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Nanoscale wear can severely limit the performance of tips used in atomic force microscopy, especially
in contact and lateral mode operations. Hence, we investigated the mechanical and tribological
properties of a newly invented nano-spherical silicon tip produced via swelling of single-crystal silicon
using helium ion dosing to ascertain its reliability for AFM operations. The nanoindentation test proved
that the modulus of elasticity of the nano-spheres tends to increase with the diameter of the spheres at
0.5 mN contact force. However, at 10 mN higher contact force, the elastic modulus was stable at
~160 GPa irrespective of the sphere diameter. The SEM images confirmed the durability of the tip after
10 000 cycles of sliding on a silicon wafer and quartz surfaces. There was no damage on the tip and the
wear debris was suggested to be from the localized wear on the counter wafer surface. Also, the in situ
AFM pull-off force test indicated that the geometry of the tip remained unaltered during the wear test.
The Si/SiO, tribology study showed a decrease in coefficient of friction as velocity and sliding cycles
increased which was attributed to the tribochemical reactions occurring at the Si/SiO, interfaces.
These results indicate that the new nano-spherical AFM tip has advantages in nanoscale tribology
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1. Introduction

Atomic force microscopy (AFM) is considered a vital instrument
in nanotechnology with constantly increasing application
potential in electronics,"” tribology,>* cell and molecular
biology,>® materials designs,”® polymers,”'° energy storage
and generation,'"'? etc. In AFM operation, an AFM probe raster
scans over a sample, and the identified tip-sample interaction
force shows the morphology and other physical properties at
nanoscale resolutions.™® The properties of the probe including
the tip significantly influence the measurement resolution,
sample integrity, reliability, etc.

Colloidal AFM tips'* otherwise known as spherical AFM tips
have shown interesting applications including the measurement
of biological force, colloidal force, adhesive force mapping,
interactions of particles relative to pharmaceutical aerosols,
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nanomanipulation, and nanolithography.'>™® Generally,

the spherical probe is known as a non-destructive approach
to measuring surface properties. Interestingly, the advance-
ment in the use of AFM techniques from laboratory research
to industrial applications has made the performance and
stability of AFM tips paramount. This is because several
studies have shown that the deformation and wear of AFM
tips place a serious limitation on their performance.'®>?
An ideal tip should be chemically stable and exhibit good
wear and contamination resistance for a prolonged period
of usage.

Silicon (Si) is one of the most common materials used in
AFM probe fabrication, but its moderate mechanical properties
have made silicon tips susceptible to failure through the brittle
fracture mechanism. Also, their natural hydrophilic oxidized
surfaces with high adhesion make them prone to accelerated
environmental degradation.>®** Over the decades, the study of
the tribological properties of silica surfaces has received huge
attention because of its technological application potential
such as wafer planarization for the production of micro/nano-
electromechanical systems (MEMS/NEMS) and wafer bonding
in nanoengineering of semiconductors.*>*® There is also the
tribology of silica surfaces in geophysics and earthquake
mechanisms because silica is a common constituent of rocks,
and frictional instabilities in crustal faults are known to result
in shallow tectonic earthquakes.>”*®
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This work discusses the tribology of the Si/SiO, interface by
sliding our newly invented Si nano-spherical tip against SiO,
surfaces. The Si/SiO, interface is a dominant feature in MEMS/
NEMS, and since these systems are very small with tight
clearance, their overall output strongly depends on the Si/
SiO, tribology. Silica surfaces have been reported to form
strong Si-O-Si links across the interface via the dehydroxyla-
tion reaction between two hydroxyls from each silica surface.”
These strong covalent Si-O-Si bridges pull atoms out of the
surface of the silica or break during frictional sliding leading to
localized surface wear. Li et al.>° employed molecular dynamics
to study the static friction behavior between amorphous silica
surfaces with varying interfacial siloxane (Si-O-Si) bridges.
They reported a nonlinear increase in the static friction force
with the concentration of interfacial siloxane bridges, which
was attributed to the interactions among neighboring bridges.
They also explained the atomic scale wear mechanisms of silica
to be due to the transfer of individual atoms followed by
breaking interfacial siloxane bridges and transfer of atomic
clusters initialized by rupturing of surface Si-O bonds. Also,
continuous formation and dissolution of small clusters at the
sliding interface were found to play a significant part in wear at
the silica/silica interface. Yeon et al.*° via ReaxFF-MD simula-
tions confirmed that a large number of atoms are transferred
across the silica interface during the sliding. The existence of
submonolayer thick H,O was shown to lend additional reaction
pathways to form the Si-O-Si bridges and transfer of atoms
across the interface. But full monolayer thick H,O can signifi-
cantly reduce the rate of atom transfer because the silicon
atoms at the sliding interface can no longer form Si-O-Si
bridges since they are terminated with hydroxyl groups. Inter-
estingly, reports have shown that the chemical reactions occur-
ring at silica/silica sliding contacts can result in contact aging
which is described as an increase in the static friction as a
function of time during which the surfaces are held in contact
prior to sliding.* Chen et al.>* used AFM and TEM techniques
to investigate the wear of the Si/SiO, sliding interface. Under
humid conditions, they showed that there is no mechanically
influenced subsurface damage in the wear track, which is in
agreement with the assumption that wear under humid condi-
tions is strictly tribochemical. The tribochemical reactions were
shown to take two directions. First is the dehydration reaction
between silanol groups at the surfaces resulting in wear, and
second is the dehydration reaction between adjacent silanol
groups on one solid surface leading to a low-friction state.

