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Abstract

This paper aims to explain the chemical effect on the wear deformation in mono-crystalline silicon components under nano-sliding.
With the aid of various microscopy techniques and theoretical modelling, it shows that two-body and three-body contact sliding processes
yield the same mechanism of sub-surface damage. For all the sliding conditions studied with normal loads ranging from 147 mN to 441
mN, no dislocations or micro-cracks were generated. It was found that an amorphous layer always appears and its thickness depends on
the sliding load applied and the extent of chemical reaction. Oxygen penetrates into the amorphous layer, changes the atomic bonding of
silicon, alters the threshold for amorphous transformation and accelerates wear. However, there still exist a number of problems that need
further investigation. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The rapid development of modern technologies, such as
information technology, has made mono-crystalline silicon
a key material in electronic and micro-sliding devices and
has necessitated extensive research on its wear behaviour
and surface processing methods. A number of studies
showed that under smaller loads material removal of sam-
ples subjected to two-body abrasion is via ploughing,
while under higher loads cutting emerges. No major sur-

w xface dislocation or phase transformation was developed 1 .
Nevertheless, these studies were based on plan-view exam-

Ž .inations with a transmission electron microscope TEM ,
which cannot monitor the variation of sub-surface struc-
ture. More precise investigations showed that amorphous
phase transformation during abrasion or indentation does

w xoccur 2–10 . The extent of such deformation generated by
three-body abrasion depends on the size of slurry particles.
When the penetration depths of the particles are on the
order of a micron, cracking occurs and brittle fracture

w xdominates the material removal 6 . When the penetration
depths of particlesrasperities become fractions of a mi-
cron, both two-body and three-body contact sliding can
lead to a ductile mode of material removal, although
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dislocation layers beneath amorphous zones, with or with-
w xout micro-cracks, can also appear 7,8 .

A series of theoretical investigations, using molecular
w xdynamics analysis with experimental verification 5,9,10 ,

revealed a more complete picture of nano-wear mecha-
nisms. It was shown that on the nanometre or atomic scale,
amorphous phase transformation is the main deformation
in mono-crystalline silicon. Under a mechanical abrasion
without chemical contamination, the onset of amorphous
transformation can be well predicted by a criterion based
on the octahedral shearing stress. In a two-body contact
sliding, the deformation of silicon falls into the no-wear,
adhering, ploughing and cutting regimes, while in three-
body contact sliding it follows the regimes of no-wear,
condensing, adhering and ploughing. Under certain condi-
tions in three-body sliding, wear without any sub-surface
damage can also occur when the bonding strength among
surface silicon atoms is weakened chemically and material
removal takes place through the mechanism of adhesion. A
friction law and a concept for wearability evaluation were
thus developed. Although chemical reaction has also been

w xemphasised in the wear of silicon 11,12 , the detailed
mechanism has not yet been studied carefully.

This paper aims to explore the chemical effect on the
nano-wear mechanisms of mono-crystalline silicon compo-
nents. Various microscopy techniques were used to charac-
terise the sub-surface structure, chemical composition and
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bonding configuration. A statistical model was applied to
understand the extent of chemical effects.

2. Experiment

Ž .All experiments were conducted on the 100 surfaces
of mono-crystalline silicon components. A commercially

Ž .available Dimple–Grinder Gatan Model 656r3 was used
to generate sliding with v s420 rpm and v s5.4 rpm,1 2

as shown in Fig. 1. The particles used were of a-Al O2 3

abrasives that have an average diameter of 50 nm with a
deviation of 4 nm. These particles were suspended in
demineralised double-distilled water and the suspension
was added into the sliding zone through a dispenser, see
Fig. 1. The size and distribution of particles were exam-
ined by a high-resolution scanning electron microscope
Ž .HRSEM , JSM-6000F. To obtain a reliable picture of
particle size and topography, such as that shown in Fig. 2,
the suspension was subjected to ultrasonic agitation for 10
min before sinking them upon a net for HRSEM examina-
tion.

