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1 Introduction 

Sputtered molybdenum (Mo) thin films are used in thin film transistor liquid crystal displays 

(TFT-LCD) as conducting materials. Their low electrical resistance and easy chemical 

patterning make them an excellent material for source/drain electrodes and data bus-lines. 

Furthermore, Mo thin films are used as bottom and capping layers in the gate metallization 

of TFTs, due to their good adhesion on glass and low contact resistance to silicon and indium 

tin oxide [1]. They also serve as diffusion barrier, since Mo exhibits a high melting point and 

very low diffusion coefficients [2,3].  

Since annealing treatments are used in TFT-LCD processing [4], these films have to withstand 

thermal exposure without deterioration of their properties. However, exposure of 

molybdenum thin films above 300°C in ambient atmosphere results in surface oxidation, 

leading to the formation of colored oxide films, as shown in Fig. 1 [5,6]. Alloying of Mo thin 

films has been suggested to improve their oxidation resistance [7]. For example, Park et al. 

have reported that Ti is corrosion resistant in oxidizing atmospheres and that alloying Ti to 

Mo leads to the formation of a passivation layer [8]. However, Ti cannot be dissolved in 

phosphoric, acetic, nitric acid solutions (PAN), which is a key process step used for patterning  

in the production of TFT materials [9].  

To overcome this problem, ternary Mo-X-Al (X=Ti or Mg) alloys are synthesized by sputter 

deposition, since Al is known for its superior oxidation resistance and good wet etching 

behavior in PAN [9]. The aim of this work is to study the microstructure, electrical properties, 

oxidation and wet etching behavior of these ternary Mo-X-Al and reference Mo-Ti-Ni films. 

The first part of the thesis gives a theoretical overview of the sputter deposition process and 

covers the fundamental aspects of oxidation and wet etching. The main scientific output of 

this work is presented as a manuscript in the second part of the thesis. Additional data and a 

comparison between the different Mo-X-Y alloys are given in the appendix.  

 

 

Fig. 1. Effect of the annealing treatment on sputtered Mo thin films. 
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2 Theoretical aspects 

2.1 Sputter deposition 

The sputtering process is a thin film deposition method, which belongs to the physical vapor 

deposition (PVD) techniques. Sputtering was first described in 1852 by W.R. Grove, who 

noticed metal deposits sputtered from a glow discharge of a silver cathode. At first, 

sputtering was mostly used to deposit metal films for mirrors. However, it was not until the 

1970s, that the development of magnetron sputtering allowed higher deposition rates and 

therefore opened the market for a broader range of applications [10]. Nowadays, sputter 

deposition is one of the most important thin film deposition techniques and plays a key role 

in the fabrication of microelectronics and semiconductor devices. Basically, any solid 

material can be deposited through sputtering, including elements, alloys, or compounds 

[11]. 

Sputtering takes place in the presence of a glow discharge plasma, which is characterized as 

partially ionized low-pressure gas. A plasma consists of electrically neutral and charged 

particles such as atoms, ions, electrons, and is overall electrically neutral [12]. 

Sputter deposition is a process in which atoms are physically vaporized from a solid surface 

(target) by energetic particles. The incident particles are usually gaseous ions (e.g. Ar
+
), 

accelerated from a plasma towards the target surface. Fig. 2.1 shows incident ions 

bombarding the target and ejecting atoms from the surface by momentum transfer. The 

energy of incident ions needs to be high enough to create collision cascades, in which the 

primary knock-on atoms cause a series of collisions and eventually lead to the ejection of a 

surface atom. The ratio of ejected atoms from the target surface to the incident ion is called 

sputtering yield. The sputtering yield depends strongly on the mass of incident and ejected 

atoms as well as on the energy transferred by the collision [11]. 

 

Fig. 2.1 Momentum transfer processes during sputtering under the influence of incident ions [13]. 
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2.1.1 Magnetron sputtering 

Magnetron sputtering has become the most common process for growing thin films by 

sputter deposition, used in nearly 95% of all sputtering applications [14].  

A direct current (dc) magnetron sputtering system, which basically consists of two 

electrodes, is shown schematically in Fig. 2.2. The negative potential of the dc power supply 

is applied to the cathode or target to generate a glow discharge (plasma). Positive ions of the 

plasma are accelerated towards the target, knocking off or sputtering atoms from the target 

surface. In a magnetron-based system this process is enhanced by positioning permanent 

magnets behind the target inducing a strong magnetic field (see Fig. 2.2). By employing this 

magnetic field, the secondary electrons produced by ion bombardment circle around the 

magnetic flux lines and stay near the target. Thus, the ionization efficiency is enhanced, 

resulting in a denser plasma that can be sustained at a lower working gas pressure. The 

magnetic field only affects electrons but not ions, since they exhibit a higher mass than 

electrons [15,16]. 

However, the strong confinement of the plasma near the target surface leads to high 

sputtering rates in the area of the drift loops. As a consequence, the erosion of the target 

material is localized and non-uniform [11]. 

 

 

Fig. 2.2 Schematic of a d.c magnetron sputtering system after [17]. 

 

The planar magnetron is the most frequently used magnetron source and available for a 

large choice of target geometries, e.g. square, rectangular or circular. A typical configuration 

of a circular target is shown in Fig. 2.3, where the magnetic field lines have a circular 

symmetry and form an ideal loop between the inner and outer magnets. As a result of the 

non-uniform plasma distribution, the area of erosion is a closed circle [15,18].  
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Fig. 2.3 Schematic illustration of a planar circular magnetron configuration [19]. 

