases up to complete coverage. Increasing 

the discharge current from this point leads to the abnormal region where the current 

density, plasma luminous intensity and voltage increase with the discharge current. The 

discharge then behaves as a normal resistance. The DC sputtering operation occurs in 

the abnormal discharge region. However, if the discharge current leads to high enough 

current densities, thermionic electron emission is allowed and the discharge leads 

transits to an arc discharge characterized by a drop of the discharge voltage. 

In the abnormal discharge, a large voltage difference, generally of some hundreds of 

volts, between the anode and the cathode leads to different effects that enable to ignite 

and maintain a sputtering plasma. In the argon gas there is a small portion of ionized 

atoms (around 10-4 atoms), Ar+ in case of an argon background gas. As the Ar+ ions 

approach the cathode surface it capture an electron by tunnel effect and neutralize as 

well as stimulate the emission of secondary electrons by potential emission. Those 

secondary electrons sustain the plasma discharge. The sputtering method is based on a 

non-linear plasma process since the collision of argon ions and/or electrons with atoms 

in the gas phase continues the ionization before a self-sustained plasma can be reached. 
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Fig. 2.1. Schematic of a vacuum tube and formation of a glow discharge. 

 

2.1.1. Plasma spatial regions 

 

The plasma is a mixture of neutral atoms, positive ions and electrons and is overall 

neutral with an equal number of electrons and ions (fig. 2.2). However in contact with a 

surface, plasma sheaths appear. 

    

FIG. 2.2. Glow discharge and representation of the  voltage profile in the 

plasma95. 

 

A plasma sheath is the localized electric field that separates a plasma from a material 

boundary96. The plasma can be divided in three main regions. Cathode and anode 
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sheaths and the plasma bulk zone. The cathode sheath, in contact with the target is also 

called dark space. This sheath is of primary importance to understand the origin of the 

sputtering process. It is a positively charged zone with a high argon ions density due to 

the high electron mobility and high voltage drop 𝑉𝑠ℎ𝑒𝑎𝑡ℎ. The sheath thickness can be 

described by the Child law97–99: 

 
𝑠(𝑡) =

3

4
[
𝜀0
2𝑉𝑠ℎ𝑒𝑎𝑡ℎ

3 (𝑡)

𝑒𝑛0
2(𝑡)𝑘𝑇𝑒(𝑡)

]

1 4⁄

 (2.1) 

Whit 𝜀0 the permittivity of free space, e the elementary charge, k the Boltzmann 

constant, 𝑛0 the plasma density and 𝑇𝑒 the plasma electron temperature. 

The sheath thickness is dynamic and depends on the instantaneous plasma density, the 

electron temperature and sheath voltage (see fig. 2.3). The presence of a sheath leads to 

a drastic drop in voltage in a narrow spatial zone, generating a strong electric field. In 

the anode sheath there is also a drop in voltage but less important due to the absence of 

polarization of the anode. To compensate the sheath voltage drop, the plasma bulk is 

slightly charged positively to maintain the electroneutrality. 

 

FIG. 2. 3. Child sheath thickness as a function of plasma density, with electron 

temperature and sheath voltage as parameters98. 
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In the cathode sheath, charged particles (electrons or argon ions) are accelerated by the 

electric field. Argon ions are accelerated toward the target and surface electrons into the 

bulk plasma region were they may to collide with argon atoms. In the bulk plasma 

region, there are two types of interactions: The first are the elastic interactions that lead 

to electron scattering (equation (2.2)). The second type of interactions are the inelastic 

collisions wherein there is a transfer of kinetic energy from the electron to the atom. 

Inelastic collisions can lead to atom ionization or excitation (equations (2.3) and (2.4)). 

Atom ionizations produce the electron-ion pair contributing to the plasma generation 

and sustainment and occur in the cathode sheath region. After argon excitation, there is 

a decay process to a low energetic level being responsible for the luminescence of the 

plasma bulk region (equation (2.4)). 

 e− + Ar0  → e− + Ar0 (2.2) 

 e− + Ar0  → 2e− + Ar+ (2.3) 

 e− + Ar0  → 𝐴𝑟𝑒𝑥
0   → e− + Ar0  +  𝑝ℎ𝑜𝑡𝑜𝑛 (2.4) 

2.1.2. Sputtering interactions 

 

Energetic argon ions bombard the target surface with a maximal energy proportional to 

the difference in voltage between the target (𝑉𝑇) and the plasma bulk (𝑉𝑝) and described 

as: 

  𝐸𝑚𝑎𝑥 ≤ 𝑍(𝑉𝑝 − 𝑉𝑇) (2.5) 

With Z  the ion charge state. 

Argon ion bombardment leads to different interactions with the target material as is 

represented in fig. 2.4 and can be summarized as follow:  

a) When Argon ions hit surface atoms (primary collisions), there is transfer of 

momentum among the neighboring atoms (secondary collisions) leading to 

collision cascades and emission of surface atoms (sputtering process). 

b) The arriving argon ions favor the emission of secondary electrons mostly by 

potential emission at the discharge voltages used for sputter-deposition98.  
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c) Argon ions have a probability to be neutralized by secondary electrons and to 

be implanted beneath the target surface. 

d) Argon ions have a probability (complementary to the process describe in c) to 

be neutralized by secondary electrons and reflected by the target surface. 

 

FIG. 2.4. Simplified diagram of interactions after collision of argon ions on the 

target surface. 

 

Each kind of collision can be described according its energy. Sputtered atoms have an 

averaged energy of some tens of volts depending on the target material surface binding 

energy 𝐸𝑠𝑏 . The sputtered atoms kinetic energy distribution function can be described 

by94,100: 

 
𝑓𝑎(𝐸) =

𝑐𝐸

(𝐸 + 𝐸𝑠𝑏)
3
 

(2.6) 

With a dependency of 𝐸−2 when 𝐸 ≫ 𝐸𝑠𝑏 and c a constant. Positive ions formed in the 

bulk plasma phase and impinging the target surface have a kinetic energy described by 

equation (2.5) and the voltage difference in the sheath is given by100,101: 

 

(𝑉𝑝 − 𝑉𝑓) = (
𝑘𝑇𝑒
2𝑒
(1 + 𝑙𝑛 (

𝑚𝑖
2𝜋𝑚𝑒

))) 

(2.7) 

With mi and me the mass of the ions and electrons, respectively. 
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Reflected particles are mostly neutralized atoms originating from energetic ions formed 

in the bulk plasma phase. These backscattered particles leave the target surface with a 

maximum energy 𝐸𝑝 that depends on the mass ratio between target atoms and the 

impacting ions (𝑚𝑡 𝑚𝑝⁄ )100,102:  

    𝐸𝑝 = (
𝐴−1

𝐴+1
)
2

𝐸𝑝0                                                                 (2.8) 

With A=𝑚𝑡 𝑚𝑝⁄  and 𝐸𝑝0 the original energy of the impacting ion. 

 

2.1.3. Total sputtering yield and transport in the gas phase 

 

The total sputtering yield Y is defined as the ratio between the number of sputtered 

atoms Nsp and the number of incident particles Nip (Ar+ ions in non-reactive sputtering).  

𝑌 =
𝑁𝑠𝑝

𝑁𝑖𝑝
                                                                               (2.9) 

This yield expresses the ease to eject an atom from the target surface. 

The sputtering process is very complex and depends on the atomic mass and binding 

energy of the target material, the mass of the gas ions and on interactions such as the 

nuclear stopping cross section. There have been several empirical equations to describe 

the complex relation of each factor to the sputtering yield but one of the most accepted 

and successful description is based on the work of Yamamuha et al103. It includes 

parameters to describe the behavior in the case of heavy and light ions bombardment. 

This expression is based on the pioneering theoretical works of Sigmund93,104 valid for 

heavy and light ions for incident energies below 1 keV. The Sputtering yield can be 

expressed as: 

𝑌 =
3

4𝜋2
𝛼

4𝑀1𝑀2

(𝑀1+𝑀2)2
𝐸

𝑈𝑠
                                                                      (2.10) 

With 𝐸 the energy of the incident ions, 𝑀1 and 𝑀2 the masses of the incident ion and the 

target atoms. 𝛼 is a dimensionless parameter that depends on the mass ratio and the ion 

energy and 𝑈𝑠 is the surface binding energy (same as Esb in Equation 2.5). 
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In the path from the target to the substrate, the sputtered atoms can collide with the gas 

carrier atoms. According to the elastic-collision theory, the energy transferred at each 

collision can be expressed as: 

𝑇𝐸 = 𝐸0
4𝑀1𝑀2

(𝑀1+𝑀2)2
𝑐𝑜𝑠2

𝜃𝑐

2
                                                            (2.11) 

With 𝐸0 the initial energy, 𝑀1and 𝑀2 the mass of target and gas atoms, respectively. 

Head-on collisions (𝜃𝑐 = 0) correspond to the maximum energy transferred.  

Beside the transferred energy, it is important to consider the mean free path to include 

the energy lost by sputtered atoms, due to collisions with other particles, when they 

arrive to the substrate surface. According to the kinetic theory, the mean free path  can 

be expressed as: 

 𝜆 = (𝑛𝜎)−1                                                                    (2.12)  

with n the number of particle targets in a given volume and 𝜎 the effective cross section 

for the collision. For energetic particles that follow a Maxwell distribution (the energy 

distribution of sputtered atoms tend to be shifted to a Maxwell distribution by collisions 

with the atoms of the gas phase), it is modified as: 

 𝜆 = (√2𝑛𝜎)
−1

                                                             (2.13) 

Taking into account the expression of , we obtain: 

𝜆 =
𝑘𝐵𝑇

√2𝜋𝑑2𝑝
                                                                            (2.14) 

Whit p the pressure and and d the diameter of the sputtered atoms.  

 

2.1.4. Secondary electron emission (SEE)  

 

Bombardment of a material with a primary radiation of highly energetic particles 

(electrons, ions or photons) leads to the emission of secondary electrons (emitted with a 

low energy < 50 eV) due to ionization processes. The secondary electron emission (SEE) 

helps to maintain the plasma discharge.  
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Secondary electrons are emitted when an electron from the surface neutralizes the 

impinging ion and a second electron from the surface absorbs the excess energy from 

neutralization. The energy transferred to the electron can be expressed as: 

 ∆𝐸 ≈ (𝐸𝐼𝑍 − 𝐸𝜙)                                                                 (2.15)  

With 𝐸𝐼𝑍 the ion ionization energy of the impinging ion and 𝐸𝜙 the working function of 

the target. 

The SEE produced by (argon) ions bombarding the cathode is called ion-induced 

secondary electron emission (ISEE). To describe the secondary electron emission 

process, it is possible to define the emission yield coefficient 𝛾𝐼𝑆𝐸𝐸  as the ratio of the 

number of secondary electrons emitted to the number of ions approaching the surface. 

For clean metallic surfaces, 𝛾𝐼𝑆𝐸𝐸  is lower than 1 and is nearly independent of the ion 

kinetic energy at voltages below 500 V105. However, it depends on the metal electronic 

properties: 

𝛾𝐼𝑆𝐸𝐸 = 𝐴(𝐵𝐸𝐼𝑧 − 2𝐸𝜙 )/𝐸𝑓                                      (2.16) 

With 𝐴 and 𝐵 experimental constants with values close to 0.3 and 1.5, respectively, and 

𝐸𝑓 the Fermi energy of the metal106,107. 
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FIG. 2.5. Secondary electron emission for a series of metallic and oxidized 

targets (adapted from 107). 

When a metal target surface is oxidized, it is expected that 𝛾𝐼𝑆𝐸𝐸  increases because most 

oxides have a lower work function and lower Fermi level than their corresponding 

metal. However, depending of the properties of the oxide, it is possible that 𝛾𝐼𝑆𝐸𝐸  
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increases, decreases or remain unchanged (see fig. 2.5) with reference to the metallic 

surface. This is related with the incident bombarding ions and their ease to reduce the 

surface oxides108. For oxides that increase 𝛾𝐼𝑆𝐸𝐸 , the measured discharge voltage at a 

constant current decreases due to decrease of the plasma impedance by injection of 

supplementary electrons. However, for oxides that are reduced by the ion bombardment 

the discharge voltage increases107–109. 

 

2.1.5. Magnetron sputtering 

 

In traditional (diode) sputtering, a self-sustained plasma is held at relatively high 

pressure, about 1 Pa, that represents a mean free path of few mm, leading to a low film 

growth rate and poor film quality (low density compared to bulk). To increase the film 

growth rate, it is necessary to decrease the number of sputtered atoms thermalized by 

collisions with atoms in the gas phase and/or to increase the sputtering rate. Another 

important point to consider is that secondary electrons are fundamental for generation 

and sustainment of the plasma. The magnetron sputtering configuration is well adapted 

to this challenge as it increases the efficiency of the sputtering process at low pressure. 

 

FIG. 2.6. (Left) schematic of the configuration of a magnetron. (Right) magnetron 

cross section indicating the magnetic field lines, the lorentz forces, the hall 

current, the erosion zone and the dense plasma region. 
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The planar magnetron configuration uses two concentric magnets with opposite 

polarities generating a magnetic field that traps and confine the electrons near the target 

(fig. 2.6). The magnetic field (B) being nearly perpendicular to the electric field (E), a 

Lorentz force (E X B) is applied to the electrons. In a simplified description of the 

magnetron sputtering, the electrons describe a cyclotron motion around magnetic field 

lines, increasing the electronic density and the ionization probability. As the electron 

gyration radius is smaller as the electrons approach the target surface, a closed 

azimuthal drift current, called hall current, is observed98,107. 

Because the plasma density is higher in the cyclotron trajectory, the sputtering process 

is more intense in this region and provokes a more pronounced erosion of the target 

(racetrack) next to this plasma region. 

The magnetron sputtering configuration not only allows obtaining self-sustained plasma 

at lower pressure but also increases the sputtering rate. The results are a higher film 

growth rate in a cleaner environment and, since the sputtered atoms have a high kinetic 

energy as they condensate in comparison with thermal evaporation and diode 

sputtering, films exhibit a higher density.  

 

2.1.6. Reactive magnetron sputtering 

 

While argon, an inert gas, is used to produce the sputtering plasma, other gases can be 

used to react with the sputtered atoms. Mixtures of argon and reactive gas lead to 

reactive magnetron sputtering. The most used reactive gases are nitrogen and oxygen to 

produce nitrides or oxides, respectively. The sputtered atoms condensing on the 

substrate surface react with the reactive gas to produce the compound films. An 

alternative to produce compounds is by using ceramic target. However, it is necessary to 

work mainly in radiofrequency mode to avoid target polarization and arcing. 

Furthermore, with the use of ceramic targets it is only possible to change slightly the 

stoichiometry of the film, while reactive magnetron sputtering of metallic targets allows 

wider tailoring of the film properties composition and properties.  
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In the Ar/reactive gas mixture, the reactive gas flow rate determines the properties of 

the system and can introduce a non-linear instability during reactive sputtering of 

metallic targets. The reactive total gas flow must be equivalent to the sum of pumped gas 

flow qPumped, the reaction gas flow (getter effect) with the surroundings, qSurrounding 

including condensed film and reactor walls and, finally, the reaction with the target 

surface qTarget. These three parameters have a nonlinear dependency with the pressure 

and depend on factors such as the area and the fraction of surface covered by target 

element(s)-oxygen compounds at both substrate and target locations. 

𝑞0 = 𝑞𝑃𝑢𝑚𝑝𝑒𝑑 + 𝑞𝑆𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 + 𝑞𝑇𝑎𝑟𝑔𝑒𝑡    → 𝑁𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛             (2.17) 

The process can be divided in three modes110. At low reactive gas partial pressures, an 

elemental, or metallic, sputtering mode is observed that is referred to a bare, or nearly 

bare, metallic target generally associated to a high sputtering yield. In this case, most of 

the reactive gas species are gettered by the surroundings, avoiding the target poisoning 

and leading to a low sensitivity of the reactive gas partial pressure to the reactive gas 

flow rate.  

At high reactive gas partial pressures, reactive species react completely with the target 

surface, poisoning the target. Apart from few cases, this results in a low sputtering yield. 

This mode is called the ceramic, compound or poisoned sputtering mode. 

There is a transition mode between the above mentioned modes for which the target 

surface coverage by reactive species depends on the gas flow rate and, therefore, on the 

reactive gas pressure and the sputtering yield showing two competitive processes: the 

poisoning and sputtering or cleaning of the surface, respectively. The transition mode 

can be a stable or a bi-stable region typical for the reactive sputtering process, where a 

hysteresis loop is developed. This phenomenon is generally undesirable. The sputtering 

system becomes bi-stable, an abrupt decrease in the reactive gas consumption is 

observed upon increasing the reactive gas flow rate. It is possible to avoid this instability 

if the pumping speed is greater than a critical value110. Using metallic targets of elements 

highly reactive towards the reactive gas species favors the observation of an hysteresis 

loop. We do not detail more this effect because in our deposition chamber, under the 

working conditions of this study, no hysteresis loop was observed.  
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2.2. Structure zone diagram (SZD) 

 

Film growth is a process in heterogeneous phase resulting from the condensation of the 

vapor or sputtered phase of a material. The film formation can be divided in several 

steps: The adsorption and clustering of atoms on the substrate (nucleation), 

incorporation of the deposited atoms by the growing nuclei (crystal growth) and 

coalescence or grain boundary migration (grain growth). Thermodynamic and kinetic 

factors are present simultaneously and influence each step of the process. As a result, 

different morphologies and microstructures are achieved. The SZDs are semi-empirical 

approaches to describe the microstructure of relatively thick deposited films.  

In their early work, Movchan and Demchishin found that, to describe the microstructure 

of deposited films by evaporation, it is necessary to consider the adsorption/desorption 

and diffusion of atoms on the substrate. These processes depend on the surface energy 

and surface tension of the substrate and of the growing film. After an analysis of thin and 

thick films under different growth conditions, they concluded that the microstructure of 

deposited films can be of three types (1, 2 and 3)111 depending on the homologous 

temperature (Th). Th is expressed as the ratio between the film temperature (T), 

approximated to the substrate temperature, and the melting point (Tm) of the formed 

film: 

 Th=T/Tm (2.18) 

Based on this pioneering work, Thornton incorporated an argon gas pressure axis to 

adapt the SZD to sputter-deposition because it affects the kinetic energy of the impinging 

atoms that determines the film microstructure. Looking closely at this two dimensions 

SZD it was found a transition zone between the zone 1 and zone 2111,112.  

In their SZD of Barna and Adamik113,114 consider the presence of impurities during the 

film growth, showing that they play an important role on the microstructure by 

interfering with grain growth and stimulating continuous nucleation. However, in most 

of the SZD the role of impurities is not considered.  

As the pressure is related with the kinetic energy of impinging atoms, Messier115 has 

replaced the argon pressure by the ion kinetic energy to well describe ion beam assisted 
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deposition methods. However, it was needed to modify the model due to the 

introduction of energetic deposition methods such as High Power Impulse Magnetron 

Sputtering (HIPIMS) or cathodic arc evaporation.  

A revised SZD proposed by Anders116 modifies and extends the available models based 

on three main changes: 

 The introduction of a general temperature T* that includes the homologous 

temperature (Th) and the transformation of potential energy carried by the 

impinging particles into thermal energy in the film (Tpot).  

 The replacement of the argon pressure by a normalized energy term E* that includes 

the kinetic energy of the particles. 

 Introduction of a film thickness axis t* to better describe the influence of the 

previous parameters, including ion-etching. 

 

2.2.1. Zones description 

 

The SZD proposed by Anders contains the four zones pre-existing in the Thornton SZD 

and add an etching zone as shown in fig. 2.7. 

We describe briefly each zone below.  

Zone 1 

At low T* and low E*, the kinetic and potential energies of the impinging atoms are low. 

Consequently, the bulk and surface mobilities are almost inexistent and there are no 

favored nucleation centers. In some cases, a low E* is related with conditions of high 

pressure where collision probability is high, shifting the kinetic energy of atoms 

impinging the substrate to lower values. These conditions lead to a morphology 

consisting in nanocrystalline columns separated by voids. The resulting films are 

porous. 
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Zone T 

In the transition (T) zone, the surface diffusion increases. However, diffusion inside the 

grains remains limited. The characteristic microstructure can be described as a dense 

array of fibrous grains that is developed by a competitive crystal growth. The structure 

is inhomogeneous along the film thickness. Increasing T*, enhances the thermal 

mobility. Increasing E* can also improve the mobility by heating or atomic displacement. 

Due to the thermal transfer from the particles to substrate, an increase in E* leads to a 

decrease in the thermal threshold between zone 1 and zone T and to a broadening of 

zone T. 

Zone 2 

Increasing, from the previous zone T, the kinetic energy of the impinging particles by 

decreasing the gas pressure (and the number of collisions) or thanks to bombardment 

by ions accelerated in the cathode sheath also increases the surface and bulk mobilities. 

However, the growth is governed by the surface diffusion process. Fibrous grains evolve 

to uniform columnar grains across the film thickness. 

 

FIG. 2.7. Extended structure zone diagram including situations owing to highly 

energetic synthesis methods116. 
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Zone 3 

The increase of T* and/or higher energy flux of accelerated ions with high kinetic and 

potential energies (that lead to microlocalized thermal spike regions along implantation 

channels) determine the film microstructure by bulk diffusion and therefore 

recrystallization processs. The obtained films are dense with an equiaxed structure.  

Ion etching zone 

The SZD proposed by Anders explains how at high E* accelerated ions arriving to the 

growing film can induce etching. 

The development of SZDs and their wide use show the need to comprehend the influence 

of each experimental parameter in film growth. Supported by these semi-empirical 

approaches, it is easier to understand and to interpret the behavior of a particular 

system. 

 

2.3. Experimental setup 

 

Thin films elaboration was performed using a 40 L volume deposition chamber. The 

base pressure reached is around 0.003 Pa using a mechanical pump for primary vacuum 

and a turbo molecular pump. ZnO syntheses were conducted in a reactive atmosphere 

consisting of argon-oxygen mixtures. The gas flow rates were controlled using a mass-

flow controller Bronkhorst EL-FLOW model F-201CV. The argon flow rate was fixed for 

all the experiments while the oxygen flow rate (OFR) was varied. The total pressure was 

adjusted by the turbomolecular pump with a rotation speed of 25000 revolutions per 

minute (rpm) and controlled using a PENNINGVAC PTR 90 (pressure to voltage 

converter) pressure gauge. The average working pressure was in the range 0.03 to 0.05 

Pa. 

As it was described before, the use of magnetrons increases the sputtering rate. The 

deposition chamber is equipped with three magnetrons for co-sputtering when it is 

needed. The target diameter was 50 mm with an adjustable target to substrate distance. 

To ensure a good lateral homogeneity in thickness and composition, the targets are off-
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centered relative the rotative substrate-holder axis and the substrate-holder was 

rotating at 30 rpm. To avoid lateral inhomogeneity, the samples were positioned facing 

the magnetron axis27,117. The substrate-holder was polarized using a radio frequency 

Advanced Energy Cesar® RF power supply (Frequency, 13.56 MHz, Max outpower, 300 

W) to etch and clean the substrate surface (60W, 2 min) just before deposition. This 

procedure helps generating dangling bonds at the film surface, which promotes the film 

adhesion if deposition is started before the end of the etching step. The substrate-holder 

was not intentionally heated and the substrate temperature was evaluated using 

thermal level stripes (Thermax) positioned on the same circumference as the substrates 

on the substrate-holder. It was below 40 °C (the lower detection limit of the thermal 

level stripes) for all conditions. Fig. 2.8 shows a schematic of the deposition chamber 

and below are presented photographs of the ZnO and ZnO-Au sputtering deposition 

processes, showing a substrate and the off-axis position of the targets relative to the 

substrate-holder axis of rotation. 

