
1 
 

Electrical resistivity, wettability, and structural properties of oriented 

columnar Mo thin films 

Khaoula RAHMOUNIa,b, Ilyas BENSALEM c , Abdelhamid BENHAYAd, Nicolas 

MARTINe 

a Laboratory of Active Components and Materials. Larbi Ben M'hidi University Oum El 

Bouaghi. BP 04000, Algeria. 

b ISTA, University of Larbi Ben M′hidi, Oum El Bouaghi, Algeria 

c Mechanics of Structures and Materials Laboratory,University of Batna 2, Batna, Algeria. 

d Laboratory of Advanced Electronics, Department of Electronics, University of Chahid 

Mostefa Benboulaid Batna 2, Batna, Algeria 

e Institut FEMTO-ST, SUPMICROTECH-ENSMM, CNRS, 15B, Avenue des Montboucons, 

25030, Besançon Cedex, France 

 

Abstract: 

This work reports on the effects of Oblique Angle Deposition (OAD) on the microstructure, 

electrical resistivity, and wettability of molybdenum (Mo) thin films. DC magnetron sputtering 

is used to deposit Mo on silicon wafers while the substrate inclination angle is varied from  = 

10° to 80°. Thin film crystalline structure is analyzed by X-ray diffraction and shows that for a 

substrate inclination angle lower than 60°, the (110) peak of the bcc Mo phase becomes more 

pronounced. Using the contact angle technique, it is found that Mo films are hydrophobic with 

an improved wettability as  angle tends to be glancing. Results indicate that rather than 

adjusting the composition of thin films, it is possible to affect their properties by modifying 

their nanostructured design. Morphological characteristics of Mo thin films show a significant 

voided architecture as the substrate inclination angle rises. An oxygen enrichment is also 

obtained, and Mo films become less conductive with an electrical resistivity increasing by two 

orders of magnitude as the substrate inclination angle reaches 80°. 
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Highlights 

- Mo thin films were deposited by OAD PVD. 

- Columnar architecture can affect chemical composition and electrical resistivity. 

- The highest substrate inclination angle produces significantly enhanced wettability. 

- The properties of Mo films are linked to the flow inclination angle and the architecture of the 

films. 
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1. Introduction 

Since characteristics of molybdenum and similar compounds greatly depend on the 

oxidation state  of the metal [1], they have found extensive uses in industry. Inorganic 

molybdenum compounds, such as metallic molybdenum, MoNx, MoO3, and MoS2, are now 

involved in a variety of fields, including gas sensing, energy storage, field emission, photo- and 

electro-chromic devices, and hole transport layers for photovoltaics, because of the multiple 

accessible molybdenum oxidation states and the potential changes in their crystal structures 

upon excitation by light, heat, or applied voltage [2, 3]. They have also been the focus of many 

studies in the disciplines of coordination, bioinorganic, cluster, solid-state materials, 

organometallics/catalysis, and solid-state materials [4-7]. Metallic molybdenum and its oxides, 

nitrides, and sulphides have recently gained interest as cutting-edge materials in electronic and 

semi-conductor research [8, 9]. Thin films with thicknesses measured in the Angström to 

nanometer range are among the many structural forms of these compounds, and they are 

particularly significant in the current and upcoming microelectronic and display industries. 

Gas-phase deposition techniques, including physical vapor deposition (PVD) and chemical 

vapor deposition (CVD), have been widely researched as a generic technique for producing thin 

films [10, 11]. Although thin films deposited by PVD have limited step coverage, they benefit 

from very low impurity levels and superior film quality. 

