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a b s t r a c t

The performance of micro- and nano-electromechanical systems (M/NEMS) depends on the surface and
interface properties of the substrate, such as chemical composition, roughness, friction, adhesion, and
wear. In order to solve these problems and improve the performance of M/NEMS, molecularly thin
films of room temperature ionic liquid (RTIL)-1,3-di(2-hydroxyethyl)imidazolium hexafluorophosphate
which has two terminal hydroxyl groups were prepared on silicon substrate. Thermal stability of the
RTIL was evaluated using thermogravimetric analysis in a nitrogen atmosphere. A multi-functional X-
ray photoelectron spectrometer was used to investigate the chemical compositions of the films. The
morphology, nano-friction and nano-adhesion properties of RTIL films with different heat treatmentco

m.cn

TIL
eat treatment
FM

were experimentally investigated at nanoscale using atomic force microscopy/friction force microscopy.
The wear-resistant property was tested on a ball-on-plate microtribometer. The results revealed that
the micro/nano-friction and adhesion properties of RTIL films were significantly improved with appro-
priate heat treatment. The corresponding friction reduction and anti-adhesion mechanisms of the
tested ultra-thin RTIL films under tested condition were proposed based on the experimental obser-
vations. For the micro/nano-friction, bonding ratio of the lubricant film had great effect on the RTIL’sm.
performance.

. Introduction

With the appearance of micro/nanostructures and increas-
ng demand for miniaturization of moving components in
ano-technological devices, such as magnetic storage devices
nd micro/nano-electromechanical systems (M/NEMS), tribolog-
cal properties at nanoscale between two sliding surfaces have
ttracted much attention as they significantly affect the perfor-
ance and reliability of microdevices [1,2]. The surfaces between
/NEMS are generally separated by a few nanometers [3,4], accord-

ngly, adhesion, friction and stiction at nanoscale become critical
nd can be detrimental to the efficiency, power output and relia-
ility of M/NEMS devices [5,6].

An ultra-thin organic film as a boundary lubricant is very
mportant to many modern technologies including magnetic stor-

www.sp
ge devices and M/NEMS [2,7]. Perfluoropolyethers (PFPEs) have
een commonly used as lubricating films in M/NEMS and mag-
etic disk drive industry to reduce the friction and wear of
he interface [8–10] because they have many unique properties
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such as very low vapor pressure, good chemical and thermal
stability, low surface tension and high contact angle. However,
PFPEs are catalytically degraded by strong nucleophilic agents
and strong electropositive metals, which together with the high
cost of PFPEs, limit their application in some fields [11–13].
Therefore, the development of new alternatives to PFPEs is
essential.

Room temperature ionic liquids (RTILs) have awakened big
interest due to their unique chemical and physical properties, such
as negligible vapor pressures, non-flammability, high thermal
stability, low melting point, broad liquid range, and a highly
solvating capacity for both polar and nonpolar compounds. Their
strong electrostatic bonding compared to covalently bonded fluids
leads to very desirable lubrication properties [6]. Thus they are
considered as lubricants for M/NEMS. So far, only macroscale
friction and wear tests have been conducted on these materials.
Ye et al. investigated the tribological behaviors of two kinds of
alkylimidazolium RTILs, and found them promising versatile lubri-

cants for many frictional pairs such as steel/steel, steel/aluminum,
steel/copper, steel/silicon, steel/sialon ceramics in the macroscale
[14]. Liu and co-workers have performed laboratory tribological
tests on other alkylimidazolium base RTILs and proved them
superior to traditional lubricants – such as X-1P, PFPE, and ZDDP

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:lpwang@licp.cas.cn
dx.doi.org/10.1016/j.colsurfa.2010.03.018
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in terms of friction reduction, anti-wear performance and
oad-carrying capacity [15–19].

