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Abstract 
 
This paper reports a novel approach for improving the nanotribological properties of silicon (Si) surfaces by topographically and 

chemically modifying the surfaces. In the first step, Si (100) wafers were topographically modified into nano-pillars by using the photo-
lithography and reactive ion etching (RIE) techniques. Various patterns, including nano-pillars of varying diameters and pitches (distance 
between pillars), were fabricated. Then, the patterns were coated with a Z-DOL (perfluoropolyether (PFPE)) lubricating film using a dip-
coating technique, and this process was followed by thermal treatment. These modified surfaces were tested for their nanotribological 
properties, namely adhesion and friction forces, using an atomic force microscope (AFM). The results showed that the topographical 
modification and Z-DOL coating each independently reduced the adhesion and friction forces on the Si surfaces. However, the combina-
tion of the two surface treatments was most effective in reducing these forces. This is attributed to the combined effects of the reduction 
in the real area of contact due to patterning and the low surface energy of the Z-DOL lubricant. Further, it was found that adhesion and 
friction forces of the surfaces with combined modification varied significantly depending on the diameter of the pillars and the pitch. It is 
proposed that such a combination of surface modifications promises to be an effective method to improve the nanotribological perform-
ance of miniaturized devices, such as MEMS, in which Si is a typical material.  
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1. Introduction 

Micro/Nanoelectromechanical systems (MEMS/ NEMS) 
and their components are traditionally made from silicon (Si) 
and Si-based materials [1]. A native oxide layer with hydro-
philic nature (i.e., high surface energy) is always found on the 
Si surface, causing poor tribological properties including high 
adhesion and friction forces. These forces are critical for the 
MEMS/NEMS devices, in which the elements move relative 
to each other. Minimizing these forces to improve reliability 
and durability of the devices has become a challenge.  

Water contact angle (WCA) is an indication of surface en-
ergy [2]. The higher the surface energy, the stronger the adhe-
sion between the contacting solid surfaces becomes [2-4]. Any 
increase in WCA (i.e., a decrease in surface energy) will re-
duce adhesion. A hydrophobic surface (WCA ≥ 90o) can sup-
press the meniscus force (a component of adhesion force in 

the liquid-mediated contact) to a largely extent [4]. Conse-
quently, the friction associated with such a surface can be 
decreased. In addition, the real area of contact significantly 
influences adhesion and friction properties [5, 6]. A reduction 
in the real area of contact results in a decrease in adhesion and 
friction. To improve the tribological properties of Si surfaces, 
various techniques have been used. Chemical modifications 
such as coatings of thin lubricating films like perfluoropoly-
ether (PFPE) [7] or molecular organic films like self-
assembled monolayer (SAM) and Langmuir-Blodgett [8, 9] 
are the most popular treatments. These films can lower the 
surface energy of treated surfaces, which, in turn, reduce ad-
hesion and friction. Among the various films, PFPEs have 
been used successfully in the magnetic disk drive industry to 
reduce friction and wear of the disk and head [7, 10]. PFPE 
films, which have molecular-scale thickness, have been con-
sidered as promising candidates for MEMS/NEMS lubrication 
due to their hydrophobic property that supports low surface 
energy, good adhesion to substrates, chemical and thermal 
stability, and excellent lubricity [7]. On the other hand, topog-
raphical modification, that is, creating rough structures on a 
relatively smooth surface, has recently become of great inter-
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est for the enhancement of their tribological properties at small 
scales [5, 11-14]. The topographically modified surfaces come 
into contact with another surface on top of the rough structures, 
which reduces the real area of contact, therefore reducing ad-
hesion and friction. Under such circumstances, hydrophobic 
surfaces that provide a low surface energy accompanied by 
reduced contact area promise to be a potential solution for 
tribological issues at micro/nano scales. 

In our previous work related to topographical modification, 
we fabricated polymeric nano-patterns of various aspect ratios 
on Si surfaces [12]. The investigation indicated that these 
polymeric patterns exhibited significantly lower adhesion and 
friction compared with the flat surface, owing to their hydro-
phobic nature and reduced real area of contact. More impor-
tantly, we observed that the height of the patterns strongly 
affected the adhesion and friction of the patterned surfaces. In 
our most recent work, we have focused on the combination of 
topographical and chemical modifications with the goal of 
enhancing tribological performance. The topographically and 
chemically modified surfaces can integrate the advantages of 
both modifications, that is, provide low surface energy and 
reduced real area of contact, thus more efficiently reducing 
adhesion and friction. In this study, we combined these two 
kinds of surface treatments for Si surfaces. The Si (100) wa-
fers were directly patterned into nano-pillars of various diame-
ters and pitches. The patterned surfaces were further chemi-
cally treated by coating Z-DOL (PFPE) thin films. The 
nanotribological properties of the combined modification sur-
faces were investigated and compared with those of the bare, 
flat Si. 

