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Abstract  

Tin-doped indium oxide (ITO) and Al-doped zinc oxide (AZO) belong to the material 

class of transparent conductive oxides (TCOs) which exhibit both low electrical resistivity 

and high optical transmittance. These superior properties make them widely used in 

different flat panel displays, thin film solar cells, multi-functional windows and flexible 

electronics as n-type materials. Polycrystalline Cu(In,Ga)S2 (CIGS) thin films are very 

promising p-type absorbers in highly efficient thin film solar cells. The wide variety of the 

materials assembled into these devices, which consist of semiconductors, molecular or 

polymer organics, metal, glass or plastic, require the development of TCO and CIGS 

materials with new properties, a good processibility and even tailored morphology.  

The objective of this work was to investigate the influence of different deposition 

conditions on the structure and morphology evolution of different semiconducting oxides 

(ITO and AZO), and semiconducting sulfides (CIGS) grown by a one-step magnetron 

sputtering process, which is a cost effective and widely used efficient technology for large 

scale production. This was achieved by depositing thin films over a wide range of 

conditions, i.e. varying sputtering atmosphere, plasma excitation mode, sputtering pressure 

and substrate temperature, and analyzing the roughness scaling properties, in order to 

understand the growth mechanism of ITO, AZO and CIGS in sputtering process. The main 

techniques which were employed to characterize the structure and morphology of the films 

are X-ray diffraction and atomic force microscopy. 

The first part is focused on the growth and morphology evolution of ITO films sputtered 

from a ceramic target under different sputtering atmospheres, excitation modes and 

substrate temperatures. The investigation showed that, for room temperature deposition, 

additional O2 in sputtering atmosphere smoothen the surface of ITO films, and H2 roughens 

the surface. It was the other way around in AZO films. The growth exponent of ITO films 

increases from 0.35 via 0.65 to 0.98 with changing sputtering atmospheres from Ar/10%O2 

via pure Ar to Ar/10%H2 mixture, respectively, indicating that nonlocal mechanisms such 

as shadowing roughening dominate the growth. Discharge modes (i.e. with different plasma 

excitation frequencies in the range of DC to 27.12 MHz) have a very different influence of 

structure and roughness evolution for ITO films at low temperature and high temperature. 

A crossover of roughness evolution can be clearly observed due to the competition between 

surface diffusion and crystallite growth enhanced shadowing effect.  
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The second part of the thesis deals with the growth and morphology evolution of AZO 

films grown under different sputtering atmospheres and substrate temperatures. For room 

temperature deposition, abnormal growth exponents larger than 1 were found for pure Ar 

and Ar/1%O2 deposition, and 0.73 for Ar/10%H2 deposition, respectively, corresponding to 

different growth types. For high temperature deposition, the surface becomes smoother and 

the growth exponent decreases due to high adatom mobility and a faster relaxation of the 

compressive stress. The effect of film thickness on the microstructure, surface morphology 

and electrical properties of AZO and ITO films deposited in pure Ar at 300 °C was also 

compared in detail.  

The final part of the thesis, the growth and morphology of CIGS films deposited by one-

step DC reactive magnetron co-sputtering from CuGa and In targets in argon-hydrogen 

sulfide gas mixtures was investigated for different sputtering pressures and temperatures. 

For room temperature deposition, the roughness evolution can be also divided into two 

growth stages as a result of the change of the surface diffusion dominating in the initial 

growth stage (growth exponent ~0.13) to crystallite growth enhanced shadowing 

dominating in the latter growth stage (growth exponent ~0.56). With increasing surface 

diffusion effect, the surface becomes smoother with an even smaller growth exponent close 

to 0. For high temperature depositions, the surface becomes rougher than that at low 

temperature. A combination of local and nonlocal growth mechanism is used to explain the 

growth behavior. 

Through a comparison of the scaling behaviors of ITO, AZO and CIGS films grown 

under different deposition conditions, it can be conclude that abnormal roughness scaling of 

polycrystalline films is not uncommon in magnetron sputtering process due to the 

unavoidable nonlocal effect. 
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Kurzfassung  

Zinndotiertes Indiumoxid (ITO) und aluminiumdotiertes Zinkoxid (AZO) gehören zur 

Materialklasse der transparenten leitfähigen Oxide (TCOs). Diese Materialien weisen eine 

geringe elektrische Leitfähigkeit bei gleichzeitig hoher optischer Transparenz auf. Diese 

besonderen Eigenschaften führen zu einer Reihe verschiedener Anwendungsgebiete, wie 

zum Beispiel Flachbildschirme, Dünnschichtsolarzellen, funktionelle Verglasungen und 

flexible elektronische Bauelemente. Im Bereich der Dünnschichtsolarzellen gelten dünne 

Schichten aus polykristallinem Cu(In,Ga)S2 (CIGS) als vielversprechendes 

Absorbermaterial, um hohe Effizienzen zu erreichen. Generell wird in den verschiedenen 

Anwendungsgebieten eine Vielzahl von unterschiedlichen Materialien, wie z.B. Halbleiter, 

molekulare oder polymere organische Verbindungen, Metalle, Gläser oder Plastiken, 

verwendet. Dies macht die Entwicklung von TCO- und CIGS-Schichten mit neuartigen 

Eigenschaften, guter Prozessierbarkeit und maßgeschneiderter Morphologie notwendig.  

Das Ziel dieser Arbeit war es, den Einfluss verschiedener Abscheidungsbedingungen auf 

die Struktur und die Morphologie verschiedener halbleitender Oxide (ITO und AZO) und 

halbleitender Sulfide (CIGS) zu untersuchen. Die Schichten wurden in einem einzigen 

Prozessschritt mittels Magnetronsputterns hergestellt. Diese Methode erlaubt eine 

kosteneffiziente Herstellung und wird bereits in der industriellen Produktion eingesetzt. Um 

die Wachstumsmechanismen von gesputterten ITO-, AZO- und CIGS-Schichten zu 

verstehen, wurden dünne Schichten unter stark variierenden Prozessbedingungen, das heißt 

unter verschiedenen Sputteratmosphären und -drücken, mit unterschiedlichen 

Plasmaanregungsfrequenzen sowie bei verschiedenen Substrattemperaturen, hergestellt und 

anschließend deren Rauigkeit untersucht. Dabei wurden hauptsächlich 

Röntgendiffraktometrie und Rasterkraftmikroskopie eingesetzt. 

Der erste Teil der Arbeit fokussiert sich auf das Wachstum und die zeitliche 

Entwicklung der Rauigkeit von ITO-Schichten, die von einem keramischen Target in 

verschiedenen Sputteratmosphären, mit unterschiedlichen Plasmaanregungsmodi und bei 

verschiedenen Substrattemperaturen, abgeschieden wurden. Die Untersuchungen an 

Schichten, die bei Raumtemperatur abgeschieden wurden, haben gezeigt, dass die Zugabe 

von O2 zur Sputteratmosphäre zu einer Glättung der ITO-Schichtoberfläche führt, während 

die Zugabe von H2 zu einer Vergrößerung der Rauigkeit führt. Die AZO-Schichten zeigen 

ein entgegengesetztes Verhalten. Wird die Sputteratmosphäre von Ar/10% O2 über reines 

Ar zu Ar/10% H2 geändert, steigt der Wachstums-Exponent der ITO-Schichten von 0.35 
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über 0.65 bis 0.98 an. Das deutet auf einen Einfluss nicht-lokaler Mechanismen, wie zum 

Beispiel die Verstärkung der Rauigkeit durch Abschattungseffekte, hin. Der Einfluss des 

Plasmaanregungsmodus‘ (das heißt der Einfluss verschiedener Plasmaanregungsfrequenzen 

im Bereich von Gleichspannung bis 27.12 MHz) auf die Struktur und die zeitliche 

Entwicklung der Rauigkeiten hängt sehr stark von der Abscheidungstemperatur ab. Dabei 

wird ein Übergang in der zeitlichen Entwicklung der Schichtrauigkeit beobachtet, der durch 

die Konkurrenz zwischen Oberflächendiffusion und der verstärkten Verschattung durch das 

Wachstum von Kristalliten verursacht wird. 

Der zweite der Teil der Arbeit widmet sich dem Wachstum und der zeitlichen 

Entwicklung der Morphologie von AZO-Schichten, die in verschiedenen 

Sputteratmosphären und bei verschiedenen Temperaturen abgeschieden wurden. Scheidet 

man bei Raumtemperatur ab, werden außergewöhnlich hohe Wachstums-Exponenten von 

über 1 für eine Abscheidung in reinem Ar und Ar/1% O2 und 0.73 für eine Abscheidung in 

Ar/10% H2 gemessen, die auf verschiedene Wachstumsmechanismen hindeuten. Wenn die 

Schichten bei hohen Temperaturen abgeschieden werden, werden die Schichten glatter und 

der Wachstums-Exponent sinkt aufgrund einer hohen Adatom-Mobilität und einer 

schnelleren Relaxation von kompressiven Verspannungen. Der Einfluss der Schichtdicke 

auf die Mikrostruktur, die Oberflächenmorphologie und die elektrischen Eigenschaften von 

AZO- und ITO-Schichten, die in reinem Ar bei 300 °C abgeschieden wurden, wurde 

ebenfalls systematisch untersucht. 

Im letzten Abschnitt der Arbeit wurden das Wachstum und die Morphologie von CIGS-

Schichten untersucht. Diese Schichten wurden mittels eines einstufigen DC-

Kosputterprozesses in Reaktivgasatmosphäre, die aus einer Mischung von Argon, 

Wasserstoff und Schwefel besteht, von einem CuGa- und In-Target bei verschiedenen 

Drücken und Temperaturen abgeschieden. Es zeigte sich, dass die zeitliche Entwicklung 

der Rauigkeit für die Schichten, die bei Raumtemperatur abgeschieden wurden, wieder in 

zwei verschiedene Abschnitte eingeteilt werden kann. Der Übergang wird durch einen 

Wechsel von der anfänglichen Dominanz der Oberflächendiffusion (Wachstums-Exponent 

~0.13) zu einer Dominanz der verstärkten Verschattung durch das Wachstum von 

Kristalliten (Wachstums-Exponent ~0.56)  verursacht. Steigt die Oberflächendiffusion an, 

wird die Oberfläche glatter und der Wachstums-Exponent sinkt weiter bis zu Werten nahe 

0. Wenn die Schichten bei hohen Temperaturen abgeschieden werden, ist die Oberfläche 

rauer als bei niedrigen Abscheidungstemperaturen. Das Wachstum der Schichten wird auf 

eine Kombination aus lokalen und nicht-lokalen Wachstumsmechanismen zurückgeführt. 
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Mit Hilfe eines Vergleichs der zeitlichen und räumlichen Entwicklung der Rauigkeit 

beim Wachstum von ITO-, AZO- und CIGS-Schichten unter verschiedenen 

Prozessbedingungen konnte geschlussfolgert werden, dass das anormale Skalieren der 

Rauigkeit wegen der unvermeidbaren nicht-lokalen Effekte für magnetrongesputterte 

polykristalline Schichten nicht unüblich ist. 
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List of Important Symbols and Abbreviations 

α Roughness exponent Ar Argon 

β Growth exponent O Oxygen 

ξ Correlation length H Hydrogen 

ρ Resistivity CuGa Copper gallium  

µn Hall mobility of the electrons In Indium 

n Carrier concentration of the electrons S Sulfur  

kB Boltzmanns constant (1.381×10
23

 J/K)  AZO Al-doped zinc oxide (ZnO:Al) 

γ* Interface energy ITO Tin-doped indium oxide (In2O3: Sn) 

c c-axis lattice parameter TCO Transparent conductive oxide 

cij Elastic constants CIGS Cu(In,Ga)S2 

D’ Diffusion coefficient CIGSe Cu(In,Ga)Se2 

df Film thickness FAr+O2 or 

FAr+H2 

Reactive gas flow Ar with O2 or H2 

(supply in sccm) 

dg(AFM) Particle size obtained from AFM AFM Atomic force microscopy 

dg(XRD) Crystallite size obtained from XRD CAFM Conductive  atomic force microscopy 

Ea Activation energy for diffusion SEM Scanning electron microscopy 

Eg Band gap RBS Rutherford backscattering spectrometry 

t Time XRD X-ray diffraction 

T Absolute temperature XRF X-ray fluorescence 

TS  Substrate temperature FWHM Full width at half maximum 

TM Melting  temperature 
JCPDS  Joint Committee on Powder Diffraction 

Standards 

TS/TM Homologous temperature DC Direct current 

at.% Atomic percentage RF Radio frequency 

wt.% Weight percentage RT Room temperature 

k 

 s  

Wave vector  

Sticking coefficient  
rms Root-mean- square 

w 
Root mean square surface roughness,  

interface width 
RMS Reactive magnetron sputtering 

h(r) Height profile HHCF Height-height correlation function, H(r) 

Rcur. Root-mean- square current 
HZB Helmholtz-Zentrum Berlin für 

Materialien und Energie GmbH 

Vdis Discharge voltage 1DPSD 
One-dimension power spectral density 

function  
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1 Introduction 

Rough surfaces exist everywhere in the natural world. Roughness develops intrinsically 

from the growth process on a pristine surface, even at the atomic scale. The surface 

morphology plays an important role for many physical and chemical properties of thin 

films. For example, a low roughness is required for various thin film applications, such as 

wear-resistant coatings, quantum well multilayer structures, and thin film transistors.
1,2

 On 

the other hand, rough surfaces can be very helpful in applications such as catalysis, 

adhesion enhancement between materials, or increasing the effective area for advanced 

charge storage devices.
 3,4

 To achieve or better control film properties, it is necessary to 

gain knowledge of the principal mechanisms that determine the roughness of growing 

films. In the last decades, particular scientific research interest has been focused on 

studying kinetic roughening of thin film surfaces grown under non-equilibrium 

conditions.
2,3 

The kinetic roughening mechanism depends on the local and nonlocal effects 

in different preparation processes, and describes spatial and temporal correlations of the 

surface roughness. Numerous experimental studies
4, 31-35 

have been performed relating to 

this topic, i.e. creating/growing thin films, characterizing the surfaces, and testing their 

properties, which reveals the existence of the kinetic roughening in thin films and found 

scaling relations between roughness and growth time and measurement scale on the basis of 

dynamic scaling theory. Different classes of scaling exponents (i.e. growth exponent β and 

roughness exponent α) correspond to different dominant processes involved in the growing 

process, which will be discussed in Chapter 2. The existing theoretical models cannot 

explain all the experimental results due to the complexity of the experimental conditions 

which are hard to simulate. A detailed analysis of the growth dynamics for such systems 

has to include the determination of the complete set of experimental data in order to better 

compare them to the existing models and simulations.  

In this work, the kinetic roughening of semiconductor oxides including tin-doped indium 

oxide (ITO) and Al-doped zinc oxide (AZO), and semiconductor sulfides including Cu(In, 

Ga)S2 (CIGS), grown by the magnetron sputtering process, was investigated. ITO and AZO 

films are well known as transparent conductive oxides which are widely used as the 

transparent electrodes in organic light emitting diodes (OLEDs), transparent window 

electrodes for light transmission and extraction of the photocurrent in thin film solar cells 

etc.
5
 CIGS films are very promising photovoltaic absorbers.

6
 More detailed information 
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about these three materials will be given in Chapters 4 and 5. To our knowledge, very little 

effort was devoted to systematic investigations of the growth dynamics of oxides and 

sulfides, not to mention all films are prepared by magnetron sputtering which has already 

used to prepare a variety of thin films in industry. Moreover, it would be also very 

interesting to understand the general kinetic roughening mechanism no matter prepared 

oxides or sulfides by this deposition technique.  

The aim of this work is firstly to check the growth and morphology of these 

semiconducting oxides and sulfides under different sputtering conditions independently, 

and secondly to study the dynamic scaling exponents related to the influence of the 

processing conditions such as sputtering atmospheres, temperature and excitation modes. In 

the following, the structure of this thesis and its contents will be described briefly. 

Chapter 2 starts with a brief introduction of the film growth mechanisms, the sputtering 

parameters which affect the microstructure and some structure zone models for physical-

vapor deposited films. Furthermore, the parameters which are used to describe a rough 

surface and how to obtain these scaling parameters are introduced. Some important 

theoretical models related to film growth and a categorization of the scaling exponents is 

overviewed. 

Chapter 3 introduces the principle of magnetron sputtering and the characterization 

methods for the sputtered films. X-ray diffraction (XRD), atomic force microscopy (AFM) 

and scanning electron microscopy (SEM) were used for structure and surface morphology 

characterization. X-ray fluorescence (XRF) and Rutherford backscattering spectrometry 

(RBS) were performed for determining the film composition, and Hall effect measurements 

for electrical properties. 

Chapter 4 is divided into two parts: growth and morphology of ITO and Al-doped ZnO 

thin films. The first part describes the preparation of ITO thin films with a briefly 

introduction of this material and a literature review of growth investigations. The influence 

of different sputtering atmospheres on the structure and morphology of ITO thin films has 

been discussed. The influence of the excitation modes on the growth of ITO films at low 

and high temperature was also discussed. The second part of chapter 4 discusses the 

influence of different sputtering atmospheres and temperature on the growth and 

morphology of AZO films prepared by RF sputtering. These scaling exponents were 

compared with the models available in the literature and relative growth effects were 

proposed for the reasoning. The electrical properties such as resistivity, carrier 
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concentration, mobility of ITO and AZO films prepared under the same condition were also 

compared.  

Chapter 5 describes the growth and morphology of Cu(In,Ga)S2 film prepared by a one-

step DC magnetron co-sputtering process. The influence of sputtering pressure, deposition 

time and temperature has been discussed. The intrinsic electrical properties of CIGS film 

were also investigated by conductive AFM. 

Chapter 6 presents main conclusions on the structure and surface roughness evolution of 

ITO, AZO and CIGS films based on the results discussed in Chapter 4 and 5. And then an 

outlook is given. 
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2 Thin Film Growth Models  

As mentioned in the introduction, in order to control and tailor the properties and 

performance of thin films, a detailed understanding of the growth mechanisms which 

determine the microstructural evolution of thin films is very important. In this chapter, 

some of the fundamental processes determining the microstructure of polycrystalline films 

will be discussed.  

2.1  Growth mechanisms  

When a flux of vapor atoms impinges onto a substrate, the strength and distribution of 

the flux plays a significant role in shaping the surface and noise in the flux also affects 

strongly the morphology. The film growth can be divided into several stages: condensation 

of the vapor on the growing surface (adsorption), desorption (re-evaporation or reemission) 

from the surface, diffusion of the atoms, form atoms of stable nuclei, followed by the 

coalescence of the reacted material into islands, and then the formation of a continuous 

film, as demonstrated in Fig. 2.1.  

 

Fig. 2.1: Events in a typical vapor-phase thin film growth processs.
7
 

For vapor deposition, the condensation of material from the gas phase can be described 

by an impinging rate Rim (number of atoms per cm
2
 per second) at the substrate is given by:  

1/2(2 )im BR p Mk T   (2.1)  

where p is the vapor pressure, M is the molecular weight of the atoms, kB is Boltzmann 

constant and T is the source temperature. The condensed atoms interact with the substrate 

surface either by van der Waals forces (≈ 0.25 eV; physisorption), or by chemical bonding 

(≈ 1~10 eV; chemisorption) either through ionic or covalent bonding.
7
 Due to their own 

initial energy or by substrate-supplied energy or the energy they receive from the impinging 
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particles, they might immediately desorb or diffuse over the surface. Obviously, the 

desorption barrier in the physisorption state is much lower than that of the chemisorption 

state. To describe the desorption process, a sticking coefficient (s) is used to, which is the 

probability for a particle to remain adsorbed. It is the ratio between the particles that stick 

to the surface to the number of total impinging atoms upon that surface (0≤ s ≤1). For very 

low temperature deposition, the sticking coefficient is usually very close to 1, indicating no 

desorption. Through thermal effects or a knock-on event of an energetic impinging particle 

effect, s will decrease. For the adatoms moving over the surface, atoms move between 

energy minima on the substrate surface and diffuse to a position with the lowest potential. 

The diffusion coefficient is proportional to ~ exp( / )a BE k T , i.e., it obeys by Arrhenius-

type exponential law, where Ea is the activation energy for diffusion. The diffusion process 

might lead to adsorption, particularly at special sites like edges or other defects, or the 

diffusing particle may re-evaporate if the characteristic activation barrier is overcome. 

Both, diffusion and desorption, are local processes since both are thermally activated and 

determined by bonds to the nearest neighbors.  

In addition, due to the nature of some deposition process, the impinging atoms approach 

to substrate surface from different directions, e.g. as a result of scattering with background 

gases or oblique incidence. If the surface already has some degree of roughness, due to the 

geometrical shadowing, some of the incident atoms will be captured at high positions and 

may not reach the lower valleys of the surface. And then lower positions will be shadowed 

from the impinging flux by sites far from it, making the shadowing mechanism non-local. 

This process will result in an enhancement of the growth roughness. More details in terms 

of shadowing will be introduced later in section 2.5.3.  

The initial growth modes determine the ultimate properties of the thin films deposited. 

Depending on the thermodynamic parameters of the deposition and the substrate surface 

interaction between the adatoms and the substrate material, three basic growth modes are 

used to explain thin film growth in non-equilibrium processes: 

(1) Frank-Van der Merwe model (FW), or layer- by- layer growth,  

(2) Volmer-Weber model (VW), or three- dimensional (3D) island growth,  

(3) Stranski-Krastanov model (SK), or 3D island on wetting- layer growth. 

The schematic illustration of the three modes is displayed in Fig. 2.2. In the FM growth 

mode, the deposited atoms wet the substrate, and interatomic interactions between substrate 

and deposited materials are stronger and more attractive than those between the different 
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atomic species within the film itself. The opposite case, in which adatom-adatom 

interactions are stronger than those of the adatom with the substrate surface, leads to the 

formation of 3D adatom clusters or island growth in the VW model.
8
 SK growth is an 

intermediate case between FM and VW. Transition from the layer-by-layer FM growth to 

island-based VW growth occurs at a critical layer thickness which is strongly dependent on 

the chemical and physical properties, such as surface energies and lattice parameters of the 

substrate and film.
9
  

 

(a) FM 

 

 

(b) VW 

  

(c) SK 

 

 

Fig. 2.2: Schematic representation of the three growth modes: (a) Frank-Van der Merwe 

layer growth (FM, 2D), (b) Volmer-Weber island growth (VW, 3D) and (c) Stranski-

Krastanov layer plus island growth (SK, 2D+3D).
9
 

A simple formal distinction between the conditions for the occurrence of the various 

growth modes can be made under the assumption of thermodynamic equilibrium in terms 

of surface or interface energy γ, i.e. the characteristic free energy to create an additional 

piece of surface or interface energy. Layer-by-layer FM growth of film A on substrate B is 

defined by  

γA+ γi ≤ γB (2.2)  

where γA and γB are the surface free energy of film surface and substrate surface, 

respectively, and γi the interfacial free energy between film and substrate. Here the surface 

tension of the film does not exceed that of the substrate. Eq.(2.2) presents the effect that the 

total surface energy of the film surface energy and the interface energy is less than that of 

the substrate for wetting to occur. Alternatively, it becomes easier for FM growth to occur 

with increased substrate surface energy. However, strain energy which is a term in γi and 

increases linearly with the number of strained layers, plays a major role in determining the 

growth mode. At a certain thickness, γA+ γi exceeds γB and the FM growth mode shifts to 

SK model where a growing planar film begins to roughen resulting in 3D islands on the 2D 

   

   

  



2.1 Growth mechanisms 

7 

wetting layer. Moreover, γA may be sufficiently larger than γB that the Eq.(2.2) is never 

fulfilled even for a strong attractive interaction between atoms and substrate surface, then 

3D islands nucleate from the onset resulting in VW growth. Deposition on amorphous or 

randomly textured polycrystalline substrates usually leads to Volmer-Weber growth.
10

 

When considering the equilibrium condition for the whole system including the vapor 

phase above the deposited film, a minimum of the Gibbs free enthalpy G which determines 

the equilibrium needs to be considered. The change in Gibbs free energy when a particle is 

transferred from the vapor phase into the condensed phase of the deposited film is:
7
 

  0/BG n nk Tln p p     (2.3)  

where n is the atatom number, p0 is the equilibrium vapor pressure, p/p0 is the degree of 

supersaturation which is one of the driving forces for the formation of a thin film deposited 

from an ambient vapor phase. The conditions for layer or island growth is γA+γi+CkBT 

ln(p0/p) ≤ γB or > γB (C is constant), respectively. It can be seen that the growth mode of a 

certain material on a substrate is not a constant material parameter, but can be changed by 

varying the supersaturation conditions, i.e. p/p0. 
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2.2 Deposition parameters affecting the microstructural evolution  

The microstructure of thin films prepared by magnetron sputtering evolves as it 

nucleates and grows on the substrate surface depending on a number of factors including 

substrate surface quality, substrate temperature, energy of incidence particles, process gas 

pressure, sputtering power and deposition rate etc. Kinetic factors and process parameters 

that affect the microstructure evolution of thin films were reviewed by Thompson
11

 (see 

Table 2.1.).  

Table 2.1: Factors affecting the structure evolution of polycrystalline films.
11

 

 Kinetic factors affecting structure evolution: 

   Adatom diffusivities on substrate surface  

   Adatom self-diffusivities on island surfaces 

   Self-diffusivities in grain boundaries 

   Grain boundary mobilities  

   Adatom cluster nucleation rates 

   Adatom desorption rates 

 Process parameters 

  Deposition rate (affects adatom arrival rate, adatom diffusion time before cluster nucleation or   

desorption, also affects film purity ) 

  Substrate temperature (affects all kinetic processes, increasing rates with increasing temperature) 

  Background pressure (affects film and surface purity) 

In sputter deposition: sputtering gas pressure and substrate bias (affect the angular distribution 

and energies of arriving adatoms) 

 Factors affecting zone models 

  Materials class, impurities incorporation, deposition technique 

It can be seen that all kinetic factors are related to diffusivities of adatoms on the surface 

or neighboring island surfaces. The nucleation rate depends on the substrate temperature 

and the deposition rate. The island growth rate also depends on the deposition rate as well 

as the adatom diffusivity on the substrate and the adatom desorption rate, both of which are 

strongly related to temperature. At low substrate temperatures, adatom mobilities are low 

and grain boundary mobilities are also low, the initial grain sizes are small and tend to 

change only through coarsening at the surface of the growing film. For example, Bruschi et 

al.
12

 studied the Monte Carlo simulations of the nucleation and island growth of thin metal 

films on amorphous substrates, which aimed to investigate the role of diffusion and 

reevaporation in the determination of the microstructure of thin films. As can be seen from 

Fig. 2.3, surface diffusion of particles and clusters was restricted and the morphology was 

similar to random site percolation networks with high density of small islands at the lowest 

temperature (TS/TM=0.027). With increasing the substrate temperature up to the activation 
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of single adatom diffusion (TS/TM=0.037), surface diffusion was increased and caused the 

growth of cluster islands with dendritic shape. The higher of temperature (TS/TM=0.04), the 

stronger activates diffusion along the border of the clusters, the larger islands with more 

regularly shaped can be observed.  

 

Fig. 2.3: Results of Monte Carlo simulated depositions of thin metal films performed at 

different homologous temperature (TS/TM) and final fractional coverages (x). The rate of 

reevaporation is set to zero. The figure shows 100×100 portions of 400×400 samples.
12

 

Additionally, strain energy may easily build-up as a result of incorporation of defects in 

the crystal lattice, since the atoms cannot diffuse to low-energy sites. And then generally 

the island density is the same as the defect density, as demonstrated in Fig. 2.4 (shown in 

the next page).  

TS/TM = 0.027 

x = 0.15 

TS/TM = 0.037 

x = 0.15 

TS/TM = 0.04 

x = 0.15 

TS/TM = 0.027 

x = 0.56 

TS/TM = 0.037 

x = 0.56 

TS/TM = 0.04 

x = 0.56 
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Fig. 2.4: Kinetic Monte Carlo (KMC) simulation of Pd island density on MgO(100) as a 

function of temperature. The diffusion barrier was set to 0.2 eV and 0.34 eV at rate 

equation model and density functional theory (DFT), respectively. KMC simulations using 

parameters calculated from DFT show that the island density is equal to the defect density 

at low T, matching the rate equation model (and experiment), which is due to a high 

monomer diffusivity in the later, and high cluster mobility in the former.
 13

 

In a magnetron sputter process, the substrate bias voltage plays an important role in 

controlling the effective adatom mobility and nucleation rates as well as the substrate 

temperature. When applying a substrate bias voltage, energetic ion bombardment will 

transfer kinetic energy to the film surface, thereby increasing the adatom mobility.
14

 

However, too high ion bombardment energy can cause defects in the crystal lattice and 

induce compressive stress in the bulk of films as a result of the atomic peening effect.
15

 The 

energy of the impinging flux atoms is also affected by the sputtering gas pressure due to 

collisions between the sputtered atoms from the target and the gas atoms (such as Ar). By 

varying the sputtering power, the deposition rate can be controlled. High deposition rate 

reduces the adatom mobility since the adatoms have no time to move to low-energetic sites 

and are buried by newly arriving adatoms. And then nuclei formation rate increases. On the 

other hand, a very low deposition rate will introduce impurity incorporation on the film 

which depends on the background pressure of the chamber, due to a large relative flux of 

rest-gas particles. The relation between film structure and these deposition parameters is 

correlated by structure zone models which will be outlined briefly in next section. 
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2.3 Structure zone models for physical vapor deposited films  

Film formation and the resulting microstructure are very crucial for their physical 

properties. Depending on the type of the material system, deposition process and chamber 

design etc, morphology and crystallographic orientation of thin films usually vary a lot. 

