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Wear causes surfaces to be irreversibly damaged, thereby incurring significant economic cost, for instance in the
semiconductor industry. Much progress has been made in describing wear at single asperity interfaces between
silicon based materials (Si, SiOy, SigNy), translating the fundamental understanding of wear into wear predictions
and control over wear. Yet, predicting and controlling wear at industrially relevant multi-asperity interfaces
remains a challenge, especially when considering the wear of the harder material subjected to repeated, nano-

metric scale displacement. We studied pre-sliding SizN4-on-Si wear using the atomic force microscopy topog-
raphy difference method and showed that the harder Si3N4 wears through either atomic attrition or ductile
removal enhanced by subsurface damage, depending on the magnitude of the local SizN4-on-Si contact pressure.
Our methods and results bridge fundamental insight into wear based on nanoscale studies to industrial

applications.

1. Introduction

Industrialized nations have been estimated to spend more than 4% of
their gross national product on replacing worn surfaces [1-3]. The wide
use of silicon-based materials in cutting tools, MEMS/NEMS and other
industrial applications [4-7] is motivated by the high wear resistance of
these materials. Nevertheless, silicon-based components wear and need
to be replaced, even if they are harder than the material they contact [8,
9]. Precision positioners are routinely used to clamp samples, but the
process of clamping can cause nanometer-scale slip due to small mis-
alignments between the surfaces. These interactions typically involve
hard and wear-resistant positioner surfaces coming into contact with
softer sample backsides. Despite their importance in the semiconductor
industry, the mechanisms that drive positioner wear under such condi-
tions are still unclear. Friction and wear can significantly impact pre-
cision positioning, which is crucial given the ongoing shrinkage of
transistors as dictated by Moore’s Law. Generally, wear of multi-asperity
interfaces remains difficult to predict from first principles and this lack
of understanding hampers our ability to improve wear performance. The
scientific challenge is to translate the growing fundamental knowledge
of nanoscale wear processes [10,11] into predictive understanding of
multi-contact wear [12], which currently can only be described by

empirical models.

For nanoscale single asperity silicon contacts, atomic attrition
[13-15] driven by mechanochemistry [16-20] has been shown to
dominate wear: stress at the interface assists the thermally activated
wear process which takes place through the formation and breakage of
covalent bonds. However, for multi-contact interfaces other
meso-to-macro scale wear mechanisms may also occur. Depending on
the precise contact conditions fatigue [21], fracture [22], (sub)-surface
damage [23,24], abrasive wear [21,25] and impact wear [26-28] can
become dominant wear mechanisms. The role of water at the interface
can depend drastically on the contact size [21,29-32] as water sets the
chemical landscape, influences adhesion and may act as a lubricant [33,
34]. For macroscale experiments the Archard law [35] of wear often
holds implying that the wear volume scales with the sliding distance, the
applied load and the hardness of the softer material. A deeper under-
standing of multi-contact wear is facilitated by nanoscale wear mea-
surements which have been achieved through the topography difference
method [36-38], in which topographs recorded using Atomic Force
Microscopy [36,38] (AFM) or White Light Interferometry [39] (WLI)
before and after the wear experiment are subtracted to visualize wear.
However, due to the use of small AFM scans or large WLI images, either
the ability to capture multiple contacts or the measurement resolution
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are limited.

To model the wear behavior of precision positioning devices, we
applied the topography difference method using high resolution AFM
measurements [40] to the non-repeated sliding of silicon nitride (SisN4)
spheres of varying surface roughness against polished silicon wafers.
The motivation for varying surface roughness stems from the observa-
tion that local contact pressure, which is controlled by surface roughness
[41,42], can activate wear on the atomic scale [14,18,19,29,30,43-45].
The total SigN4 wear volume accumulated over the full set of sliding
cycles was quantified and the SigN4 on Si contact pressure was calcu-
lated using an elasto-plastic boundary element model, applied to the
measured topographs. The findings of our study suggest that the wear
behavior of SigNy is influenced by the surface topography, with atomic
scale attrition dominating for smooth interfaces and ductile removal
aided by subsurface damage prevailing for rougher interfaces. Further-
more, a closer examination of individual SizN4 asperities reveals that
neighboring asperities exhibit mutual influence on their wear when
their distance is smaller than their size, implying that they cannot be
regarded as wearing independently.