 

Since the inner and outer magnets are perfectly balanced, this type of magnetron is called 

conventional balanced magnetron (CBM). One disadvantage of the CBM is that the plasma is 

concentrated in the target region and therefore the ion bombardment of the substrate 

region is minimal (see Fig. 2.4a). The low substrate ion current limits the performance of the 

film, making it difficult to deposit a dense, high quality coating. This obstacle can be 

overcome by enhancing either outer or inner magnet, so that the magnetic field lines are no 

longer constrained between inner and outer magnets. This magnetic field configuration is 

referred to as unbalanced magnetron (UBM). In an UBM, the magnetic field lines reach the 

substrate, as illustrated in Fig. 2.4b. As a consequence, some electrons are able to follow the 

magnetic field lines towards the substrate. Hence, the ionization rate near the substrate is 

increased, resulting in a higher ion bombardment of the surface, which improves the film 

structure and properties [20,21].  

 

Fig. 2.4 Schematic representation of the magnetic configuration in (a) CBM and (b) UBM after [20]. 
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2.2 Thin film structure  

Sputtering is a non-equilibrium process; consequently thin films prepared by sputter 

deposition exhibit quite different microstructures than bulk materials [22]. This difference 

can be better understood by looking at the structural evolution during film growth.  

2.2.1 Nucleation and growth 

The initial stage of film formation is the condensation and adsorption of the sputtered atoms 

on the substrate surface. Depending on the energy transfer with the surface, the atoms are 

either reflected immediately or become loosely bonded adatoms. Diffusion processes on the 

surface enable the interaction of these adatoms, resulting in an assembly of metastable 

clusters. These small clusters are still mobile and grow by assembling with other clusters 

until they reach a critical size and become stable nuclei (see Fig. 2.5). This process is referred 

to as nucleation. The stable nuclei continue to grow and finally form a continuous film 

[11,23]. Depending on the interaction between the adatoms and the substrate surface, three 

primary growth modes can be observed. When the adatoms are stronger bound to each 

other than to the substrate, 3D or Volmer–Weber growth occurs. During the early stage of 

this mode, stable nuclei grow in three dimensions and form islands by incorporating atoms 

from the vapor phase or surface diffusion. Thus, the islands are increased in size, whereas 

the density of the islands saturates. Finally, the islands merge together and create a 

continuous film. This process is called coalescence and driven is by minimization of surface 

and interface energy. For instance, this growth mode is observed in the deposition of a 

metal on an insulator substrate [12].  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Schematic processes of nucleation and 3D and 2D film growth after [18]. 
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If the adatoms bond stronger to the substrate than to each other, stable nuclei grow in two 

dimensions and form a planar layer. Accordingly, this growth mechanism is known as 2D or 

Frank-Van der Merwe growth and the dominant mechanism in the epitaxial growth of 

semiconductor films. The third growth mode is a combination of the two previous ones and 

called Stranski-Krastanov mode. The characteristic of this mode is the transition from initial 

2D layer growth to 3D island growth [12].  

2.2.2 Structure zone models 

The microstructure of thin films strongly depends on the process conditions during film 

growth. Accordingly, various structure zone models (SZMs) based on experimental results 

have been developed to predict those dependencies. It has been reported by Barna and 

Adamik [24], that the two most important parameters influencing the structure evolution in 

polycrystalline film growth are substrate temperature and the amount of incorporated 

impurities. They proposed two types of structure zone models, a basic and real SZM. The 

basic SZM describes the microstructure evolution of pure films as a function of the 

temperature. The distinct morphological zones of this model are shown in Fig. 2.6.  

The primary feature of Zone I is the random crystal growth. The film exhibits a fine fibrous 

structure, in which the crystalline fibers preserve the random orientation of the nuclei. Due 

to the low substrate temperature, no bulk diffusion and almost no surface diffusion take 

place. In Zone T, competitive growth of the different oriented crystals occurs. A transition in 

morphology with increasing thickness is observed. Near the substrate region, the structure is 

composed of fine randomly oriented fibers, which emerge into V-shaped columns as 

thickness increases. The columns with kinetically favored orientation overgrow the others, 

resulting in an increased preferential orientation. Surface diffusion is activated, whereas 

grain boundary migration is very limited. The main characteristic of Zone II is development of 

a restructuring growth texture. Due to the increased grain boundary mobility, coalescence 

and grain coarsening occur. The film consists of single-crystalline columns and is 

homogeneous over its whole thickness. The columns broaden as the temperature is further 

increased [24,25,26]. 

 

 

 

 

 

 

Fig. 2.6 Schematic illustration of the basic structure zone model after [27]. 
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Since the presence of impurities during the deposition process is unavoidable, Barna and 

Adamik established the concept of real structure zone models, considering the effect of co-

deposited additives such as oxygen or carbon. This model is illustrated in Fig. 2.7 

demonstrating the influence of low (Cimp < 0.5 %), medium (Cimp ≈ 1 %) and high (Cimp > 10 %) 

impurity content on the microstructure [24].  