Over the past five decades, a number of models
16-21 

have been proposed to predict and 

explain correlation between film microstructure and deposition parameters for vapor 

deposited thin films. The first structure-zone model (SZM) was introduced by Movchan 

and Demchishin
16

 in 1969 for very thick evaporated metal films and oxides (0.3 mm to 2 

mm) with high deposition rates ranging from 1200-1800 nm/min (see Fig. 2.5).  

 

Fig. 2.5: Structure zone model for evaporated films proposed by Movchan and 

Demchishin.
16

 

The model shown in Fig. 2.5 consists of three distinct structure zones (1, 2, 3) as a 

function of the ratio of substrate temperature to melting temperature (TS/TM). In this 

scheme, zone 1 structures (TS/TM <0.3 for metals and TS/TM <0.26 for oxides) are voided 

columns with domed tops due to self- shadowing effects and very limited adatom mobility 

at low temperature. The columns are generally consisting of amorphous-like structures. 

Zone 2 structures (0.3<TS/TM <0.45 for metals and 0.26<TS/TM <0.45 for oxides) exhibit a 

dense columnar structure separated by grain boundaries. Surface and grain-boundary 

diffusion apparently becomes more important in the evolution of this structure, because the 

columnar grain size increases with TS/TM in accordance with the activation energies for 

these mass-transport mechanisms. Zone 3 structure (TS/TM>0.45 for metals and oxides) is 

characterized by equiaxed polycrystalline grains that grow in size by bulk diffusion. 

Generally, the boundaries between these three zones are diffuse and the transition from one 

zone to another occurs gradually over a relatively wide range in TS/TM. 
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Fig. 2.6: Structure zone model for sputtered films proposed by Thornton.
18

 

With the advent of magnetron sputtering, a similar SZM was developed by Thornton
17,18

 

for metal films but with four zones (1, T, 2, 3), based on homologous temperature (TS/TM) 

and sputtering pressure. Since the inert gas induces collision with sputtered atoms, process 

pressure can change both the kinetic energy of the ions that arrive at substrate in random 

directions and the mean free path of the particles which allows an increase or decrease in 

the bombardment of the substrate surface, which in turn determines the adatoms mobility. 

Reduction of gas pressure increases the energy of the bombarding species which enhances 

adatom mobilities and makes the film denser. Furthermore, gas scattering also decreases the 

oblique component of the deposition flux, then self-shadowing increases the density at 

grain boundaries. The 4-zone SZ model dependent on the microstructure of cross-sectional 

view was shown in Fig. 2.6. In Zone 1 (TS/TM <0.1 @0.15Pa to <0.5Pa @ 4Pa), the 

adatoms have little or no mobility since they cannot overcome the diffusion barrier Ed at 

very low Ts. Porous structure consists of tapered crystallites separated by voids which was 

promoted by substrate roughness and oblique deposition. Zone T (0.1<TS/TM <0.4 

@0.15Pa, 0.4<TS/TM <0.5 @4Pa) consisting of density packed fibrous grains is the 

transition region between zones 1 and 2. The surface of zone T is denser and less rough 

than the two surfaces around them. In Zone 2 (0.4<TS/TM <0.7), columnar grains with 
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dense grain boundaries are the result of surface diffusion controlled growth. Large equiaxed 

recrystallized grains are formed in zone 3 (0.6<TS/TM <1) due to lattice and grain- boundary 

diffusion processes at the highest Ts. Note that gas pressure only slightly affect the structure 

of zone 2 and 3 since the homologous temperature TS/TM is sufficiently high for substantial 

thermally activated surface diffusion and bulk diffusion. 

 

Fig. 2.7: Revised structure zone models for RF sputtering films, including ion 

bombardment effect.
19

 

Messier et al.
19

 proposed a modified SZM for RF sputtering with zones 1, T, 2 and 3, 

shown in Fig. 2.7, where the ion energy axis replaces the pressure axis. Applying a negative 

substrate bias potential (Vs) enhances the ion bombardment, they found that there is a non-

linear limit between zone 1 and zone T which is a function of the bias voltage applied to the 

substrate in some ceramic films (like TiB2, BN and SiC). The bias voltage of the substrate 

has the similar effect on the mobility and adsorption of the atoms as an increase in Ts. i.e. 

with increasing the bias voltage, zone T is widened compared to zone 1, which results in 

denser thin films and with a high degree of crystallinity due to increased ion bombardment 

enhancing adatom mobility. Moreover, the morphological evolution with increasing film 

thickness has been recognized at low mobility range (TS/TM≤0.5) in which dominant 

surface morphology size is nearly linear with the ~3/4 power of the film thickness. 

In terms of SZMs for oxides related to the present work, Ellmer
20

 proposed a complex 

structure–phase zone model for reactive sputtered Al-doped ZnO thin films with varying 

deposition parameters of oxygen partial pressure and the deposition rate. He established 

relations among phase composition, compressive stress, structure, grain size and optical 

properties to develop transparent conductive AZO films. Mirica et al.
21

 studied the 

morphological evolution of ZnO films deposited by reactive sputtering and proposed a 
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modified structure zone model, as shown in Fig. 2.8. In their model, the boundaries 

between zones with specific features were shifted toward lower homologous temperatures 

than in the classical models, which is due to the energetic ion bombardment during the 

sputtering process. They proposed two new subzones of zone II with pronounced faceting 

structure and smooth but pitted surface, respectively.  

 

Fig. 2.8: Modified structure zone model (0.13≤ TS/TM ≤0.43) for reactive sputtered ZnO 

films from Mirica et al.
21

 compared with other SZMs.  

Those extended structure zone models present a good qualitative guideline into which 

elementary processes or fundamental phenomena of structure formation occur during 

growth and give ex  pectations for the structural evolution as a function of deposition 

variables for physical vapor deposited films. General features of extended SZMs have been 

found to be very universal based on those experimental investigations. There is also a lot of 

theoretical modeling for thin film growth in terms of noise (fluctuations), surface diffusion, 

shadowing and reemission effects, which will be described in the next chapter. 

2.4 Scaling and correlations of rough surfaces 

Since the morphology of the interface directly affects many physical and chemical 

properties of thin films, surface roughness as one of the most important features of 

morphology, needs to be considered carefully. For example, small roughness is desirable 

for many applications in microelectronic and optoelectronic devices in which surface 

roughness can generate additional scattering losses in optical waveguides through grain 

boundaries and decreases the electrical conductivity of polycrystalline thin films.
22

 On the 

other hand, rough surfaces are also demanded in some applications such as in catalysis and 
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adhesion improvement between different materials.
23

 The growth of surfaces with certain 

roughness, especially the self-affinity of the surface roughness, is presently an active 

research topic. A self-affine surface has different scale-invariance properties and scaling 

relations along different growth directions, i.e. one perpendicular to the surface where the 

roughness characterized by the height parameters, and the other along the surface. If the 

surface is rescaled by a factor of b in the surface dimension then the dimension in the 

direction of perpendicular growth must be magnified by a factor b
α
 in order to identify the 

similarities between the original and enlarged surfaces,
2
 where α provides a quantitative 

measure of the imperfections of the surface morphology. For the special case α=1, the 

surface shows self-similar properties. 

 

Fig. 2.9: Illustration of statistical parameters used to describe rough surfaces: the mean 

height h , interface width w, lateral correlation length ξ, and wavelength λ. 

The most commonly used statistical parameter to describe the roughness is the root-

mean-square roughness (Rq or Rrms or w), as shown in Fig. 2.9, which is defined as the 

standard deviation of the surface heights: 

2 2

0

1
( , ) ( ( , ) [ ( , ) ( )]

L

i

w L t h t h i t h t
L 

    x  (2.4)  

where h(x, t) is the relative surface height at a position x at a deposition time t, 

corresponding to different film thicknesses depending on the deposition rate. L is the scan 

length of the measurement and the angular brackets mean configurational averages. Large 

values of root-mean-squared roughness indicate a rougher surface. It is well established that 

a large class of growth models follow the Family-Vicsek scaling relation
24

: 
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w(L, t) ~ L
α
f(t/L

α/β
)  (2.5)  

This equation reduces to w(L, t)~ t
β
 for very large values of L (t/L

α/β
<<1) and to w(L, t)~L

α
, 

for small values of L (t/L
α/β

>>1). β and α are the growth exponent and the roughness 

exponent, respectively. Therefore, the surface roughness increases with deposition time t 

(or thickness) at a rate determined by β value until a saturation value of the roughness is 

achieved. The saturation value depends on the scale length through α. This characteristic 

behavior of the roughness is the basis for dynamic scaling theory, widely used to describe 

the dynamic properties of self-affine thin films. It is known, that film growth by magnetron 

sputtering exhibits a linear time dependence of the film thickness df(t).
25

 This means, the 

surface roughness can also be scaled as w~df
β
. Correlations along the surface can also be 

measured by the distance ξ over which surface fluctuations spread during deposition time t 

as ξ~t
1/z

. These different exponents are not independent and are related by z=α/β in self-

affine surface growth, where z is defined as the dynamic scaling exponent which depends 

on what kind of physical mechanisms are present in the growth process.  

The exponents α and β can also be determined by analyzing surface correlation functions 

such as height-height correlation function H(r,t) of the surface, which measures the 

correlation of surface heights separated laterally by a vector r in short range. H(r,t) is 

defined by:  

2

2 2

2

( , ) ( ( , ) ( , ))

[ ( , )] [ ( , )] 2 ( , ) ( , )

2 2 ( , ) ( , )

H t h t h t

h t h t h t h t

w h t h t

    

    

  

r x r x

x r x x r x

x r x

 

(2.6)  

For isotropic surfaces, the statistical behavior of the surface does not depend on the specific 

orientation of the surface which means that H(r,t) depends only on r . Thus, r  r  can be 

used to express H(r,t) as H(r,t). This equation can be used to describe the statistical 

evolution of surfaces with self-affine fractal characteristics.
3
 For an isotropic self-affine 

surface, Sinha et al.
26

 proposed the following functional form for the height-height 

correlation function: 

2 2( , ) 2 [1 exp[ ( )] ]
r

H r t w 


    (2.7)  
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For r << ξ, 
2

2 2 2

2

2
( , ) 2 [1 (1 ( ) ]

r w
H r t w r 

 
    ~ (mr)

2α
, which m is the local slope and 

behaves as 

1/( 2 )w
m




 ~

1/w 


. For r >> ξ, H(r,t) ~ 2w

2
, as shown in Fig. 2.10. Therefore, 

the height-height correlation function exhibits an asymptotic behavior as follows: 

 

 

 

Hence, the height-height correlation function H(r,t) of a random self-affine fractal surface 

is described by three parameters: the vertical correlation length (surface width or 

roughness) w, the lateral correlation length ξ and the roughness exponent α. ξ is a length 

that gives an average measure of the lateral coarsening size at the deposition time t, i.e., it is 

the distance beyond which the surface height fluctuations are not correlated, indicating that 

there is no long-range characteristic length scale involved; the surface height fluctuation is 

random beyond ξ. The roughness exponent α characterizes the short-range roughness of a 

self-affine surface and how well the roughness can be described by a single lateral length 

scale.  

 

Fig. 2.10: Representative height-height correlation function H(r) and one-dimensional 

power spectral density function P(k) obtained from a self-affine surface. The plot is log-log 

scale.
3
 

Note that for most thin film surfaces, height-height correlation function behaves as a 

power law only for small r in short range. The lateral correlation length also represents the 

short-range lateral behavior of a surface. But beyond ξ, a periodic behavior on a length 

scale larger than the ξ may be still presented even though surface heights are not 

H(r,t)~{ 
(mr)

2α 
,        for   r << ξ (2.8) 

 2w
2
 ,           for    r >> ξ                                                                                                        
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significantly correlated. To describe this long-range behavior, the power spectral density 

function (PSD) which is related to a d-dimensional Fourier transform of the surface heights, 

is used and defined in reciprocal space as: 



2

( )

1
( , ) ( , )

(2 )

1
( , ) ( , )

(2 )

1
( , ) ( , )

(2 )

1
( , ) ( ', )

(2 )

1
( , ) ( ', )

(2 )

i

d

i i

d

i

d

i

d

i

d

P t h t e

h t e d h t e d

h t h t e d d

h t h t e d d

h t h t d e d











 

  

  





  

  
   



 

 


 





 

'

'

'

'

k x

k x ' k x '

' k x x '

k r '

k r '

k x

x x x x

x x x x

r r r r r

r r r r r

 (2.9)  

where the change of variables x=r and x’=r+r’ was used and the integration is over the 

entire domain of r and r’. Noting that the integral of PSD in k-space is equal to w
2
. Recall 

from Eq.(2.6), the PSD can be expressed in terms of the height-height correlation function 

as: 

21
( , ) [2 ( , )]

2(2 )

ik

d
P t w H t e d


 

r
k r r  (2.10)  

If the PSD spectrum exhibits a characteristic peak at a wavenumber kC, the surface 

possesses a long-range periodic behavior and is said to be mounded and exhibit wavelength 

selection at a wavelength
12 Ck   . Note that the lateral correlation length ξ is a measure 

of the size of the mounds and the wavelength λ is a measure of the average distance 

between mounds (as demonstrated at Fig. 2.9); therefore a relation of ξ ≤ λ should exist. 

For a self-affine surface in a scaling form, PSD spectrum has no characteristic peak: 

P(k<<ξ
-1

)~w
2
ξ

d 

           P(k>>ξ
-1

)~ w
2
ξ

d
 (kξ)

-(2α+d)
  

(2.11)  

At lower wave number (longer length scale) the PSD magnitude is constant. At higher 

wave number (shorter length scale k
-1

<<ξ), the PSD function scales as k  and 2 d   . 

As shown in Fig. 2.10, for a line scan (dimension d=1), the long range roughness exponent 

α can be calculated from
1

2





 . 

In some cases, the dynamic scaling relation given by Eq.(2.5) cannot be applied and 

anomalous scaling
27-30

 has been proposed which is an extension of the dynamic scaling 
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relation. Anomalous scaling extends the local interface width which depends on both the 

scan length l<L and the time t as: 

( , )w l t ~{ loc

t

t l



  
(2.12)  

where /loc z    and αloc is a local roughness exponent that differs from the global α 

obtained from Eq.(2.5) This behavior of the interface width can be related to the local slope 

m which scales with growth time as t . Note that when 0  , loc  , and the Family-

Vicsek scaling of Eq.(2.5) is recovered. Anomalous scaling occurs whenever 0  , 

leading to a local roughness exponent loc z    . On the one hand, there are intrinsically 

anomalous roughened processes induced surfaces. The local roughness presents as 0<αloc<1 

and α take values larger or smaller than 1 depending on the different systems, which is due 

to the disorder and/or nonlocal effects (such as shadowing or bulk diffusion). On the other 

hand, there exist superroughening processes with α>1 and αloc=1 which occurs in local 

growth models.
29,31  

In conventional dynamic scaling theory, the exponents α and β do not change with 

deposition time. However, in some systems
32,33

 the growth exponent β exhibited different 

values in different growth regions indicating that there is a transition between different 

growth modes and each region satisfies independently the Family-Vicsec scaling relation 

(Eq.(2.5)). For the roughness exponent α, it is hard to figure a relation with growth time. 

Some groups reported that α is time independent. For example, Jeffries et al.
34

 have studied 

the kinetic roughening in the sputter deposition growth of Pt on glass at room temperature. 

They found that α with a value of 0.9±0.02 was independent of the growth time. Huo et 

al.
35

 found a similar behavior of α during Cu electrodeposition. But the fluctuation of the 

roughness exponent with time is an anomalous behavior. Some groups reported it is a time-

dependent parameter. For example, Zhu et al.
36

 have investigated the coarsening dynamics 

and surface instability during ion-beam-assisted growth of amorphous diamondlike carbon. 

They reported α varies with the growth time at the initial growth regime and then becomes 

time invariant. Yanguas-Gil et al.
33

 reported similar behavior for local roughness exponent 

by studying the growth of SiO2 films grown by plasma-enhanced chemical vapor 

deposition. The variation roughness exponent with time is less important for the obtained 

local roughness in their system. 
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2.5 Models for growth-induced roughening 

In the universal classes in statistical physics, specific details of the growth, such as the 

nature of the substrate, the deposition material, the deposition pressure and temperature etc. 

do not contribute to the scaling exponents. Classifying growth processes according to these 

exponents has attracted huge interest in the statistical physics community during the past 

two decades.
2,3

 Since the morphological structure of a surface grown by deposition of 

atoms is relevant to the actual physical properties of thin films, here we will briefly outline 

some of the most important theoretical growth models based on discrete and continuum 

mathematics which are able to predict values for the exponents α, β and z analytically. It is 

interesting to compare experimental data with these predictions and capture essential 

physical mechanism to achieve a better understanding of the growth behavior of different 

materials prepared by sputtering technique.  

2.5.1 Discrete surface growth models 

Monte Carlo (MC) modeling is the most common type of discrete simulation used in 

thin film growth modeling. Generally speaking, MC models only model general 

morphological behavior and do not incorporate deposition details, such as the specific types 

of deposited atoms, or their nature or chemical state. Instead, MC models use more 

empirical parameters which can be easily implemented in the algorithm, such as the 

activation energy for diffusion or the sticking coefficient.
3
 General rules in MC models in 

thin film growth are: 

(1) A lattice (2D or 3D) has to be initialized where the deposition will take place. 

(2) A particle has to be created at a random lattice point, and the particle is related to 

time according to a specified trajectory: deterministic or stochastic type. 

(3) When the particle impinges the substrate surface, it can be deposited 

(condensation), or reflected (reemission), depending on deposition parameters. 

(4) Deposited particles can diffuse according to a specified model for diffusion. 

(5) New particles can be created and the deposition process can be repeated. 

If a particle travels in a straight line from certain direction, the randomness is determined 

by the impinging angle and the initial position of the particle. This deterministic trajectory 

is used in the solid-on-solid and ballistic deposition models. The restricted solid-on-solid 

(SOS) model
37

 introduces the first systematic investigation of growth exponents for higher 

dimensions. Particles travel ballistically on a random position at the substrate. If a particle 

is able to diffuse to any adjacent surface site with a lower height, it will continue to diffuse 
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until the energy for diffusion is very low, and then the particle will stop diffuse. This 

process will be repeated by other particles at certain times. Physically, this model presents 

an adsorption/desorption dynamics. Kim and Kosterlitz
37

 proposed the exponents are 

1/ ( 1)d    and 2 / ( 2)d   . In their simulation, without diffusion, a growth exponent 

β of 0.5 was found, in agreement with the value derived from the continuum random 

deposition model in 1+1 dimensions. Taking surface diffusion into account in 2+1 

dimensions, a value of β=0.332±0.05 was obtained. The ballistic deposition (BD)
38

 is 

another discrete growth model which exhibits an interesting surface scaling behavior. 

Essentially, the model describes particles rain down onto the substrate following straight-

line trajectories in the columns and stick to the aggregate or the substrate upon first contact. 

The host particle can be at the top of the same column or in one of the nearest neighbor 

columns. Overhangs can exist in the ballistic growth model. In contrast to random 

deposition and random deposition with surface diffusion leading to completely compact 

structures, ballistic deposition generates voids or holes in the bulk due to the lateral sticking 

rule. The formation of these voids or holes increases the growth velocity of the interface, 

because with the same number of deposited particles the average height increases faster. Ko 

and Seno39 studied deposition growth by multi-dimensions Monte Carlo simulations of BD 

and restricted SOS model whether overhangs are present or not. They found that the 

presence of overhangs is an important factor in determining the scaling properties of film 

growth. Since the overhangs start to form, the surface does not grow on the direction of 

local surface gradient any more, but rather results anisotropic growth. The simulated 

exponents are listed in Table 2.2. Meakin et al.
 40

 and Baiode et al.
41

 reported that the 

scaling exponents of ballistic deposition are 0.3   and 0.22   in 2+1 dimensions. 
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Table 2.2: Calculated scaling exponents involving nonlocal growth models for different 

simulations in 2+1 dimensions. s0 is the first order sticking coefficient. 

Model Model Type α β 1/z Reference 

Shadowing growth 

(SOS) 

Monte Carlo 0.40 0.25 0.625 39 

Shadowing growth (BD) Monte Carlo 0.26 0.21 0.81 39 

Shadowing growth Monte Carlo - 1 0.93±0.1 61 

Shadowing vs reemission Monte Carlo - 0.1~1, depending on the s0 - 62 

Shadowing growth Continuum - 1 - 61 

The Eden model
42

 is a random growth process originally describing the formation of 

specific types of clusters such as bacteria or tissue cultures which follow a stochastic 

trajectory (no assigned direction). In the Eden model all surface sites are the nearest-

neighbor perimeter sites of the cluster and can grow with equal probability. A new particle 

is added on any randomly-chosen perimeter site and then forms a two-site cluster. Its 

scaling properties can be described by the KPZ equation and 0.5   and 1/ 3   can be 

estimated in 1+1 dimensions, close to the results of ballistic deposition. While in 2+1 

dimensions, strong crossover effects generate scattered α values in the range of 0.2~0.4.
2
  

2.5.2 Local continuum growth models 

Instead of an algorithm for the deposition process, continuum modeling of the surface 

growth uses a partial differential equation. The general form of a stochastic continuum 

equation is:  

( , )
( , ) ( , )

h t
h t t

t
 


 



x
x x  (2.13)  

where h(x, t) represents the surface height with respect to the substrate at a position x on the 

surface at time t, which is assumed to be a single-valued function. 𝜂(𝒙, 𝑡) is the random 

noise that inherently exists during growth, often assumed to be a Gaussian distribution with 

( , ) 0t x  and ( , ) ( , ') 2 ( ) ( ')dt t C t t      x x' x x' , where C is the parameter of the 

model and d is the dimension of the vector x. ( , , )h t x  is some function of the height 

profile h(x, t) that reflects the growth processes to be modeled, which we will discuss 

below. 
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2.5.2.1 Random deposition model 

The random deposition (RD) is the simplest known model, where each particle drops 

vertically along a single column on random positions until they reach the top of the column 

on the surface and stick there. In RD, the columns grow independently which means the 

height of the interface does not depend on the height of the neighboring columns. 

Therefore, lateral correlations among the deposited particles can completely neglected, the 

continuous and discrete atomistic versions of the model have exact solutions. In local 

continuum models, the function   depends on local interaction terms only. The simplest 

growth process is that the function   equals to a constant, C0, implying there is no growth 

process active to correlate surface heights. Therefore the continuum growth equation can be 

described as  

0
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h t
C t

t
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 (2.14)  

The interface can be expressed as 
2

2 2[ ( )] [ ( , )] 2w t h x t h Ct    ~ t, which gives β=0.5. 

The RD model allows the interface width to grow indefinitely with time, i.e., without 

reaching to a saturation stage. Since no correlations are considered in this model, the 

correlation length ξ is always zero, and the dynamic exponent z is not defined. Also, the 

interface width does not saturate due to the lack of correlation of surface height, α is also 

not defined, as a result, the surface is not self-affine. Therefore, RD model does not 

completely describe any realistic experiment, but can be used as an analytical solvable 

model with an exact prediction of β=0.5, which is often observed at very early times during 

growth from a flat substrate when noise is the most dominant growth mechanism. 

2.5.2.2 Edwards- Wilkinson model 

When the surface heights start to correlate, the RD model cannot be used, and ( , , )h t x  

has to be modified to include correlations between surface heights. A simple model of 

symmetry surface evolution in describing the fluctuations of an equilibrium interface 

governed by surface tension and noise is the Edwards-Wilkinson (EW) equation:
43,44
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2h
v h

t



  


 (2.15)  

where the first term on the right-hand side describes relaxation of the interface by a surface 

tension v, which smoothens the surface while maintaining the mean height unchanged 

through evaporation-condensation processes. The EW equation is a continuum equation 

used to study the sedimentation of granular particles under gravitation. The exponents α, β, 

and z characterizing the growth of a surface according to the EW equation are: z=2, 

2 2
,

2 4

d d

z


 

 
   . The scaling exponents depend on the dimensions of the surface. 

For d=1, the predicted exponents are α=1/2, β=1/4. And obviously, d=2 is the critical 

dimension of the EW equation which predicts α=β=0, suggesting that the behavior of the 

roughness is more complicated than a power law. For d>2, the roughness exponent α and 

growth exponent β both become negative, implying that the surface is very flat. Every 

noise-induced irregularity which generates nonzero width is suppressed by the surface 

tension. 

2.5.2.3 Mullins Diffusion model 

              

Fig. 2.11: The effect of the Mullins diffusion term ' 4D h   on a surface profile.
3
 

The Mullins diffusion (MD) model
45

 describes a growth process where surface diffusion 

to highly coordinated surface sites constitutes the relaxation mechanism, as shown in Fig. 

2.11. The growth equation is: 

' 4h
D h

t



   


 (2.16)  

where the 4  term represents the linear diffusion, with the diffusion coefficient 'D  

determined by the Arrhenius law exp[ ( ) / ]a n n BE n E k T  , where Ea is the activation energy 

for diffusion, En is the bonding energy with a nearest neighbor, nn is the number of nearest 

neighbors.
46,47

 It can be seen that higher activation energy and bonding energy of a particle 

leads to a smaller diffusion probability. The calculated scaling exponents in the MD model 
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are z=4, 
4 4

,
2 8

d d
 

 
  . In 2+1 dimensions, α=1 and β=1/4 are obtained, which could 

in principle be used for growth process in which surface diffusion dominates. Experimental 

investigations
34,48

 in terms of growth dominated by surface diffusion show that the local 

slope m changes with growth time, indicating that the growth is nonstationary.  

2.5.2.4 Kardar- Parisi-Zhang model 

           

Fig. 2.12: The effect of the KPZ term 
2

h on a surface profile.
3
 

The surface height symmetries presented in the EW equation will break when the 

surface not only grows perpendicular to the local surface, but also develops along the local 

surface. By considering the growth along the local surface, Kardar, Parisi and Zhang 

(KPZ)
49

 extend EW model and suggested a nonlinear stochastic partial differential equation 

widely used in the literature as a model of randomly growing interfaces. Fig. 2.12 shows a 

diagram of the growth dynamics modeled by the KPZ equation, which can be described as:  

22

2

h
v h h

t





    


 (2.17)  

where the first term represents surface relaxation as in the EW equation. The second term 

2

2
h


  is the lowest-order nonlinear term reflecting the presence of lateral growth that can 

appear in the interface growth equation. Renormalization group theory
2 

was used to obtain 

the exponents, which gives analytical values only in 1+1 dimensions: z=3/2; α=1/2, 

β=α/z=1/3. These exponent are in agreement with the numerical studies of Plischke and 

Racz
50

 on the Eden model giving z=1.55±0.15, very close to the predicted value of z=3/2, 

and also some simulations confirm that for a strip geometry the roughness exponent is 

α=1/2. The two exponents α and z are related by the ‘scaling law’ α+z=2 which follows 

from the rotational invariance of the equations underling the KPZ model. The exponents in 

2+1 dimensions have only been investigated using large scale simulations with the results
2
: 

z=1.58; α=0.38, β=0.24. 
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In order to better understand growth under chemical-bonding conditions, Wolf and 

Villain
51

 and Lai and Sarma
52

 proposed a kinetic growth model 

2' 4 2( )
2

h
D h h

t





      


 in which the particles are randomly deposited onto a 

substrate and subsequently relax to nearby kink sites maximizing the number of saturated 

bonds. Drotar et al.
53

 solved the noisy Kuramoto-Sivashinsky (KS) equation 

22 ' 4( )
2

h
v h D h h

t





       


 numerically in 2+1 dimensions which reflects the 

effect of particles being knocked out of the surface by ion bombardment (combination of 

the 2h  and 
2

h terms), surface diffusion and noise. The simulation scaling exponents are 

listed in Table 2.3. 

Table 2.3: The predicted scaling exponents in various local growth models for different 

continuum equations in 2+1 dimensions: involving the random noise (η), surface relaxation 

(including the term v), surface diffusion (with the term D’) and the presence of lateral 

growth (with a nonlinear term 
2

2
h


  ). 

Differential equation 

/h t    

Name 
α β z 1/z Reference 

η Random 

deposition 

- 0.5 - - 61 

2v h    
Edwards-

Wilkinson 

0 0 2 0.5 44 

' 4D h     
Mullins 

diffusion 

1 0.25 4 0.25 2 

2 ' 4v h D h      
General 

linear equation 

0~1 0~0.25 2~4 0.25~0.5 54 

22

2
v h h


     

KPZ 0.38 0.24 1.58 0.63 49 

2' 4 2

2
D h h


       

Lai-Das Sarma 2

3
 1

5
 10

3
 3

10
 52 

22 ' 4

2
v h D h h


      

 

KS(early time) 0.75~0.80 0.22~0.25 3~4 0.25~0.33 53 

KS(late time) 0.25~0.28 0.16~0.21 - - 
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2.5.3 Nonlocal continuum growth models 

 

Fig. 2.13: Illustration of the growth effects including shadowing, reemission and surface 

diffusion. The incident flux has a distribution of ~cosθ.
3
 

In practical deposition techniques such as sputtering and chemical vapor deposition, 

nonlocal effects such as shadowing
56,57,60

, along with the redistribution of atoms reflected 

from the surface due to a nonunity sticking coefficient
55

 can play an important role for the 

surface morphology during film growth. In sputtering processes where the incident flux 

normally has an angular distribution, the ejected particles from the target have a long mean 

free path and can be assumed to move ballistically to the substrate surface. Those particles 

originated either under random angles or under a fixed angle depending on the 

experimental setup. In a random incidence deposition process, particles arrive from all 

directions and the local growth rate is proportional to the probability that its top receive 

particles which follows a ballistic trajectory with randomly-selected direction. In the 

oblique incidence deposition process, particles arrive ballistically with all trajectories 

forming an incidence angle. Obviously, more deposition atoms arrive on higher surfaces 

(hills) and fewer in lower positions (valleys) which are shadowed by the hills, as shown in 

Fig. 2.13. Therefore, the higher surface features grow at the expense of lower ones, leading 

to a competition among different surface features for particle flux. Since the shadowing of a 

surface feature does not only count on the close-by surface heights, but also depends on the 

heights of all other far-off surfaces, shadowing is an inherently nonlocal process. A simple 

continuous growth model for deposition of thin amorphous films in 1+1 dimensions by 

sputtering was proposed by Karunasiri et al.
56

and Bales et al.
57

 by considering the 

shadowing instability together with surface diffusion during the growth process. Their 

growth equation is: 
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x  (2.18)  

where the first term on the right-hand side describes surface diffusion with diffusion 

coefficient D’ as described at Mullins diffusion model. The second term denotes the 

deposition rate R with the exposure angle θ(x,t) measuring the amount of particle flux that 

each point receives, which incorporates the shadowing effect. Due to the shadowing effect, 

the interface of the sputtered film has a columnar structure. If diffusion is limited, 

extremely rough surface structures with deep grooves between neighboring columns will 

form as a result of the shadowing. While broad tops structure growing with constant 

velocity along the surface normal does not account for the shadowing in the sputtering 

process but due to the Huygens principle, similar with geometric optics.
58 , 59

 If the 

deposition rate R is negative in Eq.(2.18) it corresponds to the erosion of the surface. In 

contrast to growth processes, shadowing effect will smooth the surface during erosion. 

