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Abstract

The discovery of tribochemical reactions at the sliding interfaces has suggested new pathways for material synthesis. This study
explored the formation of thin functional films at the steel-on-silicon sliding interfaces, with toluene as base liquid and five different
additives i.e. Zinc dialkyldithiophosphates (ZDDP), 3-Aminopropyltriethoxysilane (APTES), Octadecyltrimethoxysilane (OTMS),
(3-mercaptopropyl) trimethoxysilane (MPTMS) and Octadecene. All additives were found to result in thin functional films of varying
chemical, mechanical, and electrical characteristics. The Octadecene and OTMS APTES produced carbon rich tribofilms. The OTMS
tribofilms were soft, as revealed by the quantitative nanomechanical analysis. The MPTMS and ZDDP additives resulted in conductive
thin films in a well-defined linear pattern. The MPTMS resulted in continuous conductive films with surface coverage higher than that

of the ZDDP.
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1 Introduction

Functional coatings have been developed for a wide
range of applications. Various surface characteristics such as
wettability [1, 2], conductivity [3], and mechanical strength
[4] have been modified through such coatings. A wide range
of its applications can be found in microelectromechanical
and nanoelectromechanical systems (MEMS/NEMS). The
MEMS/NEMS are fascinating developments that have further
tremendous potential applications in automotive, biomedical,
and advanced autonomous systems [5]. These devices range
from sensors, actuators, micro-analysis to micro-optical
systems, and bio-MEMS for surgeries. The MEMS are generally
made with silicon wafers through a variety of methods such as
chemical etching [6], photo lithography [7], micromachining [8],
or deposition techniques [9]. Their surfaces are functionalized
using various physical or chemical approaches such as chemical
vapor deposition [10], spin coating [11, 12] and spray coating
[13]. Continuous efforts have been made to find novel ways
to produce MEMS and NEMS with desired functionalities,
reliability, and durability. Tribo-based functionalization is one
of such novel approaches that offers huge potential to address
challenges in the manufacturing and desired functionality of
devices. The tribo-based synthesis is attractive due to enhanced
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control over the process compared to the traditional mechano-
chemical synthesis [14]. Unlike the negative connotation
of material damage and of waste of energy associated with
tribology, it offers an exciting direction for manufacturing of
MEMS. The discovery of tribofilms at sliding interfaces [15] has
suggested a new domain of looking into the use of tribology
for producing thin functional films. Tribofilms are thin films
that are formed at the sliding interfaces due to shear driven
chemical reactions. A wider range of materials have been found
to be forming tribofilms such as Zinc dithiophosphate (ZDDP)
[16], dialkyldithiophosphate (DDP) [17], pyrrolidinium salts
[18], ethanol [19], a variety of ionic liquid additives [20], and
nanoparticles such as zirconia [21] and vanadium oxide [22].
Previously, tribofilms have been manufactured using multi
asperity pin-on-plate tribometer [23], mini-traction machine [24],
colloidal probe AFM [21] and single asperity sliding using AFM
[25-27]. These studies have revealed that composite tribofilms
can be grown to 3-D nanostructures, by using a mixture
of ZDDP [28, 25, 27] or DDP [24] and base oil at controlled
temperatures. For instance, Dorgham et al [25, 27] proposed that
3D patterning can be acquired using AFM probe. They were
able to produce tribofilms thicker than 30 nm. Similarly, Khare
et al [26] used AFM probe to produce 3D nanostructure with
a mean height of more than 80 nm. In another study colloidal
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probe was slid against the steel/silicon disc to study the Zirconia
tribofilms [21]. Nucleation of tribofilms was observed with
the volumetric growth increasing with the number of sliding
cycles. A study conducted by Shirani et. al [19] found formation
of 2D film of graphene on platinum coated gold surface, due
to dissociation of ethanol at the sliding interface. Similarly,
functional films with higher conductivity have been obtained
by using mini-traction machine, through sliding a steel ball over
silicon substrate immersed in Graphene-laden oil [3].

