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Abstract 

      Alumina (Al2O3) thin films were prepared by RF magnetron sputtering technique using Al2O3 

ceramic target. Effects of sputtering powers and oxygen gas mixtures were investigated and the 

optimized coating condition was applied on semi-precious gemstones. RF sputtering powers were 

varied to optimize the transparency of the films. Besides, the oxygen gas mixtures were also studied 

at the optimized sputtering power with a constant sputtering pressure. Optical and physical properties 

of the thin films were investigated using UV-Vis Spectrophotometer, FESEM, XRF, GIXRD, XRR 

including a microscratch tester. The Al2O3 films were highly transparent in the visible region in form 

of an amorphous phase with granular structure of the surface morphology. Thickness of the films 

decreased significantly with an introduction of the oxygen gas in the sputtering process but slowly 

decreased with further addition of the oxygen gas. Density of the film changed linearly with the 

variation of the oxygen gas mixtures. The semi-precious gemstones gained higher scratch resistance 

after the Al2O3 thin films coating. To enhance the scratch resistance and maintain the aesthetic 

appearance of the semi-precious gemstones, the most optimum deposition condition for the Al2O3 

thin film coating was determined for the RF magnetron sputtering technique at room temperature.    

1. Introduction  

 

 Thin layer composite coatings are widely used as protective 

materials for surface modification against oxidation, wear and 

corrosion. In addition, cutting and forming tools in manufacture are 

extensively applied with the hard coating for improving heat reduction, 

cutting efficiency, cost reduction and energy saving [1,2]. Regularly, 

many composite coatings include metal oxides, carbides as well as 

nitrides such as Cr2O3, Al2O3, TiO2, CeO2, SiC, TiN, CrN and ZrN 

due to their desirable mechanical, tribological, chemical and optical 

properties [3]. Among these protective materials, aluminum oxide 

(Al2O3) or alumina is a highly insulating material with wide band gap 

(8.2 eV), low refractive index (1.65), high mechanical resistance, 

high hardness and good adhesion on various surfaces [4,5]. The 

alumina thin film has a broad range of applications on microelectronic, 

nanoelectronic and optoelectronic devices as antireflection layers, 

anticorrosive coatings, optical protective coatings and gas diffusion 

barriers [6-8]. Various deposition techniques have been applied for 

thin film fabrication including DC and RF magnetron sputtering 

[9-11], atomic layer deposition [12,13], spray pyrolysis [14,15] and 

chemical vapor deposition processes [16,17]. For enhancing the film 

uniformity and adhesion on a substrate, the magnetron sputtering is 

the most favorable technique for many types of coating materials 

such as oxides, nitrides, carbides, fluorides and arsenides [9-11].  

 In gems industry, surface coating technology has been applied 

mainly to improve colorless gemstones to many variety of colors 

such as diamond, topaz, cubic zirconia, including corals and pearls 

with both CVD and PVD techniques [18-23]. Apart for coloration, 

the coating may also act as a protective layer. Several companies 

offer DLC coating for surface durability on a variety of gemstone 

including emerald, apatite, peridot and aquamarine [21]. With the 

excellent properties, especially high hardness, high transparency 

and good adhesion, the Al2O3 thin films coating as also been developed 

as a protective layer for semi-precious gemstones by ALD process. 

The film can improve the mechanical resistance of the gemstones 

without changing their aesthetic appearance. [24-26]. Normally, 

amorphous phase of Al2O3 is dominated below 400℃, γ- Al2O3 

phase and then α- Al2O3 phase are formed at higher temperatures, 

consecutively [27].  

 Many research works have developed the Al2O3 thin film coating 

for coating many types of materials using the magnetron sputtering. 

To create thin film uniformity and good adhesion of the Al2O3 thin 

films, the RF magnetron sputtering has been chosen over the DC 

magnetron sputtering for a requirement of an insulating Al2O3 

ceramic target. Effects of several coating parameters has been studied 

to optimized the coating conditions [28-32]. 