The sliding counterpart of the silicon surfaces was a
polishing pad of 1 mm in thickness and 15 mm in diame-
ter, made from felt fibres. Its topography was studied by
both HRSEM and confocal microscope. To generate reli-
able data for theoretical investigation, 20 micrographs
were analysed. Fig. 3a shows that the surface topography
of the pad is dominated by the fibres that are of 8 mm in
diameter. However, conglomerations of particles formed

Fig. 1. Schematic diagram of the sliding system.

Fig. 2. The a-Al O particles after an ultrasonic bath.2 3

during sliding altered the topography to a large extent. An
analysis of the surface profile shown in Fig. 3b demon-
strates that the asperity heights on the surface with pad-
fibres and particle-conglomerations obey a Gaussian distri-
bution, see Fig. 3c, featuring an Rms roughness of 60 mm,
standard deviation of surface heights of 31 mm, surface
asperity density of 0.16 mmy2 and an average asperity
radius of 2 mm. However, since the normal sliding loads
over the whole contact area were on the order of 100 mN,
the typical penetration depth of an asperity into a silicon
specimen is on the nanometre scale. Hence, the topography
of the pad–particle surface on the finer scale must also be
measured. Fig. 3d shows its profile and Fig. 3e demon-
strates that it is also described well by a Gaussian distribu-
tion, but is now characterised by an Rms roughness of 27
nm, standard deviation of surface heights of 15 nm, sur-
face asperity density of 0.14 nmy2 and an average asperity
radius of 25 nm.

The elastic modulus of the pad, E , was determinedpad

by a uniaxial tensile test on an Instron 5567, with an
elongation speed of 0.5 mmrmin under a wet condition
matching its actual sliding environment with that of the
suspension. Tests were repeated six times. Poisson’s ratio
was calculated by measuring the transverse deformation of
the pad during elongation, which was done by a video-
camera recording system attached to the Instron machine.
The magnification used was 100 times.

A silicon specimen was levelled and held at the centre
of the specimen holder, see Fig. 1. The duration of each
sliding test was 15 min. The normal sliding loads applied
were 147 mN, 294 mN and 441 mN, respectively. With the
aid of an optical microscope, the wear rates under these
loads were determined by measuring the volume removed
in sliding and found to be 69 mm3rs, 92 mm3rs and
213 mm3rs, respectively. The maximum depths of the
worn cavities were 2 mm, 2.3 mm and 3.5 mm, corre-
spondingly.

With the above experimental configuration, both two-
body and three-body abrasions may occur. When a particle
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Ž . Ž . Ž .Fig. 3. The surface topography of the pad–particle counterpart. a A SEM photo; b surface profile on the micron scale; c height distribution of the
Ž . Ž .surface on the micron scale; d surface profile on the nanometre scale; e height distribution of the surface on the nanometre scale.

was held firmly by the pad, a two-body sliding took place.
Otherwise, if a particle moved with both translation and
rotation, a three-body sliding occurred. Because of the
complexity of the pad and particle topography and due to

the large number of particles involved, the two sliding
processes appeared simultaneously. Individual mechanisms
may only be distinguished in some special cases as will be
discussed in the later sections.
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Fig. 4. Cross-section view of wedge-specimens for TEM and STEM
investigations.

Surface properties of a worn specimen were investi-
Ž .gated by means of atomic force microscopy AFM . The

sub-surface structure was examined by a scanning trans-
Ž .mission electron microscope STEM , VG HB601. As the

sub-surface damage zone must be extremely shallow under
nano-sliding, cross-section view wedge-specimens, as
shown in Fig. 4, rather than the conventional ones with a
uniform thickness were used for sub-surface analysis. In
the first stage of preparing such specimens, a standard

w xtechnique described by Ref. 13 was used to make cross-
sectional slices. The wedge was made by mechanical and
then ion-beam thinning.

A wedge-specimen has a number of advantages over
conventional ones. The edge of the former is very thin
already and needs only an exposure of 0.5 h in an ion-beam
thinner. Artificial effects of ion-beam thinning are min-
imised. In addition, all analyses under TEM or STEM can
be focused on the parts covered by glue so those worn
surfaces are not affected during specimen preparation.