 
2. Specimens and experimental details 

2.1 Fabrication of nano-pillars 

A MEMS fabrication process, which includes photolitho-
graphy and RIE techniques, was used to fabricate nano-pillars 
on Si wafers. Fig. 1 shows the block diagram of the fabrica-
tion process of the nano-pillars. First, a thin layer of the bot-
tom-anti-reflective coating (BARC) was spin-coated on 
cleaned Si wafers. Next, a photoresist (PR) thin film was then 
spin-coated over the BARC-deposited wafers and baked to 
remove the solvent. The PR film was exposed to UV light. 
The unexposed PR was removed with a developer solution, 
and the BARC layer that appeared on the surface was ashed 
out using inductively coupled plasma (ICP) asher. The wafers 
were then etched into nano-pillars by the RIE process. Finally, 
the remaining BARC and PR layers were removed using a 
plasma-ashing process, producing the required pillars. Using 
this process, various structures, including pillars with different 
diameters and pitches, were fabricated. The patterned surfaces 
were cleaned using piranha solution (H2SO4:H2O2, 4:1) for 10 
min and were then washed using deionized (DI) water, fol-
lowed by nitrogen blowing. 

 

 
 
Fig. 1. Block diagram of the fabrication process (topographical modifi-
cation) of Si pillars by photolithography and reactive ion etching (RIE) 
techniques. 

 
2.2 Z-DOL coating 

After fabricating the nano-pillars, the patterned surfaces 
were coated with a thin film of Z-DOL using the dip-coating 
method [7, 13]. Before coating, the samples were cleaned in 
acetone and isopropyl alcohol (IPA) for 5 min each, followed 
by DI water washing and nitrogen blowing. The cleaned sam-
ples were subsequently submerged, in the vertical direction, 
for 10 min in a dipping solution of Z-DOL2000 (Solvay 
Solexis) diluted in hydrocarbon solvent (HT70, Solvay 
Solexis) to 0.1% by volume. Then, the samples were vertically 
pulled out of the solution at a speed of 3.5 mm/s. For full 
bonding, after the dip-coating procedure, the samples were 
heated at 150oC for 30 min, and they were subsequently 
washed in HFE-7100 solvent (3M) for about 5 min to remove 
the mobile fractions. The thickness of the Z-DOL film on the 
flat Si substrate was measured using an ellipsometer and was 
determined to be approximately 2 nm. 

 
2.3 Characterization of tribological properties 

The morphology of the surfaces with combined modifica-
tion was examined by an environmental scanning electron 
microscope (ESEM). Fig. 2 shows the SEM images of the 
topographically and chemically modified surfaces, that is, the 
Z-DOL-coated Si pillars. The characteristics of the fabricated 
surfaces, including the dimensions of the pillars, are shown in 
Table 1. The patterns are classified into two groups. The first 
group, which is comprised of S1, S2, and S3, has different 
pitches, while and the second group, which is comprised of S1, 
S4, and S5, has pillars with different diameters. All the sam-
ples, including flat Si, flat Z-DOL, and Z-DOL-coated Si pil-
lars, were examined by a contact angle analyzer (Phoenix 300, 
SEO) using the sessile-drop method to determine their WCA. 
The averaged values of WCA over five measurements are 
given in Table 2.  
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A commercial AFM (MultiMode, Nanoscope IIId, Digital 
Instruments) was used to investigate the nano-adhesion and 
friction of the samples. Glass balls of 5 µm in diameter 
mounted on Si nitride triangular cantilevers (spring constant 
~0.58 N/m, Novascan), were used as tips. The adhesion 
force (pull-off force) was measured in the force-
displacement mode [5, 6]. The values of the force were av-
eraged over 50 measurements in different areas of sample 
surfaces. Friction measurements were performed in the lat-
eral-force-microscope (LFM) mode. The applied load was in 
the range of 0~80 nN. Friction force was calculated based on 
the trace minus retrace (TMR) values [5, 6]. The tip velocity 
and scan area were 5 µm/s and 20 µm x 20 µm, respectively.  

 
Table 1. Dimension of the fabricated nanopatterns. 
 