If condensation/evaporation dynamics is a dominant annealing mechanism, then a 

surface relaxation term 
2v h  should substitute the first diffusion term, which was 

investigated by Yao and Guo
60

. They observed shadowing instability develops the interface 

into a mountain landscape or columnar structure, which coarsens in time with a growth 

exponent β of 1 and dynamic exponent z of 0.33 in 2+1 dimensions from a 96×96 lattice 

simulation. Drotar et al.
61

 modeled the growth of a surface under both shadowing and 

reemission effects and proposed a stochastic continuum growth equation: 

2 ' 4h
v h D h

t
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 x  (2.19)  

In this equation, the third term is a nonlinear term corresponding to flux reemission which 

allows impinging particles bounce around before settling at appropriate sites on the surface 

which can reduce shadowing effect. si is the ith-order sticking coefficient, and Fi(x,t) is the 

ith-order flux incident on the surface due to reemission. Smaller values of the sticking 

coefficient indicates a larger percentage of incident particles that can be reemitted which 

consequently smoothes the surface. 2
1 h   represents the growth (+) and etching (-) 

normal to the local surface. They calculated a growth exponent β=1 for growth under 

perfect shadowing (no reemission s0=1) and β=0 for etching in 2+1 dimensional system. 

The correlation length followed a relationship
1/

0( ) zt t    with 1/z=0.93±0.1 for growth 

and 1/z=0 for etching. Lu et al.
62

 performed solid-on-solid Monte Carlo simulation for film 
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growth with different sticking coefficients s0 and different diffusion lengths D/F. The result 

is shown in Fig. 2.14. They observed the growth exponent β is changed significantly by 

varying the value of s0, but slightly affected by changing the strength of surface diffusion. 

Pelliccione et al.
63

 reported similar results that exponent β=1 occurs under strong 

shadowing and low reemission (s0<0.7). When s0≈0.625, reemission begins to become 

significant and tends to smooth the surface, thereby decrease the β value to 0.58. When 

0.125<s0<0.5, reemission becomes the dominant growth effect and 0.11<β<0.25. 

 

Fig. 2.14 Monte Carlo simulation of the growth exponent β as a function of the sticking 

coefficient s0 with different diffusion lengths D/F for flux proportional to cosθ. The second 

order sticking coefficient s1 is assuming to 1.
62

  

2.6 Experimental scaling behavior of surface roughness for sputtered 

films  

Many reports on experimental dynamic scaling exponents for different materials 

prepared by sputtering deposition can be found in the literature. It is believed that also 

sputtered films exhibit the features of both local and nonlocal growth which were already 

discussed in the previous chapters.
3
 Fig. 2.15 summarizes the range of reported scaling 

exponents for sputter deposition together with thermal evaporation, chemical vapor 

deposition (CVD), and oblique angle deposition, displaying a significant variation of the β 

values. For comparison, the range of β values predicted by both local and nonlocal models 

is shown, too. Obviously, non-local models play a very important role in thin film growth 

and can be used to describe many experimental observations. But still some experimental 

results are above the predicted range pointing to the fact that the theory of surface growth 

has to be modified to describe the wide range of experiment results. Below, some 
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experimental scaling of surface roughness for thin films including metal, nitrides and 

oxides deposited by magnetron sputtering are discussed in detail.  

 

Fig. 2.15: Overview of the growth exponent β based on Ref.22, double-headed arrow 

indicate the range of β values predicted from both local (0~0.25) and nonlocal models 

(0~1). Shaded areas represent a range of the majority of experimentally measured values 

for β reported in the literature for different deposition techniques from Ref.22. We extended 

it to larger range by adding the slash area. Inserting symbols ●, ●, and ● represents some 

β values for metal
34,64-67

, nitrides
69-71

 and oxides films
72,73,167,207

, respectively.  

For metal films, Jeffries et al.
34

 studied the kinetic roughening for the growth of sputter 

deposited Pt films on glass at room temperature by scanning tunneling microscopy. They 

observed irregularly growing mound morphology where the local surface slope increases 

with growth time. The obtained scaling exponents were β~0.26 and α~0.9. Due to the 

spinning and planetary rotation of the sample holder during deposition, shadowing effects 

for the random and oblique incidence did not exist in their system. The Schwoebel barrier 

effect was excluded because the large-scale pyramids of regular size were not observed and 

it is unlikely in polycrystalline systems with randomly orientated small grains. Therefore, 

the growth of Pt films was governed by a linear diffusion process.  

Lita et al.
64

 investigated the dynamic scaling for sputtered polycrystalline Al films on 

thermally oxidized Si (100) substrates at room temperature. They found a temporal growth 

regime dominated by surface diffusion smoothing effect with β1 of 0 and α1 of 1.17~1.36, 

and followed by a growth stage of larger length scales by a roughening mechanism 

attributed to the effects of grain boundary grooves and grain growth which result in β2 of 

0.55 and α2 of 0.30~0.38. Yang et al.
65

 reported a β of 0.85 and α of 0.83 in the dynamic 

evolution of surface fluctuations for RF sputtered polycrystalline Cu thin films on Ta-
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covered Si (111) substrates at 427 °C. They excluded the shadowing effect as a result of the 

rotation of the sample holder during film growth
34

, but included the presence of nonlocal 

bulk diffusion which leads to grain growth and increases the height undulation of the grains 

for the anomalous scaling behavior.  

Santamaria et al.
66

 studied by energy-filtered transmission electron microscopy the 

scaling of the interface roughness in DC-sputtered Fe-Cr superlattices. They found very 

similar scaling of short-range roughness at different sputtering pressures and supposed that 

the growth processes are similar on the atomic scale. For the long-range case, the growth 

exponents β of 0.76 and 0.25 at high and low sputtering pressure, respectively, were 

obtained which was explained by a nonlocal shadowing effects. The correlation length 

increases with film thickness with a power law 1/z=0.7 at high pressure, but showed an 

almost thickness independent relation at low pressure, indicating that kinetic roughening 

might be more complicated in superlattices than at single surfaces.  

Schlomka et al.
67

 studied the growth behavior of argon-ion sputtered, magnetic NiMnSb 

films on MgO (001) and Si(001) by in situ X-ray scattering. Growth exponents β of 0.6, 0.6 

and 0.75 for NiMnSb films on MgO (001) were obtained at 100 °C, 250 °C and 300 °C 

deposition temperature, respectively. For NiMnSb films on Si (001), the β values of 0.4 for 

a 150 °C deposition was smaller than the β of 0.55 for the 250 °C deposition. The growth 

exponent is larger at high temperature than that of low temperature, which was explained 

by the thermally activated crystallization roughening mechanism. 

For nitride films, Auger et al.
68

 investigated by atomic force microscope the surface 

kinetic roughening of TiN films on Si (100) substrates grown at low temperature by DC 

reactive sputtering from a metallic target. They characterized the film kinetic roughening 

with β of 0.67 and α of 1.7 and argued that the intrinsic anomalous surface roughening 

behavior is probably due to the nonlocal shadowing effect in the sputtering process.  

Karr et al.
69

 studied the evolution of the surface morphology and microstructure for 

reactively magnetron sputtered epitaxial TiN (001) film on MgO (001) substrate at 650 ≤ Ts 

≤ 750 °C. They obtained a smaller β=0.25±0.07 than that of Auger’s result as a result of 

stronger surface diffusion at the high deposition temperature.  

Xu et al.
70

 investigated comparatively the surface evolution of amorphous-Si3N4 films 

and of nanocrystalline CrN on boron-doped Si(100) substrates deposited by RF reactive 

magnetron sputtering in Ar/N2 atmosphere at room temperature. It was found that the 
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growth exponents β of both nitrides can be divided into two regions of β1=0.09±0.01 and 

β2=0.24±0.03 for Si3N4 films and β1=0.22±0.08 and β2=0.87±0.1 for CrN films, 

respectively. For Si3N4 films, the very low exponent of 0.09±0.01 was explained by the 

hopping rate of impinging particles far exceeding the deposition rate in the initial growth 

region. Shadowing effect generated a larger β than that of the surface diffusion for later 

growth region. For polycrystalline CrN films, oriented grain growth not only played an 

important role for the surface roughening, but also enhancing the shadowing effect, which 

induced rough surfaces with larger growth exponents than that of amorphous Si3N4 films. 

Lee et al.
71

 even determined three regions of dynamic scaling in the InN/Al2O3(0001) 

deposited by DC sputtering in Ar/N2 gases at 460 °C: β1=0.025, β2=1.754±0.071 and 

β3=0.236±0.022, which corresponds to an initial stage of highly strained planar film 

growth, crossing over to the intermediate island growth, and then to 3D island growth.  

For oxide films, Li et al.
72

 studied the growth of the amorphous SiO2 films on n-type Si 

wafers grown by RF magnetron sputtering at 440 °C. They obtained α1=0.53 and β1=0.26 

for the initial growth stage and α1=0.86 and β1=0.56 for the later growth. The surface 

diffusion smoothing and shadowing roughening effects were the two main competing 

mechanisms which determined the morphological evolution of the SiO2 films.  

Qi et al.
73

 reported α=0.7~0.9 and β=0.4 for ZrO2 films on borosilicate glass substrates 

thicker than 60 nm grown by reactive ion beam sputtering at a low substrate temperature 

less than 60 °C. When the film thickness is less than 60 nm, a negative β value was 

obtained. The noise driven Kuramoto-Sivashinsky model was used to explain their growth 

process. Hur et al.
167

 characterized the evolution of surface roughness and strain relaxation 

of RF sputtered ZnO films grown on sapphire (0001) by in situ synchrotron X-ray 

scattering and atomic force microscopy at 550 °C. The relaxation of the lattice strain can be 

attributed to the surface roughening. They determined three growth stages as Lee et al.
71

: 

well-aligned 2D planar layer growth at the highly strained initial growth stage with a 

growth exponent β1 of 0.12, followed by 3D island growth developing as a result of strain 

relaxation with very large β2 of 1.579, and then reach the strain relaxed steady-state regime 

with smaller β3 of 0.234 again.  

Mohanty et al.
207

 investigated the evolution of surface morphology and surface 

roughness scaling of ZnO:Al films on glass substrate grown by RF magnetron sputtering 

from a ceramic target at room temperature. They presented a rough scaling behavior with β 

of 1.03 and α of 0.75±0.06 which was related to shadowing effects and nonuniform flux 
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distribution arising due to a 30° tilt of the substrates with respect to the normal of the 

sputtering target, and the bombardment of energetic particles during the sputtering process.  

The above reviewed experimental scaling exponents show that the exponents are varying 

from case to case, depending on the specific materials and the sputtering conditions such as 

temperature, sputtering pressure (with/without reactive gas), DC/RF modes, substrates, and 

the angular spread of the incident flux. According to the structure zone model for sputtered 

films
17,18

, it is known that the adatom mobility is very low at the low substrate temperature 

(i.e. room temperature, low TS/TM), and the shadowing process dominants the film growth 

and leads to porous structures. With increasing the TS/TM, the adatom mobility increases 

and surface diffusion start to compete with shadowing process which leads to denser and 

less rough surfaces. The bulk diffusion will be promoted to generate large equiaxed 

recrystallized grains when TS/TM is sufficiently high. In all these processes, reemission 

which is an unavoidable factor due to the high energetic ion bombardment in the sputtering, 

smoothes the surface and reduces the roughness. The significant discrepancy between 

experimental and theoretically predicted growth exponents suggest a complexity of the 

surface evolution during sputter deposition which is not yet covered by the theoretical 

models. It is still not clear, how these local (i.e. noise, surface diffusion, evaporation) and 

nonlocal effects (i.e. shadowing, grain growth, strain relaxation, reemission, bulk diffusion) 

determine the film growth at the atomic length scale and the scaling exponents at large 

growth time. In the present work, we present a systematic experimental investigation of the 

structure, the surface evolution and the scaling of different semiconducting oxides (ITO and 

AZO) and sulfides (CIGS) prepared by magnetron sputtering and try to get a better 

understanding of the growth mechanism. Simulations for the nucleation and growth of 

these sputtered materials are not performed in this work. Fortunately, we can compare our 

experimental results with these results simulated from theoretical models all described 

above under different boundary conditions and other reported related experimental results, 

and then analyze which physical processes are dominating in our film growth. 
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3 Deposition and Characterization of Thin Films 

3.1 Magnetron sputtering deposition: DC and RF  

Magnetron sputtering is a very versatile plasma deposition method that was invented by 

Penning in the 1930s.74,75 After the planar magnetron sputtering source in the present form 

was developed in the 1970s 76,77, magnetron sputtering was used to deposit metallic films 

and later for semiconductor and insulating films with tailored and enhanced properties such 

as high hardness, wear and corrosion resistance, low friction, and specific optical or 

electrical properties as well as decorative colors or complex combination of those 

properties. 78 , 79  Compared to other thin film deposition techniques such as evaporation, 

chemical vapor deposition (CVD), or spray pyrolysis, etc, the fundamental difference is 

that magnetron sputtering can achieve much higher energy input into the growing film. 

While depending on the desired film requirements, the energy input into the substrate need 

to be adjusted to tailor the film properties.
20

 Generally, magnetron sputtering has the 

advantage of (1) uniform and good adhesion of films on the substrate, (2) relatively high 

deposition rate, (3) low substrate temperature, (4) large scalability (up to 3×6 m
2
)80, (5) 

possibility of good control and long-term stability, and (6) relatively cheap deposition. In 

this study, we therefore choose (reactive) magnetron sputtering technique for the deposition 

of semiconductor sulfide (Cu(In,Ga)S2) and oxides (tin-doped indium oxide and Al-doped 

ZnO). 

Sputtering is a process in which the vapor of atoms is ejected from a target which 

consists of the material to be deposited due to bombardment of the target by energetic 

particles. This bombardment comes from a series of collisions transferring energy and 

momentum from an accelerated ion to the atoms in the target. The collision process is 

shown schematically in Fig. 3.1. Incident gas ions (such as Ar
+
) impinging the target 

produce sputtered species and reflected from the surface as neutrals through elastic 

collision effects. In addition, secondary electron emission, photon emission and heating of 

the target surface may result from inelastic process. Since the incident ions lead to collision 

cascades in the target, the energy of target atoms can be high enough to overcome the 

potential binding (U) in the surface, and also its momentum is directed outward from the 

surface, they will escape into the gas phase. Only the energy of the arriving particles is 

much higher than the surface binding potential then the sputtering process is possible.  

http://en.wikipedia.org/wiki/Collision_cascade
http://en.wikipedia.org/wiki/Collision_cascade
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Fig. 3.1: Schematic drawing of the sputtering process. The surface binding potential results 

from the electronic bonding of the solid, symbolized by the dashes above the surface.
81

 

 

Fig. 3.2: (a) Schematic drawing of a magnetron sputtering configuration (after Ref. 82 and 

83), and (b) potential distribution (red line) between the target and the substrate (in a 

magnetron sputtering discharge in Ar/O2 with a ZnO target) for DC plasma excitation 

adapted from Ref.20.  

In order to overcome low ionization efficiencies in the plasma, low deposition rates and 

high substrate heating effects in the sputtering process, magnetron sputtering was invented 

and developed continuously. The principle of a magnetron sputtering setup together with 

the potential distribution for a direct-current plasma excitation is displayed in Fig. 3.2. 

Magnetron sputtering is based on the plasma confinement in front of the target in contact 

with the cathode, while the substrate works as an anode. The confinement is obtained by 

combination of the electrical and magnetic fields in a high vacuum process. In present 

work, the balanced magnetrons were used in the setup. Due to the high energy transferring 

from impinging ions (such as Ar
+
), the neutral atoms from the target escape into the gas 

phase and then attract and accelerate to the anode-placed substrate, and afterwards 

VDC ≈ -300 V 
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condense to a thin film. At the same time, emitted electrons are kept around the cathode due 

to the magnetic field near the cathode which is generated by magnets located behind the 

target. Therefore, the bombardment of the substrate with electrons which induces the main 

cause of defects of deposited film is strongly reduced. Moreover, the Ar ionizing electron 

density increases, leading to an enhanced Ar
+
 density near the cathode. Consequently, the 

target bombardment and film deposition efficiencies are improved. The potential 

distribution in the discharge determines the energies of the ions and neutral species which 

contribute to the deposition process. Two sputtering modes: the direct-current (DC) 

sputtering and the radio-frequency (RF) sputtering are mainly used. The main difference 

between DC and RF magnetron sputtering is the power supply. For traditional DC 

sputtering, the plasma is excited by a constant voltage, usually in the range of 300 V~800 

V, and only conductive targets can be sputtered. In this case, the torus-like plasma is 

essentially sustained upon the generation of ion-induced secondary electrons at the cathode 

(target) and the acceleration of the electrons in the cathode sheath. Therefore, large target 

voltages are necessary to sustain stable plasma as a result of the electron emission 

increasing almost linearly with the ion velocity. The positive ions bombardment of a low 

conductive target would lead to local charging up effects of the target surface and 

subsequently to a shielding of the electrical field, and then the ion current would break off. 

Therefore the DC excitation is restricted to conducting targets like metals or doped 

semiconductors. For low conductive targets (ceramics or insulators), RF excitation is used 

to avoid charging and discharging effect of the target. Very different with DC sputtering 

mechanism, the RF plasma is mainly maintained by the ionization attributed to oscillating 

movement electrons in the plasma body. Since the electrons can follow the RF oscillating 

electric field, while the ions cannot due to their large inertia, this excitation process is much 

more effective when compared to the ionization by non-oscillation secondary electrons. 

Therefore, target voltage in an RF discharge is lower than that of DC mode. Note that in the 

RF discharge, the target acts as anode during the positive half-cycle, so the magnetic 

confinement of the electrons is not as effective as in the DC excitation, which leads to a 

higher plasma density in front of the substrate.
20

  

The high discharge voltage in DC magnetron sputtering mode leads to much higher 

deposition rate in comparison with that of RF sputtering process under same discharge 

power. Deposition rate begin to increase from zero power in DC excitation. While low 

discharge voltage causes a certain threshold power (i.e., 10 W for ZnO target) for RF 
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sputtering process. Overcome the threshold value, the deposition rate in magnetron 

sputtering process is proportional to the discharge power. 

3.2 Structure and Morphology characterization methods 

The structure of sputtered films in this work has been characterized by X-ray diffraction 

(XRD). The surface and morphology were measured by atomic force microscopy (AFM) 

and scanning electron microscopy (SEM). The composition of the films in the bulk was 

accomplished by Rutherford backscattering spectrometry (RBS), energy dispersive X-ray 

fluorescence (EDXRF) and wavelength dispersive X-ray fluorescence (WDXRF) analysis. 

The electrical properties of the films were examined by Hall-effect measurements and 

conductive atomic force microscopy (CAFM). This chapter briefly presents the main 

principles of these characterization tools and typical measurement parameters employed for 

analyzing the sputtered films. 

3.2.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is the most common technique for identification the crystalline 

phases present in materials and to measure the structural properties such as preferred 

orientation, crystallite size and defect structure of the phases. The advantage of this 

technique is non-contact, non-destructive and non-complex sample preparation 

requirement. The short wavelength of x-rays in the range of a few angstroms to 0.1 

angstrom, comparable with the size of atoms, can probe the structural arrangement of atoms 

and molecules in a wide range of materials. A very detailed introduction of this technique, 

working principle and applications can be found in Ref.84.  

 

Fig. 3.3 (left) Schematic principle of XRD and (right) Bragg diffraction at the atomic 

layers.
84

 

Fig. 3.3 shows the basic operating principle of an XRD setup in Bragg-Brentano 

geometry where the diffraction angle 2θ is the angle between the incident and diffracted X-
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rays. In θ-2θ diffraction experiment, incident X-ray beams are impinging into a crystal 

surface which rotates about a goniometer axis. A detector is typically moved along the 

same axis as the sample but at twice the angular velocity of the latter to record the 

directions and intensities of the outgoing diffracted spectrum as a function of 2θ. This 

allows to determine the orientation along the growth direction of polycrystalline films with 

respect to the substrate. The inter-planar spacing d, corresponding to each diffraction line is 

based on Bragg’s law:  

2 sind n   (3.1)  

where d is the spacing between consecutive diffracting planes, θ is Brag’s angle of 

diffraction, λ is the wavelength of the x-rays and n is integer denoting the order of 

diffraction. Experimentally obtained diffraction patterns of the sample are compared with 

the standard Joint Council on Powder Diffraction Standards (JCPDS) published by the 

International Centre for Diffraction Data. For a cubic crystal with lattice parameter a , the 

inter-planar spacing hkld  of planes labeled by Miller indices (hkl) is, 

2 2 2
hkl

a
d

h k l


 
 (3.2)  

X-ray radiation generally has a large penetration depth into samples in conventional θ-2θ 

scan mode which always generate an intense signal from the substrate and the surface 

sensitive property is poor. Grazing incidence X-ray diffraction (GIXRD) is used as a 

surface sensitive mode. In GIXRD, the incidence angle of the X-ray beam is fixed at a very 

small angle to maximize the signal from the thin layer and the detector was scanned to 

count the diffracted signals in a set 2θ range. 

In general, the XRD peak broadening is caused by instrumental and physical factors 

(finite crystallite size and lattice strain etc.). The peaks in the diffraction patterns need to be 

fitted to obtain useful information to analyze the crystal structure. The most popular 

function to model X-ray peaks is pseudo-Voigt function. The pseudo-Voigt function
85

 is a 

convolution of Gaussian and Lorentzian functions with the same full width at half 

maximum B (FWHM), defined as: 


2

0

1 2
4ln 2 ( )

2

0

( 2 , , ) ( 2 , ) (1 ) ( 2 , )}

2 2 2(1 ) ln 2
{ 1 4( ) }

pV

B

I B I L B G B

I e
B B B



     

  

 

 
 

     

  
     

 

 

(3.3)  



3.2 Structure and Morphology characterization methods 

39 

where I0 is the integrated intensity, I(Δ2θ) is the intensity of a point displaced by Δ2θ from 

the Bragg angle 2θ to centroid position 2θ0 (corresponds to the peak maximum for 

symmetrical profiles). In experimental XRD measurement, instrumental broadening is 

unavoidable and has to be subtracted. The Lorentzian and Gaussian contributions to the 

instrumental broadening (BL,ref, and BG,ref, respectively) can be determined by measuring a 

reference material (LaB6 powder). And then the breadth contributing to the peaks induced 

by the sample can be obtained by Lorentzian and Gaussian fitting (BL,s, and BG,s), 

respectively as: 

, , ,L s L m L refB B B   (3.4)  

2 2

, , ,G s G m G refB B B   (3.5)  

where BL,m, and BG,m is the measured FWHM of the peak fitting by Lorentzian and 

Gaussian functions, respectively. Therefore, the approximation used for B in pseudo-Voigt 

peak can be determined by: 

5 4 1 3 2 2 3 4 55
, , , , , , , , , ,2.69269 2.42843 4.47163 0.07842G s G s L s G s L s G s L s G s L s L sB B B B B B B B B B B       (3.6)  

Removing the instrumental broadening factor and assuming only broadening owing to 

the finite size of the crystals, the mean crystalline size (dg) can be estimated by Scherrer’s 

equation
86

: 

0.89

cos
gd



 
  (3.7)  

where β is the Full Width at Half Maximum of the diffraction peak in radians on the 2θ-

scale. 

In present study, X-ray diffraction in Bragg-Brentano geometry with a PANalytical 

X’Pert-MPD diffractometer (for oxides) and Bruker AXS D8 Advance X-ray 

diffractometer (for Cu(In,Ga)S2) using copper Kα radiation (λ=1.5408Å) and an X-ray tube 

voltage and current of 40 kV and 40 mA, respectively. A nickel filter was employed to 

suppress the intensity of Kβ component. The XRD peaks were analyzed by the program 

FullProf
87

 using pseudo-Voigt function. 

3.2.2 X-ray Fluorescence (XRF) 

X-ray fluorescence spectroscopy (XRF) is a non-destructive analytical technique to 

perform elemental analysis and chemical analysis in powder, solid and liquid materials. 
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Most of elements in the periodic table from beryllium to uranium in the concentration 

ranging from sub-ppm-level up to 100% can be measured by XRF. This method is based 

that each element has its unique characteristic energy spectrum (Fluorescence spectrum) 

consisted of the allowed transitions of the specific atom in the result of X-ray excitation. If 

the energy of X-rays is sufficient to dislodge a tightly-held inner shell electron, the atom 

becomes unstable and an outer shell electron replaces the missing inner electron. During 

this process, energy is released because the inner shell electron is more strongly bound in 

comparison with an outer one, as shown in Fig. 3.4. Since energy difference between 

electron shells are known and fixed, the emitted radiation always has characteristic energy, 

and the resulting fluorescent X-rays can be used to detect the abundances of elements that 

are present in the sample. 

 

Fig. 3.4: Simple diagram showing incoming X-rays interact with inner-shell electrons and 

producing characteristic X-rays which is used in XRF.
88

  

Measurement of the spectrum of the emitted characteristic fluorescence radiation is 

performed by two methodologies: energy dispersive systems (EDXRF) and wavelength 

dispersive systems (WDXRF). EDXRF has a solid-state detector that is able to measure the 

different energies of the characteristic radiation coming directly from the sample. The result 

is X-ray energies as a function of intensity spectrum. In WDXRF, the result is an intensity 

spectrum of the characteristic lines versus wavelength measured with a Bragg single crystal 

as dispersion medium while records the diffracted X-Rays in different directions according 

to their wavelengths (energies). More detailed description of XRF principle, techniques and 

applications can be found for example in Ref. 88. 

Compositional analysis of Cu(In, Ga)S2 films was performed at an EDXRF system with 

a Si/Li detector from EDAX and a rhodium X-ray tube (30 kV, current 300 µA, spot size 

50 µm). For the estimation of the atomic concentrations the CuKα, GaKα, and InLα signals 
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are evaluated in comparison with a reference sample: Cu(In,Ga)S2 film on Mo/glass 

substrate and assuming 50 at. % of S in CIGS film. Since the MoLα (2.293 keV) and SKα 

(2.307 keV) lines are very close to each other, it is not possible to determine the S content 

for CIGS film on Mo/glass substrate by EDXRF. Therefore only the absolute composition 

of Cu, In, Ga with 16 points in the whole film from CuGa side to indium side is measured. 

To determine the S content and recalibrate the EDXRF results, the film composition is also 

checked by WDXRF (ZSW Primus II, Rigaku) with a rhodium X-ray tube (50 kV, current 

60 mA, diaphragm size 1 cm). The average atomic element concentration of Cu, In, Ga, and 

S was measured at three positions from the CuGa side to the indium side. 

3.2.3 Atomic force microscopy (AFM)  

Atomic force microscopy (AFM) is a scanning probe technique which is very suitable 

for analyzing topography of a sample surface no matter its conductive or insulating. In 

present work, XEI-100 atomic force microscopy from Park System was used.
89

 The 

schematic drawing of the setup is shown in Fig. 3.5(a). The basic components of an AFM 

are the probe tip, the laser, the mirrors, the scanner (X-Y scanner for the movement of 

sample stage in two-dimensional space and Z scanner for moving the tip in the Z direction), 

a position-sensitive photo detector (PSPD) and a data processor. The AFM works by 

scanning a probe over the sample surface, building up a map of the height or topography of 

the surface as it goes along. The probe is a sharp tip attached to a cantilever-type spring. 

When the tip approaches to the sample surface, forces between the tip and the sample lead 

to a deflection of the cantilever according to Hooke’s law: F=-kz, where F is the force 

acting on the cantilever, k is the cantilever spring constant and z is the vertical displacement 

of the cantilever. Depending on the distance between the atoms at the tip and those at the 

sample surface, there exists either a repulsive or attractive force/interaction that may be 

utilized to measure the sample surface, as shown in Fig. 3.5(b). Therefore, according to the 

magnitude of tip-sample interaction, there are three primary imaging modes in AFM: 

contact mode, non-contact mode, and tapping mode which is a hybrid of contact and non-

contact mode.  
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 Fig. 3.5: (a) Principle of AFM and (b) Relation between the force and the tip/sample 

distance.
89

 

In contact mode, the distance between the tip and sample surface becomes very short, 

the interaction force is repulsive due to electrostatic repulsion. The forces between the tip 

and the sample remain constant by maintaining a constant cantilever deflection then an 

image of the surface is obtained. The imaging mode is good for rough samples and it can be 

used in friction analysis. The disadvantage is the high interaction force is easy to damage or 

deform soft samples.  