 With the main advantage of RF magnetron sputtering, the present 

study applied the RF magnetron sputtering process to prepare the 

Al2O3 thin films at room temperature to generate a protective coating 

for semi-precious gemstones.  The different RF sputtering powers 

and oxygen gas mixtures were investigated for observing the highly 

optical transmission in visible region. Furthermore, surface morphology, 
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chemical composition, structure and thickness of the Al2O3 thin film 

were also studied including scratch resistance. The optimal coating 

condition of the Al2O3 thin films was applied for the semi-precious 

gemstones to improve the scratch resistance.  

 

2.  Experimental procedure 

 

2.1  Thin film fabrication 

 

 The aluminum oxide ( Al2O3)  thin films were prepared by RF 

( 13. 56 MHz)  magnetron sputtering technique using a commercial 

smart PVD and implantation system from Plasma Technology Ltd. 

(PVDI) . A 99.99% Al2O3 ceramic target, which was 50.8 mm in 

diameter and 6 mm in thickness, was bonded with copper- backing 

plate for heat conduction and reducing a risk of crack on the target. 

Substrates were clear microscope glass slides (a commercial soda-

lime- silica glass) , stainless steel plates, silicon wafers and semi-

precious gemstones (peridot and aquamarine). These substrates were 

cleaned sequentially in a 15 min ultrasonic bath of acetone, methanol and 

deionized water prior to deposition. The target-substrate separation was 

set at 10 cm and the base pressure in the chamber was approximately 

2.0  10-4 Pa. In the deposition process, the Al2O3 target was bombarded 

with positive ions of argon gas. The sputtered plasma was generated 

and traveled to the substrate [ 33] .  Schematic diagram of the RF 

sputtering technique is illustrated in Figure 1. The deposition process 

was performed at room temperature with a substrate rotation at 

a rate of 10 rpm.  In the present study, effects of the deposition 

parameters were focused on the sputtering powers and the oxygen 

gas mixtures.   Firstly, without oxygen gas mixture, the Al2O3 thin 

films were continuously deposited on the glass substrates for 30 min 

with the RF sputtering powers ranging from 30 W to 70 W to maximize 

transparency of the film. Consequently, the optimum sputtering power 

was further applied to the Al2O3 thin film deposition with different 

oxygen gas mixtures. The percentage by volume (vol%) of oxygen 

gas with respect to that of argon gas was varied from 0 vol% to  

 

 
 

Figure 1.  Schematic diagram of RF magnetron sputtering system for the 

Al2O3 thin film. 

6 vol%. Total pressure of the gas mixtures remained constant at 

6.0  10-1 Pa with the argon gas flow rate of 12 sccm. The deposition 

process with different oxygen gas mixtures was operated at room 

temperature for 300 min of deposition time with 10 min pauses at 

every 30 min. The deposition interval for this experiment was to 

reduce the accumulated heat at the Al2O3 ceramic target. 

 The physical properties of the deposited Al2O3 thin films were 

investigated to tune the RF sputtering powers and oxygen gas mixtures 

towards the optimum properties of the Al2O3 film. Accordingly, 

the semi-precious gemstone substrates including peridot and 

aquamarine were coated with the Al2O3 thin film by the sputtering 

process at the optimized deposition parameter. The physical properties 

of the gemstones deposited with the Al2O3 thin films were also 

investigated. 

 

2.2  Thin film characterization 

 

 Optical properties of the transparent Al2O3 thin films deposited 

on glass substrates were analyzed by UV- Vis Spectrophotometer 

(UV-1700, SHIMADZU). Surface morphology of the Al2O3 thin films 

deposited on silicon wafers were observed by Field Emission 

Scanning Electron Microscope operated at 5 kV ( FESEM, JEOL 

JSM-6340F). Besides, the composition ratios of the Al2O3 thin films 

deposited on stainless steel substrates were analyzed by X-ray 

Fluorescence (XRF, Bruker S8 Tiger). The structures of the Al2O3 

thin films deposited on the glass substrate were characterized by 

grazing incidence X- ray diffraction ( GIXRD, Rigaku SmartLab) 

at an incident angle of 1. Thicknesses of the Al2O3 thin films 

deposited on silicon wafers were characterized by X-ray Reflectivity 

(XRR, Rigaku SmartLab) .  Nevertheless, coating adhesion of the 

Al2O3 films was investigated using Microscratch Tester with Rockwell 

diamond stylus indenter (MST3, Anton Paar). 