Direct current (DC) magnetron sputtering was used for depositions and the discharge 

was controlled by fixing the discharge current intensity (I) to each target. Voltage (V) 

and power (W) values self-adjusted depending on the experimental conditions. 

Advanced Energy Pinnacle+ 5kW and MDX500 generators were used for Zn and pure Au 

targets, respectively. In order to produce ZnO and ZnO-Au films, the discharge current 

applied was fixed at 0.07 A on the zinc target and varied between 0.006 and 0.015 A on 

the gold target. The target to substrate distance (Dts) was fixed at 50 mm for the Zn 

target while distances from 55 to 120 mm have been used for the Au target.  

The deposition time was set such that the resulting film thickness was 150 nm±40 nm 

for all deposition conditions. To measure the film thickness of a sample, the substrate 

was partially covered by an adhesive thermal resistive tape before deposition. 

Therefore, when removing the tape we obtained two well differentiated regions with 

bare substrate and deposited film. The film thickness was measured using a tactile 

profilometer Talysurf 10 Taylor-Hubson where a stylus in contact with the sample 

surface moves lateraly. At the interface between the two regions, a step with a vertical 

heigh (h) is measured by the stylus.  
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FIG. 2.8. (Above) schematic of the reactive sputtering chamber used for the 

growth of ZnO and ZnO-Au nanocomposite thin films. The Au target is added for 

the deposition of ZnO-Au films. (below) Photographs of ZnO and ZnO-Au 

sputtering process showing the off-axis position of the targets and of the 

substrate. 

 

2.4. Characterization methods 

 

2.4.1. X-ray diffraction (XRD) 

 

The knowledge of the structure and microstructure of a material are essential for 

different reasons: It allows to confirm or to find the identity of the elaborated material. 

With the information extracted it is possible to obtain a better understanding of the 
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properties of the material. The X-ray diffraction (XRD) methods are very important tools 

in material science to characterize crystalline materials. 

When an oscillating electric field of an electromagnetic radiation interacts with electrons 

in matter, coherent scattering can occur. In crystals, X-ray radiations are needed to 

interact with ordered atoms producing scattered waves. Depending on the beam angle, 

can exist constructive or destructive interferences determined by the Bragg law (fig. 

2.9). 

 

FIG. 2.9. Schematic representation of the Bragg diffraction law. The atoms in the 

crystal lattice are represented as black spheres.  

 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                  (2.19) 

With θ the scattering angle, λ the wavelength and n an integer determined by the order 

of the diffraction process. ℎ, 𝑘 and 𝑙 are called miller index that represent the specific 

crystallographic plane in condition of diffraction. 

In crystal structures with primitive cell, h, k and l can take any value for diffraction. 

However, the Bragg law is a necessary but not sufficient condition for diffraction in 

other crystal structures. Based on atomic scattering factors and structure factors 

selection rules, it is possible to know which family of planes can diffract for a specific 

crystal structure118. 

Depending on the geometrical configuration used, it is possible to obtain information 

about the presence of phases, crystal quality, coherence length, internal stress, 

preferential orientation or texture. 
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2.4.1.1. Bragg-brentano (𝜽/𝟐𝜽) geometry configuration 

 

In the X-ray diffraction methods, there are different geometrical configurations that can 

offer different information about a material. The Bragg-Brentano geometry is one of the 

most extended XRD configurations because it allows characterizing a wide range of 

materials. In this configuration the sample is fixed while the X-ray source and the 

detector are rotated around it.  

We briefly describe how works a typical diffractommeter. X ray emission is generated in 

a vacuum tube diode where electrons are emitted by thermionic effect and impact a 

metallic anode under an a high voltage, producing a characteristic X-ray spectrum of the 

anode material. A crystal monochromator separates the different wavelengths to obtain 

a beam composed exclusively of the 𝐾𝛼 emission. An AXS Bruker D8 Advance 

diffractometer using a Cu anode (Cu 𝑘𝛼1 = 1.54Å) in the Bragg-Brentano geometry as 

presented in fig. 2.10 was used for some of the analyses presented within this study. 

In the Bragg-Brentano configuration only crystallographic planes in condition of 

diffraction and parallel to the sample surface are measured. However, constructive 

interferences are possible also for small deviations from the 𝜃 diffraction angle, 

resulting in peaks with a specific width that is related with the number of planes aligned 

in the same direction. 

  

FIG. 2.10. Schematic representation of the Bragg-Brentano geometry. F- Focus of 

x-ray beam source, DS is the divergence slit, RS is the receiving slit, D is the 

detector and 𝜃 the bragg angle. The incident beam reaches the sample surface at 

a determined 𝜃 angle while the detector collects the diffracted beam at an angle 

2𝜃 of the incident beam 119. 
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2.4.1.2. Pole figure and 𝝋 scan configurations 

 

In material science, texture or preferential orientation describes the statistical 

distribution of grain orientation of polycrystalline samples and this property determines 

some electrical, magnetic and mechanical properties among others. Three types of 

texture components are usually distinguished in thin films: random texture, when grains 

have no preferred orientation; fiber texture, for which one crystallographic axis of the 

film is parallel to the substrate normal, while there is a rotational degree of freedom 

around the fiber axis; and epitaxial alignment (or in-plane texture) on single-crystal 

substrates, when there is coherence between the crystal lattices of the substrate and 

film. The substrate and film can be of same (homoepitaxy) or different (heteroepitaxy) 

natures. In case of epitaxial growth, a monocrystal can be formed if all regions grow with 

the same in-plane orientation (single domain epitaxy)120–122. 

The Bragg-Brentano geometry (𝜃/2𝜃) is an out-plane configuration that allows to obtain 

information of the h, k and l indices of planes parallel to the sample surface and it is 

relevant for the investigation of powder, polycrystalline or thin film samples. However, 

with the use of an out-plane configuration it is not possible to differentiate if an (hkl) 

plane orientation corresponds to a fiber texture or to an epitaxial alignment.  

To obtain information on the preferential orientation of a specific (hkl) plane in the 

volume of the material, X-ray diffraction methods such as pole figure and 𝜑 scan 

measurements are needed. In a pole figure, the selected plane is virtually placed as the 

center of a sphere and can be represented as a point that is the result of the intersection 

between the sphere surface and a normal vector to the specific plane. This point can be 

described with two coordinates, the 𝜓 and 𝜑 angles, as is observed in fig. 2.11a. The 𝜓 

angle can vary from 0 to 90 degrees while the 𝜑 angle can vary from 0 to 360 degrees. 

The pole figure can be visualized in 2D projection with the help of a stereographic 

representation where the 𝜓 angle is represented by the distance from the center to a 

point in the circumference and the 𝜑 angle is the rotation angle starting from the x-axis.  

A four circles AXS Bruker D8 Discover diffractometer has been used for pole figure and 

𝜑 scan measurements due to the possibility to vary the 𝜃, 2𝜃, 𝜓 and 𝜑 angles. The 

diffractommeter X-ray source is a Co anode (Co 𝑘𝛼  = 1.79Å).  
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If we consider, for the sake of the explanation, a 4-fold symmetry such as simple a cubic 

structure and follow a specific plane, e.g. [111] plane, it is possible to determine if the 

material has a random orientation, a fiber texture or if it shows epitaxial alignment.  

In the diffractometter, to follow the spatial distribution of the specified plane in the 

material volume, the X-ray source (𝜃) and the detector (2𝜃) angle positions are fixed to 

the [111] diffraction condition, while a series of scans for different 𝜓 and 𝜑 angle values 

are performed.  

 

 

FIG. 2.11. Representation of a (a) pole figure geometry and the 2D stereographic 

representations of a 4-fold crystal structure material with (b) random 

orientation, (c) fiber texture and (d) epitaxial alignment.  

 

For randomly oriented films (fig. 2.11b) the diffraction peak signal will appear at almost 

any 𝜓 and 𝜑 angles, meaning that the pole figure will have randomly dispersed spots. 

Fiber-textured films exhibit a signal at constant 𝜓 but variable 𝜑 angle values 

represented in an inner circumference as in fig. 2.11c. In monocrystals, the diffraction 

peaks only appear at a fixed value of 𝜓 and defined 𝜑 angles. For a cubic structure the 4-
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fold symmetry shows four points that corresponds to the {111} family of planes. 

Depending on the crystal quality, each spot can be broadened along 𝜓 and/or 𝜑 angles 

or, in high quality films, be well defined narrow spots (fig. 2.11d) 

The 𝜑 scan can be differentiated from pole figure measurements by the fact the 𝜓 angle 

is fixed. Using the 𝜓 angle corresponding to the spots of fig. 2.11d and performing a 𝜑 

scan would produce a diffractogram composed of 4 peaks separated by 90 degrees, i.e. 

the angle between consecutive {111} planes of the cubic structure. 

 

2.4.2. Transmission electron microscopy (TEM) 

 

Transmission Electron Microscopy is a high magnification microscopy that allows 

evaluating the crystal structure, grain orientation as well the microstructure in 

materials. An electron gun produces a beam of electrons that are accelerated and 

focused with magnetic lenses to pass through a sample (~80 nm-thick) interacting with 

it and the transmitted electrons are collected. The signal is then amplified to build a 2D 

image. In an oversimplified explanation, the objective lens takes the electrons from the 

exit surface of the sample, disperses them to create a diffraction plane (DP) in the back-

focal plane (BFP) and recombines them to form an image in the image plane. The 

diagram shows a three lens TEM in the two basic operations: diffraction (fig. 2.12a) and 

imaging modes (figure 2.12b)123. 

 In diffraction mode, to look at the DP (the BFP of the objective lens), it is necessary to 

insert an aperture into the image plane of the objective lens. 

 In imaging mode, to view an image (the image plane of the objective lens), it is 

necessary to insert an aperture called objective aperture into the BFP of the objective 

lens. 

Considering the diffraction mode and taking a look to the diagram in fig. 2.12, the DP 

collects the electrons of all the sample area, which is not an advantage because the 

sample is usually not perfectly flat and the beam intensity is large enough to damage the 

viewing screen or saturate the CCD camera. To solve this problem and obtain useful 

information, an object aperture is placed in one of the multiples image planes and can 
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regulate the beam intensity and give localized diffraction pattern information. The 

object aperture can delimitate a specific area of the sample and create a virtual object 

aperture in the same plane of the sample. This configuration is called Selected Area 

Electron Diffraction (SAED). In the SAED, electron beam interaction with the film 

includes not only absorption but also diffraction. SAED pattern is a 2D projection of the 

reciprocal lattice. The diffracted signal of polycrystalline materials present circles 

corresponding to a family of planes with specific radii of the circles owing to the Bragg 

law applied to electron diffraction. In monocrystalline materials, instead of circles, the 

pattern shows spots that represent not a family of planes but a specific type of plane. 

 

FIG. 2. 12. Diagram of Three lens TEM operating in (A)a diffraction mode and (B) an 

imaging mode. The figure shows the position of the objetive and the SAED 

appertures123. 
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The imaging mode has two main contrast imaging methods. Bright and dark field modes. 

Contrast imaging methods allow having a complete description of the sample 

microstructure. Bright field (BF) imaging only includes the unscattered beam (fig. 2.13a) 

and corresponds to absorption of electrons in the sample. Bright contrast images show 

thick regions of the sample or with high atomic number in dark contrast, while thinner 

regions of the sample or regions with low atomic number appear brighter. Dark field 

(DF) excludes the unscattered beam from the image and only allows the passing of 

electron beams diffracted after their interaction with the sample. In DF images, the 

contrast is due to the intensity of the diffracted beam of a specific hkl plane. Bright zones 

represent the presence of crystallites oriented in the selected diffraction condition. In 

dark zones, the Bragg conditions are not fulfilled. DF brings information about crystal 

quality, grain size, epitaxy and the microstructure of a material. In DF images, the 

position of the objective aperture and the diffraction beam coincide, while the incident 

beam is blocked by moving the objective aperture (fig. 2.13b) or by tilting the incident 

beam (fig. 12.3c). 

 

FIG. 2.13. TEM imaging operation modes of (a) bright field and dark field by  (b) 

displacement of the objective aperture and (c) tilting of the incident beam 123. 

 

For this project, we used a Philips CM200 and a JEOL ARM 200-Cold FEG microscopes 

for film characterization. The working voltage of the microscopes is close to 200 kV. 
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TEM foils were prepared in a focused ion beam (FIB)/scanning electron microscope 

(SEM) dual beam system (FEI Strata DB235) using the ‘in situ’ lift-out method. Thinning 

of the foil was carried out using an acceleration voltage of 30 KV at the first steps and 

finishing with 5 kV and a current of 16 pA. Fig. 2.14 shows the extraction of the foil and 

fixing to the grid for TEM measurement and an example of bright field image and SAED 

pattern. 

 

FIG. 2.14. Lift-out method step by step. Elaboration by FIB of a ZnO lamella for 

TEM measurements. (right)extraction of the specimen after cutting from the film 

bulk. (Center). Pasting of the TEM lamella to the holder grid. (Right) TEM image 

of a transverse section of the ZnO film and (inset) SAED pattern of the film . 

 

2.4.3. Energy dispersive spectroscopy of X-ray (EDSX) 

 

Energy dispersive spectroscopy of X-rays (EDSX) is a method usually in coupled mode 

with scanning electron microscopy (SEM) that allows qualitative and semi-quantitative 

chemical analysis. As for TEM, in SEM an electron gun is the source of the electron beam 

that impacts the surface sample generating different types of interactions. Secondary 

electron emission intensity is related with the surface morphology and this information 

is used to produce images.  

In EDSX, it is necessary to have an electron beam with high enough energy to excite 

inner core electrons from a specific material. The ejection of an electron leaves an empty 

level. Afterwards, there is relaxation and electrons from upper levels fill the empty level, 

generating X-ray emission lines corresponding to specific transitions between electronic 

levels with a cross section depending on the electron incident energy. Each element 

leads to a unique emission spectrum related with k,l, m or n atomic levels. 
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For the ZnO films, EDSX was used to evaluate the oxygen content using a ZnO powder 

standard and increasing the signal from light elements. For ZnO-Au nanocomposite 

films, EDSX was used to determine the Au content in the films from the Zn-L and Au-M 

lines and following the ( 
𝐴𝑢 

𝐴𝑢+𝑍𝑛
) ratio of atomic concentrations.  

 

2.4.4. X-ray photoelectron spectroscopy (XPS) 

 

XPS is a widely used method for surface analisys to obtain chemical information as 

elemental composition and chemical and electronic state of a sample.  

With the aid of a monochromator, an Al-canon gun emits a K-alpha X-ray beam (1786.6 

eV). The X-ray photons interact with the material and can eject an electron from atom 

(A) core levels, producing a ionization process(𝐴 +  ℎ𝑣 → 𝐴+ + 𝑒−). The ejected, and 

detected, photoelectrons originate from the surface down to a depth of 2-3 nm, making 

this method surface-sensitive.  

 

FIG. 2.15. Representation of the mechanism of photoelectron emission by a photon with 

energy ℎ𝑣 in X-ray photoelectron spectroscopy (XPS)124. 
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The ejected electrons are emitted with a kinetic energy (𝐸𝑘) measured by the 

spectrometer. 𝐸𝑘 depends on the energy of the incident photons and is not an intrinsic 

property of the material. However, it is possible to relate 𝐸𝑘 with the electron binding 

energy (𝐸𝑏) (see fig. 2.15) The electron binding energy gives information about the 

element identity as well the specific energy level. 𝐸𝑏 is related with the photon incident 

energy (ℎ𝑣), 𝐸𝑘 and the work function (𝛷𝑠) of the spectrometer as shown in equation 

(2.20): 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 + Φ𝑠                                                        (2.20) 

In an element, each oxidation state can be differentiated by its specific 𝐸𝑏 . The changes 

in the chemical environment caused by the surrounding atoms can also change 𝐸𝑏 . This 

change is called chemical shift. 

 

2.4.5. Optical transmittance spectroscopy 

 

Materials could be described by their crystalline structure, microstructure and chemical 

composition but other intrinsic characteristics of a material are the optical properties 

that explain the response of the material exposed to an electromagnetic radiation.  

Optical transmittance measurements were performed with a double beam Cary 5000 

UV–Vis–NIR spectrophotometer. The wavelength can be varied in the range of 175 to 

3300 nm. A schematic of the spectrophotometer is represented in fig. 2.16. 

The absorption of photons is the basis of the transmittance methods to study and obtain 

properties of a specific material as the absorption bandgap energy (Eg(abs)).  

From transmittance measurements it is not possible to measure the optical response of 

a thin film alone when it is deposited onto a substrate because the latter interferes with 

the light. The light source emits a beam that is split in two beams of proportional 

intensity (I) to the brightness (B) of the lamp (I=k⨯B). One beam passes through a 

reference compartment while the other is directed to the sample compartment. Before 

measuring a set of samples, a baseline correction is needed to calibrate the two beams 

and compensate any fluctuation of the lamp emission along the whole range of 
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wavelengths. Air can be used as reference and represents 100 % transmittance. The 

measurement consists in comparing the intensity of the 2 beamlines after transmission 

through the compartments. It enables measuring the intensity of light transmitted 

through the sample at each wavelength. 

 

FIG. 2.16. Schematic of a double-beam absorption spectrometer125. 

 

To obtain only the film transmittance, the performed measurements must be corrected. 

If we consider the beam passing through a bare substrate and passing through a film 

deposited onto a substrate (fig. 2.17), it is clear that the beam is attenuated when 

passing each interface due to reflexion and scattering phenomena.  

 

FIG. 2.17. Representation of the attenuation of a light beam passing through a 

bare substrate (left) and through a substrate covered by a film (right).  
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For a bare substrate, the beam passes through air/substrate and then substrate/air 

interfaces. When the beam passes through a bare substrate, transmittance due to the 

substrate can be expressed as: 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝐼0𝑇1𝑇′2                                                          (2.21)  

Knowing that the air/substrate and substrate/air interfaces are equivalent, equation 

2.21 becomes: 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝐼0(𝑇1)
2                                                         (2.22) 

𝑇1 = √𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒                                                              (2.23) 

 

The transmittance for a film deposited onto a substrate can be expressed in a similar 

form, but we must consider the air/substrate, substrate/film and film/air interfaces. The 

total transmittance of a beam of intensity I0 after passing through a film deposited onto a 

substrate can be expressed as: 

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝐼0𝑇1𝑇2𝑇3                                                           (2.24) 

The contribution of the substrate is only a fraction of the total transmittance, therefore: 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑇𝑡𝑜𝑡𝑎𝑙
=

𝑇1
2

𝑇1𝑇′2𝑇3
=

𝑇1

𝑇′2𝑇3
                                                   (2.25) 

𝑇2 and 𝑇3 are due to the film but as we cannot measure or separate the contribution of 

𝑇′2, we consider that it has a negligable influence in the total transmittance. With the 

approximation that 𝑇′2=1, quation 2.25 becomes: 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑇𝑡𝑜𝑡𝑎𝑙
=
𝑇1

𝑇3
= 

𝑇1

𝑇𝑓𝑖𝑙𝑚
                                                        (2.26) 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑇𝑡𝑜𝑡𝑎𝑙
= 

√𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑇𝑓𝑖𝑙𝑚
                                                       (2.27) 

𝑇𝑓𝑖𝑙𝑚 =
𝑇𝑡𝑜𝑡𝑎𝑙

√𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
                                                               (2.28) 
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2.4.5.1. Absorption coefficient 

 

The absorption coefficient  describes the amount of radiation absorbed by a material at 

a specific wavelength. When a radiation beam with intensity I0 passes through a layer 

with thickness l, it exits with an attenuated intensity I1. The attenuation can be due to 

absorption or scattering by the film. Due to the configuration of the spectrophotometer, 

it is not possible to evaluate at the same time both phenomena and the absorption 

coefficient measured can be slightly higher than the real value. However, using a 

complementary device, it is possible to measure the reflectance that corresponds to the 

main part of the scattered radiation. 

The absorption coefficient follows the Beer-lambert law, and it can be expressed as:  

𝑇 =
𝐼

𝐼0
= 𝑒−𝛼𝑙                                                                         (2.29) 

With transmittance measurements, it is possible to estimate𝛼:  

𝛼 =
1

𝑙
𝑙𝑛

1

𝑇𝑓𝑖𝑙𝑚.
                                                                        (2.30) 

If we consider the reflected radiation, α can be expressed more accurately as follows: 

 𝛼 =
1

𝑙
𝑙𝑛
(1−𝑅)2

𝑇𝑓𝑖𝑙𝑚
 = 
1

𝑒
𝑙𝑛

1

𝑇𝑓𝑖𝑙𝑚
+
2

𝑒
ln (1 − 𝑅)                                                (2.31) 

2.4.5.2. Tauc plot 

 

The absorption coefficient and the absorption bandgap transition (𝐸𝑔(𝑎𝑏𝑠)) in 

semiconductors can be related using the following relationship: 

 𝛼 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑚                                                        (2.32) 

Where A is a constant that includes the electron effective mass, ℎ𝜐 and 𝐸𝑔(𝑎𝑏𝑠) are 

incident photon and absorption bandgap energy, respectively, both in eV. 𝑚 =
1

2
 is the 

coefficient for semiconductors with direct allowed transition, such as ZnO. 
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With the absorption coefficient (𝛼) it is possible to extract the 𝐸𝑔(𝑎𝑏𝑠)for each film using 

the Tauc plot method. Multiplying the equation 2.32 by hv and taking into account the 

value of m for direct bandgap semiconductors, we obtain the following expression: 

 ℎ𝜐𝛼 = 𝐵(ℎ𝜈 − 𝐸𝑔)
1
2⁄         (2.33) 

When plotting (ℎ𝜐𝛼)2 𝑣𝑠 ℎ𝜐, the intercept with the x-axis gives 𝐸𝑔(𝑎𝑏𝑠). 

 

2.4.5.3. Urbach energy 

 

In the near edge the light absorption spectrum of a semiconductor can be described as 

the sum of different independent contributions and it could be divided into two or three 

main regions30–35. (i) At energies higher than 𝐸𝑔(𝑎𝑏𝑠) the material can be described by the 

tauc plot relationship where it is possible to obtain directly the bandgap of the films. (ii) 

At energies below 𝐸𝑔(𝑎𝑏𝑠), the absorption should be equal to zero but it is possible to 

detect an absorption tail that follows an exponential behavior. It can be described by the 

Urbach rule, an empirical relationship: 

𝛼 = 𝛼0exp (𝜎(𝐸 − 𝐸0)/𝑘𝑇)               (2.34) 

𝛼0 and 𝐸0 are constants that depends of each material, 𝜎 is the steepness parameter that 

depends on the temperature and of each material31,126–129. This expression is valid for 

ionic crystals as for covalent compounds.  

Equation 2.34 can be rewritten as: 

𝛼 = 𝐴exp (ℎ𝑣/𝐸𝑢),  with 𝐸𝑢 =
𝑘𝑇

𝜎
                                    (2.35)  

In a logarithmic plot of  versus photon energy (ℎ𝑣), the slope corresponds to the 

Urbach energy, as is shown in equation 2.35. 