These studies propose a new direction for manufacturing
and functionalization of surfaces. Unlike the thermal films,
which are usually excellent choice for uniform surface coatings,
the tribofilms could be used for films formation at selected
location. The multilayered, conductive or high adhesion films
formation with spatial selectivity makes it an emerging choice
for MEMS manufacturing. Therefore, this study focused on
exploring additive material for tribo-based manufacturing and
functionalization which are compatible with silicon substrates.
The goal was to identify alternative additives that can be used in
liquid medium other than oil so that it could be used for MEMS
and NEMS manufacturing applications. For this purpose, 06
different liquid mediums were selected i.e. only toluene, and
toluene mixed with 10% (w/w) APTES, MPTMS, Octadecene,
OTMS and ZDDP. The ZDDP was used for comparison
purposes, as it has been used in previous studies [29, 17, 25].
The other additives were selected based on its compatibility
with silicon wafers [30-34] and to explore its ability to form
multilayer films or localized functionality such as enhanced
conductivity. The tribofilms were analyzed using different
analytical techniques to understand its chemical and physical
characteristics. Molecular dynamic simulations were also run to
obtain key insights into phenomena of interest.

2 Materials and methods

Materials:

The Zinc dithiophosphate were obtained from Afton
Chemicals. While the 3-Aminopropyltriethoxysilane,
Octadecyltrimethoxysilane, (3-mercaptopropyl)
trimethoxysilane, Octadecene and Toluene were obtained from
Sigma Aldrich). The Silicon Wafers with thin oxide film were
obtained from Inseto UK. The Silicon wafer had Orientation:
<111>, Resistivity: 1-10 ohm.cm with one side polished. The
Roughness average (Ra) of the wafer was 0.07 nm. The pin was
made of EN31 steel, with the surface roughness of 0.232 pm.

Methods:

A solution of 10% (w/w) the above-mentioned additives
and Toluene was prepared. After adding the additives, the
mixture was stirred using magnetic stirrer for 5 minutes at
room temperature and 500 rpm. Fresh mixture was used for all
experiments. Toluene was selected as solvent because of easy of
cleaning and its excellent ability to disperse various additives
including the organic silanes[1, 35-37]. The commercially
available HiTEC1656 Performance Additive, secondary
type ZDDP was used in this study. The aim was to identify
alternatives that can be used in liquid medium other than oil
so that it could be used for MEMS and NEMS manufacturing
applications. The other additives were selected based on its
compatibility with silicon wafers, [30-34] so that appropriate
precursors could be identified for tribo based functionalization
of surfaces. Silicon wafers were sliced into 1 cm” pieces. The
cleaned sliced wafer was immersed in the solution by filling the
mixture into the sample holder, mounted on the reciprocating
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pin-on disc tribometer (TE77, Cameron Plint). Steel pins with
10 mm curvature radius were reciprocated over the silicon
wafer using the pin-on-plate tribometer. The frequency was 3
Hz while the stroke length was 5 mm. Moreover, a normal load
of 24.5 N was applied on the pin. The experimental conditions
selected were in line with the published literature, so that the
working in boundary region is ensured with less wear and
favor the build-up at the sliding interface [29, 17, 25, 3, 38]. Each
experiment was run for 30 min at room temperature.

Prior to use, the pins were cleaned with n-heptane for 20
minutes in the ultrasonic bath to remove the greasy material
used for its anti-oxidation protection. Afterwards, they
were cleaned in acetone for five minutes. The silicon wafers
were cleaned with the help of commercially available “arco
essentials” liquid detergents to remove contaminants from the
substrates. The detergent contains 5-10% Anionic and <5% non-
ionic surfactants. The samples were thoroughly rinsed with
copious DI water to remove the traces of detergents. Afterwards,
the samples were sonicated for 5 minutes in acetone.