Previously, our group reported a new approach to fabricating
nano-spherical AFM tips via the use of high-energy helium ion
dosing.?® See Fig. S1 in the ESI which shows the SEM image
of the nano-spherical tip. Ref. 33 proved accurate control of the
amorphous silicon nano-spheres (100 nm to 1 pm diameter
range) by regulating the helium ion dose from 10 000 ions nm >
to 40000 ions nm 2. Also, the precise placement of spheres
with 10 nm lateral resolution was reported. The new tip can
obtain clear images in both AC and contact mode operations.**
To further examine the reliability and the advantages of the
new nano-spherical tip for tribology purposes, this current work
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used a UNHT® ultra-high-resolution nanoindenter, an AFM, and a
scanning electron microscope (SEM) to evaluate the mechanical
and tribological properties of the nano-spherical tip, particularly
when sliding against a quartz substrate. It is interesting to note
that the use of an AFM to study wear and friction at the nanoscale
can give valuable insights into the principle wear mechanisms
leading to an improved understanding of the key factors of failure
from big machines to micromachines.****

2. Experimental

A UNHT® (Anton Paar) nanoindenter was used to measure the
mechanical properties of the silicon nano-sphere, silicon wafer,
and quartz samples. The spherical-shaped indenter was used
for the nano-sphere while the pyramidal indenter was used for
the wafer and quartz samples. The indenter was pressed into
the surface of the silicon nano-sphere while monitoring the
depth and normal load. The mechanical properties were
obtained from the force-displacement curve according to the
ISO 14577 standard.

Furthermore, two different surfaces were used to determine
the wear resistance of the nano-spherical and sharp AFM tips;
polished silicon wafer and quartz with 0.227 nm and 0.701 nm
roughness, respectively. The silicon wafer and the quartz sam-
ples were ultrasonically cleaned in acetone, propanol, ethanol,
and distilled water respectively before drying with nitrogen gas.
The tribology test was done using an Asylum MFP-3D AFM.
All the tests were carried out in air at 24 °C temperature and
~38% relative humidity. Before each test, the stiffness of the
cantilevers was measured using the thermal method, which
depends on the equipartition theorem from classical thermo-
dynamics relating the mechanical fluctuations of the cantilever
with its thermal energy.*® The radius, spring constant, and
resonance frequency of the nano-spherical tip are ~185 nm,
~2.4 N m ', and ~70 kHz, respectively. Also, the radius,
spring constant, and resonance frequency of the commercial
sharp tip (Fig. S2, ESIf) are 7 nm, ~2 N m !, and ~70 kHz,
respectively. 10000 friction cycles were performed during
the wear tests corresponding to the 0.2 m scan distance on a
20 pm x 20 pm surface area. Unless stated otherwise, the
applied normal load is ~240 nN at a 1 Hz loading rate and a
10 pm s~ ' sliding speed. The progress of the tip degradation
was monitored in situ by measuring the tip-substrate pull-off
adhesion force every 1000 cycles.