Adhesion and friction properties at the micro/nanoscale are dif-
erent from the macroscale [20]. Recently, extensive laboratory
tudies have been conducted to examine the nano-tribological
roperties of RTILs applied as ultra-thin film (about 2 nm) on
polished silicon or DLC surface, which is considered to be

rucial to understand how these novel films can efficiently lubri-
ate M/NEMS devices [21–24]. Our group carried out earlier
esearch on micro/nano-tribological properties of ultra-thin RTILs
lms and have investigated effect of the anion and cation on
he nano-tribological properties of several kinds of RTILs nano-
lms [22,25–29]. However, the influence of heat treatment on
icro/nano-tribological behavior of RTIL films directly deposited

n silicon surface has not been examined yet. This work presents
systematic study of the micro/nano-tribological behaviors of

TIL focused on heat treatment effects. It is aimed to acquire
nsights into their potential in resolving the tribological problems
f M/NEMS. 1,3-di(2-hydroxyethyl)imidazolium hexafluorophos-
hate was carefully chosen due to two beneficial effects of the
nique properties of both cation and anion. Firstly, the RTIL-
ation possesses two OH-groups. Therefore, RTIL binds to the
ydroxylated silicon surface via the condensation reaction of the

unctional OH-groups of the RTIL-cation with hydroxylated sili-
on surface. Secondly, the RTIL anion hexafluorophosphate (PF6-)
as showed better micro/nano-tribological performance than other
nions [22,25–27]. In this work, the lubricant adsorbed onto sili-
on after the solvent rinsing process, which is termed as bonding
ubricant.

. Experimental details

.1. Materials

P-doped single side polished single-crystal silicon (1 0 0) wafers
obtained from GRINM Semiconductor Materials Co. Ltd., Bei-
ing) with a surface roughness of about 0.2 nm and a thickness
f 0.5 mm were used as the substrate. Functionalized RTIL: 1,3-
i(2-hydroxyethyl)imidazolium hexafluorophosphate, marked as

L-OH, was synthesized using the similar procedures as described
n Refs. [30,31]. All other reagents were of analytical grade and used
s received without any further purification. The chemical structure
f the RTIL used in this study is given in Fig. 1.

.2. Preparation of RTIL films

All glass vials used in this experiment were cleaned by thor-
ughly rinsing with deionized (DI) water and acetone and then
ried at 100 ◦C in an oven. Cleaned silicon wafers were immersed in
freshly prepared Piranha solution (volume ratio of 7:3 mixture of
8% H2SO4 and 30% H2O2) at 90 ◦C for 40 min to produce hydroxylwww.sp
roups on the surfaces, and this kind of silicon was abbreviated as
i-OH. Then the substrates were rinsed with DI water and blown
ry with nitrogen flow. Solutions of IL-OH were prepared in ace-
one at different concentrations ranges from 0.2 to 1.0 mg/mL. The
ilicon wafer was slowly dipped into a tank containing the solu-

Fig. 1. Chemical structure of the IL-OH molecule.
Fig. 2. Plots of film thickness as function of IL-OH solution concentration at a pull-off
velocity of 60 �m/s.

tion and then withdrawn from it with a velocity of 60 �m/s after
being immersed in the solution for 2 min. Si wafer was allowed to
dry in air in a clean room prior to the following measurements.
As shown in Fig. 2, the thickness of the films is in proportion to
the concentration of the solution. According to this relationship,
it is easy to prepare RTIL films with a certain thickness. In order
to compare the nano-tribological properties of RTIL with different
heat treatment, the thickness of all the films we made in this arti-
cle is about 2 nm. Consequently, the final RTIL concentration used
for the required film thickness of 2 nm is 0.9 mg/mL. Then the RTIL
films were heated at 60 and 120 ◦C for 1 h, respectively, which were
designated as IL-OH-60 and IL-OH-120. At last, some of IL-OH-120
films were rinsed and washed ultrasonically with excess acetone
(twice) to remove excess and physisorbed IL-OH molecules. This
kind of film was designated as IL-OH-120-clean.

2.3. Characterization of films

An L116-E ellipsometer (Gaertner, USA) equipped with a He–Ne
laser (� = 632.8 nm) at a fixed incidence angle of 50◦ was used to
measure the film thickness. The thickness was recorded at an accu-
racy of ±0.3 nm from 10 locations on each sample.