In non-contact mode, the tip/sample distance gets relative longer than that of contact 

mode, the interatomic force becomes attractive due to the long-range van der Waals forces. 

Since the force is very weak there is no unexpected change in the sample surface during 

measurement, a cantilever is oscillated at a frequency a little bit higher than its resonant 

frequency (100~400 kHz with vibration amplitude of a few nanometers) near the sample 

surface experiences a shift in spring constant from its intrinsic spring constant (k0). When 

attractive force is applied, the effective spring constant keff=k0-F
’
will becomes smaller than 

k0 since the force gradient ' /F F    is positive. The effect is a damping of the cantilever 

oscillation which leads to a reduction in the frequency and amplitude of the oscillation. The 

oscillation can be monitored and the scanner controls the z height via the feedback loop and 

following the measurement of the force gradient to maintain the probe at a fixed distance 

from the sample. The advantages of this mode are low forces applied on the sample and can 

extend probe lifetime. However, the oscillation is easily interfered by the contamination 

layer on surface.  

(a) (b) 
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Fig. 3.6: (a) Resonant frequency shift and (b) Amplitude vs. Z-feedback in tapping mode.
89

 

The tapping mode is similar to non-contact mode in many ways such as the applied 

force and the measurement principle, but in this mode the cantilever makes intermittent 

contact with the surface in the vicinity of the resonant frequency. Since the vibrating 

cantilever get very close to the sample surface, it taps the surface repeatedly and the tip 

‘contacts’ the sample surface as in contact mode. Tapping mode uses the non-contact mode 

feedback circuit with keeping the vibrating frequency (f1) a little bit lower than the resonant 

frequency (f0) while oscillating in free-space. When the tip comes closer to the sample 

surface, the attractive force becomes larger, and then the real spring constant reduces, as 

shown in Fig. 3.6(a). So the resonant frequency changes to effective frequency (feff) in non-

contact regime and the amplitude at f1 increases by ΔA=A1-A0. The non-contact mode 

feedback circuit decreases the distance Δd between the tip and sample surface, indicated in 

the Fig. 3.6(b). Therefore, the oscillating cantilever approaches the sample almost in 

contact or in collision with the surface. Tapping mode is usually suitable for soft samples 

(polymers or thin films) or samples with weakly bound structures to the surface. 

Topography of most sputtered films in this work is measured by tapping mode using an 

etched Si tip with a tip radius around 10 nm and a spring constant of 40 N/m and resonant 

frequency is 300 kHz. All scans gave the laterally resolved height information on a square 

array of 512×512 pixels. 

AFM images do not only show how the surface structure looks like, but also contain a 

lot of detailed information about the surface structure. One of the most common analysis 

methods is the extraction of height profiles h(r) from the topography, as describe in chapter 

2. The AFM analysis software (XEI, Park System) allows the user to extract arbitrarily 

defined lines to obtain height information. By combine the height profiles of 512×512 

pixels in X and Y direction, 3D images of the surface can be generated. In the present work, 

the height-height correlation functions were calculated from the data of AFM images with 

(a) (b) 
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512 ×512 pixels. Since the height data obtained by AFM in the fast scan direction are less 

affected by noise and tip artifacts, height-height correlation function using line-by-line 

averaging in the fast scan direction is calculated. For each scan line, the value of the height-

height correlation function is given by: 

2
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  (3.8)  

where d is the distance between two adjacent pixels. hi+m and hi ate the height at the sites 

i+m and i on the scan line, respectively. N = 512 is the number of pixels in a scan line, N-m 

is the number of data points contributing to the calculation of the height-height correlation 

function corresponding to correlation distance md. Then the value of height-height 

correlation function was averaged among 512 scan lines in vertical direction. In the present 

calculation, m was set to be 256. 

3.2.4 Conductive atomic force microscopy (CAFM) 

Conductive atomic force microscopy (CAFM) is a conventional AFM operating in a 

contact mode utilizing a conductive cantilever and tip. Fig. 3.7 shows a principle scheme of 

the CAFM setup. Besides conventional AFM scanner and cantilever detection technique, an 

external voltage source and a current amplifier are necessary. When applying an external 

bias to the sample, the current flows between the conductive tip and the sample allowing 

conductive AFM mode to measure the topography together with the electrical information 

of the sample. Contact topography image is generated by using feedback loop to maintain 

the constant tip deflection and conductive AFM image is generated by measuring the 

current flow. The current flow is measured by a highly sensitive amplifier as a current-to- 

voltage converter. The amplifier is very important for samples with low conductivity due to 

the current as low as femto-to picoampere range. A very detailed discussion related the 

working principle, experimental setup and some applications of conductive AFM can be 

found in Ref.90. The conductive AFM probe is also very important but is a kind of 

compromise between desired resolution and probe life time. In present work, conductive 

diamond-coated tip (CDT-NCHR from Park AFM, Schaefer Technologie GmbH) was used 

to maintain good electrical contact and resolution when measuring sputtered CIGS film. 

The force constant is 42 N/m and resonant frequency is 330 kHz. 
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Fig. 3.7: Schematic drawing of the conductive AFM setup.
89

 

3.2.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is also used to check morphology of conductive 

samples. A convergent electron beam bombards a specimen and generates different types of 

signals such as secondary electrons, backscattered electrons, absorbed electrons, X-rays, 

cathodoluminescence etc. Those signals result from interactions of the electron beam with 

atoms at or near sample surface. Since the secondary electron signal depends on the surface 

undulation and has low energy (less than 50 eV), they are only emitted from a thin layer on 

the sample surface. The secondary electrons can be detected by a secondary electron 

detector and considered to be the most suitable signal for revealing detail information of the 

surface structures down to the order of 10 nm or better. In order to avoid charging problem 

the sample should be conductive or need to be coated by a very thin layer of gold or carbon 

without altering the surface features. Unlike 3D-AFM measurement, SEM image is a 2D 

intensity map. Each image pixel on the display corresponds to a point on the sample which 

is proportional to the signal intensity captured by the secondary electron detector at each 

measurement point. 

A system LEO GEMINI 1530 (from the company Zeiss) equipped with a field-emission 

gun and an in-lens detector for secondary electron detection was used in present work. The 

accelerating voltage is 7 kV and the aperture size is 60 µm. 

3.2.6 Rutherford backscattering spectrometry (RBS) 

Rutherford backscattering spectrometry (RBS) is a very powerful technique for 

quantitative analysis of the composition, thickness and depth distribution of elements in 

thin solid films or solid samples near the surface region with film thickness up to a few 
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hundred nanometers. In RBS, a beam of monoenergetic helium ions of energy 0.5~2.5 

MeV is directed at a target sample, and the energies of the ions which are scattered 

backwards by nuclei in the sample are analyzed. The higher the mass of an atom that is hit 

by a helium ion, the higher the energy of the ion will be after backscattering, which results 

in mass distinguish. By counting the helium ions as a function of energy, the number of 

atoms of each element present can be determined. Besides mass information, depth 

information is gained via the energy loss of the projectile on its inward and outward paths 

through the target. A detailed discussion can be found in Ref. 91.  

The RBS measurements for sputtered oxide films on glassy carbon substrates were 

kindly performed by André Bikowski, at an accelerator available at the ‘Helmholtz-

Zentrum Dresden-Rossendorf’ using 1.7 MeV He ions at an incidence and scattering angle 

of 0° and 170°, respectively. The ions have been accelerated by an energy stabilized van-

de-Graaff accelerator. The resolution of the Si surface barrier detector by Canberra was in 

the range of 15 keV and the charge collected with the detector, covering a solid angle of 

3.18 msr, was 10 μC. The analysis of the data was performed using the software SIMNRA 

version 6 by Dr. Matej Mayer from the ‘Max-Planck-Institut für Plasmaphysik’ in 

Garching, Germany. 

3.2.7 Hall-Effect measurement 

 

Fig. 3.8: Illustration of Hall-Effect on the van-der Pauw method: Bz is the applied magnetic 

field perpendicular through a sample, Ix is the applied current parallel along the surface, 

VH is the measured Hall voltage.
92

 

The electrical property such as resistivity (  ), carrier concentration (n) and Hall 

mobility of charge carriers (µ) of sputtered oxides (ITO, AZO) is determined by Hall-Effect 

measurement at room temperature using Van der Pauw four-point probe technique
92

. 
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According to Van der Pauw, the resistivity can be determined as a function of two 

resistances R12,34 and R23,41 and the film thickness df by: 
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  (3.9)  

Where resistance R12,34 is defined as the potential difference V4-V1 between the contacts 4 

and 3 per unit current through the contacts 1 and 2. Similarly with R12,34, R23,41 is defined as 

V  when the current enters the film through the contact 1 and leaves it through the contact 

2. The function f statisfies the relation:  
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In principle, the Hall effect can be observed when applying a magnetic field (Bz) 

perpendicular through a sample and a current (Ix) parallel along the surface of the sample 

with thickness df. Due to the Lorentz force on the electrons in the sample, an electrical 

current will be created perpendicular to both the applied magnetic field and current. And 

then a transverse voltage or Hall voltage (VH) is created, as shown in Fig. 3.8. The obtained 

data contains information concerning carrier type and the carrier concentration (n) 

according to: 
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From the polarity of Hall voltage it can determine that the majority of charge carriers are 

electrons or holes. Carrier concentration also can be deduced from Eq.(3.11). The Hall 

mobility can be calculated by  
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  (3.12)  

where 24,13R is the change of the resistance R24,13 due to the magnetic field Bz. 

The measurement is performed at a home-built setup composed of a current source 

(220), a voltmeter (DMM 196) and a Hall card (7065) by Keithley Instruments with an 

operating program Igor Pro 5 (WaveMetrics, Lake Oswego, Oregon, USA). The film 

thickness was measured with a surface profilometer (Dektak 8, Veeco Instruments). The 

magnetic field is 0.86 T. Sample size is 1×1 cm
2
. 
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4 Transparent conductive oxides by DC/RF magnetron 

sputtering 

4.1 Nucleation and growth of tin-doped indium oxide films 

4.1.1 Introduction 

The commercial value of thin films with high transparence and low electrical resistivity 

has been recognized and attracted great interest for their potential use in optoelectronic 

devices such as liquid crystal displays plasma displays and organic light emitting diodes 

(OLEDs) and for thin film solar cells.
93-95

 The first report on transparent conductive oxides 

(TCO) can be traced back to 1907 by Bädeker
96

 on cadmium oxide films. Later on a list of 

potential TCO materials has expanded to include Tin oxide
97

, Tin-doped indium oxide
98

, 

Fluorine doped indium oxide
99

, Aluminum doped zinc oxide
100

, and Gallium-doped zinc 

oxide
101

 etc. Among those oxides, indium oxide (In2O3) is a very attracting semiconductor 

material on account of it behaving as an insulator in the stoichiometric form and as a highly 

conducting semiconductor with a wide direct band-gap Eg >2.6 eV
102 - 105

 in its non-

stoichiometric form which also provide high transparency in the visible light range; Tin-

doped indium oxides (ITO) show better properties owing to its superior electrical properties 

(as low as 1×10
-4 

Ωcm) and optical properties (transmittance as high as >85% in the visible 

and near-IR regions of the spectrum) in optoelectronics application.
 106

 

To understand the reasons for those properties, it’s necessary to investigate the structure 

and the morphology of the oxides/the doped oxides. The structure of indium oxide is 

generally known to crystallize in body-centered cubic (bixbyite type) structure
107,108

 which 

is in a cell of 16 molecules, i.e. 80 atoms which are 32 metallic atoms and 48 oxygen atoms 

with lattice constant a=10.117±0.001 Å. O
2-

 ions occupy three- fourths of the tetrahedral 

interstices of a face-centered cubic In
3+

 ion array
109

, as shown in Fig. 4.1. The calculated 

density is 7.12 gcm
-3

. When small amount of tin is doped in indium oxide, the structure of 

tin-doped indium oxide retains bixbyite type. All the tin atoms enter substitutionally into 

the cation sublattice which will induce a slightly increase in the lattice constant (10.117Å< 

a <10.31 Å) depending on the deposition parameters
110-113

. ITO films normally exhibit a 

strong <111> or <100> orientation depending on the deposition conditions which was 

related to the amount of oxygen vacancies.
108,110,111,114,115,116

 However, the electrical and 

optical properties appear to be independent of the orientation effects
112,115,117

. 
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Fig. 4.1: Crystal structure of bixbyite In2O3: black, shaded and white spheres represent 8b 

indium, 24d indium and 48e oxygen atoms, respectively.
5,107

 

In the application as a transparent electrode material, it is important not only to tailor the 

electrical or optical properties of ITO films, but also to precisely control the surface 

morphology and the film smoothness, which depend on the preparation method, such as 

electron beam evaporation
118,123,131

, pulsed laser deposition
119,124

, DC and RF magnetron 

sputtering
125,126

, spray-pyrolysis
120

 and so on. The surface morphology of these prepared 

ITO films directly affects the morphology of organic thin films which are deposited onto 

the ITO surface. For example, a critical requirement for ITO films for OLEDs is that the 

surface should be exceptionally smooth. There exists a strong correlation between the 

surface morphology of ITO film and its fractal properties which can be used as a 

fundamental parameter in determining the efficiency of the devices.
 121,122

 Therefore, the 

characterization of surface morphology of ITO thin film and studying the fractal is one of 

the most serious problems which need to be solved. Recently, the evolution of morphology 

and surface roughness of ITO films was analyzed by Korobov et al.
123

, who studied in situ 

the conductance of evaporated ITO films on glass substrate as a function of the surface 

coverage and found, that the growth model changed from anisotropic growth (three 

dimension, 3D) to isotropic planar (two dimension, 2D) growth at a critical island 

coalescence thickness, when substrate temperature is higher than 150°C. Sun et al.
124

 

observed a similar transition from Volmer-Weber growth (3D) at low temperature to the 

Frank-van der Merwe growth (2D) at higher temperature accompanied by a morphology 

transition from amorphous to polycrystalline in pulsed laser deposited ITO films. For room 

temperature depositions, Shigesato et al.
125,126

 investigated the early stages of ITO film 

growth on alkali-free glass by dc magnetron sputtering and observed Volmer-Weber-type 
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initial growth. However, they found that the island growth structure was not clearly 

observed for ITO films deposited at higher temperature (>100 °C). Han et al.
127

 studied the 

initial growth mode of ITO film on polycarbonate substrates prepared by ion-beam 

sputtering and observed initial part of the film growth transforming from a 3D-island 

growth to a 2D-like growth as a result of the formation of oxygen-bound functional groups 

in the polycarbonate substrate. They also demonstrated that ion-assisted reaction treatment 

could control the growth mode of ITO films on a polymer substrate. Zhang et al.
128,129

 

studied the growth of In2O3 on different oriented Y-stabilized zirconia substrate surfaces at 

elevated temperature between 550 °C and 1000 °C by oxygen plasma assistance molecular 

beam epitaxy. They reported 3D-islands and continuous film incline to grow on (100) and 

(111) substrate surfaces, whereas highly aligned 1D-nanorods prefer growing on (110) 

surface which are attributed to different index surface energies (i.e. γ(111)< γ(110)< 

γ(100)) and minimization of surface energies during growth process. Bierwagen et al.
130

 

investigated nucleation of islands and continuous high-quality In2O3 (001) films during 

plasma-assisted molecular beam epitaxy on ZrO2 (001). The surface they prepared is very 

rough with a root-mean square surface roughness w of above 30 nm for more than 4 nm-

thick film. They observed that islanding is caused by a nucleation of the In2O3 with 

incomplete wetting of the substrate, i.e. 3D island nuclei, and not due to strain-induced 

breakup of the film. Moreover, this nucleation behavior can be controlled by the growth 

temperature and In/O ratio. So much work listed above were focused on the initial growth 

mode, but from the dynamic scaling view of this material, very few work related to the 

morphology evolution of ITO films has been done.
131,132

 Raoufi et al.
131

 characterized the 

surface morphology of ITO thin films deposited by electron beam evaporation onto glass 

substrates by atomic force microscope. In their work, the surface roughness w decreases 

from 25 nm to 6 nm when increasing the film thickness from 100 nm to 250 nm. They 

determined both spatial (described by the roughness exponent α) and temporal scaling 

(described by growth exponent β) for ITO films as 0.71 and -0.11, respectively, over a large 

variation of length scales and used a combination of Edwards-Wilkinson and Mullins 

diffusion local models to describe the growth process of ITO films. Wang et al.
132

 

investigated the growth mechanism of ITO films prepared by direct current pulse 

magnetron sputtering and found the anomalous temporal scaling of roughness evolution (β) 

can be divided into three stages: 1.53, -0.85 and 1.25, which corresponds to the growth of 

island, coalescence of islands and the homogeneous growth, respectively.  
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The purpose of this study was to carry out a systematic investigation on the 

microstructure and morphology evolution of ITO films prepared by magnetron sputtering in 

different atmospheres, i.e. pure Ar or Ar/O2/H2 mixture, and by different excitation modes, 

i.e. RF and pulsed DC. It aims to understand the nucleation and growth mechanism of ITO 

films from the dynamic scaling view. Part of presented results has been published in 

Ref.133. 

4.1.2 Experimental details 

Tin-doped indium oxide thin films were deposited by magnetron sputtering from a 

99.99% purity In2O3:SnO2 (90 and 10 wt. %, respectively) target with a balanced three 

inch-diameter magnetron source at a constant power of 50 W and a total pressure of 0.3 Pa. 

The magnetron plasma can be excited by three possibilities: (1) 13.56 MHz RF generator 

RTX-600 combined with an ATX-600 matching network power supply by Advanced 

Energy, (2) 27.12 MHz RF power generator CESAR RF 276 by Dressler, and (3) pulsed 

DC power generator PMP-1 by Advanced Converters. The samples were prepared in a 

load-lock vacuum system with a process chamber base pressure better than 10
-5

 Pa. The 

target-to-substrate distance is fixed at 6.1 cm. The gas flows were adjusted by mass flow 

controllers before the ignition of the plasma and the total pressure was measured by a 

capacitance vacuummeter (Baratron). If no special mentioned, 13.56 MHz RF power 

supply is normally used. One interesting point of this study is to check the role of sputtering 

atmospheres on the microstructure of ITO film. For this purpose the mass flow ratio FO2 or 

H2/(FAr+FO2 or H2) was varied from 0% to 10% while keeping the total sputter pressure 

constant at 0.3 Pa. Another interesting point is to compare the influence of different 

discharge modes on the growth of ITO films. The substrate temperature can be heated to 

600°C by a boron nitride-encapsulated graphite heater during the deposition. As substrates, 

silicon substrate, glassy carbon or borosilicate substrate with a size of 10×10×1.1 m
3 
were 

used. The silicon substrates with a native oxide layer were cleaned in an ultrasonic bath for 

20 min using organic solvents (ethanol, acetone, and isopropyl alcohol). After each 

sonication step, substrates were rinsed with deionized water (Millipore
®
 18.2 MΩcm). 

Finally, they were heated on a hot plate at 130°C for 20 min. The glassy carbon and 

borosilicate substrates were cleaned at isopropanol in an ultrasonic bath at 80 °C for 10 min 

and rinsed with deionized water, and then dried by a N2 flow. After the cleaning process, 

the substrates were transported to the vacuum chamber directly. 
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4.1.3 Growth of ITO films in different sputtering atmospheres 

Tin-doped indium oxide thin films were deposited onto glassy carbon substrates by 

13.56 MHz RF magnetron sputtering at room temperature in different atmospheres: pure 

argon or a mixture of Ar/O2 or Ar/H2 which the mass flow ratio FO2 or H2/(FAr+FO2 or H2) was 

varied from 0 to 10%. The stoichiometry (oxygen-to-metal ratio: O/(In+Sn)) derived from 

RBS for different ITO films are shown in Fig. 4.2. Be aware of that the indium and tin 

elements could not be separated due to the limited mass resolution when using 1.7 Mev 

helium ions as projectiles. It can be found with increasing O2 or H2, the O-to-metal atomic 

ratio increases and varies from 1.57 to 1.78, higher than the stoichiometric ratio (~1.55) of 

corresponding mixture of In2O3 and SnO2. Overstoichiometric ITO films have been 

reported for reactive magnetron sputtering from a metallic alloy target or ceramic target 

when increase the oxygen partial pressure. 
134,135

 The additional oxygen was assumed to 

reside on interstitial sites in the ITO lattice.
135

 The film composition was also measured by 

Energy dispersive X-ray spectroscope, the atomic ratio of In/Sn is 10.3, close to the target 

composition (In/Sn ratio of 9.8). 

 

Fig. 4.2: O/(In+Sn) ratio of ITO films prepared at room temperature as a function of O2 

and H2 flow: sputtering power: 50 W, total gas pressure 0.3 Pa. 

4.1.3.1 Growth of ITO films in pure Ar 

X-ray diffraction patterns of ITO films deposited on Si (100) substrate in pure Ar (40 

sccm, 0.3 Pa) at room temperature for different film thicknesses (df) are presented in Fig. 

4.3. The assigned peaks are related to the crystalline indium oxide with a body-centered 

cubic structure (JCPDS card no. 06-0416) and the tetragonal rutile tin oxide structure 

(JCPDS card no. 41-1445). For the 60 nm-thick film, the XRD pattern shows a broad 
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feature and a single (222) diffraction peak. The broad feature is mainly due to the 

amorphous part in the ITO film, often reported in literature
125,136,137

. For room temperature 

depositions, ITO forms amorphous layers or a combination of a polycrystalline top layer 

and an amorphous bottom layer close to the substrate surface for ITO films
137

, which is also 

confirmed later by TEM analysis for a 400 nm-thick film, kindly performed by Dr. Mythili 

Rengachari. With increasing df, the integrated broad peak intensity increases and 

additionally the (211) diffraction peak appears and its peak intensity increases faster, than 

that of the (222) peak. A transition of the orientation of the ITO films from (111) to (211) 

orientation can be observed when the film thickness is larger than 200 nm. The integrated 

intensity ratio of (211) peak to (222) peak was 1.38 and 2.15 for 200 nm and 400 nm-thick 

ITO films, respectively, whereas the values for the standard In2O3 powder in JCPDS_06-

0416 is 0.14, which indicates a preferred (211) orientation. The size of the (211) oriented 

crystallites obtained from Scherrer’s formula is 38 nm and 43 nm for the 200 nm- and 400 

nm-thick films, respectively. In a GIXRD measurement (θ= 0.3°, orange line in Fig. 4.3), 

we did not observe the (211) peak which due to the fact that the GIXRD technique probes 

the material structure near to the surface. Therefore, Bragg-Brentano geometry XRD is 

prior for us to check the crystallinity. 

 

Fig. 4.3: XRD patterns for ITO films prepared in pure Ar with various film thicknesses. 

The surface morphology of the ITO thin films prepared in pure Ar was characterized by 

atomic force microscopy (AFM). Fig. 4.4 shows AFM images over a scan area of 2×2 µm
2
 

of the ITO thin films for different film thicknesses. In order to see the grain shape, the 

insets display 200×200 nm
2
 scan areas. The height scale for different images is indicated by 
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the height profiles, shown in Fig. 4.4(right). The ITO film surfaces show isotropic, 

homogenous and continuous island-like structures, and with increasing film thickness, these 

irregular islands become bigger in both lateral and vertical directions, as can be seen from 

the height profiles of these films shown in Fig. 4.4(right). 

 

Fig. 4.4: (left) AFM images of ITO films on Si substrate prepared in pure Ar for different 

film thicknesses df = (a) 60 nm, (b)100 nm, (c) 200 nm, and (d) 400 nm, and (right) the 

corresponding height profiles along the blue line. The insert AFM image sizes are 200×200 

nm
2
. 

In order to obtain an insight into the dynamic behavior and the detailed growth processes 

for the evolution of ITO films, the height-height correlation functions H(r) as a function of 

lateral distance r on a log-log scale for the Si substrate and ITO films deposited in pure Ar 

with various film thicknesses are displayed in Fig. 4.5. According to Sinha et al.
26

 for the 

short distance r << ξ, the surface is fractal and H(r) scales as r
2α

. Then in the logarithmic 

plot, the slope of the linear part in the curve is 2α. The intercept of the fitting linear line 

with the vertical axis gives a measure of the average magnitude of the local surface slope 

m. For longer distances r >> ξ, H(r) tends to saturate to the value 2w
2
. The evolution of the 

roughness exponent α as a function of film thickness, i.e. growth time is summarized in Fig. 

4.6(a). It is found that in the early growth regime α is time-invariant with a value around 

0.67, and then increases with the growth time till 0.75. The short-range behavior of H(r) 

varies with growth time t which is characterized by the increase of the local slope m with t, 

indicating that the deposition process is non-stationary
3
. Such a phenomenon is induced 

during the growth over short distances by the balance between random fluctuations in the 
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deposition rate and local smoothening effects such as surface diffusion which cannot easily 

reach a balance, and then the scaling behavior of ITO films belongs to anomalous dynamic 

scaling. The correlation lengths ξ range from ≈12–56 nm for film thicknesses between 10 

nm and 400 nm and also follow a power law dependence with film thickness
1/ z

fd , 

where 1/z = 0.44±0.05. 

 

Fig. 4.5: The height-height correlation functions H(r) of ITO films prepared in pure Ar in 

dependence of the lateral position r as log-log plots for different film thicknesses. 

 

Fig. 4.6: (a) roughness exponent α and correlation length ξ and (b) surface roughness w of 

ITO films prepared in pure Ar as a function of the film thicknesses. 

To characterize the vertical surface morphology, the obtained surface roughness w as a 

function of the film thickness df is displayed in Fig. 4.6(b). It can be seen that the surface 

width w values increase from 0.17 nm to 1.12 nm with increasing film thickness from 10 

nm to 400 nm, i.e. deposition time from 0.5 min to 20 min. By fitting a power law behavior 

to the surface roughness as w ~ df
β
, two growth exponents can be obtained: β1 = 0.25±0.06 

for 10 nm < df < 60 nm and 0.65±0.02 for 100 nm < df < 400 nm. The roughness evolution 

is comparable with Shigesato et al.’s
 
work

125,126,
 where the average roughness of the ITO 
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films on glass deposited by DC planar magnetron sputtering, increased with increasing film 

thickness and then, quite remarkably, decreased at a thickness of 10~14 nm corresponding 

to the island nucleation and coalescence thickness, and then the roughness increased again 

due to continuous film growth processes, i.e., Volmer-Weber-type initial growth. In 

Shigesato’s work
125,126

 , the initial growth of ITO nucleating islands is mainly affected by 

the roughness of glass substrate and higher ion bombardment by DC sputtering compared 

to RF sputtering retreating the substrate surface before a continuous ITO film is formed. 

However, in the present work, very smooth silicon substrates (w = 0.14 nm) are used and 

the dynamics of surface morphology is independent on the initial substrate, which is 

probably the reason why we did not observe the obvious roughness up and down behavior. 

The growth exponent obtained here is smaller than β=1 (for 12 nm < df < 180 nm) reported 

by Wang et al.
132

 who prepared ITO films by pulsed DC magnetron sputtering at 245°C. 

Our smaller β can be caused by the lower deposition rate (nearly one half of Wang’s), 

lower ion bombardment and lower deposition temperature which results in poorly 

crystallized films, lowering the β. But for our pulsed DC characterization, it is similar to 

their result which will be introduced in detail in section 4.1.4.2. 

4.1.3.2 Growth of ITO films in Ar/10%O2 atmosphere 

Fig. 4.7 displays XRD patterns obtained for the ITO films on Si substrates deposited in 

an Ar/10%O2 gas mixture (36 sccm Ar and 4.4 sccm O2) at room temperature for different 

film thicknesses. The ITO films show a very strong (111) texture with additional weak 

(211) peaks, which are related to the cubic In2O3 crystal structure which has a (222) close-

packed plane. The broad halo pattern between 15° and 28° still exists indicating the film 

contains an amorphous part. The (222) peak is predominant and much higher than that for 

the Ar deposition indicating a strong <111>-oriented crystal growth under excess O2 flow. 

The weak (211) diffraction did not appear until the film thickness reached 400 nm. With 

increasing film thickness from 38 nm to 400 nm, the full width at half maximum of the 

(222) peak decreases and the crystallite size obtained from the (222) peak increases from 19 

nm to 33 nm, as displayed in Fig. 4.7 (b).  
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Fig. 4.7: (a) XRD patterns of ITO films prepared in Ar/10%O2 atmosphere, and (b) FWHM 

of (222) peak and crystallite size dg(XRD) as a function of film thickness. 

The significant difference of the crystalline structure of ITO films deposited without and 

with 10% O2 flow suggests a different surface morphology evolution. AFM images of ITO 

films prepared at Ar/10% O2 mixture for different film thicknesses are shown in Fig. 4.8. 

Insets, measured with a 200× 200 nm
2 

scan areas are displayed to show the grain shape. 

The height scale for different images is indicated by the height profiles, shown in Fig. 4.8 

(e). The surface of these samples is much smoother and exhibits smaller nanosized grains in 

comparison to films deposited in pure Ar in previous section 4.1.3.1. 

 
Fig. 4.8: AFM images of ITO films prepared in an Ar/10%O2 mixture for different 

thicknesses df =(a) 64 nm,(b) 128 nm, (c) 256 nm, (d) 400 nm, and (e) line height profiles 

h(r) for these films. Insert AFM image sizes are 200×200 nm
2
. The blue lines show the 

positions of the line scans, displayed in (e).
133
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From the line height profiles shown in Fig. 4.8(e), it can be seen that the lateral size 

grows and the surface height slightly increases with increasing film thickness. The height-

height correlation functions H(r) of these ITO films are displayed in Fig. 4.9. The surface 

roughness w as a function of film thickness (df) is shown in Fig. 4.10. The roughness 

increases from 0.21 nm to 0.47 nm with increasing film thickness from 38 nm to 400 nm. 

