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Abstract: The micro/nanotribological behaviour of various monocrystalline silicon wafers – displaying 
various orientations and roughnesses – rubbing on metals and ceramics balls are investigated under multi-
asperity low contact pressures. Whatever the antagonist, results reveal a crystallography-induced anisotropy 
in friction due to crystallographic orientation of the wafer. This anisotropy leads to a time-dependent seizure 
mechanism – connected to the surface energy of the wafer itself linked to its crystal orientation. The wafer 
roughness mainly influences the generation rate of the third body and finally controls the seizure mechanism. 
When CNx coatings are deposited on wafer, anisotropy does completely vanish: friction and wear 
mechanisms are instead controlled by the surrounding environment. 
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1. INTRODUCTION  

Currently, friction and wear processes of small 
contact surfaces met in the micro-mechanical 
devices (so-called MEMS) are still largely 
misunderstood [1-5]. Indeed, designed to small 
tolerances, reliability of MEMS devices (comb 
drives, grippers, motors, gear trains [4,6]) is 
strongly affected by various surface phenomena as 
friction/stiction [6-9], micro- and nanoscopic wear 
[10-12], surface contamination and environmental 
effects [13-16]. Although the apex of the AFM is 
commonly used to simulate and study these 
phenomena [17-20], it is generally admitted that 
the friction level and wear rate obtained with this 
approach – i.e on the scale of a single asperity 
contact – have little to do with the ones obtained 
in microsystems [1,2,5,6,11,15,16,21-25]. Indeed, 

a single asperity can not take into account the 
mutual interaction coming from all neighbouring 
contacts and, the comprehension of mechanisms 
that contribute to the overall view of friction is 
generally insufficient – i.e the scale dependence of 
friction [21], the influence of the environment 
[15], the thermal effects [26], the physico-
chemical interactions and/or the formation of third 
body within the contact [eg. 27]. In addition, the 
level of contact pressure in that configuration is 
often much higher than real MEMS (several GPa) 
leading to study phenomena which can be 
completely different than those really occurring in 
current microsystems. 
Thus, the aim of this paper is to study friction and 
wear mechanisms occurring on the 
micro/nanoscale level by considering a multi-
asperity contact under low contact pressures 
(several MPa). As an excellent structural material, 
single-crystalline silicon wafer is commonly used 



in MEMS devices. Besides, many studies have 
been devoted to its tribological behaviour - mainly 
during the early cycles of sliding – in  respectively 
single [1-4,7,10,14,17-20] and multi-asperity 
contact configuration [2,5,6,8,11,15,16,21-24, 
28,29,31]. Referring to literature, monocrystalline 
Si(100) or Si(110) wafers have been widely more 
studied than Si(111) – the ratio is about 2/10 – 
because the micro/nanomanufacturing techniques 
for MEMS devices  are clearly suitable for these 
crystallographic orientations (e.g. bulk 
micromachining or surface micromachining) [4]. 
However, it is well known that Si (111) displays 
simultaneously better mechanical properties [29-
33] and a weaker surface energy [28, 31, 34] than 
Si(100) and Si(110) orientations. Anyway, 
micro/nanotribological problems in MEMS are 
usually solved by using either hard coatings 
[3,6,8,12,24,35,38] or molecularly thin fluid films 
or gas phase lubrication [eg. 37] whereas the 
effect of crystallographic orientation of the silicon 
planes in absence and presence of coatings is not 
completely investigated yet. 
 
In this work, the tribological behaviour will be 
studied by varying: (i) the size and the materials 
constituting the pin (metals or ceramics); (ii) the 
roughness and the crystallographic orientation of 
the monocrystalline silicon samples; (iii) the 
presence of coatings like carbon nitride coatings 
[35, 36].  

2. EXPERIMENTAL SETUP   

2.1. Tribological setup 

The experimental device is constituted by a ball-
on-disc nanotribometer manufactured by CSM 
Instruments (Switzerland). A pin is mounted on a 
stiff lever, designed as a frictionless force 
transducer (Kx = 265Nm-1; Kz = 152.2Nm-1). The 
friction force is determined during the test by 
measuring the deflection of the elastic arm (low 
load range down to 50µN). The ball is loaded onto 
a flat sample with a precisely known force using 