The width of the Urbach tail can be due to thermal fluctuations and structural disorders 

that lead to intraband transitions. The steepness  parameter can be expressed as in 

equation 2.36.  
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𝜎 = 𝜎0 (
2𝑘𝐵𝑇

𝐸𝑝
) tanh (

𝐸𝑝

2𝑘𝐵𝑇
)                (2.36) 

𝜎0 is a factor that does not depend on temperature but on each material. It has been 

found that it is inversely proportional to the ionic character127. 𝐸𝑝 is the phonon energy 

and for some II-VI semiconductors its value depends on the temperature range. For 

temperatures up to 80 K, Ep fits the energy of the longitudinal acoustic (LA) phonons. 

From that temperature it fits the energy of the longitudinal optic (LO) phonons; 

examples of this behavior can be found in CdS, ZnS or ZnSe30,130. In general, the 

steepness parameter can be understood as a function of electron and/or exciton 

interactions with phonons in materials. 

 

2.4.6. Ellipsometry 

 

With the use of ellipsometry spectroscopy it is possible to extract information about the 

optical properties of a given material. However, it is an indirect method that consists of 

the acquisition of raw data, the proposition of a model, the fitting of the data and finally 

the extraction of the optical parameters.  

When a polarized beam is reflected on a sample, there is a change in the polarization 

that can be followed by the changes in the parallel and perpendicular components of the 

electric field of the incident radiation after the interaction with the sample (fig. 2.18). 

The change in polarization is given by the following relationship: 

𝜌 = tan (Ψ)𝑒𝑖Δ                                                               (2.37) 

It was used the UVISEL spectroscopic phase-modulated ellipsometer from HORIBA 

Scientific to analyze the samples. Ellipsometry measures the parameters Is and Ic that 

are related with luminosity flux intensity and are linked to the ellipsometry angles Ψ and 

Δ.  

Is = Ψ· sin 2 sin Δ                                                          (2.38) 

Ic = Ψ· sin 2 cos Δ                                                         (2.39) 
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FIG. 2.18 schematic of the experimental configuration used for ellipsometry 

measurements131. 

 

It is necessary to consider the characteristics of each sample to propose a good model to 

fit the dispersion data.  

For homogeneous semiconductor films there are several methods as the Lorentz, Tauc-

Lorentz, the Forouhi-Bloomer or the Tanguy model used to extract optical parameters 

and each one has advantages and disadvanges. 

To fit the raw data of homogenous films, we used the Forouhi-Bloomer (FB) model132,133. 

In the FB model, the fitting parameter can be related with the refractive index n and the 

extinction coefficient k. The absorption coefficient is related with extinction coefficient 

as follows𝛼 =
4𝜋𝜅

𝜆
, and the absorption bandgap energy was determined from the Tauc 

plot. 

The values of n and k can be expressed in the real and imaginary parts of the dielectric 

constant as follows: 

𝜀1 = 𝑛
2 − 𝑘2                                                       (2.40) 

𝜀2 = 2𝑛𝑘                                                            (2.41) 

In heterogeneous systems (composites), where two or more phases are involved, it is 

necessary to consider that the optical response is the contribution of all components 

(ZnO and Au in our nanocomposite films). In the effective medium approximation, the 

effective dielectric constant relates the dielectric constant of each component with its 

fraction within the material. 
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The most frequent models used for the characterization of inhomogeneous materials are 

the Maxwell-Garnett (MG) and the Bruggeman (BM) models and used to obtain the 

effective dielectric function (𝜀𝑒𝑓𝑓). 

The MG considers the presence of a component i in a host matrix while the BM considers 

that both contribute in a direct way to the properties of the nanocomposite. The MG 

(BM) model is the most used when the percentage of the component i is low (high) 

enough to consider the particles are well separated (percolate). 

To determine the roughness of the films, it is often used a mixture of the models treating 

independtly the film surface and the bulk. Using the Bruggeman model, the surface can 

be considered as an heterogeneous system composed of air and the material. More 

details about the ellipsometry models can be found in the annex A.  

 

2.4.7. Photoluminescence spectroscopy 

 

In photoluminescence spectroscopy (PL), a sample is exposed to a beam of specific 

wavelength to excite the material and an inverse process occurs from the relaxation of 

the material releasing photons. From PL measurements it is possible to obtain 

information about the electronic transitions in a material.  

In semiconductors, the photoluminescence is used to determine the energy related to 

the emission energy bandgap energy (𝐸𝑔(𝑒𝑚𝑠)) and the intraband transtions caused by 

defects, impurities or doping agents. PL measurements require to use an optical 

excitation with an energy higher than 𝐸𝑔(𝑎𝑏𝑠) of the semiconductor. For ZnO, analyses 

were conducted at room and low temperatures measuring the emitted radiations in the 

UV and visible ranges using a laser excitation at 325 nm. 

In ZnO, at room temperature the exciton-phonon interaction leads to broadening of the 

photoluminescence peak and it is possible an overlapping of close energy transitions. 

Therefore, low temperature measurements enable to obtain more information about 

free excitons and about close energy levels. The setup for low temperature PL 

measurements only varies from that of room temperature measurements by the 
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necessity to use an Oxford open cycle He cryostat that can cools a metallic finger 

receiving the sample down to 2 K. The usual temperature that can be reached is 5 K.  

 

2.4.8. Raman spectroscopy 

 

In optical transmission or photoluminescence, the wavelength 𝜆 (nm) is used to describe 

the beam energy and the optical response. In Raman spectroscopy, it is preferred to use 

the frequency 𝑣 (s-1) or the wave-number 𝑣̅ (cm-1) to describe the energy transitions. 

Here we remind that: 

Δ𝐸 = ℎ
𝑐

𝜆
= ℎ𝑣 = ℎ𝑐𝑣̅                                                        (2.42) 

Raman spectroscopy is concerned with the rotational and vibrational transitions in the 

spectral region from 104 to 102 cm-1. The sample is irradiated with a laser beam of 

frequency (𝑣0) and the scattered light is measured. 

The scattered light can be the result of an elastic or an inelastic process with the sample. 

For the elastic process, the incident photon excites an electron from a ground vibrational 

level to a temporal “virtual state”. In the relaxation, process the scattered photon has the 

same frequency (𝑣0) as the incident photon and the phenomenon is known as Rayleight 

scattering. Most of the scattering is elastic, hence the signal is strong. 

 

FIG. 2.19. Representation of the scattering processes in Raman measurements.  
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If the incident photon transfers energy to the material, the frequency of the scattered 

photon decreases (fig. 2.19). This effect is called Stoke shift. On the other hand, if the 

photon receives energy from the material, the frequency of the scattered photon will 

increase, this process is called anti Stoke shift. In both processes, there is the 

intermediation of lattice optical phonons. These shifts are the basis of Raman 

spectroscopy. 

For the Raman and PL measurements was used an IHR 320 Raman spectroscope from 

JobinYvon, with HeCd laser at different wavelength for excitation, gratings 150 

lines/mm with a blaze at 400 nm. The detection is done by a CCD cooled at -70°C.  
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Chapter 3  

3. ZnO thin films: Synthesis and 

characterization 

 

ZnO is a promising material for application as a transparent electrode or luminescent 

layer in optoelectronic devices such as solar cells, UV light-emitting diodes and 

electrochromic devices. Their performances strongly depend on the electrical and 

optical properties of the films37,39,134, that are affected by the structure and 

microstructure. Magnetron sputtering is a traditional method for the deposition of ZnO 

but sputter-deposition of ZnO is often based on RF-sputtering of ZnO targets and uses 

thermal assistance to grow high quality films. In contrast, the growth of ZnO films using 

reactive DC magnetron sputtering is little considered although it may present some 

interests from fundamental and applicative point of views for tuning both the defect 

chemistry and the microstructure. The first objective of this chapter is to illustrate these 

possibilities. These possibilities can then serve as a platform to study the resulting 

optical properties in order to rationalize the large scatter of optical data reported in the 

literature.  

In this chapter, we investigate the influence of experimental conditions on the growth 

and optical properties of ZnO thin films. The chapter is divided in two main parts. In a 

first part we investigate the possibility to obtain single-domain epitaxial ZnO thin films 

without thermal assistance on (0001)-sapphire substrates using reactive DC magnetron 

sputtering. In the second part of the chapter we describe the evolution of the optical 

response and the underlying role of the chemical defects present using different growth 

conditions. In order to change the Ar-O2 mixture composition, the oxygen flow rate 

(OFR) was modified. To consider the influence of the substrate and its interaction with 

the ZnO growing films we used (0001)-sapphire, showing epitaxial relationships with 

ZnO, and fused silica as crystalline and amorphous substrates, respectively. We also 
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deposited ZnO thin films onto (111)-Silicon to perform room and low temperature 

photoluminescence measurements in order to avoid any interference from the 

luminescence by sapphire and fused silica with that of ZnO films.  

The results are interpreted to the light of the defect chemistry and recent insights into 

the condensation mechanisms during reactive magnetron sputtering of ZnO. 

 

3.1. Elaboration of zinc oxide thin films 

 

Deposition runs were performed in a 40 L deposition chamber equipped with 3 

magnetron guns. A schematic and description of the deposition setup is given in chapter 

2, section 2.3. ZnO films were grown on fused silica, (0001)-sapphire and silicon 

substrates by DC sputter-deposition from a 2 inches diameter target positioned at a 

target-substrate distance of 50 mm in Ar-O2 reactive gas mixtures. The target was placed 

off-axis relatively to the rotating substrate holder axis, which enables ensuring a good 

lateral homogeneity in thickness and composition of the films135. The samples were 

positioned on the circumference of the substrate-holder facing the magnetron axis. The 

argon flow rate was fixed to 50 standard cubic centimeters per minute (sccm) and the 

oxygen flow rate (OFR) was varied in the range of 5-15 sccm O2, corresponding to an 

injected composition in the range 9-23 vol % O2 and a total pressure close to 0.4 Pa. The 

surface of the samples was activated in situ using Radiofrequency polarization (60 W, 2 

minutes) in the reactive ambiance just before deposition. The discharge current was 

fixed at 0.07 A. This low discharge current was used to prevent substantial self-heating 

of the film during bombardment by fast particles impinging the substrates after their 

production at, or reflection by, the target surface. The substrate temperature was 

evaluated using thermal level stripes (Thermax) positioned on the same circumference 

as the substrates on the substrate-holder and was below 40°C (the lower detection limit 

of the thermal level stripes) for all conditions. The deposition time was set such that the 

resulting film thickness, measured by tactile profilometry, was 150 nm  20 nm for all 

deposition conditions. The evolution of the chemical composition was determined by 

energy dispersive X-ray spectroscopy (EDSX) (see chapter 2, section 2.4.3) with 
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amplification of the signal originating from light elements (oxygen in this case) and 

using a stoichiometric ZnO powder (NIST) as reference. The presence of defects and the 

determination of the emission bandgap energy were investigated by photoluminescence 

measurements (see chapter 2, section 2.4.7) in the UV and visible ranges with laser 

excitation at 325 nm.  

 

3.2. ZnO crystal growth 

 

When measuring the growth rate and the discharge voltage as a function of the increase 

of the oxygen flow rate, it is observed a decrease in both parameters as observed in fig. 

3.1. ZnO exhibiting higher surface binding energy and secondary electron emission yield 

than metallic zinc, these evolutions are explained by a progressive transition of the 

chemical nature of the target surface from metallic to oxidized. Hence the OFR interval 

from 5 to 15 sccm lays in the transition region from metallic to compound sputtering 

mode. Moreover, both the deposition rate and discharge voltage tend to saturate to a 

low value as the OFR approaches 15 sccm, indicating nearly complete oxidation of the 

target is reached. Indeed, the selected range of OFRs ensures we can probe the influence 

of the progressive chemical oxidation of the target on the microstructure and properties 

of deposited films.  
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FIG. 3.1 Growth rate (white dots) and discharge voltage (black dots) as a function of the 

OFR. 
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The characterization of the ZnO thin films starts with a quick look at the optical 

transmittance response of the films. Fig. 3.2 shows the evolution of the optical 

transmittance in the UV and visible ranges for all films synthesized within this study. A 

transition from semi-transparent to highly transparent states is observed as the OFR is 

increased from 5 to 8 sccm and above. This transition results from the oxidation of zinc 

atoms as the OFR is increased as shown using X-ray absorption spectroscopy at the Zn-K 

edge136. In the case of Al-doped zinc oxide films, a modification of the film 

microstructure from random orientation of the crystallites to a strong preferential 

growth along the c-axis of the wurtzite cell has been observed during this transition137. 

This may indicate a modification of the condensation energetics. Considering the change 

of the transmittance signal during oxidation of the target surface, we investigate in this 

part on the influence of this transition on the microstructure of undoped ZnO in the 

extreme cases of amorphous substrates (fused silica) and (0001) sapphire. The latter is 

known to enable epitaxial growth of ZnO at temperatures higher than typically 300°C 

using MOVPE, MBE, PLD44–47  

 

FIG. 3.2. Optical transmission spectra for ZnO films deposited on fused silica at different 

oxygen flow rates. 

3.2.1. Structure and microstructure 

The region of interest of X-ray diffractograms of all synthesized films collected in -2 

configurations is displayed on fig. 3.3a. The diffraction peak corresponding to the 

signature of the (0002) planes of the ZnO wurtzite (P63mc) crystal structure is observed 

close to 34.4° for all samples.  A peak close to 72.0° was systematically observed, which 
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is ascribed to the diffraction by the (0004) planes of the same structure (Annex A). Only 

the thin films produced with the lowest OFR of 5 sccm exhibit other peaks, 

corresponding to the diffraction by {101̅1} and {101̅0} planes and a slightly darkish 

color characteristic of noticeable oxygen sub-stoichiometry. Hence, as observed for 

reactively sputtered Al-doped ZnO films137, a transition exists in the condensation 

process allowing the growth to develop exclusively along the c-axis of the wurtzite cell 

provided the OFR is high enough, this orientation being the most reported  in the 

literature16,52,134.  

 

FIG. 3.3. Region of interest of the X-ray diffractograms of ZnO films deposited on fused 

silica and c-oriented sapphire for different OFRs (a). Evolution of the diffracted intensity 

with the OFR for films deposited on fused silica and (0001)-sapphire (b). The vertical 

dashed line indicates the critical oxygen flow rate (c-OFR). 

 

This transition is accompanied by a strong increase of the diffracted intensity that sets 

to a nearly constant value for OFRs above or equal to 8 sccm on both substrates (fig. 

3.3b). Indeed, the crystallinity is modified by the gas composition and resulting 

processes. In the following, we will verify that 8 sccm can be considered as a critical OFR 

(c-OFR) from the microstructural point of view as well. Although the trends for the 

evolution of the crystallinity with the OFR are similar for ZnO films deposited on fused 

silica and sapphire, the intensity diffracted by ZnO is approximately four-fold higher on 

sapphire. As all the films are of the same thickness, this result suggests a strong 
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interaction between the ZnO and sapphire crystal networks. Such an interaction is 

expected to increase the grain size by facilitating coherent in-plane growth.  

Fig. 3.4a plots the evolution of the length of coherence domains L with the OFR. L has 

been evaluated from the full width at half maximum (FWHM) of the (0002) diffraction 

peak using the Scherrer formula138. Here, the difference of behaviors on fused silica and 

sapphire is striking. For the lowest OFR, L is nearly the same on both substrates, i.e. 

around 30 nm. It increases slightly as the OFR is increased from 6 sccm. Starting from 

the c-OFR of 8 sccm, L tends to stabilize to low and high values around 25 and 50 nm on 

fused silica and sapphire, respectively. Indeed, the growth conditions are clearly 

modified near the c-OFR. Moreover, these results confirm a strong ZnO-sapphire 

interaction activated through the OFR, which is further investigated in the following.  

 

FIG. 3.4. Evolution of the length of coherence domains (a) and of the c-axis parameter of 

the wurtzite cell structure (b) with the oxygen flow rate of ZnO films deposited on fused 

silica and (0001)- sapphire.  The vertical dashed line indicates the critical oxygen flow 

rate (c-OFR). 

 

Looking more carefully at fig. 3.3a, it is observed that the (0002) diffraction peak is 

shifted towards lower values of 2 for all investigated deposition conditions with 

reference to 34.43° for bulk ZnO. Moreover, the magnitude of the shift is depending on 

the synthesis conditions. According to the well-known Bragg’s law, this corresponds to 

an elongation of the c-axis parameter, which evolution with the OFR is plotted on fig. 
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3.4b for both substrates. In-plane XRD measurements (Annex A) have been conducted 

and allowed to evaluate the a-axis parameter of the films deposited at 10 sccm on fused 

silica. A value of 3.2527 Å was found, against 3.2539 Å for bulk ZnO. Therefore, the out of 

plane elongation of the c-axis parameter is accompanied by a contraction in-plane. 

Indeed, in-plane compressive stresses  are in action. The magnitude of these stresses 

was evaluated for all deposition conditions using the average uniform strain 𝑒𝑧𝑧 along 

the c-axis parameter and a biaxial in-plane strain model:  

 𝑒𝑧𝑧 =
𝑐 − 𝑐0
𝑐0

 (3. 1) 

 
𝝈 = [𝑪𝟏𝟑 − 

(𝑪𝟏𝟏 + 𝑪𝟏𝟐)𝑪𝟑𝟑
𝟐𝑪𝟏𝟑

] 𝒆𝒛𝒛 
(3. 2)  

With 𝑐0 (5.2042 Å) the bulk and 𝑐 the experimental c-axis parameters, 𝐶𝑖𝑗  the elastic 

stiffness constants (C11 = 2.1 x 1011 N/m2, C33 = 2.1 x 1011 N/m2, C12 = 1.2 x 1011 N/m2, 

and C13 = 1.05 x 1011 N/m2)134,139. 

The evolution of  with the OFR is displayed on fig. 3.4b for all deposition conditions on 

both types of substrates;  is compressive in all cases. As the semi-transparent film 

produced with an OFR of 5 sccm can contain a significant amount of metallic zinc it is not 

considered for the discussion. Doing so, an asymmetric reverse bell-shape with a 

minimum close to the c-OFR is observed for deposition on both fused silica and sapphire 

substrates (fig. 3.4b). Due to the amorphous character of silica, the presence of epitaxial 

conditions for this substrate cannot explain this evolution. Moreover, a possible 

influence of thermal stresses can be ruled out since the deposition temperature is very 

close to room temperature. Hence, the observed behavior on fused silica should be 

related with the presence of crystal defects and impurities140. We can then propose that 

the c-OFR corresponds to the condition enabling to obtain the closest composition to 

stoichiometric ZnO. It is therefore likely related to the change in condensation 

mechanisms upon increasing the OFR as hypothesized above. Here, it is necessary to 

precise that the defect densities corresponding to stoichiometric ZnO in normal 

conditions cannot be reached with room temperature magnetron sputtering due to high 

associated cooling rates that favor the presence of point defects.  At the zinc-rich side, 

the magnitude of  on sapphire is 3 to 4-fold that on fused silica (-1.8 GPa on sapphire 
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and -0.5 GPa on fused silica at the c-OFR). The difference is less pronounced and tends to 

nullify at the oxygen-rich side. Since the condensing particles are supposed to impinge 

similarly the fused silica and sapphire substrates during growth, higher values of  on 

sapphire could be related to the lattice mismatch between ZnO and sapphire within 

epitaxial growth conditions. Previous works have shown it is possible to obtain an 

heteroepitaxial growth of single–oriented ZnO on (0001) sapphire at relatively low 

temperature (<100 °C). The mechanism responsible for this growth is related with the 

formation of an O-Zn=O-Al interface and was proposed to involve energetic species 

produced during sputtering and high mobility of Zn surface atoms in zinc-rich 

conditions141,142. Structural and microstructural signatures of epitaxial growth are 

therefore investigated hereinafter.  

φ-angle scan X-ray diffractograms (see chapter 2, sections 2.4.1) can be used to 

differentiate if a film is textured or if it grows in epitaxy with the sapphire substrate. Fig. 

3.5 shows φ-scan X-ray diffractograms using the 2 angles corresponding to the 

diffraction by the {101̅1} planes of ZnO and {101̅4} planes of sapphire for the films 

deposited on sapphire. The signal for a film deposited on fused silica was used for 

comparison. Two peaks separated by 120° are visible on the diffractograms of sapphire, 

which is characteristic of the 3-fold symmetry around the c-axis of the rhombohedral 

structure of sapphire. No specific symmetry is apparent for ZnO films deposited on silica 

and weak signal is observed for the semi-transparent and slightly absorbent films 

deposited with the two lowest OFRs of 5 and 6 sccm on sapphire. In contrast, the 6-fold 

symmetry characteristic of single-domain epitaxial wurtzite ZnO becomes significant at 

the c-OFR and above and the diffracted intensity increases with the OFR.  

To confirm the epitaxial growth and the absence of macles or twins, XRD pole figures 

(see chapter2, section 2.4.1.) of the (0002) and the {112̅2} planes of hexagonal ZnO have 

been collected. The pole figure of the {112̅2} ZnO planes (fig. 3.6) confirms the 

hexagonal ZnO 6-fold symmetry despite broad peaks are observed. The small dots and 

the narrow peaks in the pole figure correspond to the diffraction by {213̅4} and {303̅0} 

peaks of the -sapphire substrate. The detection of a single peak in the center of the 

stereographic representation of the (0002) ZnO plane reveals the absence of twins. 
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FIG. 3.5. (left) X-ray diffraction -scans for the signal originating from {𝟏𝟎𝟏̅𝟏} ZnO films 

deposited on (0001)-sapphire for different oxygen flow rates. The signal from the 

{𝟏𝟎𝟏̅𝟒} planes of sapphire and from a ZnO film deposited on silica are used as 

references. (Right) Representation of the in-plane lattice orientation of ZnO with respect 

to the Al2O3 substrate showing the 30° shift. The yellow lattice corresponds to the 

sapphire and the blue corresponds to the ZnO lattice. The yellow dots are oxygen atoms 

in the sapphire structure and black squares are the Zn atoms in the ZnO film. 

 

Recalling the φ-angle scan results, we can consider that there are different possible 

epitaxial relationships between c-axis oriented sapphire and c-axis oriented wurtzite 

zinc oxide crystals, but a rotation of 30° of the a-axis of ZnO with respect to the sapphire 

substrate is usual and allows the lowest strain in the ZnO film143–146. This situation is 

observed here since the {101̅1} peaks of ZnO are displaced by 30° with respect to the 

{101̅4} peaks of sapphire. The epitaxial relationships describing this situation are 

ZnO[0001]/Al2O3[0001] out of plane and ZnO[101̅0]/Al2O3[112̅0] in-plane. These 

relationships lead to a theoretical lattice mismatch of 1.4 % that can be partially 

accommodated by in-plane compressive stresses. Indeed, higher in-plane compressive 

stresses on sapphire (see fig. 3.4b) are explained by the development of single-domain 

epitaxial growth of ZnO at low temperature.  
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FIG. 3.6. Pole figure and 3D representation of the (a) {𝟏𝟏𝟐̅𝟐} and (b) (𝟎𝟎𝟎𝟐) diffraction 

planes of a ZnO film grown at an OFR of 15 sccm. 

 

TEM analyses were performed for direct observations of the microstructure for the most 

different growth conditions on sapphire substrates. For the film deposited with the 

lowest OFR, a columnar growth microstructure is observed on the bright and dark field 

images (fig. 3.7a and fig. 3.7c). The selected area electron diffraction (SAED) pattern (fig. 

