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Abstract

The electronic-controlling nanotribological behavior of textured silicon surfaces was investigated
by an atomic force microscope (AFM), which were fabricated by laser interference lithography
and chemical etching. The results indicated that without an external bias, friction on textured
surfaces was greater than that on smooth surfaces and it was related to the coverage rate of the
microgrooves. With an external bias, friction on smooth and textured surfaces decreased at first
and then increased approximately linearly as the external bias increased.
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1. Introduction

With the rapid development of the technology, micro/nano-
electromechanical systems (M/NEMS) have had a wide range
of applications over the last decade due to their excellent per-
formance. As devices in M/NEMS have a large surface area-
to-volume ratio, problems caused by friction become more
critical. Many studies have confirmed that the usefulness of
surface texturing at the micro/nano scale is able to improve
the tribological properties of materials [1], but only a few
have investigated regular micro/nano-texture, although it is
easy to investigate the textures’ effect on the friction proper-
ties of micro/nano-textured surfaces [2—4]. Various methods,
such as ion-beam roughening [5], focused-ion-beam milling
(FIB [6, 7]) and current-induced local anodic oxidation [8],
have been commonly used to fabricate micro/nano-structures.
Laser interference lithography is an attractive method of fab-
ricating periodical micro-/nano-structures over a large area. It
is maskless, effective, fast and low cost and only needs a few
minutes’ exposure and development [9, 10].

In M/NEMS, some devices have to work under an external
electric field. Hence, it is promising to ascertain the relation
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between frictional properties and an external electric field in
micro-/nanotribology. AFM is an ideal tool for studying tri-
bological properties at micro/nano scale. The University of
California has discussed the frictional behaviors of materials
under an external electric field. In 2006, they published a paper
discussing electronic controlling of friction in silicon pn junc-
tions in Science [11]. In 2008 [12], using a Pt-coated tip with a
50nm radius in an AFM sliding against an n-type GaAs(100)
substrate, they investigated the electronic contribution to fric-
tion on semiconductor surfaces, which were covered by an
approximately 1nm oxide layer. They observed a substantial
increase in friction force in accumulation (forward bias) with
respect to depletion (reverse bias). In 2010, they found the
correlations between charge transport and nano mechanical
properties on organic molecular films probed with AFM. In
addition, they addressed the role of molecular deformation and
bending in friction and conductance measurement [13].

However, there have been few investigations focusing on
the influence of an external electric field on the tribological
performance of regular micro-textured surfaces. In the present
study, silicon surfaces patterned with microgrooves of differ-
ent pitch were fabricated by laser interference lithography and
chemical etching [14] and their electronic tribological behav-
ior was systematically investigated by an AFM.
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Figure 1. (a) Optical layout of laser interference lithography. A: attenuator, M: mirror. (b) Two-beam laser interference.

2. Experimental details

The research applied laser interference lithography to the fab-
rication of microgrooves, which was shown schematically in
figure 1(a). An ultraviolet laser (DSH-355-10, PHOTONICS
INDUSTRIES, USA) operating at a wavelength of 355nm
was served as the exposure source and an electronic shutter
was used to control the exposure time. The laser beam was
completely reflected by a mirror (M 1). The laser beam was fil-
tered and expanded by a beam expander, which was composed
of two lenses and a pinhole. The beam expander allowed the
high-frequency noise to be removed from the laser beam to
provide a clean Gaussian profile. An optical beam splitter
divided the laser beam into two coherent parts—one was
reflected and the other was transmitted and guided by a mirror
(M2). The attenuators ensured that both beams were at equal
power. The period of interference patterns could be easily
changed by adjusting the half-angle of the two beams’ inter-
sect angle (6), as shown in figure 1(b).

