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1. Introduction 

Plasma deposited organosilicon films (a-C:H:Si:O) have attracted increasingly attention 

due to superior properties such as good adhesion (Morent et al., 2009), optical 

transparency (Zajı ́čková et al., 2001), corrosion resistance (Rangel et al., 2012) and 

selective permeability (Czeremuszkin et al., 2001). Moreover, highly hydrophilic to 

extremely hydrophobic films can be prepared by properly adjusting the plasma 

excitation conditions (Schwarz et al., 1998). Such selectable wettability combined with 

the optical transparency and chemical inertness make these films potential candidates for 

a series of applications including haemocompatible (Ong et al., 2007), biocompatible 

(Ong et al., 2008), and corrosion protective (Fracassi et al., 2003) coatings, fire retardants 

(Quédé et al., 2002), diffusion barriers (Görbig et al., 1998), adherent (Pihan et al., 2009) 

and non-adherent surfaces (Navabpour et al., 2010), and dielectric layers (Borvon et al., 

2002). Although the literature is abundant in reports of improvements upon the 

application of a-C:H:Si:O films, only a few studies dealt with the mechanical and 

tribological properties of such coatings, characteristics of fundamental relevance to the 

durability of the coating. In this context, this article describes an investigation of the 

mechanical and tribological properties of silicon containing organic coatings deposited 

by Plasma Enhanced Chemical Vapor Deposition from hexamethyldisiloxane, HMDSO, 

and oxygen mixtures. The effect of the dilution of HMDSO in oxygen on the hardness 

and elastic modulus was accessed by nanoindentation. Friction coefficient, scratching 

and wear resistances of the films were also evaluated via scratching tests performed with 

the same instrument used for nanoindentation. Topography and morphology of the films 

as well as their average roughnesses were determined from scanning probe microscopy 

images. 



 
Nanoindentation in Materials Science 180 

2. Experimental details 

Figure 1 illustrates the experimental setup employed in the treatments. It consists of a 

cylindrical glass chamber, of 190 mm internal diameter and 250 mm high, sealed by 

aluminum plates and fitted with two parallel electrodes. Prior to the depositions glass 

substrates were sonicated in detergent solution and acetone baths and then dried using a 

hot air gun. Subsequently, they were sputter-cleaned for 600 s in plasmas established in 

atmospheres of 50% Ar /50% H2 at a total pressure of 1.33 Pa. The sputtering plasmas were 

produced by the application of radiofrequency power, RF, (13.56 MHz, 150 W) to the lower 

electrode which also serves as substrate holder while the steel mesh used as the upper 

electrode was grounded. The depositions were performed for 3.600 s in atmospheres of pure 

HMDSO or 30% of HMDSO and 70% of O2 by applying RF (13.56 MHz, 200 W) to the 

substrate holder. In all the experiments, the total gas pressure was kept at 20 Pa. 

Film thickness was determined from film step heights, which were delineated on glass 

surfaces using a mask of Kapton tape during the depositions. The height of the steps was 

measured in three different regions using a Veeco Dektak 150 profilometer. Chemical 

composition and structure of films deposited onto aluminum-coated glass slides were 

investigated by infrared reflectance-absorbance spectroscopy using a Jasco FTIR-410 

spectrometer. Each spectrum is the result of the addition of 124 spectra acquired with a 

resolution of 4 cm-1. The coating mass was measured by weighing the substrates before and 

after the deposition, while the coating volume was evaluated from the substrate area and film 

thickness, thus allowing the determination of its density. The effect of the percentage of O2 on 

the hardness and the elastic modulus of the coatings was assessed by the Oliver and Pharr 

method (Oliver et al., 1992) using load displacement curves obtained from nanoindentation 

experiments undertaken using a Hysitron TriboIndenter. At least 9 measurements were 

conducted on each sample using a multiple load function applied to a diamond Berkovich tip 

with maximum loads from 1000 to 10000 µN. The application rate at the maximum load varied 

