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Abstract Alkanethiols with different chain length, com-

position and structure were grafted onto the surface of

3-mercaptopropyl trimethoxy silane (MPTS)–Ag dual-

layer film consisting of Ag outerlayer and MPTS under-

layer, thereby generating self-assembled trilayer films with

‘‘sandwich’’ structure on Si substrate. As-prepared films

were characterized by atomic force microscopy and X-ray

photoelectron spectroscopy. Moreover, the tribological

behavior of as-prepared films was evaluated with an atomic

force microscope and a ball-on-plate tribometer as well. It

was found that as-prepared MPTS–Ag–C12 (C12 refer to

12 carbon chain of alkyl mercaptan; the same hereafter)

film possesses excellent friction-reducing and antiwear

properties. Particularly, MPTS–Ag–C8F (C8F refers to

perfluorooctanethiol) film with lower interfacial energy

exhibits a longer antiwear life than MPTS–Ag–C8 film.

Keywords Self-assembly � Ag nanoparticles �
‘‘Sandwich’’ structure � Tribological properties

1 Introduction

Tribological properties in nano- and microscales between

two sliding solid surfaces have drawn much attention as

they significantly affect the performance of microdevices

such as microelectromechanical systems (denoted as

MEMS) and nanoelectromechanical systems (denoted as

NEMS) [1, 2]. Besides, they can provide crucial informa-

tion for understanding fundamental mechanism and origin

of friction and wear [3, 4]. It is usually expected that sur-

faces and interfaces with low adhesion and friction can

alleviate adhesion and friction issues at small scales [3].

Since friction and wear in the boundary lubrication con-

ditions are governed by the properties of the solid surfaces

and boundary lubricant films other than bulk viscosity [5],

the design of surfaces and interfaces with low adhesion and

friction is increasingly attracting attention and playing

important role in the development of MEMS/NEMS [2–4].

In order to resolve the friction-related problems, tribol-

ogists have resorted to a variety of surface modification

techniques to mitigate forces such as friction and adhesion

in MEMS [5]. Under such conditions, self-assembled

monolayers (denoted as SAMs) as ideal molecular lubri-

cants for MEMS have attracted much attention in past

years [5, 6], owing to their properties such as thermody-

namic stability, formation of close packed structures,

hydrophobicity and strong bonding (chemisorption) to the

substrates [5, 7]. In addition, extensive discussions have

appeared in the literature addressing the details of friction

at the molecular level, especially with regard to deter-

mining the relationship between adhesion and friction [8].

Although SAMs could significantly reduce friction and

wear on surfaces under low loads with minimal contact,

these single-layer films are generally insufficient for miti-

gating wear under high loads and continuous shearing, due

to rapid breakdown under high pressures. Strategies

beyond simple, single-component SAMs are thus necessary

to meet the needs of contact lubrication in MEMS and

other devices [9]. Ma et al. [10] proposed multicomponent-

based SAMs composed of self-assembled films paired with

weakly bound molecules as mobile lubricants to replenish

the lubricant coating when the SAMs fail for MEMS

lubrication. To improve the load carrying abilities of the

film, Song [11] and Ou [12] separately constructed bilayer
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and trilayer organic films on silicon wafer. Furthermore,

graphene oxide was also introduced in self-assembled films

to design trilayer films which possess good friction-

reducing and antiwear properties because of its intrinsic

structure [13–15].

Metal Ag is soft and malleable, and it is a traditional

solid lubricating material. In recent years, with the devel-

opment of nanotechnology, Ag nanoparticles as a solid

lubricating material have received intensive attention,

because they are cost-effective (compared with gold) and

stable in air (compared with copper and nickel) and exhibit

excellent friction-reducing and antiwear abilities in films

[16, 17], composite materials [18] and as lubricant addi-

tives as well [19].

In the previous studies, we found that sandwich-like

self-assembled n-octanethiol film containing silver nano-

particles exhibits attractive friction-reducing and antiwear

properties, because of its peculiar sandwich-like structure.

In particular, its outmost molecular chain with significant

freedom of swing allows rearrangement along the sliding

direction under shear stress, thereby eventually resulting in

a smaller resistance and lower friction values during sliding

[20]. In the present research, alkanethiols with different

chain length, composition and structure were grafted onto

the surface of 3-mercaptopropyl trimethoxy silane

(MPTS)–Ag dual-layer film composed of Ag outerlayer

and MPTS underlayer to form trilayer films with ‘‘sand-

wich’’ structure on Si substrate. This paper reports the

tribological behavior of as-prepared films as well as the

effects of the alkyl chain length and molecular structure on

the tribological behavior of the films.