A wide variety of materials can be used to create nanoporous structures using additive or 

subtractive processes that involve surface deposition, such as pulsed laser deposition, chemical 

or physical vapor deposition, or sol-gel [12]. Subtractive processes based on material etching, 

such as chemical, electrochemical, and e-beam, can also be used to create nanoporous 

structures. Oblique Angle Deposition (OAD), a physical vapor deposition technique for thin 

films with the substrate tilted, is one of them. Such a technique became increasingly important 

because it is a scalable and environmentally friendly fabrication method that works with a 

variety of materials and enables the creation of various nanostructured morphologies. Since the 

middle of the 20th century, OAD has been an original method for creating porous morphologies 

[13, 14]. Today, OAD is becoming a widely used method for depositing nanocolumnar thin 

films with nanoporosity for numerous applications, providing simple control over the 

morphology and porosity of the thin films by simply adjusting the deposition parameters. OAD 

significantly increases the thin film's porosity by taking advantage of the shadowing effect 

brought on by increasing columns when the substrate is tilted [12]. The tilt angle affects the 

shadowing effect, which in turn affects the size of pores and columns. According to earlier 
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reports [15, 16], isolated columns begin to develop with an increase in pore size. Other factors, 

including deposition time (film thickness) [17], deposition rate [18], deposition pressure [19], 

and gas composition [20], may also have an impact on the morphology of thin films formed by 

OAD, although there is not always a direct correlation between all these experimental 

conditions [21]. 

This work seeks to synthesize Mo films by magnetron sputtering utilizing the OAD 

method onto silicon substrates because there is a lack of thorough understanding regarding the 

characteristics of Mo films as a function of the substrate inclination angle. As this angle changes 

during deposition from 10° to 80°, surface morphology, microstructure, electrical 

characteristics, crystalline structure, and wettability of Mo films are investigated and discussed. 

 

2. Experimental part 

2.1 Surface preparation 

All (100) silicon substrate rectangle pieces (side length of 15 mm, width of 10 mm, and 

thickness of 0.38 mm) were ultrasonically cleaned by a 15-minute sequential sonication process 

in acetone, then rinsed with ethanol, dried, and stored at room temperature. Then, Mo thin films 

were deposited by DC magnetron sputtering with a circular (51 mm in diameter) Mo metallic 

target (purity 99.99 at. %). Our experimental facility used to deposit the proposed structure was 

a homemade sputtering chamber pumped down by means of a primary pump followed by a 

turbo-molecular pump, enabling a residual vacuum pressure of 10-6 Pa. The sputtering process 

was carried out in an argon atmosphere at a sputtering pressure of 0.30 Pa with an inlet of 2.6 

sccm of pure argon. The DC power supply was used to ignite plasma in the chamber, providing 

a constant current of 200 mA and a resulting Mo target voltage UMo = 295-300 V. Besides, the 

substrate/Mo target distance was kept at 6.5 cm. The deposition process of the Mo architectures 

was carried out at room temperature and the deposition time was adjusted to obtain similar 

thickness for each sample (thickness of 800 nm). The OAD technique was used to grow Mo 

thin layers with oriented column’s structure. The main idea behind this method resides in 

utilizing an oblique incident flux of the sputtered particles to deposit thin films tilting the 

substrate holder with a given angle, namely the substrate inclination angle . To assess the 

influence of the obliquely columnar structure Mo top film on the morphology, electrical 

resistivity, wettability and structure performances, various substrate inclination angles  = 10, 

40, 60, and 80° were considered.  
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2.2 Thin films characterization  

Scanning Electron Microscopy (SEM), which makes use of the JEOL JSM 7600F to 

observe the surface morphology and cross sections of the deposited films, was used to assess 

the morphological properties of the analyzed Mo films with an inclined structure. Using the 

same SEM running at 5 kV, the energy dispersive X-ray spectroscopy (EDS) was utilized to 

ascertain the produced sample's elemental chemical. Crystalline structure was analyzed with a 

Panalytical Aeris diffractometer with a copper X-ray tube (Cu λKα1,2 = 0.15418 nm) with a 

grazing incidence configuration at a constant angle  = 0.8°. Scans were performed with a 2θ 

angle ranging from 35° to 90° with a step of 0.0204° per 1 s. The four-point probing approach 

developed by van der Pauw was used to assess the room temperature electrical characteristics 

of the OAD Mo films [22] using a Hall Measurement System Ecopia HMS5500 . 