3.7b) shows the presence of spots located on 3 rings corresponding to the diffraction by 

the (0002), {101̅1} and {101̅0} planes of ZnO. This is consistent with a polycrystalline 

microstructure and the absence of a clear in-plane 6-fold symmetry in the φ-scan of this 

sample (fig. 3.5). In contrast, the bright and dark field images obtained with the highest 

OFR (15 sccm) do not reveal the presence of grain boundaries (fig. 3.7d and fig. 3.7f). 

Nevertheless, fluctuations of the diffracted contrast are obvious, which indicate the 

presence of microstrains. The latter can result from the relaxation in the FIB lamella of 
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compressive stresses  developed during film growth (see fig. 3.4). The SAED pattern 

obtained placing the diaphragm as illustrated by the red circle on fig. 3.7d and with 

[1̅21̅0] ZnO and [11̅00] Al2O3 in zone axis condition, is shown in fig. 3.7e. It is constituted 

of sharp spots corresponding to the diffraction by the ZnO and sapphire crystal 

networks with their c-axis oriented parallel to the growth direction and the {101̅0} 

planes of ZnO and {112̅0} planes of sapphire parallel to each others. These 

measurements are fully consistent with the epitaxial orientations derived from φ-scan 

X-ray measurements (fig. 3.5). The same conclusions were drawn from the SAED 

analysis of the film synthesized at the c-OFR of 8 sccm which, nevertheless, showed less 

localized diffraction spots for ZnO. Hence, a simple variation of the gas composition sets 

the conditions for single-domain epitaxial growth along the c-axis of wurtzite ZnO 

without any thermal assistance. 

 

FIG. 3.7. Bright field, dark field images and selected area electron diffraction pattern of 

ZnO films deposited on (0001)-oriented sapphire at oxygen flow rates of 5 sccm (a-c) 

and 15 sccm (d-f). 
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3.2.2. Composition and defect chemistry 

 

In reactive magnetron sputtering experiments the composition of the reactive gas 

mixture influences the film and target surface composition. Fig. 3.8a shows the evolution 

of the oxygen composition of the films 𝐶𝑂
𝐹 with the OFR. Progressive oxygen enrichment 

is observed as the gas composition is made more oxidative up to an OFR of 12 sccm at 

which saturation of the chemical composition is observed. Although these 

measurements result from a calibration and each point is the average of ten collections, 

it should not be taken as quantitative but give the trend for the evolution of the oxygen 

content.  These results along with optical measurements of fig. 3.2 likely indicate a 

transition of the oxygen content from sub- to over-stoichiometry with the OFR, which 

will be further discussed in the next paragraph using the results of photoluminescence 

spectroscopy measurements. The inset displays the discharge voltage Vd with the OFR. 

As already mentioned above, the decrease in Vd from ~370 V to ~320 V as the OFR is 

increased from 5 to 15 sccm, indicates a modification of the average oxidation state of 

the zinc target surface accompanied by an increase of the secondary electron emission 

yield108,147. Indeed, compositions of the film and target surface evolve simultaneously. 

In order to evaluate the consequence of the modification of the oxygen content in the 

films on the formation of chemical defects, room temperature photoluminescence 

spectra have been collected.  These are displayed in fig. 3.8b for different values of the 

OFR. A near band edge (NBE) emission centered around 380 nm, usually ascribed to the 

recombination of free excitons, and a broad visible emission, ascribed to the 

recombination of bound excitons, are observed for all conditions. The intensity of the 

NBE emission decreases upon oxidation of the films, which is certainly related to a 

change in the density of free carriers and defect chemistry. Additionally, the visible 

emission has been deconvoluted in three contributions carrying information on the 

defect chemistry. Contribution P1 (maximal intensity at 527 nm-green) is ascribed to the 

transition between a shallow level (Zni) and an oxygen vacancy (VO) level, while 

contribution P2 (560 nm-yellow) is ascribed to the transition between the conduction 

band and the deep level of oxygen interstitial (Oi)148,149. Contribution P3 (648 nm-

orange-red) has not clearly been ascribed so far but could be related to a modification of 

the c-axis parameter and to a transition from a shallow level to the Oi level150,151.  
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FIG. 3.8. Evolution of the oxygen content and discharge voltage Vd (insert) with the 

oxygen flow rate for all synthesized films (a). The vertical dashed line indicates the 

critical oxygen flow rate (c-OFR). Photoluminescence spectra of ZnO films deposited at 

different oxygen flow rates (b). An exemple for the deconvolution of the visible signal in 

three contributions is shown for the oxygen flow rate of 12 sccm.  The insert shows the 

evolution of the maximal intensity of each contribution with the oxygen flow rate. (c) 

Schematic diagram showing the interband and intraband transitions in the ZnO films. 

 

The evolution of the intensity of P1-P3 with the OFR is plotted as inset of fig. 3.8b. P1 

tends to decrease with the OFR, which logically indicates the least presence, in more 

oxidative synthesis conditions, of chemical defects usually associated to oxygen sub-

stoichiometry. Complementary, P2 and P3 increase with the OFR, following a trend 

similar to the oxygen content. Hence, it is proposed that the oxidation of the film 

proceeds in a significant extent by generation of oxygen interstitial defects (fig 3.8c). 

In order to gain more confidence on the defect chemistry assumed from the previous 

investigations, low temperature PL measurements have been performed near the band 

edge. Those measurements also carry information on the defect chemistry152,153. The 

low-temperature-PL spectrum of ZnO can be divided in four main energy regions 

according the nature of each emission process (fig. 3.9a). Region I, ranging from 3.37 to 

3.42 eV, corresponds to the emission related to the A, B and C free excitons (FXi, with i = 

A, B or C) recombinations. Region II, ranging from 3.37 to 3.33 eV, correspond to neutral 
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donor and/or acceptor defect bound-excitons (DXi and/or AXi with i = A, B or C exciton) 

emissions. From 3.33 to 3.30 eV, we find region III comprising the two electrons satellite 

effect and longitudinal optical phonon (LO) emissions and, at lower energies (region IV), 

LO replicas.  

 

FIG. 3.9. (a) Photoluminescence spectrum at 5 K of ZnO grown at OFRs of 6 and 12 sccm. 

(b) Zoom of the photoluminescence spectrum at 5 K in the free exciton region for an 

annealed and an as-deposited ZnO films. 

 

The photoluminescence spectra of as-deposited ZnO films synthetized with OFRs of 6 

and 12 sccm and a of a film synthesized at 12 sccm and annealed at 300 °C under air for 

1h are shown in fig. 3.9. The main contributions at 3.36 eV and 3.31 eV for the film as-

deposited at 6 sccm correspond to electron transition from neutral donor defect to 

bound A exciton (DXA) and to its TES effect (TESDXA), respectively134,152. This confirms the 

predominance of donor defects at low OFR, as concluded from room temperature PL 

measurements. Consistently, phonon replicas of the TESDXA are clearly identified in 

region IV. Signal from the A free exciton is not clearly identified but might be present at 

the high energy side of the DXA peak, which is supported by the large width of the 

phonon signals. For the film deposited at 12 sccm, the TESDXA signal is much weaker and 

the maximum of the exciton peak is shifted up close to the energy of the FXA energy. This 
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is again in line with a lower density of donor defects. Therefore, low temperature PL 

measurements are consistent with room temperature PL measurements and confirm a 

least presence of donor defects in films synthesized at high OFR. After annealing the film 

deposited at 12 sccm, peaks are narrower and the spectrum is dominated by emissions 

subsequent to the recombination of free A excitons (FXA) and its phonon replica. Indeed, 

most of the donor defects appear to be cured by the annealing process in air at 300°C 

and the free exciton-LO Phonon interaction is strong. The latter point will be further 

discussed in the sections 3.3 and after. 

From these low temperature measurements, it is also possible to extract the phonon 

energy and exciton binding energy in order to compare the data with those 

corresponding to typical ZnO films. In ZnO, the valence band splits in three valence 

states denoted as A, B and C134,152,153 (see chapter 1, section 1.1.2), giving rise to the 

corresponding free exciton emissions (FXi, with i = A, B or C). At the high energy side of 

the PL spectra (fig. 3.9b), it is possible to detect the free exciton emissions152. After an 

annealing treatment, we observe the signal ground state of the A-free exciton emission 

(𝐹𝑋𝐴
𝑛=1)  at 3.3773 eV and at a higher energy (3.4275 eV), a weak signal coming from the 

A-free exciton excited state (𝐹𝑋𝐴
𝑛=2) for the Γ5 band symmetry,  The (𝐹𝑋𝐴

𝑛=2) signal 

corresponding to the Γ6symmetry of the A-free exciton excited state appears at 3.4194 

eV134. The difference in energy between the 𝐹𝑋𝐴
𝑛=1 and the 𝐹𝑋𝐴

𝑛=2 signals is related with 

the exciton binding energy as Δ𝐸 =
4

3
𝐸𝐸𝑥𝑐𝑖𝑡𝑜𝑛134,154. 𝐸𝐸𝑥𝑐𝑖𝑡𝑜𝑛 is evaluated at 57 meV in 

our case, in agreement with the typical reported value of 60 meV in ZnO. The signal that 

appears at 3.3991 eV corresponds to the B-free exciton, the C-free exciton is not 

detected. In fig. 3.9a, near 3.31 eV we observe the ZnO LO phonon of the free exciton 

(LO(FXA)) signal and, at lower energies, its replicas separated by  73 meV. This separation 

corresponds to a frequency of 588 cm-1 typical of the E1-LO phonon. 

From room temperature PL measurements it was possible to detect  three main defects: 

the shallow donor zinc interstitial (Zni), the deep donor oxygen vacancy (VO) and the 

deep acceptor oxygen interstitial (Oi)148,149.  A brief description of each defect follows. 
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In zinc-rich conditions, VO is the most stable defect and is present as a deep donor:  

 𝑽𝑶
𝟎  →  𝑽𝑶

𝟏+ + 𝟏𝒆− 

𝑽𝑶
𝟏+ → 𝑽𝑶

𝟐+ + 𝟏𝒆− 

 

(3.3) 

It is not involved in n-type conduction since its energy is at distance of at least 1 eV from 

the bottom of the conduction band16. 

When Zni is inserted along the c-axis in a deformed octahedral configuration it reachs its 

most thermodynamically stable form. This stabilization is explained by a lower 

repulsion between atoms as shown by the atom distance, obtained from DFT 

calculations, for Zni-Zn is 1,22dO and for Zni-O is 1,02dO155. At zinc-rich conditions, Zni is 

relatively stable and, according to calculations, its energy level is located near the 

bottom of the conduction band. This means it can be involved in the n-type conduction 

as shallow donor defect (eq.3.4), eventually coupled to VO21,156,157 as also concluded from 

our room temperature PL measurements (fig. 3.9b).  

𝒁𝒏𝒊
𝟎  →  𝒁𝒏𝒊

𝟏+ + 𝟏𝒆− 

𝒁𝒏𝒊
𝟏+  →  𝒁𝒏𝒊

𝟐+ + 𝟏𝒆− 

(3.4) 

Oi exist in significant amount mainly at oxygen-rich conditions. It exists in three forms 

depending on the position in the unit cell158,159. For n-ZnO films, the most stable form is a 

two-bonded oxygen in a rotated bell-shape that is a deep acceptor defect: 

(𝑶𝟐)𝑶
𝟎 + 𝟒𝒆− → 𝟐𝑶𝟐− (3.5) 

Based on the previous results, we can state that the density of this defect appears higher 

above a critical oxygen flow rate in the transition between the elementary and 

compound sputtering regimes. Based on the results presented above, it can be stated 

that the possibility to achieve single-domain epitaxy of wurtzite zinc oxide films on 

(0001) sapphire near-room temperature with reactive magnetron sputtering goes on 

with the transition from sub- to over-stoichiometric films and an evolution of the 

compressive stresses that reach a minimum near the film stoichiometry. The following 

section discusses the possible origin of the observed evolutions. 
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3.2.3. Oxygen ion bombardment. 

 

As oxygen atoms are sputtered from the partially or fully oxidized target surface, it can 

capture a secondary electron emitted by the target160,161, leading to the formation of O- 

ions : 

 
𝒁𝒏𝑶𝒔𝒖𝒓𝒇𝒂𝒄𝒆  

𝑨𝒓+

→       𝒁𝒏(𝒈) + 𝑶(𝒈) 
(3.6) 

 𝑶(𝒈) + 𝒆(𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚)
− →  𝑶(𝒈)

−  (3.7) 

Such ions can be further accelerated in the cathode sheath (fig. 3.10). 

The flux of O- species is very difficult to quantify but an empirical, though apparently 

universal, expression can be used to evaluate its dependency to the discharge voltage Vd 

for sputter-deposition of oxides161: 

 
𝜸(𝑶−) = 𝒄 ∗ 𝑵(𝑶) ∗  𝐞𝐱𝐩 (

𝟏

𝑽𝒅
) 

(3.8) 

With (O-) and N(O) the fluxes of O- ions emitted by the target and sputtered oxygen 

atoms, respectively; c is a constant. We see that the flux of O- ions emitted upon surface 

oxidation of the zinc target increases as N(0) rises from zero and as Vd decreases (fig. 

3.8a). Indeed, the emission of O- ions dramatically increases during the transition from 

metallic to compound sputtering regimes. We can estimate the number of collisions 

experienced by these emitted ions during their drift from the target surface to the 

substrate. The mean free path for the collisions of the oxygen projectile and the argon 

background gas O-Ar can be approached by: 

 
𝝀𝑶−𝑨𝒓 = 

𝒌 𝑻𝒈

√𝟐(𝝅 𝒓𝑶
𝟐 + 𝝅 𝒓𝑨𝒓

𝟐 )𝑷𝑨𝒓
 

(3.9) 

With the atomic radii rO = 48 pm, rAr = 71 pm, PAr = 0.5 Pa, k the Boltzmann constant and 

Tg = 300 K, we find O-Ar = 250 mm, which by far exceeds the target-substrate distance. 

Therefore, fast oxygen particles impinge the surface of the growing film with a kinetic 

energy close to Vd, as confirmed by recent experiments with a similar pressure and 

target-substrate distance162. It can also be considered that a small portion (we estimate 
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to 6 % using the Monte Carlo SRIM code163) of the O2+ species formed in the bulk of the 

plasma phase are neutralized, dissociated and reflected by the target surface. The kinetic 

energy of the so formed neutral O species is close to 0.2 Vd, i.e. 60 eV162. It is known that 

the bombardment of ZnO by fast oxygen particles generates point defects to 

accommodate oxygen enrichment above the equilibrium stoichiometry of ZnO164. Using 

SRIM, we find that these particles have an implantation probability close to 90 % and 

locate within the first 5 nm below the film surface for the experimental conditions used. 

This estimate is in line with the observed oxygen over-stoichiometry above the c-OFR 

(fig. 3.8a). As evidenced by PL measurements, the chemical/structural defect associated 

to this over-stoichiometry is very likely oxygen interstitial. Complementarily, the density 

of zinc interstitials can be significant at low oxygen pressure and high Zn pressure in the 

metallic mode under non-equilibrium conditions155,165,166. Both interstitial defects 

generate local strains in the wurtzite cell and easily explain the reverse bell-shape 

evolution of  with the OFR and the minimal stress state near the c-OFR.  

 

FIG. 3.10. Scheme of the oxygen ion bombardment mechanism after the critical-OFR. 
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Achieving epitaxial growth requires that the condensing Zn and O atoms have sufficient 

surface mobilities to position at the optimal thermodynamic and crystallographic sites. 

It can be achieved through different phenomena following the impact of the fast 

particles on the film surface. The kinetic energy carried by the fast O- ions (around 300 

eV upon impact with the film surface) emitted by the target can easily displace 

chemisorbed and bulk Zn and O atoms because it by far exceeds the upper limit of the 

bulk displacement energy of zinc Ed(Zn) = 65 eV and oxygen Ed(O) = 50 eV/at167. 

Simulations showed that implantation events induce displacement cascades at the 100 

femtosecond timescale followed by a picosecond timescale thermal spike phase in the 

perturbed volume during which the mobility of atoms is very high116. Subsequently, 

thermal phonons travel away from the initial cascades zone also facilitating the diffusion 

on their path.  As these events occur very close to the vacuum-film interface, it can 

strongly enhance the adatom mobility. 

We propose that the possibility to form epitaxial ZnO at such a low temperature is 

explained by the transformation of the kinetic energy of fast oxygen particles into the 

mobility of the adatoms. A simplified scheme if the ion bombardment mechanism can be 

seen in fig. 3.10. 

Fig. 3.11 summarizes the most important results of the previous sections. Increasing the 

oxygen flow rate fed into the deposition chamber results in a transition from sub- to 

over-stoichiometric ZnO films. This transition is accompanied by a change in the defect 

chemistry as oxygen interstitials are incorporated in the wurtzite cell. Within this 

transition, single-domain epitaxy of wurtzite ZnO develops on sapphire as probed with 

φ-scan X-ray diffraction and transmission electron microscopy. The ZnO single crystal is 

systematically oriented with the c-axis along the growth direction and 

ZnO[101̅0]/Al2O3[112̅0] relationship in-plane. The possibility to form epitaxial ZnO at 

such a low temperature is explained by the transformation of the kinetic energy of fast 

oxygen particles into the mobility of the adatoms. Zinc interstitial atoms and oxygen 

vacancies are present in large proportions in zinc-rich conditions while the density of 

oxygen interstitials increases as the gas mixture is made progressively more oxidative.  
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FIG. 3.11. Scheme of the in microstructure and defect chemistry evolution as a function 

of the OFR for ZnO thin films grown on fused silica and (0001)-Sapphire substrates. 

 

3.3. Near absorption edge optical properties 

 

Due to the importance of the optical properties of ZnO thin films, it is necessary to have 

an accurate determination of the bandgap energy ( 𝐸𝑔). However, in the literature there 

is a large scatter in the reported values  of 𝐸𝑔168–174, suggesting several factors related 

with the synthesis route and experimental parameters influence the bandgap energy. 

Changes in 𝐸𝑔 are often explained by changes in the carrier density through the 

Burstein-Moss (BM) effect and bandgap narrowing (BGN). Besides, it is important to 

point out that the obtained values can differ significantly depending on the 

measurement method. The absorption bandgap energy (𝐸𝑔(𝑎𝑏𝑠)) can be extracted from 

spectrophotometry measurements following the Tauc approach (see chapter 2, section 

2.4.5), while the emission bandgap energy (𝐸𝑔(𝑒𝑚𝑠)) can be accessed using, for instance, 

photoluminescence spectroscopy PL and is referred as the near band edge (NBE) 

emission already described in the previous section.  
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We discussed in the first part of this chapter how modifications of the OFR and the 

nature of the substrate determine the microstructure of the ZnO films. Moreover, it was 

shown that the stoichiometry and related defect chemistry depend directly on the 

synthesis conditions and affect the optical response of the film (see fig. 3.2 and fig. 3.8). 

In this section we discuss the role of the chemical defects in the ZnO thin films optical 

response. 

 

3.3.1 ZnO Urbach energy 

 

It has already been commented above that near-room temperature synthesis of thin 

films with magnetron sputtering introduces a large density of defects due to highly 

energetic particles bombarding the film surface175–177 and high cooling rate associated to 

the condensation mechanism. The presence of defects may have a deep and complex 

impact on the thin film properties and, particularly, on the optical and electrical 

properties178,179. The presence of cracks, pores or precipitates (3D defects), grain 

boundaries (2D defects), dislocations (1D defects) or vacancies or interstitial sites (0D 

defects) affect the microstructure and optical response of thin films but it is difficult to 

determine the contribution of each defect in the material134,180. 

In ZnO thin films grown at low and high OFR we did not find evidence of 3D defects by 

TEM. All measured films were found densely packed with columnar growth or 

monocrystalline character depending on the synthesis parameters (fig. 3.7 gives 

representative situations). More particularly no evidence of precipitation of a second 

phase has been found neither with XRD or SAED. Therefore, the influence of 3D defects 

on optical properties is a priori neglected.  

From fig. 3.12, it is observed that the absorption tail below the absorption edge is 

characterized by a higher absorption coefficient and is wider for films grown at low OFR 

than for films grown at high OFR, whatever the nature of substrate used (fused silica or 

sapphire). It is also observed that the nature of substrate have little influence on the tail 

shape. This is also true for the edge position. This reveals that the length of coherence 

domains L (see fig. 3.4) and, therefore, the grain size does not affect significantly the 
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optical absorption meanwhile the OFR is the main factor that changes the absorption 

response in this energy range. Hence, this discards a strong influence of grain 

boundaries (2D defects) on the optical response. As a consequence, we study in the 

following only the influence of point defects (electrically active or inactive) such as 

vacancies or interstitial atoms on the bandgap energy for films deposited on fused silica. 
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FIG. 3.12. Evolution of the absorption coefficient of ZnO films deposited on fused silica 

(blue squares) and (0001)-sapphire (red circles) at OFRs of 5 sccm (filled symbol) and 

15 sccm (open symbol). 

 

In chapter 2, section 2.4.5.3 we discussed about the exponential tails at the edges of 

optical interband that occurs in semiconductors and can be characterized by the Urbach 

energy181. The understanding of this behavior could give information about changes in 

Eg of a semiconductor. It has been shown that there is a relationship between the 

absorption coefficient and the Urbach energy (Eu) that universally fits the absorption tail 

in semiconductors30,182: 

 𝛼 = 𝐴exp (ℎ𝑣/𝐸𝑢),  with 𝐸𝑢 =
𝑘𝑇

𝜎
      (3. 10) 

To describe the influence of electrically active impurities, Dow and Redfield proposed a 

refinement of the Urbach model183–185, in which electrical impurities could produce 
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electric field microfluctuations affecting the Urbach energy. According to this model, the 

presence of microfields perturbs the internal, relative motion of the exciton, leading to 

an electric-field-induced ionization of the exciton. In a detailed form, the absorption 

coefficient depends on the photon energy (hv), the electric field (F) and the probability P 

to find a field with magnitude F. The average of all the microfield source contributions 

can be expressed from the root mean square electric field strength (FRMS):  

 
𝑭𝒓𝒎𝒔 =

𝟐𝜺𝟎

√𝟑𝜺∗𝝅𝒆𝒂
𝐜𝐨𝐭𝐡 [

𝑬𝒑

𝟐𝒌𝑻
] 

(3.11) 

Whit  𝜀∗ the polaron effective dielectric constant expressed as  𝜀∗ = (1 𝜀∞⁄ − 1 𝜀0⁄ )−1, 

𝐸𝑝 the phonon energy and 𝑎 the 1s exciton radius (related with the binding energy). In 

general, in the absorption edge it is possible to confirm that: 

 𝛼 ∝ 𝑒𝐶(𝐸−𝐸0)/𝐹𝑟𝑚𝑠  (3.12) 

Showing that the Urbach energy is proportional to the field strength  

 𝐸𝑢 ∝  
𝐹𝑟𝑚𝑠

𝐶
  (3.13) 

The introduction of electrically active defects increases FRMS and, therefore, Eu. Equations 

3.11 and 3.13 shows that such influence can be followed experimentally by the 

determination of the polaron effective dielectric constant  𝜀∗. The lower 𝜀∗ the higher 

FRMS and Eu, meaning that there is a stronger interaction between the defects and the 

exciton.  

Fig. 3.13a presents the evolution of Eu as a function of the OFR for as-deposited and 

annealed films. For as-deposited films, Eu decreases rapidly while changing the OFR from 

5 to 6 sccm. It keeps decreasing at higher OFRs but much slower with the OFR. After 

annealing the films in air at 300°C, Eu is nearly constant and lower than in as-deposited 

films (a slight decrease with the OFR is still observed at low OFRS).  