from 36 (1000 µN) to 360 µN/s (10000 µN). A dwell time of 1 s was used throughout. Scratch 

experiments were conducted by associating the normal and lateral force capabilities of the 

nanoindenter. The friction coefficient was determined from 10 µm-long scratches produced by 

the application of a normal load of 300 µN on the indenter tip. The tip speed and the load 

application rate were 1 µm/s and 150 µN/s, respectively. A second batch of 10 µm-long 

scratches was obtained to investigate the scratching resistance of the films. Prior to the test, to 

evaluate the initial surface condition, the 10 µm region was scanned at a normal load of 200 µN 

applied at 100 µN/s. Subsequently, 5.000 µN was applied to the stationary nanoindenter tip 

and, as the maximum load was reached, scratching was produced over the 10 µm region for 10 

s. The normal load was then reduced to 200 µN and a new scan was performed to probe the 

tested surface. The wear experiments were conducted using a 19-cycle tooth saw-like function 

with maximum loads of 1000, 2000, 3000 and 4000 µN. For all the scratching tests mentioned 

here, at least three experiments were conducted at different positions of each sample. Scanning 

probe microscopy (SPM) images were acquired in the Hysitron Triboindenter system before 

and after the nanoindentation, scratching and wear experiments, undertaken by applying 4.0 

µN of normal load to the Berkovich tip. The topography and morphology of the films as well 
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as their average roughnesses were also determined from SPM images of the non-

scratched/non-indented areas. Mechanical, tribological and topographical characterizations 

were all performed in samples prepared on glass plates. 

 

Figure 1. Experimental setup used for substrate cleaning and film deposition. 

3. Results and discussions 

Figure 2 shows the infrared spectra of films deposited with 0 and 70% of oxygen in the gas 

feed. Considering the spectrum of the film prepared from a pure HMDSO (0% O2) plasma, 

the most prominent absorptions are related to symmetrical C-H stretching vibrations in CH3 

(2959 and 2899 cm-1), to rocking of (CH)x in Si(CH3)x (1262 cm-1), to symmetrical and 

asymmetrical stretching of Si-O in Si-O-Si (1100 and 1020 cm-1, respectively) and to rocking 

of CH3 in Si(CH3)3 (845 and 750 cm-1) and Si(CH3)2 (808 cm-1) groups. Lower intensity bands 

are detected in 2100-2250 (ν Si-H), 1408 (δ C-H in Si(CH3)x) and 687 (ν Si-Hn) cm-1. All the 

above mentioned absorptions were also observed in similar films studied in previous works 

(Gengenbach & Griesser, 1999, Rangel et al., 2012, Ul et al., 2002).  

A general widening of the bands (3000, 1408, 1262 and 800 cm-1) is observed as oxygen is 

introduced to the plasma, indicating a higher degree of fragmentation of the organic 

compound in the presence of higher proportions of active oxygen. Furthermore, the 
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detection of the stretching mode of the silanol group (3644 cm-1), which is not an original 

bond of the organometallic molecule, indicates multiple step reactions in the plasma 

phase. In addition, oxygen incorporation by trapped free-radical grows, as suggested by 

the emergence of the contributions lying at 3281 (hydrogen bonded O-H) (Ricci et. al., 

2011) and 1725 (ν C=O) cm-1. All these changes indicate that oxygen catalyses film 

deposition, which is readily confirmed by considering the results presented in Fig. 3, that 

shows an increase in thickness (from 2.2 to 8.3 µm) upon oxygen incorporation. Despite 

the enlargement of the layer, the intensity of the band related to methylsilyl groups (1262 

cm-1) decreases for the film deposited with 70% of oxygen. The loss of Si-connected CH3 

groups enables new points of crosslinking to be established between the Si backbones, 

increasing the structure density (Pfuch et. al., 2006, Ul et al., 2000). The downshift of the 

Si-O asymmetric component from 1020 to 993 cm-1 is further evidence of film 

densification (Choudhury et.al., 2010) upon oxygen incorporation. Therefore, all the 

above discussion suggests that films prepared from pure HMDSO possess a silicone-like 

structure with Si-H terminations while that deposited from the HMDSO/O2 mixture is 

more inorganic, denser and therefore more susceptible to atmospheric oxygen uptake 

than the former. 
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Figure 2. Infrared spectra of films deposited in plasmas with 0 and 70% oxygen. 