The scanning electron microscope (GeminiSEM 300) was
used to observe the different samples and monitor the extent of
tip degradation after the wear test. The water droplet imaging
system and the Image] software were used to measure the water
contact angle of the droplets on the quartz sample.

3. Results and discussion
3.1 Nanoindentation test

An array of silicon nano-spheres was fabricated by helium ion
implantation on a silicon wafer (Fig.(1a)) and the nanoindentation
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test was carried out as shown in Fig. 1(b). The SEM images of the
different sizes of the nano-spheres are also shown in Fig. S3 (ESIT).
At 0.5 mN maximum contact force and 0.2 mN min ™" loading and
unloading rate, the test proves that the elastic modulus of the
nano-spheres increases with the diameter (Fig. 1(c)) indicating that
a higher degree of helium ion dose increases the resistance to
elastic deformation at very low loads. Via atomistic calculations
and experimental measures, researchers have demonstrated
that elastic behavior is dependent on the size at the nanoscale;
as the dimensions approach the nanoscale, the higher the
elastic property deviation from bulk values.’’° This observa-
tion was attributed to the surface effects which include surface
elasticity and surface oxidation.*>*! Since the diameters of the
nanospheres are >200 nm, the surface effect can be neglected.
Therefore, the observed increase in the indentation modulus
can be ascribed to the increase in helium ion doses which has
modified the internal structures, density, and wall thickness of
the nanospheres as seen in ref. 33. It is worth noting that
several reports have proved that the mechanical properties of
silicon can be modified by the implantation of appropriate ion
species and doses.*>™** The plot further shows that the resistance
to plastic deformation was not significantly affected by the
increase in the diameter. The force-displacement curve (Fig. 1(d))
gives a maximum penetration depth of ~20 nm for all the
nanospheres and showed no obvious discontinuity suggesting
any evidence of crack propagation during the indentation
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processes. Meanwhile, at a higher contact force of 10 mN and
0.2 mN min~" loading/unloading rate, the penetration depth is
higher in the 800 diameter sphere (145 nm) whereas the other
spheres maintained ~130 nm penetration depth as shown in
Fig. $4 (ESIt). The elastic modulus and resistance to permanent
deformation remained stable at ~160.6 GPa and ~9.84 Gpa for
all the samples. This difference in elastic modulus due to the
change of load during nanoindentation has been referred to as
the load effect which can be attributed to different developments
such as indentation elastic recovery, plastic deformation band
spacing, work hardening during indentation, etc.*> Although
some works have shown that strain rates can significantly affect
the deformation of nanoparticles,***” in our case, the same strain
rate was used during the experiment. There is no observable
evidence of crack propagation as seen in Fig. S4 and S5 (ESIY)
(SEM images after the nanoindentation test). Furthermore, since
our nano-spheres are bubble-like (hollow), they can withstand
longer strain to deformation than solid spheres obtained through
other design techniques as confirmed in the literature; while solid
nanoparticles can have great strength at the expense of deforma-
tion, hollow silicon nanoparticles are known to maintain strength
and ductility.*®*°

3.2 AFM wear resistance test

Fig. 2 shows the SEM images of the nano-spherical tip after the
wear test. The tip is largely unaffected after the test and neither
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Fig. 1 (a) SEM image of 400 nm diameter spherical nano-spheres. (b) Schematic representation of the nanoindentation test using the spherical indenter.
(c) Plot of elastic modulus and resistance to plastic deformation against the sphere diameter at 0.5 mN force. (d) Plot of contact force against
displacement for the different nanopsheres (200 nm, 400 nm, 600 nm, and 800 nm diameters).
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Fig. 2 SEM images of the nano-spherical tips before and after the wear test.