 

3.  Results and discussion  

 

3.1  Optical transmission 

 

 Optical transmission of the as-deposited Al2O3 thin films grown 

on the glass substrates were measured by UV-Vis Spectrophotometer 

as a function of wavelengths ranging from 300 nm to 1100 nm with 

respect to a bare glass substrate.  By changing the RF powers from 

30 W to 70 W, the Al2O3 obtained 70% to 90% transmission with 

a sharp absorption edge around 300 nm to 320 nm (Figure 2). The 

transmission of the films significantly increased as the sputtering 

power increased to 50 W, and it subsequently decreased with further 

increase of the sputtering power.  

 In accordance with the present study, the high optical transmission 

of the Al2O3 thin films deposited at room temperature was also 

observed in the research of García- Valenzuela [ 9]  and Singh [ 28] 

where the sputtering was performed above 150 W at room temperature. 

The correlation showed that the Al2O3 thin film was highly transparent 

in nature.  The higher RF power in the sputtering process induces 

the bombarding argon ions with higher kinetic energy, which increases 

the sputtering yield. [9,28] 
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Figure 2. Influence of sputtering powers on optical transmission of the Al2O3 

thin films. 

 

  Increasing the RF power resulted in a higher deposition rate and 

altered the optical properties of the films as it has been reported in 

literatures [9,34-38]. The optical transmission was influenced both 

by the roughness and thickness of the films. Several groups demonstrated 

that the optical transmission of the films decreased with higher 

roughness and thickness [9,34,35,38] due to high energy of sputtering 

particles as the RF power increased [32,39].    

 Effects of the oxygen gas mixtures on the optical transmission 

of the Al2O3 thin films deposited at 50 W sputtering power were 

shown in Figure 3. All the films exhibited excellent transmission 

(around 95% to 99%) in the visible region. The absorption edge 

appeared at longer wavelength (320 nm) as the oxygen gas mixture 

reached 6 vol%. However, with an introduction oxygen gas in the 

sputtering process, the optical transmission significantly increased 

from around 95% (at 0% of O2) to 99% (at 2% of O2). The slight 

change was observed with further increase of the oxygen gas  

(around 99% T at 2% to 6% of O2). The discussion for that will be 

later in this work. 

 

 
 

Figure 3. Influence of oxygen gas mixtures on optical transmission of the Al2O3 

thin films. 

3.2  Film structure and surface morphology  

  

 The X-ray diffraction profiles of the Al2O3 thin films deposited 

on glass substrate at room temperature with different oxygen gas 

mixtures were plotted in Figure 4.  The XRD pattern showed an 

amorphous structure with no distinct diffraction peak but a hump 

centered at 2 Theta  23o from the glass substrate (soda-lime-silica 

glass) [41]. Corresponding with works by García-Valenzuela et al. 

[9], the Al2O3 films deposited at room temperature were transparent 

with amorphous structure. 

 Effects of the oxygen gas mixtures on the surface morphology 

of the as-deposited Al2O3 thin films on silicon wafer substrate were 

investigated by FESEM. As seen in Figure 5, granular structure was 

observed in all the films especially with the sputtering condition at 

0% of O2. 

   

 
 

Figure 4.  XRD diffraction patterns of the Al2O3 thin films with different 

vol% of O2. 

 

 
 

Figure 5. SEM image of the Al2O3 thin films deposited at different oxygen 

gas mixtures. 
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 This surface structure is typical for thin films deposited by 

sputtering process [29-31]. A study by Tang et al., 2019 [30] showed 

that the sputtered superfine Al2O3 particles were deposited onto 

a substrate during deposition process at room temperature. The particles 

arriving on the substrate possessed low kinetic energy with a short 

diffusion distance on the surface to form islands. The deposited Al2O3 

islands with different sizes grew larger until they connected to create 

layer of the film. As being reported in research study of the thin film 

deposition from metal oxide targets by RF magnetron sputtering 

process, surface roughness of the thin films decreases significantly 

with a variation of oxygen gas partial pressure in the sputtering process 

[41-43].   