2 Experiment Section

2.1 Materials

A single-crystal silicon wafer (1 0 0) which was polished

on one side was used as substrate for preparing self-

assembled trilayer films with ‘‘sandwich’’ structure. Ana-

lytical grade reagents n-octanethiol, n-dodecanethiol, n-

hexadecanethiol and MPTS were provided by Alfa Aesar

China (Tianjin, China) Company Ltd 1H,1H,2H,2H-per-

fluorooctanethiol was obtained form Aldrich, and analyti-

cally pure silver nitrate and polyvinyl pyrrolidone (denoted

as PVP) were supplied by Tianjin Kermel Chemical

Reagent Company Ltd and BASF (Germany), respectively.

All other chemicals used in chemical manipulations are of

reagent grade. All the reagents were used without further

purification.

Deionized water ([18 MXcm, Millipore Milli-Q) was

used for preparation of all aqueous solutions and for rinsing

as well.

2.2 Synthesis and Characterization of Ag

Nanoparticles

Ag nanoparticles were prepared according to the literature [20],

and their structure was characterized with a JEM-2010 trans-

mission electron microscope (TEM; accelerating voltage:

200 kV) and a dynamic light scattering (DLS) system. Briefly,

0.1359 g of PVP and 40 mL of deionized water were placed in

a 250-mL flask which was equipped with a magnetic stirrer.

Resultant mixed solution was stirred and heated to 70 �C.

Then, a solution of AgNO3 (0.4077 g) in deionized water

(30 mL) and 5 mL of ethanol were sequentially added into the

flask and allowed to react at 70 �C for 2 h before cooling down

to room temperature. When the reaction solution turns from

colorless to light orange, silver nanoparticles were produced.

2.3 Preparation of Ag-Containing Self-Assembled

Trilayers

Silicon substrates (1 0 0) were first immersed in Piranha

solution (98 % H2SO4: 30 % H2O2 = 7: 3 v/v) at 90 �C for

30 min to generate hydroxyl radicals on the surfaces, fol-

lowed by a thorough rinsing in deionized water and drying

with flowing N2 to obtain a fresh and clean surface. The

pretreated silicon wafers were subsequently immersed in a

10 mM MPTS solution in isopropanol–water (5:1 v/v) for

15 h. Then, the wafers were taken out and cleaned with

isopropanol and deionized water, followed by drying with

flowing N2 affording film sample denoted as MPTS SAM.

The MPTS SAM-modified silicon substrates were put

into a freshly prepared solution of 10 mM Ag nanoparticles

and kept for 4 h. After being removed from the Ag nano-

particles solution, the samples were rinsed in deionized

water and dried with flowing N2 to afford film sample

denoted as MPTS–Ag.

As-obtained silicon wafers with MPTS–Ag film were

immersed in 20 mmol/L n-octanethiol (or n-dodecanethiol

or n-hexadecanethiol or perfluorooctanethiol) alcohol

solution for 15 h at room temperature and then taken out

from the solution, followed by washing in alcohol and

deionized water and drying with flowing N2 to afford film

samples denoted as MPTS–Ag–Cx (x = 8, 12, 16; referring

to the carbon chain of alkanethiols) and MPTS–Ag–C8F

(C8F refers to perfluorooctanethiol). There exist strong

chemical interactions between the mercapto group and

silver metal in MPTS–Ag–Cx trilayer film. The schematic

representation of trilayer MPTS–Ag–Cx films with ‘‘sand-

wich-like’’ structure is shown in Fig. 1.

2.4 Characterization

The chemical states of the interesting elements in the self-

assembled films were determined with a multi-functional
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X-ray photoelectron spectroscope (XPS; monochromated

Al Ka radiation, power 150 W, pass energy 40 eV). XPS

analysis was conducted at a chamber pressure of

*3 9 10-8 torr, and the binding energy of contaminated

carbon (C1 s: 284.8 eV) was used as a reference.

The surface morphologies of different samples were

observed with an SPA400 atomic force microscope (AFM,

Seiko Inc., Japan) in tapping mode while commercial sil-

icon microcantilever probes were used. The tip radius and

spring constant are \50 nm and 2.0 N/m, respectively.

