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A series of 1-alkyl-3-ethylcarboxylic acid imidazolium chloride ([AEImi][Cl]) ionic liquids was
synthesized and evaluated as a new kind of lubricant for microelectromechanical system (MEMS). In
this research, novel molecular thin ionic liquid ﬁlms (ILs) with various bonding percentages were
prepared with different annealing temperatures and times. Film wettability was determined by
measurement of contact angle and thickness with the ellipsometric method. The chemical composition,
structure and morphology were characterized by the means of multi-technique X-ray photoelectron
spectrometric, and atomic force microscopic analysis, respectively. The nano- and microtribological
properties of the ionic liquid ﬁlm were investigated. The morphologies of wear tracks of IL ﬁlms were
examined using a 3D non-contact proﬁlometer. The inﬂuence of chain length on friction in nano-scale,
and the effect of bonding percentage and sliding frequency on friction coefﬁcient, carry-bearing capacity
and durability in micro-scale were studied. Data are compared to the perﬂuoropolyether lubricant Z Dol.
The [AEImi][Cl] ionic liquid ﬁlms with appropriate bonding percentage exhibited comparable loadbearing capacity and durability than Z Dol 3800 at thickness level of several nanometers. Therefore, the
[AEImi][Cl] ionic liquid ﬁlm shows strong potential applications involving the lubrication and protection
of MEMS.
ß 2008 Elsevier B.V. All rights reserved.
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A R T I C L E I N F O

Perﬂuoropolyethers (PFPEs), e.g. Z Dol, have very low vapor
pressure and good stability at high temperature. Z Dol ﬁlm can
presently be coated as thin as 1–2 nm and is utilized as lubricants
in rigid magnetic disks, precision instruments and MEMS in order
to minimize friction, wear and contamination [1]. However, PFPEs
are often subjected to degradation catalyzed by strong nucleophilic
agents and strong electropositive metals [2,3], which together with
the high cost of PFPEs can limit their applications in some ﬁelds.
Thus, it is necessary to ﬁnd alternatives for PFPEs [4].
Room temperature ionic liquids (RTILs), which are made of
weakly bond anions and usually large organic cations, are a special
class of salts having a melting point below room temperature. These
ﬂuids are currently being employed as green solvents for a wide
range of applications in synthesis, catalysis, electrochemistry, and
liquid–liquid extractions [5–9]. As pointed out by Ye et al. [10], RTILs
are promising versatile lubricants for many frictional pairs such as
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steel/steel, steel/aluminum, steel/copper, steel/silicon steel/sialon
ceramics in the macro-scale [11,12]. RTILs exhibit not only excellent
friction reduction and anti-wear properties, but also low vapor
pressure, non-ﬂammability and high thermal stability [13]. However, so far only few reports have investigated the tribological
behavior of molecular thin ﬁlms of various RTILs, which is critical
for their application in MEMS, similar to their applications as
lubrication additives and lubricants in the macro-scale [14–17].
Over the past years, many molecular thin ﬁlms have been studied,
such as fatty acids, silanes, thiols, phospholipids, and polymeric
ﬁlms [18–20]. These ﬁlms can provide load supporting strength
owing to high packing density and solid-state-like properties.
However, these monolayer ﬁlms did not last long under repeated
sliding. When some of molecules are removed from the surface by
mechanical rubbing, the ﬁlms tend to fracture and break down. To
meet this dual requirement, one way is to employ a mixed molecular
system where one species will bind to the surface and another
species will be allowed to move freely on the surface [21].
Silicon has been widely used as MEMS material. High thermal
conductivity, large break down ﬁeld, and high saturation velocity
makes it an as ideal choice for high temperature, high power, and
high voltage electronic devices. In addition, its physicochemical
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stability, high melting temperature, extreme hardness make
silicon as an attractive material for fabricating sensors and actuators that are capable of performing in harsh environments, such as
high temperature, and corrosive and abrasive media. However,
from a tribological point of view, friction reduction, wear resistance and durability of this material can be further improved [22].
In this work, we designed carefully ionic liquid molecules
assembly exhibiting good mobility and strong chemical bonding at
a monolayer level. This strategy leads to the best combination of
tribological properties of RTILs, especially for lubrication, friction
control and wear protection of MEMS.
2. Experimental
Fig. 2. Schematic illustration of pin-on-plate tribometer.

2.2. Pretreatment of silicon wafers

2.3. Film preparation

m.

ww
w.
sp

m.