A PHI-5702 muti-functional X-ray photoelectron spectrometer
(XPS), was applied for the determination of the chemical composi-
tions and structures of the surfaces coated with RTIL. As parameters,
a pass energy of 29.35 eV, Mg-K� (h = 1253.6 eV) radiation for exci-
tation and a take off angle of 36◦ were used. Chamber pressure was
about 3 × 10−8 Torr. The binding energy of contaminating carbon
of C1s at 284.8 eV was used as the reference.

2.4. Measurement of nano-friction and nano-adhesion
characteristics

AFM/FFM is widely used in nanotribology and nanomechanics
studies. In this study, surface morphologies and nano-tribological
behaviors of RTIL films were characterized with an AFM/FFM con-
trolled by CSPM4000 electronics made by Benyuan, China, using the
contact mode. Commercially available triangular Si3N4 cantilever
(CSC21/Si3N4/Al BS, overall Si3N4 coating, backside Al-coated) with
a nominal spring constant of 2 N/m and a Si3N4 tip with a radius of
curvature about 10 nm was employed.

.co
m.cn
To study frictional properties of the surfaces, a variation of tor-
sion deflections (a friction loop) were detected according to the
well established protocol [32,33]. 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 differ-
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N1s at 400.2 eV (d), P2p at 134.7 eV (e), were observed obviously.
As shown in Fig. 6b, there are two peaks arising from C1s XPS spec-
trum. The first peak at 284.6 eV is assigned to the CH2 group in
IL-OH, while the second peak at 286.7 eV might originate from the
C atoms bonded to the N atoms (C*–N) [35]. All these indicate that

m

Fig. 3. AFM topography of the Si3N4 ball surface.

nce in the lateral deflection or friction signal between back and
orth motions is proportional to the friction force. Friction forces
ere continuously measured with various external loads. The load
as increased linearly in each successive scan line ranging from 12

o 180 nN automatically controlled by computer software. Scan-
ing for the friction force measurement was performed at rate of
Hz along the scan axis and a scan size of 1 �m × 1 �m. The scan
xis was perpendicular to the longitudinal direction of the can-
ilever. The sets of data were displayed graphically in a friction
mage.

For the comparison to be valid, the same cantilever/tip was used
uring the experiment unless specified otherwise. Furthermore, to
void the influence of molecules which may transfer to the tip dur-
ng the AFM/FFM experiment, the tip was scanned on a cleaved

ica surface to remove these physically adsorbed molecules. Each
resented curve represents an average over at least 10 different
easurements. All the experiments were performed at a relative

umidity level of 30–40% at room temperature.
AFM has been also used extensively to measure adhesive forces

etween surfaces at the nanoscale. The adhesive force (F) which is
lso called pull-off force was calculated by F = KcZp [9,34], where Kc

s the force constant of cantilever and Zp is the maximum vertical
isplacement of the piezotube.

.5. Micro-friction and wear study

The microtribology and anti-wear properties of all these RTIL
lms were evaluated using a UMT-2MT microtribometer operat-

ng in the reciprocating mode. A Si3N4 ball of 3.18 mm in diameter
as selected as the counterpart. Fig. 3 shows the surface morphol-

gy of the Si3N4 ball used in this study. The root-mean-square
RMS) roughness of the ball was estimated to be about 28.6 nm.
he Si3N4 ball was fixed in a stationary holder sustained by a beam
nd the samples were then mounted on a reciprocating table. The
all moved horizontally with respect to the sample surface with
sliding frequency of 1 Hz and a stroke of 5 mm. Applied nor-
al loads used were between 60 and 200 mN and the change

n the friction coefficient was monitored versus sliding time or
ycles. The initiation of wear on the sample surface leads to an
ncrease in the friction coefficient, and a sharp increase was inter-
reted to indicate film failure. The friction coefficient and sliding
imes were recorded automatically by a computer, and at least

www.sp
hree repeated measurements were performed. A schematic illus-
ration of the microtribometer is shown in Fig. 4. All the tests
ere conducted at room temperature and at a relative humidity of

0–40%.
Fig. 4. Schematic illustration of pin-on-plate microtribometer.

