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ABSTRACT 

The present work is based on the study of thin films of pure and doped ZnO, grown by the pulsed 

laser ablation and magnetron sputtering techniques under a wide variety of conditions, emphasizing on 

their nanostructuration. 

The CdTe isoelectronic doping of ZnO thin films deposited on glass substrates by the pulsed laser 

deposition was investigated. The reduction of the structural defects such as oxygen vacancies and 

interstitial zinc atoms, which frequently appear in the crystalline lattice of ZnO, was the primary interest of 

this work. The obtained results showed the successful formation of a hexagonal structure which is 

characteristic of ZnO along with Zn-Te bonds, which would prove the occupation of the oxygen 

vacancies by Te atoms in the ZnO crystalline lattice, additionally Cd- Te and Te-O bonds were found, 

although in a lesser extent. 

ZnO thin films were grown by the pulsed laser deposition technique on glass substrates using two 

types of targets, the first one made with pure ZnO and the second one with pure ZnO embedded within a 

cyanoacrylate glue matrix, this was done in order to make a comparison between the resulting physical 

properties, as well as to perform a nitrogen doping. The films grown with the second target had a 

diffraction pattern very similar to the powder pattern which is used as reference for ZnO, suggesting that 

the incorporation of cyanoacrylate reduces stress and improves the crystalline structure of the samples. 

The chemical studies confirmed the formation of Zn-N bonds, along with Zn-O bonds. Additionally, the 

comparisons between the morphological, structural and optical properties for both type of targets is 

presented. 

The effect of substrate rotation on the optical, structural, morphological and electrical properties of 

aluminum doped ZnO thin films (AZO) grown by magnetron sputtering technique was investigated. The 

characterizations results showed that the substrate’s rotation speed had a deep influence on the 

morphological and structural properties of the deposited films, specifically a columnar deposit was 

obtained, which presented a greater definition as the rotation speed increased. 

Finally, the properties of AZO thin films grown with the magnetron sputtering technique and the 

oblique angle deposition method were investigated. A tilted nanocolumnar deposit was obtained which 

was related to inclination angle of the substrate. The effect of this growth method on the optical 

properties was investigated, in particular the refraction index, which decreased by 16% due to the 

columnar growth. 
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RESUMEN 

El presente trabajo se basa en el estudio de películas delgadas de ZnO puro y dopado, crecido a 

través de las técnicas de ablación con láser pulsado y erosión catódica con magnetrón bajo una variedad de 

condiciones, haciendo énfasis en conseguir su crecimiento en forma nano-estructurada. 

Se investigó el dopaje isoelectrónico del ZnO con CdTe para películas delgadas crecidas con la 

técnica de láser pulsado sobre vidrio, para buscar la reducción en los defectos estructurales tales como 

vacancias de oxígeno y zinc intersticial, los cuales se presentan con frecuencia en la red cristalina del ZnO. 

Los resultados obtenidos demostraron la formación exitosa de una estructura hexagonal característica del 

ZnO y de enlaces Zn-Te, lo cual probaría la ocupación de vacancias de oxígeno por átomos de Te en la 

red cristalina del ZnO, también se encontraron en menor proporción enlaces Cd-Te y Te-O. 

Se crecieron películas delgadas de ZnO por medio de la técnica de láser pulsado sobre substratos de 

vidrio haciendo uso de dos tipos de blancos, el primero fabricado con ZnO puro y el segundo compuesto 

de ZnO puro embebido dentro de una matriz de cianoacrilato, con el fin de hacer una comparación entre 

las propiedades físicas resultantes, así como realizar un dopaje con nitrógeno. Las películas crecidas con el 

segundo blanco presentaron un patrón de difracción muy similar al patrón en polvo que se usa como 

referencia en el ZnO, esto sugiere que la incorporación del cianoacrilato reduce el estrés y mejora la 

estructura cristalina en las muestras. Los estudios químicos confirmaron la formación de enlaces Zn-N, 

junto con Zn-O, se presentan además las comparaciones entre las propiedades morfológicas, estructurales 

y ópticas para las muestras crecidas con ambos blancos.   

Se realizó un estudio sobre el efecto de la rotación de substrato en las propiedades ópticas, 

estructurales, morfológicas y eléctricas de películas delgadas de ZnO dopadas con aluminio (AZO) 

crecidas por medio de la técnica de erosión catódica con magnetrón. Los resultados de las  

caracterizaciones mostraron que la velocidad de rotación de substrato tenía influencia en las propiedades 

morfológicas y estructurales de las películas depositadas, específicamente se obtuvo un depósito columnar, 

el cual fue presentando una mayor definición conforme se aumentaba la velocidad de rotación.  

Finalmente, se investigaron las propiedades de películas delgadas AZO crecidas con la técnica de 

erosión catódica con magnetrón y con el método depósito por ángulo oblicuo. Se obtuvo un depósito 

nanocolumnar inclinado que estaba relacionado con el ángulo de inclinación del substrato. Se realizó un 

estudio del efecto de este tipo de crecimiento en las propiedades ópticas, en particular el índice de 

refracción el cual disminuyó un 16% debido al crecimiento columnar. 
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Chapter 1 Introduction 

This thesis outlines the work done in controlling the growth and doping of zinc oxide (ZnO) thin 

films and nanostructures via the pulsed laser deposition (PLD) and RF-magnetron sputtering techniques, 

being the main focus obtaining samples with potential applications as antireflective layers and transparent 

conductive oxides. The deposition of thin films by the PLD technique was developed in the mid-1960s, 

but it did not become a mainstream deposition method until 1987 when it was found that it was capable 

of depositing high temperature superconductors such as YBa2Cu3O7 [1]. The thin films of the aforesaid 

material obtained by this technique were of a higher quality than from any other technique that had 

previously overshadowed the pulsed laser deposition. Thereafter, PLD became one the most important 

techniques for the production of high-quality thin films, the further development of more advanced lasers 

with shorter pulse widths has been instrumental in the solidification of the PLD as wide accepted 

technique. The other technique employed for the development of this thesis was the RF-sputtering 

deposition method, which is placed in high regard among many other techniques due to its versatility, 

efficiency, simplicity and high reproducibility at industrial level, these characteristics allow depositing thin 

films with fine-tuned properties over large areas in a wide variety of substrate materials. 

The material used throughout this work was zinc oxide. ZnO is well known for its medical 

properties and its great variety of applications, such as: paints, additive for rubber and plastics, catalysts, 

lotions, skin ointments and powders, additionally it is generally the main component of sun screen lotions. 

ZnO has a major importance in the materials science field, and has raised an extensive interest in 

fundamental and applied research, more so when it is in its nanostructured form, where it exhibits an 

abundant configurations of nanostructures[2]; this is due to its remarkable physical properties which make 

it a promising material for a large number of optoelectronic applications, namely; UV light-emitters, 

varistors, transparent high power electronics, surface acoustic wave devices, piezoelectric transducers, gas-

sensing and as a window material for display and solar cells [3]. This research spans different deposition 

conditions and growth techniques, sol-gel, spray-pyrolysis, atomic layer deposition, molecular beam 

epitaxy, and the ones concerning this thesis, PLD and sputtering. In the following chapter the basic 

properties concerning zinc oxide are explained, its electrical, optical, morphological and structural 

properties are described, as well as its most important and common applications as bulk, thin film and 

nanostructured material. Finally the layout of the thesis will be given in full detail.  

1.1 Zinc oxide: Properties and applications 

Zinc oxide is an inorganic white colored compound which is naturally found in the zincite 

mineral, this mineral crystalizes in the hexagonal wurtzite P63mrc [4]. ZnO is called II-VI semiconductor 

because the zinc and the oxygen belong to the group II and VI of the periodic table, respectively. Zinc 

oxide crystallizes in three different phases: Hexagonal wurtzite, cubic zincblende and in a cubic rocksalt 

(NaCl) phase. The Zinc blende ZnO can be formed as a metastable phase by means of epitaxial growth on 

cubic substrates [5, 6], while the rocksalt phase is obtainable by compressing the ZnO wurtzite structure 
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upon pressures up to the order of 9.8 GPa [7]. So the hexagonal wurtzite structure is the most stable and 

common phase found in nature; its lattice parameters are a = 0.325 nm and c = 0.52066 nm [8]; their 

coordination is such that zinc atoms are surrounded by the oxygen atoms in an almost tetragonal 

arrangement, being its coordination number four, this means that each atom has 4 neighboring atoms in 

its closest environment. The crystalline structures mentioned before are illustrated in Figure 1.1.   

 

Figure 1.1 Crystalline structure for ZnO (a) Cubic Rocksalt (b) Cubic Zincblende (c) Hexagonal wurtzite. 

The grey and blue spheres denote Zn and O atoms respectively [9]. 

Zinc oxide is a semiconductor material that has been investigated since 1912. The invention of 

the transistor began the semiconductors era, which led to the rise in investigation of the ZnO as 

semiconductor compound. Decades later the discovery of its excellent piezoelectric properties led to its 

first application in electronics as thin layer in surface acoustic wave devices (SAW) [10]. It has a variety of 

structural and optoelectronic properties and it’s because of them that it is used in various technological 

fields, to name a few: Ultraviolet lasers (UV) and electronic short wavelength devices [11, 12]. It could also 

be used in photoconductors [13], gas sensors [14], and in solar cell applications [15]. Its high crystalline 

preferential orientation along the c-axis and its wide band gap energy, which is a direct band gap of 3.37 

eV are useful properties in acoustic surface and in acoustic-optic devices [16]. 

All the properties mentioned before make ZnO a promising material to replace the materials 

traditionally used in various applications, for example, many ZnO based alloys could become an 

alternative to materials based gallium nitride (GaN), which is currently used in UV devices. Both GaN and 

ZnO have a similar band gap value, but ZnO has an exciton binding of more than twice of that of GaN, 

which is close to 18 to 28 meV, this is an advantage because it allows producing exciton emissions above 

the threshold of room temperature, something that does not occur in GaN [17]. However, ZnO has a 

prevalent n-type conductivity caused by oxygen vacancies and zinc interstitials, so reproducible p-type 

conductivity with good quality is hard to attain. This is a major limitation for many optoelectronic 

applications given that the fabrication of p-n junctions is mandatory in such devices [18]. Some of the 

properties of the ZnO are enlisted in Table 1.1. 
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Table 1.1 Some physical properties of the ZnO [19]. 

Parameter Symbol (units) Value for ZnO 

Melting point TM (K) 2248 

Space group  P63mrc 

Crystal structure  Hexagonal 

Wurtzite 

Coordination geometry  Tetrahedral 

Lattice constants a , c (nm) 0.32495, 0.52069 

Heat capacity Cp (Cal/ mol K) 9.6 

Density g/cm3 5.506 

Thermal conductivity W/cm  0.6 

Refractive index n 2.029 

Band gap energy Eg (eV) 3.37 

Exciton binding energy (meV) 60 

Electron effective mass  0.24 

Hole effective mass  0.59 

 

1.1.1 Electrical properties  

Most semiconductor oxide materials possess an insulating behavior in their stoichiometry form, 

deviations from latter result in a rise in their electrical conductivity; however, as it was mentioned before 

most of them have n-type conductivity due to the presence of oxygen vacancies. Thus, it is expected that 

the amount of oxygen in ZnO crystals will determine the electrical carrier concentration of electrical 

carriers and therefore their conductivity value, this is caused by the balance reaction between the oxygen 

vacancies or the interstitials zinc atoms and conduction band electrons. The behavior of the ZnO as an n-

type semiconductor is due to deviations in its stoichiometry, this means that the intrinsic defects in the 

ZnO act as dopants. There are two kinds of these defects oxygen vacancies and interstitial zinc atoms, and 

depending on the growth conditions for the material, one of them will be dominant [8]. 

In all semiconductors there are two types or charge carriers, one of them are electrons, the other 

type are the mobile vacancies left on the valence band by the electrons as a result of doping process, these 

are called “holes” and they possess a positive charge, which is of the opposite value to that of the 

electrons. In semiconductor materials there is a good chance that an electron-hole pair could be created by 
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the aforementioned structural defects, this is known as “exciton”. These excitons can be observed by 

optical photoluminescence measurements.  

The electrical resistivity () in ZnO thin films is determined by both their electrical carrier 

concentration ne and mobility (), this relationship is given by the following expression:  

                                                              
 

    
                                                  

Where e is the fundamental electric charge, consequently increasing both carrier concentration and 

mobility will result in lower resistivity; most research suggests that this achieved through the formation of 

oxygen vacancies and doping [20]. Quantifying the electrical properties of ZnO has proven to be difficult 

a task; this is due to large variety of quality and properties of the available samples. Depending on the 

quality of the layers, the background carrier concentration varies a lot, but it is usually ∼1016 cm−3. The 

largest n and p type doping reported has been ∼1020 cm−3 and ∼1019 cm−3 respectively, however the 

quality and reproducibility of such p-type doping has been questioned and it is still subject of debate [21]. 

The corresponding electron Hall mobility at 300K for low n-type conductivity is  =200 cm2 V−1 s−1, and 

for low p-type conductivity is 5–50 cm2 V−1 s−1 [3]. 

1.1.2 Optical properties  

The intrinsic and extrinsic defects determine the optical properties in any semiconductor material, 

such as ZnO. The optical properties and processes in ZnO as well as its refractive index were extensively 

studied many decades ago [22]. A renewed interest in ZnO has risen due its potential applications as an 

optoelectronic material, owing this to some of its remarkable properties, such as its direct wide band gap  

(3.37 eV) and its large exciton binding energy (60 meV). This strong binding energy ensures an efficient 

exciton emission at room temperatures under low excitation energy, which makes it promising candidate 

as photonic material in the blue UV region. 

Much of the research on the optical properties for bulk and nanostructured ZnO has been carried 

out by luminescence techniques at low temperatures, e.g. in the work published by B. K. Meyer et al [23], 

an extensive analysis and investigation was made of the excitonic spectra obtained from ZnO, which 

assigned many defect related spectra features, and donor-acceptor pair emissions as well. A broad defect 

related peak that ranges from ∼ 1.9 to 2.8 eV is a frequent optical feature of ZnO.  This defect is known 

as “green band”, and the origin of its luminescence is still not well understood, defects and impurities are 

often employed to explain it.  Other fundamental optical quantities of ZnO, such as refractive index have 

been extensively studied, being its value for the wurtzite ZnO equal to n =2.029 [3]. 

1.1.3 Nanostructured ZnO  

One of the most recent breakthroughs in material science was the emergence of nanotechnology. 

Due to its wide range of possible applications (such nanomedicine, nanoelectronics, biomaterials energy 

production, and consumer products) it has led to an enthusiastic research interest for obtaining new 

materials is nanostructured form, i.e., with their dimensions reduced to a nanometric scale, this is due to 

https://en.wikipedia.org/wiki/Nanomedicine
https://en.wikipedia.org/wiki/Nanoelectronics
https://en.wikipedia.org/wiki/Biomaterial
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(a) (b) 

the fact that when a material reaches these dimensions it presents new and interesting electrical, 

mechanical, optical and chemical properties that differ from its source material, and ZnO is included in 

the list of materials that are among  them.  

There are a large number of ZnO nanostructures that are attainable through many growth and 

deposition techniques, such as: nanotubes [24] nanowires [25], nanorods [26], nanobelts [27], nanocables 

[28] and nanoribbons [29]. Many of the aforementioned nanostructures generated a great interest in their 

scientific research due to their great importance and their potential technological applications, which 

include UV lasers [30], chemical sensors [31], or transparent substrates for thin film solar cells, e.g. as an 

alternative to TiO2 in injection type solar cells or in organic solar cells [32, 33, 34]. One the most recent 

and interesting applications of ZnO nanowires was reported by Wang et al [35].  They reported that by 

combining ZnO nanowires with a zig-zag metal electrode, a device called “nanowire nanogenerator” 

capable of producing continuous direct-current output driven by ultrasonic waves was fabricated. In the 

aforesaid work the authors took advantage of the piezoelectric properties of ZnO, using to extract a 

voltage due to mechanical bending of the nanowire. Figure 1.2 shows scanning electron micrographs of an 

array of ZnO nanowires grown on a magnetron-sputtered ZnO film on a fluorine-doped SnO2 covered 

glass substrate. 

 

Figure 1.2 Plain view (a) and cross-sectional view (b) of a ZnO film deposited on fluorine doped SnO2 on 
glass, which are used as a substrate for dye-sensitized solar cells [8]. 

1.2 Objectives  

The main objective of the present thesis is to fabricate doped and undoped ZnO thin films and 

nanostructured samples from different types of targets, employing the pulsed laser deposition (PLD) and 

RF-magnetron sputtering techniques, in order to obtain samples with the suitable properties for their 

future applications as antireflective layers and transparent conductive oxides. The specific objectives were 

to: 

 Study the effect of the isoelectronic doping of ZnO by CdTe on the morphological, optical, 

structural and chemical properties of thin films deposited by PLD. 

 Study the effect of nitrogen doping ZnO from a cyanoacrylate glue target on the 

morphological, optical, structural and chemical properties of thin films deposited by PLD. 



 

6 
 

 Compare the properties of the ZnO thin films fabricated with the cyanoacrylate glue target 

to those grown from a standard pure ZnO target, for its future applications as antireflective 

layer. 

 Study the effect of substrate rotation speed on the morphological, structural, optical and 

electrical of properties of Al-doped ZnO (AZO) nanostructured thin films deposited by RF-

magnetron sputtering. 

 Employ the oblique angle deposition (OAD) method to grow nanostructured Al-doped ZnO 

thin films. 

 Study the effect of the oblique substrate angle on the morphological, structural and optical 

properties of Al-doped ZnO (AZO) nanostructured thin films deposited by RF-magnetron 

sputtering. 

1.3 Thesis layout  

The thesis itself is divided into seven chapters. The following is a brief description of the contents 

for each chapter. 

Chapter One: 

The basic concepts, history, importance and properties of ZnO are presented briefly. 

Additionally, the objectives of the thesis are established.  

Chapter two: 

The theoretical background of the pulsed laser deposition and sputtering techniques is presented, 

its importance and applications is briefly described as well.  

Chapter three: 

The experimental techniques used to study the structural, morphological, optical, electrical and 

chemical properties; of the deposited ZnO thin films are described and summarized. 

Chapter four: 

Presents all of the data results, analysis and conclusions of the study of CdTe isoelectronic ZnO 

thin films grown by the pulsed laser deposition technique. 

Chapter five: 

Presents all of the data results, analysis and conclusions of the work done depositing nitrogen 

doped ZnO thin films from both a pure and hybrid cyanoacrylate targets by the PLD technique.  

Chapter six: 

The data results, analysis and conclusions for the study carried out on the effects of substrate 

rotation on deposited AZO thin films grown by RF-sputtering. 

Chapter seven  

The data results, analysis and conclusions for the study carried out on the AZO thin films 

obtained by the oblique angle deposition method are presented in this chapter. 
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Chapter 2 Deposition techniques background

2.1 Introduction 

Nowadays solid state physics aims to obtain materials with properties suitable for their use in 

devices whose applications include areas as diverse as biophysics, optoelectronics and nanotechnology [1]. 

The size of these devices has diminished over time as well as the dimensions of the materials that 

constitute them, even reaching microscopic sizes. This is why it is essential to study the process that 

allows them to be obtained, including its deposition as thin films.  Materials science has an important 

application in the renewable energies sector, specifically in the field of solar cells; in the aforementioned 

field there is a great variety of materials that require thin films of a few micrometers of thickness in order 

to properly absorb the sunlight and transform it in usable energy.  

When one of the dimensions in a material is much smaller than the others, it could be called a 

“thin film” [2]. Devices bases on thin films have typical dimensions of about 5 to 50 m whereas bulk 

devices have thicknesses of about 50 to 250 m [3]. There are a great variety of techniques that are used 

to deposit thins films, and each one has an important role in the resulting properties and microstructure 

that will be present in the obtained films, so choosing the appropriate deposition technique is of major 

importance for many technological applications. For example the microstructural features of the absorber 

layer sensitively influence the photovoltaic performance in a solar cell and in some cases, specific 

microstructures may be necessary to obtain the desired performance, and such specific microstructures 

might only be obtained by a specific deposition technique with the right deposition conditions.  Many of 

the final properties in a thin film are dependent on the deposition conditions in which it was obtained, 

e.g., background pressure, substrate temperature, the type of substrate, the rate of deposition, among 

others, consequently by varying such conditions during the growth of the film it is possible to obtain a 

wide variety of properties in the resulting thin films. The desired application for which a given material 

will be employed determines the most suitable technique for the preparation of thin films of that material, 

so selecting the right deposition technique and conditions is crucial. 