Besides thickness, Fig. 3 also shows the density of the films. The simultaneous rise in 

thickness and density suggests that oxygen has a strong influence on the plasma kinetics. 

Density increases by around 7% (1.83 - 1.96 g/cm3) as the proportion of O2 enhances from 0 

to 70%. This result is consistent with the loss of the light methyl groups, inducing both 

crosslinking and enrichment with the inorganic Si-O group. Films derived from HMDSO/O2 

plasma mixtures with densities ranging from 1.4 (polymer-like) to 2.2 g/cm3 (oxide-like) 
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have already been obtained in a previous study (Ul et al., 2000) by varying the proportion of 

oxygen from 0 to 80%. The lower density of the film prepared with the highest oxygen 

proportion in the present work is attributed to the acceleration in the deposition rate as 

oxygen is incorporated in the process. 

Figure 4 shows 2D topographic images of the samples prepared in this work. Below each 

image there is a cross-section profile representing the line in the correspondent image. The 

left-hand images were taken from the sample prepared in pure HMDSO plasmas while 

those on the right, are from films obtained from HMDSO-O2 plasmas. Comparing the 

topmost images (50 X 50 µm2), the presence of particulates with different diameters spread 

over a more uniform region is readily observed. The proportion and diameter of the 

particles substantially rise upon oxygen incorporation, which is reinforced by the 20 X 20 

µm2 profiles (middle position images). As magnification is further increased (lowermost 10 

X 10 µm2 images) it is possible to verify the non-existence of the uniform matrix connecting 

the particles. In both samples, the structure is granular and the dimension of the particulates 

increases with increasing oxygen incorporation (line profiles). 
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Figure 3. Thickness and density of the films as a function of the proportion of oxygen in the plasma feed. 
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Figure 4. Surface topographical images of the sample deposited in pure HMDSO (left) and in 

HMDSO/O2 (right) plasmas acquired at different magnifications. 



 
Mechanical and Tribological Properties of Plasma Deposited a-C:H:Si:O Films 185 

The analysis of the images suggests that particulates are formed in the highly reactive 

plasma atmosphere by recombination of the HMDSO fragments. It has already been 

demonstrated that, under the same plasma condition, the size of the particles evolves with 

increasing deposition time (Ricci et al., 2011), giving rise to a structure composed of small 

diameter particles underneath the large diameter ones (lowermost image of Fig.4). The 

deposition of the macromolecules originates the film in which connections are established 

by radicals trapped in neighboring structures. As the reactivity of the plasma increases upon 

oxygen incorporation, the coalescence process accelerates, explaining the deposition of still 

higher dimensional structures, in equivalent time intervals. Ricci has also demonstrated that 

oxygen stimulates powder formation in HMDSO/O2 plasmas (Ricci et al., 2011). 

Figure 5 depicts the 3D topographical images of the surfaces derived from the images 

presented in Fig.4. Even though the height scales are not the same in the graphs, the 

differences on the surface topography caused by oxygen incorporation are clearly detected 

as one compares the left-hand to the right-hand images in this picture. 

The root mean square roughness of the films, RMS, was evaluated from the 50 X 50 µm2 total 

image areas. Figure 6 shows the results as a function of the proportion of oxygen in the 

plasma feed. The elevation of RMS from 25 to 35 nm is consistent with the growth in the 

particulate diameters induced by the increase in the deposition rate.  

Several works in the literature (Boscher et. al., 2010, Rangel et al., 2012, Rouessac et al., 2011, Ul 

et al., 2002) report the production of a ball-like structure in films deposited from HMDSO 

under specific conditions. In none of those works, however, is a detailed characterization of the 

mechanical properties of this kind of structure provided. Thus, associating the scanning probe 

microscopy and nanoindentation capabilities of the equipment employed here, the mechanical 

properties of the films were derived using the Oliver and Pharr method (Oliver et al., 1991).  