The main difference in annealed films is a higher magnitude of 𝜀∗ in the zinc-rich region. 

Consistently with the results from the previous section, this can be interpreted as a 

decrease in the density of electrically active donor defects, leading to a more covalent 

ZnO than as-deposited intrinsically doped-ZnO. From a chemical perspective this can be 

explained by the fact that, in zinc-rich conditions, an increase in temperature leads to 



 

95 
 

consumption of Zni eased by its high diffusion coefficient compared to other defects, 

which may be related with its ionic radius (74 pm)186–188.  

 𝑶𝟐(𝒈𝒂𝒔) + 𝟐𝒁𝒏𝒊
+𝟐 + 𝟒𝒆 →   𝟐𝒁𝒏𝑶 (3.14) 

We note that this process consumes electrons and should, therefore, render the films 

more resistive. 

Annealing in air also leads to a decrease in the density of oxygen vacancies:  

 
𝒁𝒏𝑶 + 𝑽𝑶

+𝟐 + 
𝟏

𝟐
𝟎𝟐 → 𝟎𝐎

𝟎 + 𝟐𝒉+ 
(3.15) 

The evolutions of the Urbach energy in the case of the coatings deposited within this 

study can be understood knowing that the electric microfield strength increases with  

with heavy doping 185. Consistently, it was only possible to estimate the carrier density 

at 3,1x1019 cm-3 in the film of higher * as-deposited at 5 sccm, which is a similar value to 

some doped ZnO films174,189,190. Moreover, annealing this film in air as well as all other 

deposition conditions led to too resistive films to be measured.  
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FIG. 3.13. (a). Evolution of the Urbach energy with the OFR . (b) The polaron effective 

dielectric constant 𝜺∗ = (𝜺∞
−𝟏 − 𝜺𝟎

−𝟏)−𝟏 of ZnO films deposited at different OFRs as 

measured by spectroscopic ellipsometry. Full circles correspond to as deposited films 

and empty circles to ZnO films annealed in air at 300 °C, 1h. 
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3.3.2. ZnO bandgap energy 

 

We discussed above how the introduction of shallow donor defects such as Zni can affect 

the near-edge absorption, increasing the Urbach energy in the zinc-rich condition. 

However, our main purpose is to rationalize the variations of 𝐸𝑔 reported in the 

literature. Fig. 3.14 plots, for as deposited and annealed films, the evolution with the OFR 

of 𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠) obtained from emission PL and ellipsometry measurements using 

the Forouhi-Bloomer model (see annex B), respectively. Differences in the magnitude of 

𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠) is obvious for both as-deposited and annealed films.  

In the as-deposited state, from absorption and emission measurements, we observe that 

𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠) are both rather stable in the oxygen-rich region and close to 3.35 eV 

and 3.23 eV, respectively. In contrast, upon decreasing the OFR in the zinc-rich region, 

𝐸𝑔(𝑎𝑏𝑠) strongly increases up to 3.55 eV while 𝐸𝑔(𝑒𝑚𝑠) only weakly increases to around 

3.27 eV. After annealing, 𝐸𝑔(𝑎𝑏𝑠) decreases while 𝐸𝑔(𝑒𝑚𝑠) increases and are nearly stable 

around 3.32 eV and 3.26 eV, respectively.  
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FIG. 3.14. Evolution of the bandgap energy of ZnO thin films with the OFR determined by 

photoluminescence (emission) (-▼- ), ellipsometry (absorption) (-●-) and fit to the data 

with expressions 3.13 and 3.14  (-∆-) for (left) as deposited films in the exciton-defects 

regime and (right) annealed films in the exciton-phonon regime. 
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In a perfect undoped ZnO crystal, the NBE emission, i.e. 𝐸𝑔(𝑒𝑚𝑠), is supposed to be 

separated from the bottom of the conduction band, i.e. 𝐸𝑔(𝑎𝑏𝑠), by the free exciton 

binding energy (see fig. 3.15a). 

 𝑬𝒈(𝒂𝒃𝒔) ≈ 𝑬𝒈(𝒆𝒎𝒔) + 𝑬𝒆𝒙𝒄𝒊𝒕𝒐𝒏  (3.16) 

This expression rather well describes the situation after annealing (fig. 3.14b), even 

though the calculated absorption gap slightly overestimates experimental data.  

For as deposited films, expression 3.16 does not reflect the reality and it is necessary to 

introduce the contribution of the urbach energy Eu as follows: 

𝑬𝒈(𝒂𝒃𝒔) ≈ 𝑬𝒈(𝒆𝒎𝒔) + 𝑬𝒆𝒙𝒄𝒊𝒕𝒐𝒏 + 𝑬𝑼𝒓𝒃𝒂𝒄𝒉 (3.17) 

Such approach allows fitting very well the experimental data (fig. 3.14a). The results can 

be explained by taking into account (i) the influence of the introduction of shallow 

defects may affect the band tails above a certain defect density and that (ii) the exciton-

phonon or exciton-defect interactions is dominating the NBE and highlights the 

importance of the Urbach energy as an experimental parameter to extract correlations 

between the defect chemistry and 𝐸𝑔(𝑎𝑏𝑠)using 𝐸𝑔(𝑒𝑚𝑠) as a reference state. 

At  low density of shallow defect states, there are highly localized states and the exciton-

shallow defect interaction is weak. In such case the NBE emission is expected to be 

separated from the conduction band minimum by the exciton binding energy and 

equation 3.16 applies. Since ZnO is a ionic crystal, in absence of strong doping the free 

exciton is expected to strongly interact with phonons183,185, which is verified by low 

temperature PL measurements in annealed films (see fig. 3.9). 

When the shallow defect concentration is large enough, the levels near the conduction 

and valence bands changes from localized to delocalized states, band tails develop  and 

equation 3.16 is no more valid (fig. 3.14b) to describe the relationship between 

𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠). The high concentration of shallow donor defects leads also to a 

strong exciton-donor defects interaction as is confirmed by the low temperature PL 

measurements (see fig. 3.9). As a result, the exciton energy level is localized below the 

Urbach tail and equation 3.14 describes well the relationship between 𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠) 

by taking into account Eu. 
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FIG. 3.15. Representation of electronic band structure for (a) perfect ZnO crystal and (b) 

a highly ZnO doped crystal. 

 

The electrostatic repulsion between the valence and conduction bands increases 

𝐸𝑔(𝑎𝑏𝑠) distance and simultaneously the delocalized defect could make the 𝐸𝑔(𝑒𝑚𝑠) lower 

than in a low-doped crystal. This can explain the slightly lower emission 𝐸𝑔 ZnO value 

for as-deposited compared to the annealed films.  

Upon decreasing the OFR, the electrically active defects density in as-deposited films 

increases and so does the Urbach energy.  As the Fermi level is a function of the carrier 

concentration191,192, it shifts close to the conduction band for n-doped films. At high 

doping level, the defects concentration is above the critical Mott carrier 

concentration172,193,194 and unoccupied levels in the conduction band are filled up. The 

Fermi wave number kf changes and the Fermi level is pushed into the conduction band, 

leading to absorption at higher energies than the usual 𝐸𝑔(𝑎𝑏𝑠). This effect is known as 

the Burstein-Moss (BM) effect195,196. For non-doped ZnO, typical carrier concentration 

(𝑛𝑒) is around 1016 to 1017 cm-3 and depends on the growth technique134. The critical 

Mott density (threshold to activate the BM effect) for ZnO varies between 1,3x1018 to 

3,7x1019 cm-3 depending on the model used to calculate it134,152,197. For the OFR of 5sccm, 

the carrier concentration in as-deposited ZnO could be estimated to 3,1x1019 cm-3 using 

hall-effect measurements; which is similar to the density obtained with some doped ZnO 



 

99 
 

films174,189,190. For highly-doped crystal, the band structure can be represented as in fig. 

3.15b. The shift from a k0 to a kf wave vector is related to the increase in carrier 

concentration. As the Urbach tails are related with the shallow donor defects and, 

therefore with states below the conduction band, the relationship between 𝐸𝑔(𝑎𝑏𝑠)and 

𝐸𝑔(𝑒𝑚𝑠) can be described by equation 3.17. 

Present results show that variations of Eu can, at least in the present case, account very 

well for the BM. This parameter is often overlooked but we see it holds relevant 

information. 

For annealed films, the relationship between 𝐸𝑔(𝑎𝑏𝑠)and 𝐸𝑔(𝑒𝑚𝑠) is described by the 

equation 3.16 (dotted line in fig. 314b), meaning that the decrease in shallow defect 

density during annealing eliminates the defect-exciton interaction and the Urbach 

energy decreases. The band diagram of a perfect crystal better describes the situation 

(fig. 3.15a). 

 

3.4. Conclusion 

 

In this chapter we found experimental conditions to tune the microstructural and optical 

properties of ZnO thin films by using reactive sputtering technique and by controlling 

experimental parameters as the OFR and nature of the growth substrate. It was shown it 

is possible to achieve single domain epitaxial growth of ZnO onto sapphire at high OFR 

(oxygen-rich conditions) without in-situ annealing and at self-established substrate 

temperatures very close to room temperature. Upon changing the OFR, was also 

observed a change in the defect chemistry that is dominated by shallow donor defects in 

zinc-rich conditions to domination by oxygen interstitials under oxygen-rich conditions. 

The possibility to vary the defect chemistry in epitaxial films opens possibilities to study 

the influence of point defects on the properties of the ZnO films in absence of grain 

boundaries.  

The study of the optical properties put some light to understand the close relationship 

between the emission and absorption bandgap energies. The results allow a better 
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understanding of the large scattering of the bandgap energy of ZnO reported in the 

literature by proposing a model taking into account the chemical defects. More 

particularly, was highlighted the need to consider the Urbach energy in the optical 

behavior of ZnO films showing a large density of point defects.   
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Chapter 4  

4. ZnO-Au nanocomposite films 

 

In the previous chapter we described the main features of ZnO films grown under 

different OFRs and substrates, revealing the possibility to tune their microstructural and 

optical properties. In this chapter, we describe the synthesis and characterization of 

ZnO-Au nanocomposite films grown by reactive DC magnetron co-sputtering and show 

which is the influence of the incorporation of gold and of the OFR on the microstructural, 

optical and physical properties of the nanocomposite films. 

 

4.1. Synthesis and characterization 

 

The synthesis of the nanocomposite films was performed using reactive DC magnetron 

co-sputtering of Zn and Au targets.  The experimental setup (see chapter 2, section 2.3) 

for the elaboration of these films is the same as used for ZnO films deposition but a 

second magnetron has been equipped with a Au target.  

There are two parameters to be evaluated in the elaboration of the ZnO-Au 

nanocomposite films: the oxygen gas proportion fed to the deposition chamber 

𝑂2% = 
𝑂2 

𝐴𝑟+𝑂2
× 100 and the atomic gold content defined as 

𝐴𝑢 

𝐴𝑢+𝑍𝑛
× 100. The gas 

proportion has been controlled by the argon and oxygen flow rates. The argon flow rate 

was fixed at 50 sccm, while the OFR has been varied from 6 sccm (10.7 vol %) to 15 sccm 

(23.1 vol %). This resulted in a total pressure in the range of 0.43 to 0.52 Pa.   
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FIG. 4.1. (Left) Representation of the formation of ZnO-Au nanocomposite films. 

(Right) Au content obtained for ZnO-Au nanocomposite thin films grown at 8 

sccm and at 15 sccm. Other samples have also been grown under different 

conditions that can be consulted in annex C.  

 

The current applied to the zinc target (IZn) was kept constant at 0.07 A, while that 

applied to the gold target (IAu) was changed from 0.015 to 0.006 A (the lowest reachable 

current for the Au target). As the sputtering yield (see chapter2, section 2.1.3) is higher 

for the Au than for the Zn target, especially when Zn is oxidized, it is not possible to 

reach low Au contents only by setting the lowest possible value of IAu. It was, therefore, 

necessary to modify the target to substrate-holder distance (Dts) (see chapter 2, fig. 2.8) 

in order to adjust the deposition rate (R) that roughly obey to a propagation law: 

𝑅 ∝ 1

(𝐷𝑡𝑠)
2       (4.1) 

Adjusting both IAu and Dts, the Au content could be varied from 10 to 30 % at two 

different OFRs, as is observed in fig. 4.1.  

The deposition time was set such that the nanocomposite grown films have a thickness 

of 150 nm ±40 whatever the chemical composition, as measured using tactile 

profilometry (see chapter 2, section 2.3).  

In table 4.1 are summarized the experimental parameters of 6 samples representative 

for a wide range of gold contents.  
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Table 4.1. Selected Experimental parameters for the elaboration of ZnO-Au 

nanocomposite films. 

 

Sample 

 

OFR 

(sccm) 

 

IAu  

(A) 

 

 

Dts  

(mm) 

 

( 
𝐴𝑢 

𝐴𝑢 + 𝑍𝑛
× 100) 

 

Thickness 

(nm) 

 

Total 

pressure (Pa) 

1 8 0.006 55 10.4 166 0.445 

2 8 0.010 55 20.4 110 0.434 

3 8 0.012 55 28.7 158 0.448 

4 15 0.006 100 12.5 162 0.516 

5 15 0.006 120 15.7 196 0.513 

6 15 0.009 55 29.6 125 0.513 

 

4.2. Structure and microstructure 

 

In the last chapter, it was stated that factors such as the OFR and the nature of the 

substrate have a strong influence on the microstructure and properties of ZnO films. In 

order to compare the behavior of ZnO and ZnO-Au, thin films have been grown under 

similar conditions at the zinc target in order to evaluate the influence of gold 

introduction into the ZnO matrix. Therefore, we study the influence of the OFR, of the 

gold content and annealing process on the structure and microstructure of the ZnO-Au 

nanocomposite films. The film structure and microstructure were evaluated by XRD 

measurements (see chapter2, section 2.41) and TEM analyses. Fig. 4.2 compares the X-

ray diffractogramms of ZnO thin films grown on silica and [0001]-oriented sapphire 

with a OFR  of 8 sccm (previously shown in chapter 3, fig. 3.2) with those of a ZnO-Au 

nanocomposite film with the lowest gold content of our set of samples (Au 10 %) grown 
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on same substrates with the same OFR. A striking influence of the introduction of Au on 

the crystallinity of the matrix is observed as a decrease of 2 orders of magnitude in the 

intensity of the (0002) ZnO peak is observed. This indicates a decrease in the crystal 

quality of the matrix. Another feature of the XRD pattern is the shift of the peak position 

to lower values with reference to pure ZnO, which will be discussed in section 4.2.2.  

We showed in chapter 3, section 3.2.1 that there can be a strong influence of the nature 

of substrate for ZnO films, due to the possibility to achieve single-domain epitaxy.  The 

diffractogramms for pure ZnO clearly highlight this effect. In contrast, there is no 

marked difference in intensity, width or peak position of the (0002) ZnO diffraction peak 

for ZnO-Au nanocomposite films grown on fused silica and sapphire. This indicates little, 

if any, influence of the nature of the substrate on the film properties. Indeed, for 

practical and economical reasons, we selected fused silica as substrate for the following 

studies. 
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FIG. 4.2. X-ray diffractogramms of ZnO and of ZnO-Au (10 % Au) films grown on 

sapphire (blue lines) and on fused silica (red lines). The ZnO-Au diffracted 

intensity is magnified by 200 times. All the films were grown with an OFR of 8 

sccm. Diffratogramms are offset on the y-axis for clarity. 
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4.2.1. Influences of the Au content and OFR 

 

In order to evaluate the influence of the gold loading and of the OFR on the 

microstructure of the films, the gold content has been increased up to 30% at two 

different OFRs.  
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FIG. 4.3. (Left) X-ray diffractogramms of ZnO-Au nanocomposite thin films with 

different Au contents. The films were grown at OFRs of 8 sccm (above the dotted 

line) and 15 sccm (below the dotted line). The main diffraction peak 

corresponds to the diffraction by (0002) ZnO planes. Diffratogramms are offset on 

the y-axis for clarity. (Right) Barna and Adamik model showing the influence of 

the impurities level in the crystalline growth (from top to bottom) at low, 

medium and high contents114. 

 

Fig. 4.3 (left) shows the X-ray diffractogramms of ZnO-Au nanocomposite thin films with 

different Au contents grown at OFRs of 8 sccm and 15 sccm, considered in the following 

as low and high OFR, respectively. At low OFR, the (0002) ZnO diffraction peak is 

detected up to 20 % Au with a slight increase in the diffracted intensity as the gold 

content was increased from 10% to 20% gold. However, the diffracted intensity remains 

extremely weak compared to pure ZnO (fig. 4.2) and no diffraction signal of crystalline 

ZnO is detected at 29 % Au. The diffractogramm of the film containing 10% Au  also 

exhibits a weak peak at 31.5° and a fluctuation around 35.9° that could correspond to 

the {1000} and the {101̅1} planes of the ZnO hexagonal structure, respectively. Such 
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peaks can also be detected in poorly crystalline ZnO films198. After deposition at high 

OFR, no diffraction peak of ZnO could be detected for any of the Au contents. Indeed, the 

detrimental effect of gold on the ZnO matrix crystallinity appears stronger at high OFR. 

In order to interpret these data we can refer to the observations of chapter 3. It has 

effectively been observed that increasing the OFR from 8 to 15 sccm induces a drop in 

the diffracted intensity and length of coherence domains (chapter 3, fig. 3.3 and fig. 3.4) 

of pure ZnO films. Hence, part of the degradation of the matrix crystallinity with the OFR 

in nanocomposite films may be related to the bombardment by fast oxygen particles 

around the critical OFR of 8 sccm, as proposed in chapter 3. Nevertheless, this effect 

alone does not explain the disappearance of the diffraction peaks. In summary, the XRD 

analysis indicate that both the incorporation of gold and increase of the OFR tend to 

degrade the crystallinity of the ZnO matrix. 

 

FIG. 4.4. STEM bright field images of transversal cut of ZnO-Au thin 

nanocomposite films grown with an OFR of 8 sccm with Au contents of (a) 10 %, 

(b) 20 % and (c) 29 %. 

 

Several processes related to the incorporation of gold can influence de crystallinity of 

the ZnO matrix. First, Au atoms may be present in the ZnO matrix, as suggested by recent 

investigations on RF sputter-deposited ZnO-Au films199, which can induce local strains. 

This point will be further discussed in section 4.2.2. Second, it could also be explained by 

the interference of impurities with crystal growth during film growth, as proposed by 

Barna and Adamik113,114. Such impurities could be present in the form of isolated or 

clustered gold atoms   Given the sought informations concern the nanometer or atom 

scale, the limits of X-ray diffraction sensitivity are reached and other methods are 

required to better understand the microstructure of ZnO-Au thin films.  
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From the bright field Scanning transmission electron microscopy (STEM) images of fig. 

4.4, it is possible to observe that the coatings are dense with homogenously distributed 

small dark spherical dots. The contrast reveals a difference in the local volume mass and 

the dark spots that likely correspond to Au NPs, as will be verified in the following 

paragraph. The higher the Au content the higher the density of Au NPs. However, the 

average size of dark spots stays nearly constant at about 2-3 nm.  
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FIG. 4.5. HR-TEM bright field images of ZnO-Au thin nanocomposite films with an Au 

content of 20 % grown with OFRs of (left) 8 sccm and (center) 15 sccm. (Right) size 

distribution of Au NPs in as-deposited films (extracted from several images collected in 

different regions of the TEM lamelae). 

 

High resolution TEM (HR-TEM) has been used to extract more information on the 

microstructure, and to evaluate the influence of the OFR on the micro and nanostructure 

of the films. For this purpose, two samples with a gold content close to 20 % and grown 

with OFRs of 8 or 15 sccm have been selected. Fourrier transform has been used to 

obtain the electron diffraction patterns and confirm the presence of nanocrystalline gold 

(see fig. 4.11) and NPs are clearly identified on the bright field images of fig. 4.5.  The NPs 

size distributions have been extracted and exhibit a maximum close to 2 nm in for both. 

No clear signal from crystalline ZnO could be detected, highlighting the poor crystallinity 

of the matrix. 
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4.2.2. Influence of the annealing temperature 

 

As the crystal quality of the ZnO matrix appears to be low according to XRD analyses, 

and in view to modify the physical properties, thermal annealing in air was performed 

for the ZnO-Au nanocomposite films grown at low and high OFRs using different 

temperatures. In this section, we describe the influence of the annealing temperature on 

the microstructure of the ZnO-Au nanocomposite thin films. 

TEM bright field images of fig. 4.6 show the microstructure of films grown at low (8 

sccm) and high (15 sccm) OFRs for the same Au content of 30 % and annealed in air at 

300°C. The most visible effect of the annealing process is the increase of the size of Au 

NPs. this can be, at least partially, explained by the Ostwald ripening mechanism200. It is 

also possible that gold atoms trapped in the ZnO cell are released and diffuse to the NPs, 

promoting their growth. The histograms show comparable size distributions in both 

films, with a maximum at 4-5 nm. In addition, for the films grown with an OFR of 15 

sccm, dark (Au-rich) and clear (Au-poor) regions of about 20 nm in size can be detected. 

Punctual EDSX analyses indicate these correspond to local enrichment and 

impoverishment in gold. As Au-rich and Au-poor domains are close to each others in the 

samples, their formation could be induced by the transfer of gold atoms from Au-poor to 

Au-rich regions by Ostwald ripening. Such regions were not considered to build the 

histograms of annealed nanocomposite films grown at 15 sccm. 
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FIG. 4.6. TEM images of 300°C annealed (1h) ZnO-Au nanocomposite thin films 

with Au contents close to 30% grown with OFRs of 8 sccm (left) and 15 sccm 

(center) Corresponding size distribution of the Au NPs (right). 
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FIG. 4.7. X-ray diffractograms of ZnO-Au nanocomposite thin films grown with an 

OFR of 8 sccm with different Au contents.  In the inset: films grown with an OFR 

of 15 sccm with 12%, 16% and 30 % Au. For all graphics: Blue line is for as -

deposited film, green and red lines are for the films after an annealing process of 

1h in air at 235 °C and 300 °C, respectively. Diffratogramms are offset on the y-

axis for clarity. 

 

To complement these analyses, ZnO-Au films with different gold contents grown at low 

and high OFRs were measured by XRD after annealing at two different temperatures 

(230 and 300 +/- 5 °C) and compared with the as-deposited films. In fig. 4.7 we can 

observe that for a low OFR (8 sccm), one of the most important features of the X-ray 

diffractogram is the signal that peaks around 38.5 ° and corresponds to the {111} planes 

of crystalline fcc Au. It is only detected in films with Au contents higher than 20% and 

after annealing above 200 °C.  These results are in line with the increase of NPs size 

detected by HRTEM analyses. It is also possible that the quality and/or volume fraction 

of crystalline metallic gold improve upon annealing and enables a better definition of the 

{111} diffraction peak. Such informations are unfortunately hardly accessible. The inset 

of fig. 4.7 displays the X-ray diffractograms of films grown with an OFR of 15 sccm and 

with Au contents of 12, 16 and 30% annealed in air at 300 °C. it is possible to observe 

the {111} peak of Au only for the highest Au content and after an higher annealing 
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temperature of 300 °C than with films synthesized at low OFR. It can be interpreted by a 

more difficult growth of the NPs at high OFR.  The possible origin of such phenomenon 

will be discussed in the next section. 