3. Results and discussion

3.1. Thermal behavior IL-OH

Thermal stability of IL-OH was examined by thermogravimet-
ric analysis (TGA) between 20 and 800 ◦C, a constant heating rate
of 10◦/min and high-purity nitrogen purge was used for all the
measurements. As shown in Fig. 5, IL-OH showed little weight loss
below 200 ◦C, which corresponds to the extremely low vapor pres-
sures of RTIL and hence meets the demand of high performance
lubricant. Further, it is observed that thermal degradation of IL-
OH starts at 200 ◦C and is completed at 400 ◦C. IL-OH showed good
performance in terms of thermal stability which was nearly com-
parable to Zdol.

3.2. Composition and morphology

The X-ray photoelectron spectroscopy data of surfaces were
used to characterize the chemical states of some typical elements in
prepared films. The changes in elemental composition can show if
the reagents were deposited on the wafer surfaces. Fig. 6 depicts the
XPS scan survey spectra of RTIL films with different heat treatment
and some characteristic elements spectra. These spectra show the
characteristic elements of IL-OH, in particular: F1s at 685.1 eV (c),

.co
m.cn
Fig. 5. TGA curve of IL-OH.
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Fig. 6. XPS spectra of (a) IL-OH films with different heat treat

TIL were coated successfully on the silicon surface. Meanwhile, it
ppears that heat treatment leads to bonding of the RTIL with Si–OH
urface because some coating is left after washing with acetone
6]. This is confirmed by the spectra of IL-OH-120-clean. We can
ee that all the characteristic elements appear in the spectra. It is
lso observed that from IL-OH, IL-OH-60, IL-OH-120 to IL-OH-120-
lean, the peak height of elements of F1s, N1s, and C1s increases
n the sequence, but the one of Si2p, O1s decrease, the detail infor-

ation was shown in Table 1. It implies that RTIL films with heat
reatment become denser on the silicon surface.

AFM morphological images of IL-OH (a, b), IL-OH-60 (c, d), IL-
H-120 (e, f) and IL-OH-120-clean (g, h) films are presented in Fig. 7.
s seen from Fig. 7a and b, the IL-OH film generated on the silicon
urface at room temperature is not quite uniform and continuous
lm. There are some aggregates on the silicon surface. But after
eat treatment and rinsed in acetone, IL-OH-120-clean film (Fig. 7g
nd h) becomes smooth on the silicon surface. IL-OH molecules
istributed as small droplet in nanometer scale evenly on the sil-

con surface. A careful comparison of the morphologies found for
TIL films with different heat treatment suggests that the number
f aggregates on the silicon surface decreased with the increase
f heat temperature and after cleaning. This phenomenon seems
o correspond to the amount of the mobile fraction of RTIL films
here a reduction of mobile fraction can be supposed due to heat

reatment and cleaning.

ww.sp
.3. Adhesive force measurements under ambient conditions

Pull-off forces were measured by AFM/FFM to determine adhe-
ive forces. Fig. 8 summarizes the adhesive forces measured on the

able 1
he elemental composition (atom%) of RTIL films with different heat treatment.

Peak/Sample IL-OH IL-OH-60 IL-OH-120 IL-OH-120-clean

F1s 20.6 27.9 32.8 36.1
O1s 33.4 24.2 20.5 17.8
N1s 3.6 5.4 6.0 6.8
C1s 13.9 19.4 21.7 23.7
P2p 0.9 1.6 2.4 3.0
Si2p 27.6 21.5 16.6 12.7

w

; (b) IL-OH-C1s; (c) IL-OH-F1s; (d) IL-OH-N1s; (e) IL-OH-P2p.

RTIL films with different heat treatment, Si (1 0 0) data are pro-
vided for comparison. As shown in Fig. 8, IL-OH-120-clean showed
the smallest adhesive force, whereas Si–OH exhibited the biggest
adhesive force. The adhesive force decreased in the sequence of
Si–OH, IL-OH, IL-OH-60, and IL-OH-120, to IL-OH-120-clean. In
other words, the adhesive force has been observed to increase in the
following order: fully bonded < partially bonded < untreated. Hence
the adhesive force is related to the molecular packing density of the
film formed on the silicon surface. In this particular case it is related
to the heat treatment.