The images showing the indentation positions before and after the tests and the corresponding 

multiple load functions generated are depicted in Fig. 7 (0% O2) and 8 (70% O2). Although a 

high load was applied to the indenter (5000 µN), there is no sign of plastic deformation 

remaining in the images of the surfaces after the tests. The low scattering of the curves in Fig. 7 

is surprising as one considers the non uniform nature of the structures studied here. From such 

curves it is observed that material deforms upon the application of the force but it recovers 

rapidly as the indenter is withdrawn from the film. From the unloading portion of the curves it 

can be seen that the material stops pushing the indenter tip, that is, the tip senses a null force, at 

around 350 nm (Fig.7), which then represents the permanent deformation caused by the 

indentation. It is also interesting to observe that the residual strain shown in the curves of Fig. 8 

is around half (< 150 nm) of that produced in coatings prepared in pure HMDSO plasmas.   

Despite its higher roughness, the film deposited in oxygen containing plasmas presented, in 

general, lower dispersion of the curves (Fig. 8) even if all the 14 load-displacement curves 

generated for this sample are placed together (Fig. 9a). The good repeatability of the curves 

then justifies the number of indentation experiments (at least 9) employed. In addition, 

comparing the areas inside the indentation curves presented in Fig. 9b, reveals a higher 

recovery rate for the film deposited using 70% of O2, suggesting a more elastic structure. 
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Figure 5. 3D topographical images of the sample deposited in pure HMDSO (left) and in HMDSO/O2 

plasmas (right) taken with different magnifications. 
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Figure 6. Root mean square roughness the films as a function of the oxygen proportion in the plasma phase. 

 

Figure 7. 10 X 10 µm2 atomic force microscopy images of the film deposited in plasmas of pure HMDSO: 

(left) before and (right) after indentation. The points in the left image correspond to the location where the 

indentations were conducted using 5000 µN maximum load in a multiple load function. The graph at the 

bottom presents the loading-displacement functions generated at each corresponding point. 
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Figure 8. 10 X 10 µm2 atomic force microscopy images of the film deposited in plasmas of HMDSO/O2 

mixtures: (left) prior and (right) after indentation. The points in the left image correspond to the location 

where the indentations were conducted using 5000 µN of maximum load in a multiple load function. 

The lower graph presents the loading-displacement functions generated in each corresponding point. 

 

Figure 9. (a) Multiple load functions obtained from the indentations of the sample prepared in oxygen 

containing plasmas.  The maximum loads employed in the experiments were 1000, 3000, 5000 and 10000 

µN. (b) Load displacement curves of the samples prepared with 0 and 70% of oxygen in the plasma 

acquired with 5000 µN of maximum load. 
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The hardness of the structures was evaluated and is depicted in Fig. 10 as a function of 

depth for films prepared with 0 and 70% of oxygen in the plasma. Each curve represents 

data acquired using different loads. For the sample prepared in pure HMDSO plasma, the 

hardness tends to increase with increasing penetration depth, except for the curve taken 

using the lowest load (2000 µN). This behavior is ascribed to the growing interference of the 

mechanical properties of the glass substrate with the results, since the film thickness was 2.2 

µm in this case. As the sample deposited with 70% of oxygen is thicker (8.3 µm), no 

substrate interference is evident but the hardness tends to a fixed value (~ 0.10 GPa) for 

penetration depths greater than 600 nm. In both graphs, the error bars are observed to 

decrease with increasing depth due to the greater uncertainties in depth determination as 

shallower penetrations are employed. Comparing the results obtained at the lowest depth in 

each sample, presented in the lowermost graph of Fig. 10, one finds that hardness is, on 

average, greater for the films deposited with oxygen in the plasma phase, which is 

consistent with the increase in the proportion of oxide groups in the structure.   

