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Si-based microelectromechanical system (MEMS) devices cannot run reliably because of their poor 
tribological performance. Ultra-thin alumina (Al2O3) films are promising candidates to solve the 
tribological problems. In this study, adhesion and friction forces between a probe tip and ultra-thin 
alumina (Al2O3) films were studied by an atomic force microscope (AFM). The Al2O3 films with 
thickness of 0.8-5.0 nm were prepared on a Si (100) substrate by atomic layer deposition (ALD) using 10 

trimethyl aluminum (TMA) and water as precursors. The results show that both the adhesion and friction 
forces of the Al2O3 films are smaller than those of the Si (100) substrate. We attribute the low adhesion 
force of the Al2O3 films to their low surface energy and hydrophobic nature, and the low friction force of 
the Al2O3 films to their low adhesion force. We also calculated the adhesion force between an AFM tip 
and the samples. The theoretical adhesion force agrees well with the measured result.  15 

1. Introduction 
Nowadays, microelectromechanical system (MEMS) devices are 
commercially available in many applications, such as 
accelerometers used to trigger vehicle airbags, inkjet heads and 
micro-mirror displays.1, 2 These commercial MEMS devices have 20 

either nonmoving parts or moving parts with a restricted lateral 
motion. Therefore, tribological problems, such as adhesion, 
friction and wear, can be avoided. However, in many other 
MEMS devices, such as micro gears and motors, moving, 
touching and rubbing parts are inevitable.3, 4 Moreover, silicon 25 

(Si), commonly used to fabricate the MEMS devices, possesses a 
high friction and a low wear resistance, which makes these 
devices impracticable. If these tribological problems can be 
resolved, many exciting applications will be enabled. Various 
methods have been used for MEMS devices to reduce their 30 

friction and wear. One approach is to deposit self-assembled 
monolayers (SAMs) on the surface of MEMS devices.5-9 The 
SAMs coatings can reduce the adhesion force of the Si material 
efficiently by reducing its surface energy and increasing its 
hydrophobicity. However, the SAMs coatings do not have 35 

enough wear resistance, which limits their practical application. 
An vapor phase lubrication (VPL) method can replenish the 
protective layer during contacting and sliding.10-13 However, the 
main challenge is to package the MEMS devices to include the 
vapor feed system. Hard films, such as diamond-like carbon 40 

(DLC),14, 15 tungsten (W),16, 17 silicon carbide (SiC),18, 19 titanium 
dioxide (TiO2)20, 21 and alumina (Al2O3)22-24 can also reduce 
friction and wear of Si material, while how to coat the 
complicated structures of  MEMS devices conformally is a matter 
of concern.   45 

 Many physical vapor deposition (PVD) technologies, such as 

sputtering deposition (SP), ion beam deposition (IBD) and pulsed 
laser deposition (PLD), are line-of-sight technologies, making 
them difficult to coat high aspect ratio and shadowed structures of 
MEMS devices uniformly.25 Though chemical vapor deposition 50 

(CVD) technology has a high conformality, the temperature it 
requires during the reaction is quite high, which also limits its 
application in MEMS devices. Atomic layer deposition (ALD) is 
a branch of CVD, but the deposition temperature it requires can 
be much lower. ALD technology relies on a binary reaction in 55 

which two precursors are pulsed onto the substrate surface 
alternately, with a purge cycle between the two precursors.26 The 
self-limiting character of ALD facilitates the growth of an ultra-
thin and conformal film with an accurate thickness on a large area. 
This unique character makes the use of ALD in MEMS devices 60 

possible. 
 Al2O3 is a technologically important material due to its high 
mechanical strength and abrasive resistance.27 These properties 
make Al2O3 films attractive in MEMS devices as protective 
coatings to reduce the adhesion, friction and wear.25, 24, 28 With 65 

the continued shrinking of MEMS devices, the corresponding 
thickness of the Al2O3 films decreases. When the film thickness 
decreases to the sub-10nm scale, ALD is the best choice to grow 
such thin films with high thickness and constituent uniformity. 
However, even if ultra-thin films are conformally deposited on 70 

the MEMS devices, a question as to whether the ultra-thin films 
can provide tribological protection is still in doubt. The 
successful application of a ~4 nm DLC film in data storage 
devices has demonstrated that films in this thickness scale are 
capable to provide mechanical protection.29 As a hard coating, 75 