2. Experimental methods
2.1. Materials

3 mm diameter Si3N4 spheres polished to an ISO grade 5 (root mean
square height (hgms) 15-20 nm, measured by AFM on a 90 x 90 pmz
scan) and commercially available (BC precision), were used in this work.
The counter surface was a polished p-type single crystal (100) Si wafer
(University Wafer) with a native oxide layer and a root mean square
roughness of 1 nm (measuredona5 x 5 pmz AFM scan). As mentioned
in the introduction, the choice of these materials has been made based
on their industrial relevance. Before each wear experiment, the spheres
were cleaned using acetone and isopropanol (Sigma Aldrich) in an ul-
trasonic bath for 20 min in each solvent, followed by a deionized water
rinse. The same cleaning procedure was used after the wear test to
remove potential wear debris from the surface.

2.2. Methods

2.2.1. Samples: SigN4 spheres with varying roughness

3 mm diameter SizsN4 spheres were roughened to various degrees.
Two methods were employed to achieve increased surface roughness; (i)
The pristine sphere was placed in a plastic cylindrical tube (15 cm high,
3 cm diameter) together with a double-sided piece of sand paper (3 x 3
cm?, corundum particle size from 162 pm to 8 pm, tailored to the shape
and size of the tube so that it could not move) and the tube was subse-
quently inserted into a vortex shaker for 5-30 h of shaking at a frequency
of 2000 rotations per minute. Collisions of the sphere onto the sand
paper induced by the vortex shaker damage the sphere surface,
increasing the hgys surface roughness up to 250 nm (measured by AFM
ona90 x 90 prn2 area). (ii) Pristine spheres were subjected to a sand
blasting procedure (0.8 pm particle size, 1, 2 and 3 bar of pressure for 5
s). The sand particles colliding with the sphere surface create sharp
roughness peaks, resulting in an hgyg roughness of up to 500 nm
(measured by AFM on a 90 x 90 pm? area). The pristine material
properties of the Si4N3 — Si pair, as measured by nanoindentation
(Femtotools FT-104) are reported in Table 1.

Table 1
Material properties of SisN4 and Si measured by nanoindentation (FT-104 from
Femtotools).

Materials Young’s modulus (GPa) Poisson’s ratio Hardness (GPa)
SizN,4 sphere 270 £ 12 0.17 223+15
Si wafer 130+ 3 0.2 10.9 £ 0.3
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2.2.2. Wear experiment

The wear experiments were performed using a Universal Mechanical
Tester (UMT, Bruker TriboLab). SigN4 sphere-on-Si flat wear experi-
ments were conducted in a ‘non-repeated’ fashion (Fig. 1): in each
sliding cycle the SigN4 sphere was brought into contact with a previously
untouched section of the Si substrate [46]. The wear test consisted of
2000 cycles, split into 20 series of 100 cycles (Fig. 1). At the beginning of
each series the sphere was brought into contact with the wafer at a ve-
locity of 1 pm/s until a normal force of 0.1 N was applied, after which 10
pm tangential slip was imposed. In the remaining 99 cycles of each series
the same normal force was applied but the tangential displacement (and
thus force) was limited such that only minimal pre-sliding [47] took
place. Non-repeated wear is important for positioning applications in
which wear resistant materials are repeatedly contacted by fresh sam-
ples. Varying the stroke length enables an analysis of the importance of
the frictional energy dissipation in generating wear, as will be discussed
later in the text. The total number of cycles was chosen such that sig-
nificant wear could be detected through the topography difference
method. The pre-sliding distance in the short stroke cycles is estimated
to be less than 50 nm based on imaging of the wear scars on the Si
substrates, which will be further discussed below. The tangential ve-
locity with which the slider was driven in all cycles was 7 pm/s. Ex-
periments were performed in an ambient environment: 20-22 °C,
40-60% relative humidity (RH). Force and position data were acquired
at a rate of 5 Hz.