Surface Characterization:

The SEM (Carl Zeiss EVO MA15) equipped with the EDS
was used for surface characterization and elemental analysis.
Figure 1 shows the SEM images of the typical silicon wafer
and pin used in these experiments. The topography, adhesion,
deformation, and electrical conductivity were analyzed using
AFM (Dimension Icon, Bruker, USA). AFM probe (NM-TC) with
spring constant of 350 N/m and tip radius of 25 nm was used
for the analysis. The peak force quantitative nanomechanical
mapping (PFQM) was used to measure adhesion and
deformation of the tribofilms. The PFQNM uses the Peak Force
Tapping to measure the single point forces because of the tip-
surface interactions while raster scanning the surface [39]. The
scanning force (also known as peak force) that holds the tip
against the surface in each tap, is adjusted through the tip-
sample distance by a feedback loop. The conductive AFM
(CAFM) was used to analyze electrical conductivity. A voltage
bias of 500 mV was used for the conductive AFM. Figure 2 shows
the initial AFM analysis of the unused silicon wafer surface.

Molecular dynamic simulations:

Molecular dynamic simulations were used to understand
the underlying mechanism of the formation of their tribofilms.
A selected number of molecules were packed between two
slabs of amorphous silica. The amorphous silica slabs were
derived from cristobalite SiO, structure [40, 41]. The slab was
heated from 300 K to 4000 K and then gradually cooled down
to 300 K. All the simulations were performed at 300K. The
specific temperature was chosen for MD simulations, in order
to explore the effect of loading and shear only on the formation
of new bonds between the additives and the sliding surfaces,
thus avoiding the effect of temperature. The NVT ensemble was
used with a heating and cooling rate of 0.02 K/fs. Avogadro 1.2
[42] and Moltemplate [43] were used for the construction of the
model. In addition, Ovito [44] and Visual Molecular Dynamics
(VMD) [45] were used for visualization and analysis of the
radial distribution function. The pairwise interactions were
modeled using Reaxff [46], while the force field parameters
were taken from the study of Soria et al. [47]. The simulations
were performed using a Large-scale Atomic / Molecular
Massively Parallel Simulator (LAMMPS) [48]. The chosen
Reaxff force is about to reproduce any chemical reaction, for
example chemical bond formation, between the additives and
the substrate, especially during the sliding under load. To study
the reactions that can occur due to loading and sliding, a normal
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Fig. 1 SEM and EDS analysis of a typical unused silicon plate and pin (a) SEM image of unused silicon plate (b) EDS

of unused silicon plate C-Si are shown in red color (c) SEM image of unused pin (d) EDS of unused pin C-Fe are
shown in red color while O is shown in green
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Fig. 2 AFM analysis of a typical silicon plate. The figure shows images of the measured adhesion, topography,
deformation and current flow. It is clear from the results that the silicon plate is smooth and rigid while
demonstrate low adhesion and low electrical conductivity.
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load of 1 GPA was applied to the top atom layers of the SiO,
slab with thickness of 0.5 nm. This loaded layer was treated as
a rigid body. The bottom layer of the lower slab with the same
thickness was also treated as a wall. The APTES and MPTMS
molecules were sheared between the top and bottom slabs, each
moving with a velocity of 10 m / s in opposite directions. The
simulations were run for approximately 1 ns, with simulation
time step of 0.2 fs.

3 Results

3.1 Thin film surface analysis

The pins and silicon wafers were thoroughly analyzed with
SEM and EDS to explore the thin film surface and composition.
The SEM micrographs of pins and plates are shown in Figs. 3
and 4 respectively.

While the straight-line patterns are evident on the silicon
wafer shown in Fig. 4, there is no evident wear pattern on the
pins in Fig. 3. A build-up of additives material is also evident

Fig. 3 SEM micrograph of steel pins used in the analysis (a) APTES (b) MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f) Toleuene only.
As evident from the micrograph, there are no clear signs of pin wear.
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Fig. 4 SEM Images of the sliding track on the silicon wafers (a) APTES (b) MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f) Toluene
only. The micro-crakes are evident on the wafer where no additive was added.
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from Fig. 3. Moreover, as shown in Fig. 4, except for the sample
with no additives and Octadecene the other samples show
continuous lines like pattern. Those two show micro-cracks,
suggesting failure of the surface. The micro-cracks are more
visible in the no-additive only toluene experiments. To answer
the key questions such as, whether there is additive build-up
on the pins surface and if there is any thin film formed on the
silicon surface, the elemental analysis of the pins and plates was
performed with the help of EDS. A comparison of EDS mapping
is given in Figs. 5 and 6.