At low temperatures (Zone I), the segregation of impurities is limited and they are 

incorporated into the forming fibrous structure. Consequently, the addition of impurities to 

the system does not affect the evolving microstructure. The boundary region between Zone I 

and T is shifted to higher temperatures with increasing amount of impurities, since they limit 

the adatom mobility. With increasing temperature (Zone T), the impurities influence the 

competitive growth and the texture formation of the film. At  low or medium levels, the 

impurities promote the growth of specific crystal faces, while others are blocked, which 

leads to a preferred orientation. In highly contaminated films the growth of all facets is 

blocked, as the impurities accumulate at the grain boundaries, hindering grain boundary 

mobility. Thus, competitive growth cannot occur and zone T does not evolve. The growth 

proceeds by repeated nucleation, leading to a globular structure of random orientation. 

For low contamination levels, the boundary region between Zone T and Zone II is shifted to 

higher temperatures, whereas for high impurity levels Zone II does not appear. 

At high substrate temperatures, the formation of a new Zone is observed. Zone III is 

controlled by impurity segregation, which restrains grain coarsening and the development of 

restructuration texture. The microstructure is formed of equiaxial (globular) grains and in the 

case of high impurity levels, Zone III will become nanocrystalline at low temperatures 

[24,26].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Schematic of real SZMs of (a) low, (b) medium and (c) high impurity levels after [28]. 
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2.3 Oxidation 

2.3.1 Fundamentals of oxidation 

The simplest oxidation reaction of a metal (M) with oxygen (O2) is to form an oxide, which 

can be written as [29]: 

 

�� +	
�

�
��	 ⇌	�	��                                                          (2.1) 

 

There, x and y represent the stoichiometric factors.  

Thermodynamically, the metal M will be oxidized if the oxygen partial pressure in the 

environment is greater than the dissociation pressure of the oxide. The dissociation pressure 

of an oxide 
��
at a certain temperature T of exposure can be determined from the standard 

free energy of formation �� as shown in Eq. 2.2 [30]. 

 

�� = 	����
��
                                                          (2.2) 

Here, R is the general gas constant.  

The standard free energies for the formation of oxides and the oxide dissociation pressures 

are plotted in Fig. 2.8 as a function of temperature in a so-called Richardson-Ellingham 

diagram. The lower the position of the curve of an oxide in the diagram, the more 

thermodynamically stable is the formed oxide and the lower is its dissociation partial 

pressure. The curve of ΔG° for most metal oxides has a positive slope with rising 

temperature, i.e the oxides become less stable with increasing temperature. Furthermore, 

the diagram is a useful tool for designing oxidation resistant alloys, since it directly compares 

the stability of various oxides. The metal of a more stable oxide tends to reduce the less 

stable oxide and be oxidized in the process. The curves of Al2O3 and Cr2O3 are more negative 

than most oxides (see Fig. 2.8). Accordingly, they are used as alloy elements in most high 

temperature materials, since they are most likely to prevent the oxidation of the base metal 

(such as Fe, Ni, Mo) by formation of stable oxides on the surface [30,31].  

The Richardson-Ellingham diagram only gives information about the stability of the oxides, 

but not about the kinetics of the oxidation process. Often the reaction rate of the oxide 

formation is so slow, that although the formation of the oxide is thermodynamically 

possible, it takes very long to form [30].  
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Fig. 2.8 Richardson-Ellingham diagram, showing the standard free energy of formation of various 

oxides [31], the ΔG° curves of molybdenum oxides (blue lines) were added from [32]. 

 

The processes that occur when a clean surface is exposed to oxygen are divided into two 

stages, the initial stage and the scale growth by solid state diffusion. The initial stage of the 

oxidation begins with adsorption and dissociation of oxygen on the metal surface, until a 

two-dimensional adsorption layer is formed. When the metal surface is saturated with 

adsorbed oxygen atoms, the oxygen dissolves into the metal. Then the formation of oxide 

nuclei takes place, which initially grow laterally to form a thin oxide film. The nucleation and 

growth of oxide nuclei is influenced by temperature and the oxygen partial pressure. After 

the formation of a thin and therefore transparent oxide layer, the growth of a thick oxide 

scale proceeds. Depending on whether the metal cations move faster through the oxide 

layer than the oxygen anions or vice versa, the film growth occurs either at the oxide/gas 

interface or at the oxide/metal interface, as shown in Fig 2.9 [31,33].  
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Fig. 2.9 Oxide layer growth by diffusion of cations and anions after [31]. 

 

Depending on material, temperature and test conditions, oxide film growth takes place 

according to different rate laws as shown in Fig. 2.10. In general, the oxidation rate laws of 

materials are determined gravimetrically by the weight change as a function of time. Most 

metals obey a logarithmic law, when heated at temperatures below 400°C. This behavior is 

associated with the formation of very thin oxide films (2-4 nm) [30,31]. 

At high temperatures linear, parabolic or “catastrophic” oxidation in form of volatile oxide 

formation can be observed. Metals and alloys which are applied in long-term high 

temperature applications usually follow the parabolic rate laws. The rate-determining step is 

diffusion of both ions and electrons through a compact oxide scale. Typical examples are Al, 

Cr and Si, which are known for their thick, dense and coherent oxide layers. Linear growth is 

characteristic for a very rapid oxidation, where the formed oxide is unable to prevent the 

access of oxygen to the metal surface. The two refractory metals Ta and Nb are oxidized 

approximately linearly at high temperatures [30,34,35]. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 The kinetics of oxidations after [34]. 
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2.3.2 Oxidation behavior of Mo and Mo alloys 

The oxidation behavior of Mo is strongly influenced by pressure and temperature as shown 

in Fig. 2.8. Mo oxidizes to form two binary oxides MoO3 and MoO2, which have been first 

systematically studied by Hägg and Magnéli [36]. They also reported the existence of 

intermediate molybdenum oxides with compositions between MoO2-MoO3, such as Mo4O11, 

Mo8O23 and Mo9O26. 