2.2.3. Imaging the SigN4 sphere topographies

An AFM (Dimension ICON, Bruker) was used in tapping mode [48] to
collect 90 x 90 pm? measurements of the sphere apex topography
(Fig. 1). Topography measurements were performed before and after the
wear test [40]. The measured topographs were processed using Gwyd-
dion [49] software. Measurement artifacts (grains, line scars) were
corrected and a polynomial background was removed to flatten the
topography. The roughness of each sample was extracted from these
measurements and defined as the standard deviation from the mean
height of the surface (hgus)-

2.2.4. Aligning SisN4 sphere topography measurements, quantifying wear
and uncertainty in wear measurements

Matlab scripts were developed to align the topography measure-
ments [40] (Fig. 2a). The difference map was defined as the after
topography minus the before topography (Fig. 2b). The alignment is
based on negative heights only as they represent the unworn part of the
surface.

For each sample, a control measurement was performed in which the
sample is repositioned in the AFM but not worn; the standard deviation
of the pixel heights in the corresponding difference map (hrws-diff-control)
quantifies the quality of the alignment and the repeatability of the
topography measurement. To disregard most of the false wear visible in
the difference image we define a threshold Tyear = £ 2 X hrMSs-diff-control-

As described in Ref. [40], pixels in the difference images only count
towards the measured wear if the (absolute value of the) pixel height is
larger than the threshold, Tyear. The wear error is defined as the wear
measured in the control measurement. Wear that results from local
height changes larger than Tyear (Fig. 2b), leads to an overall wear
volume -over the full contact area- (Viyeqrfu) significantly larger than
the wear error and can be reliably detected.

The wear on all sphere surfaces (Viyeqrfu) Was quantified using this
method, as shown in Fig. 2 d. Additionally, the method was used to
analyze the indentation marks left on the flat silicon wafer after being
contacted by the roughest Si3N4 sphere (Vigp.wear), as depicted in Fig. 3.
This analysis indirectly provides information on the wear of the rough
Si3gNy asperities during the wear experiment, as the indentation marks
on the wafer can be interpreted as footprints of the SigN4 asperities.
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Fig. 1. Schematic of the topography and wear mea-
surements (image based on Ref. [40]). The SizN4
sphere apex is imaged (90 x 90 pm?, left hand side),
using an AFM in tapping mode before and after the
wear experiment. The wear experiment consists of
2000 ‘non-repeated’ strokes which can be subdivided
into 20 series of 100 strokes. The first stroke in each
series covers a sliding distance of 10 pm (rectangle,
right hand side). The 99 subsequent strokes in each
series (circles, right hand side) take place in the
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Fig. 2. Wear and mean contact pressure quantification at multi asperity interfaces. a) AFM image of the sphere topography before the wear test. b) Difference image
obtained by subtracting the before topography from the after topography (negative heights represent the material that has been removed from the surface (blue)). As
the areas with negative height in (b) represent a larger volume than those with positive height, SizN, was worn off the sphere surface. ¢c) Boundary Element Method
(BEM) contact calculation based on the before topography from a). The white circle in c) represents the Hertzian contact area and the orange square represents the
area to which the topography difference method was applied. d) SisN3 wear volume, Vyyeq-na, measured over the full contact area over all cycles vs the average
contact pressure, oy = Fy/Ag: the procedure described in a), b) and c) is repeated for 7 SizN, spheres with varying roughness. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

2.2.5. Contact calculations

Contact calculations using the Tribology Simulator (www.tribology.
org) were employed to estimate the average contact pressure exerted at
the interface between the SigN4 sphere asperities and the Si flat (Fig. 2c).
The half-space contact calculations were based on the boundary element
method (BEM) [50], whereby the elasto-plastic deformation of asperities
at the interface was solved. In the calculation, strain hardening is
assumed to be negligible, and the contact pressure is limited by the
hardness of the softest material. The contact calculations were carried
out at a nominal pressure of 163 MPa, in accordance with the nominal
pressure in the experiments as calculated using Hertz theory (white
circle in Fig. 2c¢). Cropped, 40 x 40 pm? (440 x 440 pixels) topographs
were used as input for the calculations. It is important to note that there
is a small misalignment between the orientation of the SigN4 sphere in
the contact calculation compared to the orientation of the SisN4 sphere

in the wear experiment, causing the collection of contacting asperities in
the calculation to be slightly different from that in the wear experiment.
The normal force divided by the area of real contact, Ag, which is given
by the pixels with non-zero contact pressure in Fig. 2¢, gives the mean
contact pressure at the interface which is reported in Table 2.