The hardness values encountered here are around one order of magnitude smaller than 

those reported for silica-like films (Bewilogua et al., 2011, Choudhury  et al., 2011, Jin et al., 

2011), but are very similar to those reported for HMDSO plasma deposited films with 

silicone-like structures (Choudhurya, et al., 2011). Considering such findings, it is possible to 

infer that the ball-structures are essentially polymeric. This interpretation is corroborated by 

the results obtained on the glass substrate, presented in Fig.11, which is essentially 

composed of silica and presents hardness values at least 40 times greater than those 

encountered for the materials studied here. 

Figure 12 shows the reduced elastic modulus as a function of depth for both samples 

investigated here. Data acquired using different maximum loads are represented by the 

distinct curves in the graphs. Since the Young’s modulus of the film is very low compared to 

that of the indenter tip, the effect of the tip material on the results will be neglected (Schilde 

et al., 2012). Therefore, from now on, the reduced elastic modulus will be used as the elastic 

modulus of the structure. For the thinnest film (0% O2), the elastic modulus tends to increase 

with increasing depth in all the curves while the same behavior is detected in the curves of 

the thicker layer (70% O2) only at the highest indentation load (10000 µN). Considering the 

smallest penetration depth in each sample, it is observed that elastic modulus decreases 

upon oxygen incorporation (lowermost graph); that is, the film gains elasticity as the 

proportion of oxide groups in the structure increases. The elastic modulus measured for the 

glass plate, depicted in Fig. 13, presents values more than 40 times greater than those 

obtained for the films, confirming the polymeric nature of the Si-O containing particles.   

Considering that the particulates are finite structures with diameters of some micrometers and 

that the penetration depth reaches this order of magnitude in some cases, the values found in 

this work for the mechanical properties do not correspond to those of the particulates but, 

instead, to the overall film structure. This means that the mechanical properties of the 

neighboring particulates affect the indentation results obtained in a particular structure and no 

attempt was made to correct this interference. For depths greater than 15% of the total film 

thickness, there is also interference owing to the mechanical properties of the glass substrate. 
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Figure 10. Hardness as a function of depth for films deposited using 0 and 70% of oxygen in the 

plasma. The vertical dotted lines in the graphs represent 15% of the total film thickness. The lowermost 

graph presents the hardness of the shallowest region probed in the different samples.  
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Figure 11. Hardness as a function of the penetration depth for the glass substrate. 
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Figure 12. Elastic modulus as a function of penetration depth for films deposited using 0 and 70% of 

oxygen in the plasma. The vertical dotted lines in the graphs represent 15% of the total film thickness. In 

the lowermost graph, the elastic modulus measured at the shallowest probed depth is provided for both 

samples. 
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Figure 13. Reduced elastic modulus as a function of penetration depth for the glass plate used as the  

substrate. 

It is generally accepted that wear resistance of a solid can be adjusted by tailoring its elasto-

plastic properties, either by increasing H or decreasing E (Leyland & Matthews, 2000). To 

predict the wear resistance of the films, the elasticity index (H/E) was evaluated from data 

obtained at the shallowest indentation depth and is depicted in Fig. 14 as a function of the 

oxygen proportion. From the previous H and E results (Figs. 10 and 12) and from the H/E 

behavior, shown in Fig. 14, it is observed that oxygen incorporation during deposition tends 

to increase the wear resistance of the films. Figure 14 also depicts the resistance to plastic 

deformation (H3/E2), evaluated at the shallowest indentation depth for both samples. H3/E2  

increases from 1.6 to 7.9 MPa as oxygen is incorporated into the plasma. Even though the 

elasticity index agrees well with values reported in the literature for a-Si:C:H films 

deposited by PECVD (Guruvenket et al., 2010), the plastic deformation resistance found 

here is around 50 times lower. 
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Figure 14. Elasticity index (H/E) and plastic deformation resistance (H3/E2) as a function of the 

proportion of oxygen in the depositing plasma. 
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According to the Johnson analysis (Tsui et al., 1995), H3/E2, is proportional to the load at 