Both MoO2 and MoO3 form non-protective layers, which are responsible for the catastrophic 

oxidation behavior of Mo at high temperatures. Depending on temperature and oxygen 

partial pressure, following oxidation reactions can take place [37,38]: 

 

�� + �� → ����                                                          (2.3) 

���� +
�

�
�� → ����                                                          (2.4) 

�� +
�

�
�� → ����                                                          (2.5) 

 

At atmospheric pressure, a visible reaction between Mo and oxygen is observed above 

200°C, with the tarnishing of the Mo surface. With increasing temperature, two oxide layers 

develop on the metal surface according to a parabolic rate law. An inner MoO2 layer forms 

near the metal/oxide interface and an outer MoO3 near the oxide surface. Above 500°C, the 

outer MoO3 layer begins to volatilize and the formation and evaporation of the oxide takes 

place simultaneously. At 725°C, the rate-controlling process is the evaporation of MoO3, 

which results in extremely rapid metal loss (see Fig. 2.10). The effect becomes catastrophic 

above the melting point of MoO3 (795°C), as molten MoO3 or a low-melting MoO2-MoO3 

eutectic are formed [5,34].  

In the past, various studies have been performed to enhance the poor oxidation resistance 

of Mo. It has been found that several alloying elements, including Si and Al, have a beneficial 

effect on the oxidation behavior of Mo. The improved oxidation resistance of those Mo 

alloys is based on the preferential oxidation of the solute elements and the formation of a 

continuous protective oxide scale. This process is often referred to as selective oxidation 

[39,40,31]. Habazaki et al. [41] investigated the oxidation behavior of sputter-deposited Al-

Mo alloys. Due to the formation of a protective alumina scale, Al-Mo alloys exhibited a high 

oxidation resistance up to 800°C. In addition, they found that the presence of Si as a third 

alloying element further improved the oxidation resistance up to 900°C. Fig. 2.11 shows that 

the binary Al-34 Mo (at.%) alloy exhibits significant weight loss at 900°C, associated with the 

formation of volatile oxides. However, by adding small amounts of Si (6 at.%) no weight loss 

is observed at 900°C. Si is known to form a stable and highly protective SiO2 scale and 
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supports the selective oxidation of Al. Due to the Al deficiency in Al-45Mo-21 alloy, weight 

loss is observed again. 

 

Fig. 2.11 The oxidation kinetics of the binary Al-Mo alloy and the ternary Al-Mo-Si at 900°C [41]. 

 

2.4 Wet etching 

The wet etching process is an important step in the fabrication of TFT-LCDs. As part of 

photolithography, it is used to selectively remove sections of a deposited film in order to 

obtain a functional TFT array. In general, the photolithography sequence starts by 

transferring a pattern from a photomask to a photoresistant coating on the thin film. The 

patterned photoresist then acts as an etch mask for the deposited film. During the wet 

etching process, the underlying areas, which are not covered by the mask, are dissolved by a 

liquid etchant (see Fig. 2.12) [2,42]. 

Fig. 2.12 Schematic of the photolithography process [42]. 
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The basic wet etching mechanism includes diffusion of the liquid etchant to the surface, 

reaction at the surface and diffusion of the reaction products from the surface. Each of these 

steps can be rate-determining. If the wet etching is diffusion-limited, then the rate can be 

increased by rapid stirring of the etch solution. If the surface reaction is the rate limiting 

step, then the etching rate can be strongly influenced by temperature and composition of 

the etch solution [43,44].The principal electrochemical process, in which a metal (M) is 

dissolved by electron transfer, can be written as [45]: 

 

���� → ������� + � !                                                          (2.6) 

 

Wet etching is the simplest method for dissolving metals in microelectronic fabrication and 

has found widespread use due to its low cost, high reliability and excellent selectivity 

[44,45]. The selectivity of the etchant is an important parameter in wet etching. The etchant 

should exhibit a high selectivity for the material, which is to be etched, and not attack the 

underlying layers [2].  

 

2.4.1 Wet etching of Mo and Al 

The most commonly used etchants for molybdenum and aluminum are based on mixtures of 

phosphoric acid (H3PO4), acetic acid (CH3COOH) and nitric acid (HNO3). Usually, the metals 

are first oxidized by the nitric acid, whereas the phosphoric acid dissolves the resulting 

oxides [45,46]. It has been reported by Kim et al. [47] that at low nitric acid concentrations 

the rate-determining step for etching of Mo is the formation of the metal oxide. However, 

with increasing HNO3 concentrations, the oxidation of the metal is fast enough and the 

dissolution of the oxide is rate-determining. The corrosion potentials of Mo and Al, as well as 

the dissolution rate of Mo in phosphoric acid are plotted in Fig. 2.13 as a function of the 

nitric acid concentration. It shows that the corrosion and dissolution rate of Mo increase 

nearly linearly with increasing nitric acid concentration until a saturation value is reached at 

about 6 vol.%. In contrast, the corrosion potential of Al does not change significantly with 

increasing nitric acid concentration, thus the Al2O3 dissolution is the rate-determining step 

[47,48].  
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Fig. 2.13 Corrosion potentials of Mo and Al in phosphoric acid, ●○ at room temperature, ■  at 30°C 

and the dissolution rate of Mo (blurred circles) as a function of the nitric acid concentration 

[47]. 
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Abstract 

Exposure of molybdenum thin films above 300°C in ambient atmosphere result in surface 

oxidation, leading to the formation of colored oxide films deteriorating their application in 

thin film transistor liquid crystal displays. In this study, the influence of alloying titanium and 

aluminum on microstructure, electrical properties, oxidation and wet etching behavior of 

thin films was investigated. Mo-Ti-Al films with 8 at.% Ti and different Al contents (8-24 at.%) 

were deposited by d.c magnetron sputtering and annealed in ambient air at 330°C for 1 h. 