Two deposition techniques were mainly employed to obtain all the thin films which were studied 

for the development of this thesis, namely, radio-frequency magnetron sputtering (RF sputtering) and 

pulsed laser deposition (PLD). The RF sputtering technique was employed for the deposition of the Al 

doped zinc oxide thin films, while the pulsed laser deposition technique was used to deposit pure ZnO 

thin films along with ZnO doped with CdTe and nitrogen. The optical, morphological, electrical, chemical 

and structural properties of the obtained films were studied using different characterization tools. In this 

chapter, the theoretical background for both of the previously mentioned techniques will be discussed. 

2.1.1 Physical vapor deposition techniques  

The deposition techniques in which the main physical processes involved are erosion and 

evaporation are called physical vapor deposition methods (PVD).  In a PVD process a source material 

(metal, metal oxide or even polymer) is vaporized under vacuum and free vapor phase atoms travel 

throughout the vacuum enclosure to create a thin film, this basic principle is shown in Figure 2.1. 
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Figure 2.1 A representative PVD chamber. The source is vaporized, the vapor travels through the 

chamber to substrate, and the vapor condenses to solid phase on the substrate. 

1. Generation of species to be deposited, i.e., the transition of condensed phases in form of solids or 

liquids to vapor-gas phases. 

2. Transport of the source species to the substrate. 

3. Growth of the film in the substrate. The processes that occur in the substrate depend on the energy of 

the incident particles and the temperature of the substrate. 

Vacuum systems are commonly used in these techniques to prevent contamination or the 

incorporation of undesirable agents into the films [4]. The use of vacuum plays a major role in the 

deposition of thin films because it allows the production of high purity films required in many 

technological applications. 

2.1.2 Chemical vapor deposition  

In these techniques, chemical reactions take place in growth process of thin films; these reactions 

are carried out using a precursor material from which the material that is desired to be deposited is 

formed. In the simplest CVD process, a precursor gas flows into a deposition chamber where one or 

more heated objects to be coated are contained. In the aforesaid chamber chemical reactions occur on and 

near the hot surfaces, resulting in the deposition of a thin film on the substrate material. Non-desired by-

products are also produced, which are removed from the deposition chamber by a gas flow. Among the 

most commonly used CVD techniques are: Metal organic CVD (MOCVD), atmospheric pressure CVD 

(APCVD), low pressure CVD (LPCVD), ultrahigh vacuum CVD (UHCVD), aerosol assisted CVD 

(AACVD), direct liquid injection CVD (DLICVD), etc. Usually in these techniques the precursor material 

is reacted with the substrate, so that three main phases can occur in the process: 

1. Formation of the material before contact with the substrate, so when it arrives to thereof, only 

the film is deposited and grows. 
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2. The material is not completely formed and upon reaching the substrate, depending on the 

conditions thereof, ends up forming and accumulating in such a way that the film grows. 

3. The reactive material depends on both the conditions of the surface, the substrate and their 

characteristics. 

The chemical deposition processes are very complex and can often occur several of the phases 

mentioned above mentioned in a single deposition process [4]. The following sections will focused on the 

theoretical background and experimental set-ups specifically for the sputtering and PLD techniques.  

2.2 Pulsed laser deposition 

The pulsed laser deposition (also known as “laser ablation”) technique is a physical vapor 

deposition process which takes place in a vacuum system. In this technique a laser erodes a solid material 

referred to as “target” which is desired to be deposited onto a substrate; this is accomplished through the 

absorption of the energy emitted by each pulse emanated by a laser source, thus reaching the ablation 

threshold for the aforesaid material. The laser pulses employed in an ablation process are of a high power, 

reaching energy densities of 108 W/cm2, this energy is used to melt, ionize and excite the target material. 

This process produces a plume of transient and highly luminous plasma which expands rapidly away from 

the target. Afterwards the eroded material is deposited on the substrate’s surface in which it condenses 

and the film nucleates and grows [5, 6]. The plasma expands and deposits on a substrate in an atmosphere 

under vacuum or in a reactive medium. 

The ejected material is composed of ions, atoms and molecules that will be eventually arranged in 

one or more crystallographic orientations when they reach the substrate’s surface. This deposition 

technique was initially used to fabricate thin films with complex stoichiometry and was subsequently used 

in the growth of nanostructures. Laser ablation is the most widespread method for deposition of thin 

films of ceramic superconductors, such as YBa2Cu3O7-x (YBCO or 1-2-3)  and was the first technique to 

get a successful deposition as a thin film thereof [7, 8]. Since then, many thin films from materials with 

complicate compositions have been successfully grown by PLD  

The first laser ablation demonstrations were carried out by Smith and Turner in 1965 and they 

were made afterwards the development of the ruby lasers [9]. The technique remained unpopular for 

many years, due to the fact that deposited films were inferior to those obtained by other techniques such 

as chemical vapor deposition and molecular beam epitaxy. It was not until the development of lasers with 

sufficiently energetic pulses and short durations favored the acceptance of PLD as a deposition technique, 

i.e., gas lasers with high-power thyratron switches or Q-switched solid state lasers [10], being the major 

breakthrough for this technique the successful deposition of the high temperature superconductor 

material YBa2Cu3O7-x by Dijkkamp et al. [8], which resulted in thin films of superior quality than those 

deposited with alternative techniques. 

From an experimental point of view, the laser ablation technique is relatively simple, as shown in 

Figure 2.2. The simplest PLD experimental configuration consists of a substrate and target holders. A 

high-intensity beam from the laser is focused and shot on the target, thus vaporizing it; subsequently the 

evaporated material is deposited on the substrate. Usually the process is carried out in a vacuum 
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environment and prior to the deposition the chamber is evacuated to pressures ranges of 10-6 to 10-4 Torr. 

Shooting the target in the same spot must be avoided, since it would eventually degrade its surface and 

would lead to the end of the ablation process. To avoid this, it is necessary to rotate the target holder, thus 

the ablation occurs successively at different points leading to a homogenous consumption of the target. 

 

Figure 2.2 Schematic diagram of the experimental pulsed laser deposition setup. A laser ablates target 

material, resulting in the evaporation thereof towards a substrate under a vacuum environment. 

The technique is simple yet versatile, and is widely used to deposit a large variety of materials [11]. 

In contrast to its apparent simplicity, the physical processes involved in an ablation process are of a great 

complexity, and have not been fully understood so far [12, 13]. In general thin film formation process in 

PLD generally can be divided into the following three physical processes: 

1. Laser radiation interaction with the target material 

2. Plume formation and expansion 

3. Nucleation and growth of ablated material on the substrate’s surface 

Furthermore, these physical processes are dependent on the experimental parameters employed in 

the deposition process, namely, the laser wavelength, pulse width, the laser fluence (energy per unit area), 

background gas type and pressure, substrate’s type and temperature, the deposition geometry, among 

others [14]. In following sections, the most important physical phenomena involved in a PLD process will 

be described briefly.  

2.2.1. Laser radiation interaction with the target material 

The first physical process in PLD occurs when the high energy pulses emitted by the laser source 

hit the surface of a solid target, this is often referred to as “laser ablation” (also called photon induced 

sputtering).  In this context “ablation” covers a variety of phenomena which will occur during the laser-

target interaction such as absorption, surface melting and vaporization, ejection of particles, plasma 
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formation and expansion [14].  According to Kelly and Miotello [15] the laser ablation process can be 

divided into primary and secondary mechanisms that occur simultaneously. The corresponding share of 

each particular mechanism is difficult to determine.  The aforementioned mechanisms are described as 

follows:  

 The target material melts and evaporates by absorbing the laser energy; this is referred to as 

“thermal ablation or sputtering”. The heat conduction equation, the laser and thermodynamic 

parameters are often used to model this process [16]. Molten droplets can also be expelled from 

the target material into the plasma plume by the laser induce recoil pressure or the subsurface 

heating [17]. 

 Repeated thermal shocks detach flaked shaped chunks of the target. This only happens when the 

target is made of a material with a high linear thermal expansion coefficient, a high Young’s 

modulus, and a high melting point, this is called “Exfoliational sputtering”.  

 Transient melting could lead to the formation of droplets at the target’s surface, which also 

induce the formation of asperities on its surface; this is called “Hydrodynamic sputtering”. 

 The direct interaction between the electronic system of the target and the laser’s photons leads to 

the breaking of the chemical bonds presented in the target, this is called “Non thermal photo-

induced electronic sputtering”. The photons can also create color centers that enhance thermal 

absorption of the target material [18]. 

 Secondary ions and electrons generated by photon collisions from the plasma provoke an indirect 

collision sputtering of the target which in turn results in cone formation and target erosion [19]. 

There are many interactions that take place in an ablation process, so only taking into account the 

laser-target interaction is not enough to fully understand the whole process, the laser-vapor, vapor-target, 

laser-plasma and plasma-target interactions have to be considered as well. Several theoretical models are 

proposed to describe this ablation process, however most of them only deal with parts of the interaction 

or only work for a specific material, thus having limited success [6]. Nonetheless a general characteristic 

for the ablation process is that every material has an ablation threshold, i.e., a minimum value for the laser 

power density for which below it not possible to remove any material from the target, the typical power 

densities for most material are in the range of 107-108 W/cm2 [20]. 

Figure 2.3 shows the basic thermal cycle caused by the interaction of the laser with the target. In 

Figure 2.3 (a) the laser pulse is absorbed to begin the fusion and vaporization of the target. The molten 

material is represented by the shaded area and the arrows indicate the movement of the solid -liquid inter 

phase. 
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Figure 2.3 Basic thermal cycle induced by a laser pulse (a) Fusion begins, (b) Propagation of the fusion 

front, (c) Retreat of the fusion process, (d) Complete solidification. 

The propagation of the melting front is shown in Figure 2.2 (b) through the material, at the same 

time as the vaporization thereof occurs. There is recoil in the melting process shown in Figure 2.3 (c); the 

scratched portions indicate a re-solidified segment in the target. In Figure 2.3 (d) a complete solidification 

is shown. 

2.2.2. Plume formation and expansion 

The radiated energy from the laser is partially absorbed by the vaporized material, obtaining very 

high temperatures on a relatively small surface of the target and therefore an evaporation plume 

perpendicular to the radiated surface is formed. To avoid deforming the plume, the target is rotated, thus 

preventing the formation of craters on its surface. This high energy interaction with the vaporized material 

results in the generation of plasma which expands in a background atmosphere, this plasma contains 

excited molecules, atoms, ions (mostly positive), electrons, ultraviolet radiation and low energy X-rays [10, 

21, 22]. At the beginning of the plasma creation there might be high density of its particles, within the 

range of 1018−1020 cm−3, all of this particles begin to interact with each other and tend to lose memory of 

the primary ablation mechanism [14]. In addition to this, the plasma particles close to the target surface 

have an anisotropic velocity distribution, i.e., all their velocity vectors point away from the target. 

Nonetheless, the collision processes between the ablated particles transform this anisotropic behavior into 

an isotropic one. All of the aforementioned processes take place in a region within just few mean-free 

paths away from the target surface, which is called the Knudsen layer [23]; this layer plays a critical role in 

accurately modeling rarefied and micro-scale gases, and in a PLD process is the region where the majority 

of energy emanated from the laser is absorbed into the plasma. Some models proposed to describe the 

behavior of the plasma consider it as a fluid, one of them was proposed by Singh and Narayan [24], they 

(a) (b) 

(c)  (d) 
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concluded that the acceleration of the plasma varies inversely with its dimensions; therefore the highest 

velocities are expected to be obtained perpendicularly to the target surface.  

The presence of a background gas and its possible reactive character determine the conditions in 

which the plasma expansion takes place, i.e., since the plume particles besides interacting with each other 

also interact with the aforementioned gas, additional effects on the former can also be produced, such as:  

scattering, attenuation and thermalisation. This is due to the fact that many parameters on the plasma 

plume (The kinetic energy, the spatial distribution and the nature of the species present in the plasma, to 

name a few) can be altered.  Furthermore, the plasma plume particles are capable of reacting with the 

background gas particles. All this affects the morphology, composition and crystalline structure of the thin 

films deposited by PLD. Therefore, the control of the plasma expansion dynamics and the analysis of the 

processes taking place during this expansion are critical for determining optimum synthesis conditions for 

any sample. 

2.2.3. Nucleation and growth of ablated material on the substrate’s surface 

The nucleation of atomic clusters from the target material onto a substrate involves several 

processes. The velocity of the atoms that reach the substrate depends on the parameters used in the 

deposition process, as they can be deposited  in various regions thereof, either in empty regions or in 

those where clusters of atoms where previously deposited. These atoms may subsequently diffuse onto the 

substrate or surface clusters deposited before them, find other moving atoms to form mobile or stationary 

clusters, attach to preexisting clusters, be re-evaporated from the substrate, cluster, or film, or remain on 

the surface of the substrate [24, 25]. 

Contrary to processes described in the subsections above,  the nucleation and growth on the 

substrates surface for the PLD technique can be described by many existing models, which also apply to 

other deposition techniques such as beam epitaxy (MBE), sputtering (ion-beam deposition) [20], to name 

a few: The hree-dimensional material islands (Volmer-Weber), two-dimensional full monolayers (Frank-

van Der Merwe), and two-dimensional monolayer growth followed by three-dimensional islands (Stranski-

Krastanov), if the growth rate per laser pulse is less than 0.2 nm per pulse [26]. 

Figure 2.4 shows a schematic diagram of atomic processes in the nucleation of three-dimensional 

clusters of atoms on the surface of a substrate (1) arrival of an atom to the substrate (2) Re-evaporation 

from the substrate, (3) Deposition of an atom onto a cluster (4) Re-evaporation from a cluster, (5) 

Nucleation of a cluster (6) Diffusion of a cluster (7) Disassociation from a cluster.  
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Figure  2.4  Schematic diagrams of the atomic processes in the nucleation of three-dimensional clusters on 

the surface of a substrate. 

2.2.4 Advantages of PLD 

Some advantages of the PLD technique are [27, 28, 29]: 

1. - It is possible to make deposits of complex oxides with high melting points easily, as long as 

the materials of the target can absorb the energy of the laser. 

2. - PLD allows the growth of films under a highly reactive gaseous atmosphere over a wide range 

of pressures. 

3. - The chemical composition of the target is almost perfectly transferred to the deposited film 

which results in a highly stoichiometric deposition. This is advantageous when obtaining thin films from 

targets of different compositions is desired.  

4. - The PLD technique is very effective and suitable for the development of epitaxial f ilms and 

allows the fabrication of multilayers, and heterostructures. 

5. - PLD is a versatile, reliable and fast deposition technique. The deposition rate is of the order 

of some nm/min for substrates areas of about 1 cm2. The thickness of the films can be easily controlled 

by varying the number of laser shots. 

6. -The laser as an external source of energy for vaporization of materials and the deposition 

chamber are spatially separated, resulting in an extremely clean process. The PLD does not require a 

filament or a plasma gas inside the vacuum chamber as opposed to the sputtering or thermal evaporation 

techniques. Therefore an inert or reactive gas can be applied during the PLD process with virtually no 

limitations for the pressure values, which can be controlled in ranges from 10 -4 Torr to 1 Torr [29]. 

(3) 

(4) 

(1) 

(5) 

(2) 

(6) (7) 
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2.2.5. Disadvantages of PLD 

Despite these advantages, the industrial applications of the PLD technique have been scarce and 

slow [18], with very limited use in the private sector. Most of the work on PLD has been carried in 

scientific research centers and not industries due to its disadvantages, which are listed below [6, 17]: 

1. - The volume deposition rate is only 10-5 cm3/s, which is much lower than other PVD 

techniques like MBE or magnetron sputtering [1]. In addition to this, the energy efficiency of high power 

lasers is low, which means that the efficiency of PLD is low as well. Therefore the application of the PLD 

technique is limited to areas of 5 inches in diameter due to the high directionality of the plasma plume. 

Therefore, without additional lateral scaling of the substrate, sufficient thickness and good homogeneity 

the growth process is limited to films deposited in an area of 1 in2 [30]. 

2. - Depending on target’s density and its constituent material and the deposition conditions as 

well, molten particles and globules, sometimes called "droplets" can be found in deposited films [31]. 

Their size is about 1 m. The presence of these droplets is detrimental in many thin film applications [17]. 

3. - The fundamental mechanisms of PLD, namely, the ablation of the material, the creation and 

expansion of the plasma, along with the processes of nucleation of the film and its growth, are  not fully 

understood yet,  and need continuing fundamental research. Additionally their dependence of the 

deposition parameters is difficult to control [27, 32]. 

2.2.6. PLD experimental set-up 

The PLD system used for the development of this thesis consists of a vacuum chamber which 

contains a substrate and target holder. The target holder is attached to a rotational system, which in turn 

controls the rotational speed of the target. The substrate holder is connected to a heating system which 

allows to control the temperature at which the deposition is carried out. The vacuum chamber has a 

quartz window where the laser beam impinges, which is focused by means of a lens system which is 

placed outside of the vacuum chamber. 

The initial stage of vacuum is carried out by a mechanical pump that reaches a pressure in the 

order of 10-2 Torr, afterwards a diffusion pump which under optimum conditions reaches pressures in the 

order of ≈ 10-6 Torr. There is also a vent employed to allow the entrance of gas if the deposition needs to 

take place under a reactive atmosphere [14, 33]. A sketch of the PLD equipment is shown in Figure 2.5. 

  

https://en.wikipedia.org/wiki/Equals_sign#Approximately_equal
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Figure 2.5 Schematics of the PLD deposition system employed for the experimental work on this thesis. 

The energy source employed for all the depositions consists in a Nd: YAG (= 1068 nm) laser, 

which operates in frequencies in the range of 1-10 Hz.  The laser pulses have energies of around ~ 2 J/ 

cm2 shot1, with a full width at half maximum (FWHM) of 10 ns. The optical system employed to focus the 

laser beam consists of a lens (focal length 453 nm at 1068 nm) which passes through a window and 

impinges the target at 45° of incidence [14].  Several vacuum gauges are placed around the deposition 

chamber to adequate measurement of the pressure within it; MKS 97A sensors were connected to these 

gauges in order to carry out the measurements. A Picture of the laser employed for the development of 

this thesis is shown in Figure 2.6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Photograph of the Nd: YAG laser employed in this work [14]. 
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The heating system consisted of a radiation source from a tungsten lamp (300 watts) with a 

voltage supplied by an Omega CN442Q-TRF1 temperature controller. The heating system allows fine-

tuning the temperature variations from room temperature (RT) up to 500 °C with a control of +1 °C 

during growth. As it was mentioned above the heating system is attached to the substrate holder, 

nonetheless, its setup allows the movement of the substrate holder, therefore the target-substrate distance 

can be adjust between 10-70 mm. A maximum of four targets can be placed in the system [25], this allows 

the deposition of multilayer films without breaking the vacuum.  A picture of the substrate holder and the 

heating system is shown in Figure 2.7.  

 

Figure 2.7 Substrate holder and heating system [14]. 

2.3 Sputtering 

The other deposition method employed for de development of this work is the sputtering 

technique, and just like PLD it is a physical vapor deposition method.  It consists of bombarding a 

negatively polarized target surface (cathode) with particles (usually ions or molecules) originated from 

plasma. It is customary to employ ions in a sputtering bombarding process due to their ability to be 

accelerated under an electric field, these ions normally come from an inert gas, and this is because no 

chemical reaction between the target or the deposited thin film is desired; argon is usually employed in 

sputtering due to its low price and abundance [34]. The ions generated by the plasma are accelerated 

towards the target by means of an applied electric field; afterwards the ions impinge on the target thus 

provoking its erosion. If particles that impinge on the target have the enough amount of energy, its 

constituent atoms or molecules can be ejected, this is caused by the energy and momentum transmission 

between the impinging particles and the target’s surface. This momentum and energy transmission is the 

fundamental mechanism of the sputtering process, and it is caused by a cascade of collisions in the 

superficial layer of solids [35]. The multiple collisions provide enough energy to some atoms in order to 

leave the target’s surface, reach the substrate and get attached to it. Most of the energy provided by the 

incident ions is converted into heat, which is dissipated by a cooling circuit which prevents the cathode to 



 

22 
 

overheat. Furthermore, large numbers of target atoms are displaced from their equilibrium positions in the 

crystal lattice, producing some structural disorder, where even some incident particles are contained within 

the crystal lattice of the target [36].  

When the ions hit the target, in addition to the erosion of the material, other effects occur, such 

as the emission of secondary electrons and recombination processes, which are responsible for the 

luminous glow near the cathode surface. Additionally, the secondary electrons contribute to increase the 

ionization process in the plasma, thus making the bombardment of target more frequent and this effect is 

used to increase the efficiency of the process by the use of magnets that confine the movement of these 

secondary electrons, and it will be explained with more detail in a following section. An outline of the 

processes describe above is shown in Figure 2.8. 

 

Figure 2.8 A general outline of the sputtering process. 

