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Abstract: This paper reports an investigation on nanotribological properties of silicon nanochannels coated by a diamond-like

carbon (DLC) film. The nanochannels were fabricated on Si (100) wafers by using photolithography and reactive ion etching

(RIE) techniques. The channeled surfaces (Si channels) were then further modified by coating thin DLC film. Water contact

angle of the modified and unmodified Si surfaces was examined by an anglemeter using the sessile-drop method.

Nanotribological properties, namely friction and adhesion forces, of the Si channels coated with DLC (DLC-coated Si channels)

were investigated in comparison with those of the flat Si, DLC-coated flat Si (flat DLC), and Si channels, using an atomic force

microscope (AFM). Results showed that the DLC-coated Si channels greatly increased hydrophobicity of silicon surfaces. The

DLC coating and Si channels themselves individually reduced adhesion and friction forces of the flat Si. Further, the DLC-

coated Si channels exhibited the lowest values of these forces, owing to the combined effect of reduced contact area through the

channeling and low surface energy of the DLC. This combined modification could prove a promising method for tribological

applications at small scales.
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1. Introduction

The field of micro/nano-electro-mechanical systems (MEMS/

NEMS) has expanded intensively over the last decade [1, 2].

Because of the large surface-to-volume ratio, the durability and

efficiency of the moving components of MEMS/NEMS devices

are dominantly controlled by their surface forces, including

adhesion and friction forces. Minimizing these forces at small

scales, therefore, has become a great of interests. 

Traditionally, silicon is a commonly used material for

MEMS/NEM fabrication, but it does not have good

tribological properties, i.e. a high adhesion, high friction and

wear lost [3, 4]. In order to enhance the performance of silicon

surfaces, a variety of surface modification techniques have

been resorted including tribological coatings [4-6]. Among

them, diamond-like carbon (DLC) coatings are the most

popular treatment. The use of DLC coatings could be found in

a wide range of tribological applications for protecting surfaces

from corrosion and wear, as well as for reducing friction [2, 5].

These films are hard and relative hydrophobic, which provide

a low adhesion and friction. Recently, topographical

modification has attracted tribologists world-wide as an

effective method to enhance tribological properties of

engineering surfaces [7-9]. A topographically-modified surface

would reduce the real area of contact, which in turn

considerably reduces the adhesion and friction. 

In this study, we investigate the effects of a combination of

two kinds of surface modifications, namely silicon channels

overcoated by DLC films, on hydrophobicity and

nanotribological properties of silicon surfaces. 

2. Experimental details

Silicon (100) wafers were patterned into nano-channels by

using photolithography and reactive ion etching (RIE)

techniques. Fig. 1 briefly shows diagram of the fabrication

process. First, a bottom anti-reflective coating (BARC) and a

photoresist (PR) film was spin-coated on cleaned silicon

wafers, respectively. After soft-baking, the PR layer was

exposed to UV light and the unexposed PR was removed with

a developer solution (Development). Following this step, the

BARC layer appearing on the surface was ashed out. After

which, the wafers were etched into nano-channels by using a

reactive ion etching process (silicon etching).

Finally, the remaining BARC and photoresist layer was
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removed by plasma ashing process, giving the patterned

surface, namely Si channels. The channels were further treated

by coating a DLC thin film using a plasma-enhanced chemical

vapor deposition (PECVD) technique [5]. The thickness of the

film is about 20 nm measured on a flat sample fabricated by

the same process. 

Fig. 2 shows a top-view (Fig. 2(a)) and a titled-rotated view

(Fig. 2(b)) of the Si channels, taken by using an environmental

scanning electron microscope (ESEM). 

Water contact angle (WCA) of the modified and unmodified

surfaces was examined by using a contact anglemeter (S.E.O)

and sessile-drop method. For the channels, WCA was

measured in two directions that are parallel and perpendicular

to the channels.

Table 1 shows the dimensions of fabricated Si channels and

the measured water contact angles of all materials.