The oxidation resistance of Mo-Ti-Al films was enhanced with increasing Al content. A 

minimum alloy content of 16 at.% Al was necessary to form a thin protective Al2O3 surface 

layer and prevent the formation of colored molybdenum oxides. The wet etching ability of 

the Mo-Ti-Al films in phosphoric, acetic, nitric acid decreased with increasing Al content, but 

was still acceptable for thin film transistor liquid crystal displays applications.  

 

Keywords: molybdenum, alloying, oxidation, sputtering, wet etching 

 

1. Introduction 

Sputtered molybdenum (Mo) thin films are used in thin film transistor liquid crystal displays 

(TFT-LCD) as conducting materials. Their low electrical resistance and easy chemical 

patterning make them an excellent material for source/drain electrodes and data bus-lines. 

Furthermore, Mo thin films are used as bottom and capping layers in the gate metallization 

of TFTs, due to their good adhesion on glass and low contact resistance to silicon and indium 

tin oxide [1]. They also serve as diffusion barrier, since Mo exhibits a high melting point and 

very low diffusion coefficients [2,3].  
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Since annealing treatments are used in TFT-LCD processing [4], these films have to withstand 

thermal exposure without deterioration of their properties. However, Mo is known to 

exhibit poor oxidation resistance in air and is prone to oxidation above 300° C [5,6]. Alloying 

of Mo thin films has been suggested to improve their oxidation resistance [7]. For example, 

Park et al. have reported that Ti is corrosion resistant in oxidizing atmospheres and that 

alloying of Ti to Mo leads to the formation of a passivation layer [8]. However, Ti cannot be 

dissolved in phosphoric, acetic, nitric acid solutions (PAN), which is a key process step in the 

production of TFT materials [9].  

The aim of the present work is to study the oxidation resistance and wet etching ability of 

ternary Mo-Ti-Al alloys with varying Al contents, where Al is known for its superior oxidation 

resistance and good wet etching behavior in PAN [9]. Film microstructure and properties are 

investigated in order to determine the influence of the alloying elements.  

 

2. Experimental details 

The films were deposited on silicon (100) and glass substrates (Corning EAGLE2000TM 

AMLCD), using a laboratory-scale unbalanced d.c. magnetron sputter system. The silicon 

substrates and glass substrates were ultrasonically cleaned in ethanol or a commercial 

detergent from Borer Chemie AG, respectively. The films were deposited using one powder-

metallurgically prepared Mo90Ti10 and one Al target (ø 50.8 × 6.35 mm2), which were 

mounted on two unbalanced AJA magnetrons. The substrates were fixed on a rotatable 

sample holder positioned about 55 mm above the magnetrons. The vacuum chamber was 

evacuated to a base pressure of ≤ 2 × 10-3 Pa. Prior to deposition, the substrates were 

plasma etched with using a pulsed d.c. discharge at -500 V and 250 kHz for 2 min. Different 

Al contents within the films were obtained by varying the d.c. current on the Al target 

between 0 and 0.15 A, whereas the Mo90Ti10 target was operated at a constant value 

(0.35 A). An Ar flow of 15 sccm resulted in a working pressure of 2.0 × 10−2 Pa.  

The fracture cross-sections of the films on the Si substrates were investigated with a 

scanning electron microscope (SEM, Zeiss Evo-50) to evaluate the deposition rate. 

Furthermore, energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments INCA), 

attached to the SEM was used to determine the chemical composition of the films on the Si 

substrates. To obtain a film thickness of approximately 300 nm for all films, the deposition 

times were varied for each deposition condition, being between 6 and 9 min. All further 

investigations were conducted on the glass substrate films.  

A standard four-point probe technique was used to measure the electrical resistivity of the 

films. The characterization of the crystal structure was done by X-ray diffraction (XRD) 
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measurements using a Bruker AXS D8 Advance diffractometer with CuKα radiation 

(λ = 1.5418 Å) and Bragg-Brentano geometry.  

The wet etching rate of the as-deposited films was determined by the weight difference of 

the substrate before and after dipping in the etchant. The etching solution (PAN) was 

composed of 66% phosphoric acid, 10% acetic acid and 5% nitric acid by volume. All wet 

etchings were performed at a stirring rate of 300 rpm at 40°C. 

To evaluate the oxidation behavior of the films, as-deposited samples were annealed in a 

chamber furnace in air at 330°C for 1 h.  Reflectance UV–Vis spectra of the films were 

measured before and after annealing using a Perkin Elmer Lambda 950 photo-spectrometer. 

The Raman spectra were measured using a Jobin Yvon LabRam confocal Raman 

spectrometer employing a Nd:YAG laser (λ = 532 nm, 10 mW). The oxidation states of the 

films after annealing were studied by X-ray photoelectron spectroscopy (XPS) using an 

Omicron Multiprobe system with a monochromized Al Kα beam (1486.6 eV) and a resolution 

< 0.5 eV. In order to remove the volatile surface contaminants, the samples were heated for 

20 min at 300°C before XPS measurements.  