closed loop. The load and friction resolutions are 
about 1µN. 
In this work, tribological tests are carried out in 
linear reciprocating mode at room temperature 
(22°C) under ambient air (RH 35%).  The normal 
load varies from 10 to 80mN corresponding to a 
contact pressure varying from 0.15-0.65GPa 
according to the size and the materials constituting 
the ball. The stroke frequency, the stroke length 
and the stroke length resolution are respectively 
10Hz, ±0.5mm, and 250nm. The velocity and the 
sliding distance are respectively 1mms-1 and 0.2m 
corresponding to 100 cycles.  
A real-time depth measuring sensor is used for 
studying the time dependent wear properties. The 
depth range varies from 20nm to 100µm with a 
resolution of about 20nm. Results are then 
compiled using a triboscopic approach [37] (see 
fig 2 for instance) giving simultaneously and for 
each cycle :(i) the evolution of the friction 
coefficient along the friction track (friction map 
fig 2a) and, (ii) the evolution of the ball depth 
within the friction track (depth map fig 2b). The 
latter revealing any time-dependent wear process 
and/or potential build-up of a tribolayer within the 
contact. 

2.2. Samples  

Five types of flat samples were selected for the 
present study: a rough single crystal silicon (100) 
wafer (Ra: 685nm); a polished single crystal 
silicon (100) wafer (Ra: 0.311 nm); a polished 
single crystal (111) wafer (Ra: 0.244 nm); and two 
2.8±0.5µm carbon nitride (CN6) coatings 
deposited on respectively polished monocrystal 
(100) and (111) silicon wafers (Ra: 0.355nm) by 
using PE-CVD technique. Details of the coatings 
process are available in [35]. Silicon monocrystals 
are n-type material grown by CZ process and p-
doped. To simulate the real surface of MEMS, the 
native oxide layer on silicon surface 
(thickness:≅0.5nm) was not removed by any 
chemical method.  
Balls are made of metals (100Cr6) or ceramics 
(Si3N4, Al2O3) in order to change the surface 
interactions with the flat samples. They display 
various diameters (Ø1.5 and Ø4mm) to take into 



account the scale dependence of friction [21]. For 
each type of ball, the contact pressure is computed 
using a Hertzian model. Table 1 compiles the 
mechanical properties of each sample.  

3. RESULTS & DISCUSSION 

3.1. Tribological tests on rough single 
crystal silicon (100) wafers 

Fig.1 plots the variations of the friction coefficient 
– after 100 cycles – as a function of the contact 
pressure for each type of ball rubbing on rough 
Si(100) wafers (greatest diameters corresponding 
to lowest contact pressures).  
 

Fig 1: Variations of the friction coefficient vs. contact 
pressure in the case of rough monocrystal Si(100) 

wafers 
 

A strong influence of the material constituting the 
ball is observed. Thus, in spite of their apparent 
inertness ceramic balls always lead to seizure 
phenomena in contrast to metal balls. The alumina 
seizure threshold is even much higher than the 
silicon nitride one revealing that this latter is 
certainly more reactive with the silicon than 
alumina, as recently reported by Achanta et al [6]. 
However, alumina is clearly subjected to a ball 

size effect (around 0.3 GPa) leading to a drop in 
the friction coefficient when the size of the ball 
changes. 
 

 Si(100) Si(111) 100Cr6 Si3N4 Al2O3 
E (GPa) 129 187 210 310 370 

ν 0.28 0.36 0.3 0.22 0.21 
 

Table 1: Mechanical properties of the samples [36]  
 
For a better understanding of these various 
tribological behaviours, an in situ triboscopic 
approach is used for the tests showed by arrows 
(1) and (2) in fig 1. Let us point out that this 
approach gives simultaneously and for each cycle 
(fig. 2): (i) the evolution of the friction coefficient 
along the friction track and, (ii) the evolution of 
the ball depth (in µm) within the friction track  
Thus for the metal ball – arrow (1)  shown in fig.1 
– the friction map (fig 2a) is rather stable vs. 
cycles while the depth map reveals a time-
dependent build-up of a tribolayer constituted by 
agglomerated wear debris within the contact. The 
presence of the tribolayer is confirmed by the 
SEM map of the wear groove after 100 cycles (fig 
2c). Enlargement (fig 2d) reveals that the 
tribolayer is not really cohesive: debris are 
compacted at the tips of the groove increasing the 
friction coefficient at both tracks ends (fig 2a) . 
 
In contrast for the ceramic ball - arrow (2) in fig.1  
- seizure is observed halfway (Fig 3a). However, 
the sliding length before seizure strongly depends 
on the contact pressure: the higher the contact 
pressure the lower the length before seizure. 
Besides, seizure is instantaneous when the contact 
pressure reaches 0.65 GPa. As shown on the depth 
map (fig 3b), seizure induces a widening of the 
friction groove. In this case, seizure is observed 
because the third body does not stay within the 
contact area and is mainly ejected out of the wear 
groove.  
Concerning the increase in the alumina friction 
coefficient at low contact pressures (fig 1, under 
0.3 GPa), corresponding triboscopic results 
revealed that it was only due to the presence of a 
more significant amount of cohesive third body 
under the large ball than under the small one. 