deformation nor delamination is observed indicating the
remarkable durability. Fig. S6 (ESIf) shows the presence of
wear debris on the tip used to slide on the wafer’s sample. The
wear debris is suggested to come from the localized surface
wear on the wafer’s surface resulting from the breaking of the
Si-O-Si bridges as previously mentioned. Meanwhile, there is
no observable wear debris on the tip used on the quartz sample.

In contrast, sliding the sharp tip against the silicon and quartz
samples destroyed the sharp tip as shown in Fig. 3. Also, there is a
large accumulation of wear debris on the tip after the wear test,
especially on the tip sliding on the quartz surface. The AFM image
of the quartz sample after a few sliding cycles shows increased
roughness, another indication of wear at the sliding interfaces
(Fig. S7, ESIY). Besides tip wear, tip fouling is considered the most
common factor responsible for probe failure in normal AFM
operations and it can significantly reduce the tip performance.”®

Pull-off forces of the nano-spherical and commercial sharp
tips on the quartz sample were measured every 1000 cycles. The
Derjaguin-Muller-Toporov (DMT) model of contact mechanics
can be used to evaluate the pull-off interactions between the
silicon tips and the quartz sample.”* The DMT model proves
that even though the van der Waals’ forces can increase the
elastic contact area between the ball and the plane, the force
needed to overcome the molecular forces arising when the
contact is broken does not increase thereby. This model is
generally applied to weak, long-range adhesion between stiff
materials. Herein, the interaction between the AFM tip and the
sample is modeled as a sphere in contact with a flat plane as
shown in Fig. 4(a), it expressed the pull-off force (F,) as shown

23852 | Phys. Chem. Chem. Phys., 2022, 24, 23849-23857

in eqn (1) where “W” is the work of adhesion and “R” is the tip
radius.

F, = 2nWR 1)

The measurement of the pull-off force gives an indirect
approach for recording the changes in tip geometry during
the wear test.”>*® The plot in Fig. 4(b) shows no significant
change in the values of the pull-off forces for the nano-spherical
tip throughout the sliding period. The distant point observed at
2000 and 8000 cycles might be due to localized contamination
as described elsewhere.> Also, employing eqn (1), the work of
adhesion before and after sliding the nano-spherical tip on the
quartz sample are 98.1 mJ m > and 95.5 m] m > respectively
which indicates a relatively constant work of adhesion, hence,
confirming that there is no obvious change in the tip geometry.
In contrast to the spherical tip, the sharp tip shows an increase
in the pull-off force which is consistent with the significant
changes observed in the SEM images. In addition, the work of
adhesion before and after sliding on the quartz substrate is
495 mJ m 2 and 28 mJ] m 2 respectively which confirms a
significant change in the tip’s geometry.

The importance of the AFM tip’s wear-resistant properties
particularly in nanotribology is further understood from Fig. 5,
which shows the height profile of the quartz sample obtained
using the sharp and nano-spherical tips during the wear tests.
The plot was taken from the topographic AFM images 1-4
representing a scan distance of 10-40 mm. It is good to note
that the AFM image exhibits a convolution of both the real

This journal is © the Owner Societies 2022
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Fig. 3 SEM images of the commercial sharp tips at 200 nm scale. (a) Before the wear test, the tip's diameter is 7 nm, (b) after sliding on the wafer’s
surface, the tip suffered significant damage and the sharp point was degraded. (c) After sliding on the quartz sample, the sharp point was degraded and
there is a high accumulation of wear debris. The applied normal load during the AFM test is ~240 nN.
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(a) Schematic of the DMT model describing the interaction between the tip and the quartz sample. (b) Pull-off forces of the nano-spherical and

commercial sharp tips on the quartz sample as a function of sliding cycles. The insets show the SEM images of the tips before and after the sliding at