 

3. Results and discussion 

3.1. As-deposited films 

3.1.1. Chemical composition and microstructure 

The chemical compositions of the Mo-Ti-Al films deposited at different Al currents are 

shown in Table 1. As the current on the Al target increases from 0 to 0.15 A, the ratio of Ti:Al 

almost linearly increases from 1:1 via 1:2 to 1:3 with a corresponding decrease of the Mo 

content. In the subsequent text, films will be denominated by the formula given in the 

column “sample” in Table 1. 

 

Table 1  

Chemical composition of the MoTiAl films as analyzed by EDX. 

Sample Current (Al target) Chemical composition  Film thickness 

  Mo Ti Al  

 [A] [at. %] [nm] 

MoTi8 0 91.9 8.1 - 253 

MoTi8Al8 0.05 84.1 8.3 7.5 264 

MoTi8Al16 0.1 76.3 8.2 15.5 235 

MoTi6Al24 0.15 69.6 6.5 23.9 253 
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Fig. 1 illustrates the XRD diffractograms of the Mo-Ti-Al alloy films in the as-deposted state. 

All films are polycrystalline and consist of a body-centered cubic (bcc) phase. The positions 

of the diffraction peaks of Mo (2Θ = 40.50°, 58.61°, 73.67°, 87.62°), indicated in Fig. 1, 

correspond well to those of the peaks observed for the Mo-Ti-Al films [10]. Accordingly, all 

thin films consist of a bcc single-phase Mo-based solid solution. The diffraction peaks of the 

MoTi8 film shift to lower diffraction angles, compared to the unalloyed Mo film, indicating an 

obvious increase of interplanar lattice distance in the film. This is attributed to the 

replacement of Mo atoms by larger Ti atoms. With increasing Al content, the peaks of the 

Mo-Ti-Al films slightly shift to higher diffraction angles compared to the Mo reference. This is 

a result of a lower interplanar lattice distance and thus a decreasing lattice parameter, which 

evidences that the film lattice contracts with the substitution of Mo by smaller Al atoms. All 

films show a preferred (110) orientation. However, the intensity of the (110) peak decreases 

with increasing Al content, while (200) peaks emerge. 

 

 
Fig. 1. XRD diffractograms of Mo-Ti-Al films with different Al contents compared to an unalloyed Mo 

film. 

 

3.1.2. Wet etching behavior 

The wet etching rate of Mo-Ti-Al alloys as a function of the Al content is plotted in Fig. 2. The 

dissolution rate of the Mo-Ti-Al films in PAN gradually decreases with increasing Al content. 

This is in good agreement to Kim et al., who reported that Mo exhibits a higher wet etching 

rate than Al in phosphoric nitric acid and that the contact of the less noble Al decreases the 

dissolution rate of the nobler Mo [11].  
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Fig. 2. Wet etching rate of Mo-Ti-Al films as a function of the Al content.  

 

3.2. Annealed films  

3.2.1. Electrical resistivity 

The influence of the Al content on the electrical resistivity of the Mo-Ti-Al films is shown in 

Fig. 3. A pure Mo film (300 nm thick), as reported in our earlier work  [12], has a resistivity of 

about 10 µΩcm. Alloying 8 at.% Al to the MoTi8 solid solution causes a sharp rise of electrical 

resistivity to approximately 100 µΩcm. However, further Al additions results in a linear 

increase of the resistivity. This behavior can be explained by the different atom size of the 

alloying elements, which lead to an increase of electron scattering. Furthermore, alloying 

elements introduce local charge differences, due to their different valence electrons, which 

results in a higher scattering probability [13]. 

 

 

Fig. 3. Electrical resistivity of the Mo-Ti-Al films as a function of the Al content in the as-deposited 

and annealed state. The electrical resistivity of a 300 nm Mo film reported in our earlier work 

[12] is given as a reference. 
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No significant difference between the electrical resistivity before and after annealing is 

observed. This may be attributed to the fact that the oxide films formed during annealing 

are too thin to affect the measurement. 

 

3.2.2. Optical properties 

Annealing of the as-deposited samples in air at 330°C results in the formation of colored 

oxide films (see Fig. 4). However, the Mo-Ti-Al films with 16 at.% Al and 24 at.% Al remain 

colorless after the heat treatment, indicating the formation of a very thin transparent oxide 

film. 

 
Fig. 4. Photographs of the investigated films after annealing at 330°C for 1 h in air. 

 

The reflectance spectra of the MoTi8Al8 and MoTi8Al16 films in the as-deposited and 

annealed state are presented in Fig. 5. Both films show in the as-deposited state an average 

reflectance of above 50 %, confirming the metallic appearance. Moreover, it can be seen 

that the Al fraction in the films has a strong influence on the optical properties of the 

annealed samples. The reflectance of the Mo film containing 8 at.% Al decreases significantly 

after annealing and shows an absorption edge below 400 nm. The strong absorption in the 

violet region of the spectrum is responsible for the yellowish color of the film (see Fig. 4c) 

and indicates the formation of an oxide layer.  

However, by increasing the Al content to 16 at.%, the decrease in reflectivity after annealing 

is reduced and the formation of the absorption edge is prevented. As a result, the optical 

appearance remains metallic (see Fig. 4d).   
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Fig. 5. Optical reflectance spectra before and after annealing of (a) MoTi8Al8 and (b) MoTi8Al16. 