 

 
 
Fig 2: Triboscopic views of the test corresponding to arrow (1) in fig 1: friction map (a) ; depth map in µm (b) ; and 

SEM view of the wear groove (c) and wear debris (d)  
 

Fig 3: Triboscopic views of the test corresponding to arrow (2) in fig 1 : friction map (a) ; depth map in µm (b) 
 

 
 
 



3.2. Tribological tests on polished single 
crystal silicon (100) wafers 

Fig. 4 plots the variations of the friction 
coefficient – after 100 cycles – as a function of the 
contact pressure for each type of ball rubbing on 
polished Si(100) wafers.  
For the lowest contact pressures, friction 
coefficient is independent of the materials 
constituting the balls. At the highest contact 
pressures, and in contrast to previous results (fig 
1), seizure is always observed whatever the 
antagonist. However, the seizure threshold is two 
times greater for ceramics (0.6 GPa) than metals 
(0.3 GPa). In addition, both ceramic behaviours 
are quite similar in contrast to what was observed 
for rough silicon wafers (fig 1).  
 
These results are confirmed by various triboscopic 
views made respectively out and inside the seizure 
area for the metal counterpart (see fig 4 arrows 3 
and 4). 

 

 
Fig  4: Variations of the friction coefficient vs. contact 
pressure in the case of  polished  monocrystal Si(100) 

wafers 
 

 
 
Fig 5: Triboscopic views of the test corresponding to arrow (3) in fig 4: friction map (a) ; depth map in µm (b) ; and 

SEM view of the  wear scar end  (c) and wear groove (d) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6: Triboscopic views of the test corresponding to arrow (4) in fig 4: friction map (a); depth map in µm (b); and 
SEM view of the wear scar (c) and wear debris spread over the groove (d) 

 
Thus, outside the seizure area (arrow 3 shown in 
fig 4), fig. 5a reveals a friction map quite 
homogeneous along the friction track and with 
time. The depth map (fig 5b) reveals a regular 
wear rate without any wear debris within the 
friction groove. As shown on SEM views (5c and 
d), wear debris are ejected on the friction track 
edges and beyond the ends. Wear debris are rather 
small and little agglomerated.  
 
On the contrary, inside the seizure area (arrow 4 in 
fig 4), the friction map is very unstable along the 
friction track and with time (fig. 6a) because a 
very cohesive third body is generated within the 
contact area (fig. 6b). After 100 cycles, SEM 
views (fig 6c – d) reveal that the third body is 
crushed and spread over the friction track. Few 
debris are ejected out the groove 
As mentioned before, many works have been 
carried out for a better understanding of the 

friction and wear of polished Si(100) wafer in 
mono-asperity [3,4,7,10] and multi-asperity 
contact [5,6, 8,15,16,22,24,28]. As expected, for 
mono-asperity tribological tests using AFM, the 
capillarity effect is significant; leading to an 
adhesive wear mechanism at low loads.  Besides, 
at high loads, Bhushan [3] showed that ploughing 
is a dominant contribution to the friction force 
when the contact stresses exceed the hardness of 
the sample (about 9GPa). 
However multi-asperity tribological tests [eg. 16], 
carried out with a high number of cycles, reveal 
that wear of Si(100) is rather controlled by its 
maximal shear stress (about 120MPa) instead of 
its hardness. In addition, Gardos [28] and Yoon et 
al [22] showed that Si (100) wafer exhibits a high 
adhesive friction followed by shear-induced 
microcracking in the trail of the sliding contact. 
As we do, they also observe that wear debris are 
smeared at the centre of the wear groove.  



Referring to the work of Kim et al [30], Gatzen et 
al [11,29], Gardos [31] and Jaccodine [34] the 
single-crystal Si(111) is known to display better 
mechanical properties and a lower surface energy 
than the Si(100) one. Thus, according to the 
previous remarks about wear resistance controlled 
by both the ultimate shear stress and the adhesion 
contribution, Si(111) should logically have a 
better wear behaviour than Si(100).   

3.3. Tribological tests on polished single 
crystal silicon (111) wafers 

Fig. 7 plots the variations of the friction 
coefficient - after 100 cycles – as function of the 
contact pressure for each type of balls rubbing on 
polished Si(111) wafers.  
Whatever the material constituting the ball, the 
friction coefficient remains stable with the contact 
pressure. In addition, no seizure is observed at any 
contact pressure. As reported before for the 
tribological test outside the seizure area (fig. 5a-
b), the triboscopic views reveal a friction map (fig. 
8a) extremely homogeneous with time; a regular 
wear rate without any wear debris within the 
friction groove is also observed (fig 8b).  