The higher concentration of silicon in the sliding track of
APTES samples in Fig. 6, gives an indication of build-up. The
coexistence of silicon-carbon in MPTMS, Octadecene, OTMS
and ZDDP samples suggests formation of carbon-silicon rich
composite films. The presence of Fe in the only toluene sample
suggests material transfer from the pin to the wafer, giving a
strong indication of abrasive wear at the interface. For a more
in-depth comparison, the single-point elemental analysis was
performed within and outside the sliding track. The results are
shown in Tables 1 and 2. Where Table 1 data has been obtained

(D5 Layeced [mage

Octadecene

Fig. 5 EDS analysis of the steel pins after the test (a) APTES - sky blue and green show Si and O respectively, while red shows C and
Fe (b) MPTMS -purple, sky blue and green show S, Si, and O respectively while red shows C and Fe (c) Octadecene - purple, sky
blue and red show Si, Al, and C respectively while green shows O and Fe (d) OTMS - Green shows Fe, and O while red shows C
and Si (e) ZDDP - yellow, purple and red show Zn, S and C respectively, while green shows O and Fe (f) Toluene only - sky blue
and red show Si and C respectively while green shows O and Fe. The variation in the constituents of the tribofilms on the pins is

evident from the images.

£0S Layered Image 8

Octadecene

No additive

0=

Fig. 6 EDS analysis of the silicon wafers after the test (a) APTES - purple, sky blue, green and red show Fe, Si, O and C respectively (b)
MPTMS - green shows O while red shows Si and C (c) Octadecene - sky blue and Green show Fe, and O respectively, while red
shows C and Si (d) OTMS - sky blue and Green show Fe, and O respectively, while red shows C and Si (e) ZDDP - green and red
show Si and C respectively (f) Toluene only - sky blue and Green show Fe, and O respectively. The variation in the constituents

of the tribofilms is evident from the images.
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Table 1 EDS analysis of steel pins used in the analysis

Element Unused Pin Toluene Only ZDDP MPTMS Octadecene OTMS APTES
(mass%) (mass%) (mass%) (mass%) (mass%) (mass%) (mass%)
C 3.43 48.28 12.06 32.07 65.59 36.3 22.67
1.53 3.42 2.93 1.65 6.15 27.73 13.84
Si - 0.57 1.8 0.34 0.92 20.49 9.49
P - - 2.33 - - -
S - - 3.27 0.84 - - -
N - - - - - - 2.92
Zn - - 543 - - -
Fe 93.01 46.84 72.18 65.1 26.81 15.47 51.08
Al 0.46 - - - 0.52 - -
% 1.56 0.88 - - - - -
Total: 100 100 100 100 100 100 100

Table 2 EDS point analysis of the sliding track on silicon surface, after sliding experiments

Element Unused wafer Toluene Only ZDDP MPTMS Octadecene OTMS APTES
(mass%) (mass%) (mass%) (mass%) (mass%) (mass%) (mass%)
C 1.84 8.72 2.74 2.68 3.15 429 3.08
0.31 12.53 0.46 0.53 6.17 24 2.36
Si 97.85 62.79 96.8 96.79 82.85 91.59 91.93
Fe - 15.97 - - 7.83 1.72 2.62
Total: 100 100 100 100 100 100 100

from the analysis of Si wafer while that of Table 2 from pin.