which the material starts deforming plastically under the action of a rigid sphere of radius 

r. Therefore, to obtain a material highly resistant to plastic deformation H should be high 

and E low, consistently with the H/E parameter. This association allows the applied load 

to be dissipated over a larger area. On the other hand, if high plastic deformation is 

required, as in materials employed in nanoindentation lithography (Sirghi et al., 2009), 

low H3/E2 values are desirable. Even though the films prepared in this work resulted in 

low H3/E2 values, no residual deformation was detected after the tests, confirming that, at 

the loads employed here, deformation was mainly elastic due to the high H/E ratios of the 

films.  

Therefore, from the nanoindentation results discussed here it is possible to infer that the 

structure gained in hardness and elasticity upon oxygen incorporation. This association 

improved the elasticity index and the resistance to plastic deformation, suggesting a better 

tribological performance of the coatings. The results indicate that even with 70% of oxygen 

in the mixture, carbon was effectively incorporated into the structure, resulting in a granular 

polymeric-like material. Oxygen has catalyzed the HMDSO deposition in the plasma 

environment. Still higher proportions of oxygen should be considered for the formation of a 

uniform oxide-like structure. 

Figure 15 and 16 show SPM images of the surfaces before (left) and after (right) the wear 

tests. Cross-section profiles taken from specific points of the images are also presented. For 

the sample prepared in the pure HMDSO plasma (Fig. 15) there was no signal of wear as 

normal loads of up to 1000 µN were used. Slight tracks start appearing at loads greater than 

1000 µN. Consistently, depressions are detected in the line profile around 19, 29 and 39 µm 

of the scan length, with depths increasing with the normal load. It is interesting to note, 

however, the preservation of the particulates over the track (3D images), suggesting a 

compaction of the overall tested region without material removal. For the sample deposited 

in the HMDSO-oxygen mixture (Fig. 16), no sign of track is detected in the images or in the 

cross-section profile, independently of the load used during the test. These results thus 

confirm the prediction of the elasticity index (Fig. 14) of a better wear resistance for the film 

deposited in the presence of oxygen. 

Figure 17 shows the friction coefficient between the diamond nanoindenter tip and the 

film prepared in plasmas of HMDSO (top) and HMDSO/O2 mixture (down). For the film 

deposited with no oxygen in the plasma, the friction coefficient changed from 0.1 to 0.3 

along the scan length. The range of oscillation was slightly higher for the samples 

deposited with oxygen in the plasma, since it  presented roughness values around 40% 

higher than the former (Fig. 6). For both samples, the major friction mechanism is 

attributed to the adhesion since in fully elastic deformations, this is the main interaction 

mode (Wang & Kato, 1998). 

Figures 18 and 19 show representative scratch profiles taken from the films deposited with 

different proportions of oxygen in the plasma. The “Pre-scan” and “Post-scan” profiles in 

the graphs represent the surface condition just before and after the scratching test. Their 
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comparison allows inference to be made concerning the plastic deformation remaining on 

the scratched surface. The SPM image presented below each graph was taken immediately 

before (left) and after (right) the scratching experiment.  

 

Figure 15. Bi- (top) and Tri-dimensional (bottom) scanning probe microscopy images of the film 

deposited in plasmas of pure  HMDSO: (left) before and (right) after the wear cycle. The points in the 

left top image correspond to the location where the tests were conducted using 19 cycles saw-tooth 

function of 1000 (0), 2000 (1), 3000 (2) and 4000 µN (3) of maximum load.  

All the profiles of Fig. 18 present a small slope which may be a consequence of the lack of 

planicity of the system. During the scratching cycle, the material undergoes deep 

penetration (1300 - 1100 µm) but a fast recovery is suggested by comparison of the 

“Scratching” and the “Post-scan” profiles, confirming the high elasticity of the structure. 