In addition, the wear rate is rather weak as shown 
on the typical SEM view of the friction scar (fig 
8c). 
 
 

 
Fig  7:  Variations of the friction coefficient vs. contact 
pressure in the case of  polished  monocrystal Si(111) 

wafers 
 

 
Fig 8: Triboscopic views of the test corresponding to arrow (5) in fig 7: friction map (a); depth map in µm (b); and typical SEM 

view of the wear groove (c) 



As expected, friction and wear rate of Si(111) are 
strongly reduced compared to the  ones of Si(100).  
According to Gardos [31], this behaviour can be 
attributed to a concomitant rise of the mechanical 
properties and a reduction of the adhesion 
contribution because Si(111) is the densest 
crystallographic plane of silicon. Indeed, each 
hydrogenated surface atom is bonded to three 
other atoms on (111), but only to two on (100). 
The force required to remove an atom from the top 
(111) plane is higher. Si(111) with its overall-
lowest surface energy (about 1.7 times lower than 
Si(100)) and most firmly interwoven surface 
atoms producing the highest in-plane strength 
exhibited less cracking and wear than Si(100). 
Thus, the most prevalent mode of surface damage 
on Si(100) is tensile stress-induced microcracking 
normal to the direction of sliding while Si(111) 
exhibits mostly grain pull-out, with little evidence 
of cracking [31].  

3.4. Tribological tests on CN6/Si(100) and  
CN6/Si(111) wafers  

Carbon nitride is often mentioned for its superior 
mechanical and tribological properties [35, 38] 
similar – and even better – to those of DLC. Thus 
it has been shown that CNx films deposited by 
sputtering and containing 10% nitrogen had better 
wear resistance and lower friction coefficient than 
pure carbon films generated under the same 
conditions [39]. In addition, Adachi et al [38] 
have recently reported an interesting lubricating 
effect of CNx in presence of a nitrogen flow. 

Fig. 9 plots the variations of the friction 
coefficient - after 100 cycles – as function of the 
contact pressure for each type of balls rubbing on 
CN6 coatings deposited on polished Si(100) 
wafers.  
 

 
Fig  9:  Variations of the friction coefficient vs. contact 

pressure in the case of  CN6 coatings deposited on 
polished monocrystal Si(100) wafers 

 
Note that the same results have been obtained with 
Si(111) wafer substrates proving that the previous 
crystallography-induced anisotropy phenomenon 
in friction and seizure does completely vanish 
when CNx coatings are deposited on silicon 
wafers. As for Si(111), the friction coefficient 
remains stable with the contact pressure and is 
rather independent of the antagonist. No seizure is 
observed at any contact pressure. 

 
Fig 10: Triboscopic views of the test corresponding to arrow (6) in fig 9: friction map (a); depth map in µm (b) 



For test (6) shown in fig 9, triboscopic views (fig. 
10) reveal that the friction map and the depth map 
are extremely homogeneous with time. Besides, 
the latter reveals that a time-dependent tribolayer 
– probably constituted by agglomerated wear 
debris – is starting to build up from 80 cycles 
within the contact.  
 
According to Adachi et al [38], this third body 
should have a lubricating effect in presence of 
nitrogen flow. In order to check this assumption, 
tribological tests have been carried out during 
4000 cycles – corresponding to 8 meters – both in 
air or nitrogen (fig 11).   

 
Fig 11: Evolution of the friction coefficient for CN6/Si(100) 

under air and nitrogen  
 

Thus, in contrast to what is observed under 
ambient air where the friction coefficient remains 
constant around 0.17, it strongly decreases until 
0.03 under nitrogen flow. With the help of Raman 
analysis, Adachi et al [38] have recently explained 
this decrease by the possible migration of nitrogen 
atoms from the gas into the lattice defects of a 
graphite-like structure formed in the tribolayer. 

4. SUMMARY  

• Friction and wear rate of Si(111) are strongly 
reduced compared to the  ones of Si(100) due 
to its lowest surface energy and highest in-
plane strength ;  

• Roughness of bare silicon mainly influences 
the generation rate of the third body and 
controls the seizure occurrence ;  

• When CNx coatings are deposited on silicon 
wafers, anisotropy does completely vanish: 
friction and wear mechanisms are instead 
controlled by the surrounding environment. 
Thus, in presence of nitrogen flow the friction 
coefficient decreases from 0.2 to 0.03 due to 
the interaction of the gas with the third body  
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