The sputtering technique is widely diffused industrially, particularly in the manufacture of 

semiconductors and antireflective coatings due to the simplicity of its physical process and its versatility 

[38]. Among its advantages are: the good film/substrate adhesion  caused by the high kinetic energies with 

which the atoms or molecules arrive to the surface of the substrate,  good film uniformity, eroding 

materials with high melting point is possible, its ability to make depositions in relatively large areas (> 1 

m2), good control of chemical composition under the right conditions. Additionally, the deposited films 

have the same composition as the target thus having a high reproducibility [37]. Other worth mentioning 

advantages of the sputtering technique is that it allows deposition processes at relatively low temperatures 

which are desirable for many applications that require plastic substrates or sensitive photo-resistors which 

are used in light emitting diodes and solar cells [38]. Finally, it also possible to deposit a great variety of 

compound thin film coatings using targets of elemental materials under an atmosphere filled with a 

reactive gas, i.e., oxides and nitrides of many metals are deposited in under atmospheres of oxygen and 

nitrogen respectively, which combine chemically with the eroded materials, in a process known as reactive 
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sputtering. However it is also important to point out the principal limitations and disadvantages of the 

sputtering technique, to name a few: 

 The cost of sputtering equipment is relatively high compared to other deposition techniques. 

 For some applications the growth process is too slow. 

 There are materials that are incompatible with processes that require vacuum, either because of 

their inherent properties or because of the products they generate during the sputtering process, 

among them are some organic solids, which often degrade completely. 

 The presence of vacuum pumps presents problems with targets having volatile components, 

resulting in poor films. 

 The introduction of defects by energetic particles as they are sputtered onto the pre-existing film 

is considered undesirable.  

The sputtering process takes place in a vacuum chamber, since an adequate vacuum environment 

is essential to carry out a sputtering process; this allows the average mean free path of the gaseous particles 

to be so large that they practically do not collide with each other, thus ensuring that eroded species reach 

the substrate successfully, this is carried out by high vacuum pumps. The pressure range suitable for a 

deposition is generally between 10-2 to 10-4 Torr, since at these values both excellent thermal and electrical 

insulation is achieved; and it is called “working pressure”. However, before deposition the chamber is 

evacuated to pressures of 10-7 Torr and then filled with an inert gas until the working pressure is attained 

again, this considerably decreases the amount of external polluting particles in the gaseous atmosphere 

that could alter the quality of the resulting thin film. Each sputtering system has a different optimum 

working pressure, taking into account the fact that there is a relation between the mean free path for the 

particles contained in the plasma and the required pressure to sustain the ionizing discharge. The smaller 

the pressure the greater the mean free path, and therefore the greater the energy at which the particles 

reach the target and the substrate. However if the pressure is too low there are not enough ions and 

discharge is extinguished quickly.  

2.3.1. Different types of sputtering systems 

Plasma is defined as a gas which partially consists of ions, atoms and electrons [39]. There are a 

lot of processes that occur in plasma, among them, is the collision of electrons with atoms or molecules 

from the inert gas used, which is the most important in sputtering, this process is known as ionization and 

is the basis for obtaining plasma. In a sputtering deposition there is always a characteristic glow which is 

given by the relaxation of the atoms excited by the electrons which are accelerated towards the anode. 

There are different ways to create plasma and in the following sections the different sputtering 

configurations employed to do so will be described in detail. 

2.3.2. DC Sputtering 

As it was mentioned before, there are different ways to configure a sputtering system in such a 

way that target erosion occurs. The simplest way to do so is through the generation of plasma with a 

direct current (DC) diode discharge. This discharge requires two electrodes placed in a high vacuum 

chamber and an external high voltage source. The material that is desired to be eroded is the target in the 
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sputtering process, which becomes the cathode of an electric circuit and has a high negative voltage V 

(DC). The substrate is where the thin film grows and is placed on an anode that is electrically grounded a 

few inches away from the cathode [34]. Hence an electric field is always present in the vacuum chamber 

during deposition and its role is to accelerate the electrons towards the anode. 

Under appropriate gas density conditions, electron will have enough energy to ionize the gas 

atoms in the chamber by colliding with them, thus generating ions and secondary electrons. Afterwards 

these charged particles are accelerated by the electric field, the electrons towards the anode (causing more 

ionization in their path) and the ions towards the cathode, producing an electric current. The ions that are 

accelerated towards the target can tear away some its atoms by colliding with it, while also contributing to 

the emission of secondary electrons, which enables the ionization to continue, in fact these secondary 

electrons are responsible for sustaining the glowing discharge. When the number of generated electrons 

and ions is equal and when there is the same amount of electrons as of ions, the plasma reaches certain 

equilibrium and the discharge is said to be self-sustained, that is when a characteristic glowing light is 

observed in the gas. The atoms that were tore away from the target travel in different directions and some 

of them reach the substrate (the anode), condense and form the thin film [34]. 

Most of the energy that results from the collision between the ions and the target is transformed 

into heat, that’s why a cooling circuit is required to avoid overheating the cathode. A schematic of a DC 

sputtering system is shown in Figure 2.9. 

 

Figure 2.9 Schematic diagram of a DC sputtering setup. 
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2.3.3. RF sputtering 

The main limitation of the DC sputtering process is its inability to maintain the luminescent 

discharge when the target placed in the cathode is an insulating material instead of a metallic one. When 

an insulating material is placed in the cathode of a DC sputtering system an unavoidable positive charge 

build-up occurs on the target’s surface due to the constant ion bombardment. This accumulation of 

charge can lead to a decrease in the sputtering efficiency, even stopping the discharge altogether. To get 

around this problem the DC power source is replaced with a Radio Frequency (RF) operating one. The 

RF voltage source operates as follows: For a small part of the radiofrequency cycle, the cathode and anode 

reverse their polarities. This eliminates the accumulation of positive charge on the target by providing an 

equal number of ions, then electrons, then ions, and so on. This allows to successfully eroding almost any 

insulating material [40]. This is made by changing the polarity of the anode-cathode bias at a high 

frequency rate, normally is 13.56 MHz, which a conventional frequency for industrial, scientific and 

medical uses [41]. This alternating polarity has an additional benefit as well. When the polarity of the 

electric field is change, the electrons that have not reached the substrate yet will be accelerated towards the 

“new” anode, therefore increasing the chances of colliding with an atom. This implies a higher sputtering 

rate and density of ions.  

2.3.4. RF magnetron sputtering 

One of the major drawbacks of a conventional sputtering process is the inevitable heating of the 

substrate caused by the bombardment of secondary electrons and its low deposition rates. The use of 

magnetron which provides a strong magnetic field in the close vicinity of the cathode was conceived to 

solve this issue. The magnetic field confines the electrons in an intense plasma region near the cathode; 

this severely increases the electron density being nearly 10 to 1000 greater than in a traditional the 

sputtering process, thus, the secondary electrons generated in the bombardment are confined to a region 

near the surface of the cathode, where these electrons are governed by the Lorentz force and forced by 

helical paths parallel to the surface of the cathode. This increases the ionization of the working gas 

resulting in higher ion current densities (typically 10 to 100 times higher than a sputtering without 

magnetron [42]) at considerably lower working pressures (in the range of 0.1 to 1 Pa), consequently the 

eroded atoms from the target go under fewer collisions in their way to the substrate, thus having more 

kinetic energy when they reach thereof. It should be mentioned that a cooling system is necessary for the 

cathode in any magnetron system, since increasing the ionization rate increases the amount of ions that 

bombard the target, which can cause its melting due the excess of heating. Figure 2.10 shows a schematic 

of a magnetron Sputtering set-up. 
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Figure 2.10 Schematic diagram of a magnetron sputtering process [43]. 

In Figure 2.10 the electrons are confined in a region close to the cathode and cannot move freely, 

this eliminates much of the heating that the substrate undergoes due to the electrons that could impinge 

its surface [44]. The magnetic field is generated through magnets located in line with the cathode. A 

disadvantage of a magnetic field-assisted sputtering process is that the material erosion is not uniform and 

there is a large wastage of material. This is due to the fact that the sputtering of target is more intense 

where the magnetic field lines are parallel to the surface of the cathode. 

2.3.5. Sputtering experimental set-up 

The RF-magnetron sputtering system used for the development of this thesis consists of a 

mechanical vacuum pump, a turbo-molecular vacuum pump with its respective controller, two Lesker's 

Torus magnetron guns with 3 inches in diameter each, a micro-Pirani vacuum sensor, a radiofrequency 

voltage source, a matching network  to control de amount of power and charge supplied to the system, 

control valves for the gases employed, a cooling system for the magnetron, a substrate holder with its 

respective shutter and a glass vacuum chamber. Pictures of the RF-magnetron sputtering system employed 

for the development of this thesis is shown in Figure 2.11.  
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Figure 2.11 RF-magnetron sputtering employed in this work (a) front view (b) top view.  
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Chapter 3 Characterization techniques  

This chapter briefly describes the characterization methods employed throughout the 

development of this thesis. The present work focused in the characterization of the structural, 

morphological, optical, chemical and electrical properties for the deposited thin films. X-ray diffraction 

(XRD), atomic force microscope (AFM), scanning electron microscopy (SEM), Profilometry, UV-Vis 

spectroscopy, X-ray photoelectron spectroscopy (XPS) and the Van der Pauw method were the 

techniques chosen for this purpose. For further information regarding the experimental set-up on the 

specific studies the reader is advised to look in the experimental sections in each individual chapter of this 

thesis. 

3.1 X-ray Diffraction (XRD) 

The structural characterization of the obtained samples was done by XRD.  Like visible light, X-

rays are electromagnetic radiation, however, they possess a much shorter wavelength (in the range of 0.1 

to 10 nm), which is comparable to the interatomic distances in solids. When an X-ray beam hits a solid, 

they are dispersed in all directions. Most of the radiation scattered by one atom cancels the radiation 

scattered by other atoms. However, some X-rays reach certain crystallographic planes at specific angles; 

this reinforces the incident radiation rather than destroy it. This phenomenon is called diffraction. X-rays 

are diffracted, i.e., the beam is reinforced, if there is an orderly arrangement of atoms and if the conditions 

given by Bragg's law are fulfilled [1]:  

                          (3.1)

Where  is the grazing angle of the incident X-ray, n is an integer number, d the crystal plane 

separation distance and is X-ray wavelength. Figure 3.1 shows a schematic of all the elements presented 

in a diffraction phenomenon. If Bragg's law conditions are not met, the interference is of a non-

constructive nature and diffracted beam is of a very low intensity. 

 

Figure 3.1 Schematic of the X-ray diffraction phenomenon. 
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The diffractometer is an apparatus used to determine the angles at which diffraction occurs in a 

given sample. It consists of a source and a detector, which are subsequently titled at angles of 0° and 180° 

respectively, afterwards the source is rotated around the sample while the detector is rotated in the 

opposite direction at the same speed. A schematic of an X-ray diffractometer is shown in Figure 3.2. 

. 

Figure 3.2 Schematic of the X-ray diffractometer. 

The detector records the 2 angles at with which the beam is diffracted and its respective X-ray 

yield (counts), thus producing characteristic diffraction pattern, this pattern is presented in a graph, known 

as “diffractogram”, which is used to determine the crystalline properties of studied material (number of 

diffracted crystallographic planes, preferential orientation, grain size, induced stress in the film as well as 

possible structural defects). A crystalline material will produce a characteristic diffraction pattern. In a 

sample whose structure is formed by a set of phases of different materials, the corresponding diagram will 

show the individual diffraction patterns of each one of them. In this work, a Siemens D-500 X-ray 

diffractometer was used at CINVESTAV-IPN in Merida. The employed source of radiation was Cu-K 

(=1.5418 Angstrom) in the grazing incidence angle mode. This geometry increases the effective X-ray 

path through the film, while the diffracted intensity of the substrate is reduced. In general, the thin film 

signal-to-noise ratio increases significantly. 

3.2 Atomic force microscopy (AFM) 

The atomic force microscope (AFM) is a mechanical-optical instrument that allows obtaining 

topographic images with high spatial resolution for a given surface. The AFM consists of a cantilever with 

a sharpened tip (probe) at its end, which has a conical or pyramidal shape; this tip is used to scan the 

surface of the sample. When the tip is brought close to the surface of the sample, the forces presented 

between the former and the latter deflect the cantilever according to Hooke's law. Depending on the 

situation, the forces measured in this type of microscopy include: mechanical contact forces, Van der 

Waals forces, capillary forces, electrostatic forces, etc. How much the cantilever is deflected is measured 

by a laser beam, which is reflected in a photo-detector, this is done in order to calculate the force applied 

to the cantilever. Two scanning modes are typically used in AFM measurements: keeping the tip at 
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constant height or at constant force. In the first case, when the tip and the atomic surface atoms approach 

to each other, the forces caused by their interaction increase and when they are moved apart decrease so 

the height between them remains constant. In the second case, the tip will approached or move apart 

from the surface of the sample depending on morphology, so that the force between the tip and the 

sample is kept constant. These movements are captured by the photo-detector registers and are 

subsequently transfer into computer software as a topographic image of the sample. The obtained images 

are then used to estimate the grain size and roughness of the deposited film [2]. The importance of the 

AFM technique lies in the fact that it is useful to determine the surface quality of the studied samples, 

which is important for many applications where the morphology of the material plays a key role [3]. All 

the measurements for this thesis were performed at atmospheric pressure and room temperature in the 

constant force mode; 2D and 3D images were obtained with different dimensions.  Figure 3.3 shows a 

schematic of an AFM system. 

.  

Figure 3.3 Schematic of an AFM device. 

3.3 Thin film thickness 

Unlike bulk materials the thickness is parameter that plays a key role in films, this is due to the 

fact that reproducible properties are only achieved when the film thickness and deposition parameters 

remain constant. In this thesis the profilometry technique was employed for film thickness determination. 

In a profilometer a moving tip is brought into contact with the surface of a given material. This tip scans 

the surface of the sample applying a constant force on it. It is possible to adjust both the sweep length and 

the magnitude of the applied force depending on particular characteristics of the film. The tip is 

connected to a measuring system that records its vertical displacements along the studied surface, thus 

determining the changes in thickness.  

A Veeco profilometer model Dektak 8 Stylus Profiler, owned by the CINVESTAV-IPN Mérida 

Unit, was employed to carry out most thicknesses measurements in this work. The aforementioned 

apparatus can analyze samples with a maximum length and height of 200 and 75 nm, respectively. There is 

region of the deposited film that has to be covered with some kind of mask or tape; this creates a step on 
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its surface so the thickness can be accurately measured by the vertical motion of the stylus tip over the 

step. A schematic of the profilometry technique is shown in Figure 3.4. 

 

 

Figure 3.4 Schematic of the thickness measurement carried out by a profilometer. 

3.4 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA) is surface characterization technique employed to analyze the chemical composition and 

oxidation states from the surface of a solid material [4]. Its functioning is based in the photoelectric effect, 

where the electrons are ejected from the surface of a material due to photonic irradiation [5]. When X-rays 

of known energy h (generally Al KorMg Kat 1486.7 eV and 1253.6 eV, respectively) interact with 

an atom, a photoelectron can be emitted, as is shown in Figure 3.5. 

 

Figure 3.5 A Scheme of X- ray photoelectron spectroscopy process. 

Afterwards, the kinetic energy of the emitted electron (KE) is measured and atomic core level 

binding energy (BE) relative to the Fermi level (Ef) is determined using the following equation: 

(  )     (  )           (3.2) 

Where  sp is the work function of the spectrometer. A typical XPS spectrum is a plot of the number of 

electrons detected (Y axis) versus their respective binding energy (X axis). Each element produces a 
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characteristic set of XPS peaks at different binding energy values that are used to identify each constituent 

element of the surface of the material being analyzed. Almost every element from the periodic table can 

be identified using the various core binding energies obtained in a XPS spectrum, with the exception of 

hydrogen and helium [6]. Due to the fact that the binding energies are sensitive to the atomic chemical 

environment, other useful information such as the chemical states of the constituent elements can be 

obtained from an XPS analysis, this information is obtained by relating every peak plotted in the XPS 

spectrum to its respective chemical element, there is a wide variety of tables and manuals where the 

particular spectrums of known elements and compounds are reported [7]. To carry out a quantitative 

analysis of the obtained XPS spectrum the relative concentrations Cx are estimated using the following 

expression:  

                                                                                  
  
  
⁄

∑ (    
⁄ ) 

                                                         (3.3) 

 

Where Ix is the height or area for the element x, Sx is the relative sensitivity of the photoelectron 

peak, the sum is made over all the present elements. 

3.5 Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that employs electrons 

rather than light to form an image. This characterization method is widely used to study inorganic and 

organic materials an presents many advantages over a conventional optical microscope [8].  In this 

technique the surface of the sample is scanned with a high-energy beam of electrons, thereby producing 

high-resolution images of the studied material. 

Different types of signals are generated by the interaction of the electron beam (which is normally 

generated by a tungsten filament [9]) and the surface of the sample, which are subsequently collected by 

electronic detectors to construct a high resolution image of the latter. Secondary electrons (SE) and 

backscattered electrons (BSE) are most commonly used to generate the aforementioned images. The 

secondary electrons are classified as low energy electrons (<50 eV) and are produced by the inelastic 

scattering between primary electrons and electrons of atoms in the sample (they are normally used in the 

morphological investigation), while the backscattered electrons have energies above 50 eV, and are 

generated by elastic scattering. Any measurement carried out by a SEM device must be carried out under a 

vacuum environment; this prevents the scattering of the electrons by air molecules. Electromagnetic 

lenses are used to focus the incoming electronic beam on the sample; afterwards the studied area in the 

sample is scanned and the scattered signals are recorded to construct a high resolution image. The 

resulting images are useful to study superficial properties at high magnification, to evaluate morphological 

features, such as grain sizes and local structures, among others. Figure 3.6 shows and schematic of a SEM 

apparatus.  
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Figure 3.6 Schematic diagram of a Scanning Electron Microscope (SEM) General Setup. 

A scanning electron microscope is also employed to carry out an energy dispersive X-ray 

spectroscopy (EDS) analysis. This technique is used to identify the elemental composition of the studied 

sample. To generated and EDS spectra, the sample is exposed to an electron beam inside a SEM 

apparatus. These electrons collide with the electrons within the sample and knock them out from their 

orbits. The higher energy electrons come to the evacuated positions and emit X-rays, which are in turn 

used to determine the elemental composition of the studied sample. 

3.6 Optical characterization  

When electromagnetic waves interact with matter they can be dispersed, transmitted, or absorbed, 

spectroscopy studies the way in which these interactions take place. This gives rise to the three main 

branches of spectroscopy. Emission spectroscopy studies the emitted light by atoms produced by 

radiation-matter interactions, Raman spectroscopy studies the light scattered by molecules, lastly, 

absorption spectroscopy deals with research of absorbed radiation at various wavelengths. 

In the present work, the optical absorption spectroscopy technique was employed to characterize 

the resulting optical properties of the ZnO thin films. This technique allows to measure the optical 

absorption spectrum of a material and thus to study its band structure. When an absorption process takes 

place, a photon of known energy excites an electron from state of low energy to one of higher energy, i.e., 

the electron moves from a state in the valence band to another one in the conduction band, this is 

achieved by providing energy from an external source such as: heat, a magnetic field or electromagnetic 

radiation. 

The optical transmittance is the fraction of incident light at a specific wavelength which passes via 

a sample, it measurement is carried out by impinging a monochromatic beam on the studied material using 

a UV-Vis spectrophotometer; it is expressed in a percentage [10]. This technique is considered very useful 
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to characterize many of the optical properties in many materials: the possible electronic transitions, the 

optical band gap (Eg), the distribution of energy , among others. 

An Agilent 8453 ChemStation UV-Visible spectrophotometer was used to carry out the optical 

measurements for this work. The spectrophotometer consisted of three fundamental blocks: 

1. Light Source: Usually consists of tungsten or xenon lamps. 

2. Mono-chromator: Selects any specific wavelength of the incident light. 

3. Photo-detection system: Collects the detected light signals that go through the sample and sends 

them into a computer. 

3.6.1 Determination of the optical band gap 

The transmittance spectrum is often used to derive optical parameters like absorption coefficient 

() and band gap (Eg) of studied material. When electromagnetic radiation impinges the surface of a solid, 

part of it will be absorbed. The fraction of absorbed radiation (without considering losses due to energy 

dissipation and reflections) depends on the nature and thickness of the material. For a semiconductor, this 

interaction is defined in terms of the absorption coefficient (), which is a measure of the amount of 

incident energy that is absorbed as it is propagated in a medium. It characterizes the absorption properties 

of the material and is defined is defined as follows: I0 is the intensity of the incident light, I the intensity of 

the transmitted light beam and the thickness of the sample is denoted by d. Figure 3.7 shows these terms 

with a scheme that represents the change of intensity of the incident radiation when it goes through a thin 

film.  

 

Figure 3.7 Schematic diagram of the optical transmission in a thin film. 