Silicon wafers were cleaned and hydroxylated by immersing
them in piranha solution (a mixture of 7:3 (v/v) 98% H2SO4 and 30%
H2O2) at 90 8C for 30 min to get a hydroxyl-terminated surface. The
modiﬁed Si substrates were rinsed with chloroform, isopropanol,
ethanol, and acetone in turn to remove the other physisorbed ions
and molecules. The substrates were then dried with a nitrogen
ﬂow.

The thicknesses of the ﬁlms after dip coating were measured as
1 nm by the ellipsometric method. The PFPE ﬁlms were prepared
from a solution of 0.03% (w/v) Z Dol 3800 in HFE 7100 in the same
manner, and were also determined to be 1 nm thick. All procedures
were carried out in a class-10 clean room at a humidity of 15% RH
and temperature of 20 8C.
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Polished and cleaned single-crystal silicon (1 0 0) wafers,
obtained from GRINM Semiconductor Materials Co., Ltd. Beijing,
were used as substrates for all the data presented in this work. PFPE
(formula HOCH2CF2O–(CF2–CF2O)m–(CF2O)n–CF2CH2OH, m and n
are integers, MW 3800, with the commercial name Z Dol 3800) and
HFE 7100 were purchased from Aldrich Chem. Co. and used as
received. A series of 1-alkyl-3-ethylcarboxylic acid imidazolium
chloride, [CnH2n+1[CH2COOH]Im]Cl ionic liquids (denoted as Cn[AEImi][Cl], n = 1, 4, 8) were synthesized according to reported methods
and procedures [23]. Their chemical structures are as follows:
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2.1. Materials

The solution of [AEImi][Cl] ionic liquid in ethanol with a
concentration of 0.02% (w/v) was dip-coated onto the pretreated
silicon substrates at a velocity of 60 mm/s, and dried in air for 1 h.

Fig. 1. AFM topography of the steel ball surface.

Fig. 3. XPS spectra of [AEImi][Cl] ionic liquid-coated silicon surface: (a) survey and
(b) C1s spectrum.
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2.4. Characterization of ﬁlm
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The static contact angles for ultra-pure water on the ﬁlms were
measured with a commercial CA-A type contact-angle measurement apparatus (Kyowa Scientiﬁc Co. Ltd). At least ﬁve measurements were made for each specimen and the measurement error
was below 28 in each case.
The thickness of the ﬁlms was measured on a Gaertner L116-E
ellipsometer, which was equipped with a He–Ne laser (632.8 nm)
set at an incident angle of 508. A real reﬂective index of 1.46 was set
for the silica layer and 1.30 for organic ﬁlms. The data were collected
from 10 different positions for each specimen to get the averages.
Chemical composition and structure of the surface were
examined with a PHI-5702 multi-technique X-ray photoelectron
spectrometer (XPS), using a pass energy of 29.35 eV, an excitation
source of Mg Ka radiation (hv = 1253.6 eV) and take-off angle of 368.
The chamber pressure was about 3  10 8 Torr during testing.
Peak deconvolution of elements was accomplished using the
software and sensitivity factors supplied by the manufacturer.
The binding energy of adventitious carbon (C1s: 284.8 eV) was used
as a reference.
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Fig. 4. TGA curve of [AEImi][Cl] ionic liquid.
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Fig. 5. 2D and 3D AFM images for bare Si wafer before (a and b) and after (c and d) dip-coating treatment in the [AEImi][Cl] ionic liquid solution.
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Fig. 8. Plots of friction force versus applied loads for [AEImi][Cl] IL monolayer ﬁlms
with various chain lengths.

2.5. Nano-friction measurement

2.6. Micro-friction and wear test

The nanotribological behaviors of the ﬁlms were characterized
with an AFM/FFM controlled by CSPM4000 electronics, using the
contact mode. Commercially available rectangle Si3N4 cantilevers
with a normal force constant, 0.4 N/m, a radius of less than 10 nm
and backside coated by gold (Budgetsensors Instruments Inc.)
were employed. The friction force is a lateral force exerted on a tip
during scanning and can be measured using the twist of the tip/
cantilever assembly. To obtain friction data, the tip was scanned
back and forth in the x direction in contact with sample at a
constant load while the lateral deﬂection of the lever was
measured. The differences in the lateral deﬂection or friction
signal between back and forth motions are proportional to the
friction force. Friction forces were continuously measured with
various external loads. The load was increased (or decreased)
linearly in each successive scan line and normal loads ranged
from 5 to 130 nN. Scanning for the friction force measurement was
performed at rate of 1 Hz along the scan axis and a scan size of
1 mm  1 mm. The scan axis was perpendicular to the longitudinal
direction of the cantilever. The sets of data were displayed
graphically in a friction image.