An atomic force microscope (Multimode, Nanoscope IIID)

was used to investigate the nantribological properties, namely

adhesion and friction forces. Borosilicate balls (5 and 10 µm

diameter) mounted on triangle Si3N4 cantilevers (spring

constant of 0.58 N/m, Novascan) were used as tips. Adhesion

measurement was taken in the force-displacement mode [10]

at different areas of surfaces. The adhesion force (pull-off

force) was calculated based on the acquired force curves and

the average value was presented. Friction tests were carried out

in lateral force microscope mode (LFM) [10], in the direction

that across to the length of the channels. Before the friction

measurements, the cantilever was calibrated for a conversion

factor that allows converting lateral deflection signals directly

into friction force, using the method described by Ruan and

Bhushan [10]. Details of calibration process could be found in

Fig. 1. Diagram of fabrication process of silicon channels

using photolithography and reactive ion etching techniques. 

Fig. 2. SEM images of the Si nano-channels: (a) a top view,

and (b) a titled-rotated view. 

Table 1. Characteristics of the modified surfaces 

Materials Width (nm) Distance (nm) Heigh (nm) WCA (deg.)

Flat Si - - - 36

Flat DLC - - - 75

Si channels 300 600 200 34a/ 5b

DLC-coated 
Si channels

300 600 200 134a/87b

a measured in the direction parallel to the channels
b measured in the direction perpendicular to the channels
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the ref [10]. Friction force was calculated using the trace-

minus-retrace (TMR) values acquired in the lateral force mode

and the conversion factor. The normal force was estimated

based on the spring constant and the deflection sensitivity of

the cantilever in normal direction. The load was in the range of

0-80 nN, which corresponds to the voltage applied to the tip

during the tests. Scan speed and scan size was 2 µm/s and

10 µm×10 µm, respectively. 

Each test was repeated at least 10 times and the average

values of friction were presented. 

All experiments were conducted in a clean room, at

controlled temperature of 24±1oC and relative humidity of

45±5%, respectively.

3. Results and discussion

Water contact angles of the flat silicon surface (flat Si), DLC

coated flat Si (flat DLC), Si channels, and DLC coated on Si

channels are given in table 1. It could be seen from the table

that the flat Si is hydrophilic nature. The treatment by coating

DLC increases WCA of the flat Si surface. It is known that the

water contact angle could be used to manifest the surface

energy (cosine of contact angle is a measure of the surface

energy [11, and references therein]). The lower the WCA, the

higher the surface energy would be presented. Thus, under the

view of the surface energy, the DLC coating exhibit increased

hydrophobicity compared to that of the plain Si owing to its

lower surface energy [3]. On the other hand, the Si channels

exhibit an anisotropic wetting [12] with WCA is lower than

flat Si for both observed directions (table 1). The water drop

quickly spread along the channels giving the very small WCA

observed in the direction perpendicular to the channels. This

indicates that the channels were fully wetted. As the flat silicon

is hydrophilic, the wetting property of the Si channels is in

accordance well with the Wenzel model [13] (homogeneous

wetting), in which WCA reduces with the roughness for a

hydrophilic material. On the contrary, DLC coated Si channels

exhibit hydrophobicity with the highest WCA when compared

to the rest of tested samples. Although the coated Si channels

exhibit an anisotropic hydrophobicity, its WCAs are still

higher than that of the flat DLC (table 1). We suggest that the

DLC coated Si channels appear to be acting as a composite

surface, which consists of solid and air fractions. Their wetting

possibly is governed by the Cassie-Baxter state (heterogeneous

wetting) [14], in which the contact angle of a rough structure is

higher than that of the flat surface due to the presence of the air

pockets underneath the drop.

Hence, it is demonstrated that the combination of silicon

nanochannels and DLC coating was very effective in

increasing hydrophobicity of silicon surfaces.

Fig. 3 shows the adhesion forces of the Si channels and

DLC-coated Si channels in comparison with those of the flat Si

and flat DLC. The 5 µm tip was used in this case. As could be

seen from the figure, the flat Si exhibits a highest adhesion

force. The relation between adhesion force and surface energy

of two elastic spheres in contact could be interpreted by JKR

theory [15] as follows:

 

(1)

where FAd is adhesion force (i.e. the tensile force required to

pull spheres apart), R is the composite radius of the spheres,

and γ is the surface energy. 

A native oxide layer that always find on the surface of silicon

provides a high surface energy [3] (indicated by its low WCA),

which supports such the high adhesion force. 