Samples Diameter 
(nm) 

Pitch 
(nm) 

Height 
(nm) 

Reduced contact 
area (times) 

S1 254 346 200 7.1 

S2 254 646 200 16 

S3 254 946 200 28.42 

S4 554 346 200 3.36 

S5 854 346 200 2.51 

 
Table 2. WCA of the modified surfaces. 
 

Samples Solid/Air fractions 
(f1/f2) 

Roughness factor 
(r) 

WCA 
(degree) 

Flat Si - - 35.7 ± 1 

Flat Z-DOL - - 95 ± 3 

S1 0.140/0.860 1.431 114 ± 2 

S2 0.062/0.938 1.192 106 ± 2 

S3 0.035/0.965 1.108 105 ± 2 

S4 0.298/0.702 1.393 110 ± 2.5 

S5 0.398/0.602 1.334 109 ± 3 

Friction force values were averaged over 10 measurements at 
different areas of sample surfaces.  

All experiments were conducted in a clean room with a con-
trolled temperature of about 24±1oC and a relative humidity of 
45±5%. 

 
3. Results and discussion 

3.1 WCA analysis 

The static WCAs of flat Si, flat Z-DOL, and Z-DOL-coated 
Si pillars (Z-DOL/Si pillars) are given in Table 2. The flat Si 
shows a hydrophilic property, whereas the flat Z-DOL is hy-
drophobic in nature. The chemical treatment by coating Z-
DOL (a low-surface-energy material) greatly increased the 
WCA of the flat Si surface. Interestingly, the Z-DOL/Si pillars 
further increased WCA, indicating that the combined modifi-
cation was very effective in increasing the hydrophobicity of 
the flat Si surface. However, the WCA of the Z-DOL/Si pil-
lars showed a variation in values depending on diameter of the 
pillars and pitch. To understand the wetting properties of the 
Si surfaces with the combined modification, two models of 
wetting, Wenzel [15] and Cassie-Baxter [16], were considered. 
According to the Wenzel model (homogeneous wetting), the 
WCA of a flat, hydrophobic surface increases with the rough-
ness as follows: 

 
cosθw = r cosθo (1) 
 

where r is the roughness factor (ratio of the true-solid area to 
its geometrical area), θo is the WCA of the flat surface, and θw 
is WCA of the Wenzel state. On the other hand, in the Cassie-
Baxter model (heterogeneous wetting), a rough surface is con-
sidered as a composite consisting of solid (f1) and air (f2) frac-
tions. The WCA increases with the air fraction as follows: 

 

    
 

   
 
Fig. 2. SEM images of the topographically and chemically modified Si surfaces, that is, Z-DOL-coated Si pillars (Z-DOL/Si pillars). Two kinds of 
structure were fabricated including pillars of different diameters (S1, S4, and S5) and pillars with different pitches (S1, S2, and S3). 
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cosθc = f1 cosθo – f2       (2) 
 

where θc is the WCA of the Cassie-Baxter state, f1 + f2 = 1.  
The values of the roughness factor (r) as well as the solid 

and air fractions (f1 and f2, respectively) of the Z-DOL/Si pil-
lars are given in Table 2. Fig. 3(a) shows the measured WCA 
of the Z-DOL/Si pillars as a function of the air fraction. It is 
observed that the WCA increases with the air fraction (f2) in 
the case of S5, S4, and S1 (the pillars with different diameters), 
which follows the Cassie-Baxter state. However, the WCA 
decreased in high air fraction in the cases of S2 and S3. This 
indicates that the wetting property of the nanopatterns, the 
cases of S2 and S3, cannot be explained by using only the 
Cassie-Baxter model. Fig. 3(b) shows the WCA as a function 
of the roughness factor (r). The WCA of the Z-DOL/Si pillars 
increased with the increase in r in the cases of S3, S2, and S1. 
As the flat Z-DOL is hydrophobic, the experimental results 
indicate that the wetting property of the pillars with different 
pitches (S1, S2, and S3) is governed by homogeneous wetting 
(Wenzel state). Although the WCA of S5, S4, and S1 was 
observed to increase with the roughness factor, their wetting 
property was mainly ruled by the heterogeneous wetting, as 
previously mentioned. Considering Fig. 3(a), the WCA 
slightly increases from S5 to S4 and to S1, and then signifi-
cantly decreases from S1 to S2 and to S3 with the air fraction,  

 

 
(a) 

 

 
(b) 

 
Fig. 3. WCA of Z-DOL-coated Si pillars as a function of (a) air frac-
tion (f2) and (b) roughness factor (r). 

suggesting that there is a transition from heterogeneous wet-
ting to homogeneous wetting (i.e., from the Cassie-Baxter 
state to the Wenzel state) among the Z-DOL/Si pillars. The 
composite interface is unstable and can easily transform into 
the homogeneous interface. The transition criterion from the 
Cassie-Baxter state to the Wenzel state is near S1 in the pre-
sent case. However, as the wetting property of the nano-
structures is very complicated and is not clearly understood, 
further work on various structures and materials is necessary. 