The static contact angles of deionized water on various

film samples were measured with a DropMaster 300 solid/

liquid interface analyzer (Kyowa Interface Science, Japan).

The average values of at least five repeat measurements for

each sample were obtained.

2.5 Evaluation of Macro- and Micro-Tribological

Behaviors of Various Films

The micro-friction and adhesion of the self-assembled tri-

layer films were evaluated also using the SPA400 AFM,

which was carried out in a contact mode (scan distance 2 lm,

scan angle 90�, scan rate 1.2 Hz, normal force 20 nN).

Commercially available Al-coated V-shaped Si3N4 cantile-

ver and a Si3N4 tip thereon with a radius of\20 nm and a

spring constant of 2.0 N/m were used for the measurements.

The output voltages were directly used as the relative friction

forces. Friction force loops were obtained from at least five

separate locations on each sample surface. Force–distance

measurements with the AFM were used to measure the

adhesion force between the film surfaces and the AFM probe

tip. For all measurements, the same cantilever was used, and

no attempt was made to calibrate the torsional force constant.

All the tests were conducted at a room temperature of 25 �C

and a relative humidity of 50 %.

The macro-tribological behavior of the self-assembled

films was evaluated using a UMT-2 tribometer (CETR) in a

ball-on-plate contact configuration. Commercially available

440C stainless steel ball (4 mm in diameter) was used as the

stationary upper counterpart, whereas the lower tested

sample was mounted onto the flat base and driven to slide

reciprocatively at a distance of 5 mm. Friction was measured

at an applied normal load of 0.5 N and a sliding speed of

300 mm/min. The friction coefficient versus sliding time

curves were recorded automatically. At least five repeat

measurements were performed for each frictional pair. The

failure of the self-assembled films is assumed to occur when

the friction coefficient rises sharply to a high and stable value

similar to that of a clean silicon against the same counterpart

(about 0.65), and the sliding time at this point is recorded as

the antiwear life of the tested self-assembled trilayer films.

All the friction and wear tests were performed at room

temperature and in ambient air.

The surface morphology of the wear tracks of the films

were observed with a Nova NanoSEM 450 field emission

scanning electron microscope (FESEM).

3 Results and Discussion

3.1 Characterization of Ag Nanoparticles

The typical TEM image of as-synthesized Ag nanoparticles

is shown in Fig. 2a. It can be seen that Ag nanoparticles are

of uniform spherical shape and have a narrow size distri-

bution (most of the particles have an average size of about

3–5 nm), while they tend to be free of agglomeration. The

size distribution of Ag nanoparticles determined by DLS is

shown in Fig. 2b. As-synthesized Ag nanoparticles have a

mean particle diameter of 7.5 nm and show nearly normal

size distribution. The size of Ag nanoparticles determined

by DLS is much larger than that estimated from TEM

image, mainly because DLS measurements take the

hydrodynamic radius of the organic surface-capping agent

around the nanoparticles into account [21].

3.2 Characterization of Films

Figure 3 shows the XPS spectra acquired from the MPTS–

Ag–C8 and MPTS–Ag–C8F coated silicon substrates. In

Fig. 3a, there are two peaks symmetrically centered at

368.5 eV and 374.4 eV corresponding to Ag3d5/2 and

Ag3d3/2, respectively. The spin energy separation is about

6.0 eV, indicating that the silver species deposited in the

film MPTS–Ag–C8 are in form of metallic nature [22]. The

S2p signal in the spectrum for the modified silicon sub-

strate can qualitatively account for the existence of MPTS

or alkanethiols on silicon surface. The S2p peak is sym-

metric and centered around 163.8 eV, which indicates that

MPTS or alkanethiols films have been successfully

Fig. 1 Schematic representation for the preparation of trilayer self-

assembled films with ‘‘sandwich-like’’ structure on silicon wafer
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obtained in our work, as shown in Fig. 3b. Except for

MPTS–Ag–C8F, other films have the same XPS results as

MPTS–Ag–C8. As to MPTS–Ag–C8F, it adds a peak of F

1s, namely the F 1s peak at 689.0 eV (Fig. 3c) demon-

strates that Ag nanoparticles-doped MPTS SAMs have

been successfully modified by perfluorooctanethiol.