The intensity of the transmitted radiation I is proportional to the incident beam intensity and 

thickness of the material: 

                                                             (3.4) 

By integrating (3.4) from I0 to I, and taking into account the thickness of the sample: 

                                           ∫
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                                          (3.5) 
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Thereby the following expression will be obtained:  

                              
 

  
                                                (3.6) 

The expression (3.6) is known as the Beer-Lambert law, which establishes the relation between 

the absorption coefficient and the transmittance spectra [10].  The previous relation can be rearranged 

into:  

                                       ( )  

 
  
  

 
                                           (3.7) 

The previous expression is used to plot the absorption coefficient versus the wavelength of the 

incident radiation.  To make a proper analysis of the fundamental absorption it is necessary to make two 

considerations: 

1. The momentum of the photon is smaller than the momentum of the lattice. This means that is 

that in the process of absorption of a photon, the momentum of the electron involved must be 

conserved, that is why when an electron passes from a state in the valence band to another in the 

conduction band its energy increases, but not its momentum. 

2. The material is assumed to be pure, and thus the absorption coefficient will exhibit the following 

behavior: 

                            ( )  {
          
           

                                    (3.8) 

Where h is the Planck’s constant and  is the frequency of the incident photon. In addition to 

previous considerations there are two types of transitions between bands that take place the fundamental 

absorption process: 

a) Direct transition: The maximum and minimum of the valence and conduction band, respectively, 

coincide at the wave vector  ⃗ . 

b) Indirect transition:  The maximum and minimum of the valence and conduction band, 

respectively, does not coincide at the wave vector   ⃗ . 

Figure 3.8 shows the absorption spectrum for a material with direct and indirect transitions. 
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Figure 3.8 Scheme of a (a) direct and (b) indirect transition in a material. 

The Eg value is obtained by extrapolating the linear portion of the 2 graph against the energy of 

the incident photon. The following relations express the dependence of  with respect to the energy (h) 

of the incident photonic radiation [1]:   

                                     (  )  {
 (     )

    

 (     )
 

                                  (3.9) 

The first and second expressions in (3.9) apply for direct and indirect transitions, respectively. In 

both expressions  is the absorption coefficient, h is the energy of the incident photon, Eg the band gap 

energy and A is a constant that varies from material to material. It was previously mentioned that ZnO 

presented direct transitions; therefore the first expression in (3.9) will be used for the rest of this work. 

 By squaring the relation used for direct transitions a linear dependence of 2 with respect to h is 

obtained:  

                                        (  )   (     )                                      (3.10) 

The optical gap is obtained by extrapolating the linear portion of the curve described in the 

previous relation by finding the value of h where the condition 2(h) = 0 is fulfilled.  
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3.7 Electrical characterization  

The electrical properties of a material are as important as its optical ones; their characterization 

determines whether the studied material is a suitable candidate for a specific application, e.g., if a thin 

films has the enough conductivity to be used as an electrode, while more complex measurements can give 

further understanding of its electrical behavior. In this thesis the electrical characterization of the obtained 

thin films was carried out using the Van der Pauw and Hall Effect techniques, the former to measure the 

electrical resistivity and the latter to measure the carrier type, their density and mobility thereof. The 

aforementioned methods will be discussed in the following sections.  

3.7.1 The Van Der Pauw technique 

The van der Pauw technique measures both the volume resistivity () and sheet resistance (RPS) of 

homogeneous planar materials, with an isotropic behavior and uniform thickness. To properly apply the 

Van Der Pauw technique four theoretically point-like ohmic (linear) contacts are placed on the periphery 

of the studied sample [11, 12] , as is shown in Figure 3.9. These points will be used to measure current and 

voltage values, therefore their delimitation is of high importance to carry out the measurement in a proper 

way.  

 

Figure 3.9 Two possible set-ups for the contacts on the Van der Pauw technique. 

The electrical resistivity determination is as follows: the thin film is considered as a flat sheet free 

of imperfections and provided with 4 small contacts, 1, 2, 3 and 4, located in an arbitrary way. A current 

I12   will be applied at the periphery of the sample (Figure 3.9 b) on contacts 1 and 2, after this, the voltage 

between points 3 and 4 (V4- V3) is then measured. With the previous measuraments a resistance value is 

defined as:  

                                                                                   
     

   
                                                   (3.11) 

 In a similar way, another resistance value can be defined as:  

                                                                     
     

   
                                                  (3.12) 
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The Van Der Pauw theoretical background states that there is a relationship between the 

resistance values defined in (3.11) and (3.12) which is given by [11]: 

                                    ( 
  

 
      )     ( 

  

 
      )                            (3.13) 

Where t and  are the thickness and resistivity of the thin film, respectively. There are eight 

possible configurations that depend on the current direction and combination of contacts; this is shown in 

Figure 3.10.  

 

Figure 3.10 The eight possible configurations to measure resistivity. 

Additionally, considering the symmetries between the contacts, with the measurement of the 8 

voltages (V1 to V8) and with an average current value, two electrical resistivities can be determined for 

these configurations: 

                                                
    

     ( )
(             )                             (3.14) 

                                                
    

     ( )
(             )                             (3.15) 

Where A and B  are the resistivities in Ω cm, I is the applied average current, fA and fB are 

geometric factors that depend on the symmetry of the sample and are related by the two resistances (fA = 

fB = 1, for perfect symmetry). Finally, when A and B are known, the resistivity of the films can be 

determined as follows:  

                                                             
       

 
                                          (3.16) 

3.7.2 Hall Effect technique 

In order to measure the other electrical properties in thin films, i.e., carrier concentration n and its 

mobility  the Hall Effect technique is employed. The basic physical principle underlying the Hall Effect 
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is the Lorentz force on the free charges. When an electric current circulates through conductive or 

semiconductor material while at the same time is placed perpendicularly to an external magnetic field B, 

the former exerts a transverse force on the charge carriers so that it makes them go towards a certain 

direction, resulting in an excess surface electrical charge on the side of the sample. As a result it is an 

electric field is generated, which compensates the influence of the Lorentz force [13, 14]. This leads to a 

potential difference between the two sides of the sample that can be measured as the Hall voltage VH. If 

this magnetic field is variable, the slope of the magnetic field plotted against VH can be obtained to 

determine carrier density as follows:  

                                               
 

  
(

 

     
)                                              (3.17) 

Where e is the fundamental electronic charge and t is the thickness of the sample. The quotient 

B/VH is obtained by measuring the Hall voltage as a function of magnetic field and by determining the 

slope by linear regression between B and VH. Furthermore, there is a simple relation between the mobility 

and electrical conductivity, which is: 

                                                   
 

   
                                                     (3.18) 

Finally, the type of the electrical carriers (n or p), is obtained, depending on the resulting sign of 

the Hall’s resistance RH, which is [15]: 

                                                     
 

  
                                              (3.19) 
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Chapter 4 Isoelectronic co-doping of Te and Cd in ZnO 

This chapter describes the results obtained through an isoelectronic doping of ZnO thin films 

deposited by the pulsed laser technique (PLD), using pure a ZnO powder target mixed with CdTe. An 

analysis of the structural, morphological, and chemical properties is made. X-ray diffraction shows a 

single-phase hexagonal of ZnO wurtzite structure. The films showed a high transparency with an average 

range value between 70-80% in the visible region and a band gap value of ≈3.28 eV. X-ray photoelectron 

spectroscopy shows the formation of Zn–Te bonds, which demonstrates the occupation of O vacancies 

by Te atoms in the ZnO lattice, although Cd–Te and Te–O bonds were also present. Elemental analysis 

of the films gave Cd concentration lower than 2% in the ZnO film, likely due to low Cd solid solubility in 

ZnO. Crystallite size, film thickness, chemical concentrations and morphologic characteristics are also 

reported.  

4.1 Isoelectronic impurities 

Semiconductor materials are often fabricated by doping their crystal lattice with a small amount of 

a different element that belongs to another column of the periodic table, since elements that are located in 

different columns of the periodic table have different conduction number or outer shell electrons; this will 

cause their original electrical behavior to be changed [1].  For example, silicon which is an element of 

group IV is regularly doped with boron from group III material in order to make it suitable for its 

application in electronic devices. Alloys are often used to form a semiconductor material, i.e., substitutions 

on lattices sites by elements of the same group in the periodic table, to obtain any desire property for the 

semiconductor material, e.g., crystal lattice parameters, band gap, carrier mobility, among others [2]. Many 

technological devices based in semiconductor materials such as solar cells and light emitting diodes require 

materials with a direct band gap, since it facilities the absorption and conversion of light to electricity [3], 

therefore it is desired to use silicon to open the possibility of combining the advantages of the silicon 

integrated circuits with the benefits and capabilities of light, however, due to its indirect bang gap this has 

proven be a difficult task with limited success.  As it was mentioned before solar cells are often elaborated 

using semiconductors of direct band gap, such materials are made of elements or combination of elements 

belonging to III and V groups of the periodic table, e.g., gallium (Ga), Indium (In), Arsenic (As) and 

Phosphorus (P), this elements are used to create junctions which become part of the solar cells, i.e., GaAs 

or InGaP. Other elements such as germanium (Ge), which belongs to group IV on the periodic table, are 

also integrated in other parts of the solar cells such as substrates; this is because in spite of its indirect 

band gap, the substrate can be made thick enough in order to absorb the adequate amount of light [2]. 

However, finding the suitable semiconductor materials for making a solar cell is a challenging question 

because there are not many acceptable materials that have the required properties, such as carrier mobility, 

carrier concentration, optical bang gap and lattice parameters that could be properly match to the other 

cell junctions based in the materials mentioned above, that is GaAs and Ge.  One way to overcome this is 

by doping the semiconductor materials by adding small amounts of a different element, which in turn will 

attune the desired properties for its implementation in a solar cell or into another technological device. 
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Pure semiconductor materials, such as germanium and silicon have a tendency to be electrically 

intrinsic; this can be modified by adding an extrinsic element that acts as a dopant, for example, boron and 

phosphorus, which would incorporate into the semiconductor to make it either n or p type. The doping 

mechanisms in each of these processes are well understood, and are easy to control. Furthermore, there 

are several methods to achieve a successful doping, to name a few: diffusion [4], ion implantation [5], and 

in situ doping with epitaxial growth [6].  In spite of all aforementioned advantages, the doping processes 

in semiconductors based on compounds present many difficulties, one of them is the amphoteric nature 

of the dopants; which means that the electrical behavior in a semiconductor is determined by the position 

that doping materials occupy in the lattice site. In addition to this, compound semiconductor materials 

always present small imbalances in their stoichiometry between their constituent ions, which causes the 

electrical natures of one of the present materials to be more prevalent than the other, even before the 

incorporation of an external dopant [7]. This natural tendency to act either as an n-type or p-type 

semiconductor as grown makes it difficult for the doping process to produce a material with an opposite 

electrical behavior.  

In the case of ZnO its crystals usually have oxygen deficiencies; this is because the oxygen atom is 

lighter than the zinc atom, besides having a higher vapor pressure during crystal growth. ZnO is partially 

ionic, this means that a material rich in zinc would have a natural n-type behavior. This is shown in Figure 

4.1 (a) where the charge balance in a ZnO crystal produces a perfect stoichiometry; this would result in an 

intrinsic material in its electrical behavior. Figure 4.1 (b) shows a crystal where oxygen atom is removed 

from the crystalline lattice. The requirement for the crystal to be charge-balanced must still be met, thus, 

because the oxygen has a negative charge when it is in the ZnO crystal, the same negative charge must be 

left behind when the oxygen leaves the crystal. The left-behind negative charge does not have a localized 

state that confines it, and will end up in the conduction band, resulting in an n-type crystal. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 A two-dimensional schematic representation of a ZnO crystal, a) with perfect stoichiometry, 
and b) with an oxygen vacancy. 
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Other defects present in a ZnO crystal in addition to oxygen vacancies, are interstitial Zn atoms 

[8]; such defects make it difficult to prepare p-type ZnO, because they enhance an n-type electrical nature. 

One way of trying to passivate these defects is by isoelectronic doping, this means that the material that 

acts as a dopant impurity comes from the same column of the periodic table as the material to be doped, 

and as such, does not act with the same mechanism as a traditional dopant agent, therefore, it can be 

considered as a method for reducing the defect concentration. In many materials, people have shown that 

isoelectronic doping has definite effects of improving the crystalline quality in typical III–V and II–VI 

semiconductors such that deep levels, unintentional doping concentration, and dislocation density can be 

greatly reduced [9] recognized examples are nitrogen in GaP, indium in GaAs and Cd dichalcogenides.[9–

12]. Group III-V compounds and alloys such as GaAs and GaP, are even isoelectronically co-doped with 

two different elements, for example N and Bi, in order to decrease their bandgaps, or modify their 

electrical properties such as their carrier concentration and mobility to customize many technological 

devices such as solar cells, light emitting diodes, photodetectors, lasers among others [13]. Additionally 

there are previous works in which it is reported that through an isoelectronic codoping of two different 

elements it is possible to achieve a p-type ZnO [14]. Regarding ZnO, several elements have been used for 

isoelectronic doping, but few works has been carried out using Te atoms [8,15,16]. Tellurium and 

cadmium atoms have the advantages of being isovalent respect O and Zn, respectively; this makes them 

candidates to be considered as passivating atoms that can also change the bandgap [17, 18] and the 

conductivity [19] in ZnO. The effect of Cd and Te doping can constitute an intermediate or parallel 

method for attaining p-type ZnO using other co-dopant element as nitrogen [19].  

4.2 Experimental details 

4.2.1 Target preparation 

Two types of targets were prepared; the first target consisted of a mixture of CdTe with pure 

ZnO and the second one was made only with ZnO powder. The CdTe doped target was a solid disk with 

dimensions of 4.65 mm thick and 8.05 mm diameter, with an area of 50.3 mm2, made up of a mixture of 

ZnO nanoparticles (99.99% Aldrich) with addition of 30 wt.% of CdTe (99.99% Aldrich). The target 

made of pure ZnO was prepared from ZnO powder had the same dimensions and was made from same 

ZnO nanoparticles. Both targets were milled, pressed to 10 tons for 5 minutes and sintered at 600 ºC for 2 

hours. 

4.2.2 Pulsed laser deposition and growth conditions 

ZnO thin films were deposited on ITO/glass substrates using a Nd: YAG-laser operating in the 

Q-switch mode with  = 1064 nm and 10 ns full width at half maximum at a repetition rate of 5 Hz. The 

Pulse energy was of ~300 mJ/pulse and the laser beam diameter was reduced to ~1.3 mm by means of a 

spherical quartz lens. The energy density of the beam on the target surface was ~2 Jcm-2. During laser 

irradiation, the target was rotated at 30 rpm in order to avoid pitting of target at any given spot and to 

obtain uniform thin films. The laser was focused through a 50 cm focal length lens onto a rotating target 

at angle of incidence of 45º. The films were deposited at a substrate temperature of Ts= 300 ºC in a 
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vacuum of ~2.3×10-7 Pa. The film deposition is achieved with 3000 laser shots. Finally the target-substrate 

distance was kept at 50 mm. 

4.2.3 Substrate preparation 

The ITO/glass substrates were carefully cleaned in an ultrasonic bath for 10 minutes with acetone 

and methanol, rinsed in deionized water, and subsequently dried in air. Before deposition the substrate 

was maintained at Ts for 30 minutes and after deposition, the film was cooled to room temperature at a 

rate of 5 ºC min-1.  

4.2.4 Characterization techniques 

The structural properties were determined using a D5000 Siemens X-ray diffractometer. The 

thickness of the films was measured by a Surface Profilometer Dektak-8, Veeco. The superficial 

morphology of the thin films was analyzed by atomic force microscopy (AFM) using a Park Scientific 

Instruments auto probe in the topography contact mode, with Si tips. The Elemental analysis of the films 

was carried out by energy dispersive spectroscopy (EDS) with a JEOL JSM 7600F scanning electron 

microscope. X-ray photo- electron spectroscopy (XPS) analyses were performed in a K- ALPHA Thermo 

Scientific System. 

4.3 Results and discussions 

4.3.1 X ray diffraction and profilometry results 

Figure 4.2 shows X-ray diffractograms (XRD) for ZnO thin films grown from CdTe doped and 

undoped targets. The CdTe-doped ZnO films had thickness of ~112nm, similar to those of undoped 

ZnO. The observed diffraction peaks for both films are wurtzite ZnO phase [20], with preferential 

orientation in the plane (002). All the peaks are shifted to the left with respect to the position of the ZnO 

powder standard pattern, which indicates tensile stress [21]. From (100), (002) and (101) peaks, the 

average crystallite size was calculated from the Scherrer’s formula [22], both calculations yield to similar 

results, namely,  D ≈ (14 nm + 1 nm) for undoped ZnO sample and D ≈ (12 nm + 1 nm) for CdTe-

doped ZnO sample. These results suggest that the introduction of Cd and Te had no significantly 

influence on the crystallite size. 
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Figure 4.2 Diffractograms of the CdTe-doped (upper) and undoped ZnO (lower) thin films, respectively. 

The blue lines correspond to the standard pattern peaks.  

4.3.2 Morphological analysis 

Figure 4.3 displays 2D and 3D AFM images for the CdTe-doped ZnO films. The 2D images 

show big spheroidal grains in the surface with about 120 nm in diameter. The 2D AFM phase images 

display that below the big-grain layer there are grains of about 60 nm and smaller. The grain sizes 

observed in the AFM images are bigger than the calculated crystallite sizes obtained from the XRD data; 

this indicates that the grains are formed by nano domains. In the 3D AFM image, the spheroidal grains 

can also be observed, although it shows protruding grains, which break the surface regularity. 
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Figure 4.3 (a) 2D AFM image, (b) 2D AFM phase image and (c) 3D AFM image of the CdTe-doped ZnO 
film. 

4.3.3 Chemical studies and bonding properties 

The elemental composition of the samples such as Zn, Cd and Te was examined using EDS 

measurements. The EDS spectra for the CdTe-doped ZnO films are shown in Figure 4.4. The estimation 

of the quantitative weight and atomic percentage is presented in figure inset. The EDS measurements 

confirm the presence of Cd and Te in the ZnO, showing that in the surface the ratio Cd/Zn in at. % is 

around 2.5 % in contrast with a ratio Te/Zn of 10 %. The ratio Cd/Te in the film was about 25%. Taking 

into account that the target had stoichiometric CdTe, it means that a significant amount of Cd did not 

incorporate to the ZnO lattice. It is likely due to the low solid solubility of CdO in ZnO, reported to be 

about 2 at.% [23], which agrees with our experiment and to the Cd evaporation. 
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Figure 4.4 EDS results of the CdTe-doped ZnO thin films. 

Figure 4.5 presents XPS survey spectra for the CdTe doped thin film. The C1s (284.6 eV) peak 

was employed as reference to calibrate the binding energies of all the examined elements, it shows the 

presence of Zn, O, Cd, Te and C, no other peaks corresponding to additional elements were observed, the 

typical peaks of ZnO are present [24, 25], the presence of the C1s peak in Figure 4.5 could be explained 

by the impurities originated due to the oils of the vacuum pumps employed in XPS measurement. The Zn: 

O ratio on the sample surface in atom% was 60: 40. Figure 4.6 (a) presents the Zn 2p core level XPS scan, 

using a higher resolution and a smaller energy window. The Zn 2p core level XPS spectrum shows the 

presence of two sharp peaks at 1021.7 eV (Zn 2p3/2) and 1045.2 eV (Zn 2p1/2) and correspond to zinc 

present as ZnO [26].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 XPS survey spectrum of the CdTe doped ZnO thin films. 
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Figure 4.6 (b) shows the O 1s core level scan. The O 1s peaks have a shoulder at higher binding 

energies; these two peaks were fitted into two peaks by a Lorentzian distribution adjustment. The peak 

with low binding energy (530.30 eV) corresponds to O2− on normal wurtzite structure of ZnO single 

crystal [27]. Another peak centered at 532.01 eV is attributed to O2− in the oxygen deficient regions within 

the matrix of ZnO [28]. Other small peaks different from those belonging to the ZnO, can be also 

observed, as shown in Figure 4.6 (c), in the region from 36 to 46 eV, some lines corresponding to the 

binding energies of Te 4d5/2 in ZnTe (40.1 eV) and CdTe (41.9 eV) are shown, which were fitted using a 

Gaussian deconvolution adjustment. In the region between 565 and 590 eV, the Te–Zn and Te–O 

binding energy peaks are present, as shown in Figure 4.6 (d), Te 3d5/2 and Te 3d3/2 peaks in ZnTe for the 

sample appear at the binding energies of 572.7 and 583.1eV, respectively. The same peaks in tellurium 

oxide, TeOx, appear at 575.1 and 585.4 eV. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 XPS spectrum of the CdTe doped ZnO thin films. Binding energy spectrum of (a) Zn 2p, (b) 

O 1s, (c) Te 4d5/2 and 3d (d). 

Using the ratio between the XPS spectrum areas and associating all the values we calculated that 

the concentrations of the compounds other than ZnO are 48–49% of ZnTe, 33–34% of CdTe and 16–

20% of TeOx. No Cd–O bonds could be discriminated from XPS measurements likely due to the small 
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amount of Cd incorporated to the ZnO lattice. Our results evidence that most of the Te atoms 

incorporate into the O sites in the ZnO lattice, a significant part of Te remains as residual CdTe or in a 

CdxZn1-xO1-yTey compound, and a lower amount of Te forms oxides. 