It is well known that, disordered and hydrophilic lubricant films
are easily formed a meniscus by themselves or the adsorbed water
molecules, resulting in higher adhesive force. In turn, hydrophobic
and ordered lubricant films show low adhesion [36,37]. Another
factor which affects the adhesion property is: the mobile fraction
on the untreated sample IL-OH is easily forming a meniscus, which
increases the tip–sample adhesion. RTIL films without being heat
treated or treated at 60 ◦C might not form densely packed, highly
uniform, and fully bonded film, water is adsorbed easily to the film
surface from the environment, hence show bigger adhesive force.
Conversely, the sample with no mobile lubricant fraction available
(fully bonded) has the lowest adhesive force [23,24]. After heat
treatment, IL-OH tends to form densely packed, more uniform, and
fully bonded films, accordingly, surface with no mobile fraction
IL-OH-120-clean (fully bonded) has the smallest adhesive force.
In summary, according to the results reported in Section 3.4, the
nano-adhesion properties of the film is closely related to the bond-
ing fraction of the molecules on the silicon surface, which caused
by the heat treatment.

3.4. Nano-tribological properties

To investigate the nano-friction properties of RTIL films with
different heat treatment, the friction force versus normal load
curves were measured by AFM/FFM at various normal loads and

.co
m.
are depicted in Fig. 9. It is observed from Fig. 9 that all the films
which contain IL-OH exhibit lower friction values compared to the
uncoated silicon. The nano-friction force increases from IL-OH-60,
IL-OH-120, IL-OH, IL-OH-120-clean, to Si–OH. IL-OH-60 has the
lowest friction values and IL-OH-120-clean has the largest fric-
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Fig. 7. 2D and 3D AFM images of (a, b) film of IL-OH; (c, d) film IL-OH-60; (
ion values among the RTIL films but still significantly lower than
i–OH.

The difference in nano-friction can be attributed to the differ-
nt bonding fraction of RTIL which caused by heat treatment. The
eat treatment effect observed in the present investigation agrees
lm IL-OH-120; (g, h) film IL-OH-120-clean with the same Z-scale (0–3 nm).
with the published literature [23]. RTIL binds to the hydroxylated
silicon surface via the condensation reaction of the functional OH-
groups of the RTIL-cation with hydroxylated silicon surface which
is shown in Fig. 10. At room temperature, the bonding fraction
between IL-OH and substrate is very little. The interaction between
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Fig. 8. Adhesion force curves of Si, IL-OH, IL-OH-60, IL-OH-120, IL-OH-120-clean
films.
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ig. 9. Plots of nano-friction force versus applied loads for Si, IL-OH, IL-OH-60, IL-
H-120, IL-OH-120-clean films at a frequency of 1 Hz. p
he lubricant and the substrate is weak, there is no (almost no)
onded RTIL causing direct contact between tip and silicon surface,

eading to higher friction values. So friction values for the untreated
amples (IL-OH) are larger than the data for the heat treated coat-

Fig. 10. Schematic diagram of IL-OH film formation.

www.s
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ings. After heated at 60 ◦C for 1 h, IL-OH molecule binds stronger
to silicon, bonding and mobile fraction reach a suitable degree. The
mobile lubricant fraction present in the partially bonded samples
facilitates sliding of the tip on the surface; it can rotate with the
tip sliding direction easily. Accordingly, IL-OH-60 shows the low-
est nano-friction force. Compared to IL-OH-60, IL-OH-120 heated
at 120 ◦C for 1 h, bonding fraction reaches the highest point and
mobile fraction reach the lowest point, hence, IL-OH-120 shows
higher nano-friction. After sonicated in acetone for 20 min, IL-OH-
120-clean nearly has no mobile fraction, so it shows the largest
nano-friction force among the tested RTIL films. On the other hand,
the film becomes more close packed with heat treatment, this can
be confirmed by 2D and 3D AFM morphologies and the increasing
of peak intensity (F1s, N1s and C1s) in XPS spectra. Briefly, with
suitable heat treatment, bonding fraction and mobile fraction will
reach an optimal proportion, leading to lower adhesion force and
nano-friction force.