As discussed in section 4.2.1, the Au content influences the microstructure of the ZnO 

matrix. So does the annealing temperature too. We have also discussed in the same 

section on the possible presence of gold atoms in the ZnO crystal cell. Fig. 4.7 reveals 

that for the OFR of 8 sccm, the (0002) ZnO diffraction peak shifts with the Au content 

and the annealing temperature, indicating a variation of the c-axis parameter. We can 

follow in fig. 4.8 the evolution of the ZnO c-axis parameter with the Au content and the 

annealing temperature for this OFR. Increasing the gold content or the annealing 

temperature of nanocomposite films have opposite effects as it increases and decreases 

the c-axis parameter, respectively. The annealing treatment enables reaching a c-axis 

parameter close to that of a pure bulk ZnO (5.2042 Å) for all gold contents but requires 

different holding temperature depending on the gold content. There are several possible 

explanations to these observations.  
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FIG. 4.8. 2D Contour plot of the c-axis parameter determined using the (0002) 

ZnO diffraction peak of ZnO and ZnO-Au nanocomposite films grown at 8 sccm as 

a function of the temperature and the gold content.  
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Within the ZnO biaxial in-plane strain model (see chapter 3, section 3.2.1), the 

elongation (compression) of the c-axis parameter can be interpreted as in-plane 

compressive (tensile) stress states. In order to verify the validity of this model in the 

present situation, stress measurements have been performed using the curvature 

method201 (fig. 4.9). All as-deposited films exhibit a compressive stress state but, in 

contradiction with the biaxial in-plane strain interpretation of the data of fig. 4.8, the 

magnitude of the compressive stress decreases as the gold content is increased for both 

OFRs. Compressive stresses almost disappear at 30% Au. Nevertheless, the curvature 

method gives global information about the film in-plane stress state, while the position 

of the (0002) diffraction peak reveals information on the strain in the matrix only.  

 

FIG. 4.9. Stress measurements using the curvature method for ZnO-Au 

nanocomposite films as a function of the Au content and grown with OFRs of 8 

sccm (filled circles) and 15 sccm (empty circles).  

 

It is well known that Au exhibits a ductile behavior. Hence, due to the contribution of 

“soft” metallic Au NPs, the Young modulus of Au-ZnO nanocomposite films is expected to 

be lower than that of the ZnO matrix alone (111 GPa)202, as observed with the YSZ-Au 

system203. However, it has been recently discovered that Au NPs can become stiffer than 

bulk Au when decreasing their size204–206.  

It is possible to propose a mechanism explaining both the c-axis variations and evolution 

of the stress state with the gold content and annealing treatment. As mentioned earlier 
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(section 4.2.1), a possible origin of the degradation of the crystallinity of the ZnO matrix 

is the presence of gold atoms in the crystal lattice of ZnO, as reported recently for RF 

sputter-deposited ZnO-Au films. More particularly, the gold atoms were found to  

substitute zinc atoms199. These “trapped” atoms could indeed expand the ZnO lattice due 

to their much larger atomic or ionic radius than Zn atoms. In the framework of this 

interpretation, XRD measurements give us information about the probability to find 

trapped Au atom, which is found to increase upon increasing the Au content. These 

atoms could be released from the ZnO structure during the annealing treatment, 

diffusing to the Au NPs, decreasing the deformation of ZnO and increasing the ductility of 

the material. 

We indeed suggest that both results (c-axis evolution and stress state) are not 

contradictory but give different informations on the influence of gold on the 

microstructure and mechanical properties of the films, respectively.  

It is possible to use the FWHM of the {111} fcc Au diffraction peak of fig. 4.7 to estimate 

the length of coherence domains L by neglecting other contributions to the FWHM such 

as the distribution in size of the NPs and stress state. Fig. 4.10 plots the results as a 

function of the gold content. First, it is observed that the magnitude of L is similar to, 

even higher than, the average size of NPs found by HRTEM at high gold loading after 

annealing at 300°C (see fig. 4.6). It indicates the NPs are likely monocrystalline. This is 

typically what we observed during all our HRTEM investigations. Nevertheless, a value 

of L higher than the particle size is not realistic and shows the applied procedure 

overestimates L. Nevertheless, we can elaborate on the trends. Similar values of L are 

found after annealing at 230°C of the films deposited at low OFR and containing nearly 

20% and 29% Au. In contrast, L is much higher for the highest gold loadings if the 

annealing temperature is rose to 300°C. It clearly shows particle growth is faster for the 

highest gold loading. We explain this by the release of a higher content of gold atoms 

trapped in the ZnO lattice that fastens the growth by Ostwald ripening. Consistently, the 

annealing temperature required to relax the ZnO lattice to its bulk geometry is lower at 

high overall gold content (fig. 4.8). From fig. 4.8 we can estimate the gold content to 

activate such mechanism around 8-10% Au. For the films synthesized at high OFR, the 

thermally stimulated growth of Au NPs appears to be canceled up to 20% Au and 

retarded at 30% Au.  
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FIG. 4. 10. Length of coherence domains of crystalline gold estimated from X-ray 

diffractogramms of annealed ZnO-Au films for two gold contents and two OFRS. 

 

In summary, the incorporation of Au into ZnO leads to strong changes in the 

microstructure of the films. The crystallinity of the ZnO matrix decreases with the Au 

content but this effect is stronger when the OFR increases. At low OFR, the incorporation 

of Au leads to c-axis elongation that can be reduced when the films are annealed. This is 

associated to a decrease in the overall in-plane compressive stress state. The evolution 

of internal stress as well as evolutions of the c-axis parameter of ZnO is explained by the 

presence of gold NPs relaxing the compressive stress and by the presence in, and release 

from, the ZnO crystal cell of isolated Au atoms, respectively. Annealing the films in air 

induces an increase of the average size of Au NPs, which is more pronounced at high 

gold loadings and delayed to higher temperatures for films grown at higher OFRs.  

As an approach to understand the role of the interfaces on the film properties, we 

discuss in the next section the possibility to have oxidize Au NPs at high OFRs 

 

4.3. Au NPs oxidation 

 

The investigation of the microstructural properties of ZnO-Au films in section 4.2 

evidenced a strong influence of the introduction of gold and of the OFR on the 
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crystallinity of the ZnO matrix and growth of NPs. This is supported by the fact a higher 

annealing temperature is needed to detect Au NPs by XRD in the films deposited under 

high OFR. This calls for a deeper investigation of the interaction between the NPs and 

ZnO matrix. The formation of a shell blocking (or slowing down) the diffusion of gold 

atoms can be considered. As the OFR appears to be the relevant parameter to retard the 

growth of NPs, such a shell could be in the form of a gold oxide. For this formation to be 

possible it must to be favored energetically.  

Gold oxides are known to be thermodynamically unstable in normal conditions, but their 

formation at the surface of NPs could depend on an increased reactivity of the Au NPs at 

small sizes (see chapter 1, section 1.5).    

If we model Au NPs by spheres, it is possible to express their Gibbs free energy of 

formation (∆𝐺) as two contributions: one related to the surface area and the other to the 

bulk volume of NPs.  

∆𝐺 = −
4

3
𝜋𝑟3∆𝐺𝑉 + 4𝜋𝑟

2𝜎                                                   (4.2) 

With ∆𝐺𝑉 the volume free energy of formation of solid gold starting from a reference 

state such as gold atoms in the gas phase or trapped in the ZnO cell, and 𝜎 the interfacial 

tension between the NPs and ZnO. Using the size distribution of Au NPs for as-deposited 

and annealed nanocomposite films (fig. 4.5 and 4.6), and considering a spherical shape, 

it is possible to calculate the distribution of the ratio from surface area to the volume of 

the Au NP before and after annealing ( see fig. 4.11). 
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FIG. 4.11. Ratio of surface area to volume of Au NPs in nanocomposite films 

grown at 8 sccm. (left) As-deposited and (right) annealed at 300 °c, 1h in air. 
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In the as-deposited films the surface area is three times the bulk volume. In contrast, in 

the annealed films the surface/volume ratio is close to one. This suggests a higher 

reactivity in the as-deposited samples. As a working hypothesis, to be confirmed in 

section 4.3.2, we can suppose that the NPs are in a purely metallic form after annealing, 

i.e. similar to the bulk stable equilibrium state. Hence, smaller fully metallic particles 

would be in a less energetically favorable thermodynamic state. The formation of a gold 

oxide shell could compensate the unbalanced surface forces54,207 in small particles if it 

acts as a buffer layer between the metallic core of NPs and ZnO matrix and leads to a 

lower interfacial tension (lower value of ). This could explain the formation of an Au2O3 

shell around small particles in presence of a sufficiently high concentration of oxygen 

during growth. Tracking down a direct evidence of such an effect is far beyond the scope 

of the present study. Nevertheless, in the two next sections we provide more 

information on the structure and chemistry of gold particles in the films in order to 

confirm the presence of an Au oxide shell.  

 

4.3.1. Electron diffraction patterns 

 

HRTEM analyzes have been conducted in order to track down the eventual presence of 

gold oxide in nanocomposite films synthesized at high OFR.  It was unfortunately 

impossible to either evidence or discard the presence of gold oxide from bright field 

images due to the overlap of signal from the different particles on the 2D plane view 

projection of the probed volume in the TEM lamellae. Nevertheless, the electron 

diffraction (ED) patterns obtained from the FFT of HRTEM images of ZnO-Au 

nanocomposite films grown at high OFR are different from those obtained with as-

deposited films grown at low OFR (fig. 4.12). The ED pattern for a film deposited at 8 

sccm shows a broad diffraction ring possibly owing to the nanocrystalline ZnO matrix. 

The ring covers interplanar distances ranging between 0.190 and 0.265 nm we attribute 

to contributions by the (0002) planes of the hexagonal ZnO structure and, possibly, to 

contributions by the {101̅1} and {101̅0} planes.  There are also bright spots with an 

interplanar distance of 0.230 nm that correspond to the {111} planes of fcc Au. This 

crystal structure is confirmed by the presence of spots at interplanar distances of 0.115, 
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0.140 and 0.120 nm corresponding to {222}, {220} and {311} planes of fcc Au208,209, 

respectively.  

  

Fig. 4.12.  Indexation of the electron diffraction pattern obtained using FFT of HRTEM 

images of  ZnO-Au nanocomposite films grown at low (left) and high (right).  

 

The diffraction pattern obtained with a film deposited at an OFR of 15 sccm shows a 

broader diffraction ring for ZnO than for 8 sccm, in line with the lower crystallinity of 

the matrix, as suggested by XRD on films grown at high OFR. The clear signature of fcc 

Au is also observed. It is also possible to identify several isolated spots with an average 

interplanar distance of 0.154 nm that could not be indexed neither by wurtzite ZnO nor 

by fcc Au diffraction planes.  From the PDF card (00-043-1039), it is possible to assign 

this distance to the (460) and the (280) planes of the orthorhombic Au2O3 phase with 

interplanar distances of 0.154 and 0.153 nm, respectively. Nevertheless, it is difficult to 

conclude definitely on the presence of Au2O3 on the basis of these results only. 

 

4.3.2. Au2O3/Au shell/core structure 

 

The Au 4f core level electronic structure of selected samples has been evaluated by XPS. 

In the literature, it is reported to present a doublet with a spin orbit splitting of 3.7 eV 

with binding energies of 84.0 and 87.6 eV, that correspond to the 4f7/2 and the 4f5/2 

states, respectively.  
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Looking in fig. 4.13 at the electronic structure of the films grown at 8 sccm, we find two 

strong signals related to the Au spin split doublet separated by nearly 3.7 eV. A clear 

shift to lower binding energies (BE) is observed compared to the positions reported in 

the literature for Au0 and this shift increases with the Au content. Shifts to lower BE are 

generally related with negatively charged atoms (anions), while shifts to higher BE are 

related with positively charged atoms (cations).   

92 90 88 86 84 82 92 90 88 86 84 82

92 90 88 86 84 82

92 90 88 86 84 82

Au content ~0.30 
Au content ~0.29

OFR=15 sccm

Annealed in air

   300 °C, 1h

Increase in 

Au Content

~0.29~0.30 

~0.10 Au
3+

Au
3+

Au
0

Au
0

Au
0

4f
5/2

4f
7/2 4f

5/2
4f

7/2

Au
0 ~0.12 

OFR=8 sccm

Annealed in air

   300 °C, 1h

 

92 90 88 86 84 82

Zn 2p
3/2

Zn 2p
3/2

92 90 88 86 84 82

 

 

92 90 88 86 84 82

Binding Energy(eV)Binding Energy(eV)

92 90 88 86 84 82

Increase in 

Au Content

 

FIG. 4.13. Au-4f core level spectra obtained by XPS measurements of ZnO-Au thin 

films grown at an OFR of 8 sccm and 15 sccm with different Au contents. The 

vertical dashed lines represent the 4f level of bulk Au 0. Below the dotted blue 

line are shown the spectra of annealed ZnO-Au nanocomposite thin films at the 

highest Au content of the each series.  

 

Shifts in the Au 4f BE could also be due to different factors such as particle size 

effects210,211, alloy formation212 or charge transfer213. AuZn alloys are discarded because, 

although Zn could transfer charges to the Au atoms (nearly 0.25e), the Au0 peaks would 

be shifted to higher BE212. Moreover, decreasing the particle size into the nanometer 

range induces a decrease in the average coordination number that also leads to a shift to 
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higher energies214. Hence, it can be discarded as well in our case. Therefore, the charge 

exchange between the ZnO matrix and Au NPs likely explains the observed shift to lower 

BE. It is supported by the fact charge transfer from substrate to supported Au NPs has 

been found for substrates with a reducing behavior215 as well as for electronegatively 

charged Au NPs216. 

Looking at the spectra of the films grown with an OFR of 15 sccm, we find three main 

differences with those of films grown at low OFR. Four peaks are observed and, due to 

their separation of 3.7 eV by pairs, they can be asigned to the gold 4f level and separated 

in two groups of peaks. The first pair with contributions at 84.0 and 87.6 eV corresponds 

to the Au0 signal. In contrast to the films grown at low OFR, there is no shift to lower BE 

with reference to the bulk Au0 state. By XPS it is possible to differentiate the possible 

oxidation states of Au217. The signal corresponding to the second pair of peaks located at 

85.4 and at 89.4 eV corresponds to the Au3+ oxidation state of Au2O3. The formation of 

gold oxides has already been observed under extreme oxidizing conditions as anodic 

formation or after UV/ozone treatments218 of gold where is obtained a mixture of Au (I) 

and Au(III) oxides. Furthermore, sputtering Au in oxygen atmosphere leads to pure 

Au(III) oxide films218. The second sample at high OFR has a different behavior to the 

films in the same series, which could be due to heating of the samples with the X-ray 

beam during measurement. 

The present results strongly support that Au NPs oxidation occurs and leads to an 

Au2O3/Au shell/core structure. Such structure has also been reported for Au NPs on 

oxide supports such as SiO2 and TiO2 and presents a different thermal stability 

depending on the chemical behavior of the support. On a reducing support, as reduced 

Ti02219, the Au2O3 shell is less stable than on a less reducing support as Si02.  

In the previous chapter, we stated that for films grown at low OFR, there is 

predominance in ZnO of donor defects such as interstitial zinc or oxygen vacancies, 

while at high OFR there is predominance of acceptor defects such as zinc vacancies or 

interstitial oxygen. Therefore, zinc-rich ZnO films have donor defects, forming a 

reducing ZnO surface, while oxygen-rich ZnO films have a higher content of acceptor 

defects forming an oxidizing surface. The Au NPs and atoms are expected to interact 

differently with these two types of surfaces. We can propose a model (fig. 4.14) in which 

oxygen vacancies (VO) or zinc interstitial (Zni) at the ZnO (0001) surface are active sites 



 

119 
 

for the Au adsorption. When an Au NP interacts with a donor rich-ZnO surface, there is 

charge transfer (electrons) from the donor defects to the Au NP, charging negatively the 

NP and shifting the XPS signal to lower BE. This oxide-metal charge transfer has been 

observed at ZnO|Au interfaces when the ZnO surface has a donor behavior220–222 and the 

interface behaves as an ohmic contact. For samples synthesized at high OFR, ZnO (0001) 

surfaces have a large density of VZn sites that favor the adsorption and subsequent 

ionization of Au only stable as Au1+ ion223. However, it is necessary to recall that 

sputtering is a technique that can lead to far from thermodynamic equilibrium material 

configurations. Hence, it could enable reaching higher oxidation states. Within our 

model, the charge transfer from the Au NP to the acceptor defects leads to the oxidation 

of the surface Au atoms, forming an Au203 shell (confirmed by the Au3+ XPS signals). The 

shell isolates the Au0 atoms in the bulk of NPs from ZnO and inhibits the charge transfer 

from ZnO to Au. This is strongly supported by the fact BEs of the Au0 peaks are the same 

as for bulk Au0.  

 

FIG. 4.14. Top. ZnO|Au interface showing the Au NPs-ZnO matrix interaction for 

nanocomposites grown with an OFR of 10 sccm and below (left) and films grown 

at OFRs of 12 and 15 sccm (right). Bottom: Interaction of the Au NPs with the 

ZnO matrix after annealing at 300 °C, 1h in air.  
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Based on this model, the film with an Au content of 20% grown at high OFR is expected 

to present two pairs of peaks but presents only the Au0 signal shifted to lower BE. We 

attribute this contradictory result to a heating and decomposition of the Au203 shell in 

the film during XPS measurements224. Effectively Au203 is very sensitive to the 

temperature. Au203 powders were found to decompose below 200 °C225 in reducing 

conditions such as H2 atmosphere and Au203 nanometric layers decompose at even 

lower temperature226. In the literature, Au2O3 is reported as thermodynamically 

unstable in normal conditions and to decompose spontaneously. However, in 

nanocomposite films, the ZnO matrix with oxidizing defects seems to stabilize the Au 

oxide although the phase cannot withstand the annealing treatment. One of the 

consequences of this shell decomposition, is that the Au0 atoms are again in contact with 

the ZnO matrix, allowing the charge transfer from ZnO to Au and shifting the BE to lower 

energies. 

Annealing the films deposited at low OFR induces a slight shift of the peaks towards the 

position of the Au0, but without reaching it. The difference in the BE between as-

deposited and annealed films (82.05 and 82.4 eV, respectively for the lower energy 

peak) can be explained by the fact the charge transfer occurs at the interface. Effectively, 

there is a higher surface/volume ratio (as is shown in fig. 4.11) for Au NPs before 

annealing and it is expected that the charge transfer per atom is more important in small 

Au NPs.  

From XPS data we can extract the FWHM of the different contributions, which can reveal 

information about the crystal quality of the phases present at Au NPs (fig. 4.15). The 

FWHM of Au0 is found to decrease with the Au content, passing from 1.06 at 10% to 0.91 

at 29% and from this value to 0.87 after annealing treatment. At high OFR, the Au0 

FWHM value decreases from 1.28 at 12% to 1.24 at 30% Au and from this value to 0.90 

after annealing, showing a clear improvement of the crystallinity. This is in agreement 

with the increase of the size of Au particles found by XRD and TEM analyses after 

annealing. The Au3+ FWHM value shows little variation as a function of the Au content 

passing from 1.32 at 12% to 1.35 at 30%, which indicates similar crystallinity of shell 

thickness in all conditions where its signature is found. 
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FIG. 4.15. Evolution of the XPS FWHM signal of the Au0 and Au3+ peaks of films 

grown at an OFRs of 8 sccm and 15 sccm as a function of the gold content and 

influence of the annealing treatment at 300°C. The dotted lines are shown as a 

visual guide. 

 

4.4. Optical properties of ZnO-Au nanocomposite thin films 

 

As shown previously, the incorporation of Au, the growth conditions (OFR) and the 

annealing treatment have a strong impact on the microstructure of the ZnO-Au 

nanocomposite films. These factors are expected to affect the optical properties of the 

films. To evaluate the influence of the OFR and gold content on the optical properties, 

ZnO-Au nanocomposite films elaborated varying the OFR from 6 to 15 sccm have been 

characterized for their optical properties by optical transmittance and spectroscopic 

ellipsometry. 

 

4.4.1. Localized surface plasmon resonance and absorption background 

 

The localized surface plasmon resonance (LSPR) of isolated Au NPs can be detected in 

the visible range67,75,218,227 in different dielectric surrounding media. Its presence can be 
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revealed by extracting the absorption coefficient from spectrophotometry 

measurements (see chapter 2, section 2.4.5). The main purpose of this section is to study 

the influence of the microstructure and local chemistry of ZnO-Au nanocomposite thin 

films on the LSPR behavior.  

Fig. 4.16 plots the optical absorption for films grown under low and high OFRs with 

three different Au contents before and after annealing at 230 and 300 +/- 5 °C. For the 

as-deposited films (blue line), there is no absorption band detected in the visible range. 

The absorption in the near UV corresponds to the valence to conduction band transition 

of the ZnO matrix. However, the characteristic absorption peak related to free excitons is 

not visible, likely due to a low crystallinity of the matrix. It is possible to observe that 

increasing the OFR from 8 to 15 sccm decreases the absorption in the visible range 

(referred in the following as background absorption). These observations will be 

discussed in the next section. 
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FIG. 4.16. Absorption coefficient dispersion curves of ZnO-Au nanocomposite 

thin films grown with an OFR of 8 sccm or 15 sccm with different Au contents. 

For all graphics: Blue line is for as-deposited film, green and red lines are for the 

films after an annealing process for 1h in air at 235 °C and 300 °C, respectively. 
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Furthermore, fig. 4.16 informs us that the annealing process has two main consequences 

on the absorption properties of the coatings: (i) it promotes the development of the 

LSPR band, which the amplitude depends on the gold content, and (ii) steepens the 

bandgap transition of the ZnO matrix. Nevertheless, these effects are delayed to higher 

temperatures at high OFR as the absorption spectra remain almost unchanged after 

annealing the coatings at 230°C.  

Once developed, the LSPR band has similar characteristics at low and high OFRs 

(centered near 590 nm and FWHM ~ 170 nm for the highest gold loading). There is a 

difference with the LSPR band of isolated Au NPs in air centered around 539 nm67. The 

redshift observed with our films arises from a different dielectric function of the 

embedding medium36-40, as clearly established in the Mie scattering theory (see chapter 

1, section 1.5). 
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FIG. 4.17. As-deposited ZnO-Au nanocomposite thin film grown with different 

OFRs. (Left) Photographs of the films from low to high OFR. (Right) dispersion 

curves of the absorption coefficient of the corresponding films.  

 

The absorption spectrum of pure gold films is dominated by valence electrons and the 

5d106sp0 interband transition located around ~1.8 eV67,68 but is not related to a sharp 

signal and can describe the background absorption in the spectra of fig 4.16. A 

surprising feature of fig 4.16 is the increase of the background absorption upon 

annealing the films synthesized with an OFR of 15 sccm. Fig. 4.17 shows the absorption 

curves for ZnO-Au nanocomposite films with an Au content higher than 16%, a 



 

124 
 

comparable thickness but grown with different OFRs. In the picture (left) we observe 

how the films are getting more transparent as they are grown with higher OFRs. It is 

confirmed by the absorption curves (right) where the decrease of the Au metallic 

absorption reaches differences in amplitude of at least one order of magnitude. Given 

the high transparency of ZnO films grown under similar conditions (see chapter 3, fig. 