4.3.4 Optical analysis 

The optical properties of the CdTe-doped ZnO films were determined with optical transmission 

measurements in the range of 300 to 900 nm; these are shown in Figure 4.7. All samples presented a high 

transparency in the visible region (400-800 nm), with the average transmission value being in the range of 

70-80%, which agrees with previous works where it is reported that films with similar transmittance values 

are considered of good optical quality [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Optical transmittance spectra of the CdTe-doped ZnO thin films. 

 The optical transmittance was used to calculate the absorption coefficient () for the deposited 

films. The following equation was employed to carry out the calculation [30].   

                                             (
 

 
)    ( )                                                    (4.1) 

Where T is the normalized transmittance and d is the sample thickness. Once the absorption 

coefficient is obtained, it can be used to determine the optical band gap. The band gap (Eg) was 

determined assuming direct transitions between the conduction and valence band using an extrapolation 

of the linear portion of the  versus hv plot in the following equation: [31] 
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Where A is a constant, hν is the photon energy and Eg the optical band-gap energy. 

The (h)2 versus hν plot is shown in Fig. 4.8. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 (h)2 vs. h curves of the CdTe-doped ZnO thin films. 

The calculated optical band gap value for the CdTe-doped ZnO thin films was approximately 

3.28 eV, which is very close to the band gap of intrinsic ZnO powder and is in good agreement with the 

literature reports. [32] 

4.4 Partial conclusions 

Hexagonal ZnO single-phase polycrystalline films with variable, but spheroidal grains were grown 

by the PLD technique from sintered target made from mixed powders of CdTe and ZnO. The presence 

of Zn–Te bonds confirms the isoelectronic doping of Te atoms in O sites. The presence of Cd–Te bonds 

can indicate the existence of residual CdTe clusters or the formation of the solid solution of CdxZn1-xO1-

yTey. The presence of Te–O bonds reveals Te oxidation. Cd in the film was found in amount much lower 

than Te likely due to its low solid solubility and evaporation. 
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Chapter 5 Nitrogen doped ZnO thin films grown from 
hybrid target by the laser ablation technique 

ZnO thin films were deposited on glass substrates by the pulsed laser deposition (PLD) technique 

using two different kinds of targets. One of the targets was made of pure ZnO powder and the other one 

was a hybrid target which consisted of a mixture of ZnO powder embedded into a polyethyl cyanoacrylate 

matrix. The resulting thin films were polycrystalline and presented a ZnO wurtzite structure with very low 

stress having preferential orientations in the planes (100) and (101); also the obtained diffractograms were 

very similar to those of the standard powder pattern. From comparing with ZnO thin films grown from 

traditional sintered target, it is suggested that the use of this hybrid target with a soft matrix led to ejection 

of ZnO clusters that conveniently disposed and adhered to substrate and previous deposited layers. 

Chemical measurements showed the presence of Zn–N bonds, besides Zn–O ones. Regarding their 

optoelectronic properties, the films deposited with the mixture powder target had a high transmittance in 

the range of 70-90% in the 540 to 850 nm wavelength region and showed a high resistivity of ~105 Ω cm. 

The Optical absorption profile confirmed the presence of low-polymerized zinc oxynitride molecular 

subunits, besides ZnO. The structural and morphological properties of the films obtained using both 

targets were compared in order to determine which one produces samples with properties more suitable 

for their use as buffer and antireflective layer in CdTe based solar cells. 

5.1 Strategies to modify the conductivity of ZnO thin films 

5.1.1 The problem of p-doping ZnO 

In optoelectronics and photovoltaics applications, ZnO can be used as transparent conductor 

oxide (TCOs) as a low cost alternative to tin-doped indium oxide (ITO) and as a buffer and antireflective 

layer within the glass/ITO/ZnO/CdS/CdTe solar cell heterostructure [1]. Even in hybrid photovoltaics 

[2], ZnO can act as an efficient electron acceptor [3]. Additionally the semiconductors based on ZnO have 

drawn much attention because of the many multifunctional properties that the ZnO offers, those 

properties could lead to the development of great amount technological devices, such as high-temperature 

electronics, transparent electronics, and blue to UV optoelectronics [4].   

In the aforementioned applications it is mandatory to achieve both a high quality n-type and p-

type doping, which is required for the construction of p–n based ZnO homojunctions. However there are 

many complications which make the p-type doping for the ZnO troublesome to accomplish, this avoids 

the successful development of electronic and photonic applications based on ZnO [5–7]. There are 

numerous reasons behind this doping difficulty, namely the self-compensation effect due to the presence 

of native defects such as oxygen vacancies and zinc interstitials [7]. Also many dopants present very low 

carrier concentration because of their low solubility and deep acceptor levels; this makes fabricating a p-

type ZnO even harder [8]. Many researcher groups have tried to grow ZnO with reproducible and good 

quality p-type doping, some of them have reported successfully employing V group elements, such as N 

[9, 10], P [11, 12], As [13] and Sb [8]) and other elements such as Li [14] as p-type dopants. There are 

works where a dual-doping method is employed which consists in using two acceptor agents (e.g., Li–
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http://www.sciencedirect.com/science/article/pii/S0169433207011749#bib11


 

58 
 

N [15, 16] or N–As [17]). Among these many elements and methods, the doping using N is considered 

the best candidate for an effective p-type doping of the ZnO, since the O and N ionic radius are similar, 

thereby leading to the elimination of the self-compensation effect caused by the O vacancies and zinc 

interstitials [7]. Moreover results of first-principles total-energy calculations predict that N is the best 

candidate for p-type ZnO doping because of the small strain effects and shallow acceptor levels of 

substitution of N for O [18]. 

5.1.2 Nitrogen doping of ZnO by cyanoacrylate glue using laser ablation 

Although a reproducible low resistance and high mobility p-type ZnO film has not been 

successfully obtained and also the effective incorporation of nitrogen in substitution of oxygen remains 

difficult, there are a lot of deposition techniques for obtaining p-type doping in ZnO thin films. To name a 

few: molecular beam epitaxy [8, 9], radio-frequency magnetron sputtering [19], ion-implantation [20], wet 

chemical deposition [4], chemical vapor deposition [21], thermal oxidation [7], pulsed laser deposition [6, 

13, 22] and many others. All of previous mentioned techniques present a varied degree of success in 

obtaining the desired p-type doping, among them, the PLD method is widely employed to obtain ZnO 

thin films; this is due to the fact that it presents the advantages of allowing to deposit at a relatively low 

substrate temperature, deposition in controlled reactive gas pressure and high deposition rates. All these 

properties taken together enable sufficient control of film composition, and film properties [23]. One of 

the recent applications of the PLD technique is its using with hybrid and organic targets [24]. Organic and 

hybrid materials suffer the disadvantage of decomposition during ablation due to the high energy that is 

liberated during the deposition process, to solve this issue there are new laser techniques being developed, 

to name a few: matrix assisted pulsed laser evaporation (MAPLE), resonant infra-red (RIR) PLD, and 

other techniques where sometimes freezing the target is required [25, 26]. However, it’s still possible to 

employ conventional PLD with hybrid and organic targets [27]. 

Cyanoacrylate based compounds (CA’s) are a group of very strong organic glues employed in 

many industrial applications, such as sealants, coatings, and adhesives for gluing a variety of substrates 

[28]. CA’s are very suitable for bonding applications in high-throughput and fast cycle manufacturing and 

have low toxicity. One of the CAs is the ethyl-2-cyanoacrylate (C5H5NO2), ECA, commonly called “Super 

Glue,” which polymerizes very fast in the presence of moisture. The ECA 2D structure is shown in Figure 

5.1. The ECA boiling point is at 54–56 °C, its flash point is at 75 °C, and it softens at temperature above 

150 °C after it cures. Under heating, ECA can decompose emitting vapors of CO 2 and nitrogen oxides, 

formaldehydes and could likely include some hydrogen cyanide [29, 30]. ECA has been used as adhesive 

matrix in applications other than individual gluing surfaces [31]. Taking into account the ECA properties, 

its nitrogen content, its capacity of agglutinating, affordability, and cost, it is a suitable material for 

preparing targets to be used in the PLD technique and attaining N doping. There are other compounds 

with higher N content. However, they do not have all the ECA advantages, being the aforementioned 

properties the reasons to select ECA as our choice for making the hybrid target. 

http://www.sciencedirect.com/science/article/pii/S0169433207011749#bib11
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Figure 5.1 Chemical structure of the Ethyl 2- Cyanoacrylate. 

In this chapter we study the structural, morphological, chemical, electrical, and optical properties 

of ZnO thin films deposited by the Nd: YAG-laser ablation technique using a hybrid target (HT) made of 

ZnO nanoparticles embedded into ECA Super Glue. We compare the HT results with those of the ZnO 

thin films deposited using a traditional sintered target made of ZnO powder. With this procedure we 

found that nitrogen from the ECA decomposition reacts with ZnO to achieve the formation of zinc 

oxynitride. Subsequently we found that the thin films grown with the cyanoacrylate glue target had 

superior properties that made them more suitable to be potentially used in CdTe solar cells as a buffer and 

antireflective layer than the thin films from a traditional target. 

5.2 Experimental details 

5.2.1 Target preparation 

The mixed target (hybrid target) was made up of ZnO powder (99.999% Cerac) nanoparticles 

with a size less than 100 nm mixed with commercial Loctite 495 CA Super Glue, mainly composed by 

ethyl 2-cyanoacrylate (ECA). The mixture of ECA and ZnO powder (mixed target) was made with 

nominal ratio of 70:30 wt%, (being the ZnO the compound which was present in a greater proportion) 

and dried during 72 hours at room temperature. The target made of pure ZnO was prepared from ZnO 

powder, which was subjected to a pressure of ten tons during 5 minutes and after that was placed in a 

furnace at 600 °C during 2 hours; this process is called sintering (Sintered target). The targets were shaped 

as solid disks of 5 mm thick and 15 mm diameter 

5.2.2 Pulsed laser deposition and growth conditions 

ZnO thin films were deposited on ITO/glass substrates using a Nd: YAG-laser operating in the 

Q-switch mode with  = 1064 nm and 10 ns full width at half maximum at a repetition rate of 5 Hz. The 

pulse energy was of ~300 mJ/pulse and the laser beam diameter was reduced to ~1.3 mm by means of a 

spherical quartz lens. The energy density of the beam on the target surface was ~2 Jcm -2. During laser 

irradiation, the target was rotated at 30 rpm. The laser was focused through a 50 cm focal length lens onto 

a rotating target at angle of incidence of 45º. The films were deposited at a substrate temperature of Ts= 
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300 ºC in a vacuum of ~1.3×10-7 Pa. The film deposition is achieved with 3000 laser shots. Finally the 

target-substrate distance was 40 mm. 

5.2.3 Substrate preparation 

The ITO/glass substrates were cleaned in an ultrasonic bath for 10 minutes with acetone and 

finally with methanol. Before deposition the substrate was maintained at Ts for 30 minutes and after 

deposition, the film was cooled to room temperature at a rate of 5 ºCmin-1.  

5.2.4 Characterization techniques 

The structural properties were determined by measurements in the grazing incidence geometry 

using a D5000 Siemens X-ray Diffractometer with CuK filtered monochromatic radiation ( =0.15418 

nm) at 40 kV with 35 mA and aperture diaphragm of 0.2 mm. The diffractograms were registered in the 

step scan mode with a beam incidence angle of 1º and recorded in 2 = 0.02º steps with a step time of 10 

seconds in a 2 range of 30-70º. The superficial morphology of the thin films was analyzed by atomic 

force microscopy (AFM) using a Park Scientific Instruments auto probe in the topography contact mode, 

with Si tips. The cross sectional morphology and surface of the obtained samples were studied by using a 

field emission scanning electron microscope (FESEM) JEOL 7600F instrument. The thicknesses of the 

films were measured by a surface Profilometer Dektak-Veeco. A K-ALPHA Thermo Scientific System 

was used for performing X-ray photo-electron spectroscopy (XPS) analyses. Optical transmittance 

measurements in the range of 350–800 nm were performed with an Agilent 8453 UV-visible Spectroscopy 

System, the optical band gap was calculated taking into account only direct transitions. The Resistivity 

values were obtained with an Ecopia HMS-5000 Van der Pauw Measurement System at room 

temperature. 

5.3 Results and discussions 

5.3.1 Structural studies 

Figure 5.2 shows X-ray diffractograms (XRD) for ZnO thin films grown from hybrid and 

sintered targets. The XRD measurements indicate that a single-phase hexagonal and only ZnO wurtzite 

structure peaks are present [32]. The diffractogram of the HT sample obtained shows preferential 

orientation in the planes (100) and (101) parallel to substrate and at least for the three main peaks (100), 

(002), and (101), it agrees with those of ZnO pattern. The diffractogram of the ST sample shows 

preferential orientation in the (002) plane. 
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Figure 5.2 Diffractograms of the films grown from the hybrid (upper) and sintered (lower) targets, 

respectively. Dashed lines correspond to the standard pattern peaks. 

The peaks of the ST films shift toward angles smaller than those of ZnO powder pattern as 

exemplified with the (002) peak angular position (2θ) in Table 5.1. This is proper of lattice expansion, due 

to inward relaxation, which has been associated with O vacancies in the ZnO lattice. On the other hand, 

all the peaks corresponding to HT films are slightly shifted to angular positions higher than those of the 

standard ZnO pattern as observed in the (002) peak angular position in Table 5.1. This peak shift indicates 

lattice shrinkage. Taking into account that N has a bigger atomic size than that of O, the introduction of 

N into the O sites of the ZnO lattice, besides passivating O vacancies, induces outward relaxation and 

consequently lattice shrinkage. Table 5.1 also shows the full width at half maximum of the (002) peak and 

some other lattice data obtained from diffractograms. 
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Table 5.1 Structural parameters obtained from diffractograms. 

Parameter Standard Pattern HT film ST film 

    

2(002) (º)  34.43 34.48 34.31 

FWHM(002) (º) - 0.174 0.544 

a (nm) 0.3248 0.3248 0.3262 

a/a0  (%) - 0 0.7 

c (nm) 0.5205 0.5202 0.5227 

c/c0  (%) - 0.06 0.04 

c/a 1.602 1.602 1.602 

D (nm) - 48 12 

 (%) - 0.67 -0.96 

V (×10-3 nm3) 47.554 47.532 48.175 

V/V0  (%) - -0.02 1.0 

dZn-O (nm) 4.252 4.250 4.270 

 

Using the Williamson–Hall method [33], the crystallite size (D) and strain (ε) were found to be D 

≈ 48 nm (±1 nm) and ε ≈ 0.6 % for HT films, while for ST films D ≈ 12 nm (±1 nm) and ε ≈ −1.0 %. 

Using the standard lattice geometry equations [34,35], from the angle position of (100) and (002) peaks we 

obtained the data presented in Table 5.1, where a and c are the lattice parameters, Δa/a0 and Δc/c0 are the 

lattice distortion on the a- and c-axis with respect to the lattice parameter of the pattern a0  and c0, D is the 

crystallite grain size, ΔV/V0 is the unit cell volume distortion, and dZn–O is the Zn–O distance in the lattice. 

The strain over the c-axis was found to be one order lower than other one reported, even for ZnO grown 

by several techniques and annealed with the aim of reducing the strain [36-39]. The strain over a-axis was 

found almost null, and the unit cell volume in the HT film was not significantly different from that of the 

pattern. Observation of sample diffractograms shows that the ST film has preferential growth over the 

(002) plane. However, in the HT films the (101) peak is the most intense, although the (100) is also 

intense. This feature is similar to the ZnO pattern. For a better comparison of the sample diffractograms 

with the ZnO pattern, we used a simplified expression that relates the intensity of a specific peak to all the 

peaks observed in the diffractograms [38]. The expression, given by: 

                                             
    

∑      
                                    (5.1) 

 will be used with the same peaks and allows us to compare the experimental diffractogram with 

the pattern. In our case, we considered n = 6 peaks. It is evident that all the HT film peaks have relative 

intensities very close to those of pattern as shown in Table 5.2. Conversely, the ST film peaks are quite 

different. 
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Table 5.2 Comparison of the relative peak intensity of pattern, Hybrid Target (HT) thin film and Sintered 
Target (ST) thin film. 

N Peak Pattern HT film ST film 

  Intensity  Ip Intensity Ip Intensity Ip 

        

1 (100) 0.570 0.207 0.747 0.258 0.236 0.117 

2 (002) 0.414 0.150 0.426 0.147 1.000 0.496 

3 (101) 0.999 0.362 1.000 0.346 0.220 0.109 

4 (102) 0.210 0.076 0.172 0.059 0.149 0.074 

5 (110) 0.301 0.109 0.230 0.080 0.165 0.082 

6 (103) 0.264 0.096 0.318 0.110 0.248 0.123 

 

5.3.2 Profilometry results 

The measured film thicknesses were ~101 nm for the film grown from an ECA + ZnO hybrid 

target (HT film) and ~111 nm for the film grown from sintered ZnO target (ST film), respectively. At 

glance, HT films look light beige, which could indicate some absorption mainly in the blue–violet region. 

5.3.3 Morphological analysis 

The film roughness has been focus of attention of researchers because of its influence on devices 

performance, and in special in solar cells both inorganic and organic [40]. The morphological 

characteristics greatly affect the electrical properties of several devices as solar cells. The increase in the 

roughness ameliorates properties of the organic devices, since it increases the specific contact surface and 

improves light harvest, which redounds into higher photogenerated current density and device’s efficiency 

[41–44]. However, in inorganic or conventional solar cells it is desirable low roughness in the transparent 

conductor oxide [45]. In the case of CdS/CdTe solar cells, previous reports [46–49] have demonstrated 

that the conversion efficiency strongly depends on the small roughness of the films surfaces; a reduction 

of surface roughness tends to increase the conversion efficiency of these solar cells. The roughness 

comparison of our films suggests that this component of a solar cell can be improved with ZnO made 

from a hybrid target. 

However, SEM images show that the HT films are not flat, but present formation of micrometric 

surface clusters as observed in Figure 5.3(a), Figure 5.3(b) displays one of those surface accumulations in a 

transversal view. We associate such behavior to poor nucleation or adherence effect in the substrate 

surface presumably by residual presence of elemental or compound carbon arriving from the ECA 

decomposition. 
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Figure 5.3 Surface (a) and cross-sectional (b) images of the HT film. 

Figure 5.4 shows 3D AFM images of the ZnO HT and ST films. The surface roughnesses were 

6.50 and 17.8 nm root-mean-squared (rms), respectively. Surface uniformity, film surface roughness, grain 

shape, and uniformity of grain size obtained in ZnO HT films indicate that they are better than ZnO ST 

thin films at nanoscale. 2D AFM images in Figure 5.5 show that the HT film has surface grains of about 

50 nm, which agrees very well with the grain size calculated from X-ray diffraction, from where it is 

possible to affirm that the grain size coincides with the crystallite size. However, the observed grains in the 

2D AFM image of the ST film have greater size, which contrasts with the smaller size estimated from X-

ray diffraction and it is sign that the grains are formed by several crystallites. Besides, the grain size 

distribution looks uniform for the HT films, while they present a dispersed size distribution for the ST 

films. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 3D AFM images of the ZnO HT (a) and ST (b) films. 
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Figure 5.5 (a) 2D AFM image for the HT ZnO thin film (b) 2D AFM image for the ST ZnO thin film. 