Sub-surface structures of worn specimens were studied
in high-resolution modes so that the transition of silicon
from its initial crystalline structure to an amorphous state
could be explored directly. The chemical composition and
atomic bonding configuration in sub-surface were deter-

Ž .mined by electron energy loss spectroscopy EELS with a
probe diameter of 1 nm.

3. Results and discussion

3.1. Characteristics of worn specimens

Specimens before sliding tests had been made damage-
free with Rms surface roughness of 3 nm, as demonstrated
in Fig. 5. This insured that sub-surface deformation and
micro-structural changes of worn specimens were the re-
sult of sliding.

Ž . Ž .Fig. 5. A silicon specimen before sliding test: a surface topography; b sub-surface structure.
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Fig. 6. A typical silicon surface after sliding.

A typical surface topography of worn specimens is
shown in Fig. 6. The worn surface is free from micro-frac-
ture but contains some scratches 4 mm to 9 mm wide and

Ž .up to 20 nm deep Fig. 7 . According to the topographical
characterisation of the pad–particle surface, these scratches
were produced by conglomerations of particles that were
embedded firmly into the pad cavities. This abrasion in-
volved two-body sliding.

Images of the sub-surface at an atomic resolution, Fig.
8, showed that a layer of amorphous silicon always formed
during sliding. The layer thickness depended on the normal
sliding load applied. Under a load of 441 mN, the thick-
ness of the amorphous layer was 2.7 nm. It decreased with
decrease of the load. For instance, under 294 mN and 147
mN, the layer thicknesses became 2.4 nm and 1.3 nm,
respectively. Such variation is consistent with what was
implied by the criterion recently developed by Zhang and

w xTanaka 5,9 .
No dislocations were activated and no faults were

Ž .formed, even under the deep scratches Fig. 7 generated

by two-body abrasion. Similar to the findings in
w x w xdiamond–silicon sliding 5 and indentation 9,10 , the

present results show, once again, that on the nanometre
scale deformation via amorphous phase transformation is a
more energetically favorable deformation than that via
dislocations. Furthermore, the transition from crystalline
structure to the amorphous was very smooth and uniform
with a transition zone of only three atomic layers, see Fig.
8. The above also indicates that the deformation mecha-
nisms in silicon under two-body and three-body sliding are
the same, i.e., they all involve amorphous transformation
only.

3.2. Chemical composition change

Two types of atomic bonding configurations were found
in the sub-surfaces of all the worn specimens. The bonding
configuration in the immediate vicinity of a worn surface

Fig. 7. Scratches generated by two-body abrasion.
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Fig. 8. High-resolution images of sub-surfaces under various normal
Ž . Ž .sliding loads, where each spot represents a silicon atom: a 441 mN, b

147 mN.

is characterised by an L-edge at 103 eV, see Fig. 9a,
whose profile corresponds to silicon oxide. 1 The material
beneath the above zone, which is still within the amor-
phous layer, has another bonding configuration with an
L-edge at 98 eV, see Fig. 9b, whose shape fits the spectra
of pure silicon. Hence, sliding not only introduces amor-
phous transformation but also brings about silicon oxide
on the top of the amorphous layer.

Typical examples of oxygen distribution along the sub-
surface of worn specimens are shown in Fig. 10, which
were obtained by oxygen column scans. In each scanning

1 The EELS used was with a resolution of 0.1 eV.

Fig. 9. EELS profiles that reveal bonding configurations in sub-surface
Ž . Ž .after wear: a silicon oxide; b amorphous silicon.

experiment, 50 spectra were collected along the 8 nm-de-
pth from a worn surface with a beam movement step of
0.16 nm. Although an exact concentration of oxygen can-
not be determined by this method, the gradient of oxygen
penetration in sub-surface can be seen clearly. 2 The curves
show that the penetration depth of oxygen increases with
increasing normal sliding load.