The friction and wear properties of all these ﬁlms were
evaluated using a UMT-2MT tribometer operating in the reciprocating mode. A standard AISI-52100 steel ball of 3.18 mm in
diameter was selected as the counterpart. Fig. 1 shows the surface
topography of a ball. The root-mean-square (RMS) roughness of
the ball was estimated to be about 24 nm by using AFM. After
ultrasonicated in acetone, the ball was ﬁxed in a stationary
holder sustained by a beam and the samples were then mounted
on a reciprocating table. The ball moved horizontally with respect
to the sample surface with a sliding frequency between 1 and 6 Hz
and a traveling distance of 5 mm. Applied normal loads used were
between 60 and 500 mN and the change in the friction coefﬁcient
was monitored versus sliding time or cycles. The initiation of wear
on the sample surface leads to an increase in the friction
coefﬁcient, and a sharp increase was interpreted to indicate ﬁlm
failure. The friction coefﬁcient and sliding times were recorded
automatically by a computer, and at least three repeated measurements were performed. A schematic illustration of the
tribometer is shown in Fig. 2. All the tests were conducted at
room temperature and at a relative humidity of 45%.
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Fig. 6. Plots of ﬁlm thickness as function of [AEImi][Cl] ionic liquid solution
concentration at a pull-off velocity of 60 mm/s.

Fig. 7. Bonding percentage as function of annealing time for the [AEImi][Cl] ionic
liquid ﬁlm.

Fig. 9. Plots of friction coefﬁcients versus sliding cycles for Z Dol 3800 ﬁlm on
silicon.
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Fig. 10. Plots of friction coefﬁcient of [AEImi][Cl] ionic liquid ﬁlms with various bonding percentages as function of sliding cycles against steel ball at normal loads of (a)
60 mN, (b) 100 mN, (c) 200 mN, (d) 300 mN, (e) 500 mN with a sliding velocity of 10 mm/s. (The ﬁlms bonding percentages of 0%, 15%, 60%, and 85% were denoted as B0, B15,
B60, and B85, respectively.)
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Table 1
Contact angles and thicknesses for modiﬁed silicon, Z Dol 3800 and [AEImi][Cl]
ionic liquid ﬁlm surfaces

increases with annealing time and then tends to stabilize at some
constant value.

Test samples

Water contact angle (8)

Thickness (nm)