5.3.4 Chemical studies and bonding properties 

The stoichiometry and chemical state of each constituent element from the obtained HT films is 

characterized using an X-ray photoelectron (XPS) analysis, the corresponding results are shown in Figure 

5.6. The C1s (284.6 eV) peak was employed as reference to calibrate the binding energies of all the 

examined elements. A wide scan spectrum for the HT film is depicted in Figure 5.6(a). The pholoelectron 

and auger lines in the binding energy scale identified each constituent element for the resulting HT 

sample, so all peaks in the survey curve reveal the presence of  C, O, Zn and N elements; no other peaks 

corresponding to additional elements were observed. The strong presence of the C1s peak in Figure 5.6(a) 

could be explained taking into account the use of carbon tape which is usually used in the XPS 

characterization of powder samples [50] and the carbon presence in the ECA glue. Figure 5.6(b) displays 

the XPS high resolution spectrum of oxygen. The spectrum of O1s indicated the presence of one single 

chemical state and it was fitted with a single peak using a Gaussian adjustment. The peak was located 

approximatly at 531.5 eV and it can be adscribed to the O-Zn binding [51]. The two peaks appearing in 

Figure 5.6(c) centered at the binding energies of 1021.9 and 1044.7 eV in the spectra of the Zn2p 

correspond to the Zn2+ 2p3/2 and Zn2+ 2p1/2 respectively. The lone and sharp peak at 1021.9 for the Zn2+ 

2p3/2 core level is associated with the Zn species in the completely oxidized state [52]. Ultimately in Figure 

5.6(d) the binding energy on the Zn Auger L3M4,5M4,5 region of the surface spectrum is presented and 

agrees with previous reports [53]. Contributions of Zn–O (499.7 eV) and Zn–N (496.9 eV) bindings can 

be observed. No other contributions were perceived. Using the ratio between the XPS spectrum areas for 

Zn–O and Zn–N bonds, we found that Zn has 53 % of its bindings to O and 47 % to N. 
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Figure 5.6 XPS spectra of HT films: (a) wide scan and high resolution spectra of the (b) O 1s; (c) Zn 2p; 

and (d) Zn Auger L3M4,5M4,5 regions. 
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5.3.5 Optical and electrical analysis 

Absorption profile obtained from the transmission spectrum is presented in Figure 5.7. The 

profile displays two shoulders, which is indicative of the presence of two overlapped absorbing profiles 

corresponding to two compounds. A careful processing of the absorption profile leads to obtaining that 

the band gap energy of the highest energy shoulder is at Eg ≈ 3.20–3.23 eV, which was identified as 

corresponding to ZnO. The processing of the other shoulder gives an intercept at 2.35 eV, which was 

associated with the band gap energy of zinc oxynitride. Thus, taking into account the XPS results, we can 

infer that the films are formed of ZnO molecular units with formation of ZnxOyNz [54] molecular 

subunits. However, the slope of the zinc oxynitride absorption edge is relatively low, which can be related 

to different combinations of x, y, and z of the ZnxOyNz molecular subunits as has been proposed in other 

ternary compounds [55]. The absence of peaks other than those of ZnO wurtzite in the diffractograms 

can be explained from considering low degree of polymerization of the oxynitride. The film absorption 

begins at about 2.5 eV, i.e., the film absorbs in the blue–violet region, which agrees with the sample color. 

 

Figure 5.7 Tauc plot of (h)2 vs. h calculated from the transmission spectra. 

Considering a linear variation among Zn3N2 [56] and ZnO band gaps in a (Zn3N2)r-(ZnO)s 

pseudobinary alloy, we can approximately estimate that Eg ≈ 2.35 eV corresponds to s = 0.58, which is 

close that determined from XPS measurement for Zn-O. Following the same procedure, from the data of 

Zn3N2 band gap energy, Eg ≅ 0.9 eV and electron affinity  ≅-3.1 eV [56], and from the measured band 

gap energy it is possible to estimate that the conduction band minimum is at CBM  ≈-0.87 eV and the 

valence band maximum is at VBM ≈-6.1 eV respect to the vacuum level, both linear approximations are 
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shown in Figure 5.8. Zinc nitride and oxynitrides have been proposed with potential as a precursor in the 

fabrication of p-type ZnO:N [53]. The heterojunction of Zn3N2 with ZnO forms a type-III 

heterostructures with broken band gaps according to the band alignment [56]. However, it can change to 

type-II heterostructure for ZnxOyNz with staggered band gaps, which could occur even for low N 

concentration in ZnO. This fact, although local, favours the extraction of photogenerated electrons from 

ZnxOyNz towards ZnO. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Linear approximation of the Zn3N2 and ZnO (a) band gaps and (b) CBM and VBM in a 

(Zn3N2)r-(ZnO)s pseudobinary alloy. 

The resistivity for both HT and ST films were higher than 105 Ω cm, which is the effective 

experimental detection limit of the Hall system. Thus, both samples can be considered as very good buffer 

layer. The basis of these attained almost-ideal low-stressed ZnO films can be explained from considering a 

growth by deposition of ZnO clusters. The high-energy impact of the clusters with kinetical energies 

higher than that of atoms or species as was discussed from the multiscale computational approach for 

laser ablation cluster generation and deposition. Thus this energy can transform into thermal energy and 

leads to recrystallization of the clusters in the film growth surface as in an epitaxial growth [57]. We 

consider that such cluster ejection takes place due to the low cohesion of the polymeric matrix that 

practically explodes abruptly under the action of the incident laser high-energy, which triggers the ZnO 

cluster ejection toward the substrate. Moreover, in our case, highly reactive N species could form from the 

poly(ECA) decomposition. This experiment lays the groundwork for the use of polymers, like ECA, as 

binder matrix of inorganic compounds in the preparation of targets for film growth by the PLD 

technique. In practice, although polymer cannot re-assemble from isolated atomic species as the inorganic 

materials, its decomposition products can be used for doping and for forming other compounds. Thus, 

special attention must be put on the organic decomposition products, which could have controversially 

effects according the prospective use of the grown film. Although a part of the ECA decomposition 

products can vaporize and be evacuated by the vacuum system, another part of the polymer 

decomposition can acts as dopant. In our samples we found that N reacts with ZnO to form a ZnxOyNz 

compound, which will be object of future further studies. 

(a) (b) 
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5.4 Partial conclusions 

In this chapter we studied ZnO films grown by the Nd:YAG-pulsed laser deposition method 

from a hybrid target formed with ZnO powder nanoparticles embedded into poly(ethyl cyanoacrylate). 

With the aim of comparing ZnO films were grown from a typical sintered target. XRD diffractograms 

showed that the films grew in the hexagonal wurtzite structure and the HT films presented a practically 

unstressed structure similar to that of powder pattern. The grain sizes were estimated to be ~48 nm and 

~12 nm for HT and ST films respectively. AFM images showed that the film surfaces of the ST film are 

almost three times rougher than HT film. XPS measurement showed the existence of Zn-N and Zn-O 

bonds. Optical absorption profile confirmed the presence of zinc oxynitride besides ZnO. Thus, the 

relevant results of this work were that with the use of a hybrid target formed by the mixture of a polymer 

and an inorganic material as ZnO in the pulsed laser deposition technique, low -stressed ZnO thin films 

were grown and the possibility of using the decomposition product of the polymer either as dopant or in 

the formation of a new compound. In this case the compound was zinc oxynitride, which can form type-

II heterostructures and be prospectively useful in photovoltaics and sensors. 
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Chapter 6 Effect of substrate rotation speed on the 

structure and properties of Al-doped ZnO thin films 
prepared by RF-Sputtering 

In present chapter the effect of the substrate rotation speed  (S) on the morphological, 

structural, optical and electrical of properties of Al-doped ZnO (AZO) thin films deposited by RF-

sputtering is reported. SEM transversal images showed that the substrate rotation produces dense 

columnar structures which were absent for the samples under no rotation. AFM images show that the 

surface particles of the samples formed under substrate rotation are smaller in size and denser than those 

of a stationary one, leading to smaller grain sizes. XRD results showed that all films have hexagonal 

wurtzite structure and a preferred c-axis orientation with a tensile stress along aforementioned axis. The 

average optical transmittance for all samples was above 90% in UV-vis region. The substrate rotation 

induced changes in the carrier concentration and hall mobility which resulted in the increasing of electrical 

resistivity, being the resistivity value for the sample deposited at S = 0 rpm (8.5 x 10-3 cm) the lowest 

of the obtained films.  

6.1 Transparent conductive oxides 

A transparent material (TC), which includes transparent conductive oxides (TCO’s) is a semiconductor 

material with two main properties, namely a high transparency in the visible region and a high electrical 

conductivity; these characteristics are mainly caused by their wide band gap and their relatively high 

concentration of free electrons in their conduction band, these properties are caused by intrinsic defects 

of the material or due to extrinsic materials which act as dopants. A TCO material requires a balance 

between its optical transmittance and its electrical conductivity, the adequate properties will depend of the 

specific application in which the TCO material would be implemented.  

6.1.1 Optical properties 

When light impinges in the surface of any material there are several interactions that could take 

place between its photons and the surface of the material. An impinging photon can be absorbed, 

reflected or transmitted. A TCO absorbs some portion of the incident light upon it, corresponding to its 

bandgap. The energy/wavelength of the incident photons determine many of the phenomena that occurs 

when light travels through the material, e.g., refraction which consists in the modification of the path or 

speed at which the light moves inside the material, or the scattering due to interaction of light with 

internal surfaces of the material.  Transmittance, as its name implies, measures the effectiveness in 

transmitting radiant energy through the sample, in other words, it is the fraction of incident 

electromagnetic power that is transmitted through a sample. Energy conservation yields, at each 

wavelength, that:                                                                 

                                                                                                      (6.1) 
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Where T, R, and A denote transmittance, reflectance, and absorbance, respectively. Figure 6.1 

illustrates all the possible interactions (absorption and reflection) that light could have with the surface of 

a TCO material. 

 

Figure 6.1 Interactions of light photons within a TCO material. 

The optical and electrical properties of any material are deeply related to each other, as the electric 

field component of light is capable of interacting with the electrons in the material, as it is described in the 

Drude free electron model [1]. Any material with a band gap higher than 3.1 eV would be considered 

transparent and will be called wide band gap semiconductor. The electrical properties of these materials 

are enhanced by adding a doping material; this produces a transparent conductor. Figure 6.2 shows a 

typical optical spectrum for a TCO material, namely, an Al doped ZnO thin film deposited on a glass 

substrate and is divided into three parts, transmission, reflection, and absorption spectra [2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Transmission, reflection, and absorption spectra of a typical TCO. 

As it was mentioned before, a conductive oxide must be transparent in the visible region, in this 

case the presented film has a transparency superior to ~80% for the wavelength region of 400-750 nm, 
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the presence of oscillations for both transmittance and reflectance spectra are also observed. There are 

two regions where the transmittance spectra is abruptly decreased, the first region comes along with an 

increase in the absorption spectra, this occurs at shorter wavelengths (<350 nm or 3.5 eV), this is due to 

the fundamental absorption (optical band gap) of the material where electrons are excited from the 

valence band to the conduction band, and as it was mentioned above, a typical TCO has a band gap 

greater than 3 eV. The second region where the transmittance decreases comes along with an increasing in 

the reflectance spectra, and it is observed at longer wavelengths (>1500 nm) on the other end of the 

spectra and  is due to collective oscillation of electrons in the conduction band called plasma oscillations 

(plasmons). In this transition region there is a maximum in the absorption spectra which is called plasma 

wavelength (p), where the frequency of the light is the same as the frequency of the collective oscillation 

of electrons in the material, this wavelength is dependent on the number of electrons in the conduction 

band (carrier concentration) and will shift towards lower wavelengths when the carrier concentration is 

increased. When <p the wavefunction is oscillatory and radiation can propagate, resulting in a 

transparent material. When  > p the wavefunction decays and no radiation can propagate, resulting in 

reflection, finally when the electrons oscillate in phase with the electric field component of the light will 

result in absorption [2]. 

6.1.2 Electrical properties 

So far, most of the TCO materials discovered possess n-type conductivity, although some have p-

type conductivity. This native n-type behavior arises from the presence of stoichiometric deviations, and 

many attempts to modify it have been made with limited success. The process of doping (which was 

described in Chapter 4) is employed to enhance or attune the electrical properties of a TCO material. 

Going from p to n-type also has proven to be a difficult task for some materials, due to the formation of 

defects that compensate the doping. Based on the aforesaid reasons it is seen that there are several factors 

that need to be taken into account when finding the adequate balance between the electrical conductivity 

and optical transmittance in a TCO for the desired application. Electrical conductivity () is defined in 

units of S cm-1 as: 

                                                               (6.2) 

Where N is the carrier concentration (cm-3), e is the carrier charge (C) and  carrier mobility 

(cm2V-1S-1). In semiconductors, both electrons and holes are carriers and both will contribute to the 

conductivity.  Therefore there are two possible ways to increase the conductivity of a material, namely, by 

increasing either its carrier concentration (N) or its carrier mobility ().  

6.1.3 Applications of TCO’S 

Transparent conducting oxides (TCOs) possess a wide range of applications in a variety of 

optoelectronic devices like flat panel displays [3], thin film solar cells [4, 5] or touch screens [6]. 

Depending on the application there are different requirements that a TCO material must met. For 

example, transparent electrodes should have a carrier concentration in the order of ~1020-1021 cm-3, with a 

http://www.sciencedirect.com/science/article/pii/S0040609003009660#BIB1
http://www.sciencedirect.com/science/article/pii/S0040609003009660#BIB2
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resistivity value inferior to 10-3  cm. Furthermore; the optical transmittance value should be above 80% 

in the visible range with a band gap value superior to 3 eV [7].  

Tin indium oxide (ITO) is regarded as one of the best TCOs because it presents both high 

electrical conductivity and optical transparency. Many ITO thin films prepared by various techniques 

report optical transmittances in the visible region of 75-90% with a bang gap between 3.55 and 3.75 eV, 

with resistivity values below 10-4 
 cm [8]. However it is very scarce and expensive, so there are 

continuous efforts to find a suitable substitute material. One of the promissory materials is zinc oxide 

(ZnO) with n-type conductivity, wide band gap (Eg ~ 3.4 eV) and large exciton binding energy (60 meV) 

[9]. Extrinsic dopants are employed to modify and improve the electrical and optical properties of ZnO, 

aluminum being one of the most commonly used, as it w ill be discussed below. 

6.2 Al-doped zinc oxide as a TCO 

Among the many transparent conductive oxides (TCO’s), Al-doped ZnO (AZO) is well known 

for having good electrical conductivity and high transparency which make it a promising candidate to 

replace other conventional TCO’S [10]; its conduction mechanism which is based in oxygen vacancies and 

interstitial zinc atoms, as wells as its  exciton emissions even at room temperature make it as a promising 

material for many applications which include photoelectrical devices [11], gas sensors [12], and light-

emitting diodes [13].   

6.3 RF- Magnetron sputtering technique for the growth of Al-doped zinc 

oxide thin films 

There are many reports about the deposition of AZO thin films using vacuum and solution based 

techniques such as magnetron sputtering [14], pulsed laser deposition [15], chemical vapor deposition [16], 

spray pyrolysis [17], sol-gel process [18] to name a few. Among these deposition techniques, magnetron 

sputtering has characteristics of low deposition temperature, good film adhesion, high reproducibility and 

easy preparation in large areas [11]. In RF- sputtering the most important deposition parameters that 

affect the properties of the obtained thin films are substrate-to-target distance, substrate temperature, 

oxygen flow rate, the RF-power and the working pressure [19].  

6.3.1 Substrate rotation in the sputtering process 

The substrate rotation velocity is also an important parameter which has been used to control and 

alter the surface roughness, morphology and structural properties of many deposited materials [20-22]. 

Previous works reported that rotation of the substrate holder around its normal is employed to achieve a 

homogeneous deposition and thus it is clear that with the substrate rotation, the distance target substrate 

is varied from its shortest to the longest value within one rotation cycle [23], and it is known that the 

substrate-target distance affects the energy of the adatoms arriving to the surface of the substrate [24]. For 

this reason it is expected that many properties of the deposited coatings are affected by substrate rotation, 

for instance Wada et al. [25], reported a study on ZrO2 deposited by electron beam vapor deposition 

where they found that structural formation of the deposited layers was strongly influenced by substrate 

rotation, this was made by relating the modification of the morphology, grain structure and coating texture 
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to the former deposition parameter. However there are not many deep studies regarding the effect of 

substrate rotation on the growth, properties and structure of sputtered thin films, in particular ZnO or 

AZO coatings [26, 27]. Therefore, in this chapter the effect of substrate rotation speed on the properties 

of AZO thin films grown by RF-sputtering is explored, showing that this parameter is meaningful to 

control the roughness, grain size and to obtain homogeneous AZO films with good and adjustable 

structural, morphological, optical and electrical properties.  

6.4 Experimental details 

AZO thin films were deposited on Corning 2947 glass substrates. A 3 inch ZnO: Al target with 2 

wt% of Al2O3 was used to perform the deposition. The target to substrate distance was 60 mm and the 

base pressure was 6.66 x 10-3 Pa. The samples were prepared under different substrate rotation rates of S 

= 0, 150, 230, 350 and 475 rpm. The sputtering deposition was performed under an RF-power of 80 W at 

room temperature during 40 minutes with a sputtering Ar pressure of 1.33 Pa. The cross-sectional 

morphology of the thin films was characterized using field emission scanning electron microscope 

(FESEM) JEOL 7600F instrument using a 25 kV electron source. The superficial morphology of the thin 

film was analyzed by atomic force microscopy (AFM) using a Park Scientific Instruments auto probe in 

the topography contact mode, with Si tips. Structural analysis was accomplished using X-ray diffraction 

(XRD) in the grazing incidence geometry with an inclination of 1° with a D5000 Siemens X-ray 

Diffractometer and CuKα radiation (=1.5406 Å) operated at 40 kV and 35 mA and aperture diaphragm 

of 0.2 mm. Transmittance spectra were recorded with the help of an Agilent 8453 UV-Vis 

spectrophotometer. Resistivity, carrier concentration and mobility values were obtained with an Ecopia 

HMS-5000 Van der Pauw Measurement System at 300 K. 

6.5 Results and discussions 

6.5.1 Morphological and structural characterization 

Figure 6.3 illustrates the high resolution SEM transversal images of the deposited AZO thin films. 

Figure 6.3 (a) shows the sample grown with a static substrate, a dense and compact structure is observed. 

The thin films deposited under substrate rotation showed a columnar structure through all their 

thicknesses; also it presented a preferential alignment perpendicular to the substrate. The columnar 

disposition is observed to be dense and without porosities. The formation of a distinct columnar structure 

due to substrate rotation has been reported by previous works [23, 25]. On the aforementioned works the 

authors explain that a stationary substrate receives a larger and more energetic flux of adatoms due to the 

modification of the target-substrate distance produced by the substrate rotation, as it was explained on the 

introduction. The formation of columnar structures could be explained taking into account the effect of 

the substrate rotation on the energy of the sputtered species that arrive into the substrate, as it was 

described by Panich et al. [23]. The energy of the species that reach the substrate decreases as the target-

substrate distance increases; this is due the increment in the number of collisions between the gas 

molecules and the sputtered species contained in the sputtering chamber [24].  Therefore the sputtered 

species reaching a substrate under rotation are expected to have a smaller energy than those that arrive to 
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a stationary substrate; this produces a decreasing in the adatoms mobility and the development of a 

distinct columnar structure. There is no evidence that the gradual increment of the substrate rotation 

speed affects the thickness of the thin films: they have a central value of ~384 nm with a standard 

deviation of ~32 nm, showing no definite trend, however, samples grown under substrate rotation are 

expected to spend less time in front of the substrate which means they have a greater target-substrate 

distance, therefore their thickness value is always expected to be smaller than the sample under no 

rotation, which  is the case of our results, since the thickness value for the sample grown at S = 0 rpm is 

the largest (~437 nm) of all the obtained thin films 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Cross-sectional FESEM image of AZO thins films on glass substrate grown at S of (a) 0, (b) 

150, (c) 230, (d) 350 and (e) 475 rpm respectively. 

(a) (b) 

(c) (d) 
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Figure 6.4 displays the 2D and 3D AFM images of the AZO thin films obtained in an area of 4   

μm2. The morphology of the samples significantly varied with different substrate rotation velocities. From 

Figure 6.4 (a) we observed the grain distribution in the film growth with static substrate was not uniform, 

having large grains in comparison to the samples under substrate rotation, the grains also presented 

ambigous boundaries, it is also evident that the number of grains is smaller in comparison to the 

rotationary thin films, higher number of grains means that the average grain size is smaller. When 

substrate is subjected to rotation, samples deposited at 150 rpm and 230 rpm (Figures 6.4 b-c) confirm 

noticeable changes, with grains growing with an even distribution of sizes, less scattered and more 

homogeneous and several large cone-like grains with a structure grown vertical to the substrate surface 

can be clearly observed, and as the speed increases the grains become denser and more defined. In Figure 

6 (d-e) is clear how grains became more structured with cone-like ending features: as S is incremented, 

the number of observed nanostructures formed (nanocones), seems to rise while becoming more compact 

in the substrate area, corroborating that the samples have a nanostructured growth but also they become 

sharper and denser as the substrate speed increases. The explanation for the morphological behaviour of 

the obtained sample could be explain as follows: The energy of the particles that reach the rotationary 

substrate is lower than the case of a stationary substrate, resulting in less adatom mobility, this affects the 

coalescence proceses, making it more kinetically limited than in the case of higher adatom mobility, this 

leads to the formation of smaller grains. Previous works explained the modification in grain sizes taking 

into account the energy of particles that arrive to the substrate, presenting a similar diminution in grain 

size [28, 29].   
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Figure 6.4 AFM images of the AZO thin films with at different s of a) 0, b) 150, c) 230, d) 350 and e) 
475 rpm respectively. 