The pins provided interesting evidence in support of
the formation and presence of thin tribofilms. For example,
the higher percentages of carbon on all pins, as opposed
to the unused pin, reinforced the deduction that tribofilms
have formed during the sliding process. Generally, higher
percentages of Silicon and Oxygen or Carbon were observed
on pins where additives were used, in addition to higher
percentages of Carbon on the pins used for toluene-only
experiments. For ZDDP, Zinc, Sulfur, and Phosphorus
confirmed the formation of the Tribofilms, while for MPTMS,
the presence of sulfur gave a strong indication of the presence
of tribofilms. The silicon wafers, on the other hand, also
suggested the formation of tribofilms, as evidenced in Table 2.
Interestingly, the presence of higher concentration of carbon
in the sliding track on the sample without any additives
suggests the tribo-cracking of toluene. Previously, a similar
phenomenon has been reported for ethanol, where 2D carbon
films were formed due to splitting of carbon bonds and
successive deposition over the platinum coated gold surface
[19]. The results confirm the existence of the constituents of the
additives on both surfaces, strongly suggesting the formation
of tribofilms. The reduction in the traces of iron as compared to
the only toluene sample, is a further indication of the existence
of the protective layers, that reduced the material transfer from
the pin to the surface.
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To know more about the functional characteristics of thin
films, the plates were analyzed with the help of Peak Force QNM
and conductive AFM. The results are discussed as follows.

3.2 Functional characteristics of the films

The functional characteristics were analyzed with the help
of AFM. For the mechanical characteristics such as adhesion
and deformation the peak force QNM was used. The adhesion
scans are given in Fig. 7. The adhesion varied on all samples
with reference to unused silicon samples. A comparably higher
variation in adhesion was observed on all samples except
APTES and the unused silicon wafer. This could be attributed
to the variation in the chemical topography, composition, and
deformability. Therefore, the topography and the deformability
(indicating how soft the films are) of the films were analyzed
as shown in Figs. 8 and 9, respectively. It is evident from
Fig. 8 that the surfaces with larger peaks and valleys show
higher adhesion. This could be attributed to the larger tip-
sample contact area due to the roughness. The analysis of
the deformability of the films showed that OTMS is more
deformable than the rest of the materials. Suggesting soft nature
of the films The deformation varied at different locations on
OTMS, Octadecene, ZDDP and only toluene samples. The
electrical conductivity of the samples was also analyzed using
conductive AFM technique, as shown in Fig. 10. The results
shown in Fig. 10 illustrate that the OTMS and Octadecene
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Fig. 7 Illustration of the variation in the adhesion on the tribofilm samples, obtained through the PF-QNM mapping(a) APTES (b)
MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f) Toluene only. The variation in the adhesion is evident across all sample.
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Fig. 8 AFM height images of tribofilm samples (a) APTES (b) MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f) Toleuene only.

The variation in the topography is evident.

samples are like the bare silicon sample in terms of current flow.
The low current flow suggests lower electrical conductivity. The
toluene-only sample had some areas that were relatively more
conductive as compared to the bare silicon sample, which could
be attributed to the presence of higher carbon concentration
because of the tribochemical process during the experiments.
However, MPTMS, ZDDP, and APTES resulted in tribofilms
that were conductive. Among these three, the MPTMS resulted
in considerably higher electrical conductivity of the films,
whereas the APTES and ZDDP had some areas that exhibited a
higher current flow. Previously, a lower conductivity has been
reported for ZDDP [3], which is aligned with the current study
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as the conductivity of the film did not vary uniformly over the
entire scan area. The conductive films of the MPTMS on the
other hand were continuous as evident from the Fig. 10. This
could be attributed to the formation of conductive films during
the tribo process, which could be formed due to the cracking
of the additives [19]. The film thickness was analyzed with the
help of profilometry, AFM and ellipsometry.