The wettability and the free surface energy (SFE) γL of Mo films deposited at different 

angles (α = 10, 40, 60, and 80°) were determined from measurements of the contact angle . 

Four liquids of different polar (𝛾௅
௣) and dispersive (𝛾௅

ௗ) components (Table 1): distilled water, 

diiodo-methane, ethylene glycol, and glycerol were employed for measuring the contact angle 

with a device ramé-hart Model 790. The contact angles  were obtained in ambient air using 

the standing drop method. 

Table 1. Parameters of probe liquids used in evaluating surface free energy γL (SFE) from 

contact angle  (CA) measurements. γL
d and γL

p are the dispersive and polar component of the 

surface free energy: γL = γL
d+γL

p, respectively. 

Liquids 
Surface free energy 𝛾𝐿 

(mJ/m2) 
Dispersive component 𝜸𝑳

𝒑 
(mJ/m2) 

Polar component 𝜸𝑳
𝒅 

(mJ/m2) 

Distilled water  72.8 51 21.8 

Diiodo-methane 50.8 0 50.8 

Ethylene glycol 48 29 19 

Glycerol 64.0 34.0 30.0 

The wetting liquid was distributed over the surface of the sample to be characterized by 

a micrometric syringe using a dosing unit controlled by a motor and the image of the drop was 

recorded. A volume of 5 μl was used for the four liquids. The average value of the contact angle 
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(average of the left and right angles of each drop) was calculated after 180 seconds, taken at 

three different locations on the sample surface. The surface free energy of each film was 

calculated from the contact angle using the theory of Owens, Wendt, Rabel, and Kaelble 

(OWRK) [23-25].  

 

3. Results and discussion 

3.1 Cross-sectional and surface analysis: 

Figure 1 displays, for the Mo films with the sputter-deposited structure created using the 

OAD process, the SEM cross-section and surface morphology images at  = 10, 40, 60, and 

80°. 

 

Fig. 1. SEM images of cross-sections and surface morphologies of the sputter-deposited Mo 

thin films prepared by OAD with substrate inclination angles of  = 10, 40, 60 and 80°. The 

incoming particle flux is indicated with arrows. 
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The surface morphology of the thin films created using the oblique deposition procedure 

shows inter-columnar porosity in conjunction with surface roughness morphology. Randomly 

spaced columns that are relatively related to another one are visible from the top view of the 

inclined Mo thin films. The surface dispersion of sputtered particles and the restricted 

shadowing mechanism are primarily responsible for these morphological characteristics. In 

essence, self-shadowing film deposition and subsequent formation of a porous, thin film with a 

columnar structure result from the development of the obliquely oriented Mo film on the Si 

substrate, which is inclined at  = 10, 40, 60, and 80°. While using the OAD technique at 

oblique angles of 40, 60°, and 80° results in regular and visible inclined rods that favor the 

direction of the incident particle flux with a column angle β (angle between the normal to the 

substrate surface and the columns direction). An average of five values was then measured for 

each oblique angle leading to β = 31°, 38°, and 41°, respectively (from SEM cross-section views 

in Fig. 1). Figure 2 compares the evolution of experimental column tilt angles of Mo films vs. 

substrate inclination angle  with the two geometrical models: tangent rule [26] and Tait’s rule 

[27]. 

 

Fig. 2. Column tilt angle β as a function of the substrate inclination angle  of Mo films. 

Tangent rule and Tait’s rule are compared to the experimental column angles obtained from 