3.3. AFM nano-friction behavior and chain length effect

SiO2/Si
Z Dol 3800 ﬁlm
[AEIm][Cl] ionic liquid ﬁlm

<5
105
64

1.8
1.0
1.0
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3.4. Micro-friction measurements and bonding percentage effect
To understand the inﬂuence of the ratio of bonding to the
mobile section on the friction in micro-scale behavior, the mixed IL
ﬁlms were compared with different ratios of bonding to mobile
section to understand the effect of different bonding percentages.
In the test, the four kinds of samples (viz. 0%, 15%, 60% and 85%
denoted as B0, B15, B60, and B85) were prepared by controlling
annealing temperatures and times.
Fig. 9 shows friction coefﬁcients as function of sliding cycles for
Z Dol 3800 on silicon substrates at various loads. The Z Dol 3800
ﬁlm on hydroxylated silicon showed better tribological performance than silicon with other pretreatment [27]; thus, Z Dol 3800
ﬁlm on hydroxylated silicon was chosen as reference for
comparing the performance of the various IL ﬁlms. As shown in
Fig. 9, the Z Dol 3800 ﬁlms exhibited an extended durability of
3600 cycles below 200 mN. When the load rose to 300 mN, the Z
Dol 3800 ﬁlms failed upon reaching at 50 sliding cycles.
Fig. 10a–e shows the friction coefﬁcients and sliding cycles of
[AEImi][Cl] ionic liquid with various bonding percentages, as
function of sliding cycles against a steel ball at normal loads
ranging between 60 and 500 mN and a sliding velocity of 10 mm/s.
Fig. 10a shows the IL ﬁlms bonding percentage of 0%, 15%, 60%, and
85% at normal load of 60 mN, an average friction coefﬁcient of 0.28,
0.22, 0.18, and 0.16 was recorded, respectively. It was observed
that the ﬁlms with higher bonding percentage exhibited a lower
friction coefﬁcient.
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Measuring contact angle is an effective way to reveal the
variation of solid surface chemical composition, especially its
wettability. The contact angles of water on the hydroxylated
silicon surface, Z Dol 3800 and [AEImi][Cl] ionic liquid ﬁlm (IL)
surfaces are listed in Table 1. The hydroxylated silicon surface was
hydrophilic and the contact angle was below 58. The measured
contact angles of the Z Dol 3800 and [AEImi][Cl] ionic liquid on
silicon surfaces were about 1058 and 648, respectively. Fig. 3a
shows the XPS survey spectrum of [AEImi][Cl] ionic liquid-coated
silicon surface. The scan survey spectrum of the ﬁlm surface
shows ﬁve elements: carbon (C1s), oxygen (O1s), silicon (Si2p),
nitrogen (N1s) and chlorine (Cl2p). As shown in Fig. 3b, there are
three peaks arising from C1s XPS spectrum. The ﬁrst peak at
284.6 eV is assigned to the CH2 group in [AEImi][Cl], while the
second peak at 286.4 eV might originate from the C atoms bonded
to the N atoms (C*–N) [24]. The third peak at 288.3 eV can be
attributed to the carboxyl C atom (O–C* O) [24]. The results
indicate that [AEImi][Cl] ionic liquid was successfully coated on
the silicon surface.
The thermal stability of [AEImi][Cl] ionic liquid and Z Dol 3800
were examined by thermogravimetric analysis (TGA) between 20
and 600 8C. As shown in Fig. 4, [AEImi][Cl] ionic liquid possess a
high decomposition temperature and low vapor loss. There is little
weight loss below 250 8C almost the same as Z Dol 3800.
Fig. 5a–d shows 2D and 3D AFM images for the bare Si
wafer before and after dip-coating treatment in the [AEImi][Cl]
ionic liquid solution. Fig. 5a and b shows that the bare Si
wafer surface is smooth and uniform with a root-mean-square
(RMS) roughness of about 0.18 nm. The 2D and 3D surface
topographies of the [AEImi][Cl] ionic liquid ﬁlm, as shown in
Fig. 5c and d, indicate that the ﬁlm was homogenously distributed on the silicon surface with the RMS roughness of about
0.12 nm.
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3.1. Characterization of ionic liquid and ﬁlms
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3. Results and discussion

The relationship between friction force and external loads for
[AEImi][Cl] ionic liquid with various alkyl chain lengths (viz. C1,
C4, C8) is shown in Fig. 8. In general, friction is reduced with
increase of chain length, and the C8[AEImi][Cl] ionic liquid exhibits
lowest friction force compared to the others. In the formation of
the bonding coatings, both the surface energy and inter-chain
interactions play important roles and determine quality of the
ﬁlms [26]. Since the [AEImi][Cl] ionic liquid with same terminal
group, the nano-friction property is determined by inter-chain
interactions.

3.2. Film thickness and bonding percentage

Fig. 6 shows the plots of ﬁlm thickness as function of
[AEImi][Cl] ionic liquid solution concentration. The data indicates
that the linear increase in ﬁlm thickness is associated with
increase of the solution concentration. According to this relationship, a desired thickness of ﬁlm was easily prepared. In our
research, the lubricant adsorbed onto silicon after the solvent
rinsing process, which is termed as bonding lubricant. The
bonding percentages of ionic liquid were measured in term of the
thickness of ionic liquid adsorbed onto silicon surface (%bonding = 100  ﬁnal ﬁlm thickness/initial ﬁlm thickness). Sinha
et al. gave a deﬁnition [25]. Fig. 7 shows the inﬂuence of annealing
time on bonding percentages with various heating temperature.
The data presented are just for after coating and annealing of ionic
liquid on silicon with different heating temperature. It can be seen
that the ionic liquid was prone to bond with silicon at heating
temperature up to 180 8C. It is observed that bonding percentages

Fig. 11. Plots of coefﬁcient of friction as function of sliding frequency for IL ﬁlm
without annealing at a normal load of 60 mN.
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Fig. 12. 3D non-contact proﬁlometer images and 2D proﬁles of the worn surfaces of [AEImi][Cl] ionic liquid and Z Dol 3800 ﬁlms after sliding against a steel ball for 3600
cycles. (a) 3D image and cross section map of scratch of the IL ﬁlm at various load and a frequency of 1 Hz (viz. velocity of 600 mm/min). (b) 3D image and cross section map of
scratch of the IL ﬁlm at 60 mN and at various frequencies. (c) 3D image and cross section map of scratch of Z Dol 3800 ﬁlm at various loads and a frequency of 1 Hz.