3. Results

Table 2 displays the roughness, calculated mean contact pressure and
Si4N3 wear volume, Viyeqr.fu1, for all SisN4 spheres with which wear ex-
periments were conducted. Spheres with more surface roughness
generate a larger contact pressure because the load exerted at these
interfaces is carried within a smaller contact area. Surprisingly, the wear
volumes reported in Table 2 vary by a factor 36 when comparing the
smoothest (least worn) and the roughest (most worn) SisN4 spheres,
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Fig. 3. Indentations left on the Si wafer after the wear experiment. The local wear of the SizN,4 sphere (hgys = 431 nm) can be tracked over the full wear experiment
through the indentations (SizN4 sphere ‘footprints’) left on the Si wafer. a) Evolution of the wear scar from cycle 2 to 1902. b) Sequence of indentations made during
cycle 431 to 440, indirectly displaying gradual wear of the Si3N, asperities. The pre-sliding direction was toward the right. The lack of directionality/scratches in the
wear scars indicates that the sliding distance remained below 50 nm. However, we do expect a finite amount of slip to take place because both theoretical and
experimental evidence suggest that partial slip at the nanometer scale takes place at tangential forces well below the dynamic friction force [47,54].

Table 2

Roughness, contact pressure and Si4N3 wear volume, measured over the full
contact areas over all cycles. Root mean square roughness, hgys, was calculated
using the 90 pm x 90 pm AFM topography measurements. The mean contact
pressure was obtained from the contact calculations. The wear volumes induced
by the wear experiment were analyzed using the topography difference method
[40].

3

Sample roughness (hrms) Mean contact pressure in  Viyeqrfuir in mm

in nm GPa

9.9 (v) 1.7 GPa 671071+ 261071
16 (d) 1.8 GPa 9.91071°+ 49101
62.9 (>) 2.2 GPa 1.410°+811071!
176.3 (0) 4.2 GPa 3.810°+1.41071°
135.8 () 7.0 GPa 1.310°%+1.8107°
131.8 (s) 7.4 GPa 11108 +551071°
431 (<) 8.5 GPa 24108 +23107°

even though all spheres were subjected to exactly the same wear
experiment. The mean contact pressure calculated for each type of
sphere, however, differs by a factor 5. The exponential increase in
measured SigN3 wear volume (Vyyearfu) with the mean contact pressure
is plotted in Fig. 2d. To better understand the underlying wear mecha-
nism(s), we also analyze the wear scars left on the Si substrate after the
wear experiment.

As the hypms = 431 nm SigNy4 sphere makes contact with the Si sub-
strate, the sharp SigNy4 asperities can plastically indent the Si substrate,
leaving behind ‘footprints’ of the SisNy4 asperities in each cycle of the
experiment as well as pile-up of Si material around the indentations. The
evolution of the indentations as a function of cycle number, and thus the
shape of the SigN4 asperities causing these indentations, is shown in
Fig. 3.

Fig. 3a shows the indentation mark caused by two neighboring as-
perities on the SigNy surface. As the asperity responsible for the upper
right indentation mark (I in Fig. 3) wears between cycle 402 and 502, its

neighbor (2 in Fig. 3) takes on more load resulting in larger indentations
on the wafer. Indeed the detailed imaging confirms that the upper right
asperity 1 is gradually worn between cycle 431 and 440, after which the
local pressure exerted by the asperity on the Si wafer no longer leads to
plastic deformation. Fig. 4 shows how asperity 2 takes over extra
interfacial load as asperity 1 wears, which results in a deeper and wider
indentation, in turn enhancing the wear of asperity 2. These observa-
tions demonstrate that there are asperity scale interactions; individual
asperities cannot be assumed to wear independent of their neighbors.