 

3.2.3. Oxidation states 

The oxide films formed during annealing are too thin to be detected by XRD and in SEM 

cross-sections. To obtain more information about the surface oxides, which are responsible 

for the thermal coloration of the films, Raman spectroscopy was performed. Molybdenum 

oxides are well suited for characterization by Raman scattering [14]. In contrast, annealing of 

bulk Al below 350°C leads to the formation of an amorphous Al2O3 film [15], which can not 

be detected by Raman spectroscopy [16,17]. 

Fig. 6 illustrates the Raman spectra of the annealed samples, which are in good agreement 

with the results of visual inspection and UV-Vis spectroscopy. The Raman spectrum of the 

reference Mo film corresponds to the characteristic peaks of the polycrystalline MoO3 bands 

(995 cm−1, 818 cm−1 and 665 cm−1). Therefore, it can be concluded that the annealing 

treatment causes surface oxidation of the unalloyed Mo film and leads to the formation of 

MoO3. The Raman bands of the MoTi8 and MoTi8Al8 film are nearly identical. Both spectra 

exhibit broadening of the peaks, suggesting the presence of mixed oxides [18]. In contrast, 

no Raman peaks are observable for the Mo-Ti-Al films with 16 at.% Al and 24 at.% Al, 

indicating the absence of the Raman-active MoO3 and TiO2. Thus, it can be concluded that an 

increased Al content prevents formation of MoO3 and results in growth of a protective Al2O3 

film.  
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Fig. 6. Raman spectra of the Mo-Ti-Al films compared to a Mo reference after annealing at 330°C for 

1h in air. 

 

In order to study the influence of Al on the oxidation states of Mo and to verify the presence 

of the assumed Al2O3 film, XPS analyses were conducted. As a result of spin-orbit (j-j) 

coupling, the Mo3d spectrum consists of the characteristic Mo3d5/2-Mo3d3/2 doublet [19]. 

Fig. 7 shows the Mo3d XPS spectra of the Mo-Ti-Al films with different Al contents. Again, 

the spectra of the MoTi8 and Mo-Ti-Al film with 8 at.% Al exhibit substantial similarity. Curve 

fitting of the Mo3d5/2 peak indicates two spectral lines at 231.8 and 232.7 eV, which are 

assigned to Mo5+ and Mo6+ states. These peak positions agree well with earlier reports [20]. 

Clearly, the intensity of the Mo6+ oxidation state exceeds the one of the Mo5+ oxidation state 

and is the major contribution to the Mo3d5/2 signal of the MoTi8 and MoTi8Al8 films. Thus, it 

can be concluded that annealing the low-alloyed films in air is enhancing the Mo6+ state and 

therefore the formation of MoO3.  

However, the XPS spectra of the Mo-Ti-Al films alter with increasing Al content. For the Mo-

Ti-Al film with 16 at.% Al several oxidation states can be identified, with binding energies of 

the Mo3d5/2 corresponding to metallic Mo0 (227.9 eV), Mo4+ (229.1 eV), Mo5+ (232.0 eV) and 

Mo6+ (233.1 eV). Similar finding have also been reported by Kim et al [21].As the Al content is 

further increased, the same oxidation states and one additional species of Mo is observed, 

with a binding energy of 228.3 eV. Since the binding energy of this oxidation state is 

between Mo4+ and the metallic Mo0, it is referred to as Moδ+. Choi et al. assigned this Mo 

species to Mo3+, Xiang et al. to Mo2+ [19,22]. Increasing the Al content decreases the 

intensity of the Mo6+ peaks and favors reduced oxidation states of Mo. Accordingly, the 

intensity of the metallic Mo0 peak is the highest observed in the MoTi6Al24 film (see Fig. 7).  
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Fig. 7. Mo3d XPS spectra of Mo-Ti-Al films with different Al contents. 

The results of peak area analysis of the Ti2p and Al2p bands are summarized in Table 2. It 

shows that an increasing Al content leads to enhanced formation of Al2O3. As a 

consequence, it can be presumed that the formation of Al2O3 is responsible for the reduced 

oxidation states of Mo. Therefore, the oxidation behavior of Mo-Ti-Al films is primarily 

controlled by the Al content in the films. The same effect was reported by Kai et al. for an 

investigation of the oxidation of a Zr-Cu-Al-Ni amorphous alloy in air at 300–425°C [23].  

 

Table 2  

Quantitative peak area analysis of the Ti2p and Al2p XPS bands 

 

 

 

 

 

4. Conclusions 

The influence of different Al contents on the microstructure, wet etching behavior and 

oxidation resistance of Mo-Ti-Al films deposited by d.c magnetron sputtering was 

investigated. All films show a single-phase body-centered cubic structure based on the Mo 

phase. An increasing Al content results in a decline of the wet etching behavior of the Mo 

alloy films in a 66 vol.% phosphoric acid, 10 vol.% acetic acid and 5 vol.% nitric acid (PAN), 

but is still in an acceptable range for thin film transistor liquid crystal display applications. 
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 Ti (453.9 eV) TiO2 (458.9 eV) Al (72.3 eV) Al2O3 (74 eV) 