As we know, AFM is an increasingly popular technique

to assess film roughness and morphology. Figure 4 shows

typical tapping-mode three-dimensional AFM images of

MPTS–Ag–Cx (x = 8, 12 and 16; the same hereafter) and

MPTS–Ag–C8F. As shown in Fig. 4a, c, d, the MPTS–Ag–

Cx films are compact and have similar morphology, and

they have a small size distribution as well. Besides, MPTS–

Ag–Cx films are packed closely and have few defects,

which is of great importance for the protection of the

underlying surface. Furthermore, they are homogenous and

relatively smooth (their root mean surface roughness,

abbreviated as RMS, over a scan range of 5 lm 9 5 lm is

1.80 nm (x = 8), 1.05 nm (x = 12) and 1.57 nm (x = 16),

respectively. Moreover, the surface of the MPTS–Ag–C8F

film is rougher and looser than that of MPTS–Ag–C8 film,

and the former has a bigger particle size and a broader size

distribution as well than the latter (the RMS roughness of

MPTS–Ag–C8F film is increased to 3.77 nm (Fig. 4b).

Water contact angle (abbreviated as WCA) measure-

ment is simple, useful and sensitive for gaining insight into

surface chemical components. As depicted in Table 1, the

WCA of MPTS–Ag–Cx is about 45�, and it undergoes

insignificant change with increasing alkyl chain length of

alkanethiols. It means that the chain length of alkanethiols

does not significantly affect the surface energy of MPTS–

Ag–Cx films. However, the WCA increases to 109.5� when

perfluorooctanethiol is capped on the surface of MPTS–Ag

films. Such a significant change in the WCA of MPTS–Ag–

C8F film indicates that the modification of MPTS–Ag films

by perfluorooctanethiol in our work is successful, thereby

leading to the reduction of the surface energy [23].

3.3 Tribological Behavior

3.3.1 Micro-Tribological Behavior

The micro-tribological behavior of the self-assembled films

was evaluated with an AFM at a normal load of 20 nN. A

representative plot of the friction forces (FL; expressed as

voltage signals) versus the lateral displacement of MPTS–

Ag–C12 is shown in Fig. 5. The upper and lower curves

indicate the trace and retrace friction force profiles,

respectively. The fluctuation of the profile seems to be

attributed to the roughness of the MPTS–Ag–C12-coated

Si substrate [24]. As shown in Fig. 5, the MPTS–Ag–C12

has a friction force of about 800 mV. The micro-friction

forces of various film samples under the same applied load

are also summarized in Table 1. The friction force loops at

a distance of 2.0 lm were obtained from different regions.

From Table 1, it can be seen that the friction force of the

MPTS–Ag–Cx films tends to decrease with the increase of

carbon backbone chain length up to 12 carbon atoms

(x = 12), namely MPTS–Ag–C12 shows a lower friction

force than MPTS–Ag–C8, which is possibly attributed to

the different packing density of dodecanethiol molecules.

In other words, as the carbon backbone chain length rises

up to 12 carbon atoms, the intermolecular interactions are

enhanced, and the dodecanethiol molecules are packed

more densely, thereby decreasing the energy dissipation

during sliding and finally resulting in a lower friction force

[25]. Furthermore, we speculate that the longer molecule

chain (x = 12) exhibits more flexibility than the shorter

molecule chain (x = 8), which also contributes to reducing

friction force. Similar relationship between the chain

length and friction force of SAMs is also reported else-

where [26]. However, MPTS–Ag–C16 with longer hydro-

carbon chain shows a slightly higher friction force than

MPTS–Ag–C12 with a relatively shorter hydrocarbon

chain. This can be explained in terms of the rigidity of
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SAM. When the room temperature is lower than 18 �C, the

hydrocarbon chain of dodecanethiol is expected to be in a

fluid-like state, whereas that of hexadecanethiol is in a

frozen state because of the stronger lateral cohesion among

chains. The fluid-like chains are more compliant and thus

give a smaller resistance to shear [24]. In addition, MPTS–

Ag–C8F exhibits better antiwear ability than MPTS–Ag–

C8. The reason lies in that the backbone structure of per-

fluorinated carbon chains is harder to rotate (due to the

different sizes of F atom vs. H atom) than common carbon

chains. In other words, the molecular structure of C8F is

more rigid than that of C8 [27], since the C–C bond

strength increases when hydrogen is replaced with fluorine

[28]. Therefore, the rigid perfluorinated carbon backbone

may be responsible for the increased antiwear ability of

MPTS–Ag–C8F film.