SEM observations for Mo films prepared with  = 10, 40, 60 and 80°. 
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It is noteworthy that the tangent rule is not suitable for substrate inclination angles higher 

than 50° [28]. The second model proposed by Tait et al. [29] is a purely geometrical relation 

that is derived from a ballistic model. According to Tait's rule, this implies that the column 

angle rises as a function of the substrate inclination angle. None of the geometrical rules are 

followed by our Mo films. In particular, it has been reported that it depends on the type of 

material deposited and deposition conditions [21, 30-32]. It is also worth noting that the particle 

flux generated by the sputtering of a target in a plasma is characterized by a relatively spread 

angular distribution. As a result, particles impinge on the substrate and the growing film with 

various angles of incidence and above all, different from the substrate inclination angle . Thus, 

it is not the geometric substrate inclination angle but the angle of incidence of the atoms that 

dictates, by shadowing effect, the inclination of the columns. Laterally spaced columns are 

created and placed along the growth. This is most likely because there isn't any atomic 

shadowing perpendicular to the growth plane, which results in a second structural anisotropy 

and allows the development of inclined columnar architecture [33]. It is also interesting to note 

that such obtained morphological properties have been demonstrated in several prior 

investigations, where inclined structures may be created by optimizing the deposition 

parameters of the OAD approach [34-38]. 

 

3.2 Crystallographic analysis and chemical composition 

To learn more about the crystallographic structure evolution as a function of the substrate 

inclination angle, GIXRD investigations of Mo thin films are conducted (Fig. 3). For all 

samples, the pattern consists of a peak at 2 about 40.5° assigned to (110) planes of pure body-

centered cubic (bcc) Mo phase. For  < 60°, thin films show one strong and two somewhat faint 

diffraction peaks. The three diffraction peaks marked by Mo in the pattern can be identified as 

the (110), (200), and (211) crystal planes of the bcc structure. However, thin films deposit at  

≥ 60° exhibit a low (110) diffracted signal when the substrate inclination angle rises. (Fig. 3b). 

This is expected for bcc lattices such as Mo because of the minimum surface energy linked to 

the very dense packing (110) planes [18]. This orientation has also been reported and can be 

attributed to the preferred directions intrinsic to evaporation or sputtering processes [19, 20]. 

The (110) peak exhibits a non-monotonic intensity fluctuation increasing the substrate 

inclination angle , as seen in Fig. 3b. When Mo film is deposited at α = 10°, the (110) intensity 

is at its highest. The larger width is connected to the reduction of the grain size and change of 
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microstrain in the film. Lattice constant and crystal size were calculated using Scherrer's 

formula (Table 2). 

 

Fig. 3: a) GIXRD patterns Mo thin films 800 nm thick sputter-deposited on silicon for 4 

different substrate inclination angles . b) Focus on the diffracted signal corresponding to the 

(110) planes of the bcc Mo structure (the dotted line indicates the theoretical position). 
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Grain-size remains nearly unchanged and close to 12 nm for Mo films sputter-deposited for the 

lowest angles (α < 60°) then diminishes to 8.9 nm for the highest one α = 80°. This decrease is 

typically observed in GLAD films as the deposition angle tends to grazing incidence and higher 

than a critical angle (i.e., α > 60°) [30]. This reduced long-range order is mainly assigned to the 

decrease of energy per deposited particle as the substrate inclination angle rises [19, 26]. The 

amount of thermalized sputtered particles prevails overs the ballistic species leading to less 

energetic deposited Mo atoms impinging on the growing film. In addition, shadowing effect 

predominates for the highest substrate inclination angles, which also correlates with a smaller 

crystal size and the loss of a preferential orientation. 

 

Table 2.  Lattice constant and crystal size from Scherrer’s formula of Mo thin films prepared 

with different substrate inclination angles. 

 

Substrate inclination angle α (°) 10 30 60 80 

Lattice constant a (± 0.005 Å) 3.149 3.135 3.138 3.139 

Crystal size L (± 0.5 nm) 12.4 12.6 11.1 8.9 

 

Deposition at grazing angles also favors a voided columnar architecture and so, high films 

porosity (more than 50% of voids in some GLAD films [39]). As a result, impurities intrinsic 

to the vacuum process (mainly residual water vapor and oxygen species, as it will be shown 

later in § 3.3) disturb the crystalline growth in the columnar structure and so, it also contributes 

to the deposition of poorly crystallized films.  