200 nm scale.

features of the sample and the geometry of the scanning tip.**
The nano-spherical tip exhibited a steady and constant height
profile whereas the sharp tip showed a great degree of variation
in the height profile of the quartz sample. This high degree of
variation can be attributed to tip damage and localized fouling
arising from the detachment and attachment of nanoscale wear
debris as seen in Fig. 3(c). Practically, the new nano-spherical
probe is well suited for contact mode AFM operation since it is
ultra-smooth (~0.1 nm roughness)*>® and does not wear easily,
whereas it is very difficult to complete a contact mode full scan
using the sharp probe (without replacement) because it can
easily wear off.

To further explore the tribology of Si/SiO, experienced dur-
ing the sliding of the nano-spherical tip against the quartz
sample, contact radius (o) and pressure (P) achieved during
sliding were calculated using the DMT model as expressed in

eqn (2)—(4):
(%) ®)

This journal is © the Owner Societies 2022

W=

where F is the total load acting on the tip which includes
the normal force (240 nN) and the adhesion force (106 nN).
K (68.13 GPa) is the composite modulus of elasticity obtained

using eqn (3).
401 —v2 1—v2\ "
k=< 3
3( E B (3)

where v; and v, are the Poisson ratios of the tip and quartz
sample respectively, and E; (160 GPa) and E, (70 GPa) are the
elastic moduli of the silicon and quartz, respectively. The
average contact pressure P, is obtained by dividing the total
load by the contact area:

F
Pus =22

(4)

The contact radius () is 9.54 nm and the peak normal
contact pressure Ppay (Pmax = 1.5 Payg) is 5.7 GPa which is lower
than the hardness values of the Si (6.5 GPa) and SiO, (7.0 GPa)
(these hardness values were obtained using the pyramid-shaped
nanoindenter). The indentation deformation is expected to mostly
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Fig. 5 Height profile obtained from AFM images at the initial stages of sliding (a) commercial sharp (b) nano-spherical tip on quartz samples. The applied

normal load during the AFM test is ~240 nN.

occur on the quartz sample with a lower elastic modulus which
agrees with the fact shown in the SEM image (Fig. 1) that
neither deformation nor delamination was observed on the
spherical probe.

3.3 Si/SiO, friction analysis

Fig. 6 shows the friction measurement of the nano-spherical
probe on the quartz sample. The coefficient of friction was
found to decrease with an increase in velocity and number of
sliding. Decreasing friction with increasing velocity is reported
when silica surfaces are terminated with a hydroxyl group
(~OH).>*?*° This is because ~OH groups can form hydrogen
bond networks at the interface and low sliding velocity results
in the formation of a more extensive stronger hydrogen bond
network.>® Contrary to bulk silica, silica surfaces are susceptible to
linking with chemical groups since they have significantly lost the
complete tetrahedral configuration.”” This enables the ~OH group
to link with silicon atoms on silica surfaces through Si-O covalent
linkages. A higher concentration of the -OH groups will impact

0.015
z L (@)

[=4

Eoom .

c M

2 0.0131 4 %

8 By

L

% 0.012+

: i

O N

E 0.011+ ~e

g ;
O 0.010 -

0 5 10 15 20 25 30
Velcoity (um/s)

the hydrophilic behavior on the silica surface resulting in the
absorption of water molecules via the formation of H-bonds with
the surface hydroxyls.> Interestingly, the water contact angle of
the quartz sample is 35° confirming the hydrophilic behavior
(Fig. S8, ESIT). Besides the hydrogen bond network, covalent
bonding through interfacial siloxane bridges, colloidal interac-
tions, and capillary force of a condensed H,O meniscus are other
silica surface interactions that play a key role in the tribology
of Si/si0,.>% ¢