 

3.3  Chemical compositions and film thicknesses 

 

 Chemical compositions of the Al2O3 thin films coated on the 

stainless steel substrate by the RF magnetron sputtering were analyzed 

by XRF measurement which is a non-destructive method for elemental 

analysis of a wide range of materials including thin films. The 

stainless steel plate was used instead of the microscope glass slide 

to avoid the signal of Al2O3 from the soda-lime-silica glass substrate 

(about 0% to 3% Al2O3). According to the penetration depth of the 

X-ray, the different composition ratios of the substrate and thin film 

materials were detected depending on the thin layer on the substrate 

[43]. As tabulated in Table 1, the higher oxygen gas mixtures in the 

deposition process, the lesser percentages the Al2O3 thin film on the 

stainless steel substrate.  

 X-ray Reflectivity or XRR technique was also used to characterize 

thickness and density of the Al2O3 thin films deposited on silicon 

wafer substrate. The interference patterns of the reflected X-rays 

resulted from different Al2O3 thin film interfaces (Figure 6) varied 

with the oxygen gas mixtures. By fitting the different interference 

fringes, the thickness and density of the Al2O3 thin films were 

analyzed (Table 1). The variation of the film thickness as a function 

of the oxygen gas mixtures (Figure 7) corresponded with that of the 

percentage of the Al2O3 thin film on the substrate.

Table 1. Thickness, density and% of the Al2O3 films with different oxygen gas mixtures. 

 

Oxygen gas (vol%) Al2O3 thin film (wt%) Thickness (nm) Density (gcm-3) 

0 6.17 83.6 4.09 

2 2.53 30.4 3.21 

3 2.43 29.8 2.99 

4 2.41 29.4 2.71 

5 2.34 29.7 2.66 

6 2.34 28.7 2.26 

 

 
 

Figure 6.  Reflectivity patterns of the Al2O3 thin films with various oxygen gas mixtures. 
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Figure 7.  Influence of oxygen gas mixtures on thickness and percentage of 

the Al2O3 thin. 

 

Figure 8.  Influence of oxygen gas mixtures on density of the Al 2O3 

thin films. 

 

 The deposition process with 0 vol% of O2 produced the Al2O3 

thin film with maximum thickness (83.6 nm) corresponding with 

the maximum deposition rate (0.279 nmmin-1). The more oxygen gas 

introduced in the sputtering system, the thinner the film thickness 

and the slower the deposition rate. With the variation of the oxygen 

mixtures, the thickness was reduced from 30.4 nm (at 2 vol% of O2) 

to 28.7 nm (at 6 vol% of O2). The deposition rates were reduced from 

0.101 to 0.096 nmmin-1, respectively. In good agreement with research 

works of Kim et al. [41] and Grayeli Korpi et al. [42], the film thickness 

decreases significantly with an introduction of oxygen gas in the 

sputtering process. The slight decrease of the film thickness with 

further increase of the oxygen gas mixtures was explained by a slight 

reduction of the momentum transfer which reduced the sputtering 

yields of the sputtered particles (argon gas) to travel to the substrate. 

The reason for a significant decrease of the film thickness once the 

oxygen gas was introduced to the system is still unclear for the amorphous 

film. However, the same effect was observed on the crystalline thin 

film which was explained by the surface energy which plays a significant 

role on the orientation of the film [41].  

 In addition, with the variation of the oxygen gas mixture, density 

of the Al2O3 thin film was also decreased from 4.09 gcm-3 (at 0 vol% 

of O2) to 2.26 gcm-3 (at 6 vol% of O2) in linear trend with a slope of 

0.28 (Figure 8). Obviously, the oxygen gas introduced in the system 

during the sputtering process interfered the sputtered alumina particles 

from travelling to the substrate and decelerated the deposition rate. 