The results suggested film thickness of more than 100
nm for the APTES while less than 1 nm for the MPTMS and
the ZDDP. While the thickness of the OTMS, Octadecene
and Toluene-only samples was difficult to estimate due to
the roughness of the surfaces. The APTES also resulted in 3D
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Fig. 9 Illustration of the variation in the deformation of the tribofilm samples, obtained through the PE-QNM mapping (a) APTES (b)
MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f) Toleuene only. The variation in the deformation can be easily observed over

each sample as well as with respect to each other.
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Fig. 10 C-AFM images of variation of current over the tribofilm samples (a) APTES (b) MPTMS (c) Octadecene (d) OTMS (e) ZDDP (f)
Toluene only. Higher current values suggest higher electrical conductivity in the regions.

film which wasn’t demonstrated by the rest of the additives.
The surface profilometry and AFM images of a typical
APTES sample are shown in Figs. Al and A2 of the Appendix
(supporting information). While the ellipsometry curves for
uncoated silicon, ZDDP and MPTMS samples are shown in Fig.
A4 of the Appendix (supporting information).

3.3 Molecular dynamic simulations of APTES and MPTMS

films formation
As evident from the previous discussion, APTES and

Japanese Society of Tribologists (https://www.tribology.jp/)

MPTMS resulted in tribofilms with phenomenal characteristics.
The APTES resulted in thicker films. While the MPTMS resulted
in conductive films with higher coverage and continuity.
Therefore, molecular dynamic simulations were used to
understand the underlying mechanism of the formation of these
films. For this purpose 25 APTES and 34 MPTMS molecules
were packed between two amorphous silica slabs. The
schematic of a typical simulation system is shown in Fig. 11.
The radial distribution functions were calculated to
explore whether any new bonds were formed between the

Tribology Online, Vol. 20, No. 4 (2025) /173



Khurshid Ahmad, Alaaeddin Al Sheikh Omar, Ajay Pratap Singh Lodhi, Senbo Xiao, Chun Wang, Krzysztof Kubiak, Mark Wilson, Jianying He, Zhiliang
Zhang and Ardian Morina

APTES/MPTMS molecules and the silica slabs. The C-O radial
distribution function for both molecules and the silica slabs is
shown in Fig. 12.

A peak is clearly visible at distance of 1.2 Angstrom, both
under loading and sliding. Particularly, the peak of radial
distribution function during sliding increase significantly
during the sliding simulations, which suggest the formation
of new bonds between the carbon from APTES and MPTMS
molecules and the oxygen from the silica slab.

4 Discussion

Silicon wafers were functionalized with thin composite
films using tribo-based technique. Five different additives
were dispersed in toluene to study their ability to form thin
functional films on silicon plates. Toluene was used because
it can be easily cleaned as compared to base-oil. It is also an
excellent dispersant, used for dispersion of additives [37]. The
additive materials are known to be forming self-assembled
layers [49, 50], agglomerates [51] and chemical bonding to the
surfaces through mechanochemical process [33]. As evident
from the results of the molecular dynamic simulations, the C-S
bonds in the MPTMS breaks which lead to the attachment of the
fragments to the silicon or pin surface as evidenced by the build-

(a)

Bl Oxygen
. Silicon

B Carbon
Nitrogen
| Hydrogen

up on the pin surface. The APTES on the other hand caused a
build-up, with thickness of more than 100 nm. This is likely to
be caused by the ability of APTES to form multiple layers [52]
and possible multiple configurations of interacting with the
surfaces [34]. Another mechanism is due to the breakage of the
C-N bonds, which is likely to be the case as evidenced by the
absence of Nitrogen in the EDS analysis of the silicon surfaces
and molecular dynamic simulations. The difference in the ability
of the two materials to build up a thin or thicker film is likely
due to the structure of the two polymers. Also structure and
steric hindrances [53, 54] can cause different surface coverage
and deposition. The variation in the adhesion over each sample
as well as with each other can be attributed to the composition
[55], contact mechanism [56, 57] and deformation [58] of the
films. The variations are evident from Figs. 4, 8 and 9, across all
samples. For example, the chemical composition on the samples
vary with respect to each other as shown in Table 2. Similarly,
the topographic changes in Fig. 8 suggests variation in the tip
sample contact area over the sample. Moreover, the deformation
analysis suggests that the adhesion is higher on the deformable
surfaces, as evident from the deformation of the OTMS in Fig. 9.
It is also relevant to mention that during the sliding
process wear of the surface occurs inevitably. Therefore, wear
and surface morphological changes occurred since there is an

b)