The wear behavior detailed in Fig. 3b suggests that the indentation
volume and area gradually decrease as the experiment progresses. To
further confirm this, the first and last indentation mark of each of the 20
series of 99 short strokes were imaged. Thus, the asperity scale SizsN4
wear volume (Vsp.wear) accumulated during 99 short strokes or 1 long
stroke could be calculated by applying the topographical difference
method [40] to the indentation marks. The positive heights (red pile-up
material in Fig. 3) were set to 0 height to align only over the asperity
shaped features. To obtain the SigNy4 asperity scale wear volume accu-
mulated during 99 short strokes, the first indentation mark in a series
was subtracted from the last indentation mark in that same series (green
circles Fig. 5). The SigNy asperity scale wear volume accumulated during
a single 10 pm stroke was calculated by subtracting the indentation
recorded directly before that long stroke from the indentation recorded
directly after the long stroke (magenta squares, Fig. 5).

The results reported in Figs. 3-5 lead to three important observa-
tions: (i) The SigN4 wear rate drops during the experiment by a factor
3-4. This is a small reduction compared to the factor 36 difference in
wear rate observed as the contact pressure is varied in Fig. 2. However,
in agreement with the results reported in Fig. 2, the wear rate likely
drops during the experiment because the contact pressure drops; the
gradual smoothening of SisN4 asperities results in a reduction in the
mean contact pressure across the interface. Nonetheless, wear is
distributed relatively (within a factor of 3-4) homogeneously over the
cycles. (ii) The indentation area (blue ‘foot-print’ area of the SizNy4
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Fig. 4. Evolution of the indentation marks between track 431 and 439, shown as topographs (a) and as cross sections (b) along the profiles in (a). While indentation 1
(also displayed in Fig. 3) disappears in the course of the experiment, indentation 2 (also displayed in Fig. 3) becomes wider and deeper. As the SizNy4 asperity
responsible for indentation 1 wears, the asperity responsible for indentation 2 takes on more load.

sphere in Fig. 3) carries a large fraction of the total load and decreases
homogeneously with the number of cycles, indicating that the area
within which the contact pressure is sufficiently large to result in plastic
deformation of the Si substrate shrinks as the experiment progresses
(Figs. 3-5); this confirms that the contact pressure decreases as the wear
progresses. (iii) Surprisingly, short strokes contribute more strongly to
the total wear than long strokes; the sum of the local Si3N4 wear volumes

x 108 10712

per 99 short/1 long cycle (nm3)

X o 50
; —a Rl
s 1 u
e V YVyyVVvvYVY,
0 0
0 500 1000 1500 2000

Cycle number N

Fig. 5. Asperity scale SizN4 wear volume throughout the wear experiment,
measured by applying the topography difference method to subsequent in-
dentations left on the Si wafer (see main text and Fig. 3). The asperity scale
SizN4 wear volume accumulated during each series of 99 short strokes (green
circles, total sliding distance less than: 50 nm x 99 = 4950 nm) decreases as the
experiment progresses. Similarly, asperity scale SisN4 wear volume incurred per
10 pm (10.000 nm) stroke decreases as the experiment progresses (magenta
squares). The blue triangles represent the indentation area (blue areas in Fig. 3
a and b). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

observed during short strokes in Fig. 5 accounts for about 70% of the
total SisN4 wear volume measured in Fig. 2 (for the hgys = 431 nm
sample). This observation confirms that the wear measured directly on
the SisN4 sphere using the topography difference method matches the
SisN4 wear inferred indirectly through the Si wear scars. Furthermore,
this observation indicates that the SisN4 sphere is primarily worn at
those locations where it plastically indents the Si wafer.

Fig. 5 shows that the wear rate of SizNy at the asperity scale decreases
by a factor of three during the wear experiment, for both short and long
sliding cycles. While this reduction may seem significant, it is relatively
small compared to the substantial impact of surface roughness on the
overall wear volume of SisNy4 across the entire contact area and over all
sliding cycles. Fig. 2 indicates a strong dependence of wear volume on
surface roughness, with a variation of up to a factor of 36. This obser-
vation highlights the need for further analysis of the mean SigN4 wear
per cycle.