By fitting a power law behavior to the surface roughness as w ~ df
β
, a growth exponent β of 

0.35±0.02 is obtained. The roughness becomes smaller when the films are sputtered in 

Ar/10% O2 atmosphere. For a 400 nm-thick ITO film, the surface roughness is 1.12 nm and 

0.47 nm in pure Ar and Ar/10%O2 atmosphere, respectively. The average roughness 

exponent α calculated from H(r) ranges from 0.65 to 0.78 with increasing thickness, which 

are very close to pure Ar deposition. The correlation length increases with increasing film 

thickness with a power law exponent of 1/z = 0.36±0.04. When the film thickness reaches 

400 nm, ξ is about 32 nm, still much smaller than 56 nm for the deposition in pure Ar. 

 

 Fig. 4.9: The height-height correlation function of ITO films prepared in Ar/10%O2 

mixture dependence of the distance r as log-log plots for different film thicknesses. 

 

Fig. 4.10: (a) roughness exponent α and correlation length ξ and (b) surface roughness w 

of ITO films prepared in  Ar/10%O2 mixture as a function of the film thicknesses. 
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4.1.3.3 Growth of ITO films in Ar/10%H2 Atmosphere 

Fig. 4.11 displays XRD patterns obtained for the ITO films on Si substrates deposited in 

an Ar/10%H2 gas mixture at room temperature for different film thicknesses. These ITO 

films display an amorphous structure when the film thickness is less than 100 nm. 

Increasing the thickness to 200 nm results in the development of the (400) diffraction peak 

together with the broad peak, and later a weak (222) peak appears, when the film thickness 

reaches 420 nm. The preferential orientation along (100) plane becomes pronounced in ITO 

films when the films are prepared in a state of oxygen deficiency.
138

 The crystallite size 

obtained from the (400) peak is 28 nm and 36 nm for 210 nm- and 420 nm-thick films, 

respectively. From X-ray texture analysis, it is clear that there is a significant variation of 

the crystallite orientation with respect to the substrate plane for films prepared in different 

gas atmospheres. As the fraction of oxygen is decreased, the (222) peak disappears and the 

(100) peak becomes dominant. The driving force of this change in preferred orientation can 

be speculated to relate to the concentration of oxygen vacancies and their subsequent 

diffusion. The crystal growth in the (100) plane is explained as a stress-induced grain 

growth due to oxygen deficiency also affecting the electronic environment of the 

crystallites
139

; it was reported the formation of an additional electronic level resulting from 

the creation of an oxygen vacancy excess.
140,141

 However, the almost (111)–oriented growth 

is explained by a reduction of oxygen vacancies
142

 when using 10% O2 during the 

deposition. 

 

Fig. 4.11: XRD patterns of ITO films prepared in an Ar/10%H2 atmosphere. 

Fig. 4.12 shows the AFM images of ITO films prepared in an Ar/10% H2 mixture as a 

function of the film thickness. The height scale for different images is indicated by the 
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height profile, shown in Fig. 4.12e. Obviously, the surface morphology is very different 

compared to the depositions in pure Ar or Ar/10%O2 atmosphere. Small spherical grains 

appear in the initial growth stage, i.e., for film thicknesses less than 50 nm. At the very 

beginning of the growth, the roughness changes only slightly from 0.18 nm to 0.15 nm 

when film thickness is less than 50 nm. With increasing film thickness, i.e. deposition time, 

the ITO clusters aggregate and larger islands are formed which increase in size, due to 

coalescence until large polygonal grains are observed. When the film thickness further 

increases from 52 nm to 420 nm, the roughness increases from 0.38 nm to 2.1 nm and with 

a growth exponent β of 0.98±0.06. With increasing film thickness, the lateral correlation 

length increases with a power law exponent of 1/z=0.57±0.10 while the average roughness 

exponent α calculated from H(r) is in the range from 0.56 to 0.78, shown in Fig. 4.14. 

 

Fig. 4.12: AFM images of ITO films prepared in Ar/10%H2 mixture for different 

thicknesses df =(a) 52 nm,(b) 105 nm, (c) 210 nm, (d) 420 nm, and (e) line height profiles 

h(r) of these films. Insert AFM image sizes are 200×200 nm
2
. The blue lines show the 

positions of the line scans, displayed in (e).
133
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Fig. 4.13: The height-height correlation function of ITO films prepared in an Ar/10%H2 

atmosphere in dependence of the distance r as log-log plots for different film thicknesses. 

 

Fig. 4.14: Surface roughness w, roughness exponent α and correlation length ξ of ITO films 

prepared in an Ar/10%H2 atmosphere as a function of the film thickness. 

4.1.3.4 Growth of ITO films in different Ar/O2 or H2 atmospheres 

 The influence of oxygen or hydrogen incorporation on the microstructure of the films 

was studied by depositing ITO films on Si (100) substrates at various oxygen or hydrogen 

partial pressures at room temperature. The sputtering RF power was 50 W and the 

sputtering pressure was fixed at 0.3 Pa. 400 nm-thick ITO films were also prepared in 

Ar/O2 and Ar/H2 atmospheres with varying O2 or H2 flows from 0 to 10% relative to the Ar 

flow. XRD patterns obtained for the ITO films deposited at various oxygen and hydrogen 

partial pressures are displayed in Fig. 4.15. XRD pattern (Fig. 4.15a) show a (211) 

preferred orientation when applying no additional oxygen, while they show a preferred 
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orientation (222) peak when applying 1% O2. The increase in O2 content causes a strong 

increase in the (222) peak intensity and a slight decrease in (211) peak intensity. It has to be 

noted that the deposition rate is 0.2 nm/s in Ar/10%O2 atmosphere which is smaller than the 

0.33 nm/s for deposition in pure Ar. This suggest that the oxygen addition to the plasma 

during the film deposition enhanced the (222) orientation independent on the deposition 

rate. XRD patterns (Fig. 4.15b) show only (211) peaks and no (222) peaks for ITO film 

prepared in Ar/1%H2 atmosphere. When increasing H2 to 2.5%, the (400) peak was 

observed. By further increasing the H2 content, the (400) peak intensity increased and the 

(211) peak disappeared while a very weak (222) peak was observed when applying 10% 

H2. With decreasing the oxygen content, the preferred orientation changes from (222) to 

(211). With increasing the hydrogen content, the texture transition switches from (211) to 

(100) plane. The change in orientation of the films from (111) to (100) texture results from 

the incorporation of oxygen into the films. The crystal growth in the (100) and (111) plane 

is characterized by an excess or reduction of oxygen vacancies
142

, respectively, and low-

index surface energy γ(111)< γ(211)< γ(100)
128,143

. The (211) surface of ITO is unstable 

with respect to oxygen-rich or hydrogen-rich deposition which can be explained by a mixed 

(111) and (100) character structure
143

. 

 

Fig. 4.15: XRD patterns of ITO films prepared in (a) different Ar/O2 and (b) Ar/H2 

atmospheres. 

The roughness evolution as a function of the reactive gas flows (O2 or H2) is displayed 

in Fig. 4.16. The surface roughness w and the lateral grain size ξ decrease with increasing 

O2 flow while both quantities increase with increasing H2 flow. This can be explained by 

surface smoothing due to surface diffusion when there is more O2 flow during the 

deposition. With increasing H2 flow, increased voids are observed in between the larger 

clusters. The surface roughness increases which is due to the increased shadowing effect 
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(see the height profile for df = 420 nm in Fig. 4.12e, where much deeper valleys are 

observed) and increased oriented (100) grain growth. 

 

Fig. 4.16: Surface roughness w and correlation length ξ of 400 nm thick ITO films as a 

function of O2 and H2 flow. 

In the above four sections, the surface roughness w of ITO films prepared by 13.56 MHz 

RF magnetron sputtering in different Ar/O2 or Ar/H2 atmospheres at room temperature is 

less than 2.1 nm for film thicknesses less than 420 nm. These roughness values are small 

and comparable with those reported for other DC or RF magnetron sputtering 

methods
125,126, 144

, and much smaller than those of ITO films prepared by plasma-assisted 

molecular beam epitaxy method
130

 (w > 30 nm for more than 4 nm-thick film) and for 

electron-beam evaporated films
131

 (w=6~25 nm for 100~250 nm-thick film). In general, 

during non-equilibrium thin film growth, three competing processes occur: random 

fluctuations (noise) of the incoming particle flux, local smoothing/roughening effects, and 

non-local smoothing/roughening effects which influence the evolution of the surface 

morphology.
63

 Raoufi et al.
131

 used a local growth model which combines the diffusion 

model of Mullins
45

 (
' 4h

D h
t




   


) and the Edwards-Wilkinson model
44

 (
2h

v h
t




  


) to describe the smoothening mechanism with random fluctuations for their evaporated 

ITO film growth. The combined models can be described by the general linear equation: 

' 4 2( , )
( , ) ( , ) ( , )

h t
D h t v h t t

t



     



x
x x x  (4.1) 

where the 
' 4D h   term accounts for smoothing by surface diffusion due to the curvature-

induced chemical potential gradient with 'D  proportional to the surface diffusion constant, 
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the second term 
2v h  is related to the relaxation of the surface by the surface tension v, 

and the third term ( , )t x  represents a white noise by random fluctuation in the flux of 

arriving species. This combined local growth model leads to roughness exponents in the 

range of 0≤ α ≤1 and growth exponents of 0≤ β ≤0.25 in 2+1 dimensions, which fits to their 

result of α=0.71 and β = 0.11. In the present work, however, the growth exponents β of 

0.35, 0.65 and 0.98 for Ar/10% O2, pure Ar and Ar/10% H2 mixture deposition, 

respectively, are larger than these predicted values
2 

(shown in Table 4.1). Obviously, the 

combined Mullins diffusion model and the Edwards-Wilkinson model in 2+1 dimensions 

are inappropriate to explain our results which have much higher growth exponents than that 

of the local growth model. Nonlocal effects such as shadowing, bulk diffusion etc. should 

exist in our system.  

Karunasiri, Bruinsma, and Rudnick (KBR)
56

 and Bales et al.
57

 developed a continuous 

nonlocal model with a shadowing instability for sputter deposition in 2+1 dimensions 

which is given by: 

' 4( , )
( , ) ( , ) ( , )

h t
D h t R t t

t
 


    



x
x x x  

(2.18) 

where only the second term is different in comparison to Eq.(4.1). Here the second term is 

the deposition rate R with the exposure angle ( , )t x  measuring the amount of particle flux 

that each point receives. They predicted that the surface develops into a self-similar 

mountain-like landscape for small diffusion lengths while flat, compact films can be grown 

up to a critical thickness when the surface diffusion length is high. Further deposition leads 

to surface roughening due to the shadowing effect. Yao and Guo
60

 extended the KBR 

model to sputter growth in three dimensions when the shadowing instability leads to the 

development of a mounded surface where the surface roughness w increases linearly with 

time (β = 1.0±0.04) and that column width ξ grows as ξ ~ t
0.33±0.02

. Later, Drotar et al.
61

 

used a pure shadowing model to calculate by Monte Carlo simulations in 2+1 dimensions a 

roughness growth exponent of β = 1. They also suggested that the competition between 

surface diffusion which lowers the growth exponent and shadowing which roughens the 

surface and generates a higher dynamic scale could result in exponents β between 0.5 and 

1. Drotar et al.
53

 also performed a numerical analysis of the noise-driven KS model in 2+1 

dimensions, which can describe the growth process by the non–linear Langevin equation:  

22 ' 4( , )
( , ) ( , ) ( , ) ( , )

2

h t
v h t D h t h t t

t





       



x
x x x x

 

(4.2) 



4.1 Nucleation and growth of tin-doped indium oxide films 

65 

They obtained α values from 0.75~0.85 and β values of 0.22~0.25. Note that these 

simulations are done for amorphous films and did not consider crystalline growth effect 

which also roughens the surface. In this work, the roughness growth exponents are around 

0.6-0.8 which is in the range of the noise-driven KS model in 2+1 dimensions. The growth 

exponents increase with decreasing oxygen content in the sputtering atmosphere. For the 

Ar/10%O2 deposition, a high kinetic energy of the impinging species, mostly negative 

oxygen ions
145

 will lead to a significant bombardment–induced mobility of the adatoms 

which generates a higher density of the deposit and a reduced surface roughness. Then, the 

surface diffusion is strong enough to smoothen the surface while the grain growth along 

(111) plane roughens the surface leading to β of 0.35. In pure Ar and Ar/10% H2 

deposition, the negative ion bombardment by oxygen ions is reduced accompanied by a 

lower surface mobility and crystallite growth is weaker in comparison to the Ar/10%O2 

deposition which can be seen from the XRD analysis. Our observed growth exponents β of 

0.65 and 0.98 for the depositions in pure Ar and in Ar/10% H2 respectively, are close and 

very close to β=1. Thus, we can conclude that shadowing is the dominating effect during 

our film growth.
60,61

 If a surface obeys dynamic scaling
3
, the growth exponents are related 

in a specific way according to /z   . However, such a relation no longer holds for 

surfaces growing under the influence of shadowing3. For the deposition in pure Ar, z=2.27 

is far from α/β= 1.03~1.15. For the deposition in Ar/10%O2, z=2.78 does not equal to α/β= 

1.86~2.23, but get closer. For the deposition in Ar/10% H2, z=1.75 is also not in the range 

of α/β= 0.61~0.82. Tentatively, our results can be explained by a combination of local and 

non-local growth models in 2+1 dimensions where the shadowing effect plays a crucial role 

and noise and oriented grain growth cannot be neglected in the morphology evolution 

during different gas atmospheres deposition. 
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Table 4.1: Surface parameters roughness exponent α, growth exponent β, and z for ITO 

films deposited in different gas atmospheres. 

  

pure Ar Ar/10% O2 Ar/10% H2 

Combined 

linear growth54 

Random 

depositon2,61 

Surface 

diffusion2 

Noisy KS 

model53 

Shadowing39,61 

α 0.67~0.75 0.65~0.78 0.6~0.8 0~1 - 1 0.75~0.8 - 

β 0.65 0.35 0.98 0~0.25 0.5 0.25 0.22~0.25 1 

α/β 1.03~1.15 1.86~2.23 0.61~0.82 - - 4 - - 

1/z 0.44 0.36 0.57 0.25~1 - 0.25 0.25~0.33         - 

z 2.27 2.78 1.75 2~4 - 4 3~4 0.33, 0.93 

4.1.4 Influence of different discharge modes on the growth of ITO films  

DC and RF magnetron sputtering are the most attractive techniques and widely used for 

the deposition of thin films in general and also ITO films due to the high deposition rate, 

good reproducibility on large substrate areas, and good film performances even at low 

substrate temperatures, as mentioned in the previous chapter. In terms of the role of the 

plasma parameters, i.e. ion flux and ion energy to the substrate, some research groups have 

performed systematic investigations
135, 146 , 147

. Song et al.
146

 investigated the effect of 

deposition pressure and sputtering gas species on the crystallinity of ITO films prepared by 

DC magnetron sputtering using oxide ceramic (ITO, doped with 10 wt.% SnO2) or alloy 

(IT, indium-tin alloy with 10 wt.% tin) targets at low temperature. They reported that the 

crystallinity of ITO films was not only strongly affected by the kinetic energy of the 

sputtered In particles arriving at the substrate surface, which was shown to be closely 

related to the transport processes between the target and substrate, but also dominated by 

the O2 partial pressure during reactive sputtering using an IT alloy target. Bender et al.
147 

presented a RF-superimposed DC-magnetron sputter process which improved the resistivity 

of ITO films prepared from an ITO target. They measured the ion energy distribution 

function of the positively charged ions approaching the substrate surface and showed that 

the mean energy of the ions increases with increasing RF portion of the total power. 

Mientus and Ellmer
135

 studied systematically the influence of the sputtering pressure and 

the plasma excitation mode (DC, pulsed DC and RF) on the structure and electrical 

properties of ITO films deposited from IT target. They found that the RF excitation (13.56 

MHz) of a magnetron discharge is the most effective mode with respect to the usage of the 

oxygen for oxidizing the sputtered metal atoms on the substrate surface. RF or combined 

DC/RF excitation is propitious to good ITO growth process. In the present work, the aim is 
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to study systematically the influence of different plasma excitation modes, i.e. of the 

negative ion bombardment on the microstructural and morphology of ITO films. 

Tin-doped indium oxide thin films were deposited onto borosilicate glass substrates by 

magnetron sputtering at low temperature (RT, less than 70 °C) and high temperature (300 

°C). The magnetron plasma was excited by different discharge modes (27.12 MHz RF, 

13.56 MHz RF and pulsed DC power supply) at a constant power of 50 W in an atmosphere 

of pure argon at a total pressure of 0.3 Pa, resulting in a target voltage of about -100 V, -

210 V and -340 V (during the duty cycle), respectively. The pulsed DC sputtering was done 

with a frequency of 40 kHz and a duty cycle of 60%. 

4.1.4.1 Low temperature ITO film growth under different discharge modes  

Fig. 4.17(a) shows the XRD pattern of the ITO films deposited at 27.12 MHz RF 

discharge mode with various film thicknesses at room temperature. From the XRD pattern, 

only a broad peak can be observed when the film thickness is 15 nm, indicating that the 

film was an amorphous structure. When the film thickness is between 30 nm and 100 nm, 

only one peak around 2θ=30° can be observed which is related to the (222) peak of the 

cubic structure of In2O3. A weak (211) peak begins to appear when the film thickness is 

larger than 200 nm. For 13.56 MHz RF deposition, similar preferred orientation is 

observed, shown in Fig. 4.17 (b). When film thickness is less than 30 nm, no peaks appear 

in the XRD pattern. When the film reaches to 36 nm -thick, only a small intensity of (222) 

peak can be measured which indicates the film is almost X-ray amorphous or has a 

nanocrystalline texture.
148

 When the film thickness is less than 90 nm, only the (222) peak 

can be seen. When the film thickness is higher than 180 nm, the (211) peak begins to 

appear. The intensity ratio of (211)/(222) is 0.96 and 1.43 for 180 nm and 360 nm-thick 

ITO films, respectively, indicating that (211) plane grows faster than (222) plane and 

becomes the preferred orientation. This behavior is very similar with the structure evolution 

of ITO film on Si substrates described in section 4.1.3.1. XRD patterns of the films 

deposited in the pulsed DC discharge mode are also very similar with that in 13.56 MHz 

RF mode except the increasing growth of (440) peak. However, in the 27.12 MHz RF 

discharge mode, (222) always keep the dominate growth orientation. None of the films 

showed (400) plane texturing in these three different discharge mode depositions. The 

average grain size derived from XRD measurements with Scherrer analysis is 32.3 nm, 40.1 

nm and 47 nm for 27.12 MHz RF, 13.56 MHz RF and pulsed DC, respectively, as shown in 

Table 4.2.  
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Fig. 4.17: XRD patterns of ITO films with 

various film thickness prepared in different 

discharge modes. 

 

Table 4.2: Structure information of ITO films prepared in different discharge modes 

obtained from XRD patterns. In JCPDS_06-0416: I(211)/I(222)=0.14. 

Discharge 

mode 

Thickness/nm Orientation Peak intensity ratio 

I(211) /I(222) 

FWHM/° dg(XRD) /nm 

27.12 MHz 

RF 

360 (222) 0.47 0.356 32.3 

206 (222) 0.36 0.367 26.8 

13.56 MHz 

RF 

360 (211) 1.43 0.126 40.1 

180 (211) 0.96 0.131 38.7 

Pulsed DC 390 (211) 1.06 0.109 55.6 

320 (211) 0.99 0.151 47 

Fig. 4.18 shows SEM images of 320~360 nm-thick ITO thin films prepared in different 

discharge modes at room temperature. It is clear that all the films are compact uniform and 

consist of agglomeration of the densely populated grains with grain size of 30 ~100 nm. 
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Fig. 4.18: SEM images of 320~360 nm-thick ITO prepared at room temperature with 

different discharge modes (a) 27.12 MHz RF, (b) 13.56 MHz RF and (c) pulsed DC. 

 

Fig. 4.19: 3D-AFM images of ITO prepared at 27.12 MHz RF mode (a) 7 nm, (b) 30 nm, 

(c) 51 nm, (d) 103 nm, (e) 206 nm, and (f) 360 nm, and (g) height profiles h(r) for different 

film thicknesses. 

Fig. 4.19 shows 3D-AFM images of ITO films prepared with the 27.12 MHz RF mode 

with various film thicknesses from 7 nm to 360 nm, which display surface morphologies in 

island growth mode with mound-like structure. All images are sized 2×2 µm
2
 with the same 

vertical scale. 1D cross-section scans in the middle position of surface profiles from 7 nm, 

51 nm, 103 nm and 360 nm thick films are plotted in Fig. 4.19(g), respectively. As can be 

seen in Fig. 4.19, the lateral size grows with increasing film thickness. The surface height 

(peak to valley) showed in the height profile also markedly increases with increasing 

(a) (b) 

(c) 
(d) 

(e) (f) 

(g) 
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thickness. For ITO films prepared with 13.56 MHz RF and pulsed DC discharge modes, it 

is observed that all film surfaces are of the island growth type. Their surface morphology 

(not shown here) is similar with ITO films prepared in 27.12 MHz RF mode, but the grains 

grow bigger and rougher. The grain sizes obtained from AFM images vary with film 

thickness by a power law ( )gd AFM ~ df
1/z 

with 1/z of 0.31, 0.39, and 0.42 for 27.12 MHz 

RF, 13.56 MHz RF and pulsed DC discharge mode, respectively.  

 

Fig. 4.20: Surface roughness w of ITO films prepared at (a) 27.12 MHz RF, (b) 13.56 MHz 

RF and (c) pulsed DC discharge mode at room temperature as a function of film thickness. 

Fig. 4.20 shows, on a log-log scale, the root-mean-square surface roughness of ITO 

films prepared with different discharge modes as a function of film thickness. The line on 

the plots represents the best fits to the data. The roughness evolution can be divided into 

two regions for all discharge modes. For 27.12 MHz RF discharge mode, as shown in Fig. 

4.20(a), in the initial growth stage, the roughness increases slightly from 0.16 nm to 0.28 

nm when the film thickness increases from 7 nm to 53 nm thick. By linear fitting, a growth 

exponent of β1=0.27±0.02 was obtained. Then there is a roughness transition. In the later 

growth stage, the roughness increases more quickly than the initial growth stage. The 

roughness increases from 0.35 nm to 0.78 nm as the film grows from 103 nm to 360 nm, 

and a growth exponent of β2=0.5±0.04 was obtained which is larger than that in initial 

growth stage.  

For 13.56 MHz RF discharge mode, as shown in Fig. 4.20(b), the roughness increases 

only marginally from 0.17 nm to 0.20 nm as the film thickness increases from 9 nm to 36 
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nm. The obtained growth exponent β1 is 0.14±0.06 which is smaller than 0.27±0.02 for 

27.12 MHz RF deposition in the initial growth stage. In the later growth stage, the 

roughness increases from 0.34 nm to 0.98 nm as the film grows from 54 nm to 360 nm, and 

a growth exponent of β2= 0.64±0.06 was obtained which is larger than that in initial growth 

stage, and also larger than β2=0.5±0.04 obtained for the 27.12 MHz RF deposition. 

For pulsed-DC discharge mode, as shown in Fig. 4.20(c), at the beginning of the growth 

from 7 nm to 50 nm-thick, the roughness of the surface gradually increases from 0.20 nm to 

0.24 nm with a growth exponent β1=0.08±0.02, which is smaller than the growth exponent 

β1=0.27±0.02 and 0.14±0.06 in the initial growth stage for 27.12 MHz RF and 13.56 MHz 

RF deposition indicating stronger surface diffusion compared to the other two modes. 

Further growth leads to a strong increase in roughness. When film grows from 100 nm to 

390 nm, the roughness increases from 0.4 nm to 1.3 nm with a larger exponent 

β2=0.82±0.02. 

Table 4.3: Growth exponent β, roughness exponent α and 1/z parameters of ITO films 

prepared with different discharge modes at room temperature. 

Discharge mode Vdis(V) β1 β2 1/z α 

27.12 MHz RF 100 0.27 0.50 0.31 

0.7~0.85 13.56 MHz RF 210 0.14 0.64 0.39 

Pulsed DC 340 0.08 0.82 0.42 

In this section, the crystallinity and the morphology of ITO films prepared with different 

excitation modes at room temperature were studied. The discharge voltages were about -

100 V, -210 V and -340 V for 27.12 MHz RF, 13.56 MHz RF and pulsed DC discharge 

mode, respectively. According to the XRD analysis, the excitation mode of the magnetron 

discharge does not influence significantly the structure of the ITO films at room 

temperature. Based on the morphology investigations, it is found that the excitation mode 

does not change the island growth type for ITO films, but plays an important role in the 

non-equilibrium film growth. Growth exponents β and roughness exponents α were 

obtained, as shown in Table 4.3. The above experimental results show that the roughness 

evolution of ITO films deposited by the three discharge modes all can be divided into two 

regions. The critical transition thickness is in the range of 30~ 50 nm. With increasing 

discharge voltage (changing the excitation mode from RF to DC), in the initial growth 
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stage, the growth exponent β1 of the ITO films is small and decreases. However, the growth 

exponent β2 is much larger and increases in the later growth stage. As discussed in the 

previous section 4.1.3, the competitions among surface diffusion, shadowing and oriented 

growth determine the surface morphology and the scaling exponents. The surface diffusion, 

smoothing the surface, will only lower the exponents, but the shadowing effect and oriented 

grain growth will roughening the surface and increase the exponents
3
. In the initial growth 

stage, the films are almost amorphous so there will be no grain growth roughening effect. 

The growth exponent β is 0.27, 0.14 and 0.08 for 27.12 MHz RF, 13.56 MHz RF and 

pulsed DC discharge mode, respectively. Surface diffusion dominates the film growth. 

With increasing discharge voltage, the average kinetic energy of the negative ions also 

increase
145

 which will increase the adatoms mobility causing a smooth surface. Therefore, 

the surface diffusion effect is strongest in the pulsed DC deposition and weakest in the 

27.12 MHz RF deposition in the initial growth stage. In the later growth stage, due to the 

increased deposition rate, atoms have no time to move and covered by new impinging 

particles which reduced the adatom mobility. The oriented grain growth and shadowing 

effect dominate the film growth and rough the surface leading to larger growth exponents. 

4.1.4.2 High temperature ITO film growth with different discharge modes  

The substrate temperature was kept at 300 °C while keeping the other sputtering 

parameters the same as for the room temperature deposition in section 4.1.4.1 to investigate 

the influence of the substrate temperature on the morphology evolution of ITO films 

prepared at different discharge modes.  

 

Fig. 4.21: XRD patterns of 360 nm- thick ITO films prepared in different discharge modes. 
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Fig. 4.21 shows XRD spectra of 360 nm-thick ITO films sputtered with the same power 

of 50 W but different discharge mode, 27.12 MHz RF, 13.56 MHz RF and pulsed DC, 

respectively. The growth of the films showed different preferred orientations depending on 

the discharge mode, which is not observed for the room temperature depositions. The film 

deposited with the 27.12 MHz RF discharge showed reflections corresponding to the (211), 

(222) and (440) planes. The normalized peak intensities for these peaks are 100, 38 and 16, 

respectively. In the 13.56 MHz RF discharge mode, the XRD peaks are small and broad 

indicating growth in (211), (400), (411), (440) and (622) orientations. The normalized peak 

intensities for these peaks are 100, 47, 39, 26 and 56, respectively. The pulsed-DC 

discharge mode resulted in a very sharp (400) peak together with small broad peaks for 

(411), (611) and (622) orientation. The reason for (400) preferred orientation might be 

related to that the concentration of oxygen vacancies in the ITO film prepared at pulsed DC 

mode at high temperature sputtering is higher than that of room temperature sputtering and 

other RF discharge modes due to the reduced sticking coefficient of oxygen at higher 

temperatures.
138

 On the other hand, ITO films deposited by RF discharge modes at high 

temperature show (211) or (622) preferred plane indicating that films accommodate fewer 

oxygen vacancies compared to that of the pulsed DC discharge mode. 

The morphology of the 360 nm-thick ITO films deposited at 300°C with different 

discharge modes was characterized by SEM and AFM. Fig. 4.22(a, b, c) and (d, e, f) 

display SEM and 3D-AFM images of ITO films prepared at 27.12 MHz RF, 13.56 MHz RF 

and pulsed DC discharge modes, respectively. The corresponding surface roughness is 3.0 

nm, 2.4 nm and 3.2 nm which are bigger than these of room temperature depositions (0.72 

nm for 27.12 MHz RF, 1.12 nm for 13.56 MHz RF and 1.28 nm for pulsed DC discharge 

mode). Big grooves can be seen for all the films from the AFM results. Elongated grain 

structures are observed for the films deposited in the RF discharge mode. For the pulsed 

DC discharge mode, small clusters of conical grains distributed uniformly on the substrate 

were grown; grains 150~250 nm in size consist of highly oriented small clusters 20~50 nm 

in diameter. Comparing the morphology of low temperature and high temperature 

depositions, it can be found that the thermal activation enlarges the grains and increases the 

grooves. 
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Fig. 4.22: SEM morphology and 3D-AFM images of ITO films prepared with different 

discharge modes (a, d) 27.12 MHz RF, w= 3.0 nm (b, e) 13.56 MHz RF, w =2.4 nm and (c, 

f) pulsed DC, w= 3.2 nm. The size of the AFM images is 2×2 µm
2
. 