In order to carefully study the ending features of the nanostructured grains formed during the 

deposition of the thin films we employed the Wsxm 5.0 software [30] which possesses a method to 

calculate statistical quantities from an image. The software mentioned before allowed us to calculate the 

number of hills (Nh), the first neighbor distances (FND) between the nanostructured cones grown on the 

substrate surface and the root-mean-square surface roughness (RMS) values. The calculated RMS values 

of the samples were ~3.5, 5.1, 3.6, 4.7 and 2.7 nm, at S of 0, 150, 230, 350 and 475 rpm respectively, 

these results are presented in Table 6.1. It is noticeable how the rotational speed greatly affects the surface 

morphology, even if roughness values don’t have any defined trend related to S. Figure 6.5 shows the Nh 

and FND plotted against substrate rotation rate; it can be seen that as S increases there is decay tendency 

in the first hill neighbor distance and an increasing tendency in the number of hills which was tentatively 

fitted using a Boltzmann sigmoidal curve. These results corroborate that the samples become denser and 

more packed in the sample area according to the substrate speed and that the number of nanostructures 

formed increases with the substrate rotation. The roughness value obtained for the thin film grown at S 
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= 475 rpm was the lowest of all (2.7 nm), which can be explained by its small grain sizes, which were 

generally the smallest of all the obtained samples, as it is clearly observed in Figure 6.4 (e). This effect has 

been previously reported by Hyoun et al. and Bortoleto et al. [31, 32], where they both obtained ZnO thin 

films grown by magnetron sputtering, since their AFM images showed that the RMS value was greater for 

the samples with larger grain sizes. As explained above, the particles that reach a rotatory substrate will 

have lower energy than those that reach a stationary one, thus producing smaller grains sizes, resulting in 

lower RMS values. However, in Figure 6.4 we can clearly observe that even though the grain sizes of the 

sample grown at S = 0 rpm were generally larger than those of the thin films grown under rotation, the 

RMS seems to follow no defined trend, rising from 3.5 to reach 5.1 nm and then decreasing to 2.7 nm, 

presumably due to the different average heights obtained for all the samples, which in turn were employed 

by the Wsxm 5.0 software to calculate the RMS values using the following equation [32].:  

                                                             √
 

 
∑ (   〈 〉)

  
                                            (6.3) 

Where N is the number of pixels, hi the individual heights, and <h> the average height. The <h> 

values obtained were ~ 12.6, 16.3, 12.9, 14.4, 7.9 nm for the samples grown at 0, 150, 230, 350 and 475 

rpm, respectively, and they are reported in Table 6.1. It is noticeable that the average height value for 

samples grown at 0 and 230 rpm were similar (both close to 13 nm). This resulted in calculated RMS 

values that were close i.e. 3.5 and 3.6 nm respectively, which would explain their similar RMS, even 

though the grain sizes in the former are greater than those in the latter. It is evident that the thin film 

grown at S = 475 rpm had the smallest average height of all the thin films obtained, in addition with the 

smallest grain sizes, which would explain the smallest RMS value. As previously mentioned there are 

minor variations in the thickness of the AZO thin films that follow no defined trend, these differences in 

thickness would explain the variations on the heights of the surface peaks employed to calculate <h>, 

which in turn are used to explain the different RMS values obtained. These results suggest that the average 

heights along with the grain size are the determinant factors to explain the obtained RMS calculations in 

our AZO thin films. From the morphological results, we can confirm that S has a major role in the 

formation and distribution of well-defined nano-grains on the film surface, favoring the formation of a 

more homogenous films. 
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Figure 6.5 Number of hills (Nh) and first neighbor distances (FND) at different substrate velocities. 

Figure 6.6 shows the XRD spectra for AZO thin films obtained for different S. The observed 

diffraction peaks for all samples can be indexed as the ZnO wurtzite structure in the standard data 

(JCPDS, 36-1451) [33], with preferential orientation in the (002) plane, with the c-axis oriented 

preferentially normal to the substrate surface [34]; all peaks are shifted to the left in their 2θ (002) peak 

position with respect to the standard value of 34.467° [33] which is evidence of tensile strain [35]. The 

other peak observed in the XRD patterns can be indexed to the (103) planes. In order to determine 

crystallite size of the AZO thin films we considered the Scherrer’s formula [34], which is given by: 

                                                                   
    

     
                                                      (6.4)                                                                        

Where D is the mean crystallite size,  the diffraction angle,  is the FWHM and  is the X-ray 

wavelength (0.15418 nm). The calculated crystallite sizes, D, of the samples were ~ 24.8, 27.7, 34.7, 31.3 

and 29 nm, at S = 0, 150, 230, 350 and 475 rpm respectively, these results are summarized in Table 6.1. 

There is clear evidence that all the AZO thin films grown under rotation presented bigger crystallite sizes 

than those films grown on a stationary substrate, meaning that the substrate rotation improves the 

crystallinity of the thin films. The explanation for this improvement in crystallinity lies in the fact that the 

species that arrive to a rotating substrate have lower energy than to a stationary one. The time that the 

substrate spends in front of the target is reduced after increasing the substrate rotation speed; this causes 

an increasing of the collisions odds between the sputtered particles and the background gas molecules, 

thus reducing the energy of the sputtered species before reaching the substrate, favoring the energy for 
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film growth, this produces denser and (002) oriented thin films [27]. The lattice constants were calculated 

using the following equation [36]:  

                                 
 

      
  

 

 
(
        

  
) 

  

  
                                          (6.5) 

 

Where a and c are the lattice constants, and dhkl is the crystalline interplanar distance. Using the 

(002) diffraction peak, this equation becomes c = 2dhkl. Furthermore, we calculated the strain ε along the c-

axis by using the equation [37]: 

                                      
    

  
                                                  (6.6) 

Where c0 (0.52069 nm) is the unstrained c lattice parameter of ZnO. Strain and lattice parameters 

values are shown in Table 6.1. Positive strain values correspond to tensile strain and negative values to 

compressive strain [37], which agrees with the shifting of the (002) diffractions peaks mentioned before. 

 

Figure 6.6 XRD patterns of AZO thin films prepared at different rotation velocities. 

Figure 6.7 shows the FWHM value and the 2position for the (002) planes plotted against the 

substrate rotation velocity. As the rotation velocity increases, there is a decrement in the value of the 

FWHM, reaching its minimum for the sample grown at a substrate velocity of 230 rpm, this means that 

the substrate rotation improves the crystallinity of the thin films. Regarding the 2position for the (002) 

planes it can be seen that all 2are shifted to lower values with respect to the standard value for ZnO and 
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that there is a gradual increasing for the position of the 2angle as the substrate velocity increased, this 

means that the samples that were rotated had closer values to those of the standard which is 34.42° [33]. 

As it was mentioned before this is evidence of a positive strain, which in turn corresponds to a tensile 

strain, this suggests that the lattice parameters of the unit cell would show an increasing, this agrees 

with the reported lattice parameter values summarized in Table 6.1, which are in general bigger than 

those of the standard ZnO (c0 = 0.52069 nm and a0 =0.32495 nm). The explanation of this increment in 

the lattices parameters is as follows: There two possible ways in which Al atoms are incorporated in the 

ZnO lattice, either in substitutional or interstitial sites. If Al+3 ions are substituting Zn+2 ions, the lattice 

parameter in AZO samples would decrease and this would correspond to a shifting to the right (higher 

2values) for the (002) peaks in comparison to the standard reported for the ZnO, this is due to the 

smaller radius of the Al+3 (0.054 nm) in comparison of the Zn+2 (0.074 nm). Furthermore when Al atoms 

are incorporated into interstitial sites the lattice parameter increases and this would correspond to a 

shifting to the left (lower 2values) for the (002) peaks [38]. This suggests that the Al atoms might be 

mostly occupying interstitial sites in the case of the AZO thins films grown in this work.  The reported 

values in Table 6.1 show that the samples grown using substrate rotation were under less tensile stress 

than the samples grown with no substrate rotation. This means that the crystallinity becomes better for 

thin films under substrate rotation. This is evidence that the crystallinity was greatly influenced by the 

substrate rotation favoring the formation of bigger crystallite sizes which contributes to the reduction of 

the tensile stress contribution from crystalline boundaries [30]. These results confirm that the substrate 

rotation was effective in changing the structural properties of the AZO films. Based on the structural and 

morphological analysis, the optoelectronic performance is expected to be widely influenced by substrate 

rotation. 
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Figure 6.7 Position of the (002) peak and FWHM values at different substrate speed. 

Table 6.1 Characteristics of the samples estimated from AFM and XRD data. 
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Lattice 
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Lattice 
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Average  
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(nm) 

 

0 

 

3.5 

 

24.8 

 

0.325 

 

0.524 

 

0.634 

 

12.6 

150 5.1 27.7 0.326 0.523 0.442 16.3 

230 3.6 34.7 0.325 0.522 0.250 12.9 

350 4.7 31.3 0.325 0.521 0.058 14.4 

475 2.7 29 0.324 0.522 0.250 7.9 

 

6.5.2 Optical characterization 

Figure 6.8 shows the transmission spectra of the samples obtained at different substrate speeds. It 

is possible to observe oscillations in the high wavelength range due to optical interference, typical in very 

thin films. The average transmittance over the 400-800 nm range exceeds 90% regardless of the substrate 

rotation speed. We calculated the optical energy gap using the Tauc equations for all samples considering 

AZO a direct band gap n-type semiconductor obtained from the (αh)2 versus h plot by extrapolating 
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the linear portion of the curve to (h=0) [40]. The bandgap values were ~3.49, 3.67, 3.65, 3.61, 3.49 eV 

for the samples grown at S = 0, 150, 230, 350 and 475 rpm respectively. All bandgap values presented 

increased values respect of the standard ZnO, which is in the range of 3.20-3.40 eV. The higher band gap 

of the present AZO thin films compared with the bulk ZnO film could be attributed to the Burstein Moss 

effect [41]. The widening of the band gap was caused by increasing of the free electron concentration after 

doping with Al+3 ions; in degenerate semiconductors this causes an increasing of Fermi level, therefore 

optical band gap of doped zinc oxide is broader than that of undoped zinc oxide films [42]. 
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            Figure 6.8 Optical transmittance spectra of AZO thin films. 

6.5.3 Electrical characterization 

The conduction mechanisms in ZnO are attributed to two main factors: The electrons generated 

from oxygen vacancies and the interstitial Zn Atoms [43]. Due to the incorporation of Al+3 on 

substitutional sites of Zn+2 or Al atoms into interstitial sites, as well as oxygen vacancies and Zn interstitial 

atoms, the electrical conductivity in Al doped ZnO thin films is expected to be higher than in pure ZnO 

films [38]. The electrical properties of the deposited AZO thin films as a function of the substrate rotation 

speed are plotted in Figure 6.9. All AZO thin films produced Hall voltages that indicated an n-type 

behavior. The experimental data revealed that as the substrate speed increases the resistivity also increases 

as the substrate velocity raised in value. The resistivity was increased from its minimum value of 8.5 x 10-3 
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cm at S = 0 rpm to a maximum of 2.7 x 10-2 cm at S = 350 rpm, while for all remaining samples 

the resistivity was in the order of 10-2 cm. Since is proportional to the reciprocal of the product of the 

carrier concentration n and mobility , the variations in resistivity with substrate rotation speed are 

attributed to the change in both n and . At 0 rpm n is ~ 1.8 × 1020 cm-3 with a Hall mobility of 4.19 

cm2/Vs and remains in the order of 1020 cm-3 up to 230 rpm, with a Hall mobility of 3.50 cm2/Vs. Then n 

rapidly decreases and reaches its lowest carrier value at s = 350 rpm (1.29 x 1019 cm-3), with the highest 

value of Hall mobility (18.1 cm2/Vs), and then increases again to a value of 9.1 x 1019 cm-3, for s = 475 

rpm, with a Hall mobility of 3.23 cm2/Vs. We speculate that since the grain size in the AZO thin films 

was decreased, the resistivity increased due to scattering with grain boundaries [44]. Also the thin films 

grown under rotation had grains which were more uniform and denser than those presented in the sample 

grown using a stationary substrate, this type of microstructure contains fewer pores and projections, 

which act as traps for the free carriers and barriers for transporting the carriers in the films [45]. We 

suggest that the modification of the morphological and structural properties of our samples by rotating 

the substrate affected the Hall mobility and carrier concentrations, thus modifying the electrical 

conductivity. All of these results suggest that the substrate rotation plays an important role in the electrical 

properties of AZO thin films. 
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Figure 6.9 Electrical properties of AZO thin films deposited at different substrate rotation velocities. 

6.6 Partial conclusions 

AZO thin films were deposited at different substrate rotation rates by RF-magnetron sputtering 

on glass substrates. We applied several techniques such as scanning electron microscopy, X-ray 
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diffraction, UV-vis and the Van der Pauw technique to analyze the properties of the AZO thin films. 

Structural properties showed that all samples had grown at a preferential orientation in the (002) plane 

direction and that the substrate rotation increases the crystallinity. Morphology results showed that 

substrate rotation produces highly defined nanostructures that became denser and sharper with s. All 

films presented a transmittance higher than 90% in the visible range, and the estimated optical energy gaps 

were in the range of 3.49 to 3.67 eV. The electrical properties showed the lowest resistivity was achieved 

with a static substrate (8.5 x 10-3 cm), and that the substrate rotation induced changes in the carrier 

concentration and hall mobility which resulted in the increasing of electrical resistivity of the AZO thin 

films. 
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Chapter 7 Tuning of refractive index in Al-doped ZnO 
films by rf-sputtering using oblique angle deposition

This chapter describes the results obtained from the deposition of Al-doped ZnO thin films 

grown by RF-sputtering using the oblique angle deposition method (OAD). The tilting angle of the 

obtained AZO nanostructures and its relation with the optical properties, especially the refractive index 

was investigated. Nanostructured columns of AZO thin film with different tilting angles and refractive 

indexes were deposited; additionally the structural, morphological and optical properties were studied in 

order to explain the relationship between each other. The nanocolumnar tilting of the thin films resulted 

in a 16% change in the refractive indices of the obtained samples, the columnar tilt changed from 0° to 

13.5°, which corresponded to substrate inclination from 0° to 75°, respectively. Band gap energy was 

found to diminish, which was associated to a local redistribution of Al concentration x in the AlxZn1−xO 

solid solution around the x ≈ 0.02 average.  

7.1 Introduction 

7.1.1 Fundamentals of the Oblique Angle Deposition method 

In many physical vapor deposition (PVD) techniques there are a variety of growth parameters 

that modify the obtained properties of the deposited thin films, e.g., Crystal structure, optoelectronic and 

morphological properties; among them, the angle between the direction of the incoming particle flux and 

the normal to the surface of the substrate plays an important role in the morphology of the thin films [1]. 

Within this context, the Oblique Angle method (OAD) arises as an effective method to fabricate unique 

nanostructures and diverse nano-architectures which has enabled researchers to develop unique 

nanostructures with tailored morphology due the fact that it takes advantage of physical vapor deposition 

processes based on evaporation [2]. 

The OAD method is a deposition process in which the substrate is held at an oblique angle (θ), 

with respect to the source of evaporation [3], this contrasts with the conventional deposition method 

where the flow of particles of material emanating from the source reaches the substrate with a direction 

parallel to its normal. Additionally, this technique could be employed along with the rotation or control of 

the substrate’s position with respect to the vapor source, this is called the Glancing Angle Deposition 

(GLAD) technique, and is has proven to be a useful technique to deposited nano-sized columnar films 

with controlled porosity and shapes [4-8]. Figure 7.1 shows a schematic diagram for the oblique angle 

deposition technique. 
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Figure 7.1 Schematic of an OAD setup. 

The growth mechanism in OAD is called shadowing effect. This effect begins at the very early 

stages of deposition, when random nuclei centers are formed on the substrate’s surface (Figure 7.2 a). As 

the deposition process continues the nuclei growth in such a way that prevent the arrival of any further 

evaporated material to areas which have no nuclei, thus producing “shadowed” areas (Figure 7.2 b). 

Hence the taller nuclei will receive more material from de vapor flux in comparison to the smaller ones; 

this prevents the smaller islands from growing any further and leads to the formation of a distinct 

columnar growth (Figure 7.2 c). Eventually only the top of the tallest columnar structures will continue 

receiving more vapor flux, thus the smallest columns and nuclei will stop growing, leading to a columnar 

growth tilted towards the vapor source with a columnar angle  (Figure 7.2 d), this process is called 

columnar extinction [9].  The columnar structure of the deposited thin film will be heavily influenced by 

adatom mobility and the shadowing effect. One dimensional nanostructures fabricated by OAD and 

GLAD have a diverse number of applications, e.g., antireflection coatings [10, 11], omnidirectional 

reflectors [12], superhydrophobic coatings [13], solar cells [14], sensors [15], photonic band-gap crystals 

[16], etc. 
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Figure 7.2 OAD growth mechanisms schematically represented [9] (a) Initial arrival of the vapor flux to 

the substrate in an oblique angle (b) Nuclei centers growth by shadowing effect (c) Columnar growth (d) 

Columnar extinction by shadowing effect. 

Usually the flux incidence angle (θ) is larger than the columnar tilting angle () and there have 

been many attempts to mathematically correlate them [17-20]. Many deposition parameters affect the 

value of , namely, substrate temperature, deposition rate, angular distribution of the deposition vapor 

flux, and the pressure within the vacuum chamber [21]; however, the most widely used heuristic 

expressions to correlate θand are the tangent rule proposed by Nieuwenhuizen and Haanstra [22], 

which is valid for small values of θ θ 

      
 

 
     

Or the cosine rule proposed by Tait et al. employing a purely ballistic model, which applies for 

higher values of θ

          (
      

 
)                                  

These expressions suggest that the vapor flux must be directed towards the substrate at a large 

incidence angle if a highly tilted columnar structure is desired, which in turn will result in a porous film 

due to the shadowing effect. On the contrary, a flux arriving perpendicularly into the substrate’s surface 

will lead to a nearly columnar growth, resulting in a tightly packed structure [17, 18].  In spite of some 

concordances, none of these expressions can successfully predict the relationship between the 

aforementioned angles, failing to account for most of the experimental data. Nonetheless, in recent years 

Alvarez et al. have proposed a more accurate model to predict the dependence between θ andwhich 

takes into account the interaction between the deposition particles and the surface of the deposited 
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material, this new model was called “surface trapping mechanism” and it’s based on atomistic 

considerations[25, 26].  

Figure 7.3 shows six examples of nanostructures, specifically of TiO2 fabricated by the OAD 

method, varying different geometric parameters and growth conditions, which were designed to 

manipulate the shadowing conditions during growth in different w ays, all images are visualized as SEM 

micrographs.  Figure 7.3 (a) shows the cross section image of slanted nanostructured growth [27], as it was 

mentioned before the columnar inclination angle  will be depended on the incident flux angle θ, this 

tilted columnar structure is typical of thin films grown using the OAD technique and will change into 

more complex structures if the substrate is manipulated during deposition, specifically:  

 Zigzag structures (Figure 7.3 b) [28]: Columnar structures where their directions changes back 

and forth will be produce with large values of θcombined with alternating directions. 

 Helical structures (Figure 7.3 c) [9]: Slow rotation and large values of θ will continually redirect the 

columnar orientation thus producing helical structures.   

 Vertical columns (Figure 7.3 d) [9]: Both high substrate rotation speeds coupled with a large value 

of θ produces vertical columnar structures. 

 Graded-density structures [28] (Figure 7.3 e): The modulation of θ  between high and low values 

changes the density and diameter of the columnar structure.  

Most of these nanostructured thin films are also obtained for other materials besides TiO 2, and 

find many useful applications such as: humidity sensors [29], microbatteries [30], catalytic 

nanomotors [31], surface-enhanced Raman spectroscopy [32], hydrogen storage [33], photocatalysis [34], 

among others. 

 

Figure 7.3 Archetypal OAD fabricated nanostructures, (a) slanted columns, (b) zigzag columns, (c) helical 

columns, (d) vertical columns and (d) graded-density columns. 

http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0045
http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0050
http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0055
http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0060
http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0080
http://www.sciencedirect.com/science/article/pii/S0169433211017119#bib0085
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7.1.2 Importance of Al-doped zinc oxide as TCO 

As it was mentioned in chapter 6, there are certain types of materials in which a high electrical 

conductivity and optical transparency are desirable. Those materials are called transparent conductive 

oxides (TCO’s), it was also stated that these materials had many applications, e.g., flat panel displays, thin 

film solar cells, and transparent thin film transistors [35–37]. Among them, Tin Indium Oxide (ITO) is 

regarded as one of the best TCO’s because it presents both high electrical conductivity and optical 

transparency; however it is very scarce and expensive, so there are continuous efforts to find a suitable 

substitute material. One of the promissory materials is zinc oxide (ZnO) due to its abundance, high 

transparency, low cost,  n-type conductivity, wide band gap (Eg ~ 3.4 eV) and large exciton binding 

energy (60 meV) [38, 39], this makes it an attractive TCO material with many potential. Extrinsic dopants 

are employed to modify and improve the electrical and optical properties of ZnO. One of these dopants is 

aluminum, which has been used for producing thin films with high transparency above 90% in the visible 

spectrum, as well as low electrical resistivity [35]. Al-doped ZnO (AZO) is the most promising material to 

substitute ITO as TCO due to its cheapness, plentiness and non-toxicity. In order to obtain AZO thin 

films many deposition techniques have been employed, such as e-beam evaporation, pulsed laser 

deposition, chemical vapor deposition and RF-sputtering [40–43]. 