 
3.2 Tribolological behavior 

3.2.1 Effect of combined surface modification 
The adhesion forces of the flat Si, flat Z-DOL, representa-

tive Si pillars (S4 before coating Z-DOL), and Z-DOL/Si pil-
lars (S4) are shown in Fig. 4(a). The flat Si exhibits the high-
est adhesion force due to its high surface energy [18]. The Z-
DOL film greatly reduces the adhesion force of the flat Si due 
to its low surface energy. On the other hand, the fabrication of 
nano-pillars on Si wafer also greatly reduces adhesion force. 
The presence of the nanopillars significantly reduces the con-
tact area of the surface (Table 1) because the AFM tips just 
come into contact with the surface on top of the pillars. Al-
though the WCA of the Si pillars (~26o) is lower than the flat 
Si wafer (~35.7o), that is, the Si pillars have higher surface 
energy, the reduction in the contact area is the main reason for 
the reduction in adhesion of Si pillars. The higher surface 
energy of Si pillars possibly gives rise to an increase in the 
inherent adhesion, but the reduced area of contact is the domi-
nant factor in determining the adhesion force in the present 
case. More importantly, the Z-DOL/Si pillars exhibit the low-
est adhesion force compared with the rest of the surfaces 
tested. This is due to the combined effect of the reduced sur-
face energy by coating with Z-DOL and the reduced area of 
contact by patterning. However, between the Si pillars and Z-
DOL/Si pillars, the latter exhibit a much lower adhesion force 
despite having almost similar contact areas. Undoubtedly, this 
is due to the low surface energy of the Z-DOL coating. Fig. 
4(b) shows the friction data of the modified surfaces compared 
with those of the flat Si. In Fig. 4(b), friction exhibits a similar 
trend to adhesion. The flat Si exhibits the highest friction force 
values; the flat Z-DOL and Si pillars greatly reduce friction 
force; and the Z-DOL/Si pillars show the lowest friction force 
at any given normal load. The high friction of the flat Si is 
mainly due to its high surface energy [17]. The creation of 
nano-pillars on flat Si surface greatly reduced the real contact 
area of the surface. According to the fundamental law of fric-
tion given by Bowden and Tabor [18], friction force is directly 
proportional to the real area of contact. Therefore, the reduced 
friction force of the Si pillars compared with flat Si is due to 
the reduction of the real contact area. By coating Z-DOL on 
the flat Si, the friction force is also reduced significantly, as Z-
DOL is a lubricant with excellent lubricity [7]. In addition, the 
low surface energy of the Z-DOL can reduce the contact area 
according to the Johnson-Kendall-Roberts (JKR) theory [3]  
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(a) 
 

 
(b) 

 
Fig. 4. (a) Adhesion force and (b) Friction force of the flat Si, Z-DOL 
coated on flat Si (Flat Zd), Si pillars(S4 before coating Z-DOL), and Z-
DOL coated on Si pillars (Zd/Si pillars, S4). 

 
(contact area is directly dependent on surface energy), which 
additionally contributes to the reduced adhesion and friction 
forces of the Z-DOL-coated flat Si surface. Similarly, among 
the Si pillars and the Z-DOL/Si pillars, the coated pillars ex-
hibit a much lower friction force, mainly due to the excellent 
lubricity along with the low surface energy of the Z-DOL. 
Hence, these experimental results indicate that the combina-
tion of these two kinds of surface treatments can be used ef-
fectively to reduce the adhesion and friction forces of Si sur-
faces, owing to the combined effect of the low surface energy 
by coating Z-DOL and the reduced contact area by patterning. 