3.2), we can be confident that this behavior does not arise from the oxidation of the 

matrix. During growth, Au atoms or clusters interact with recently formed ZnO surfaces 

and are sensitive to the chemical state of such surface. 

Considering an Au203 shell forms on the metallic Au NPs under oxygen-rich conditions, it 

is possible to explain the change in the amplitude of the background absorption with the 

OFR. Only the free electrons of the Au 5d level are involved in the background 

absorption. In Au2O3, the 5d level is hybridized with the Oxygen 2p levels and the 5d 

electrons cannot participate to the interband transition228.  

 We used spectroscopic ellipsometry to obtain more information about the dielectric 

constant of the ZnO-Au nanocomposite films using a dedicated model (see Annex B). 

Investigations by spectroscopic ellipsometry confirm the main results obtained by UV-

Vis spectrophotometry for the absorption dispersion curves. Effectively, it is observed 

how the films get weakly absorbent after an OFR higher than 10 sccm but the 

background absorption rises and the LSPR absorption band appears after annealing at 

300 °C for 1h in air the (fig. 4.18).  
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FIG. 4.18. Absorption coefficient of ZnO-Au nanocomposite thin films obtained 

from ellipsometric measurements and fitting of the data for films grown in the 

OFR interval from 6 to 15 sccm. The Au content is higher than 15 % in all the 

films. (Left) As-deposited films. (Right) Annealed films for 1h in air at 300 °C. 
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Upon fitting the data, it was not necessary to introduce the Au NPs Drude equation to 

describe the effective dielectric function for as-deposited films grown at 12 and 15 sccm, 

as if there was no gold present in the film. This can be directly related with the presence 

of the Au2O3 shell that screens the contribution of metallic Au. After annealing, it was 

necessary to introduce the Au NPs dielectric function for all the OFR conditions of 

synthesis and the LSPR owing to Au NPs is detected as with optical transmittance 

measurements. 

The real (effr) and imaginary (effi) parts of the effective dielectric function show the 

optical response of the nanocomposites in the visible and the near UV region (fig. 4.19). 

It is possible to observe a clear difference between the non-absorbent films grown at 12 

and 15 sccm and the absorbent films grown under OFRs of 10 sccm and below. For the 

non-absorbent layers, effr can be directly related with the refractive index (if 𝜀𝑒𝑓𝑓 𝑖= 0 

then 𝜀𝑒𝑓𝑓 𝑟= 𝑛2) and the average refractive index is 2.17, close to that of pure ZnO. For 

as-deposited layers in the near UV region (OFR< 10 sccm), it is possible to observe an 

increase in the light absorption attributed to interband transitions in the ZnO matrix. 

However, there is a blue shift of this absorption when increasing the OFR that could be 

related to the nanocrystalline character of the ZnO matrix. Effectively, the confinement 

effect at the nanometer scale229,230 increases 𝐸𝑔(𝑎𝑏𝑠).  
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FIG. 4.19. (Left) Real and (right) imaginary parts of the effective dielectric 

function of as-deposited ZnO-Au nanocomposite thin films grown in the OFR 

interval from 6 to 15 sccm. The Au content is higher than 15 % in all the films.  

 

From the model used, it was also possible to extract the dielectric function of the ZnO 

matrix alone and to compare it with that of a pure ZnO film (fig 4.20). It is evident, 

looking at the imaginary part of the matrix dielectric function (mi), that the introduction 
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of gold affects the optical response of the ZnO matrix. For as-deposited films, the 

polarization amplitude increases compared to that of ZnO films and peaks at a different 

wavelength depending on the OFR. Moreover, the absorption tail (Urbach energy, see 

chapter 3, section 3.3.1) is more important than for pure ZnO films. The effect is more 

marked at low OFR. Indeed, it is possible that the donor defects concentration is 

increased for all conditions upon gold incorporation but higher at low OFR. After 

annealing, the polarization amplitude depends on the OFR, lower (higher) than for pure 

ZnO at low (High) OFR but approaches that of pure ZnO films.  
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FIG. 4.20. Imaginary part of the ZnO dielectric function in as-deposited and 

annealed ZnO and ZnO-Au nanocomposite thin films grown at low (left) and high 

(right) OFRs. 

 

The Maxwell Garnett (MG) model (see Annex B) is valid for metallic NPs with a radius 

higher than 1 nm. For the as-deposited samples, the Au NPs are already above the 

threshold of validity of the model. For annealed samples the Au NPs have an average 

radius of 2-3 nm, therefore the MG is valid. The MG model is mainly used for 

embedded/matrix configurations (see chapter 1, section 1.3 and annex B). Having in 

mind this consideration, using the MG model, it is possible to separate the contributions 

of the Au NPs and of the ZnO matrix to the effective dielectric function.  

For the real part of the Au dielectric function (𝜀𝑁𝑃𝑟), in as-deposited films, there are two 

characteristic features. First, model it is not required to include the contribution from 

the Au NPs in the MG model at high OFR. Therefore, it is not possible to extract the Au 

dielectric function. Second, the OFR influences 𝜀𝑁𝑃𝑟  (fig. 4.21). The decrease in OFR 

leads to an increase in the 𝜀𝑁𝑃𝑟 value, especially for wavelengths higher than 550 nm in 

the region where interband transitions characteristic Au occur. 
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In annealed nanocomposite films, it is possible to extract the 𝜀𝑁𝑃𝑟 for all the OFRs. We 

observe a similar trend than in as-deposited films: 𝜀𝑁𝑃𝑟  increases when decreasing the 

OFR. 

300 400 500 600 700 800
-60

-50

-40

-30

-20

-10

0

10

 N
P

r

Wavelength (nm)

   6 sccm

   8 sccm

 10 sccm

As-deposited

300 400 500 600 700 800
-60

-50

-40

-30

-20

-10

0

10

    6 sccm

    8 sccm

  10 sccm

 12 sccm

 15 sccm

 n
p
r

Wavelength (nm)

Annealed

 

FIG. 4.21. Real part of the Au NPs dielectric function in as-deposited (left) and 

annealed at 300°C (right) ZnO-Au nanocomposite thin films grown at different 

OFRs. 

 

𝜀𝑁𝑃𝑟  is directly inversely proportional to the damping constant (𝛤) of the Drude model 

(see Annex B). This can be related to a confinement due to the decrease of the Au NPs 

radius but also to a broader size dispersion of Au NPs or to the presence of chemical 

bonds at the Au|matrix interface (chemical damping)231.  

As the size of Au NPs does not exhibit strong variations with the OFR in as deposited 

samples (see fig. 4.4), a confinement effect is not likely the main responsible for the 

change in the amplitude of 𝜀𝑁𝑃𝑟. The formation of an Au2O3 shell at high OFR uses 5d 

electrons of gold to form the oxide bonds characterized by the hybridization of the Au 5d 

with O 2p states. Knowing the LSPR of gold NP is largely influenced by 5d electrons, the 

presence of the Au2O3 shell can inhibit the plasmon resonance232. Moreover, the 

5d106sp0 interband transitions responsible for the absorption background can be 

damped for the same reason.  This can explain why above 10 sccm metallic Au does not 

contribute directly to the effective dielectric constant. According to our interaction 

model (fig. 4.14), below an OFR of 10 sccm the Au NPs interact with the donor rich-ZnO 

surface and there is a charge transfer (electrons) from the donor defects of ZnO to the 

Au NPs. Hence, the decrease in the 𝜀𝑁𝑃𝑟 likely represents the damping process due to the 

strong interaction between the Au NPs and ZnO. Putting together the results from this 
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section with the microstructural characterizations reported above, we can affirm that 

the LSPR absorption band appears in the visible range only after an annealing treatment 

that promotes the increase of the size of gold NPs from most likely size close to 3 to 

approximately 5 nm. The absence of the LSPR at low Au NP size can be explained by a 

high damping factor that decreases the amplitude of the resonance as reported in 

several works65,67. The red-shift of the LSPR absorption peak is explained by the higher 

dielectric constant of the ZnO matrix. Moreover, the difference in background absorption 

and in the thermal threshold for the development of the LSPR band at different OFRs 

supports the presence of a strong chemical interaction between gold NPs and the ZnO 

matrix to form Au2O3 shell at high OFRs, as was deduced from XPS measurements.  

 

4.5. Physical properties of Zn0-Au nanocomposite films 

 

Physical properties of materials are to a large extent influenced by their microstructure 

and chemical state of their constitutive elements. Based on the results from the previous 

sections, strong differences in the physical properties of ZnO-Au nanocomposite films 

deposited at low and high OFRs are expected.  We evaluate hereinafter some optical, 

electrical and vibrational properties of the synthesized films. 

 

4.5.1. Conductivity 

 

ZnO-Au nancomposites could be used in the future in optoelectronic devices. Therefore, 

it is important to assess the electrical behavior of the nanocomposite films with different 

microstructural characteristics. We evaluate the influence of the Au introduction, the 

OFR and the annealing treatment of ZnO-Au nanocomposite films compared to pure ZnO 

thin film. 

Using the four-probe method we have measured the electrical resistivity and calculated 

the electrical conductivity. For the ZnO thin films, only the film grown at an OFR of 6 

sccm has a measurable conductivity (𝜌<106 ohm-cm), films grown at higher OFRs  are 

non-measurable (NM). Fig. 4.22 shows the electrical conductivity of as-deposited (blue 

bar) and annealed (red bar) ZnO-Au nanocomposite films  grown at OFRs 6, 8 and 15 
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sccm with different Au contents and compares it to that of the pure zinc oxide film 

grown at low OFR (6 sccm).  
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FIG. 4.22. Electrical conductivity of as-deposited and annealed ZnO and ZnO-Au 

nanocomposite films grown at 6, 8 and 15 sccm with different Au content NM 

stands for samples non-measurable (𝜌>107 ohm-cm) 

 

The introduction of gold is found to increase the electrical conductivity of the 

nanocomposite films grown at 6 and 8 sccm, but for the OFR of 15 sccm the films is still 

non-measurable. If we look at the nanocomposites grown at 8 sccm, we can clearly see 

how an increase in the Au content also increases the electrical conductivity when 

passing from 10 to 29 % Au. This is likely not explained by a percolation effect given that 

we could apply the Maxwell Garnett ellipsometric model for all synthesis and annealing 

conditions (see Annex B). It can be explained by a higher density of gold nanoparticles 

(see fig. 4.4) that leads to shorter distance between the NPs and subsequent decreased 

electrical resistance of the ZnO phase separating it or to improved electron tunneling. It 

is also evident from the figure that the annealing treatment (red bars) reduces the 

electrical conductivity for all the films except for the nanocomposite films grown at the 

highest OFR (15 sccm) that passes from a non-measurable to a conductive state. The 

resistivity of the nanocomposite is highly influenced by the ZnO matrix behavior 

showing that varying the OFR from 6 to 8 sccm the electrical conductivity decreases and 

we can relate it with the decrease of the carrier concentration as was discussed 

previously (see chapter 3, section 3.3). This leads us to prioritize the interpretation of 
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the results by a classical electron transport between the NPs rather than on the basis of 

the tunnel effect. The annealing treatment in air has been shown to have a strong 

influence on the matrix (ZnO) chemistry and crystallinity and on the size of NPs. The 

treatment has opposite effects on the electrical conduction of, on the one hand, ZnO and 

ZnO-Au films grown at low OFR and, on the other hand, of ZnO-Au films grown at high 

OFR. The oxidation of ZnO film upon annealing decreases the carrier concentration in 

films deposited at low OFRs, therefore increasing the resistivity of the films to a non-

measurable state. We can suppose that the same mechanism is in action to reduce the 

conductivity of the nanocomposite film synthesized with the same OFR. We can 

therefore understand the reduction in conductivity after annealing of ZnO-Au films 

deposited at low OFRs. 

The resistivity of as-deposited nanocomposite film grown at the highest OFR cannot be 

measured (𝜌>107 ohm-cm) whatever the Au content.  To the light of the results 

discussed in the previous sections, we ascribe it to the presence of the Au2O3 shell 

consuming the Au valence conduction electrons and to a very poor crystallinity of the 

ZnO matrix. Annealing the film increases the conductivity, which is perfectly in line with 

the decomposition of the Au2O3 shell that leads to the recovery of the metallic behavior 

at the surface of NPs. 

As the matrix oxidation decreases the conductivity, the slight increase is not due to the 

ZnO. Let’s remind that the ZnO-Au nanocomposite films grown with a high OFR are 

transparent certainly due to the Au2O3 shell that does not allow the 5d-6sp transitions in 

gold. After 1h annealing at 300 °C in air takes place the decomposition of the Au203 shell 

and the partial recovery of the Au metallic behavior at the ZnO|Au interface. The 

reduction of the Au2O3 shells also allows the interband transitions represented by the 

color change from transparent to reddish films related with the plasmon presence and 

the detection of the LSPR absorption peak.  

 

4.5.2. vibrational properties 

 

The vibrational properties of the ZnO-Au nanocomposite films should be sensitive to the 

presence of an Au2O3 shell surrounding Au NPs. Raman scattering measurements have 

been conducted in order to investigate such influence. Fig. 4.23 shows the Raman 
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spectra obtained using laser excitation at 633 nm of a ZnO film grown at low OFR and 

ZnO-Au nanocomposite films grown at low and at high OFRs as-deposited and annealed. 

From the spectrum of pure ZnO, we can identify three main vibrational contributions 

consisting of two peaks located 438, 480 and a broad peak at 573 cm-1. These 

correspond to the 𝐸2
𝐻𝑖𝑔ℎ

, the 𝐴1(2𝐿𝐴) multiphonon vibration and possibly to an 

overlapping of the 𝐴1(𝐿𝑂) and the  𝐸1(𝐿𝑂) modes, respectively15,233,234. 

The response of ZnO-Au nanocomposite films is different from that of pure ZnO although 

bulk metallic gold does not show a vibrational signature in Raman. We first observe a 

strong enhancement of the overall intensity compared to the ZnO film we will discuss in 

the next paragraph. Second, the film deposited at low OFR presents essentially the same 

broad band as  pure ZnO ascribed the overlapping of 𝐴1(𝐿𝑂) and  𝐸1(𝐿𝑂) but shifted to 

lower wavenumbers. Increasing the OFR, leads to a completely different signal with a 

broad contribution showing a maximum near 630 cm-1. This signal has been identified as 

a possible vibrational state of Au2O3235 and HREELS measurements confirmed  that it 

corresponds to the stretching of Au-O bonds 236. Indeed, the presence of Au2O3 in Au-

ZnO films detected by electronic structure measurements using XPS (section 4.3.2) is 

supported by the vibrational signature in Raman scattering. The spectra of annealed 

ZnO-Au films synthesized at low and high OFRs present similar features that can be 

assigned to the same contributions as for pure ZnO, This is in line with the fact that an 

annealing treatment at 300°C produces similar microstructures and chemical states in 

films deposited with different OFRs (see section 4.3). Such observations on the shape 

and position of the contributions assigned to the ZnO matrix may have several origins. 

First, quantum confinement of the optical phonons237 upon decreasing the crystal 

diameter of ZnO leads to a broadening of the optical phonon lines as well as shift to 

lower frequencies. For the films annealed at 300 °C grown at low OFRs, the length 

coherence domains of ZnO changes with the Au content. There is a decrease from 34 to 

22 nm (calculated for the FWHM of the (0002) peak in fig. 4.7) when increasing the Au 

content from 10 to 20 %, and has a similar value to those obtained in pure ZnO grown on 

silica.  Nevertheless, this explanation does not stand for the shift observed between the 

as deposited and annealed states of the ZnO-Au film deposited at low OFR because the 

crystallinity of ZnO is not degraded by the annealing process (see section 4.2.2, fig. 4.7). 

We propose that the oxidation of the ZnO matrix during annealing decreases the carrier 
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concentration, in line with conductivity measurements, which is represented by a shift 

to lower frequencies of the 𝐴1(𝐿𝑂) mode238.  

 

FIG. 4. 23. Raman shift spectra obtained with a 633 nm laser excitation of (a) as-

deposited ZnO film grown at 6 sccm, (b) as-deposited ZnO-Au film grown at 15 

sccm, (c) ZnO-Au film grown at 15 sccm after an annealing at 300 °C, 1h in air, 

(d) annealed ZnO-Au film grown at 6 sccm and (e) as-deposited ZnO-Au film 

grown at 6 sccm. All the ZnO-Au nancomposite films have an Au content of 

nearly 20 %. (a) is amplified by a factor of 20 and (b) and (c) are amplified by a 

factor of 5. 

 

The large increase in the overall intensity between pure ZnO and ZnO-Au 

nanocomposite (at most by a factor of 230) films can be explained by considering that 

the signal is enhanced by the presence of Au NPs. We can refer to data from the 

literature showing that, owing to the surface enhancement of Raman scattering (SERS), 

the band corresponding to 𝐴1(𝐿𝑂) and 𝐸1(𝐿𝑂) can be dramatically exalted for ZnO 

quantum dots placed on a substrate covered by Au NPs of 15 nm in diameter.239 Such 

effect, known as plasmonic enhancement of Raman scattering, is due to the large local 

electric field around the NPs induced by the collective oscillation of electrons upon light 

excitation in LSPR (see chapter 1, section 1.5). As the LSPR band appears in the 
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absorption spectra after annealing of the Au-ZnO films (section 4.4), this effect explains 

well the Raman data obtained after annealing. Nevertheless, signal enhancement is also 

observed in as-deposited Au-ZnO films whereas no LSPR band could be detected in the 

absorption spectra of the corresponding films. Unfortunately, it was not possible to find 

data in the literature concerning the SERS by ultrafine Au NPs as those present in our 

films. In order to further investigate on a possible SERS effect in those samples, Raman 

scattering has been performed using different laser excitation wavelengths of 325, 633 

and 784 nm (fig. 4.24). The first being well below the LSPR absorption band of samples 

where it can be detected, while the two others are in the LSPR band range (see section 

4.4). Laser excitation at 325 nm produces spectra dominated by the band corresponding 

to 𝐴1(𝐿𝑂) and 𝐸1(𝐿𝑂) both in the sample having Au NPs in a metallic state (low OFR) 

and in the sample showing a shell/core Au2O3/Au configuration (high OFR). This band is 

known to be exalted using a laser of 325 nm of energy higher than the ZnO  bandgap 

energy due to the exciton-phonon interaction that is stronger in LO than in TO 

phonons240. Additional weak signal corresponding to the vibrational signature of Au2O3 

could be detected in the film synthesized at high OFR.  
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FIG. 4.24. Raman shift spectra measured with three different laser excitations (784, 633 

and 325 nm) of as-deposited ZnO-Au nanocomposite films grown with an OFR of 6 sccm 

(blue) and 15 sccm (violet). The red and green dashed lines represent the position of the 

ZnO and Au2O3 vibration modes respectively.  

 

With laser excitations at 633 or 784 nm, the 𝐴1(𝐿𝑂)-𝐸1(𝐿𝑂) still appears with a high 

intensity in the films deposited at low OFR and is supplemented by the 𝐸2
𝐻𝑖𝑔ℎ

 mode and 

the  𝐴1(2𝐿𝐴) multiphonon vibration. In contrast, the spectra conrresponding to the film 



 

134 
 

synthesized at high OFR is dominated by the signature of Au2O3 of much higher intensity 

than at 325 nm excitation.  

Considering that a fraction of the Au particles experience LSPR for excitations at 633 and 

784 nm (included in the broad LSPR band when it can be detected) although no LSPR 

band is observed in the absorption spectra, we can propose a simple model to explain 

this behavior.  

At 325 nm, the sample are measured in conventional Raman mode and the properties 

and the 𝐴1(𝐿𝑂)-𝐸1(𝐿𝑂) band dominate the spectra due to the exaltation of the exciton-

phonon interaction240. At 633 and 784 nm, metallic Au experience LSPR at some 

particles and exalt the signal of their environment, i.e. the ZnO matrix at low OFR and the 

Au2O3 shell at high OFR.  

 

4.5.3. Photoluminescence 

 

Photoluminescence (PL) is an important feature of ZnO for applications such as ultra-

violet (UV) detectors241, UV and blue light emitting devices242–244. It is based on the 

optical signals originating from recombination of free excitons near the bandgap energy 

and the recombination of excitons bound to defects that manifests by a broad emission 

band in the visible range in room temperature experiments. PL has been used in the 

previous chapter to investigate the presence of point defects in ZnO films and gain 

knowledge on the value of 𝐸𝑔(𝑒𝑚𝑠). Here we look at the emission properties in order to 

investigate the influence of the ZnO-Au film microstructure on the emission signal. The 

PL spectra of the ZnO-Au nanocomposite films presented on fig. 4.25 for films 

synthesized at low OFR do not show a clear near-band edge emission (NBE) peak of ZnO 

(see chapter 3, section 3.2.2).  However, a broad band is observed in the visible region, 

which intensity increases with the Au content. For films deposited at high OFR this 

dependency is not clear.  

When annealing the samples, the emission in the visible range increases strongly and 

sets to a similar intensity for both OFRs.  It is worth to notice that the near-band edge 

excitonic emission of ZnO is more pronounced after annealing but also there exist 

several signals at higher energies than the ZnO excitonic peak. These peaks can be 
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assigned to the LO phonon and its replicas since the energy separation between two 

consecutive peaks is of 72 meV, i.e. the LO phonon energy in ZnO.  It is not a classical 

feature of ZnO PL that can be attributed to Raman excitation with the 325 nm laser245, 

likely facilitated by the presence of Au NPs. 
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FIG. 4.25. Photoluminescence spectra of as-deposited and annealed ZnO-Au 

nanocomposite thin films grown with an OFR of 8 sccm with different Au 

contents (left) and an OFR of 15 sccm with different Au contents (right). For 

both graphs: red line is for the highest Au content ZnO-Au nanocomposite film 

after an annealing process for 1h in air at 300 °C. 

 

Several works have shown an enhancement of the ZnO NBE emission for Au NPs or films 

on ZnO substrate246 but in detriment to the visible emission247,248. It is explained by the 

inhibition of the defects radiative process due to transfer of the electrons (associated to 

donor defects) to the Au NPs and then to the conduction level of ZnO, thereby allowing 

the interband transition246,249. However, in our sample this process is likely incomplete 

due to the low crystallinity of the matrix and associated high density of point defects. 

The PL measurements show how the ZnO-Au nanocomposite films have a different 

optical response than ZnO and also that it is sensitive to the Au content and the presence 

of the Au2O3 shell. However, at this point there is not enough information to describe in 

details the interactions between, on one side, the ZnO shallow and deep defects and, on 

the other side, the Au NPs and their influence on the LSPR effect. Such informations 

could help to clarify the influence of the embedded Au NPs in ZnO as matrix. 
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4.6. Conclusion 

 

In this chapter we observed how deeply are influenced the structural, microstructural, 

optical and physical properties by the incorporation of gold into ZnO as matrix when 

compared to pure ZnO. Moreover, the chemical behavior of ZnO can also strongly affect 

the behavior of the Au NPs as was observed from the optical properties.  

The changes in the different properties let us observe the strong interaction between 

both components, revealing that a change in one of them affects the properties of the 

other. However, there are interactions between the Au NPs and the ZnO matrix 

enhanced by the electromagnetic radiation that are still not fully understood and need to 

be studied in more details.  