Fig. 4.23 displays the variation of the surface roughness w of ITO films deposited with 

different discharge modes as a function of the film thickness df in a log-log scale. The 

analysis of Fig. 4.23 shows that the roughness evolution of three series ITO films can be 

divided into two regions with a crossover at 100 nm for RF discharge mode and 200 nm for 

pulsed DC deposition. In the first region, for df ≤ 100 nm, growth exponents β1 for 27.12 

MHz RF and 13.56 MHz RF deposition is very close and are 0.90±0.08 and 0.89±0.03, 

respectively. Whereas for the second region, for df > 100 nm, β2 is 0.17±0.06 and 

0.22±0.04, respectively. For pulsed DC discharge mode, β1 and β2 are 0.80±0.04 and 

0.04±0.1. All β1 obtained at high temperature are larger than 0.5 and smaller than 1 

indicating that the shadowing and oriented grain growth dominates the film growth. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Fig. 4.23: Surface roughness w of ITO films prepared at (a) 27.12 MHz RF, (b) 13.56 MHz 

RF and (c) pulsed DC discharge mode at 300°C as a function of film thicknesses. 

 

 

Fig. 4.24: The height-height correlation functions H(r) of ITO films prepared with different 

discharge modes at room temperature and 300 °C. 

The height-height correlation functions H(r) as a function of the lateral distance r for 

360~390 nm- thick ITO films deposited with different discharge modes at RT and 300 °C 

are shown in Fig. 4.24. The roughness exponent α can be extracted from the fitting of H(r) 

for the short distance (slope=2α), α ranges from 0.77 to 0.81, which are very close to these 

of room temperature deposition (α=0.79~0.83). There is much more fluctuation in longer-
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range behavior of H(r) which is due to voids and grooves contributing to the roughening of 

the surface.  

According to the revised structure zone models
17-19

, the microstructure of sputtered 

metal thin films can be described as a function of the substrate homologous temperature 

(Ts/Tm), sputtering pressure and discharge voltage. In this model, shadowing, surface 

diffusion, bulk diffusion and desorption are the factors determining the microstructure of 

sputtered films with increasing substrate temperature. The Ts/Tm for ITO at a Ts of RT and 

300 °C is about 0.15 and 0.28, respectively, which corresponds to the transition zone where 

shadowing and surface diffusion both are active and the structure of the films consists of 

densely packed fibrous grains. This matches with the microstructural observations at all 

depositions at RT and RF deposition at 300 °C, but does not account for the subgrain 

characteristics for pulsed DC deposition at 300 °C. Kamei and Shigesato et al. 
149 , 150 

explained that {400} planes are most stable against resputtering and prefer to expose at the 

surface of each grain, resulting in the subgrain boundaries consisting of small- angle grain 

boundaries due to the bombardment by energetic particles during DC sputtering growth of 

ITO films. In present work, only ITO film prepared with pulsed DC discharge at 300 °C 

shows preferential <400> orientation normal to the substrate subgrain structure. Comparing 

the roughness evolution of ITO films prepared with different discharge modes at RT and 

300 °C, higher temperature results in rougher surfaces. For low temperature depositions, a 

very clear transition from surface diffusion to shadowing/grain growth effect can be 

observed which caused two distinguished growth exponents: small β1 in the initial growth 

and large β2 in later growth. The important role of kinetic energy of negative ions which 

affects the adatom mobility is much more obvious. For high temperature depositions, the 

film properties, i.e. crystallinity and surface morphology, are more dominated by the 

temperature, which is a more beneficial effect than the kinetic energy inducing the film 

growth with big grains and hence rough surface. It coincides with the results reported by 

Sittinger et al.
151

, who reported the beneficial effect of target material ionization for high 

charge voltages (here VRF27.12MHz <VRF13.56MHz< Vpulsed DC) for low temperature ITO 

deposition but no clear effect of varying discharge voltage can be observed for high 

substrate temperature depositions where the temperature dominate the film growth and 

properties. Therefore, the growth exponents are very close for RF and pulsed DC 

deposition in high temperature depositions. 
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4.1.5 Conclusions  

Tin-doped indium oxide (ITO) films have been prepared by magnetron sputtering from a 

ceramic target. The film morphology is affected by the sputtering atmosphere, the 

excitation mode and the substrate temperature, but not the type of the substrate used in this 

work: Si or borosilicate glass. For room temperature depositions, sputtering atmospheres 

play an important role for the surface evolution from oxygen deficient to oxygen excess 

conditions. The preferred orientation of ITO films prepared without O2 addition to the 

argon sputtering gas changed from (211) to (111) with increasing O2 flow, while the 

crystallites grow with a (100) texture with increasing H2 content of the sputtering 

atmosphere. The morphology changes from densely nanosized grains to voided large 

polygonal grains. The surface becomes rougher and the growth exponent increases with 

increasing the oxygen vacancies by tuning the O2 and H2 content. The dynamic scaling is 

explained tentatively by a combination of local and non-local growth modes in 2+1 

dimensions where the shadowing effect plays a crucial role and noise and oriented grain 

growth cannot be neglected in the morphology evolution during low-ion-bombardment 

deposition in Ar/H2 atmospheres compared with a Ar/O2 deposition. The effect of the 

excitation modes on the growth of ITO films were also checked for pure Ar deposition. The 

excitation modes, i.e., from RF to pulsed-DC have a smaller effect on the crystallite growth 

at room temperature deposition compared to high temperature deposition. For room 

temperature deposition, the preferred orientation changes very slowly and the roughness 

evolution all composed of two transition stage: ion-bombardment induced surface diffusion 

dominates and then transfer to shadowing and crystallite growth leading the growth. 

However, for high temperature deposition, the kinetic energy of negative ions which affects 

the adatom mobility is less obvious than the thermal dynamics induced by the temperature. 

Distinct crystallite growth and morphology can be observed. 

.  
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4.2 Nucleation and growth of Al-doped zinc oxide films 

4.2.1 Introduction 

When considering the practical use of transparent conducting oxide films, not only their 

optical and electrical properties should be considered, but also environmental stability, 

work function  and compatibility with substrate or contact layer and other parameters of 

devices, as appropriate for the application. Although ITO films are still the best performing 

transparent conductors, the potential use of this material is considered to be reduced due to 

the rare and expensive element Indium. Some of the properties of In2O3 and ZnO are list in 

Table 4.4. Transparent conducting oxides composed of doped zinc oxide have found great 

interest and chosen as an alternative to replace bixbyite structured ITO as transparent 

conducting electrodes owing to its cheap and abundant resources, chemical stability and 

also the high visible transparent and electrical conductivity (as low as 2.4×10
-4 

Ωcm) in 

photovoltaic window and display technology applications. The electrical and optical 

properties of pure and also doped-ZnO have been extensively studied and reviewed.
20,152

 In 

the undoped state, pure ZnO has very high resistivity because the native point defects are 

not efficient donors which is different with In2O3. Fortunately, the electrical properties of 

ZnO can be improved by substitutional doping with group III element (B, Al, Ga or In)
152-

154
. However, the general performance of doped-ZnO is still not as good as that of ITO. In 

the present work, the microstructure and morphology of Al-doped zinc oxide (AZO) 

prepared by RF magnetron sputtering in different atmospheres are investigated. And we 

also tried to compare the structure evolution and electrical properties of AZO films with 

ITO films to figure out why the property of AZO is inferior to ITO. 

ZnO is a direct wide band-gap (Eg=3.37 eV at room temperature) II-VI binary 

compound semiconductor and crystallizes in three forms: hexagonal wurtzite, cubic zinc-

blende, and cubic rocksalt structure, in which wurtzite structure is the most 

thermodynamically stable and common phase at ambient conditions.
5
 The zinc-blende ZnO 

structure can be stabilized only by growth on substrates with a cubic lattice structure and 

the rocksalt structure can only be prepared at relatively high pressures (10 GPa) or when it 

is alloyed with a high amount of magnesium. The wurtzite structure of ZnO, schematically 

shown in Fig. 4.25, consists of two interpenetrating hexagonal close-packed sublattices, 

each of which is composed of one type of atoms displaced with respect to each other along 

the threefold c-axis.
155

 The bulk lattice parameters reported in literature for wurtzite ZnO, 

i.e., that of in hexagonal unit cell are: c= 0.52066 nm and a= 0.32498 nm (JCPDS 36-1451) 
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and the ratio of c/a =1.6. ZnO belongs to the space group P63mc in the Hermann-Mauguin 

notation. However, the lattice parameters for ZnO thin films strongly depend on the doping 

and the deposition conditions. The wurtzite ZnO structure lacks an inversion plane 

perpendicular to the c-axis which means that the surfaces have either Zn polarity with a 

designation of (0001) plane or O polarity with a designation of ( 0001


) plane. The 

distinction between these two directions is essential due to their polarization charge. The 

polar surface of ZnO is metastable in nature and is responsible for some unique properties 

including piezoelectricity, spontaneous polarization, and a strongly anisotropic etching 

behavior.
5
 The Al-doped zinc oxide films exhibit in all cases the wurtzite structure of ZnO. 

 

 

Fig. 4.25: the crystal structure of 

wurtzite ZnO: perspective view 

perpendicular to the c-axis. Large 

yellow balls and small gray balls 

denote O and Zn atoms, respectively. 

Dotted lines show the unit cell.
5
 

 

Table 4.4: Properties of In2O3 and ZnO.
20 

fH is the heat of formation per formula unit of 

indium oxide and zinc oxide. Tvp is the temperature at which the metal has a vapor pressure 

of 10
-3 

Pa. 

Property In2O3 ZnO 

Crystal structure,  

lattice parameters (nm) 

cubic, 

a: 1.0117 

hexagonal, 

a: 0.32498; c: 0.52066 

Density (gcm
-3

) 7.12 5.67 

Band gap Eg (eV) >2.7 3.37 

Melting point (°C) 1910 1975 

Melting point of the metal (°C) 157 420 

fH  (eV) 9.6 3.6 

Tvp (°C) 670 208 

Average amount of the metal  

in the earth’ crust (ppm) 

0.1 40 
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4.2.2  Experimental details 

The depositions were performed in the same load-lock sputtering system in which the 

ITO preparation has been performed (see chapter 4.1.2). Aluminum doped zinc oxide 

(AZO) thin films were deposited by RF magnetron sputtering from a ZnO/Al2O3 (98/2 

wt.%) target at a total pressure of 0.3 Pa. The target-to-substrate distance is fixed at 6.1 cm. 

The magnetron plasma was excited by a 13.56 MHz RF generator RTX-600 combined with 

an ATX-600 matching network power supply by Advanced Energy at a constant power of 

50 W. Borosilicate glass with dimensions of 10×10×1.1 cm
3
 was used as substrates, which 

was kept at room temperature or 300 °C by a boron nitride-encapsulated graphite heater 

during the deposition. According to section 4.1.3, we know that the sputtering atmosphere 

plays an important role in determining the microstructure and morphology evolution of ITO 

thin films. Therefore, AZO films were also prepared at room temperature (RT) in different 

atmospheres: pure Ar, a mixture of Ar/O2 or Ar/H2, while keeping the total sputtering 

pressure constant. With changing the additional gas from O2 to H2, the deposition rate was 

found to decrease. Moreover, the influence of substrate temperature on the microstructure 

and morphology evolution of AZO thin films was analyzed by depositing a thickness series 

onto preheated substrates of 300 °C in pure Ar. The electrical properties of 300°C- AZO 

films were also measured and compared to that of ITO films. 

4.2.3 Growth of AZO films in different sputtering atmospheres 

4.2.3.1 Growth of AZO films in pure Ar 

Fig. 4.26(a) shows the XRD patterns of AZO films prepared at RT in pure Ar with 

various film thicknesses ranging from 6.5 nm to 420 nm. The XRD spectra only show 

peaks of the {0002} peak family of hexagonal wurtzite ZnO (JCPDS_36-1451). No 

secondary phase (e.g. Zn, Al, Al2O3, and ZnAl2O4) was detected, suggesting efficient 

incorporation of Al dopants on Zn sites or too small grains. When the film thickness is 6.5 

nm, a weak and broad peak near 34.0° was observed, suggesting the film has poor 

crystallinity. The structure of the thicker AZO films was polycrystalline with preferred c-

axis orientation perpendicular to the substrate surface, which is due to the fact that the 

lowest surface free energy of the most densely packed (0001) planes in wurtzite ZnO
 156

. 

With increasing film thickness, the peak position of the (0002) peak does not change 

significantly, however the peak becomes sharper, indicating an improved c-axis orientation 

of the AZO films. The full width at half maximum (FWHM) of the (0002) peak, the 

crystallite size, the c-axis lattice constant and the mechanical stress of AZO films are 
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displayed in Fig. 4.26(b). With increasing film thickness from 6.5 nm to 105 nm, the 

FWHM decreases from 1.53° to 0.26° and the grain size increases from 5.4 nm to 33.1 nm. 

By further increasing the film thickness to 420 nm, a tendency for a thickness independent 

with grain size was observed, changing slightly from 33 nm to 35 nm. The crystallite sizes 

obtained here are of the same order of magnitude as reported by other authors
157-159

. The c-

axis lattice constant shows the same tendency as the crystallite size. The lattice constant is 

0.5249±0.0005 nm and 0.5267±0.0005 nm for 6.5 nm and 420 nm-thick films, respectively 

which corresponds to a relative change of 0.4%. All lattice constant are larger than that in 

pure ZnO (JCPDS_36-1451) suggesting a strong compressive stress. On the basis of the 

biaxial strain model
160

, the film stress σfilm can be calculated from the following formula, 

which is valid for a hexagonal lattice: 

2
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   (4.3)  

where cbulk  is the unstrained lattice parameter for ZnO powder (0.52066 nm, JCPDS_36-

1451).  For the elastic constant cij, data of single crystalline ZnO have been used: c11 

=208.8 GPa, c33=213.8 GPa, c12=119.7GPa, c13=104.2 GPa.
161

 The calculated film stress is 

displayed in Fig. 4.26(b). The result shows AZO films were in a state of compressive stress 

and the stress increases with increasing film thickness, and then only slightly decrease.  

  

Fig. 4.26: (a) XRD patterns for AZO films prepared in pure Ar at room temperature, and 

(b) the FWHM, crystallite size, c-axis lattice constant and stress derived from the (0002) 

peak parameter as a function of film thicknesses. 

 

 

(a) 

(b) 
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Fig. 4.27: 3D-AFM measurements of AZO films prepared in pure Ar at room temperature 

with nominal thicknesses (a) 6.5 nm, (b) 52.5 nm, (c) 105 nm, (d) 210 nm, (e) 315 nm and 

(f) 420 nm. (g) Height profiles h(r) at middle position for the different AZO films.  

The film composition was measured by Rutherford backscattering spectrometry (RBS) 

method. The portions of Zn, Al and O are 44.4 at.%, 2.2 at.% and 53.4 at.%. The Al dopant 

content in the film is close to the Al content in the target. 3D-AFM images with a scan size 

of 5×5 µm
2
 of AZO films are shown in Fig. 4.27. Different morphologies can be observed 

for the different film thicknesses. Height profiles h(r) at the middle position along x-axis of 

different thickness films are displayed in Fig. 4.27(g). From the height profiles, two length 

scales can be seen: the first one formed by small aggregates of grains and the second one 

defined by the height fluctuation of the different grains. When comparing different height 

profiles in Fig. 4.27(g), it is possible to see the initial stages of development of the surface 

morphology. When film thickness is less than 52.5 nm, very smooth surface with a 

subnanoscale corrugation appears. When the film thickness is above 105 nm, hillock-like 

particles grow along the <0001> direction on the first smooth layer. The hillock structures 

(a) (b) (c) 

(d) (e) (f) 

(g) 
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have been reported for ZnO or doped ZnO by magnetron sputtering
162

, PLD
163

, MOCVD
164

 

and vapor phase transport process
165

. With increasing film thickness, these hillocks grow 

bigger and denser due to the increased compressive stress and form a continuous film 

covering the first smooth layer. The evolution of double layer can be clearly observed when 

the film thickness is over 52.5 nm. The rough 3D-columnar structure grows both on lateral 

and perpendicular directions. Hayamizu et al.
166

 investigated the mechanism of the growth 

of ZnO films on glass substrates by pulsed laser deposition and found two stages of the 

growth process of ZnO films. They suggested an amorphous layer around 5 nm formed at 

the first stage of deposition which plays an important role in the c-axis orientation of the 

ZnO film deposited on top of it. Subsequently, first a polycrystalline layer (5~10 nm) 

followed by a c-axis oriented layer (>10 nm) begins to grow on the amorphous ZnO layer. 

Obviously, according to previous XRD analysis, there is a transition from nanocrystalline 

to c-axis oriented polycrystalline structure which is related to the evolution of smooth to 

rough layer. 

 
Fig. 4.28: Surface roughness w, correlation length ξ and roughness exponent α of AZO 

films prepared in Ar at room temperature as a function of the film thickness. 

By using the height-height correlation function H(r,t), the root-mean square surface 

roughness w, the lateral correlation length ξ, and the roughness exponent α can also be 

calculated. The surface roughness w as a function of the film thickness df in a log-log scale 

is plotted in Fig. 4.28. The variation of the surface roughness can be divided into two 

regions. The evolution of roughness can be described as ~ fw d 
 with the growth exponent 

β>0 in the dynamic scaling theory.
2,3

 However, as shown in Fig. 4.28(below), the 

roughness is slightly decreasing from 0.26 nm to 0.16 nm with increasing film thickness 
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from 6.5 nm to 26 nm in the early growth stage. A negative growth exponent β can be 

obtained which is an anomalous value. The development of the flat surface is caused by the 

surface diffusion of the initial ZnO nuclei. A crossover to β> 0 follows in the later growth 

stage. The roughness increases monotonically from 0.31 nm to 12.6 nm when the film 

thickness increases from 52.5 nm to 630 nm with a growth exponent β=1.47±0.07. Such a 

large growth exponent does not fit to any growth model described in Ref.
 
2 and 3, in which 

the largest dynamical scaling exponent β of 1 can only be simulated for a pure shadowing 

effect
60,61

. Therefore, it can be expected that the shadowing plays an important role during 

our sputtering process, and there should exist another roughening mechanism to generate 

β> 1. The intrinsic material properties such as polarity, surface free energy should play an 

important role. In this thickness range the correlation length ξ increases from 26 nm to 120 

nm and can be fitted by a power law 
0.64~ fd . The lateral correlation length is close to the 

vertical crystallite size estimated from XRD when the film is thinner than 105 nm, but a 

factor of 2 to 4 larger when the film is over 105 nm thick. The roughness exponent α 

increases from 0.54 to 0.75 with increasing the film thickness from 52.5 nm to 105 nm. For 

even larger thicknesses the exponent stays constant at a value of about 0.84 with further 

deposition. Zhu et al.
36

 reported similar result during ion-beam-assisted growth of 

amorphous diamondlike carbon films. They attributed the film growth involving substrate 

surface process to the ion bombardment during the deposition. This means that the substrate 

surfaces have an important influence on the film roughening in the initial growth stage. In 

our deposition process, the negative ion bombardment also should have a very strong effect 

on the film growth. Vasco et al.
163

 observed that the roughness evolution of ZnO films 

deposited on InP(100) substrates at 350°C by PLD is characterized by two different growth 

regimes: the first regime is dominated by shadowing effects owing to the angular spreading 

of the incident material flux under high-pressure deposition condition which results in β 

values of 1. The second regime is characterized by smaller β value of 0.6 due to the 

competition between the step-edge barrier effect induced by the development of a 

pyramidal structure surface and the shadowing effect. Hur et al.
167

studied the evolution of 

surface roughness and strain relaxation versus the film thickness of ZnO films grown on 

sapphire (0001) at 550 °C by RF magnetron sputtering deposition with a deposition rate 0.6 

nm/min. They found three regimes of the film growth: 2D planar layer-by-layer growth for 

the highly-strained first growth stage with β1 =0.12 when the film thickness is less than 9.2 

nm, the lattice strain is 0.1% for the 9.2 nm-thick film. In the second growth stage 3D 

island growth occur due to strain relaxation characterized by β2=1.579 (9.2 nm < df < 34 
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nm). Continuing the growth to reach the strain relaxed steady-state regime leads to 

β3=0.234. In the present work, the deposition rate is more than 20 times higher compared to 

the value reported by Hur et al.
167

. The compressive stress in our film takes longer time to 

relax. The microstrain of 420 nm-thick AZO film prepared at room temperature is 1.16%, 

which is still very high indicating the fully strain relaxation might take place only for even 

thicker film. Therefore, the shadowing effect and increased crystallinity plus the high 

compressive stress lead to the highly abnormal growth behavior in our case. 

4.2.3.2 Growth of AZO films in Ar/1%O2 

AZO films with different thicknesses were deposited in an Ar/1%O2 atmosphere at room 

temperature. X-ray diffraction analysis revealed that all films exhibit the typical hexagonal 

wurtzite ZnO phase only showing {0002} family peaks, i.e. c-axis preferred orientation. 

Though, the borosilicate glass is amorphous, the AZO films present strong c- axis-oriented. 

This means these AZO films develop to a self-textured structure due to minimization of the 

surface energy
168

. With increasing film thickness from 31 nm to 250 nm, as shown in Fig. 

4.29, the lattice constants decrease from 0.5265 nm to 0.5260 nm, but they still all larger 

than 0.52066 nm, the value of the unstrained ZnO (JCPDS_36-1451), suggesting that the 

film contains compressive stress. The compressive stress varies in the same way as the 

lattice constant and it is smaller than that in pure Ar deposition. The FWHM decreases and 

the crystallite size derived from XRD increases from 19 nm to 35 nm.  

 

Fig. 4.29: The FWHM, lattice constant c, and grain size of AZO films prepared in Ar/1%O2 

atmosphere at room temperature as a function of film thickness. 
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Fig. 4.30 displays the surface morphology of these AZO films measured by AFM. The 

morphology of the AZO films prepared in Ar/1%O2 atmosphere is very similar to that 

prepared in pure Ar, shown in Fig. 4.27. It can also be seen that a first smooth layer grows 

and later rough 3D-islands develop. These hillock mounds become larger in both lateral and 

vertical direction. The evolution of the hillock structure can be more clearly observed from 

the height profiles of these films in Fig. 4.31(inset).  

 

Fig. 4.30: 3D-AFM measurements for AZO films prepared in Ar/1%O2 atmosphere at room 

temperature with various nominal thickness (a) 31 nm, (b) 62.5 nm, (c) 125 nm and (d) 250 

nm. 

 
Fig. 4.31: Surface roughness w of AZO films prepared in Ar/1%O2 (black ■) and pure Ar 

(blue ▲) atmosphere as a function of the film thickness. The inset shows the height profiles 

for 62.5 nm and 250 nm-thick films respectively.  

(a) (b) 

(c) (d) 
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From Fig. 4.31, it can be seen that with increasing film thickness from 31 nm to 250 nm, 

the roughness increases from 0.4 nm to 5.7 nm, which is bigger than that in pure Ar 

deposition when comparing the roughness of similar thickness film. The fitting growth 

exponent β=1.29±0.05 which is slightly smaller than β=1.47±0.07 in pure Ar deposition at 

room temperature. Kajikawa
168

 investigated comprehensively the texture development of 

polycrystalline ZnO films and pointed out that the preferred orientation growth of ZnO is 

affected by preferential nucleation, preferential crystallization, sticking process, surface 

diffusion and grain growth. In the initial nucleation stage, random orientation nuclei are 

formed on the non-epitaxial substrates. At the same time, there exists another process 

where preferential nuclei form with a specific crystallographic direction normal to the 

substrate when the preferred orientation is the lowest surface energy plane parallel to the 

substrate. With initial preferential nuclei growth, the film develops an equiaxied columnar 

structure. Obviously, our AZO films show a non-equiaxed columnar structure. It means 

even though the initial nuclei have random orientation on the glass substrate, the c-axis 

strong orientation has a fast development in the growth stage which dominates the film 

morphology. Here it involves the 3D hillock structure. Kajikawa
168

 also pointed out that the 

surface diffusion along grains would restrain the surface with higher energy and assist 

lower energy surface growth which will reduce the surface texture character and smoothen 

the surface. In the present work, by O2 addition to the sputtering atmosphere, more Zn-Al-

O nucleation sites are formed and the sticking probability of Zn-Al-O species increases 

causing increasing c-axis preferred orientation
169

 and then roughens the surface. And 

surface diffusion among grains, i.e. mobility of Zn and Al atoms which smooth the surface 

is reduced which are probably the reasons the roughness is higher than in pure Ar 

deposition. Note that the roughness is mostly contributed by these 3D hillocks which are 

the result of c-axis orientation growth and high compressive stress parallel to the film 

surface, that increases the shadowing and generate the abnormal growth exponent. 
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4.2.3.3 Growth of AZO films in Ar/H2 atmosphere 

Van de Walle
170

 presented a theoretically investigation on the formation of a shallow 

donor level in ZnO by hydrogen, which was confirmed experimentally by different 

groups
171 -173

. Therefore, adding hydrogen to the magnetron sputtering process or post 

annealing in hydrogen atmosphere can be used to improve the conductivity of aluminum or 

gallium doped ZnO films.
174 - 176

 With increasing hydrogen content, the resistivity of 

doped/undoped ZnO films decreases due to an increase of the electron concentration and 

Hall mobility but the crystallinity deteriorates. In this work, we also prepared Al-doped 

ZnO film in hydrogen containing atmosphere during the sputtering process and investigate 

the dynamic scaling behavior. 

AZO films with various thicknesses were deposited at room temperature in different 

Ar/H2 atmospheres with H2 contents of 5% and 10%. The deposition rate was 8.3 nm/min 

and 7.8 nm/min for Ar/5% H2 and 10% H2 atmosphere deposition, respectively, lower than 

that in pure Ar deposition (~14 nm/min). According to the XRD patterns, shown in Fig. 

4.32 for 45 min-depositions in both atmospheres, it can be clearly seen that the hydrogen 

strongly deteriorates the film crystallinity when comparing with pure Ar and Ar/O2 

deposition in the previous two sections. Only a very broad and weak peak can be observed 

for Ar/5%H2 deposition indicating the film presents almost X- ray amorphous or 

nanocrystallite structure. 

 

Fig. 4.32: XRD patterns of AZO films prepared in (a) pure Ar for t=15 min, (b) Ar/5% H2 

and (c) Ar/10%H2 for t =45 min at room temperature. The respective film thicknesses are 

210 nm, 351 nm and 370 nm. 

 



4.2 Nucleation and growth of Al-doped zinc oxide films 

89 

 

Fig. 4.33: Evolution of the surface microstructure for AZO films prepared at room 

temperature with various nominal thicknesses in (a) Ar/5%H2 and (b) Ar/10%H2. 

The evolution of the surface morphology of AZO films characterized by AFM is 

illustrated in Fig. 4.33 (a) Ar/5% H2 and (b) 10% H2 atmosphere respectively. All the 

images have lateral scan sizes of 2×2 µm
2
 and the same height scale displayed on the left 

side of the graphs. It can be seen that all the films exhibit similar surface topographies 

consisting of globular grains that become larger as the film thickness, i.e. deposition time, 

increases. The morphology evolution of these films is different from that of the films 

sputtered in pure Ar and Ar/O2 atmospheres, which show a layer plus island growth type. 

By quantitative analysis of the growth interface, the statistical characteristics such as 

surface roughness w, roughness exponent α and correlation length ξ are checked from 

height-height correlation functions. Fig. 4.34 shows the height-height correlation functions 

in the log-log scale for two thickness series deposited in (a) Ar/5% H2 and (b) 10% H2 

atmosphere. The general behavior of H(r) for different hydrogen contents is very similar. It 

increases linearly as a function of the lateral position in the short range and then reaches to 

a plateau for longer distance. Obviously, H(r) of 15 min-sample jump to higher in 10% H2 

deposition than low hydrogen deposition indicating a rougher surface. The roughness 

exponent α can be extracted by linear fitting of H(r) in the short-range part, displayed in 

Fig. 4.35(a). With increasing film thicknesses, α increases for the depositions with 5% H2 

but shows a saturation trend for large film thicknesses for the high hydrogen content 

deposition which is in the range of 0.65~0.84, indicating the growth of AZO films in 

(b)  

t=45min, w=2.87 nm 

 

t=30min, w=2.0 nm  

 

t=15min, w=0.72 nm 

 

t=5min, w=0.51 nm 

 

t=45min, w=3.15 nm 

 

t=30min, w=2.52 nm 

 

t=15min, w=1.72 nm 

 

t=3.3min, w=0.51 nm 

 

(a)  
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hydrogen is non-stationary. The correlation length ξ for Ar/10%H2 deposition is slightly 

larger than lower hydrogen deposition and increases with film thickness as ξ~df
0.44±0.04

. 

  

Fig. 4.34: The height-height correlation function of AZO films prepared at room 

temperature in different atmospheres: (a) Ar/5% H2 and (b) Ar/10% H2. 

 

Fig. 4.35: (a) Roughness exponent α obtained from the height-height correlation functions 

and (b) surface roughness w of AZO films prepared in different atmospheres as a function 

of the film thickness. 

The variation of the surface roughness with the film thickness for AZO films prepared in 

Ar/5%H2 and 10%H2 atmospheres is plotted in Fig. 4.35(b). The surface roughness for the 

low hydrogen content is smaller than for the higher hydrogen content, but both are more 

than two times smaller in comparison to the depositions without hydrogen. Two regions 

with different values of the growth exponent β can be distinguished for the films deposited 

in Ar/5% H2 atmosphere. At low film thicknesses, i.e. deposition times, the increase of 

roughness is slow with small β of 0.25±0.03. Then a transient regime appears. With further 

increasing film thickness, the value of the growth exponent changes to 1.28±0.13. 