As shown in Fig. 10b, when the normal load rose to 100 mN, the
friction coefﬁcients of IL bonding percentages of 60% and 85% rose
sharply over 0.6 before reaching 450 and 100 cycles, respectively.
This value of the friction coefﬁcient is the same as in the case of
bare silicon sliding against steel ball counterpart, and this
indicates that these ﬁlms failed completely under the given test
conditions. At the same time, the friction coefﬁcients of IL bonding
percentages of 0% and 15% were still stable and showed a low
value under all sliding cycles, even at load of 200 and 300 mN, as
shown in Fig. 10c and d.

When the normal load rose to 500 mN, the IL bonding
percentages of 0% and 15% friction coefﬁcients abruptly increased
at 600 and 1200 cycles, respectively, as shown in Fig. 10e. This
result indicates that wear of the substrate surface occurred and
these ﬁlms failed.
Fig. 11 shows the effect of sliding frequency on coefﬁcient of
friction for IL ﬁlm without annealing at normal load of 60 mN. The
friction coefﬁcient of IL was almost stable and low below a sliding
frequency of 4 Hz. When the sliding frequency rose over 4 Hz, the
friction coefﬁcient value of IL ﬁlms sharply increased over 0.6 in
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4. Conclusions
This study has demonstrated that novel molecularly thin
carboxylic acid functionalized imidazolium ﬁlms could be
prepared on single-crystal silicon surface. The tribological properties of the [AEImi][Cl] ionic liquid ﬁlms were studied. On the basis
of the results described above, we can conclude the following:
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From a tribological point of view, the [AEImi][Cl] ionic liquid
shows strong potential as lubricant for MEMS because they have
desirable thermal and tribological properties.
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several minutes, indicating that the IL ﬁlms failed completely
under higher frequent reciprocating movement.
To further clarify the friction behavior, the worn surfaces
3D and cross-section 2D maps were examined, as shown in
Fig. 12a–c. Fig. 12a shows the worn surface of the IL ﬁlm at
various loads and a frequency of 1 Hz (viz. velocity of 10 mm/s)
after sliding against the steel ball for 3600 cycles. Fig. 12b shows
the morphologies of the worn surface of the IL ﬁlm at 60 mN and
at various frequencies after sliding against the steel ball for
3600 s. The IL ﬁlm exhibited slighter wear than Z Dol 3800
(Fig. 12c) under the same test conditions. As shown in Fig. 12a
and b, there are existed obvious evidences of IL liquid ﬂowing
back into the wear tracks. It is observed that some regions of the
wear tracks were ﬁlled with lubricant, especially at lower load
and frequencies. This result indicates that the IL had good
mobility on silicon surface.
Fig. 13 shows the XPS survey spectra of IL ﬁlms on silicon
surface before and after wear test. No obvious chemical shift was
observed after sliding tests, indicating that there was no chemical
change occurred during the friction process and the good tribological performance of the IL ﬁlm was not caused by producing of
new chemical component.
From these results, it could be observed that the IL ﬁlms with
lower bonding percentages, such as 15%, exhibited lower friction
coefﬁcient and longer durability and load-bearing capacity than
higher bonding percentages and untreated ﬁlms in the test range
of the load. This indicates that the bonding layer can provide load
supporting with high strength capabilities while adsorbing onto
the silicon surface. Form observing the worn surfaces, we can ﬁnd
some evidence of ionic liquid ﬂowing back into the wear tracks
of the ﬁlm. This result indicates that the mobility of the IL
molecules can reorganize themselves into the original state after
being mechanically disrupted under sliding, namely, the IL mobile
layer has a self-repairing property. In addition, the viscoelastic
layer between sliding pair acts as a shock absorber to reduce
the amount of impact energy transferred to the substrate, which
may allow for wear protection under higher frequent reciprocating movement.

co

Fig. 13. The XPS survey spectra of the IL ﬁlms on silicon surface before and after
wear test (BW: before wear test; AW: after wear test).

(1) [AEImi][Cl] ionic liquids with one nanometer thickness was
coated and homogeneously distributed on hydroxylated silicon
surface.
(2) The [AEImi][Cl] ionic liquids have comparable thermal
stability, friction coefﬁcient, load-bearing capability, and
durability with the commercial lubricant Z Dol.
(3) All [AEImi][Cl] ionic liquid ﬁlms exhibit stable and low friction
coefﬁcient at mild conditions of 60 mN and 1–4 Hz.
(4) [AEImi][Cl] ionic liquid ﬁlm with appropriate bonding percentages, such as 15%, exhibits highest load-bearing capacity and
longest durability.
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