MoTi8 - 2.51 - - 

MoTi8Al8 - 2.61 - 3.58 

MoTi8Al16 - 2.59 0.18 7.18 

MoTi6Al24 0.15 2.45 1.59 11.29 
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The formation of MoO3 during the annealing at 330°C for 1 h is responsible for the thermal 

coloration of the unalloyed Mo and the low-alloyed Mo-Ti-Al (i.e., 8 at.% Ti without Al and 

with 8 at.% Al, respectively) films. The further increasing Al content promotes the formation 

of an amorphous Al2O3 layer, which reduces the oxidation states of Mo. Therefore, the 

oxidation behavior of Mo-Ti-Al films is primarily controlled by the Al content, where a 

minimum alloying element content of 8 at.% Ti and 16 at.% Al was found to be necessary to 

enhance the oxidation resistance at still acceptable wet etching rates. 
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Appendix 

This appendix contains additional data of ternary Mo-X-Y (X=Ti or Mg, Y=Al or Ni) films, 

which were also investigated within the scope of the thesis. All ternary Mo films were 

synthesized and characterized as described in section 2. Table 1 presents the chemical 

composition, film thickness and electrical resistivity before and after annealing of all films 

analyzed. It should be noted that the formula given in the column “Sample” represents the 

alloying content of the film in at.%. As shown in Table 1, two ternary Mo-Ti-Al systems, one 

with lower and the other with higher Ti content, were examined. The amount of Al was 

systematically increased within these systems to determine the effect of the alloying 

concentration on the properties of the films. In addition, a ternary Mo-Mg-Al film and two 

Mo-Ti-Ni reference films were also studied as part of this thesis.  

 

Table 1  

Chemical composition, film thickness and electrical resistivity of all films investigated. 

Sample Film thickness Electrical resistivity [µΩcm] 

(alloying content [at.-%]) [nm]     as-deposited annealed 

MoTi8 253 26.9 27.8 

MoTi8Al8 264 98.2 103.0 

MoTi8Al16 235 120.9 122.4 

MoTi6Al24 253 151.5 152.2 

MoTi17 231 40.0 41.3 

MoTi16Al9 260 94.4 96.0 

MoTi15Al16 270 125.4 126.4 

MoTi14Al24 264 152.1 154.5 

MoTi13Ni14 235 88.3 87.6 

MoTi12Ni20 260 100.7 100.5 

MoMg9Al23 275 203.6 204.9 

 

As reported in section 3.2.1, the electrical resistivity increases with increasing alloy 

concentration. The same behavior is observed for all ternary Mo films (see Table 1). The 

resistivity of the Mo-Ti-Ni films is slightly lower than that of the Mo-Ti-Al films, but they are 

still in the same order of magnitude. The Mo-Mg-Al film exhibits the highest resistivity of all 

films investigated. 
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The results of XRD analysis of the additional ternary Mo alloy films in the as-deposited state 

are summarized in Fig. 1. The XRD diffractograms show, that all alloying elements form solid 

solutions with Mo. This is in accordance with the finding in section 3.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD diffractograms with different compositions in the systems (a) Mo-Ti-Al (b) Mo-Ti-Ni and 

(c) Mo-Mg-Al compared to an unalloyed Mo film. 

 

The influence of the alloying elements on the wet etching behavior of the films in PAN is 

shown in Fig. 2. The Mo-Ti-Al films with lower Ti content exhibit superior wet etching ability, 

compared to the Mo-Ti-Al films with higher Ti content. As mentioned in section 1, pure Ti 

cannot be dissolved in PAN etching solution. Consequently, the dissolution rate decreases 

significantly with increasing Ti content. The influence of Al on the wet etching rates of Mo-Ti-

Al films was already discussed in section 3.1.2. Fig. 2 also illustrates, that the Mo-Ti-Al films 

with lower Ti content are generally etched faster than the Mo-Ti-Ni reference films. The wet 

etching rate of the Mo-Mg-Al films is the highest, exceeding even that of the unalloyed Mo 

film. 
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Fig. 2. Wet etching rate of Mo and Mo alloy thin films in PAN. 

 

As outlined in the manuscript, annealing of the as-deposited samples results in the 

formation of colored oxide films. Fig. 3 contains supplemental photographs of all films after 

annealing at 330°C for 1h in air. The Mo-Ti-Al film system with lower Ti content was already 

discussed in detail in section 3.2.2. No colored oxide films are detected by visual inspection 

of the other ternary Mo alloy films. Similar results are obtained by the reflectance spectra of 

the films, as shown in Fig. 4. In the as-deposited state, all films exhibit an average reflectance 

of above 50%, confirming the metallic appearance. However, the reflectivity of the ternary 

Mo-Ti-Al films with higher Ti content does not change significantly after annealing. The same 

results are obtained for the Mo-Ti-Ni and Mo-Mg-Al films, indicating the absence of colored 

oxide films. 

Fig. 3. Photographs of the films after annealing at 330°C for 1 h in air.  
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Fig. 4. Optical reflectance spectra (a) before and (b) after annealing of Mo and Mo alloy thin films. 

 

As reported in section 3.2.3, Mo oxides are well suited for characterization by Raman 

spectroscopy. The Raman spectra of the additional investigated films are shown in Fig. 5. 

There are no detectable peaks in the spectra of the ternary Mo alloy films. Therefore, it is 

concluded, that the formation of colored molybdenum oxides is prevented (see section 

3.2.3).  
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Fig. 5. Raman spectra of (a) Mo-Ti-Al films with higher Ti content (b) Mo-Ti-Ni films and (c) Mo-Mg-Al 

film compared to an unalloyed Mo film after annealing at 330°C for 1h in air. 
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