We believe that this study will help understanding how to obtain conductive 

nanocomposites  from a ZnO resistive matrix Moreover, according to the results of 

Raman spectroscopy analysis, a broad LSPR region could be benefit to, produce SERS 

substrate that could be activated with different laser wavelengths with the possibility to 

enhance  or not specific vibrational modes.  
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General conclusions 
 

Wide bandgap semiconductors and metal/oxide nanocomposite films are building 

blocks for the development of a novel generation of devices in the field of optoelectonic 

and plasmonics. This work studied the microstructure and chemistry of ZnO and ZnO-Au 

nancomposite films in order to better understand their functional properties with a 

focus on the optical properties.   

ZnO and ZnO-Au thin films have been synthesized by reactive magnetron sputtering and 

studied for their microstructural and optical properties. It is found that the structure, 

microstructure, optical and physical properties are strongly influenced by experimental 

parameters or the nature of the substrate. 

The first chapter of this work was dedicated to a literature review on the general 

properties of ZnO, gold in the form of nanoparticles (with a special attention paid to the 

localized surface plasmon resonance phenomenon) and recent studies dedicated to ZnO-

Au thin films.  

The second chapter described the principles of the reactive magnetron sputtering 

method and of the characterization methods used for the study of the material 

properties. 

The third chapter was dedicated to the study of ZnO thin films with two main interests 

related to the microstructure and the optical properties of ZnO, respectively. It has been 

shown it is possible to achieve single domain epitaxial growth of ZnO onto sapphire at 

high oxygen flow rate fed into the deposition chamber (oxygen-rich conditions) without 

in-situ annealing and at self-established substrate temperatures very close to room 

temperature. The epitaxy only occurs on (0001)-sapphire substrates and we propose it 

is eased by an O- bombardment mechanism that occurs only after a critical-OFR as the 

target surface is oxidized. Upon changing the OFR, was also observed by 

photoluminescence spectroscopy a change in the defect chemistry from a situation 

where it is dominated by shallow donor defects in zinc-rich conditions to a situation 

where oxygen interstitials dominates under oxygen-rich conditions. The possibility to 

vary the defect chemistry in epitaxial films opens possibilities to study the influence of point 
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defects on the properties of the ZnO films in absence of grain boundaries. The study of the 

optical properties put some light onto the understanding of the close relationship 

between the emission and absorption bandgap energies. The results allow a better 

understand the large scatter of the bandgap energy of ZnO reported in literature by 

proposing a model taking into account the chemical defects. More particularly, was 

highlighted the need to consider the Urbach energy in the optical behavior of ZnO films 

showing a large density of point defects. A simple relationship that connects the   

absorption and emission bandgap energies was proposed on the basis on the theory of 

the Urbach energy involving exciton-phonons and exciton-defects interactions. 

The last chapter of this work was dedicated to the synthesis and study of ZnO-Au 

nanocomposite films. It has been evaluated how the incorporation of gold in the ZnO 

matrix can influence the structural, microstructural, optical and physical properties of 

the nanocomposites when compared to pure ZnO. The chemical behavior of ZnO 

(reducing or oxidizing), which depends on the defect chemistry, can also change the 

behavior of the Au NPs as was observed from the optical properties. The most striking 

results are the strong decrease in crystallinity compared to pure ZnO and the change 

from highly absorbent layers at low OFR (Zinc-rich conditions) to more transparent 

films when the OFR is increased to reach oxygen-rich conditions. The data indicate that 

the incorporation of gold in the ZnO lattice deforms the crystal lattice and decreases its 

the crystallinity and, simultaneously, the presence of donor (acceptor) defects in the ZnO 

matrix is found to reduce (oxidize) the Au NPs changing the properties of both 

components. These two phenomena and other changes in the different properties let us 

observe the strong interaction among both components, revealing that modifications in 

one of it affect the properties of the other. However, there some interactions between 

the Au NPs and the ZnO matrix enhanced by the electromagnetic radiation are still not 

completely understood and need to be studied in more details. 

This work could serve as a platform to further develop the applications of ZnO-Au 

nanocomposite films thanks to the understanding it provides on the particle/matrix 

interactions. 
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Annexes  

 

Annex A 

 

Determination of the a lattice parameter by in-plane X-ray diffraction 

 

To determine if there is in-plane stress in the ZnO thin films (chapter 2, section 2.2), it 

was necessary to know if an elongation along the c-axis in the ZnO films is accompanied 

by a contraction in the a lattice parameter. Using the Bragg law, it is possible to 

determine the interplanar distance d of a specific ZnO diffraction plane and to relate it 

with the a lattice parameter of ZnO: 

1

𝑑2
=
4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
                                                    (A.1) 

We selected the {1000} ZnO planes for this purpose. Equation A.1 then becomes: 

𝑎 = √
4

3
𝑑2                                            (A.2) 

To reach this objective we performed in-plane XRD measurement for the ZnO film 

grown at an OFR of 10 sccm on fused silica (see fig. A.1) showing a large elongation in 

the c-axis direction. An accurate value of the 𝜃 diffraction angle of the selected plane has 

to be extracted. For that, the {112̅0} sapphire diffraction plane was used as reference to 

ensure the peak position corresponding to diffraction by {1000} ZnO planes represents 

the actual geometry of the crystal cell. We used an X'Pert Pro MPD diffractometer. The X-

rays were generated from a Cu anode, which has a characteristic emission wavelength of 

1.5406 Å. The determination of the 𝜃 position was extracted using gaussian fitting.  
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FIG. A.1. In-plane X-ray diffractogram of a ZnO film grown at an OFR of 10 sccm on fused 

silica. The peak corresponds to the diffraction by {1000} planes of wurtzite ZnO. The red 

line corresponds to a Gauss function in order to determine with precision the peak 

position.  

 

The obtained value of 3.2527 Å for the a lattice parameter is lower than the bulk value of 

3.2539 Å. This confirms in-plane contraction at the origin of an elongation along the c-

axis.  
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X-ray diffractogram of ZnO thin film in the complete scan range measured 

 

In order to affirm that the films have a preferential growth along the c-axis we show one X-ray 

diffractogram between 15 and 85 degrees. In fig. A.2 the diffractogram (in logarithmic scale) 

shows two signals, one very intense compared to the second one. The signals peak at 34 and 72 

degrees that correspond to diffraction by the (0002) and (0004) planes of the ZnO wurtzite 

structure. 
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FIG. A.2. X-ray diffractogram (full range) of a ZnO thin film grown at an OFR of 12 sccm 

on fused silica. Only the (0002) and (0004) planes are detectable in the diffractogram. 

The intensity is in a logarithmic scale.  
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Annex B 

 

Ellipsometry dispersion laws 

 

While UV-Vis spectrophotometry gives the overall optical behavior of the 

nanocomposite films, further details on the individual contribution of the ZnO matrix 

and gold nanoparticles can be extracted by modelling spectroscopic ellypsometry 

measurements. Measurements and modelling have been performed in collaboration 

with the LCP-A2MC research group belonging to the “Institut Jean Barriol” of “Université 

de Lorraine” in Metz, France.  

 

ZnO thin films 

 

As mentionned in chapter 2, section 2.4.6, for homogeneous semiconductor films, such 

as the ZnO films, there are several methods used to extract optical parameters. In our 

work, to fit the raw data of homogeneus films and obtain the optical constants, we used 

the Forouhi-Bloomer (FB) dispersion model132,133. Dispersion formulas are mathematical 

expressions setting the energy dependence of a material  optical parameters (n, k) or 

dielectric function (𝜀𝑟 , 𝜀𝑖)
250. Parameters of the FB model can be related using the following 

expressions: 

𝑛(𝐸) = √𝜀∞ +
𝐵0×𝐸+𝐶0

𝐸2−𝐵×𝐸+𝐶
,                                                  (B.1) 

𝑘(𝐸) = {
𝐴×(𝐸−𝐸𝑔𝐹𝐵)

2

𝐸2−𝐵×𝐸+𝐶
 𝐸 > 𝐸𝑔𝐹𝐵

0 𝐸 ≤ 𝐸𝑔𝐹𝐵
                                           (B.2) 

𝐵0 =
𝐴

𝑄
× (−

𝐵2

2
+ 𝐸𝑔 × 𝐵 − 𝐸𝑔𝐹𝐵

2 + 𝐶)                                     (B.3) 

𝐶0 =
𝐴

𝑄
× ((𝐸𝑔𝐹𝐵

2 + 𝐶) ×
𝐵

2
− 2𝐸𝑔𝐹𝐵 × 𝐶)                                   (B.4) 

𝑄 =
1

2
√4 × 𝐶 − 𝐵2                                                     (B.5) 
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The determination of the 𝐴, 𝐵, 𝐶, 𝐸𝑔𝐹𝐵 and 𝜀∞ fitting parameters allows to characterize the 

optical response of the film. 

 𝐸𝑔𝐹𝐵 is the bandgap energy. However, in case of Urbach tails it underestimates the 

bandgap.For this reason, it was not used for the discussions. 

 𝜀∞ is the dielectric function at high-frequency of the. 

 𝐴, 𝐵, 𝐶 are constants that define the position, the amplitude and the width of the 

absorption peak. 

From the fitting procedure, we obtain n and k. It is then possible to obtain the dielectric 

function (𝜀𝑟, 𝜀𝑖), calculate the absorption coefficient (𝛼). Eg(abs) has been extracted using the 

Tauc plot on the dispersion curve of the absorption coefficient (see chapter 2). 

 

 Au NPs 

 

The dielectric function of noble metal NPs such as silver and gold consists of two 

contributions. One accounts for interband transitions (due to the 5d electrons response). 

The other is the intraband contribution that takes into account the free electron 

response.  

In a classical approach, electron confinement effects appear when the mean free path of 

conduction electron is limited by the size of NPs. Assuming that only the free electrons 

are affected by this effect, the dielectric function of metallic NPs can be expressed in the 

following way: 
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With
bulk ,

𝑝
, fv and  

0  the dielectric function, the plasma frequency, the Fermi 

velocity of free electrons and electron damping parameter, respectively. A is a parameter 

that depends on the material and is fixed to 1 in our case.  R is the radius of NPs. 
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Effective medium models for heterogeneous composites  

 

In chapter 2, section 2.4.6 we indicated that in heterogeneous systems (composites), it is 

necessary to consider that the optical response is the contribution of all components. In 

the effective medium approximation, the effective dielectric function (𝜀𝑒𝑓𝑓) relates the 

diectric function of each component to its volume fraction within the material. In this 

work we use two effective medium approaches, The Maxwell-Garnett (MG) and the 

Bruggeman (BM) effective medium models, to obtain 𝜀𝑒𝑓𝑓. 

The MG considers the presence of a component in a host, while the BM does not 

considers a host/embedded system and both components contribute in an independent 

way to the properties of the nanocomposite (see fig. B.1). The first model is most used 

when the percentage of the component i is low enough to consider the particles are well 

separated. If particles are in contact, the BM model better describe the optical behavior. 

 

FIG. B.1. Topology of composite medium corresponding to the (a) Maxwell-Garnett and 

(b) Bruggeman effective medium models. 

 

The Maxwell-Garnett effective medium model relates the dielectric constants by: 

𝜀𝑒𝑓𝑓−𝜀𝑎

𝜀𝑒𝑓𝑓+2𝜀𝑎
= (1 − 𝑓𝑎)

𝜀𝑏−𝜀𝑎

𝜀𝑏+2𝜀𝑎
                                                       (B.7) 

The expression for the Bruggeman effective medium model is: 

𝑓𝑎
𝜀𝑎−𝜀𝑒𝑓𝑓

𝜀𝑎+2𝜀𝑒𝑓𝑓
+ (1 − 𝑓𝑎)

𝜀𝑏−𝜀𝑒𝑓𝑓

𝜀𝑏+2𝜀𝑒𝑓𝑓
= 0                                               (B.8) 

In both expressions, 𝜀𝑎, 𝜀𝑏 and  𝜀𝑒𝑓𝑓 are the dielectric constants of the components a, b 

and of the effective medium, respectively. 𝑓𝑎  and (1 − 𝑓𝑎) are the volume fractions of 

each component.  
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The extraction of 𝜀𝑒𝑓𝑓 is achieved after the following steps: 

 The first step allows obtaining the dielectric function of the matrix (ZnO). In this 

case, it has been extracted by fitting the data obtained by measurement of the pure 

ZnO films grown at equivalent experimental conditions than the ZnO-Au 

nanocomposite film to analyze. 

 With the ZnO dielectric function fixed, it is possible to obtain the A/R ratio of 

equation B.6 and the volume fraction of gold.   

 With the gold dielectric function fixed, the ZnO dielectric function parameters are 

adjusted. Successive iterations enable fitting the experimental data with a good 

accuracy. 

 

Ellipsometric models  

 

For ZnO thin films, the ellipsometric model (fig. B.2) is composed of two films of thickness d 

and dr, respectively, on a silicon substrate. The upper film represents the ZnO roughness and is 

modeled by the Bruggeman effective medium approximation with a ZnO volume fraction fixed at 

50 %. The ZnO thin film is modeled using the FB dispersion model.  

 

Fig. B.2. Ellipsometric model representing a ZnO thin film. Top layer models the 

roughness and the bottom layer represents the ZnO film and is treated with the FB 

dispersion model. The silicon substrate has a known contribution. 

 

Fig. B.3 shows an exemple of the fitting, using the model described above, of the experimental 

ellipsometric parameters obtained by measurement of a ZnO film deposited with an OFR of 6 

sccm. 
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Fig. B.3. Experimental (symbols) and calculated (lines) Is and Ic ellipsometric 

parameters measured at 70°for as-deposited ZnO thin films grown at an OFR of 6 sccm. 

 

The ellipsometric model applied to represent the microstructure of ZnO-Au 

nanocomposite thin films is composed of two layers: an upper layer that represents the 

roughness of the film and the BM model is used as for ZnO films. The second layer, with 

gold and ZnO, describes the core of the nanocomposite film. It allows to separate the 

contribution of the dielectric functions of gold and ZnO. The MG effective medium model 

is used for that, assuming that gold NPs are embedded into ZnO  and the domains are 

spatially separated131,251, as observed experimentally using HRTEM (chapter 4, fig. 4.5).  

 

 

Fig. B.4. Ellipsometric model used to represent the microstructure of a ZnO-Au 

nanocomposite film. Top layer models the roughness and is treated with the BM model 

and the bottom layer represents the core of the nanocomposite and is treated with the 

MG model. The silicon substrate contribution is known. 

 

Is and Ic are the experimental data obtained from the ellipsometry measurements 

(chapter 2, section 2.4.8). 
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Fig. B.5. Experimental (symbols) and calculated (lines) Is and Ic ellipsometric 

parameters measured at 55° and 65°for ZnO-Au nanocomposite films grown at low (left) 

and high (right) OFR. 

 

The data are the values to be fitted by the proposed model. In figure B.5 are shown as 

examples the experimental data for a ZnO-Au nanocomposite thin film grown at low OFR 

(left) and at high OFR (right). The measurements were performed by changing the 

incident beam angle from 55 to 75 ° with a step of 5 ° (fig. B.5 only shows the fitting for 

55 and 65°). It is clear that the fitting has a good correspondence with the experimental 

data in both films while the optical response is different for both conditions.   

 

Polaron effective Dielectric function (𝜺∗) 

 

As seen in chapter 3, section 3.2.3 the polaron effective dielectric constant (𝜀∗) is define 

as:  

 𝜀∗ = (
1

𝜀∞
−

1

𝜀0
)
−1

                                                              ( B.9) 

With 𝜀∞ the high-frequency dielectric constant and 𝜀0 the static dielectric constant. 𝜀∞ is 

defined in, and obtained directly by, the FB model. To extract 𝜀0, it is necessary to make 

an extrapolation considering that there are no characteristic ZnO bands in the infrared 

region. This approximation is valid given that the carrier concentration is too low to 

consider any plasmon resonance136.     
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Annex C 

 

Experimental parameters for ZnO-Au nanocomposite films deposition 

 

In this work, we elaborated two series of ZnO-Au nanocomposite films for their 

characterization and study. In the first series we varied the gold content at two fixed 

OFRs (8 and 15 sccm). Samples 6 to 10 are shown in chapter 4, fig. 4.1 and were 

elaborated to verify the Au content variation with the Au target density and the target-

substrate distance (Dts). No other measurements were made for these films. The second 

series was elaborated with the aim to investigate in detail the influence of the OFR for 

nanocomposite films with relatively large Au quantities. The slight variation in the total 

pressure compared to the first series is due to a change of the pressure gauge in the 

lapse between the elaborations of the two series. 

 

Sample 

 

OFR 

(sccm) 

 

IAu  

(A) 

 

 

Dts  

(mm) 

 

( 
𝑨𝒖 

𝑨𝒖 + 𝒁𝒏
× 𝟏𝟎𝟎) 

 

Thickness 

(nm) 

 

Total 

pressure 

(Pa) 

1st series (Au content variation) 

1 8 0.006 55 10.4 166 0.445 

2 8 0.010 55 20.4 110 0.434 

3 8 0.012 55 28.7 158 0.448 

4 15 0.006 100 12.5 162 0.516 

5 15 0.006 120 15.7 196 0.513 

6 15 0.009 55 29.6 125 0.513 

7 8 0.009 55 15.70 180 0.431 

8 8 0.015 55 31.11 110 0.446 

9 15 0.006 85 15.05 172 0.513 

10 15 0.006 55 24.27 162 0.511 

2nd series (OFR variation) 

11 6 0.017 55 16.6 206 0.268 

12 8 0.015 55 22.0 196 0.278 

13 10 0.010 55 21.2 167 0.306 

14 12 0.010 55 24.2 216 0.314 

15 15 0.010 55 28.7 245 0.364 
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Abstract 
 

Microstructure, chemistry and optical properties of ZnO and ZnO-Au 

nanocomposite thin films grown by DC-reactive magnetron co-sputtering 

 

Composite materials can exhibit properties that none of the individual components 

show. Moreover, composites at the nanoscale can present new properties compared to 

the bulk state or to macro-composites due to confinement and quantum size effects. The 

semiconductor/metal nanocomposites are highly interesting due to their unique 

catalytic and optoelectronic properties and the possibility to tune them easily. This PhD 

work gives insight into the specific interactions and resulting physical properties 

occurring in ZnO and ZnO-Au nanocomposite films grown by reactive DC magnetron 

sputtering. The results can be summarized in two points: 

First, it was possible to tune the microstructural and optical properties of ZnO. Epitaxial 

growth of ZnO onto sapphire was achieved for the first time in O2-rich conditions 

without thermal assistance. Also, a study of the optical properties highlights the close 

relationship between the bandgap energy (𝐸𝑔) and the defect chemistry in ZnO films. A 

model was proposed to explain the large scatter of the 𝐸𝑔 values reported in the 

literature. 

Second, the deep influence of the incorporation of gold into the ZnO matrix on important 

material properties was revealed. Moreover, the presence of donor (acceptor) defects in 

the matrix is found to give rise to the reduction (oxidation) of the Au nanoparticles. 

This research work contributes to a better understanding of semiconductor/metal 

nanocomposites revealing the key role of the state of the semiconductor matrix. 

Keywords: ZnO, reactive sputtering, epitaxial growth, nanocomposites, ZnO-Au,  
Localized surface plasmon resonance (LSPR). 
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Zusammenfassung 
 

Mikrostruktur, Chemie und optische Eigenschaften von ZnO- und ZnO-Au-

Nanokompositdünnschichten hergestellt durch reaktives DC-Magnetron-Co-

Sputtern 

 

Kompositmaterialien können Eigenschaften zeigen, die keine der individuellen 

Komponenten zeigt. Außerdem können Nanokomposite im Vergleich zu Materialien im 

Bulk-Zustand oder Makrokompositen der gleichen Komponenten aufgrund von 

Confinement und Quanteneffekten neue Eigenschaften zeigen. Halbleiter/Metall-

Nanokomposite sind sehr interessant aufgrund ihrer einzigartigen katalytischen und 

optoelektronischen Eigenschaften. Diese Doktorarbeit gibt Einblick in die spezifischen 

Wechselwirkungen und die daraus resultierenden physikalischen Eigenschaften, die in 

durch reaktives DC-Magnetronsputtern hergestellten ZnO- und ZnO-Au-

Nanokompositschichten auftreten. Die Ergebnisse lassen sich in zwei Punkten 

zusammenfassen: 

Zum einen war es möglich die mikrostrukturellen und optischen Eigenschaften von ZnO-

Schichten anzupassen. Epitaktisches Wachstum von ZnO auf Saphir wurde zum ersten 

Mal in O2-reichen Bedingungen ohne thermische Unterstützung erreicht. Außerdem 

zeigt eine Studie der optischen Eigenschaften die enge Beziehung zwischen der 

Bandlücke und der Defektchemie in ZnO-Schichten.  

Zum anderen wurde der starke Einfluss des Zusatzes von Au in die ZnO-Matrix auf 

wichtige Materialeigenschaften aufgedeckt. Außerdem wurde gezeigt, dass die 

Anwesenheit von Donator(Akzeptor)-Defekten zur Reduktion (Oxidation) der Au 

Nanopartikel führt. 

Diese Arbeit trägt zum besseren Verständnis von Halbleiter/Metall-Nanokompositen bei 

und unterstreicht dabei die Wichtigkeit des Zustandes der Halbleitermatrix. 

Stichworte: ZnO, reaktives Sputtern, Epitaxiewachstum, Nanokomposite, ZnO-Au, 

lokalisierte Oberflächenplasmonenresonanz (LSPR).  
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Résumé 
 

Microstructure, chimie et propriétés optiques de films minces ZnO et nanocomposites 

ZnO-Au synthétisés par pulvérisation cathodique magnétron réactive  

 

Les matériaux composites peuvent présenter des propriétés qu'aucun des composants 

individuels ne présente. En outre, à l'échelle du nanomètre les nanocomposites peuvent 

présenter de nouvelles propriétés par rapport à l'état massif ou à des macrocomposites 

des mêmes composants en raison d’effets de confinement et d’effets quantiques liés à la 

taille. Les nanocomposites semi-conducteur/métal sont très intéressants en raison de 

leurs uniques propriétés catalytiques et opto-électroniques et la possibilité de les ajuster 

facilement.  

Ce travail de thèse étudie les interactions spécifiques et les propriétés physiques qui se 

manifestent dans les films minces de ZnO et nanocomposites ZnO-Au synthétisés par 

pulvérisation magnétron réactive continue. Premièrement, il est observé qu’il est 

possible d'ajuster les propriétés microstructurales et optiques des couches de ZnO en 

réglant les paramètres expérimentaux. La croissance épitaxiale de ZnO sur saphir a été 

réalisée pour la première fois dans des conditions riches en oxygène sans assistance 

thermique. En outre, une étude des propriétés optiques met en évidence la relation 

étroite entre les propriétés optiques et de la chimie des défauts dans les couches minces 

de ZnO. Un modèle a été proposé pour expliquer la grande dispersion des valeurs de gap 

rencontrées dans la littérature.  

Deuxièmement, il a été possible de révéler l'influence profonde de l'incorporation de l'or 

dans la matrice de ZnO sur des propriétés importantes dans des films nanocomposites. 

En outre, la présence de défauts donneurs (accepteurs) au sein de la matrice ZnO se 

permet de réduire (oxyder) les nanoparticules d’or. Ce travail de recherche contribue à 

une meilleure compréhension des nanocomposites semi-conducteurs/métal et révèle le 

rôle important de l'état de la matrice semi-conductrice et de la surface des particules 

pour les propriétés finales du matériau. 

Mots clés: ZnO, pulverization cathodic reactive, croissance épitaxiale, nanocomposites, 
ZnO-Au, résonance des plasmons de surface localisés (LSPR). 

 