Adhesion force was measured from the force–distance

curve recorded with AFM [23]. Figure 6 shows the force–

distance curve recorded from MPTS–Ag–C12 film. The tip

initially experiences an attractive force when it gradually

approaches to the sample. As the tip further approaches to

the sample, the normal force eventually turns repulsive and

results in an upward cantilever deflection as a small normal

force is applied to the sample surface. Then, the cantilever

begins to retract. The tip goes beyond the zero deflection

(flat) line, due to adhesion forces. The magnitude of the

cantilever deflection equals to the adhesion force. Finally,

the cantilever snaps back and shows zero deflection, and

this point is also called the ‘‘pull off’’ point at which the

cantilever pulls off from the sample and the adhesion force

is thus called the ‘‘pull off’’ force. The adhesion forces of

the other self-assembled trilayer films were also measured

by AFM, and relevant measured adhesion forces are sum-

marized in Table 1. The adhesion force of MPTS–Ag–C12

film is about 1.2 lN, and it is higher than those of the other

two MPTS–Ag–Cx (x = 8 and 16) films. Furthermore,

MPTS–Ag–C8F shows a lower adhesion value of about

0.6 lN than MPTS–Ag–C8 (1.0 lN) owing to its lower

interfacial energy indicated by its higher water contact

angle (109.5�). It is well known that the adhesion force

arises from various attractive forces such as capillary,

electrostatic, van der Waals and chemical bonding. Among

these forces, the capillary force produced by condensation

of adsorbed water or lubricant is the strongest, thus the

contribution of capillary force to the adhesion force should

be significant [29, 30]. When the surface is hydrophilic,

meniscus will be easily formed by adsorbing water mole-

cules in air, causing a higher adhesion force [31]. With

increasing alkyl chain length of alkanethiols, the WCA of

relevant self-assembled films undergoes few changes,

which implies that the contribution of capillary force to the

adhesion force should be almost the same. Furthermore, the

self-assembled film of short-chain molecule has small van

der Waals force, so MPTS–Ag–C8 film is inferior to

MPTS–Ag–C12 film in terms of the adhesion force [32].

Moreover, the molecule structure of C16 in MPTS–Ag–

C16 film is the most rigid among the three kinds of carbon

chains under investigation, and hence MPTS–Ag–C16 film

exhibits very low adhesion force.

3.3.2 Macro-Tribological Behavior

The macro-tribological behaviors of the self-assembled

trilayer films were evaluated with a ball-on-plate UMT-2

tribometer at a normal load of 0.5 N and an invariable

sliding speed of 300 mm/min, and the results are presented

in Fig. 7. MPTS–Ag–C8 film has an antiwear life of
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32,000 s. MPTS–Ag–C12 film shows an antiwear life of

above 40,000 s, while MPTS–Ag–C16 film under the same

condition exhibits an antiwear life of only 17,000 s. On one

hand, with the increase in alkyl chain length of MPTS–Ag–

Cx (x = 8, 12), the intermolecular force rises, and the

orderliness and compactness of the self-assembled films

increase, thereby resulting in a long antiwear life [9]. On

the other hand, reduction in friction coefficients caused by

increasing the chain length may be attributed to the

increased lateral cohesive interactions between the adsor-

bed molecules [33]. These cohesive forces arise from

intermolecular chain dispersion forces, which depend on

the number of methylene groups on the adsorbed mole-

cules. Therefore, surface films containing longer chain

length molecules would be more resistant to disruption by

the higher temperatures and pressures at the asperity con-

tacts. Hence, the antiwear life would be longer. As indi-

cated by previous reports, a long chain molecule tends to

form a densely packed monolayer with less surface defects.