3.3. Chemical effect

To find out the extent of the chemical effect on wear
deformation during sliding, the mechanical effect without
chemical reaction should be understood first. In the present
case, it is convenient to examine the thickness variation of
the amorphous layer under different loading conditions
when chemical factors are excluded. In principle, this can
be done by carrying out experiments similar to the above
in a contamination-free environment. However, it is practi-
cally very difficult and cannot be achieved currently in the
authors’ laboratory. Thus in this study, a theoretical ap-
proach, a stage-wise statistical method, is used to find out
the extent of the mechanical effect without chemical reac-
tion.

2 Since the beam diameter for scanning was 1 nm, the resolution of the
method was limited.
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Since the Rms surface roughness of a silicon specimen
was only 3 nm, its surface can be considered as absolutely
smooth compared with its counterpart surface, i.e., the
pad–particle surface, that has a Rms roughness of 60 mm.
On the other hand, the elastic modulus of silicon, E s159si

GPa, and that of an a-Al O particle, E s369 GPa, are2 3 ptl

much greater than the elastic modulus of the pad, E s22pad

MPa, as will be shown later. It is therefore reasonable to
assume, as a first approximation, that a-Al O particles2 3

are rigid and that the deformation of the sliding system
consists of the following two distinct stages under the
sliding load.

Stage 1: Micron-scale deformation occurs in the pad
only, i.e., no penetration takes place in silicon in this stage.

Stage 2: Nano-scale deformation happens in silicon
while the pad deformed in Stage 1 keeps its deformation
state unchanged.

Based on the above assumption, a statistical analysis,
w xusing the well-known Greenwood–Williamson model 14 ,

is also conducted in two stages. The first deals with the
deformation of the pad only that gives rise to the load on
each asperity of the pad–particle counterpart, P . In the1

second stage, each pad asperity is considered as a surface
with load P and the asperity on such a surface is charac-1

terised by the embedded a-Al O particles whose topogra-2 3

Fig. 10. The variation of oxygen distribution in sub-surface with normal
Ž . Ž .sliding load: a sliding loads147 mN; b sliding loads441 mN. Note

that the smaller peaks in deeper sub-surfaces do not mean an increment of
oxygen concentration. These were due to some artificial effects such as
the thickness increase of the specimen.

Fig. 11. An example of the stress–strain curves of the pad material.

phy has been obtained in Section 3.2. 3 By applying the
Greenwood–Williamson model again, the load on each
a-Al O particle, P , is determined. The depth of the2 3 2

amorphous zone in the sub-surface of silicon induced by
P can then be determined by the criterion of Zhang and2

w xTanaka 5,9 , which shows that the threshold of the octahe-
dral shearing stress for the onset of amorphous transforma-

w xtion is 4.6 GPa in the direction 100 or 7.6 GPa in the
w xdirection 110 . Since the surface of a silicon specimen was

Ž .of 100 orientation, the sub-surface cross-section is in the
w xdirection 100 . Thus the threshold for the present case is

4.6 GPa.
As reported in Section 3.2, experimental examination

shows that sliding under a normal load of 147 mN intro-
duced an amorphous layer of thickness 1.3 nm. Using the
above mechanical model, such an amorphous layer can be
generated under the same sliding load if the effective
modulus of the pad–silicon system, EU , is 5 MPa. How-
ever, when this EU is used to calculate the thickness of
amorphous layer under 294 mN and 441 mN, it leads to
1.55 nm and 1.7 nm, respectively, while the experimental
results under these loads were 2.4 nm and 2.7 nm. This
means that the mechanical model significantly underesti-
mates the extent of amorphous change and that the actual
phase transformation is a much stronger function of the
sliding load than the model’s indication. On the other
hand, if the sliding with 441 mN is used as a reference, a
matching prediction by the mechanical model requires
EU s35 MPa. However, this EU brings about 2.4 nm and
2.3 nm amorphous layers for the cases under loads of 294
mN and 147 mN, respectively. In so doing, the mechanical
model greatly overestimates the extent of amorphous
change, although once again it underestimates the depen-
dence of amorphous transformation upon the change of the
sliding load.

