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Abstract—The influence of sputtering substrate temperature 

on the microstructure and wear properties of aluminum thin 

films deposited on stainless steel substrates by radio-frequency 

(RF) magnetron sputtering was studied. The aluminum films 

were deposited on stainless steel substrates at different 

temperatures of 70
o
C, 80

o
C and 100

o
C and at a constant power 

of 300 W. The surfaces of the films were then characterized by 

field emission scanning electron microscopy (FESEM), X-ray 

diffraction (XRD), surface profiling and wear methods. The 

wear was undertaken at extremely high sliding load of 50 N. 

Fine-grained and smooth microstructures exhibiting hillocks 

were observed at 70
o
C whereas coarse-grained and rough 

microstructures consisting of porous structures were obtained 

at 100
o
C. Defect-free and well-defined microstructures were 

obtained at 80
o
C. All the films obtained within this range of 

temperatures were crystalline according to the XRD results. 

Films obtained at 80
o
C were shown to have the highest 

coefficient of friction whereas those deposited at 100
o
C 

exhibited the lowest wear resistance. The films’ failure along 

the edges of the balls under high sliding load were 
characterized by thinning, deformation and tearing (cracking).    

Keywords-Aluminum thin films; sputtering; substrate 

temperature; wear 

I.  INTRODUCTION  

Deposition of aluminum thin films through sputtering has 
been of great interest among researchers and industry due to 
the possibility of tuning and tailoring the properties 
according to the desired applications [1], [2]. Tuning of the 
properties is enhanced by the flexibility of the sputtering 
process, which makes it possible to vary the deposition 

parameters. The properties and performance of aluminum 
thin films depend on the deposition parameters and 
conditions such as substrate temperature, target composition, 
sputtering power, bias voltage, time (thickness), substrate 
type and conditions [1]. Recently, Khachatryan et al. [2] 
studied the effect of film‟s thickness on grain growth and 
crystallization of Al thin films sputtered on flexible stainless 
steel substrates. The study revealed that films with 
thicknesses above 30 nm exhibited crystalline structures. As 
the thickness of the films increases, the surface stress and 
roughness increases according to study [3]. In another study 
[4], the effect of substrate type was investigated by 
depositing Al films on different substrates (namely, silicon, 
glass and steel substrates). The research showed that films 
deposited on steel substrate exhibited larger grains indicating 
that metallic substrates enhance grain growth and 
crystallization of sputtered aluminum thin films. A related 
study on Al thin films sputtered on mild steel and stainless 
steel substrates revealed that the topography evolution is 
dependent on the condition and type of the substrate [5]. The 
effect of the sputtering power and voltage on aluminum thin 
films was also described [5], [6]. The effect of substrate 
temperature on the microstructure and topography has also 
been reported and shown that there is tendency of the 
roughness to increase with the substrate temperature [7]. 
Roughness of Al thin films has also been reported to increase 
with the sputtering power [8]. It has also been reported that 
the induced stresses onto the Al films transforms from tensile 
to compressive as the sputtering power increases [8]. At low 
substrate temperature, the crystallinity of Al thin films 
increases with the decrease in sputtering rate [9]. It was also 

31

2019 IEEE 10th International Conference on Mechanical and Intelligent Manufacturing Technologies (ICMIMT 2019)

978-1-5386-7972-2/19/$31.00 ©2019 IEEE

Authorized licensed use limited to: Dedan Kimathi University of  Technology. Downloaded on May 15,2020 at 10:13:26 UTC from IEEE Xplore.  Restrictions apply. 



reported in study [9] that increase Al films deposited at room 
temperature exhibited (111) as the preferred orientation, 

however, increasing substrate temperature between 25-75oC, 
led to dominance by (2 0 0) orientation.   

 

 

   
Figure 1.  Field emission scanning electron microscope (FESEM) micrographs for aluminum thin films deposited on stainless steel substrates at 300 W at 

different substrate temperatures. 

   
Figure 2.  X-ray diffraction (XRD) patterns for aluminum thin films RF sputtered on stainless steel (SS) substrate at various substrate temperatures. The 

XRD patterns for the substrates (SS) are also shown. 
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Figure 3.  2D optical surface profiling of the aluminum films deposited at 70

o
C. The 3D images and section profile along the indicated region are also 

shown.  