N-type single-crystal silicon (100) was cut to the size of
1.5 x 1.5cm?. After ultrasonic cleaning by acetone, abso-
lute alcohol and deionized water for 5min, respectively,
positive photoresist (BP212-37) was spin-coated onto the
polished surface of a substrate at speeds of 500rpm for
30s and 5,000 rpm for 60 s. Then it was baked in a drying
oven at 90°C for 20 min, according to the manufacturer’s
specifications. The microgrooves pattern was recorded on
the photo resist by a few seconds’ exposure (for a dose of
60-70mJ cm™2) in the system of laser interference lithogra-
phy shown in figure 1(a). After that, the sample was devel-
oped in the positive photo resist developer (KMP PD238-11)
for 15s to achieve microgrooves, followed by hardening at
120°C for an hour. The photo resist pattern was transferred
to silicon by wet chemical etching. The etching liquid was a
mixture solution of HNO3(65-68%): HF(40%): H,O = 2:1:1.
Finally, the sample was immersed in positive photo resist
stripper (KMP ST600) for 30 min in order to remove the
residual photo resist.

Figure 2. Schematic of AFM measurement of electronic controlled
friction.

The friction experiments were characterized by AFM/
FFM (CSPM5500 electronics, Ben Yuan Nano-Instrument,

China) using the CAFM mode. The nominal spring constant

of the cantilevers was 0.2Nm™! and the resonant frequency

was 13kHz. The probe was coated with a conducting layer
of Au film. A voltage was applied between the sample and
tip, as shown in figure 2. Friction measurements were per-
formed at a scanning rate of 1 Hz and a scanning length of
30.0 um, under applied normal loads in the range of 0.1-1.0V
with bias voltage of 0.0V, 0.5V, 1.0V, 1.5V and 2.0V, respec-
tively. All the tests were conducted at room temperature and
relative humidity of 30%.

3. Results and discussion

3.1. Characterization of surface-textured silicon

Figure 3 shows 2D, 3D and line section AFM images of micro-
grooves on patterned silicon surfaces with different pitches of
3.2um, 3.7um, 5.8 um and 8.6um, ascribed as S1, S2, S3 and
S4, respectively. Microgrooves with various pitches were fabri-
cated in the system shown in figure 1(a) through adjusting 8. The
interference period can be calculated from P = A/2sinf, where
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Figure 3. 2D, 3D and line cross profile analysis AFM topographic images of the patterned silicon surfaces with different pitches. (a)
3.2um; (b) 3.7 um; (¢) 5.8 um; (d) 8.6 um.

0.4 Table 1. Geometrical parameters of patterned silicon surfaces with
microgrooves.
Sample Pitch (um) Space width(nm) R(%)
< 0.3
e S182 3237 979 1017 30.127.5
© S3 5.8 1224 21.1
S S4 8.6 1078 12.5
» 0.2
c
2 —m—S1 3.2. Nanofriction properties
2 —e—-S2
L 0.1 +§i (1) Without an external field. Figure 4 shows the average
—v—

_ < silicon “friction force versus load’ curves for S1, S2, S3, S4 and
smooth silicon, wherein each data point was an average

0.0 . — T — — — of Stimes experiments. It was obvious that the friction
0.0 0.2 0.4 0.6 0.8 1.0 : :
force increased as normal load increased for each sample
Normal Load (V) and the friction force of textured surfaces was greater
Figure 4. Plots of friction force versus load curves for the textured than that of smooth surface. When normal load exceeded
surfaces with different pitches and smooth silicon. 0.3V, the friction force of textured surfaces grew as the

. . itch of microgrooves increased.
A is the wavelength of the laser beams. It was obvious that the P g

microgrooves fabricated by laser interference lithography and At nanoscale, the real area of contact strongly affects
chemical etching were regular and the cliff of them was smooth.  friction, according to the fundamental law of friction given
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Figure 5. Plot of the friction force as a function of bias with the normal load from 0.1V to 1.0V.