 
3.2.2 Effect of pitch 
The effects of pitch on the nanotribological properties of the 

modified surfaces with combined modification were examined. 
Specimens, namely S1, S2, and S3, which have the same pillar 
diameters but different pitches, were the objects for this study. 
Fig. 5(a) summarizes the adhesion force of the Z-DOL/Si 
pillars as a function of the pitch. It is seen that adhesion force 
decreases with the pitch values. The contact area is signifi-
cantly reduced with the pitch from S1 to S2 and S3. The 
nominal contact area of S1 is about 2.2 times and 4 times 
greater than that of S2 and S3, respectively, implying that the 
real contact area plays a role in adhesion behavior. On the 
other hand, considering the WCA values, it was observed that 
the WCA decreased slightly with the pitch (Table 2). In view  

 
(a) 

 

 
(b) 

 
Fig. 5. (a) Adhesion force and (b) friction force of the Z-DOL/Si pillars 
with different pitches (S1, S2, and S3). 

  
of surface energy, S1, which has higher WCA (i.e., lower 
surface energy), should have lower adhesion than S2 and S3. 
However, the experimental results indicate that the reduced 
area of contact is the main mechanism that reduces adhesion 
force from S1 to S2 and to S3 in the present study. Fig. 5(b) 
shows the friction forces of the Z-DOL/Si pillars as a function 
of the pitch. Similar to adhesion, friction force also decreases 
with pitch values at any given applied load. As the real area of 
contact decreases significantly from S1 to S2 and to S3 as 
mentioned earlier, the decrease in the real area of contact re-
sults in the reduction of friction force. Again, although there is 
a slight decrease in the WCA values with the pitch, the reduc-
tion in the contact area plays a major role in decreasing fric-
tion force with the pitch. 

 
3.2.3 Effect of the diameter of the pillars 
The effects of the pillar’s diameter on adhesion and the fric-

tion behavior of the modified surfaces were examined. S1, S4, 
and S5, which have the same distance between the pillars but 
different diameters (Table 1), were selected as specimens. Fig. 
6(a) shows the adhesion forces of the Z-DOL/Si pillars with 
different diameters. All the pillars show lower adhesion forces 
compared with flat Si (Fig. 4(a)), owing to their hydrophobic-
ity and the reduced area of contact. Among these pillars, adhe-
sion force increases with the diameter of the pillars. As shown 
in Table 2, the contact area (indicated by f1) increases with the  
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(b) 

 
Fig. 6. (a) Adhesion force and (b) friction force of the Z-DOL/ Si pil-
lars with different diameters (S1, S4, and S5).  

 
diameter of the pillars. The nominal contact area of S5 is 
about 1.34 times and 2.83 times greater than that of S4 and S1, 
respectively. As the WCAs of Z-DOL/Si pillars decrease 
slightly with the diameter of the pillars and as the pillars are 
hydrophobic in nature, the reduced real area of contact is the 
main reason for the reduction in adhesion force with the di-
ameter. The adhesion forces of S1, S4, and S5 were observed 
to be proportional to the reduction in the contact area. This 
experimentally demonstrates the governing role of the contact 
area on adhesion in the present cases. The effect of the pillar’s 
diameter on the friction behavior of Z-DOL/Si pillars is shown 
in Fig. 6(b). Again, friction exhibits a trend similar to adhesion 
as the friction force increased with the diameter of the pillars 
at any given load applied. This is attributed to the increase in 
the real area of contact affected by the increase in the diameter 
of the pillars. Morphology of the modified surfaces after the 
tests was examined using SEM. There is no trace of damage 
of the surfaces, which is possibly due to such light load condi-
tions. 

 
4. Conclusions 

In this work, Si (100) wafers were modified topographically 
into nano-pillars and subsequently treated by coating Z-DOL 
films. The surfaces with combined modification were investi-
gated for their hydrophobicity and nanotribological properties 

in connection with the pillar’s diameter and pitch. It was re-
vealed that such a combined modification was very effective 
in increasing the hydrophobicity of the flat Si surface. A tran-
sition from heterogeneous wetting (the Cassie-Baxter state) to 
homogeneous wetting (the Wenzel state) was experimentally 
observed among the Z-DOL-coated Si pillars with increasing 
pitch. For the adhesion and friction properties, it was demon-
strated that the adhesion and friction forces of such modified 
surfaces were significantly reduced due to the combined effect 
of the reduced area of contact by topographical modification 
and the low surface energy of the Z-DOL coating. Of these 
modified surfaces, the adhesion and friction forces increased 
with the pillar’s diameter and decreased with the pitch. The 
reduced real area of contact was the main reason for such 
changes in these forces. We envision that the combination of 
topographical and chemical modifications will have potential 
applications for the enhancement of tribological properties of 
small-scale devices such as MEMS/NEMS. 
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