From Fig. 3, it is also seen that the DLC coating reduces

adhesion force of the flat Si. Here, the flat DLC has a higher

WCA than the flat Si (Table 1) (i.e. a lower surface energy).

Therefore, the reduced adhesion force of flat DLC is mainly

due to the lowered surface energy. On the other hand, the Si

channels exhibit a considerably reduced adhesion force when

compared to that of the flat Si. Obviously, the channels reduce

the real contact area of flat surfaces. The tip comes into contact

with the channeled surface only at the top of the channels,

which eventually reduces the adhesion. Further, it could be

seen that the DLC-coated Si channels exhibit the lowest

adhesion force compared to the rest of tested samples.

Undoubtedly, this is due to the combined effects of the reduced

real contact area through the channeling and the low surface

energy of the DLC coating.

Considering the adhesion data of the uncoated and coated Si

FAd
3

2
---πR∆γ=

Fig. 3. Adhesion forces of the flat Si, flat DLC, Si channels

and DLC-coated Si channels. The 5 µm tip was used.

Fig. 4. Friction forces of the flat Si, flat DLC, Si channels and

DLC-coated Si channels. The 5 µm tip was used.
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channels, the coated channels exhibit a lower adhesion force.

Since the contact area is almost the same for both the

channeled structures, the low surface energy is the dominant

factor governed their adhesion behavior.

Fig. 4 shows the friction data of the flat Si, flat DLC, Si

channels and DLC-coated Si channels when the 5 µm tip was

used. The friction behavior follows a similar trend to that of

the adhesion. The flat Si shows the highest friction forces,

mainly due to its high surface energy. By coating the flat

silicon with DLC, friction force reduces considerably, owing to

the excellent lubricity of the DLC [4, 5]. In addition, the low

surface energy of the DLC could reduce the real contact area

(JKR theory [15]). According to the fundamental law of

friction given by Bowden and Tabor [16], friction force (Ff) is

directly proportional to the real contact area (A) as follows:

(2)

where τ is shear strength of the material.

Therefore, the low surface energy of the DLC also

contributed to its reduced friction force. 

Of between Si channels and the flat Si, the channels show

much lower friction forces for any given normal loads. This

result could be understood by considering the fact that the

channels project reduced real area of contact. This leads to a

considerable reduction in friction force, which correlates well

with the Bowden and Tabor law. Similarly, considering the

friction data of the flat DLC and the DLC-coated Si channels,

the channels exhibit significantly lower friction forces, due to

their physically reduced real contact area. Among tested

materials, the DLC-coated Si channels exhibits the lowest

friction force, owing to the combined effect of reduced real

contact area and DLC coating. Hence, it is experimentally

demonstrated that the combined modification by the channels

and DLC films was very effective in reducing adhesion and

friction forces of silicon surfaces.

It is, however, seen from the Fig. 4 that friction force just

slightly increased with the normal load for all tested materials.

The increase in friction force with normal load is mainly

assigned to the increase in the real contact area due to the

elastic/plastic deformation. We suggest that under such the

load condition the real contact area of materials was increased

slightly, leading to the slight increase in friction force. This

result is in high agreement with our previous study [3].

In order to observe the effect of scale-dependence on

adhesion and friction of the patterned surface, measurements

were carried out using two different tips with diameter of 5 µm

and 10 µm. Figure 5 (a) shows the effect of tip size on

adhesion force of the DLC coated Si channels. When the tip

size is increased, the real contact area between the tip and the

channels increases as a result of which the adhesion increases.

Similarly, friction force of the DLC-coated Si channels

increased with the tip size (Fig. 5 (b)), owing to the increased

real area of contact. 

4. Conclusions

Hydrophobicity and nanotribological properties of the

silicon channels coated by thin DLC films were investigated. 

Results indicated that a combination of the two kinds of

modifications was most effective in increasing hydrophobicity

as well as in reducing adhesion and friction forces of silicon

surfaces. Such the enhancement in the tribological properties

was due to the integration of reduced real area of contact

through the channeling and the low surface energy of the DLC.

Moreover, an increase in the tip size results in the increase in

adhesion and friction of the patterned surface due to increased

contact area. 

It is proposed that this combined modification approach

could prove as a potential tribological solution for miniaturized

devices.
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