7.1.3 ZnO as antireflective coating  

As it was described in chapter 6, when light passes through any material, some of it will be 

absorbed, transmitted and reflected, particularly in uncoated glass substrates approximately 4% to 6.5% 

will be reflected at the air-substrate interface [44]. This leads to an inevitable energy loss due to reflected 

radiation that is detrimental in many technological applications where there are several optical 

components involved, for example solar cells. One way to solve this, is the implementation of materials 

which play the role of reducing surface reflection, this materials are called antireflection coatings (ARC’s). 

Anti-reflective layers are placed in many substrates so that interference effects force the reflected waves 

from the inner surfaces (layer/substrate interface) become out of phase with the waves reflected by their 

outer surfaces (air/layer interface). Out-of-phase reflected waves destructively interfere with each other, 

resulting in zero reflected energy. The interference processes described above are illustrated in Figure 7.4, 

where n0, n1, n2 represent the refractive indices of the air, the deposited coating (either ARC or not), and 

the substrate, respectively, d1 represents the thickness of the coating.  
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Figure 7.4 Interference process of light in a (a) ARC material and (b) non ARC material. 

There are many parameters that affect the transmission properties of a certain material, namely, 

the substrate's index of refraction, the index of refraction of the coating, the thickness of the coating, and 

the angle of the incident light. The refractive index is one of the fundamental parameters regarding the 

optical properties of an ARC; it also has a major importance at the interfaces made between different 

coatings. Therefore being able to fine-tune its value is of high importance for many technological 

applications in which light reflection and refraction take place. Light reflection is one of the critical 

problems to solve for the performance of the optoelectronic devices, such as solar cells [45]. This is due to 

the Fresnel reflections that reduce the intensity of transmitted light across the TCO, thus decreasing 

efficiency [46]. By using antireflection coatings (ARCs), the light reflection can be reduced and the cell 

efficiency enhanced. Current researches study ARCs materials applied to the solar cell technology area and 

a variety of low refractive index materials and fabrication methods have been developed to improve the 

device’s performance [47].  

The manipulation of morphological properties on thin films allows controlling the optical 

properties [48]. For example, changes in the porosity of the layers have been used for modifying the 

refractive index in several materials [49, 50]. ARCs are used to reduce the reflection over a wide range of 

wavelengths and incident angles, in order to approach the full spectra of incident light. However, the 

conventional quarter-wavelength ARC can reduce the reflection on a specific wavelength and incident 

angle using the conditions:  

                                             √                                                     (7.3) 
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                                                   (7.4) 

Where nARC is the refractive index of the ARC layer, while n1 and n2 are the refractive indexes of 

the adjacent layers to the ARC, λ is the selected wavelength of the incident light, and t is the optimal 

thickness for destructive interference at λ. Also, it is well known that an ARC with graded refractive index 

shows broadband and omnidirectional characteristics [51], thus reducing more efficiently the losses by 

reflection. One of the TCOs used as an ARC material is AZO [52]. Cao et al., even reported that they 

were able to adjust the optical and electrical properties of AZO thin films deposited using the OAD 

process [53]. 

7.2 Growth conditions and characterization techniques 

AZO thin films were grown on Corning 2947 glass substrates by the RF-sputtering method at 80 

W process power during 25 min. A 3 inch ZnO: Al target with 2 wt% of Al2O3 was used to perform the 

deposition. The process pressure was fixed at 10 mTorr in argon environment. The distance between the 

substrate and target was 5 cm and no rotation was used in the course of the growth process. Before the 

deposition, the target was pre-sputtered 5 min. Each growth was performed using different tilting angles 

for the substrate holder (θ = 0°, 15°, 30°, 45°, 75°). X-ray diffraction measurements were performed using 

a D5000 Siemens X-ray diffractometer and CuKα radiation in the grazing incidence geometry with 1° 

inclination. The crystallite size (D) was calculated from evaluating angle position and full width at half 

maximum (FWHM) of the (0 0 2) ZnO peak in the Scherrer formula: 

 

                                              
    

         
                                        (7.5) 

 

Where λ = 0.15406 nm is the X-ray wavelength, θB the Bragg diffraction angle. Thickness and 

cross sectional morphology of the AZO nanocolumns were studied by using a field emission scanning 

electron microscope (FESEM) JEOL 7600F instrument. The samples were cleaved in the direction of the 

column tilt in order to explore their cross sections. The optical properties were obtained by an Agilent 

8453 UV–Vis spectrophotometer. The electrical properties, resistivity, mobility and carrier concentration, 

were measured with an Ecopia HMS-5000 Van der Pauw Measurement System at room temperature. 
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7.2.1 Theoretical optical basis 

The determination of the absorption profile from experimental transmission measurement T = 

I/I0, where I and I0 are the transmitted and incident light respectively, was carried out using the Beer–

Lambert law and it’s described by the expression [54]: 

  

                                                        
                                           (7.6) 

Where  (hν) is the energy dependent absorption coefficient and d is the sample’s thickness. The 

absorption coefficient of an inorganic semiconductor is experimentally defined by two regions. One of 

them is the absorption edge corresponding to the parabolic extremes of the energy bands and the other 

one the band tail, which is a consequence of the material disorder including the presence of doping 

impurities [54]. The expression that describes the absorption coefficient of an inorganic semiconductor is 

[55]: 
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Where Eg is the band gap energy, hν the energy, E0 is the band tail parameter, while A and B are 

fitting coefficients. In practice, there is not a unique point where the absorption coefficient changes from 

tail to edge, but there is a certain energy range where both regions overlap, as can be experimentally 

observed. The Rayleigh scattering is the elastic scattering of the electromagnetic radiation by particles 

much smaller than the wavelength of the incident radiation. That is the case of scattering due to atoms, 

molecules and punctual defects in a quasi-homogeneous media, like a semiconducting film. The intensity 

of light scattered is given by the expression [56]: 
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Where I0 is the intensity of the incident light, θ1 is the observation angle with respect to incident 

light direction (0° < θ1 < 180°), φ is the azimuthal angle determined by the plane given by incident light 

and the scattered light directions (0° < φ <  360°), F(θ1,φ) is the angular scattering function, r is the 

distance to the light source, k = 2π/λ is the wave number in vacuum, n is the refractive index and D << λ 

is the effective particle diameter. Therefore, the total light that is transmitted through the sample is given 

by: 
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Where both the absorption and the scattering are included. Then, applying a logarithm and 

dividing by d in equation (7.9) an expression for an effective absorption coefficient eff  is obtained: 
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For hν < Eg where the exponential behavior is valid as shown in equation (7.7) and considering 

the first term as a constant it is possible to approximate equation (7.10) to: 

                                                   
  

                                     (7.11) 

Additionally, the refractive index is a complex equation given by: 

                                                    ̂                                                 (7.12) 

Where n is the real refractive index term and k is the imaginary term corresponding to the 

extinction coefficient. The extinction coefficient is related to the absorption coefficient by the expression 

k = λ/4π, where  is the wavelength. The refractive index can be calculated from the expression [57]: 
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Where R is the normal-incident light reflection. In the region below the band gap energy the 

absorption A → 0. Then the expression T + R + A = 1 can be reduced to R = 1 − T from where it is 

possible to estimate the reflected light. 

7.3 Results and discussions 

7.3.1 Nanocolumnar tilting angle as a function of the substrate inclination 

SEM images of the film cross section show the presence of columnar formations. The column 

tilts correspond to the inclination of the substrate holder. Figure 7.5 shows the SEM image of the 

columnar formation for substrate holder without tilting and a sample grown with the same conditions but 

for a substrate inclination of θ = 75°. It is possible to observe the tilting of the columns by looking at the 

vertical dashed line. The columnar disposition is observed to be dense and without porosity. For the film 

grown without substrate inclination, the columns present a diameter around 20 nm and smaller at the base 

region and it increases up to about 40 nm at the top of the film. In the films grown using OAD, the 

columns keep a uniform diameter DSEM ≈ 20–25 nm. Figure 7.5 also displays a surface SEM image of 

samples grown with a substrate inclination of θ = 75°, where no cracks are observed, along a dense 

disposition of surface grains with an estimated average size of about 26 nm, although ranging between 20 

and 30 nm, which agrees with the column diameter. Figure 7.6 displays the variation of the column tilting 

angle  as a function of the substrate holder inclination (θ). The point distribution presents a linear 

behavior given by the expression βf = (0.18 ± 0.02)θ.  The Fitted column tilt, βf, will be used since it 

reduces the error due to deviations in the sample cleaving. 
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Figure 7.5 SEM image of AZO films without tilting (above), θ = 75° tilted (below left) substrate holder 

and surface SEM image of θ = 75° tilted (below right). 

 

Figure 7.6 Nanocolumnar tilt angle dependence of substrate holder inclination. 

7.3.2 Structural properties 

The diffractograms of the AZO films grown with different substrate inclination are shown in 

Figure 7.7. All the peaks correspond to the ZnO wurtzite structure with hexagonal single phase as can be 
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seen in comparison with the standard pattern [58], which suggests that the Al atoms enter in the lattice Zn 

sites and form a solid solution of AlxZn1−xO. The preferential orientation is the (0 0 2) plane with respect 

to the substrate. For θ = 0° the (1 0 3) peak is also present. However, as the film columns slant the (1 0 1) 

and (1 0 2) peaks arise. This effect can be associated to the fact that the column inclination lets such 

planes also highlight. The diffractogram peaks shift to the left with respect to the pattern, which is 

indicative of an expanded lattice due to inward relaxation around the oxygen vacancies. The left shift of 

the peaks is also favored by the Al atoms with atomic radii smaller than that of Zn atoms occupying the 

Zn sites in the ZnO lattice, which leads to inward relaxation. The peaks in the sample with the highest 

substrate inclination, θ = 75°, coincide with those of the pattern. This fact is associated to a compensation 

of the mentioned inward relaxation with stress–strain effects due to the slanted columns in the films, 

perhaps by increasing the other diffraction planes in the preferential growth direction, which could be 

confirmed by the peak widening. In general, the (0 0 2) peak position, 2θB, and the FWHM, did not exhibit 

a specific tendency and were considered to have central values 2θB = (34.28 ± 0.02) ° and FWHM = (0.34 

± 0.02)°. The crystallite size calculated by the Scherrer formula was found to be DXRD = (25 ± 1) nm. This 

value agrees with the column diameter measured from the SEM images, which suggests that the columns 

in our samples are formed by stacked ~25 nm diameter crystallites. 

 

Figure 7.7 Diffractograms of AZO films as a function of the substrate inclination. Dashed lines 

correspond to the ZnO pattern diffractogram lines. 

7.3.3 Optical properties 

Figure 7.8 shows the transmission spectra of the samples obtained at different substrate angles. It 

is possible to observe oscillations in the high wavelength due to optical interference, typical in very thin 

films.  
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Figure 7.8 Optical transmittance spectra of the AZO thin films deposited at different tilting angles. 

From these spectra the band gap energy with a Tauc plot given by plotting (αhν)2 versus hν is 

determined, as shown in Figure 7.9. The inset displays the behavior of the band gap energy obtained from 

the intercept on the energy axis of the absorption edge linear region. The behavior of the band edge 

curves in figure 7.9 shows that the slope in the edge region diminishes with the increasing of the 

nanocolumnar tilting angle. 

 

Figure 7.9 Tauc plot of AZO thin film grown at different tilting angles. 

The band gap energy for non-tilted column films was found to be Eg ≈ 3.58 eV. The band gap 

energy given by the introduction of 2 Al% in the lattice of AlxZn1−xO is estimated to be EgAl2% ≈ 3.51 eV, 

which is less than the band gap value found for this film. The measured electron concentration in the 

sample with no tilted substrate was n ≈ 1.9 × 1020 cm−3, which corresponds to a Moss–Burstein (MB) 
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shift of ΔEMB ≈ 0.42 eV for a MB-shifted band gap energy EgMB ≈ 3.62 eV, which is higher than the 

calculated one. For the other samples the electron concentration increases up to n ≈ 4.4 × 1020 cm−3, 

which would induce an increase of the band gap up to about EgMB ≈ 3.89 eV. This suggests that the band 

gap energy of non-tilted and tilted column films is due to the MB effect. However, as the film columns are 

tilted the band gap energy reduces, but in such a way that the band edges observed from absorption 

profiles gradually diminish their slope. All the samples were grown using the same target and no other 

growth conditions were changed except the substrate inclination. The experimental band gap diminishing 

effect is contrary to the MB effect. Then, the average Al concentration for all the samples must remain 

similar to the non-inclined substrate, but, although the samples are under MB effect, this behavior can be 

associated to local redistribution of Al atoms, i.e. the local Al concentration x in AlxZn1−xO varies in a 

certain range around the average x ≈ 0.02 in such a way that the resulting absorption profile is given by a 

compositional mixture as has been previously proposed in compounds with three or more elements [59]. 

Thus, the edge linear prolongation intercepts the energy axis at (hν) 2 = 0 at lower energy values. 

7.3.4 Optical processing 

Optical interference, in the transmission spectra, hinders the determination of the optical 

properties of the samples, as shown in Figure 7.8. Thus, in order to eliminate the effect of the undesirable 

oscillations a mathematical processing is proposed in this section. The process is as follows: the graph 

(hν)2 versus hν is plotted by applying Beer–Lambert’s law (equation (7.6)). Once the graph (hν)2 versus 

hν has been obtained, both absorption zones are identified according to equation (7.7). Since the 

oscillation significantly reduces in this plot, it is possible to fit the exponential tail region where there is no 

influence of the interference oscillations. The fitting, although is ruled by the exponential band tail, was 

applied in such a way that includes the mathematically damped oscillations. This method could allow 

obtaining a ‘clean’ tail absorption profile because the damped oscillations were only useful for determining 

the offset of the low absorption region y0. The absorption profile in the tail region was obtained from the 

expression: 

   
 

  
[     
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                                    (7.14) 

Once f, is obtained, the ‘clean’ transmittance could be recalculated with Beer–Lambert’s law by: 

                                                                  
                                                           (7.15) 

Plotting this new transmittance Tf, it can be observed that the interference oscillations are not 

present as exemplified in Figure 7.10. In this case, only absorption and scattering influence the refractive 

index. The inset of Figure 7.10 displays the damped oscillations using a logarithmic y-axis. 
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Figure 7.10 Plot of experimental optical transmission (solid line) and Tf (dashed line) of the sample grown 

at θ = 75°. The inset shows the exponential fitting applied in the plot of (hν)2 as a function of hν where 

the dashed line corresponds to the fitted tail. 

 Figure 7.11 displays the calculated refractive index curves as a function of the wavelength using 

equation (7.13) and the proposed proceeding. For using equation (7.13), R was calculated from the 

expression T + R + A = 1, where A is the absorbed light. In the region of low absorption it is possible to 

consider that absorption is low, i.e. k → 0. Then, the reflected light obtained from the fitted transmission 

is Rf ≈ 1 − Tf, which is substituted in equation (7.13). Given that the extinction coefficient is actually 

defined not only by the absorption coefficient, but also by the scattering, it is also valid to consider an 

effective refractive index, neff. 
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Figure 7.11 Behavior of the refractive index as a function of the wavelength for different substrate holder 
tilts. 

7.3.5 Refractive index versus nanocolumnar tilt 

Figure 7.11 shows the behavior of the refractive index as a function of the wavelength for the 

obtained samples. It is possible to observe the change due to the substrate inclination that films with 

slanted columns produce. The refractive index presents a sharp diminishing for energy around the band 

edge and for 600–650 nm the index presents low variation and has tendency to a constant as has been 

previously reported, even for AZO films [57].  Figure 7.12 displays the variation of the refractive index at 

 = 700 nm as a function of the fitted columnar tilting. 

 

Figure 7.12 Effective refractive index at λ ≈ 700 nm dependence on columnar tilting angle. 
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The refractive index varies from about n ≈ 1.78 for f = 0° to n ≈ 1.49 for f ≈ 12–13° (θ = 75°), 

which represents a variation of around 16%. The linear fitting of the refractive index as a function of 

column tilt angle is given by: 

                           (         )  (           )                      (7.16) 

In the non-inclined substrate case and with light incidence normal to surface, i.e. θ = 0° and βf = 

0°, the light falls on the base of the column. Considering good structural organization along the interior of 

the column, as was found from structural analysis, the main disorder can be only found on a columnar 

boundary or a lateral surface. This column boundary would be the most significant scattering source, but 

in this case it is given by the projection of the column lateral surface on the column base plane, which is a 

thin ring. Thus the light transmits mainly by the interior of the column without significant scattering and 

F(θ1,φ) is minimum. However, as the substrate inclines the columns also do it and the projection of the 

tilted column gives an ellipsoid, as illustrated in Figure 7.13, which induces a higher interaction of light 

with the disordered column boundary and the scattering increases. Thus, it is possible to associate the 

column inclination with the scattering, i.e. F(θ1,φ) increases with the column inclination. 

 

Figure 7.13 Scheme of the disordered area (shadowed region in the projection) that the light cuts across in 

vertical (left) and slanted (right) nanocolumns at normal incidence. 

An optimized antireflective effect can be attained by using a multilayer with a grading refractive 

index. A proposal of multilayer with layer described in this chapter can gradually change the refractive 

index from that of the substrate up to that required as illustrated in Figure 7.14 (a). If, besides, it is 

combined with the optimum thickness of each layer according to the minimum reflection, as mentioned 

before, it is possible to build a multilayer structure in such a way that each layer maximizes the 

antireflection effect for a part of the electromagnetic spectrum and attain an anti-reflecting effect for a 

great part of the visible and infrared spectrum. Figure 7.14 (b) shows an experimentally obtained 

multilayer with the column tilted from 14.7° at the base to 0° at the top. 
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. 

Figure 7.14 (a) Scheme of a suggested multilayer changing the nanocolumn tilt angle. Yellow bars 

proportionally illustrate the values of refractive index for each layer. (b) SEM image of an experimentally 

obtained multilayer with continuous variation of the nanocolumn tilt angle 14.7° to 0° with respect to the 

normal at the substrate. 

7.4 Partial conclusions 

The use of the OAD leads to the growth of dense films with tilted nanocolumns. The optical 

transmissions of samples were into a range of 85 and 100%. The band gap energy diminished with the 

substrate inclination presumably due to local variation of Al concentration in the material. The 

nanocolumns’ tilt angle influences the light scattering that falls normal to the film surface. It induces the 

refractive index to vary in such a way that it diminishes as nanocolumnar tilting angle increases in a range 

from about 1.78 for no tilted substrate up to about 1.50 for 75° substrate inclination, which corresponds 

to 13.5° nanocolumnar tilting angle. This result allows refractive index engineering in order to optimize 

the antireflective effect in AZO films. 
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GENERAL CONCLUSIONS 

 Doped and undoped ZnO thin films were deposited on glass substrates using the pulsed laser 

deposition (PLD) and the rf-magnetron sputtering techniques. 

 CdTe doped ZnO thin films were deposited by the PLD technique. The isoelectronic doping was 

confirmed by the presence of Zn-Te bonds, meaning that Te successfully passivated the oxygen 

vacancies in the ZnO crystal lattice.  

 Nitrogen doped ZnO thin films were deposited by the PLD technique using a hybrid target made 

of pure ZnO powder embedded into poly (ethyl cyanoacrylate) matrix. The incorporation of the 

cyanoacrylate produced thin films with very low stress, similar to that of the standard ZnO 

powder pattern. The chemical analysis confirmed the successful nitrogen doping by means of the 

Zn-N bonds.  

 Aluminum doped ZnO thin films were deposited using the rf-magnetron sputtering technique in 

order to study the effect of substrate rotation into the structural, optical, morphological and 

electrical properties of the obtained samples. The rotation speed of the substrate produced a well-

defined columnar growth that became denser as the former increased. All samples presented high 

transmittance values (up to 90%) with increased band gaps in the range 3.49 to 3.67 eV, and 

electrical resistivities in the range of 10-2-10-3 cm. 

 Aluminum doped ZnO thin films were deposited using the rf-magnetron sputtering technique 

along with the oblique angle deposition method. The OAD method resulted in the growth of 

nanocolumnar films, which presented different angles of inclination. The presence of the 

aforementioned nanocolumns influenced the light scattering process within the films, thus 

modifying their optical properties, especially its refractive index. The refractive index value 

changed from 1.78 for the thin film deposited with no inclination up to 1.50 for an inclination 

angle of 75°, which corresponded to nanocolumnar inclination angle of 13.5°.  

 

 

 

 

 

 

 

 

 

 

 