We speculate that it was the longer molecule chain with

more flexibility that was responsible for lower friction

coefficient [34]. Interestingly, corresponding to relevant

AFM data shown in Fig. 6, as the carbon number of outer

chain length increases from 12 to 16, the antiwear life of

MPTS–Ag–C16 film decreases, which agreed with what

Fig. 4 Three-dimensional AFM images of a MPTS–Ag–C8, b MPTS–Ag–C8F, c MPTS–Ag–C12 and d MPTS–Ag–C16

Table 1 Characterization of

self-assemble films
Test sample RMS

(nm)

Water contact angle

(degree)

Adhesion

(lN)

Micro-friction

(mV)

MPTS–Ag–C8 1.80 44.7 1.0 1,034

MPTS–Ag–C8F 3.77 109.5 0.6 616

MPTS–Ag–C12 1.05 49.8 1.2 794

MPTS–Ag–C16 1.57 42.7 0.8 887

Fig. 5 Frictional curves of MPTS–Ag–C12 film
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was reported elsewhere [25]. Such a phenomenon could be

explained as follows. As the carbon chain length increases

to 16 at a room temperature of lower than 18 �C, hexa-

decanethiol molecule is in a frozen state, which could

readily cause microstructure defect and increase the energy

dissipation during sliding. As a result, antiwear life

decreases as chain length increases to 16. In addition,

MPTS–Ag–C8F film exhibits a longer antiwear life than

MPTS–Ag–C8 film, because improving surface hydro-

phobicity can reduce water adsorption, and hence reduce

meniscus-mediated adhesion and friction forces between

contacting surfaces [35]. In other words, since the MPTS–

Ag–C8F film with a stronger hydrophobicity has a lower

surface energy, as evidenced by the contact angle mea-

surement, it should have a lower adhesion force to the steel

ball than MPTS–Ag–C8 film, thus it exhibits lower friction

coefficient and longer antiwear life [36].

3.3.3 SEM Analysis of Wear Tracks

To understand the effect of alkyl chain length of alkylthiols

and molecular structure on the tribological behavior of self-

assembled films, we observed the worn surfaces of MPTS–

Ag–Cx films and MPTS–Ag–C8F film with SEM. Figure 8

shows the representative SEM images of the wear tracks

tested at a normal load of 0.5 N and a sliding speed of

300 mm/min. The worn surface of MPTS–Ag–C8 film

sliding against the stainless steel ball for 22,000 s shows

signs of severe plastic deformation and contains numerous

wear debris (Fig. 8a), which corresponds to its high friction

coefficient and short antiwear life. The wear track of

MPTS–Ag–C8F film shows signs of mild scuffing and mild

plastic deformation as well (Fig. 8b), corresponding to its

good friction-reducing and antiwear abilities. The wear

track of MPTS–Ag–C12 film (even after sliding against the

stainless steel ball for 45,000 s) is narrower than that of

MPTS–Ag–C8 film (Fig. 8c) and shows signs of slight

plastic deformation, which corresponds to its lower friction

coefficient and longer antiwear life. As to MPTS–Ag–C16

film, its wear track is larger and contains some grooves in

association with obvious signs of adhesion (Fig. 8d),

though the sliding time is reduced to 17,000 s. Due to the

adhesion, the sliding between the film surface and the steel

surface is transferred to that between the film and its

transferred film on the counterpart surface as such an

adhesion-transfer proceeds. Besides, there is some rodlike

wear debris in the wear track of MPTS–Ag–C16 film,

which may also correspond to its increased friction coef-

ficient and decreased antiwear life as compared with

MPTS–Ag–C12 film. The SEM results are consistent with

the tribological behavior of the films, indicating that

MPTS–Ag–C12 film with a moderate alkyl chain length

may find promising applications in reducing friction and

wear of MEMS and NEMS.

Fig. 6 Force–distance curves

of MPTS–Ag–C12 film
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4 Conclusions

Alkanethiols with different chain length were grafted onto

the surface of Ag nanoparticle-doped 3-mercaptopropyl

trimethoxy silane film to afford alkyl mercaptan/MPTS–

Ag self-assembled trilayer films with ‘‘sandwich’’ struc-

ture on Si substrates. As-prepared trilayer SAMs exhibit

superior friction-reducing and antiwear abilities and can

act as effective lubricants to protect Si substrates.

Although as-prepared self-assembled trilayer films with

different carbon chain lengths show few differences in

morphology, their tribological behavior varies signifi-

cantly with varying carbon chain length of alkanethiols,

due to varying intramolecular forces as well as molecular

rigidity therewith. Particularly, MPTS–Ag–C12 film pos-

sesses excellent friction-reducing and antiwear abilities

among various tested SAMs, showing promising potential

as a low-friction and antiwear coating for MEMS or

NEMS.
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