Fig. 11 Schematic of the molecular modeling of APTES. (a) Schematic of molecular arrangements
before loading (b) Snapshot of the molecular system after applying 1 GPa load on the top slab.
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Fig. 12 Radial distribution function plots of the C-O from additive and wafer, respectively (a) APTES (b) MPTMS
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induction time for the formation of tribofilm by each of the
additives. The results in Fig. 4 suggest an evident abrasive wear
on the Toluene-only sample which led to formation of micro-
cracks. Such wear is undoubtedly detrimental to the surface and
material, thus undesirable. However, the additives proved to be
effective in protecting the surfaces from further wear and also
imparted functional characteristics to the surface. This is clear
from the results, especially, the APTES, where the additives
resulted in a 3D nano-film at the interface. The morphological
changes can affect the contact mechanics, friction and adhesion
[59], however, whether the change would be positive or
negative depends on the overall MEMS system.

The results evidenced unique characteristics with reference
to the morphological changes. Such as the APTES resulted
in low adhesion and comparatively smooth surfaces. Apart
from that it resulted in the formation of a 3D film at the
sliding interface. This suggested that the APTES can be used
for manufacturing or spatially selected 3D features. Similarly,
the MPTMS resulted in relatively higher conductivity films
which suggested its potential use for selective functionalization
of MEMS surfaces. The irregular MEMS surface can affect
the contact behavior [59, 60] and therefore, it is highly
dependent on the overall system, when the MEMS parts,
surfaces and interfaces are interacting with each other. The
electrical conductivity analysis suggests comparatively higher
conductivity of the samples such as APTES, ZDDP and MPTMS.
While the effect of removal of the thin oxide layer on the silicon
wafer, as a result of the surface wear could contribute to the
conductivity changes, it is likely that the higher conductivity
may be due to the formation conductive thin films which have
been reported previously to be forming at the sliding interfaces
in organic medium [3, 19]. Moreover, it is also suggested by
the molecular dynamic simulations that upon breakage of the
carbon-sulfur or carbon-nitrogen bonds, new C-O bonds are
formed. Therefore, it is likely that a conductive composite film
of C, Si and O is formed at the sliding interfaces.

5 Conclusion

This study reports the manufacturing of thin functional
films of ZDDP, APTES, OTMS, MPTMS and Octadecene,
added into toluene. It was found that all additives result in thin
films of varying characteristics. Such as the OTMS resulted
in soft films while the APTES resulted in thicker films. The
Toluene and Octadecene resulted in carbon rich composite
nonconductive films. However, the films of the APTES and
ZDDP had conductive patches with partial coverage. The
MPTMS on the other hand resulted in continuous conductive
films with comparatively higher surface coverage. This is
likely to be the result of the formation of conductive composite
layer at the sliding interface. The results suggested that the
constituents and structures of the additives play an important
role in the thickness and nature of the tribofilms.
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Appendix
supporting information
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Fig. A1 Surface image of APTES wear track. The X and Y profiles show the line profiles the x direction (cross-section) and y direction
(parallel to sliding). The profiles clearly suggest a film build-up of around 100 nm.
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Fig. A2 Surface image of APTES wear track obtained through AFM
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Fig. A3 SEM image of the APTES tribofilm, showing a clear build-up edge at the end of the sliding track in the lateral direction
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Fig. A4 Variable angle spectroscopic ellipsometric data curves for (a) unused silicon wafer (b) tribofilms of MPTMS and (c) ZDDP

The ellipsometry data was taken with 27 mm micro-optics installed and focused spot (elliptical) had a short axis width of 80 um. Issues
such as back reflection were eliminated through the numerical aperture of focusing optics.

The psi-delta data was fitted with a film of constant RI (wavelength invariant) and roughness. The data fit suggested a thin film of 0.8
nm for the ZDDP and 0.9 nm for the MPTMS. The fitted data of the uncoated silicon sample suggested the presence of an oxide layer,
as expected.
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