Interestingly, the time elapsed from the scratching test up to the end of the post-scan 

acquisition was only 27 s. An almost complete recovery of the deep strain produced during 
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the scratching test is evidenced as one compares the pre- and post- scan curves. Probably 

owing to the large tip diameter (~ 200 nm), no plastic deformation was observed in any 

region of the SPM image taken after the test  

 

 

 

 

 
 

 

 

 

Figure 16. Bi- (top) and Tri-dimensional (bottom) scanning probe microscopy images of the film 

deposited in plasmas of the HMDSO/O2 mixture: (left) before and (right) after the wear cycle. The 

points in the left top image correspond to the location where the tests were conducted using 19 cycles 

tooth saw-like function of 1000 (0), 2000 (1), 3000 (2) and 4000 µN (3) of maximum load.  
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Figure 17. Friction coefficient as a function of the position for the films prepared in pure HMDSO (left) 

and HMDSO/O2 (right) plasma. The scans were acquired at 300 µN of normal load and at a velocity of 

1.0 µm/s.  

A very similar behavior is revealed when the curves and images of Fig. 19 are considered, 

except that now a complete elastic recovery is seen, which is consistent with the higher 

elasticity index presented by this sample (Fig. 14). Although the film deposited in the 

presence of oxygen had a higher friction coefficient it also presented a higher scratching 

resistance. 

Therefore, it should be pointed out that, even though a soft material was produced in any of 

the conditions employed here, they are wear and scratch resistant due to the high elasticity. 

In a general way, oxygen introduction improved the tribological properties of the films, 

despite the increase in the friction coefficient. The high capability of recovery of the 

scratched region and the low wear induced in the samples suggest the application of the 

films as anti-scratching coatings for a series of practical applications. 



 
Nanoindentation in Materials Science 198 

 

 

 

 

 
 

-2 0 2 4 6 8 10 12

1500

1200

900

600

300

0

-300

Post-scan

D
ep

th
 (

n
m

)

Distance (µm)

Scratching

Pre-scan

 
 

 

 

 

 

Figure 18. Profiles acquired before, during and after the scratching tests from the film deposited in a 

pure HMDSO plasma. The scans acquired before and after the tests were conducted with 200 µN of 

normal load. The lowermost pictures represent 20 X 20 mm2 scanning probe microscopy images of the 

film prior (left) and after (right) the scratching tests conducted with a constant load of 5000 µN. 
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Figure 19. Profiles acquired before, during and after the scratching tests from the film prepared in the 

HMDSO/O2 plasma mixture. The scans acquired before and after the test were conducted with 200 µN 

of normal load. The lowermost pictures represent 20 X 20 mm2 scanning probe microscopy images of 

the film before and after the scratching tests conducted with a constant load of 5.000 µN. 

4. Conclusion 

The physical, chemical, mechanical and tribological properties of films deposited from the 

HMDSO precursor are dependent on the oxygen proportion in the plasma phase. The 

proportion of oxide inclusions increased upon oxygen incorporation, enhancing hardness 

and decreasing elastic modulus. Friction slightly increased due to better adhesion of the 

surfaces promoted by chemical and topographical alterations. Independently of the 

deposition condition, films are scratch and wear resistant due to the high elasticity of the 

structure. The coating with best tribological performance was produced as oxygen was 

incorporated during the deposition process. Associating the results obtained for the 
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chemical structure with the mechanical and tribological properties it was possible to infer 

the polymeric nature of the coatings. Still higher oxygen proportions should be necessary 

to effectively scavenge carbon from the structure during depositions. In the proportion 

used here, however, oxygen played a crucial role in the plasma kinetics since it increased 

the deposition rate and the coalescence of particulates in the plasma, affecting the overall 

structure of the film. Furthermore, the indentation, scratching and images capabilities of 

the nanoindenter employed as well as of the nanoindentation theory were shown to 

provide important results or predictions of the material properties on the nanometric 

scale. The determination of the mechanical and tribological properties of the films 

revealed their potential, despite their initially being investigated specifically owing to 

their excellent corrosion barrier properties, as anti-scratch transparent coatings for optical 

devices. 
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