However, no transient regime can be observed for Ar/10% H2 deposition films. In the 

whole thickness range from 26 nm to 351 nm, the surface roughness increases from 0.51 
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nm to 3.15 nm with a growth exponent β of 0.73±0.05. The competition between 

shadowing effects and surface diffusion dominates the film morphology. The incorporation 

of hydrogen in the film mostly influences the dynamics behavior of the grain growth, i.e. 

diffusion of material along the grains. By successive introduction of hydrogen during the 

sputtering process, H plasma can remove the O atoms and then the surface mobility of Zn 

atom increases. Therefore strong surface diffusion induces a small growth exponent for the 

Ar/5% H2 deposition. When more material is deposited on the substrate surface, the 

increased nanocrystallinity and continuously depleting small grains growing at the grain 

boundaries by H plasma deepen the valley and help to roughen surface. With increasing 

hydrogen content till 10% during the deposition, the crystal growth roughening effect can 

be ignored due to the amorphous structure. The increased roughness is probably due to the 

decreased nuclei size in the initial growth stage by the lack of O atoms, and continuous H 

plasma depleting the increased grain boundaries at the later growth stage.  

4.2.4 Temperature effect of the growth of AZO films  

In order to study the effect of the substrate temperature on the AZO film growth, the 

structure and the morphology of AZO films prepared in pure Ar at a substrate temperature 

of 300 °C were investigated. XRD patterns of AZO films with various thicknesses are 

shown in Fig. 4.36(a). When the film grows to 33 nm-thick, a broad (0002) peak around 

34.35°can be observed. The FWHM is 0.8° and the crystallite size is 10 nm. With 

increasing film thickness from 55 nm to 515 nm, the FWHM decreases from 0.33° to 0.18° 

and crystallite size of (0002) peak increases from 25 nm to 47 nm, as displayed in Fig. 

4.36(b). The lattice constant changes from 0.5220 nm to 0.5204 nm (relative change 0.3%) 

with increasing film thickness. The stress nearly relaxes for high temperature deposition.  

 

Fig. 4.36:(a) XRD patterns of AZO films prepared in pure Ar at 300 °C, and (b) the FWHM, lattice 

constant, stress and grain size derived from the (0002) peak as a function of the film thickness.  
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Fig. 4.37: 3D-AFM images and corresponding height profiles h(r) for AZO films prepared 

in pure Ar at 300 °C with various nominal thicknesses (a) 6 nm, (b) 11 nm, (c) 33 nm, and 

(d) 515 nm. 

The surface morphology of the 300 °C AZO films was also characterized by AFM. 

Some typical 3D-AFM images and the corresponding height profiles h(r) are shown at Fig. 

4.37. When the film thickness is 6 nm, mounded grain features with the size varying from 

10 nm to 80 nm are dispersive distributed on the substrate surface, suggesting a typical 3D-

island growth. According to transmission electron microscopy and atom probe tomography 

results on AZO films prepared in the same sputtering system and same target from André 

(a) 

(b) 

(c) 

(d) 
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Bikowski
176

, an enrichment of the aluminum layer i.e. Al2O3 or ZnAl2O4 is prone to form in 

the interface region to the substrate, especially at high temperature since Zn atoms re-

evaporate from the substrate. By X-ray photoelectron spectroscopy measurement (kindly 

performed by Xin Song, not shown here) and RBS analysis, the atomic ratio of Al/Zn in 6-

nm thick film is 0.18, four times higher than the value of 0.045 in thicker bulk films, which 

also confirms the Al enrichment layer, very likely composed of these 3D mounds in Fig. 

4.37 (a). When less Zn atoms are incorporated in the initial nuclei, it is also hard for 

crystallization hence the (0002) peak does not show up. 11 nm-thick AZO film shows 

similar behavior as the 6 nm-thick film, but the distribution of the grain size slightly 

becomes smaller as indicated from Fig. 4.37(b). With depositing more material on the 

surface, the mounds continuously coarsen and the lateral grain size decreases first and then 

increases when the film becomes continuous. Then the preferred c- axis orientation growth 

can be observed. 

 

Fig. 4.38: Surface roughness w, correlation length ξ and roughness exponent α of AZO 

films prepared in Ar at 300 °C as a function of the film thickness. 

The surface roughness w of AZO films prepared at 300 °C is plotted at Fig. 4.38(below) 

in a log-log scale as a function of film thickness df. The roughness evolution can be also 

divided into two regions. In the first initial stage, with increasing film thickness from 6 nm 

to 33 nm the roughness shows no apparent increases from 0.84 nm to 0.92 nm, much higher 

than roughness (0.21 nm) of pure substrate, i.e., with a growth exponent nearly to zero. By 

looking at the roughness exponents obtained from height-height correlation functions, 
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shown in Fig. 4.38(above), it appears that it does not remain constant for different film 

thickness, i.e. deposition time as it is predicted by the conventional dynamic scaling 

theory
24

 while the values are very close to these of RT deposition. The correlation length, 

displayed in Fig. 4.38 (above) decreases from 58 nm to 35 nm. For larger film thicknesses 

when the film grows continuously, there is a roughness evolution transition. The roughness 

increases from 0.75 nm to 2.59 nm with increasing film thickness from 55 nm to 515 nm in 

the second growth stage with a much higher growth exponent β of 0.57±0.03. And the 

correlation length also increases with a power law ξ~df
0.28±0.03

. The roughness exponents α 

also show first a decrease and then increase tendency in the whole thickness range. 

Comparing the roughness behavior for 300°C and RT deposition films, the roughness is 

larger in the initial growth stage but much smaller in the later growth stage which due to the 

different growth mechanism, i.e. first smooth 2D growth then transforming to 3D growth 

for RT deposition, but typical 3D growth for 300°C deposition which account for the high 

adatom mobility and a faster strain relaxation.  

 

Fig. 4.39: Electrical resistivity ρ, free carrier concentration n and Hall mobility μn of AZO 

films and ITO films prepared at 300 °C as a function of film thickness. 

The electrical properties, i.e., the resistivity ρ, free carrier concentration n and Hall 

mobility μn of AZO films prepared in pure Ar at 300 °C as a function of film thickness df 

for df ≥33 nm are displayed in Fig. 4.39. For thinner AZO films (6 nm and 11 nm), the 

electrical resistivity is too high to be measured, caused by the discontinuous surface. It 

reveals that the resistivity is 8.0∙10
-3

 Ωcm and 1.0∙10
-3

 Ωcm measured for 33 nm and 55 

nm-thick films, respectively. The resistivity decreases significantly by one order of 
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magnitude with increasing film thickness from 33 nm to 55 nm. Further increasing the film 

thickness, the resistivity of the AZO films decreases very slightly compared to the earlier 

drop, down in the range of 7.5∙10
-4

 Ωcm. The evolution of the resistivity for AZO films is 

attributed to the inverse trend of carrier concentration n and Hall mobility μ, shown in Fig. 

4.39. With increasing thickness from 33 nm to 55 nm, n and μ increase by a factor of 3.5 

and 2, respectively, and then a weaker variation is observed for thicker films. Similarly, the 

dependence of the electrical properties on roughness exponent is not evident in the present 

experiment. For comparison, the electrical properties of ITO films prepared at 300°C 

(section 4.1.4.2: 13.56 MHz RF deposition) are plotted in Fig. 4.39 too. Similar but slowly 

drop-down transition behavior of resistivity can be observed with increasing film thickness. 

Interestingly, the resistivity of an ITO film only 9 nm-thick is 1.9∙10
-4

 Ωcm, already four 

times lower than that of the best performance AZO film prepared here, attributed to higher 

carrier concentration and mobility. Therefore, low resistivity of very thin ITO film indicates 

the high density of nuclei. With increasing ITO film thickness to 550 nm, ρ is only 

improved by a factor of two.  

The transition region for the resistivity of the AZO films is in correspondence with the 

roughness evolution (Fig. 4.38). When the film thickness is less than 55 nm, after the 

islands grow and coalesce to form a continuous film, the continuous conduction paths build 

up and the resistivity decreases whereas the roughness varies slightly with increasing film 

thickness, and then after the transition region (33nm~55nm), the roughness increases with a 

growth exponent β of 0.57 but resistivity only slightly decreases, suggesting an 

independence of the resistivity on the film thickness and the surface roughness in the later 

growth stage. In terms of the relation between roughness evolution and electrical properties 

of ITO films, the roughness of ITO films first increases with a growth exponent β of 0.89 

(df ≤50 nm) and then increases slowly with a smaller β of 0.22. The transition of roughness 

around 50 nm is also linked to reaching the steady state region of resistivity evolution. Note 

that when df ≤50 nm, the roughness of AZO film is higher than that of the ITO films. Only 

after the transition stage, the roughness of ITO film becomes larger due to the higher 

growth rate normal to the substrate. Zhang et al.
129

 performed a thickness variation for 

In2O3 epitaxial films on Y-stabilized ZrO2 substrates and observed that the change in 

morphology from thin film to thick film is accompanied by a progressive relax atom of the 

tensile strain and an increase in the carrier mobility. The drop-down transition in resistivity 

(or jump-up of mobility) of AZO and ITO films can be also assigned to the release of stress 

with increasing film thickness. 
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4.2.5 Conclusions  

The evolution of the microstructure and the morphology of aluminum-doped zinc oxide 

(AZO) films deposited by RF magnetron sputtering in different atmospheres: pure Ar, 

Ar/O2 and Ar/H2 at room temperature, was investigated as a function of the film thickness 

by XRD and AFM. From the XRD results, c-axis orientation of hexagonal wurtzite AZO 

was observed for pure Ar and Ar/O2 deposition. This growth can be described by the 

Stranski-Krastanov model, i.e. layer growth plus island growth. Additional hydrogen in the 

sputtering atmosphere deteriorates the crystallinity of the films and makes it even X-ray 

amorphous. This growth regime can be described by the Volmer-Weber model, i.e. island 

growth was observed. The dynamic scaling behavior of the AZO film growth in different 

deposition process is listed in Table 4.5. The roughness exponents do not vary significantly 

when changing the sputtering atmosphere and are independent on the film thickness. The 

abnormal growth exponents β>1 are observed in pure Ar and Ar/1%O2 depositions at room 

temperature which may be most likely ascribed to the presence of shadowing effects and 

the compressive stress parallel to the substrate induced preferred c-axis grain growth. The 

reduced growth exponent for hydrogen deposition at room temperature and pure Ar 

deposition at high temperature is dominated by shadowing effect and relaxation of stress. 

The electrical properties of AZO and ITO were also measured. The performance of very 

thin ITO film (~9 nm) is already much better than thick AZO films due to the much higher 

density of ITO nuclei. The resistivity of AZO and ITO films decreases and reaches a 

steady-stage after a transition region (~50 nm). For AZO films, the electrical performance 

can be correlated with the evolution of the surface morphology, i.e. 3D islands aggregate 

and then form continuous films to form the conduction paths, but is not suitable for the 

evolution of ITO film due to the high density of nuclei. 

Table 4.5: Growth exponent β and roughness exponent α for AZO films prepared in 

different sputtering atmospheres and different temperatures. 

Ts 300 °C RT RT RT 

Atmosphere pure Ar pure Ar Ar/1% O2 Ar/5% H2 Ar/10% H2 

α 0.78~0.86 0.54~0.75 0.56~0.76 0.65~0.84 0.71~0.82 

β 0.57 1.47 1.29 0.25, 1.28 0.73 
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5 One-stage deposition of Cu(In,Ga)S2 films by dc reactive 

magnetron sputtering 

The chalcopyrite semiconductors Cu(In, Ga)S(e)2 have attracted great scientific and 

technical interest owing to their exceptional optoelectronic properties for photovoltaic 

applications. Cu(In,Ga)S(e)2 belong to the I-III-VI2 semiconductor material class and they 

exhibit tetrahedrally bonded chalcopyrite structure. Cu(In,Ga)Se2 (CIGSe) based thin film 

solar cells exhibit the world record efficiency for polycrystalline absorber materials of 

20.8% on laboratory scale.
177,178

 While so far, the highest efficiency of Cu(In,Ga)S2 (CIGS) 

solar cells is less than 13% when prepared by reactive magnetron sputtering
179

 or other 

deposition techniques
180

. The three-stage co-evaporation process, which was mostly used 

for the absorbers with the highest efficiencies, is generally considered to be inadequate for 

cheap, large-scale production because of its complicated processing steps. Scientific and 

technological research efforts have started to focus on exploring cost-effective and large-

scale one-step processes for CIGS(e) absorber film preparation.
3, 181 - 184

 Among them, 

reactive magnetron sputtering is characterized by several advantages like its large-area 

scalability, one-step deposition and low temperature processing attributed to the ion-

assisted film growth. It was reported that the main defects of magnetron-sputtered CIGS 

solar cells are microscopic pin holes and crevices which lead to short circuits.
185

 In order to 

reach higher efficiencies with high reproducibility, the microstructure and morphology of 

the CIGS films have to be optimized and a detailed understanding of their nucleation and 

growth mechanisms is needed. For CIGS(e) films grown by co-evaporation or molecular 

beam deposition, grain growth models and substrate roughness effects have been studied by 

different groups
186-190

. Gossla et al.
186

 grew CuInS2 films on (100) Si and glass by three-

source molecular beam deposition. They characterized the properties of room-temperature 

(RT) grown films and subsequently discussed how the annealing, substrate temperature and 

deposition rates affect the crystallinity and the surface morphology. Their films prepared at 

RT were planar with a surface roughness (w~4 nm) well below 10% of the total film 

thickness (~60 nm) which was not affected by deviations from stoichiometry and 

amorphous structure was insensitive to the deposition rate. Films prepared at high 

temperature showed island growth and a much rougher surface (w~17 nm) compared to the 

RT-deposition due to the increased crystal quality, whereas the crystallinity was not 

affected strongly by the deposition rate which only influenced the surface morphology. 
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Walter and Schock
187

 studied the crystal growth and diffusion process in four source co-

evaporated polycrystalline CIGSe thin films on glass. They found epitaxial effects and 

interdiffusion of indium and gallium closely linked to the existence of CuxSe on the surface 

which has a big impact on the growth of CIGSe films with large crystallites. Liao and 

Rockett
188

 studied the epitaxial growth of CIGSe films on (110)-oriented GaAs substrates 

by a hybrid sputtering and evaporation process. They reported the epitaxial growth 

temperature for the (220)/(204)-oriented layers was lower than (112) and other textured 

surfaces which was suggested to be due to the higher facet density and consequently to 

shorter diffusion distances. The polar {112} surfaces have much lower energies than the 

nonpolar (220)/(204) surfaces and couple with surface reconstructions. Schlenker et al.
189

 

investigated the initial growth stage of CIGSe on Mo films on glass prepared by thermal 

evaporation. They observed three-dimensional island growth, i.e. Volmer-Weber growth 

mode and the density of the CIGSe nuclei were controlled by the deposition rate (0.6~8.2 

Ås
-1

) and the substrate temperature (400~600 °C). Schlenker et al.
190

 studied the grain 

growth of co-evaporated CIGSe films on the basis of a kinetic growth model. Grain growth 

with a (112) texture is energetically preferred and these grains grow at the expense of other 

orientations. Higher Cu-contents induce the growth of larger grains attributed to lower 

activation energies. However, for CIGS(e) films deposited by one-step reactive magnetron 

co-sputtering (RMS), only few work focused on their grain growth and surface evolution. 

Thornton et al.
191-193

 first demonstrated that single phase CuInSe2 films can be deposited by 

reactive co-sputtering from Cu and In planar magnetron sources in a mixed working gas of 

Ar/H2Se already in the 1980’s. They suggested the following formation reaction of 

CuInSe2: 2 2 22 2Cu In H Se CuInSe H    . At that time they achieved solar efficiencies 

of about 6% even though they observed an indium-rejection behavior during the film 

growth. Later probably due to the toxic gas (H2Se and H2S) complexity, reactive sputtered 

CIGSe was out of research focus and co-evaporated CIGSe was more concentrated. About 

two decades later, Meyer’s group
194

 and Ellmer’ s group
179,185, 195 - 198

 made efforts to 

develop an one-step RMS process attributed to the basic advantages of the sputtering 

process concerning the scalability which already mentioned in section 3.1. Meyer’s group 

focuses on the CuInS2 films on float glass and sapphire substrates by RF reactive sputtering 

method and still performing sulfurization during annealing process. Ellmer’s group were 

able to make Cu(In, Ga)S(e)2 based solar cell with a competitive efficiency around 12.2% 

by one-step RMS without sulfurization. They also investigated the nucleation and growth 

morphology of CIGS films prepared with different recipes by in-situ energy dispersive X-
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ray diffraction and ex-situ X-ray diffraction and microscopic characterization and tried to 

provide a good model system on CIGS to analyze the growth of chalcopyrites prepared by 

one-step RMS. Part of the presented results was already published in ref. 195.  

In this work, the evolution of the roughness scaling properties was studied for CIGS thin 

films prepared by one-step RMS. The purpose of this investigation is firstly to understand 

the scaling behavior of these CIGS films as a function of both deposition time (i.e. film 

thickness) and scale of the measurement. Secondly, to correlate further information with the 

deposition process this involved in the kinetic roughening mechanism by negative ions 

bombardment during sputtering. The aim is also to contribute to the general understanding 

of the processes controlling the growth of semiconductor films prepared by RMS which is a 

unique and relative cheap one-step procedure for CIGS absorber preparation. 

5.1 Experiments details 

The deposition of the Cu(In,Ga)S2 thin films were performed in a magnetron sputtering 

system, specially designed for the deposition of sulfides by sputtering in Ar-H2S mixtures 

and equipped with a load lock vacuum system (LESKER chamber) with a process chamber 

base pressure better than 10
-4

 Pa. This system is operated in the co-sputtering mode with 

two rectangular planar magnetron sputtering sources with a copper-gallium alloy 

(Cu85Ga15 with 15 wt.% Ga) target and an indium target, each with a size of 10.4 × 5.4 

cm
2
. The two targets are mounted with an inclination angle of 142° against each other. The 

average target-to-substrate distance was about 8 cm. The plasmas of both magnetrons were 

excited independently by two DC power supplies (Advanced Energy, MDX 1K). The 

sputtering pressure was fixed at 1 Pa with different Ar/H2S ratios. The Ar and H2S gas 

supplies were controlled by mass flow controllers from MKS instruments. The base 

pressure was measured with a full range gauge from Pfeiffer vacuum and the process 

pressure by a capacitance gauge (Baratron). A LabVIEW program was used to control the 

whole deposition system. Molybdenum-coated float glass substrates (Mo/glass), the usual 

back contact for chalcopyrite thin film solar cells, were used as substrates (5×1.25×0.2 

cm
3
). The deposition area in the used sputtering equipment was about 5×5 cm

2
. The 

substrates could be heated up to temperatures of up to 600 °C by a pyrolytic graphite heater 

encapsulated by boron nitride.  

Before the deposition of the CIGS film, pre-sputtering was usually performed with Ar 

gas (51 sccm results of 1 Pa) for at least 10 min to clean the target and stabilize the 
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discharge voltages for the CuGa target and the In target. Since the deposition parameters 

i.e. sputtering pressure, temperature, etc. play an important role on the film growth, in the 

following subchapters, these influences on the CIGS film growth will be discussed 

separately. Table 5.1 summarizes the general deposition parameters used in this work. 

Some as-deposited CIGS films were chemically etched in diluted potassium cyanide (KCN, 

3%, 3 min) to remove a Cu-rich layer from the surface (CuS, covellite).  

Table 5.1: Summary of typical deposition parameters for sputtered CIGS films. 

Ts(°C) P(CuGa)(W) P(In)(W) Pressure/Pa FAr/FH2S Deposition rate(nm/min) 

RT 70 70 0.5~1.5 2 

~100 

200 ~ 400 70 70 1 2 

5.2 Influence of sputtering parameters on the nucleation and growth of 

CIGS films 

5.2.1 Influence of deposition pressure 

  

Fig. 5.1: (a) XRD spectra of CIGS films on Mo/glass deposited at room temperature at different 

sputtering pressures, and (b) FWHM, peak position, peak height intensity of the (112) diffraction 

peak and crystallite size: P(CuGa)=P(In)=70 W, FAr/FH2S=2, t=5 min. 

The Cu(In,Ga)S2 films on Mo/glass were prepared by the one-step RMS at room 

temperature for different sputtering pressure varying from 0.5 Pa to 1.5 Pa while keeping 

the Ar/H2S ratio of 2 constant. Fig. 5.1(a) shows the X-ray diffraction spectra of four CIGS 

films prepared at room temperature for 5 min with different sputtering pressures. Only the 

chalcopyrite phase with a preferential (112) texture around 28° is detected with additional 

diffraction peak from Mo back contact. The other chalcopyrite peaks as (204)/(220) around 

46.7° and (312) around 55.4° are very weak. As can be seen from Fig. 5.1(b) , with 

increasing sputtering pressure from 0.5 Pa to 1 Pa, the intensity of the (112) peak increases 

and then decreases with further increasing the pressure up to 1.5 Pa. The full widths at half 
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maximum (FWHM) and crystallite size obtained from (112) peak have an inverse trend 

compared to the evolution of the peak intensity. When the sputtering pressure is 1 Pa, 

crystallite size is the biggest around 30 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2: AFM topography and SEM cross-sections for CIGS films prepared at different 

sputtering pressures (a) 0.5 Pa, (b) 1 Pa, (c) 1.25 Pa and (d) 1.5 Pa for t=5min. The 

dashed line is a guide to see the two layers. 

Fig. 5.2 displays the surface morphology as 2×2 µm
2
 AFM images and corresponding 

cross-sectional SEM micrographs for CIGS films. It can be clearly seen that the surface of 

CIGS films prepared at 0.5 Pa is inhomogeneous and consists of dispersed big aggregates 

(100~160 nm) on the top than those of higher pressure. It can be explained by the mean free 

path for sputtered species (Cu, In, Ga, S) is longer in lower pressure and the surface 

mobility of these species increases and hence form the big clusters.
77

 This result does not fit 

to the XRD analysis described above due to the fact that the grain size obtained from XRD 

is the size of the coherently diffracting regions normal to the substrate and the grain size 

obtained from AFM is parallel to substrate surface. Clear columnar structures appear when 

the pressure is over 0.5 Pa. The film thicknesses for all samples are very close which seems 

independent on the pressure, indicating the growth normal to the substrate is dominant by 

other sputtering parameters, i.e. substrate temperature, growth time and direction, sputter 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

CIGS 

 Mo 
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power, etc. Hence, 1 Pa was used to prepare other CIGS films in the following CIGS 

chapters. 

5.2.2 Influence of deposition time  

The effect of deposition time, i.e. film thickness, on the microstructure of CIGS films 

prepared by one-step RMS in a sputtering pressure 1 Pa with Ar/H2S ratio of 2. The 

substrate temperature (Ts) was kept at room temperature (RT) for the first 5 min and 

afterwards was increased during the deposition. For the 7 min and 10 min depositions, Ts at 

the end was 95 °C and 200 °C. The deposition rate was around 100 nm/min. The film 

composition for 5min-sample is measured by WDXRF, which the Cu, In, Ga and S 

contents are 26.2, 22.8, 4.3 and 46.7 at. %, respectively. Nearly stoichiometric CIGS film is 

obtained with Cu/(In+Ga)=0.97. 

 

Fig. 5.3: (a) XRD patterns of the CIGS films on Mo/glass substrates at different deposition 

times, and (b) FWHM of the (112) diffraction peak and (112), [(112)+(204/220)] 

diffraction peak height intensity ratio of  CIGS films I(112)/[I(112)/+I(204/220)] as a 

function of deposition time.
195

 

Fig. 5.3a shows a series of XRD patterns of CIGS films on Mo/glass deposited for 

different times. The chalcopyrite phase with (112) preferred orientation is mainly found 

with additional diffraction peaks from the Mo back contact. A weak diffraction peak around 

26.5° left to the (112) chalcopyrite diffraction peak can be tentatively assigned to the 

covellite phase (CuSx), since it decreases in intensity after selectively etching the covellite 

in a diluted KCN solution. The FWHM of (112) peak decreases from 0.47° to 0.21° and the 

XRD peak height intensity ratio I(112) to [I(112)+I(204/220)] increases from 0.52 to 0.90 

with increasing film thickness from 50 nm (0.5 min) to 1000 nm (10 min), as displayed in 

Fig. 5.3b indicating stronger preferred orientations along the (112) direction at longer 

deposition times and higher deposition temperatures. For t=0.5 min, the weak and broad 

(112) peak suggests poor crystallinity and a small grain size. From former investigations in 
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our group
179

 the CuInS2 films prepared by one-step RMS exhibit only low intrinsic stress 

values, significantly below 300 MPa, which agree well with the tensile strain values 

derived from X-ray diffraction
199

 and Raman measurements
200

 for evaporated CuInS2 films. 

Therefore the variation of the Ga content induces shift of the chalcopyrite diffraction peak. 

Also, for the calculation of the grain size from the XRD peak width, no microstrain was 

taken into account. The dg(XRD) which will be discussed together with the grain size 

obtained from AFM in the following part. 

The surface evolution as a function of the growth time, as 2 ×2 µm
2
 AFM images of the 

pure Mo and CIGS films on top for different deposition times is shown in Fig. 5.4. 

Although the surface of the Mo film (Fig. 5.4a) displays elongated grain structures, all 

CIGS surfaces exhibit spherical grain morphology. With increasing deposition time, the 

CIGS clusters aggregate and ramified islands were formed which grew bigger and denser to 

coalescence and form a continuous film covering the Mo substrate surface. This growth 

type is very similar to the growth of co-evaporated CIGSe films as investigated by 

Schlenker et al.
189

 who found island growth in the very early stages for their CIGSe films. 

Only their island density is much smaller than ours attributed to the slower deposition rate 

(a factor of 3) by evaporation. Additional higher kinetic energy by the negative 

bombardment from RMS process could induce a high density of nuclei. The height profiles 

of these structures, displayed in Fig. 5.4g, show that the lateral size grows and the surface 

corrugation increases significantly with increasing film thickness.  

 

Fig. 5.4: (a-f) AFM images of CIGS films on Mo coated glass substrates for t= (a) 0, (b) 

0.5, (c) 1, (d) 3,  (e) 5, (f) 10 min. (g) Line height profiles for the films with t= 0.5, 5, and 

10 min. 

(g) 
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Fig. 5.5 displays the cross-sectional SEM micrographs of CIGS films on Mo/glass. A 

clear columnar growth can be seen for CIGS films of sufficiently large thickness (≥ 300 

nm, t ≥3 min), comparable to the columnar morphology of the Mo layers, visible in the 

same SEM pictures. For growth times over 5 min (corresponding also to a rising substrate 

temperature) the CIGS columns develop much sharper pyramidal tops, which are related to 

the (112) texture growth of the CIGS films. The larger roughness (~11 nm) of the CIGS 

films in comparison to the Mo surface (roughness around 3 nm for comparable thickness) 

can be deduced from Fig. 5.5c, deposited for 5 min, showing both surfaces. For thicker 

CIGS films also some porosity between the columns can be observed, especially, when 

comparing with the packing of the columns in the underlying Mo films. This porosity is 

accompanied by a separation of the columns also in vertical direction. 

 

Fig. 5.5: Cross-sectional SEM micrographs of CIGS films on Mo/glass at different 

deposition times: t = 0.5, 3, 5, and 10 min. (The dashed lines mark the interfaces between 

CIGS layer and Mo layer).
195 

By AFM measurements, the growth process can be analyzed by measuring the evolution 

of the lateral grain size. Fig. 5.6(a) displays the grain size dg(AFM) of the CIGS films 

versus the film thickness df. For comparison, we also plot the grain size dg(XRD) calculated 

from the FWHM of the (112) diffraction peak using the Scherrer equation. The lateral 

dg(AFM) is more than twice larger than the vertical dg(XRD). Such a difference is not rare 

and was also reported by other researchers who derived the grain size from electron 

microscopy and XRD for CuInS2
194

 and other materials
201 , 202

. They attributed their 

observed difference to the domain structure of the grains, twinning of the grains and the 
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tendency to overlook smaller particles in electron microscopy. The grain size obtained from 

AFM and XRD can be fitted by a power law dg(AFM) ~ df
1/z

 with 1/z=0.33 and 0.24, 

respectively. These exponents are close to the experimental value for gold films reported by 

Ruffino et al.
203

 and match with a theoretical study of Novikov
204

 for normal grain growth, 

where the atomic diffusion at grain boundaries dominates the grain growth. Up to a film 

thickness of 100 nm, the surface of the CIGS film is relatively smooth. For thicker films, a 

part of the grains grows faster leading to larger aggregates, which increases the total 

average grain size and roughness. 

 

Fig. 5.6: (a) Mean grain sizes dg of CIGS films on Mo/glass, calculated with the Scherrer 

equation from the FWHM of the (112) diffraction peaks (●), and obtained from AFM 

measurements () and (b) surface roughness w derived from AFM scans as a function of 

the film thickness df. The lines are fitting curves. 

The advantage of AFM measurement is that the vertical morphology can also be 

characterized by the mostly used surface roughness. Fig. 5.6(b) shows the root-mean-square 

roughness w of CIGS films on Mo/glass as a function of the film thickness df on a log-log 

scale. In conventional dynamic scaling theory, the roughness exponent α and growth 

exponent β are independent of the film thickness, i.e. deposition time. However, for our 

Cu(In,Ga)S2 films there is a transition between different growth mechanisms, characterized 

by different β values. The roughness evolution of the CIGS films can be divided into two 

regions, as shown in Fig. 5.6(b). In the initial growth regime, w changes only slightly from 

2.2 nm to 2.7 nm for df ≤ 50 nm with a growth exponent β1=0.13±0.09. Such a small 

growth exponent indicates surface diffusion as the dominant mechanism which smoothes 

the surface. By increasing the surface diffusion effect, the exponent will become even 

smaller which was proven by the application of electron cyclotron resonance plasma.
197

 

Further increasing the film thickness, the roughness increases monotonically from 4.3 nm 

to 16 nm with a much bigger growth exponent β1=0.56±0.03. The increased growth 

(a) (b) 
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exponent is related to the oriented crystallite growth which enhances the shadowing effect 

and leads to surface roughening.  