The above inconsistency may be discussed in several
ways. First, if amorphous change is introduced mainly by

3 This is reasonable because, as reported in Section 3.2, the average
Ž .radius of a pad–particle asperity 2 mm is 40 times bigger than that of a

Ž .particle 50 nm .
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Fig. 12. Variation of wear rate with normal sliding load.

mechanical loading, then the only explanation to the above
mismatching between model-prediction and experimental
measurement is that the effective modulus of the pad–
silicon system must have varied sensitively with the slid-
ing load. In other words, EU must change from 5 MPa to
35 MPa in a complex manner when the sliding load
increases from 147 mN to 441 mN. Unfortunately, this is
unlikely since an experimental measurement, such as that
shown in Fig. 11, suggests a rather constant Young’s
modulus and Poisson’s ratio. Also, those numbers do not
vary significantly from crystalline to amorphous silicon.
According to the statistical model, in fact, the increase of
the sliding load in the range studied can only change the
local contact stresses slightly, and thus cannot alter the
extent of amorphous transformation remarkably. All these
indicate that there must exist some other factors that also
play a dominant role in the amorphous change in addition
to the mechanical effect.

One may have realised that deformation in the sliding
system happens non-linearly and cannot strictly be divided
into the two stages described above. On the other hand, as

w xpointed out by Zhang and Tanaka 5,9 , inelastic deforma-
tion in silicon emerges instantly when a hard asperity
impinges on its surface. In calculating the stress field
above, however, it was assumed that the silicon substrate
was purely elastic. Thus in reality the occurrence of inelas-
tic deformation around the contact zone with a particle will
lower, to a large extent, the level of octahedral shearing
stress. Hence, the actual thickness of amorphous layer
induced by mechanical loading should be even smaller
than those predicted by the above stage-wise model.

When recalling the change of atomic bonding and pene-
tration of oxygen into the amorphous zone during sliding,
as reported in Section 3.2, the most appropriate explana-
tion for the discrepancy between the mechanical prediction
and experimental measurement is the chemical reaction

w xduring sliding. A recent study 11 showed that the penetra-
tion of oxygen into the sub-surface is enhanced by the
tensile stress field associated with mechanical loading and
controlled by the diffusion coefficient of oxygen. In the
present case, the authors believe that the chemical reaction

alters the microstructure of the material and changes the
threshold of transformation from crystalline to amorphous.
Under a smaller load, e.g., 147 mN, the pad was deformed
less and thus the number of active asperities per unit time
during sliding was also less. Under a larger load, e.g., 441
mN, however, this number became 2.84 times greater.
Every time an asperity–silicon interaction occurred it
‘pushed’ oxygen into the silicon sub-surface, accelerated
by its tensile stress field generated. Since the ‘pushing’
frequency was 2.84 times higher in the case of 441 mN,
the thickness of the amorphous layer accelerated by the
chemical reaction, 2.7 nm, must be larger than that pre-
dicted by the mechanical model, 1.7 nm. Similarly, the
high interaction frequency under higher loads also acceler-
ated the wear rate of silicon, as shown in Fig. 12.

4. Conclusions

The above investigation brings about the following
conclusions.

Ž .1 Chemical reaction during sliding plays an important
role in the nano-wear deformation of a mono-crystalline
silicon component. The effect is through the change of
atomic bonding in the amorphous layer. The increase of
the normal sliding load enhances greatly the chemical
effect and increases the wear rate.

Ž .2 Dislocations do not appear in a mono-crystalline
silicon subjected to nano-sliding. This is consistent with
the molecular dynamics analysis.

Ž .3 Although the present investigation has qualitatively
described the mechanisms involved in the sub-surface
deformation, further studies are necessary to find out ex-
actly the rate of oxygen penetration, the origin of threshold
change due to chemical reaction, and their quantitative
effect on wear rate. To understand more precisely the
mechanical effect via theoretical modelling, a reliable
characterisation method for the pad material must be de-
veloped.
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