To analyze this further, we normalize the total SisN4 wear volume
(Vwear-fui) by the total number of short stroke cycles (1980), since most
SigN4 wear occurs during the short strokes. Then, we can divide this
average SigN4 wear volume per cycle by the area of real contact (Ag),
which is the result of BEM calculation for each sample. The resulting
value provides the average thickness of SisN4 material removed from the
sphere within the area of real contact per short stroke cycle (as shown in
Fig. 6). We find that the average thickness of the layer of removed Si3sN4
material is only 6 p.m. for the smoothest sample but increases expo-
nentially with increasing contact pressure to 1 nm for the roughest
sample. As 6 p.m. represents only a small fraction of an atomic mono-
layer thickness, this removal rate observed in the low contact pressure
experiments is consistent with atomic attrition [14,17,43,55] in which
the stochastic formation and rupture of interfacial siloxane bonds drives
the wear process. However, wear mechanisms occurring at a larger
scale, further discussed in the next sections, play a role of increasing
importance in the high contact pressure experiments.

4. Discussion
1. Atomic attrition at contact pressures below 5 GPa

At local contact pressures below 5 GPa, the average thickness of the
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Si3Ny4 layer worn off the sphere per sliding cycle ranges from 6 to 100 p.
m., strongly suggesting that atomic attrition is the dominant wear
mechanism. Our observations coincide with model predictions of atomic
attrition through interfacial siloxane bonds [19] and match the experi-
mental results obtained using single asperity contacts between silicon
based materials [14,43]; in these models and experiments a layer
thickness of approximatively 2-50 p.m. is worn off when the contact
slides by a distance comparable to its size (10-50 nm). Furthermore, a
mean removal layer per stroke ranging from about 10 to 100 p.m. was
found for AFM colloidal probe wear experiments (500 nm stroke length
on a contact of about 50-100 nm), in which the wear was attributed to
atomic attrition [17,55,69].

2. Mild wear enhanced by subsurface damage at contact pressures
above 5 GPa

Figs. 3-5 indicate that at contact pressures above 5 GPa, SigN4 wear
occurs gradually, yet involves the removal of layers of 0.1-1 nm of SigNy4
material, involving more than a single layer of atoms. The wear mech-
anism in these experiments most likely involves ductile removal [56,57]
enhanced by subsurface damage of the SisN4, unlike the atomic attrition
process that dominates at pressures below 5 GPa and only occurs at the
surface.

In all wear experiments we observe a decrease of the SisN4 sphere
surface roughness as the wear progresses, consistent with the behavior
found in molecular dynamics simulations under similar conditions [41].
In accordance with those simulations, we observe that at high contact
pressures, the smoothening of the SisN4 surface leads to a decrease in the
local contact pressure [58]. As the local contact pressure drops, the
amount of SigN4 material removed in subsequent sliding cycles also
reduces. Moreover, we observe asymptotic evolution of both the wear
rate and the indentation area (Fig. 5) which is typical for running-in

@’j

109 | Silicon Nitride sphere

B
= 107%% Thickness ~ 1 nm
= @
>
Qc
=
~
@©
g 101y @b
>
._____——v Thickness ~ 6 pm
1012 " . . ’

0 2 4 6 8 10
Mean contact pressure gy (GPa)

Fig. 6. Average thickness of the layer of removed SizN, material per short
stroke cycle as a function of the average contact pressure within the area of real
contact. The SizN4 wear volumes (Viyeqrfun) Obtained through the topographical
difference method and presented in Fig. 2 are normalized by the area of real
contact obtained in the BEM calculations, Ag, and by the total number of short
stroke cycles in the wear experiment (1980). Inset: side view illustration of a
Si3N4 asperity indenting the Si wafer creating Si pile up material (red) and
wearing off a layer of SizNy (thick black line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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behavior [59-61]. It should be noted that the gradual reduction in
indentation area observed in Fig. 5 does not imply that the area of real
contact decreases, only that the area within which the contact pressure
exceeds the hardness of the Si decreases. The fact that the indentations
not only change in terms of their depth but also in terms of their shape as
the wear experiment progresses, demonstrates that interactions between
asperities, influenced by the varying asperity level wear rate, take place.
Local asperity wear influences the load distribution and thus the local
wear rate (Fig. 4). Such asperity interactions [62,63] are typically not
taken into account yet in theoretical descriptions of multi-contact wear
[64]. Systematic manipulation of the size of and distance between as-
perities is a promising avenue for future experimental research into the
role of asperity interactions in wear [65].