Subsequently, the Al2O3 thin films grown in the oxygen-mixed 

sputtering ambient were lower in thickness, density and roughness 

in comparison with that in the argon gas only. 

 

3.4  Scratch resistance 

 

 With the optimum 50 W of sputtering power and 6 vol%  of 

oxygen gas mixture, the Al2O3 thin film was coated on semi-precious 

gemstones including peridot and aquamarine.  An adhesion of the 

Al2O3 thin films on the gemstone was measured by microscratch 

tester with a maximum load of 20 N.  The surface failure behavior 

of each sample was observed under a microscope on scratching with 

a progressive load along the scratch distance of 2 mm.Three different 

types of critical load (Lc)  were indicated along the scratch trace; 

a start of the scratch (Lc1), delamination (Lc2) and complete delamination 

(Lc3) as shown in Table 2. Figure 9 and Figure 10 show the optical 

photographs of the scratch trace of the peridot and aquamarine, 

respectively, both (a) before and (b) after the Al2O3 thin film coating. 

Additionally, the scratch test values, such as the normal load ( Fn) 

and the penetration depth (Pd) were also recorded along the scratch 

distance as seen in the optical photographs.  

 The results from scratch testing showed the complete delamination 

of the Al2O3 thin film coated on the gemstones.  The critical loads on 

the peridot coated with the films were 10.0 N which was higher than 

that of stone without coating (8.8 N). The critical loads on the aquamarine 

before coating increased from 11.4 to 14.5 N after coating. The critical 

loads on the aquamarine were higher than those of the peridot since 

aquamarine has higher hardness [43]. The scratch resistance of two 

types of the semi-precious stones could be improve by coating with 

the Al2O3 thin films with the optimized coating condition by the RF 

magnetron sputtering technique.

Table 2. Scratch testing of the Al2O3 thin films grown on peridot and aquamarine. 

 

Semi-precious stone Condition Lc1 (N) Lc2 (N) Lc3 (N) 

Peridot No coating 2.90 5.83 8.77 

 With coating 3.16 7.93 10.04 

Aquamarine No coating 5.96 8.35 11.43 

 With coating 6.40 9.92 14.46 
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Figure 9.  Scratch testing of peridot; (a) no coating; (b) coated with the Al2O3 thin films. 

 

            

 

Figure 10.  Scratch testing of aquamarine; (a) no coating; (b) coated with the Al2O3 thin films.

4. Conclusions 

 

 Effects of RF sputtering power and oxygen gas mixtures on the 

Al2O3 thin films by the RF magnetron sputtering from the alumina 

target at room temperature were discovered. The deposition parameter 

was optimized from the investigation of optical property along with 

surface morphology and scratch resistance of the Al2O3 thin films. 

The optical transmission of the Al2O3 thin films was maximized around 

95% to 99% at 50 W sputtering power and 6 vol% of O2. All the 

films were amorphous phase with surface morphology in granular 

structure. Thickness of the Al2O3 thin films decrease significantly 

with an introduction of oxygen in the sputtering process from 

83.6 nm (at 0% O2) to 30.4 nm (at 2% O2), and slowly decrease with 

an increase of the oxygen gas mixtures to 28.7 nm (at 6% O2).  

Likewise, density of the Al2O3 thin films decrease linearly from 

4.09 nm (at 0% O2) to 2.26 nm. (at 2% O2). The semi-precious 

gemstones (peridot and aquamarine) gained higher scratch resistance 

after the Al2O3 thin films coating. Their critical loads of peridot 

increased from 8.8 N (before coating) to 10.0 N (after coating). 

Similarly, for aquamarine, their critical loads increased from 11.4 N 

(before coating) to 14.5 N (after coating). The most optimum 

deposition condition for the Al2O3 thin film coating on the semi-

precious gemstones to enhance the scratch resistance was determined 

to be 50 W of RF power, 6 vol% of O2 mixture by the RF magnetron 

sputtering process at room temperature.    
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