3.5. Micro-friction and wear properties

The wear-resistance ability of RTIL is very important for their
potential use as a lubricant layer. The wear-resistance prop-
erty of the films mentioned above was tested on a ball-on-plate
microtribometer. Fig. 11a–d shows the plot of friction coeffi-
cients with sliding time of IL-OH RTIL films with different heat
treatment.

For IL-OH film, as shown in Fig. 11a, the average friction coef-
ficient was about 0.11 at the normal load of 60 mN. When the
normal load was increased to 100 mN, the average friction coeffi-
cient decreased to about 0.1 and remained stable even after sliding
for 3600 s. When the normal load was increased to 150 mN, the
average friction coefficient increased sharply to 0.6 just after sliding
for 110 s, which indicated that early film failure.

As depicted in Fig. 11b, the anti-wear ability of IL-OH film was
enhanced greatly after being heated at 60 ◦C for 1 h. An average
friction coefficient of 0.13 was recorded in IL-OH-60 film, and kept
almost constant with increasing sliding time at a load of 60 mN. It
infers that IL-OH-60 Film can remain as an effective lubricant layer
for more than 3600 s at a load of 150 mN and the average friction
coefficient slightly decreased to 0.09, which was still almost stable
under all sliding time. However, when a load of 200 mN was applied,
the film was worn out after several seconds, as witnessed by the
sudden increase of the friction coefficients

Fig. 11c shows the variation of friction coefficients and dura-
bility of IL-OH-120 film on Si substrates against Si3N4 ball with
sliding cycles respectively. It can be seen that IL-OH-120 film was
recorded at an average friction coefficients about 0.2 at a load of
60 mN. With increasing normal load, durability of the RTIL films
decreased dramatically, and it failed instantly at a load of 100 mN
after sliding for 1960 s. Poor wear-resistance has been found for
IL-OH-120-clean film. In Fig. 11d, an average friction coefficient of
about 0.17 was observed in IL-OH-120-clean film at a light load
of 60mN, and the corresponding durability is only 1600 s in this
case.

Bonding fraction variations induced in RTIL films by heat treat-
ment were found to strongly influence their friction properties.
From above results, it was observed that the RTIL films with appro-
priate bonding percentages, such as IL-OH-60 exhibited lower
friction coefficient and longer durability and load-bearing capacity
than higher bonding percentages (IL-OH-120 and IL-OH-120-clean)
and unbonded films (IL-OH) in the test range of the load. The

.co
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microtribological results nicely correspond with the findings by
AFM/FFM. The enhanced friction reduction and load-carrying abil-
ity of IL-OH-60 film should rely on its intrinsic structure. The
mobile uplayer and rigid underlayer of IL-OH-60 films enhanced
the stability and load-bearing capacity of the entire film. Briefly,
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ig. 11. Variation in friction coefficient with time for RTIL films with different hea
lm IL-OH-60; (c) film IL-OH-120; (d) film IL-OH-120-clean.

he experimental observations presented here shed light on how
o design RTIL films with good frictional performances. The struc-
ure should be composed of both a rigid part to withstand load and
mobile part to reduce surface friction force.

. Conclusions

This study compares the properties of four kinds of films based
n the same RTIL, 1,3-di(2-hydroxyethyl)imidazolium hexafluo-
ophosphate but with different heat treatment including IL-OH,
L-OH-60, IL-OH-120, and IL-OH-120-clean. Surface morphologies
nd XPS results indicated that different proportions of bonded and
obile RTIL films were formed due to different heat treatment con-

ition. Adhesion and micro/nano-tribological properties of these
lms were investigated. IL-OH-60 films on silicon surface showed
xcellent friction reduction properties. Further, the mobile lubri-
ant fraction present in the partially bonded samples facilitates
liding of the tip on the surfaces; it can rotate with the tip sliding
irection easily and hence the film with higher mobile lubrica-
ion fraction exhibits the best nano-tribological performance. Heat
reatment significantly changed friction and adhesion performance
f the four kinds of films. Micro-friction data indicated that the
ual-layer structure which contains both a rigid part to carry the
pplied load and a mobile part to reorganize them into original
tate under sliding can help to improve the film quality, reduce the
riction coefficient and significantly enhance their durability and
oad-carrying capacity.
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