 

               
Figure 4.  2D optical surface profiling of the aluminum films deposited at 80

o
C. The 3D images and section profile along the indicated region are also 

shown. 

 

   
Figure 5.  2D optical surface profiling of the aluminum films deposited at 100

o
C. The 3D images and section profile along the indicated region are also 

shown.. 
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Figure 6.  Variation of the coefficient of friction with time of wear loading for the films RF sputtered on stainless steel substrates at different substrate 

temperatures.  

 
Figure 7.  Wear tracks: The first row shows the panaroam pictures of the wear track, the second row are the optical micrographs and third row indicate the 

depth profiles across the wear track as shown by the black lines in images in first row. 

During their applications in optical and microelectronics 
systems, aluminum thin films are widely exposed to 
mechanical loads. For instance, when used on aspheric 
mirrors for optical reflectance, the resistance of these films to 
wear or scratch comes handy during cleaning or scouring of 
those mirrors [10]. The performance of the aluminum films 
to sliding loads (wear) depends on the microstructure and 
hence the deposition properties. In this work, we explore the 
evolution of the microstructure and wear of these films 
deposited at different substrate temperatures. The films were 
deposited at RF power of 300 W at substrate temperature 
varying between 70oC and 100oC.        

. 

II. METHODOLOGY 

Aluminum thin films were prepared by radio-frequency 
(RF) magnetron sputtering process using TF500 thin film 
deposition system (HHV Ltd, UK). Pure (99.99%) Al target 
(supplied by HHV Ltd, UK) of diameter 75 mm and 3 mm 
thickness were used. 316L stainless steel plates of 50 mm by 
50 mm and 3 mm thickness were used as the substrates [11]. 
These substrates were ground to SiC grade of #1200 but they 
were not polished to enhance adhesion of the Al coatings. 
Inside the chamber, the substrate and targets were mounted 
at a separation of 130 mm. The substrate holder rotates at a 
constant speed of 5 rpm to enhance uniform distribution of 
the films. The sputtering chamber was vacuumed to a base 
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pressure of 1.13 x 10-5 mbar and then argon gas pumped at a 

rate of 12 sccm and at a partial pressure of 2.5 x 10−3 mbar. 
Pre-sputtering was undertaken for 10 minutes to clean the 
substrate surfaces of any oxide layers. The deposition 
process was undertaken at 300 W for substrate temperatures 
of 70oC, 80oC and 100oC to evaluate the effect of 
temperature variation on the properties of Al thin films.      

The samples were then cooled for 3 hours in the vacuum 
and then removed from the chamber and sliced into 10 mm x 
10 mm for field emission scanning electron microscopy 
(FESEM), XRD, optical surface profiling (OSP) and wear 
analyses. Wear analyses were conducted using a 
multifunctional tribometer (Rtec-instruments, San Jose, CA, 
USA). A ball-on-flat test and cyclic wear test was performed 
at a sliding velocity of 1 mm/s. High-speed steel (HSS) ball 
of diameter 6.350 mm was used. Dwell and cycle times of 5 
and 30 seconds respectively were used at a constant loading 
of 50 N.  

III. RESULTS 

A. Surface Microstructure 

The surface microstructures of the films were evaluated 
using FESEM and XRD characterizations. Fig. 1 shows the 
FESEM micrographs at the top surface of the films. The 
films at 70oC consists of very fine secondary and primary 
grains with occasional lumps of structures occurring 
randomly over the surface of films. The lumps can be 
interpreted as hillocks. There is no porosity observed on the 
films at this temperature. The films deposited at 80oC consist 
of relatively larger primary and secondary grains as 
compared to those deposited at 70oC. There are few porous 
oxide structures presented around the secondary grains. At 
100oC, the microstructure is characterized by layered 
structures, long and interconnected secondary grains. The 
microstructure appears as bands of „chocolate‟ structures. 
Large pits and deeps interpreted as porosity can also be 
observed at 100oC. Similar results have been reported for Al 
thin films deposited at varying substrate temperature [7].  