Furthermore, the coefficient of friction was shown to
decrease sharply at the initial stages of sliding and slowed as
sliding continues (see also Fig. S9, ESIT) similar to what is
obtained in the macroscale experiment. However, at the macro-
scale, the reduction in friction during the initial stages of
sliding (running-in process) is generally associated with the
decrease in the contact pressure after rough asperities on the
contact interface are smoothened under mechanical action.®?
This asperity flattening mechanism cannot describe the
decrease in friction experienced in the sliding of the silicon
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Fig. 6 Plots of coefficient of friction against (a) velocity and (b) sliding cycles using the nano-spherical tip.
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nano-spherical tip against the quartz sample since their inter-
face gave a single asperity contact during the test. Since the
classical Amonton’s law cannot be used to describe the friction
force at the nanoscale, the model proposed by Tambe et al.®®
can be employed to analyze the Si/SiO, nanoscale friction.
Tambe et al. suggested that the nanoscale friction between
contact interfaces is due to three components as expressed in

eqn (5).
Ft = Fint + Fdef + Fstick-slip (5)

where F;, is the friction force due to the interfacial adhesion
between the Si/SiO,, Fg4er friction force due to the deformation
at the interfaces of Si/SiO,, and Fycisiip friction force due to
stick-slip between the Si/SiO, contact interfaces. At the atomic
scale, stick-slip amounts to the energy needed for the tip to
jump from a steady equilibrium position on the quartz’s sur-
face into a neighboring position.®® There is no effect of Fitick-slip
because a frictional process without stick-slip was observed
during the experiment. Also, Fig. 3 shows an insignificant
change in the Si/SiO, interfacial adhesion throughout the
sliding cycle thereby limiting the contribution of Fi,. The Fyer
is calculated as the sum of the plastic deformation-related
friction force (Fgerp) and the elastic deformation-related fric-
tion force (Fgere).** Because the deformation is not completely
due to mechanical shearing, Fgerp, will not be considered.
Eqn (6) gives the relationship between the Fycr., the total load
(F), the radius of the probe (R), and the contact radius («).*®

2F
Faefee = @<R2 sin”!(a/R) — aVR2 — a2> (6)

The value of F is considered to be fairly stable throughout
and there is a very slight change in R indicating that the
contribution of Fy.f.. to the decrease in friction is also minimal.
This is in agreement with Tambe et al.®® who stated that even
though there is the presence of adhesion and interfacial inter-
actions during sliding, the extent of their influence on friction
can be limited by several factors. Therefore, the decrease in
friction can be largely due to the chemical reaction induced by
the mechanical shearing. It is suggested that the mechanical
shear could affect the Morse potential of specific chemical
bonds at the interface thereby reducing the energy barrier for
bond breakage.®® The absence of wear debris on the spherical
probe, and the stable height profile of the quartz sample shown
in Fig. 5(b) confirm that tribochemical wear instead of mechan-
ical wear is the major reason for the decrease in friction.
Besides, Chen et al. proved that the tribochemical reaction
dominates nanoscale friction of Si/SiO,, and the dehydration
reactions between adjacent silanol groups on one solid surface
can result in a low-friction state.*>®* Similar results have been
reported elsewhere.®”*®

4. Conclusion

The durability of a silicon nano-spherical AFM tip fabricated
via higher-energy helium ion dosing has been confirmed.
At 0.5 mN low contact force, the modulus of elasticity was
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found to increase with the increasing nano-sphere diameter
while the plastic deformation value remains unchanged. Besides,
the mechanical properties remained stable irrespective of the
diameter of the nano-spheres at a higher load (10 mN). These
improved mechanical properties are attributed to the bubble-like
and ultra-smooth nature of the nano-spheres and the ion doses
which modified the internal structure, density, and wall thickness
of the nano-spheres. The friction and wear analysis at ~240 nN
normal load showed that the tip geometry remained almost
unchanged after 10 000 cycles of sliding confirming the reliability
of the tip for AFM contact and lateral mode operations. Also,
the associated wear and friction mechanism was found to be a
function of tribochemical reaction at the sliding interfaces; an
interesting factor to consider in practical applications of the tip
and for Si/SiO, interface designs.
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