 For the lowest substrate inclination angle α =10°, the lattice constant a = 3.149 Å, which 

is very close to the stress-free lattice parameter abulk =3.147 Å [40]. An increase of α from 30 

to 80° shifts the (110) diffracted signal to higher 2 angles. This corresponds to a slight 

reduction of the lattice constant but it remains around the bulk value. These results agree with 

former investigations published by Abadias et al. [41] who also reported significant evolutions 

of crystal structure (preferential orientation, lattice constant, stress) for substrate inclination 

angle α higher than 35°. We may likewise assume that increasing α favors to the development 

of tilted columns with a more voided architecture. It is assigned to the shadowing effect and a 

decrease of average energy per deposited particle when α rises. These results also suggest a 

stress relaxation phenomenon for substrate inclination angle α higher than 30°, as it has ever 

been observed in GLAD films. According to Grigoriev et al., [42], voids between the tilted 

columns absorb stresses arising in the film due to deposited high-energy atoms. Absolute values 
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of the stress decrease as the film thickness is higher than 10-20 nm (order of magnitude when 

shadowing effect starts to be significant) and the stress sign can also be changed with the growth 

(from compressive to tensile). 

For determining the chemical composition of the Mo thin films, EDX microstudies were 

carried out as a function of the substrate inclination angle, especially the Mo and O atomic 

concentrations (Fig. 4). 

 

Fig. 4. Oxygen and molybdenum atomic concentrations, and oxygen-to-molybdenum 

concentration ratio in the sputtered Mo thin-films as a function of the substrate inclination angle 

. 

 

The presence of porosity in the layer permits and promotes the oxygen incorporation due 

to the residual atmosphere of the sputtering process and from the air when samples are put at 

atmospheric pressure. As the substrate inclination angle increases, the oxygen concentration in 

Mo thin films steadily rises. Tilting the substrate more and more favors the shadowing effect 

and leads to better separated columns. It also enhances the surface roughness producing a larger 

contact surface with oxygen from the air [43–45]. There are two potential sources of oxygen: 

(i) Oxygen adsorption on the surface of the thin films and forms an oxide. It is then mainly 
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located at the surface level, in voids created by the inter-columnar architecture. (ii) Secondly, 

during the deposition process, oxygen is trapped in the chamber. This type of oxygen is part of 

the chemical composition of the layer [46]. Indeed, in this study, the oxygen content in the films 

is in the 10–40 at % range. These values are significantly larger compared to the amount (7–8 

at. %) found in the reference and fully-dense Mo film deposited at α = 10°, suggesting that the 

presence of oxygen for the OAD Mo film series deposited at ambient temperature is primarily 

due to post-growth contamination in ambient air. An increased film porosity is expected to 

result in greater oxidation. Therefore, for Mo films deposited at high substrate inclination 

angles, patterns shown in Fig. 4 in terms of oxygen content progression might attest to a higher 

porosity percentage and consequently a reduced film density. The larger void fraction revealed 

by SEM measurements (Fig. 1) and the observation of a sharper increase in the oxygen content 

from α > 40° sound reasonably consistent. 

 

3.3 Electrical resistivity 

The evolution of Mo thin films electrical resistivity measured at room temperature vs. 

substrate inclination angle is shown in Fig. 5. 
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Fig. 5. DC electrical resistivity () and temperature coefficient of resistance (TCR) both 

determined at room temperature as a function of the substrate inclination angle of Mo thin 

films. 

 

Changes of the film microstructure and chemical composition with substrate deposition 

angle also manifest themselves by variations in the room temperature electrical resistivity at 

least 2 orders of magnitude. DC electrical resistivity measured at room temperature increases 

from ρ = 7.71×10−6 to 1.25×10−3 Ω m when  changes from 10 to 80 °, respectively. These 

values are several orders of magnitude higher than that of bulk Mo (ρMo bulk = 5.47×10−8 Ω m 

at room temperature) [40]. This is mainly assigned to the high porosity typically produced in 