 

Fig. 5.7: (a) 1D-power spectral density functions and (b) height-height correlation 

functions of CIGS films on Mo/glass obtained for different deposition times. 

As described in chapter 2.4, some growth processes does not follow the Family-Vicsec 

scaling relation and show an anomalous scaling behavior which was explained in terms of 

more complex scaling relations. The dynamic scaling derived from power spectral density 

function and height-height correlation function shows a difference. Here we will use both 

functions to derive the corresponding roughness exponents. Fig. 5.7 plots 1D-power 

spectral density functions (1DPSD) and height-height correlation functions (HHCF, H(r)) 

of CIGS films on Mo/glass obtained for different deposition times. It is clear that all 

1DPSD spectra are consisted two regions: (a) for high spatial frequency (large k values, 

small length scales), a negative slope presents and indicates the existence of kinetic 

roughening for these length scales; (b) for low spatial frequency (small k values, large 

length scales), the spectra are nearly saturated suggesting the lack of any lateral correlation 

in the surface roughness in these length scale range. The 1DPSD spectra are shifted 

upwards as the deposition time increasing up to 1 min for the initial growth region, which is 

also in accordance with the upward shifting for HHCF, as shown in Fig. 5.7(b). Thus, it can 

be concluded that there are two growth regimes with a crossover time close to 1 min, as 

already reflected from the roughness evolution in Fig. 5.6(b). Based on the scaling theory 

introduced in chapter 2.4, the roughness exponent α can be calculated from the slope γ of 

the linear fit in the high frequency region (or low length scales, guided by the straight line 

from Fig. 5.7(a) as α=(γ-1)/2. By fitting the linear slopes of the 1DPSD curves in Fig. 5.7, 

the evaluated value of α for different deposition times are shown in Fig. 5.8(above). 

Obviously it displays a changing α with growth time as it is predicted by the conventional 

dynamic scaling theory
24

. And all the roughness exponents α are bigger than 1 which is an 

(a) (b) 



5.2 Influence of sputtering parameters on the nucleation and growth of CIGS films 

107 

anomalous dynamic scaling behavior described in linear diffusion models
51, 205 , 206

, 

indicating competition between roughening fluctuations and smoothing effects, suggesting 

that the local surface slope increases with growth time.  

 
Fig. 5.8: Roughness exponent α of CIGS films on Mo/glass obtained from 1DPSD (■) and 

the height-height correlation function (HHCF, ●), respectively.  

Fig. 5.8(below) depicts the roughness exponent α obtained from one half of the linear 

fitting slope at small length scales in the height-height correlation functions. This result 

shows that the calculated α values (0.73~0.89) are nearly two times smaller than those 

obtained from 1DPSD (1.15~1.61). Similar results have been reported by Yanguas-Gil et 

al.
33

 and Mohanty et al.
207

 who studied SiO2 and ZnO:Al thin films, respectively. Such a 

difference was explained by the longer length scale using to obtain the roughness exponent 

by 1DPSD than that by HHCF which corresponds to the global and local exponent 

respectively, and attributed to a situation of an anomalous scaling.
29

 According to Fig. 5.7, 

the length scale which was used to evaluate the roughness exponent from 1DPSD is 10~100 

nm, indeed bigger than the analysis range (4~50 nm) in HHCF. Actually, such an 

anomalous scaling derived from these two methods can be also observed for sputtered TCO 

materials in this work. The evolution of α obtained from height-height correlation functions 

is more independent with time, i.e., α nearly keeps constant for 0.82±0.01 for t > 0.5 min.  
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5.2.3 Effect of substrate temperature  

                                                                      

 

 

 

     

Fig. 5.9: (above) Cross-sectional SEM images and (below) SEM topography for CIGS films 

prepared at Ts= 200 °C, 300 °C and 400 °C, respectively, t=5 min. Below also inset 

corresponding AFM images with scan size of 2×2 µm
2
. 

The Mo/glass substrates were heated to different temperatures while keeping other 

deposition parameters constant. Fig. 5.9 shows SEM images (cross section and topography) 

for CIGS films prepared at different substrate temperatures. The topography obtained by 

SEM and AFM has identical views to analyze the surface morphology. With increasing 

substrate temperature up to 300 °C, columnar grains can be observed. While for Ts=400 °C, 

very dense and large polyhedrally-shaped grains form with average grain size around 270 

nm which are comparable to the film thickness (400 nm) and nearly more than three times 

bigger than those prepared at lower temperatures. 

By analyzing 1DPSD spectra of CIGS films prepared at different temperatures, shown in 

Fig. 5.10, it can be seen that all 1DPSD curves overlap in high frequency region indicating 

the same global roughness exponent. The calculated roughness exponent α of 1.3 is still in 

the region of anomalous scaling implying roughening fluctuations and surface diffusion 

smoothing effects cannot reach a balance, leading to a local surface slope increase in high 

frequency region, i.e. small length scale. In low frequency region, 1DPSD curve for 300°C-

sample is slightly higher than that of 200°C-samples, while, both are much lower than 

400°C-sample. The surface roughness is 12 nm and 14 nm for 200 °C and 300 °C 

depositions which is a little bigger than that of RT deposition (11 nm). But, the roughness 

of 38 nm for 400 °C deposition is more than three times bigger than RT deposition, due to 

the pronounced (112) texture growth of large polyhedral-shaped grains. Obviously, the 

temperature effect on the morphology of CIGS film growth is prominent when Ts>300 °C. 
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Fig. 5.10: 1DPSD spectra of CIGS films on Mo/glass at different substrate temperatures, 

t=5min. Note that for the 400 °C-sample, 1DPSD was obtained from AFM measurement 

with scanning size of 6×6 µm
2
. Other two are 2×2 µm

2
 due to the smaller grains. 
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5.2.4 Intrinsic electrical properties: CAFM 

The grain boundaries (GB) have been identified as beneficial for high efficiency 

polycrystalline CIGSe based solar cell.
208 - 211

 GBs can enhance the minority carrier 

collection and build a current pathway for minority carriers to reach the n-type buffer layer 

and window layer and be collected, which is normally bad for optoelectronic or transistor 

applications. The microstructure and electrical properties related to GBs are important 

issues to consider in terms of improving the chalcopyrite based solar cell performance. 

Topography together with local electrical transport behavior of Cu(In,Ga)S2 thin films on 

Mo/glass prepared by one-step RMS with a substrate temperature of 450 °C were examined 

by conductive atomic force microscopy. Fully coated diamond tips (CDT-NCHR) were 

used for C-AFM (XE-100, Park System). The current signal was recorded simultaneously 

during the contact-mode topography mapping. Current maps were obtained at a constant 

DC voltage by applying 0 V, 0.5 V and 1.0 V sample bias. The contact force of about 500 

nN was applied onto the tip and a scanning area of 2×2 µm
2
 at a scan rate of 0.6 Hz was 

used.  

Fig. 5.11 displays XRD spectra of the CIGS films prepared at different times t= 1, 5, and 

15 min. All the films show the chalcopyrite phase with a (112) preferential texture. With 

increasing deposition time, the (112) peak becomes sharper and narrower, indicating an 

improved crystallization. The FWHM of (112) peak is 0.26°, 0.14° and 0.11° for 1min, 5 

min and 15 min samples, respectively. And the corresponding crystallite sizes are 31 nm, 

58 nm and 71 nm. 

 

Fig. 5.11: XRD spectra of the CIGS films on Mo/glass substrate for different deposition 

times, Ts=450 °C. 
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(a)                                      (b) 

 
(c)                                      (d) 

Fig. 5.12: (a), (c) Topography and (b), (d) current maps of CIGS films on Mo/glass for t=1 

min and 15 min, respectively. Current maps were taken at sample bias of 0 V, 0.5 V and 1 

V. 

 

Fig. 5.13: Height and current profiles for (a) 1 min and (b) 15 min-CIGS films derived 

from Fig. 5.12. The black lines give the height profiles; color lines give the current profiles.  

Fig. 5.12 (a) and (c) display the topography of CIGS films deposited at 1 min and 15 

min, respectively. The lateral grains for 1minute-sample (~100 nm) are three times smaller 

than for 15min-sample which is consistent with the XRD results. Current images of these 

CIGS films, shown in Fig. 5.12 (b) and (d), were obtained simultaneously with the scanning 

of the topography by applying a sample bias of 0 V, 0.5 V and 1 V. Note that for two 

samples, the height scale bar and current scale bar are different. The whole measurements 

were performed without external light source but with a red light laser to maintain the 

contact mode scanning. The dark state was confirmed from the current maps at 0 V, 

therefore photocurrent effect can be excluded. In general view of these current images, the 

0 V 0.5 V 1 V 
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conduction area was increased with increasing the sample bias for both samples. The 

current profiles plotted in Fig. 5.13 can give more detailed information. For the 1min-

sample, a relative small current was observed when applying voltage of 0.5 V. A 

dramatically increased current appears for most of the scanning area when the voltage is 

increased to 1 V. While the increased amplitude for 15min-sample is smaller. Azulay et 

al.
211

 reported that high current flow of polycrystalline CuInSe2 and Cu(In,Ga)Se2 was 

observed mainly through grain boundaries which pointed to inversion at the GBs. Under 

different laser illumination, they also found that the current cannot always be detected 

along the entire GB but varied between GBs which was due to different crystallographic 

orientations, contaminants, tip-GB contact quality, etc. Shin et al.
212

 compared the local 

electrical behavior of (112) preferentially and randomly textured Cu(In,Ga)Se2 films. They 

found, with increasing high bias to 1V, the conducting region was invariant for 

preferentially textured films since the downward energy band was dominant at GB. 

However, the conducing area was dramatically increased due to the randomly formed 

energy band bending at GBs in the randomly textured films. The current did not flow along 

the GB but at the adjacent regions of the GB. Li et al.
210

 further demonstrated that current 

flowed in the vicinity of the GB core rather than in the GBs for CIGSe films attributed to 

lower electron mobility of GB core resulting higher conductivity compared to surrounding 

regions. Similar phenomenon occur for our CIGS films prepared by one-step RMS. The 

1min-sample is randomly textured in comparison with 15 min-sample. High current flew 

almost through the whole region (i.e. GB, near GB, grains) for the 1min-sample. But 

current was only detected near GB for 15min-sample, which is probably due to much lower 

number of GBs. If the root-mean square current (Rcur.) is defined as the distribution of 

electrical conductivity on the surface, Rcur. is 89.57 nA, 53.85 nA, 18.76 nA for 1min, 5 min 

and 15 min sample, respectively, revealing the surface conductivity increases with 

increasing number of GBs (i.e. decreasing growth time). 

  



5.3 Conclusions 

113 

5.3 Conclusions 

In conclusion, Cu(In,Ga)S2 thin films can be successfully deposited by one-step DC 

reactive magnetron co-sputtering from a copper-gallium alloy target (Ga15 wt.%) and an 

indium target in argon-hydrogen sulfide gas mixtures. The microstructural and 

morphological properties of CIGS films have been investigated with respect to the 

influence of sputtering pressure, deposition time, substrate temperature etc. by XRD, AFM 

and SEM. XRD results reveal a (112) preferential orientation for over 100 nm thick CIGS 

films. AFM and SEM were used to characterize the morphology. In terms of growth type, 

Volmer-Weber model, i.e. 3D island growth was determined for CIGS films on Mo coated 

glass substrates. The dynamic scaling behavior of CIGS films was analyzed by the 1D 

power spectral density function and by the height-height correlation function. The critical 

transition stage from surface diffusion to grain growth and shadowing effects was 

determined. The intrinsic electrical properties of sputtered CIGS films were investigated by 

conductive AFM. It was shown that the surface conductivity increases with increasing the 

number of grain boundaries. 
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6 Summary and Outlook 

6.1  Main Conclusions of this Thesis 

The objective of this thesis was the systematic investigation of the evolution of surface 

morphology and scaling of roughness of semiconducting oxides such as tin-doped indium 

oxide (ITO) and Al-doped zinc oxide (AZO) films and semiconducting sulfides such as 

Cu(In,Ga)S2 (CIGS) films grown by the magnetron sputtering process. The influence of the 

deposition parameters, i.e., sputtering atmosphere, sputtering pressure, substrate 

temperature, and plasma excitation mode on the kinetic roughening of those semiconductor 

thin films has been explored in detail to understand the exact growth mechanism for the 

observed morphological features and the dominant process of film growth during 

magnetron sputtering process.  The obtained growth exponent β for ITO, AZO and CIGS 

films was shown in Fig. 6.1. 

 

Fig. 6.1: Fitting of the growth exponent β from this work with literature values based on 

Fig.2.15. Inserting symbols ♦, ♦, and ♦ represents the obtained β values for ITO, AZO and 

CIGS films, respectively, from this work.  

Evolution of structure and surface roughness in ITO thin films 

The evolution of microstructure and morphology of tin-doped indium oxide (ITO) films 

prepared from an In2O3:SnO2 (90 and 10 wt. %, respectively) target was investigated under 

different sputtering atmospheres (pure Ar, mixtures of Ar with O2 or H2), and different 

plasma excitation modes (from 27.12 MHz via 13.56 MHz RF to pulsed DC) at low and 

high temperatures.  
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The crystallinity and the surface morphology of ITO films depend on the sputtering 

atmospheres. For ITO films on Si (100) substrates prepared by 13.56 MHz RF mode at 

room temperature, the body-centered cubic (bixbyite type) structure of ITO films remains, 

but the preferred orientation changed from (111) via (211) to (100) texture with decreasing 

O2 addition and then increasing H2 to the argon sputtering gas related to an excess or 

reduction of oxygen vacancies. The roughness of the ITO films prepared in this work is less 

than 3 nm. The surface roughness w increases as a power law of the film thickness df as 

~ fw d 
. The roughness decreases with increasing O2 flow, while it increases with 

increasing H2 flow. The growth exponent β was found to be 0.35, 0.65 and 0.98 for 

depositions in Ar/10%O2, pure Ar and Ar/10%H2 atmosphere, respectively. The lateral 

correlation length ξ grows as 
1/~ z

fd , with 1/z=0.36, 0.44, and 0.57 for these three 

different gas atmospheres, respectively. The roughness exponent α obtained from the 

height-height correlation functions is in the same range of 0.6~0.8. Similar morphology of 

ITO films prepared at borosilicate glass substrate was observed, i.e. island growth.  

It is well known that films prepared by magnetron sputtering process are bombarded by 

high energetic species, such as high energetic negative ions or sputtered and reflected 

atoms. By decreasing the energy of the bombarding particles at the growing films, the 

electrical and structural properties can be improved.
176

 A part of the present work 

demonstrated the effect of the particle energy on the morphology and structure properties of 

ITO films prepared at room temperature and 300 °C in pure Ar under different excitation 

modes: 27.12 MHz RF, 13.56 MHz and pulsed DC, i.e. increasing the discharge voltage 

and deposition rate and the mean energy of the negative oxygen ions. It was found that 

varying the excitation mode from RF to pulsed DC has a small influence on the crystallite 

growth of the ITO films at room temperature compared to elevated temperature 

depositions. For RT deposition, with increasing film thickness up to 400 nm, the roughness 

is less than 1.3 nm. ITO films prepared with different excitation modes show two growth 

regimes without a saturation stage. The critical transition thickness is in the range of 30~50 

nm. With increasing discharge voltage (changing the excitation mode from RF to pulsed 

DC), the growth exponent β decreases from 0.27 via 0.14 to 0.08 in the initial growth stage. 

Such small β indicate surface diffusion dominating the film growth mechanism 

corresponding to nearly amorphous structure. Obviously, the surface diffusion effect is 

weakest in 27.12 MHz RF and strongest in the pulsed DC deposition. It could be related to 

the higher negative ion bombardment in DC induced higher adatoms mobility than that of 
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RF mode in the initial growth stage. However, β increases from 0.50 via 0.64 to 0.82 in the 

later growth stage. When the film grows thicker, the deposition rate increases when 

changing from RF to DC mode (R27.12MHz< R13.56MHz <Rpulsed DC). The adatoms on the 

surface have not enough time to move and are covered by new impinging atoms at higher 

deposition rates, which decrease the smoothing effect. Moreover, high deposition rates lead 

to increasing stress in the polycrystalline ITO films
135

. The mechanical strain in the ITO 

films, obtained from the shift of the (222) diffraction lines, yield compressive strain values 

of 1.6%, 2% and 3% at room temperature for 27.12 MHz RF, 13.56 MHz RF and pulsed 

DC deposition respectively. Therefore, the pulsed DC mode can generate the highest β 

value. Note that the strain obtained from the shift of the dominant diffraction line decreases 

to 0.7%, 0.5% and 0.6%, respectively, for the 300 °C deposition. In the literature reported 

compressive stress value for ITO films sputtered from ceramic target in pure Ar are less 

than 0.2 GPa for room temperature deposition and even smaller for 250°C deposition.
213,214 

The roughness evolution of ITO films prepared at 300 °C with different excitation modes   

shows two growth stages but with a nearly steady stage when the film thickness is over 100 

nm. The growth exponent β is 0.9, 0.89 and 0.80 for 27.12 MHz RF, 13.56 MHz RF and 

pulsed DC deposition, respectively. The roughness is less than 3.2 nm when the film 

thickness is less than 400 nm. A subgrain structure is only observed for ITO films prepared 

with pulsed DC at 300 °C which shows pronounced preferential <400> orientation normal 

to the substrate surface. The roughness exponent is in the range of 0.70~0.85 and 0.77~0.81 

for RT and 300 °C depositions, respectively. Unfortunately, all of the scaling exponents of 

ITO films do not obey the well-known dynamic scaling relation
24

, i.e. / z   , suggesting 

that nonlocal growth effects such as crystal growth enhanced shadowing instability, 

resputtering, and bulk diffusion are mainly responsible for the kinetic roughening. Because 

only local growth effect such as noise, surface diffusion and relaxation can generate 0 ≤ β ≤ 

0.25.
2, 3

 Note that for room temperature deposition (~25 °C), considering the continuous 

sputtering bombardment effect, the final substrate temperature was increased but less than 

70 °C. The effect of bulk diffusion should be insignificant under Ts/Tm≤0.16. For the 300 

°C deposition, the surface diffusion was enhanced by the increased thermal activation, but 

the surface smoothing by the enhanced diffusion cannot compete with the enhanced 

shadowing due to the increased crystallite growth which generates high β values close to 1. 
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Table 6.1: Calculated scaling parameters for the investigated materials in the present 

work. 

ITO Atmosphere Vdis(V) β1 β2 1/z α  

RT  

13.56 MHz 

RF 

Ar/10% O2 ~210 - 0.35 0.36 0.65~0.78 

pure Ar ~210 0.25 0.65 0.44 0.67~0.75 

Ar/10% H2 ~210 - 0.98 0.57 0.60~0.80 
 

ITO Discharge mode Vdis(V) β1 β2 1/z α  

RT 

Pure Ar 

27.12 MHz RF ~100 0.27 0.50 0.31  

0.70~0.85 
13.56 MHz RF ~210 0.14 0.64 0.39 

Pulsed-DC ~340 0.08 0.82 0.42 

300°C 

Pure Ar 

27.12 MHz RF ~100 0.90 0.17 0.34  

0.77~0.81 
13.56 MHz RF ~210 0.89 0.22 0.25 

Pulsed DC ~340 0.80 0.04 0.33 

 

AZO Atmosphere Vdis(V) β1 β2 1/z α  

RT  

13.56 MHz 

RF 

Ar/1% O2 ~155 - 1.29 0.55 0.56~0.76 

pure Ar ~155 < 0 1.47 0.64 0.54~0.75 

Ar/5% H2 ~155 0.25 1.28 0.29,0.66 0.65~0.84 

Ar/10% H2 ~155 - 0.73 0.44 0.71~0.82 

300°C  

13.56 MHz 

RF 

Pure Ar ~155 ~0 0.57 0.28 0.78~0.86 

 

CIGS Atmosphere Vdis,CuGa/ 

Vdis, In(V) 
β1 β2 1/z α 

RT, DC Ar/H2S ~630/615 0.13 0.56 0.33 0.73~0.89 
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Evolution of structure and surface roughness in AZO thin films 

The surface roughness scaling of Al-doped zinc oxide (AZO) thin films deposited by 

13.56 MHz RF magnetron sputtering from a ZnO/Al2O3 (98/2 wt.%) target was 

investigated for different atmospheres (Ar/O2, pure Ar or Ar/H2 mixture), pressures and 

temperatures. It was found that the c-axis orientation of the hexagonal wurtzite of AZO was 

observed for pure Ar and Ar/O2 deposition at room temperature. The growth can be 

described by the Stranski-Krastanov model, i.e. layer growth plus island growth. An 

abnormal growth exponent β>1 was observed for film thicknesses larger than 20 nm. 

Additional hydrogen in the sputtering atmosphere deteriorates the crystallinity of the films 

and makes it even X-ray amorphous, corresponding to the Volmer-Weber model, i.e. island 

growth. The growth exponent β is decreased to 0.73 in the Ar/10%H2 atmosphere. AZO 

films are roughened by additional O2, whereas smoothed by additional H2, which is 

opposite to the ITO films. By using the biaxial strain model, compressive stress of AZO 

films prepared in Ar/1%O2, pure Ar and Ar/5%H2 atmospheres have been calculated to be 

about 2.5 GPa, 3 GPa and 1.8 GPa respectively, which is much larger than that in ITO 

films. With increasing sputtering pressure of pure Ar (not shown details in this work), the 

growth exponent β decreases, i.e. β of 1.47, 0.90, 0.56 for 0.3 Pa, 0.6 Pa, and 1 Pa-

depositions, respectively, which is attributed to the decreased deposition rate and reduced 

ion bombardment as a result of collisional thermalization. When increasing the substrate 

temperature to 300 °C, as expected, the stress of AZO films prepared in pure Ar relaxed to 

0.1 GPa, which smoothens the surface. In the initial growth stage, very typical 3D island 

growth can be observed for film thicknesses below 50 nm. β was ~0 for this region. In the 

later growth stage, an ordered hillock structure grew with a growth exponent β of 0.57. The 

overall roughness of AZO films is much larger than that of ITO films which is due to the 

stronger self-nucleation and c-axis preferential growth of ZnO film. 

The electrical properties, i.e., resistivity ρ, free carrier concentration n and Hall mobility 

μn of ITO and AZO films prepared in pure Ar at 300 °C as a function of film thickness df 

were also compared. The resistivity of an only 9 nm- thick ITO film (ρ=1.9∙10
-4

 Ωcm) was 

already much lower than that of the best performance AZO films (ρ=7.5∙10
-4

 Ωcm) 

prepared in the present work, due to the higher carrier concentration and mobility. The 

resistivity ρ of AZO films decreases significantly with increasing film thickness up to 55 

nm and then shows a weaker variation with further growth, as a result of the inverse trend 

of n and μn. A similar, but weaker reduction of the resistivity for ITO films with further 

increasing film thickness was also observed. But the electrical properties of ITO are better 
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than that of AZO films. The higher resistivity of thin AZO films can be explained by the 

low nuclei density and the formation of discontinuous films which cannot build up the 

continuous conduction paths, corresponding to the roughness evolution in the initial growth 

stage (β ~ 0). The low resistivity of very thin ITO films indicates a high nucleation density. 

The drop-down transition in resistivity of AZO and ITO films can be assigned to the release 

of compressive stress with increasing film thickness. After the stress is released, the 

resistivity is not affect significantly by the thickness. 

Growth and morphology evolution of CIGS thin films  

The roughness and morphology of chalcopyrite Cu(In,Ga)S2 (CIGS) thin films grown on 

Mo coated glass substrates by a one-step DC reactive magnetron co-sputtering from a 

copper-gallium alloy (Ga 15 wt.%) target and an indium target in Ar-H2S gas mixtures was 

investigated. Spherical granular growth and Volmer-Weber island growth model were 

observed for CIGS films. In the initial growth stage, a small growth exponent β of 0.13 was 

obtained which indicates the surface diffusion as the dominant growth mechanism. With 

increasing surface diffusion effect, β becomes even very small, i.e. ~0.
197

 After the 

transition stage (df > 50 nm), a larger growth exponent β=0.56 was obtained for 50 nm< df 

≤1000 nm for room temperature depositions, suggesting an oriented crystallite growth 

enhanced shadowing effect leading to rough surface. The intrinsic stress, determined by 

curvature measurements, was around 120 MPa for a 1000 nm thick film. The mean grain 

size ξ increases with film thickness with a power law relationship: ξ ~ df
0.33

. The roughness 

exponent α obtained from height-height correlation functions and 1D-power spectral 

density functions is in the range of 0.73~0.89 (local) and 1.15~1.61 (global), respectively.  

The formation of a thin film grown by magnetron sputtering starts when the atoms from 

the vapor phase impinge onto the substrate surface (adsorption/condensation). And then the 

absorbed atoms may gain enough energy to move across the surface (surface diffusion) or 

reemission. During the diffusion process, the adatoms will encounter other adatoms/nucleus 

to form stable islands (nucleation). Lots of distinct islands will grow by incorporating more 

adatoms and the vapor phase species to coarsen with other islands (crystal growth) and 

form continuous films with single crystalline or polycrystalline structure (grain growth). 

The final structure and morphology of the thin film depends on the dominant mechanisms 

in the nucleation and growth process. For example, the surface diffusion is determined by 

thermodynamics (i.e. temperature effect) and kinetics (energetic particle energy transfer). 

The reemission process is depending on the sticking coefficient of the impinging species. 
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The shadowing effect is generated by the height difference of the initial surface implying 

that higher surface positions grow faster at the expense of lower positions, which could be 

the native substrate feature or induced by surface diffusion between grains, or preferential 

crystal growth which grows faster than other textures. In our sputtering process, different 

species (i.e. In and Sn for ITO; Zn and Al for AZO; Cu, In and Ga for CIGS) were 

sputtered from the target and subsequently deposited on the substrate. Besides, negative O 

ions for oxides and negative S ions for CIGS were also present in the plasma and impinged 

onto the substrate surface with higher bombardment energy than positive species. And the 

average energy of the high energetic negative O or S ions is determined by the target 

voltage, as shown in Table 6.1, i.e., for the 13.56 MHz RF deposition in pure Ar, ~210 eV 

for ITO target and ~155 eV for AZO target. The discharge voltage in (pulsed) DC is much 

higher than that in RF mode. Note that higher energetic ion bombardment of the surface 

increases the surface mobility but also creates more defects on the film and even disturb the 

film growth. Although the activation energy of surface diffusion for different species is 

relative low (<0.4 eV), they are very easily trapped in these defect sites. The diffusion 

barrier becomes higher. It is known that the flux of sputtered target particles follows a 

cosine distribution in sputtering process which leads to a shadowing effect during growth. 

The dynamical scaling behavior of 1+1 dimensional ballistic deposition with shadowing 

has been theoretically studied in terms of uniform angular distribution and cosine 

distribution of the impinging particles.
215

 Uniform angular distribution condition (standard 

setting used in the models of shadowing) corresponds to an anisotropic flux of particles on 

the growing surface and generates β of 1. In contrast, for the ballistic deposition with a 

cosine distribution implying an isotropic flux which is similar with the condition in 

sputtering deposition, smaller β value (0.52~0.64) was obtained. Unfortunately, dynamic 

scaling of 2+1 dimensional ballistic deposition has not been reported yet which can be used 

to directly compare with the experimental exponents and obtain better understanding of the 

role of shadowing effect in low temperature sputtering deposition. But the trend of smaller 

β values than 1 for a cosine distribution should be also present in 2+1 dimensions 

deposition. The scaling relation of ITO, AZO and CIGS films prepared by DC or RF 

magnetron sputtering does not obey the traditional dynamic theory and all show anomalous 

scaling behavior (high β values). Basically, high growth exponents indicate the existence of 

a destabilizing growth mechanism due to nonlocal effects in the surface dynamics. For our 

room temperature deposition, even though the substrate temperature increased due to 

continuous bombardment by high energetic ions, it was still relative low (less than 70 °C). 
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The effect of bulk diffusion should be insignificant for three different materials. With 

changing the sputtering atmospheres, the β value increases with increasing the intrinsic 

stress (i.e. very high stress in ZnO films generates β value as high as 1.47 at RT). With 

increasing temperature, the stress starts to relax and the adatom diffusion is enhanced and 

then generates smaller β values than that at low temperature. With increasing discharge 

voltage, i.e. changing from RF to DC mode, the sputtering rate increases and high energetic 

bombardment generates high β value. The obtained local roughness exponent (<1) and 

global roughness exponent (>1) is independent with growth time and sputtering conditions. 

And we deduced that it is probably due to the crystallinity growth and enhanced shadowing 

effects plus high bombardments during the sputtering process for the nonlocal effects. 

Multiscaling and anomalous scaling are very often observed in different materials under 

different deposition conditions indicating they most probably are characteristic features for 

polycrystalline thin films grown by magnetron sputtering.  

6.2 Outlook 

Through the above investigations, a better understanding of the structure and 

morphology evolution of semiconductor oxides (ITO and AZO) and sulfides (CIGS) 

prepared by magnetron sputtering process could be achieved. But due to the complexity of 

different materials and experimental process, a lot of open questions could not be answered. 

For example, surface diffusion and relaxation normally as local effect smooth the surface 

and generate small growth exponent. The crystallite growth and shadowing effect as the 

nonlocal dominant roughening mechanism generate large growth exponent, which only can 

be qualitatively described through comparison of different β values. It is very hard to 

quantify the surface diffusion, reemission/resputtering effect induced by negative ion 

bombardment in the sputtering process. If theoretical works focusing on the simulation of 

scaling properties in sputtering processes can consider the crystallite growth effect and 

overcome the computation difficulties in large scales would be a great advantageous to 

understand the surface scaling for different polycrystalline materials and sputtering process 

itself. It would be also very interesting to relate other film properties to the different 

morphologies and the surface scaling. 
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