Fig. 2 shows the XRD diffractograms of the three 
samples and the substrate material. As observed, the 
substrate material shows peaks at 40o, 50o and 90o and 
generally with the highest intensity as compared to the 
coated substrates. On depositing Al films onto the substrate, 
new peaks are detected at 36o, 63o, 78o and 80o. There is 
slight shift of the substrate peaks to the left and some peaks 
(e.g. at 90o) disappeared, which can be attributed to induced 
stresses due to sputtering. The sharp intensity at 36o were 
associated with (1 1 1) orientation of Al structure. The 
general XRD intensity decreased with increase in the 
substrate temperature. The intensity of the new peaks 
increased with increase in temperature. Additionally, the 
background noise is lowest at the highest substrate 
temperature i.e. the XRD patterns appeared filtered (smooth) 
at 80oC and 100oC. The results indicate crystallinity of the 
formed films.      

B. Surface profiling  

Figs. 3-5 are representative 2D optical surface profiling 
images for the three samples taken at a scan area of 1931 x 
1400 um2. The color intensities shown on the right side of 
the images give an idea of the surface roughness of the Al 
films. Their corresponding 3D topography are also shown. 
From the 2D images, we have extracted section profiles 
across the mid-length (x-direction) to illustrate the 
morphological changes of the surface structures. As seen, the 
surface morphologies appear the largest across the x-
direction for the films deposited at 100oC, which agrees with 
the FESEM results described above. The average roughness 
(Ra) are calculated from five points of each sample as 
3.958±0.006 um, 4.391±0.003 um and 4.677±0.001 um for 
films prepared at 70oC, 80oC and 100oC respectively. 
Increase in roughness is associated with the development of 
surface microstructures with increase in temperature.       

C. Wear  

The wear properties of the aluminum thin films were 
analyzed under high sliding loads of 50 N. Fig. 6 shows the 
variation of coefficients of friction with time for the three 
samples. Although the wear experiment was undertaken for 
30 seconds, it was observed that due to high loads used, the 
behavior was repetitive after 1 second. As such, the result 
captured in Fig. 6 is only for the first 1 second. As shown, 
the coefficient of friction rises rapidly within 0.1 second and 
then stabilizes. The constant coefficients of friction obtained 
for 70oC, 80oC and 100oC are 0.076, 0.081 and 0.047 
respectively. The high resistance of the films deposited at 
80oC can be attributed to well-formed microstructure as 
observed through FESEM and XRD earlier.  

To gain insights into the failure mechanisms of the films 
at very high sliding loads, panorama and optical images of 
the wear tracks were obtained and are represented in Fig. 7. 
In all the cases, the ball penetrates the substrates since the 
thickness of the films in this case range between 500 nm and 
600 nm. However, the observations along the edges of the 
films can provide useful insights into the failure behavior of 
the films. There occurs thinning, deformation and 
ploughing/tearing/cracking of these films. As closely seen on 
the images, the films deposited at 70oC and 80oC experience 
thinning of the films along the edges of wear ball whereas 
those deposited at 100oC experience deformation and 
ploughing-off (tearing) at the edges. The low wear resistance 
for 100oC is due to high porosity observed within the 
crystalline microstructure in Fig. 1. The results indicate that 
porosity (rather than hillocks) influences the adhesion 
characteristics of aluminum thin films deposited through RF 
magnetron sputtering on metallic substrates.       

IV. DISCUSSIONS  

The results show that as the substrate temperature 
increases from 70oC to 100oC the microstructure evolves 
from smooth and fine-grained to rough and coarse-grained 
films. There is formation of crystalline features as the 
temperature increases to 100oC. When sputtering is 
undertaken at high substrate temperature, there is increase in 
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surface energy of the atoms, which implies higher diffusion 
of the atoms into the substrate [11]. The higher energy 
enhances nucleation and grain growth leading to formation 
of highly interconnected (secondary) structures.  

The higher wear resistance presented by the films at 70oC 
and 80oC can be attributed to finer and well-defined 
microstructures with less porosity. It further means that 
hillock structures (observed at 70oC) enhance the film‟s 
resistance to sliding forces although a hillock- and porosity-
free microstructure (observed at 80oC) is ideal for wear 
resistance.  

V. CONCLUSIONS

Aluminum thin films have been deposited on 316L 
stainless steel substrates through RF magnetron sputtering at 
different substrate temperatures. The grain sizes, as well as 
the average roughness, of the films were observed to increase 
with the substrate temperature. There was formation of 
crystalline structures of aluminum thin films for all the 
substrates and the crystallinity increased with the substrate 
temperature. The wear analyses under very high sliding load 
showed that the films‟ failure along the edges of the ball 
indenter occurs through thinning, deformation and cracking. 
The highest wear resistance was recorded in defect-free films 
(those obtained at 80oC) whereas the lowest resistance was 
observed in films containing the porous structures (100oC). 
Hillock-containing films (70oC) are shown to have better 
wear resistance than porosity-containing films (100oC). The 
results presented in this paper provide insights into 
producing crystalline and mechanically stable Al thin films 
(based on the substrate temperatures) for various industrial 
applications.     