OAD thin films, especially using glancing substrate inclination angles. The electron scattering 

phenomenon becomes more important due to the increased presence of voids [47–49], and a 

reduction of the crystal size as illustrated from GIXRD results in Fig. 3b. They both contribute 

to reduce the electron mean free path of free electrons. In addition, the oxygen concentration 

becomes significant, as the substrate inclination angle is higher than 40° (Fig. 4). An amorphous 

oxide compound is formed between the tilted columns, which also prevents conduction paths 

of the free carriers. Similarly, the temperature coefficient of resistance (TCR) calculated from 

measurements of DC electrical resistivity as a function of the temperature from 20 to 100°C 

(not shown here) is also influenced by the substrate inclination angle (Fig. 5). It gradually drops 

from 1.9910-3 to 1.3410-3 K-1 as the substrate inclination angle rises from 10 to 80°. These 

values are all significantly lower than that of the Mo bulk (for Mo bulk at room temperature, 

TCR = 4.5310-3 K-1), as expected for thin films. However, tilting the substrate reduces the 

crystal size, as previously shown from XRD results (Fig. 3). In addition, an oxygen enrichment 

has been brought to the fore from analyses of the chemical composition (Fig. 4). An 

amorphization of the Mo films is then produced as  angle increases Assuming Reiss et al. 

investigations [50], this decrease of TCR vs. substrate inclination angle can be mainly assigned 

to the increasing number of grain boundaries per electron mean free path. Since high substrate 

inclination angles reduces the crystal size, electron scattering at grain boundaries is favored. 

Films become more resistive and a lower TCR, which may even exhibit a negative value 

although films remain in a conductive regime. 

 

3.4 Wettability and SFE of OAD films 
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Contact angle measurements were carried out to analyze the wetting behavior of the Mo 

thin films. Mo films deposited at  = 10° were chosen as a reference (no tilted columns) and 

compared to the films deposited at  = 80°. In Fig. 6, SEM top views of all films are shown as 

well as the corresponding optical micrographs of water droplets in contact with Mo surfaces.  

 

Fig. 6. Contact angle  measured with distilled water and surface free energy s vs. substrate 

inclination angle . Optical micrographs of water droplets in contact with Mo films and SEM 

top-view are given for each substrate inclination angle. 
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Usually, while measuring the contact angle, the liquid droplet spreads evenly in all 

directions over the solid surface. The main factors controlling the contact angle of liquid 

droplets on a solid are the chemistry and the roughness of the surface, which are intimately 

linked to the microstructure of the material [25, 51–54]. OAD techniques have been used to 

control the wettability of materials [21, 55, 56], as they allow precise control of both the surface 

chemistry and roughness. The development of a suitable surface texture is necessary to achieve 

either hydrophobicity or hydrophilicity. The contact angle decreases with increasing surface 

roughness and also for thin films exhibiting interconnected pores [57]. It was observed that the 

contact angle shows a direct correlation with the surface roughness of the thin films, and the 

model proposed by Wenzel can be applied.  

The thin films' hydrophilic properties become stronger when substrate inclination angle 

increases, as shown from optical micrographs in Fig. 6. Based on the surface morphology and 

texture of the thin films, this could be expected. The contact angle of a surface depends on the 

size of the surface texture as well as the contact area between the drop and the surface. Two 

models can be used to understand the phenomenon of surface wetting on rough surfaces. The 

first model is that of Cassie-Baxter (applicable to hetero-structured materials with porous 

nanostructures) [58] and the second one from Wenzel (applicable to rough surfaces) [59–61]. 

However, Wenzel and Cassie-Baxter mixed states are frequently implemented because of the 

partial liquid penetration of the air pockets generated into the rough surface features. On the 

other hand, the impregnation state refers to a different state in the Wenzel region. Although it 

is outside the purview of this study, more information about this state's potential benefits for 

impregnated membranes can be found elsewhere [59–61]. For the mixed Wenzel-Cassie-Baxter 

and impregnation wetting states, the following equations can be used [62]. It is also essential to 

consider the morphology of the Mo thin films obtained in Fig. 1, which favors the mixed states 

because of the presence of porosity at high substrate inclination angle. The relationship between 

surface roughness and contact angle is described by Wenzel's equation: 

cos(𝜀௪) = 𝑟. 𝑐𝑜𝑠(𝜀௒)          (1) 

where r is the ratio of actual surface area to the geometric surface area (Arb. Units), εw is the 

apparent contact angle (°), and εY is Young’s contact angle (°). 