The roughening treatment to which the SizN4 surfaces that exerted
contact pressures larger than 5 GPa were subjected may have played a
role in the wear process; the crystal and/or amorphous [24] structure of
the (oxidized) SizN4 surface may have been weakened by the rough-
ening procedure. This hypothesis could be tested in future work by
annealing the roughened surfaces before conducting the wear experi-
ments [66]. Nanoindentation measurements on the SigN4 spheres, per-
formed after the wear experiments (Femtotools FT-104 equipped with FT
S-200000 MEMS force sensors) indicate that indeed the hardness of the
Si3Ny surface decreases significantly due to the sand blasting roughening
procedure while the vortex shaking procedure does not produce a
measurable change in surface hardness (Supplementary Fig. 1). This
interplay between surface manipulation technique and wear behavior is
important to consider in future attempts at systematically investigating
multi-contact wear as a function of contact geometry. Furthermore,
these results highlight that surface preparation can play a key role in
wear behavior.

3 Short stroke vs long stroke wear

Surprisingly, analysis of the energy dissipation, E = Fyd, with E the
energy dissipated through the friction force Fy over sliding distance d,
shows that at least 26 times more energy is dissipated through friction
during one long stroke (E = Fyd = 701072107 = 7 ¢1077J) than
during 99 short strokes (E = 99F;d = 995102050107 =
2,5e1078J). Yet the short strokes lead to 70% of the total wear
observed (Figs. 2 and 5). In addition to the energy dissipated through
slip, the lifting of the SizN4 sphere from the Si wafer after each cycle also
contributes to energy dissipation. A rough estimate of the energy dissi-
pated during unloading can be obtained by multiplying the area of real
contact with a typical surface energy of y = 50 mJ/m?, resulting in an
energy dissipation of E = ye A, = 5e10713J: this energy is orders of
magnitude lower than the energy dissipated through friction. Another
source of energy dissipation is during the contact formation or impact
[28] of the SigN4 sphere onto the Si wafer. While previous studies have
focused on how impact energy is dissipated through plastic deformation
or fracture of the softer material [26-28,67], the impact energy can
potentially also contribute to the wear of the harder SisN4 surface by
weakening it. However, it is difficult to obtain quantitative estimates of
the impact energy as it depends on the masses and instrument stiffnesses
involved. Therefore, future experiments with varying impact speed may
provide more insight into the precise wear mechanisms at play, as the
energy dissipation caused by pull-off and slip seems to be insufficient to
explain the difference in wear rate observed between short and long
strokes.

5. Summary and conclusion

We investigated the wear of relatively hard SisN4 repeatedly brought
into contact with previously untouched and relatively soft Si. Despite the
contrast in hardness we found significant wear of the SigNy. A large AFM
scan topographical difference method was applied to quantify the SigNy4
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wear, using a 6-degrees of freedom alignment algorithm [40]. The
topographical difference method was also applied to the wear tracks on
the Si wafer surface enabling visualization of the wear induced evolution
of individual SigNy4 asperities throughout the wear experiment.

The local SigN4-on-Si contact pressure was shown to play a crucial
role in the wear process, by coupling the wear observations to BEM
contact calculations. At contact pressures below 5 GPa, our results
strongly suggest that the dominant wear mechanism is atomic attrition,
potentially driven by interfacial siloxane bonds [55]. At contact pres-
sures above 5 GPa the wear mechanism involves removal of multiple
atomic layers in each contact cycle. This transition in wear behavior as a
function of contact pressure is reminiscent of the adhesion induced
transition in wear behavior observed in recent calculations [68], where
both compressive and shear stresses played a crucial role in the wear
behavior. Furthermore, our results demonstrate that the wear of indi-
vidual neighboring asperities is not independent; asperity wear can in-
fluence the load distribution which in turn affects wear.

Surprisingly, the observed SisN4 wear in the pre-sliding wear ex-
periments did not scale with the energy dissipated through friction,
suggesting that contact formation (impact wear) and/or pull-off (adhe-
sive wear) played an important role in the wear process. Based on our
findings the optimal SizN4 topography, for minimizing wear, would be
the smoothest possible. However, if the surface roughness were to be
reduced to values below hgys = 5 nm capillary adhesion is expected to
increase, leading to an increase in the effective normal force [42] which
may further enhance wear. Our work contributes to a first principles
description of multi-contact wear and can inspire understanding-based
solutions to wear challenges in the semiconductor industry.
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