ACKNOWLEDGMENT 

The authors would like to express their gratitude to 
University Research Committee (URC) for funding the 
researcher working on the sputtering of aluminum thin films. 
The efforts of Mr. Phiri Resego and Mr. Maphane Phalaneng, 
both from Botswana International University of Science & 
Technology (BIUST), for assisting on the sputtering process 
are highly appreciated. The immense assistance of Mr. Shree 
Krishna of the school of nanoscience at Indian Institute of 

Technology (IIT), Kharagpur on characterization is highly 
acknowledged. Mr. Leso of BIUST is also appreciated for 
his assistance on the wear experiments.     

REFERENCES 

[1] F. M. Mwema, O. P. Oladijo, S. A. Akinlabi, and E. T. Akinlabi,

“Properties of physically deposited thin aluminium film coatings: A
review,” Journal of Alloys and Compounds, vol. 747. pp. 306–323, 

2018. 

[2] H. Khachatryan, S.-N. Lee, K.-B. Kim, and M. Kim, “Deposition of Al
Thin Film on Steel Substrate : The Role of Thickness on

Crystallization and Grain Growth,” Metals (Basel)., vol. 9, no. 1, p. 
12, 2019. 

[3] P. Quintana,  a I. Oliva, O. Ceh, and J. E. Corona, “Thickness effects on

aluminum thin films,” Superf. y vacío, vol. December, pp. 280–282, 
1999. 

[4] H. Khachatryan, S. Lee, K.-B. Kim, H.-K. Kim, and M. Kim, “Al thin

film: The effect of substrate type on Al film formation and
morphology,” J. Phys. Chem. Solids, vol. 122, no. May, pp. 109–117, 

Nov. 2018. 

[5]F. M. Mwema, O. P. Oladijo, T. S. Sathiaraj, and E. T. Akinlabi,
“Atomic force microscopy analysis of surface topography of pure thin

aluminium films,” Mater. Res. Express, vol. 5, no. 4, pp. 1–15, Apr. 
2018. 

[6] F. M. D‟Heurle, “Aluminum films deposited by rf sputtering,” Metall.

Mater. Trans. B, vol. 1, no. 3, pp. 725–732, 1970. 

[7] F. M. Mwema, O. P. Oladijo, and E. T. Akinlabi, “Effect of Substrate

Temperature on Aluminium Thin Films Prepared byRF-Magnetron
Sputtering,” Mater. Today Proc., vol. 5, no. 9, pp. 20464–20473, 

2018. 

[8] H.-Y. Chu, M.-H. Weng, and C.-C. Nien, “Effect of Sputtering Power
of Aluminum Film in Aluminum Induced Crystallization of Low

Temperature Polycrystalline Silicon Film,” Jpn. J. Appl. Phys., vol. 
46, no. 4A, pp. 1635–1639, Apr. 2007. 

[9] S. Taheriniya, S. S. Parhizgar, and A. H. Sari, “Investigating the effect

of sputtering conditions on the physical properties of aluminum thin
film and the resulting alumina template,” Results Phys., vol. 9, no. 

April, pp. 1428–1435, 2018. 

[10] A. L. Volynskii et al., “The structure and properties of thin aluminum
coatings,” Thin Solid Films, vol. 536, pp. 179–186, 2013. 

[11] F. M. Mwema, E.T. Akinlabi, O.P. Oladij, and J. Dutta Majumdar,

"Effect of varying low substrate temperature on sputtered aluminium
films" Mater. Res. Express, vol. 6, no. 5, Feb. 2019. 

[12] P. J. Kelly and R. D. Arnell, “Magnetron sputtering: A review of

recent developments and applications,” Vacuum, vol. 56, no. 3, pp.
159–172, 2000. 

36

Authorized licensed use limited to: Dedan Kimathi University of  Technology. Downloaded on May 15,2020 at 10:13:26 UTC from IEEE Xplore.  Restrictions apply. 