by Bowden and Tabor that Fy = 7A,, where 7 is the shear
strength, an interfacial property related to Young’s modulus
and Poisson’s ratio. A, is the real area of contact [15]. As the
normal load increased, the contact area of the tip and sili-
con surfaces increased because of stress deformation. Wang
[2] and Zhao [4] thought the real area of contact was mainly
determined by the micro/nano-texture fractional surface cov-
erage of material surfaces. With increased fractional surface
coverage of mico/nano grooves, the number of asperities
in contact reduced, which decreased the real area of contact
and led to a lower friction force. The geometrical parameters

of microgrooves for S1, S2, S3 and S4 are listed in table 1.
R(%) stands for the microgrooves’ fractional surface cover-
age, which is calculated from R(%) = NSspace/Sscan = NW /a.
Here, Nrefers tothenumberof grooves; Sqpace and Sgcan are the area
of a space and the patterned surface, respectively; W is the
space width of a microgroove; a is the length of the patterned
surface perpendicular to the direction of the microgrooves. As
seen in table 1, the microgrooves’ fractional surface coverage
was 30.1%, 27.5%, 21.1% and 12.5% from S1 to S4. The con-
tact area increased from low to high, according to the papers
presented by Wang and Zhao. Thus, the results in figure 4 were
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Figure 6. Plot of the friction force as a function of bias with the
constant normal load of 1.0V.

agreed with the conclusion presented by Wang and Zhao that
friction of the microgroove-patterned surfaces decreased as the
microgrooves’ fractional surface coverage increased, due to
the diminution of the contact area. In addition, the reduction of
friction was also related to the real sliding velocity. Thompson
[16] and Robbins [17] presented that the total friction efficiency
decreased with the increase of sliding velocity, according to
computer simulations. Nikhil [18] found that the friction force
decreased with the increase of velocity when the tip-scanning
velocity exceeded a certain critical velocity. During the experi-
ments, sliding velocity was invariable, the direction of which
was horizontal. When the textured surfaces were tested, the
real sliding velocity was resultant velocity from horizontal and
vertical velocity. With increased fractional surface coverage
of textures, the average of real sliding velocity was increased,
leading to reduction of friction force.

(2) With an external field. Figure 5 showed the friction
force for S1, S2, S3, S4 and smooth silicon versus load
from0.1Vto1Vatabiasof 0.0V,0.5V, 1.0V, 1.5V and
2.0V, respectively. It was clearly implied that friction
force was able to be controlled by an external electric
field, which changed with the value of external bias.
With an external field, the friction force still increased as
normal load increased for each sample. Figure 6 showed
the friction force versus bias at the constant normal
load of 1.0V for S1, S2, S3, S4 and smooth silicon. The
results indicated that the friction force decreased with
the increase of external bias firstly and then increased
approximately linearly. Friction force could be con-
trolled by an external field. Through controlling the
value of external bias, friction force could be increased
or decreased and it was at minimum when external bias
was nearly 0.5V and 1.0V.

With an external electric field, the voltages on the tip and
silicon surfaces were opposite each other, as shown in fig-
ure 2, which generated electrical attraction. The attractive
force acted as a part of the normal load. During the repeated
relative movement of the tip and silicon surfaces, the friction
pair of Au/Si would generate [19, 20] voltage Vi, the direction

of which might be contrary to the external electric voltage,
defined as V,. Thus, the real value of bias V,, loaded between
the tip and silicon surfaces could be calculated from V, =V,
— V,. When the value of V, was less than V, V, decreased as V,
increased, leading to reduction of friction force. As the value
of V, was more than V|, friction force would increase with V,,
because of the increasing of electric attractive force.

4. Conclusion

Microgrooves with various pitches were created on silicon
surfaces by means of laser interference and chemical etch-
ing. The effect of surface textures on the frictional proper-
ties of silicon surfaces and the nano tribological behavior
with an external electric field were investigated by an AFM.
Conclusions drawn from this work are as follows:

1. The friction force of microgroove-patterned silicon
surfaces without an external electric field decreased
with the increase of the microgroove fractional surface
coverage, which could be controlled by the pitch of the
microgrooves.

2. During the repeated relative movement of the tip and
silicon surfaces, the friction pair of Au/Si would gen-
erate voltage, the direction of which was contrary to the
external electric voltage. The real value of bias between
the Au tip and silicon sample decreased with the increase
of bias when the value of bias was below the value of
self-generated voltage. When the value of bias was above
the value of self-generated voltage, the real value of bias
increased with the increase of bias. Thus, the friction force
of the Au/Si friction pair decreased with the increase of
bias loaded between the tip and silicon surfaces firstly
and then increased.
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