A larger contact angle  generally reflects a lower free surface energy. An important 

parameter to clarify the interfacial interaction of a solid surface with a contacting medium is 

the surface-free energy. For solids, this concept is typically stated as surface-free energy, and 

for liquids as interfacial tension. The surface hydrophilicity of a solid surface can be measured 

using two factors: The solid surface free energy of cohesion and the solid-water free energy of 
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adhesion. The free surface energy s of the films is determined from the contact angle  

measurements according to the OWRK model [24] (Owen, Wendt, Rabel, Kaelble) and is 

presented in Fig. 6. In this approach, Young's equation is modified to incorporate the dispersive 

and polar components of the surface free energy, according to: 

൫1 + 𝑐𝑜𝑠(𝜃)൯ = 2ට𝛾௦
௣

   𝛾௅
௣

 +  2ට𝛾௦
ௗ   𝛾௅

ௗ     (2) 

where γS
p, γL

p, γS
d and γL

d are the polar and dispersive parts of the solid and liquid surface 

energies, respectively. There is a significant increase of surface free energy for films deposited 

at  = 80° compared to those prepared with  = 10°: s = 62±1 and 48.0±2.2 mN m-1, 

respectively. It can be concluded that the wettability is significantly improved for OAD Mo thin 

films. An increase in surface roughness will provide a greater surface area for liquid contact. 

This requires a more appropriate analysis, taking into account the topography of the surface at 

the nanometric scale [63]. Thin films with a low polar component and a reasonably low surface 

free energy would exhibit high adhesion resistance, according to Lugscheider and Bobzin [64]. 

The current results show that Mo thin films is a favorable coating for tribological applications 

[65] and corrosion resistance when applied to reference films developed with a near-normal 

incidence by conventional sputtering. 

 

4. Conclusion 

Composition, crystalline structure, and morphology of 800 nm thick Mo thin films 

sputter-deposited by oblique angle deposition (OAD) are examined assuming the influence of 

the substrate inclination angle . The potential for tailoring these films' responses by altering 

growth design and structural aspects are discussed. 

The findings of this study illustrate that: 

i) By changing the geometry of the growing films, it is possible to adjust the surface 

properties of Mo thin films, which is explained through the surface topography. 

ii) Compared to samples prepared by conventional sputtering (normal incidence angle) 

with different compositions and crystalline phases, inclined geometries cause 

electrical characteristics to vary with a significant greater amplitude, i.e., more than 

2 orders of magnitude. The increased post-growth oxidation of Mo films caused by 

rising inter-columnar film porosity at high angles was thought to be the cause of the 
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electrical resistivity increase as a function of the substrate deposition angle, with 

this effect being more prominent at higher angles (α = 80°). 

iii) Mo thin films prepared with  = 10° and 80° exhibit a contact angle of 50.5°and 

28.7°, and a surface energy of 48.1 and 62.1 mN m-1, respectively. The contact angle 

of all prepared samples showed a low value compared with dense Mo films because 

of the porous structure induced by the shadowing effect during the growth. The 

OAD technique also played a crucial role in the atomic and chemical compositions 

at the nanocolumnar film surface, which is considered to be one of the factors that 

affect the wettability properties. As a result, the highest substrate inclination angle 

produces a significant enhanced wettability, which makes it possible to control the 

surface wettability of architected OAD monolayers. 

iv) These results highlight the prospect of modifying a thin film's response by 

modifying its design, which in turn affects its morphological and structural 

characteristics. They also pave the way for novel high-tech materials and emphasize 

the prospect of modifying a thin film's response by tuning its architecture. The latter 

strongly affects its morphological and structural characteristics, creating original 

nanostructured surfaces. 
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