Al2O3 film may be an alternate to the DLC film. The knowledge 
of a critical thickness at which Al2O3 film possesses superior 
tribological behavior to Si is important to ensure normal 
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operation of the MEMS devices. 
 In this study, Al2O3 films were grown by ALD on a Si (100) 
substrate at temperature of 200 °C. The adhesion and friction 
forces of the Al2O3 films were investigated by an atomic force 
microscope (AFM) in the ambient air. The resulting adhesion 5 

force is found to correlate with van der Waals force and capillary 
force. In addition, the friction force of the Al2O3 films correlates 
with their adhesion force. The adhesion and friction forces of the 
Al2O3 films are compared with those of the Si (100) substrate. 
The results in our study can provide much information for MEMS 10 

devices design. 

2. Experimental methods 
2.1 Film preparation 

Al2O3 films were grown on a Si (100) substrate using a 
SUNALETM R-series ALD UNIT produced by Picosun. 15 

Trimethyl aluminum (TMA, purity >99.99%) was used as Al-
precursor, and water (purity >99.99%) as O-precursor.30, 31 The 
two precursors were delivered into a reaction chamber alternately 
with a high purity nitrogen (purity >99.999%) carrier flow, and 
between the two precursor cycles, the reaction chamber was 20 

purged with the high purity nitrogen. One completed ALD cycle 
consisted of 0.1 s of TMA/N2, 3 s of N2, 0.1 s of H2O/N2, and 4 s 
of N2. Prior to film deposition, the Si (100) substrate was 
ultrasonically cleaned in acetone, absolute alcohol and deionized 
water for 10 min, respectively and then immersed into dilute 25 

hydrofluoric acid (HF) solution (HF: H2O =1:100) for 30 s to 
remove the native oxide. During deposition, a dry pump was used 
to keep the base pressure of the reaction chamber ~600 Pa. 8-50 
ALD cycles were completed at substrate temperature of 200 °C in 
order to obtain ultra-thin Al2O3 films with thickness below 10 nm.  30 

2.2 Film characterization 

The thickness of the Al2O3 films was measured by a null-
ellipsometry (Multiskop, Optrel). The wavelength of the incident 
laser was 632.8 nm, and the incident angle was 70°. The resulting 
raw data were fitted by the Elli software (Optrel) using a three 35 

layer model (air/film/substrate).  
 To make clear whether the ultra-thin Al2O3 films were uniform 
and continuous, cross-sectional images of the films were obtained 
by a high resolution transmission electron microcopy (HRTEM, 
JEOL JEM 2010) operated at 200 kV. Samples for cross-sectional 40 

TEM observation were prepared by forming a sandwich structure 
with epoxy followed by mechanical polishing and then Ar ion 
milling. To distinguish the amorphous Al2O3 films from epoxy 
easily, a ~100 nm crystalline zinc oxide (ZnO) film was deposited 
by ALD on the Al2O3 films. The detailed process of ZnO film 45 

deposition can be seen in our previous study.32 
 The surface morphology of the Al2O3 films was measured by a 
NanoScope ШA atomic force microscope (AFM, Veeco) in a 
tapping mode using a PPP-NCHR-20 probe (NanoSensors) with a 
spring constant of ~42 N/m and resonant frequency ~300 KHz. 50 

The root-mean-square (RMS) roughness value of the Al2O3 films 
was subsequently evaluated with the Nanoscope Software 
(Veeco).  
 The wettability of the Al2O3 films was investigated by a 
homemade static contact angle analyzer. We chose two kinds of 55 

liquids: water and ethylene glycol, which are polar and nonpolar 

liquids, respectively. A drop of liquid about 10 μL was dripped 
on the surface of the films by a microsyringe. The value of 
contact angle was determined by fitting the shape of the droplet 
using the instrument software. The mean value of contact angle 60 

was calculated from at least four individual readings and the 
typical measurement error was less than 2°.  

2.3 Adhesion and friction forces 

The adhesion force of the Al2O3 films was measured by the AFM 
(Veeco) in a force calibration mode33 using a commercial NP-10 65 

probe (Bruker). The probe tip is made of Si3N4. The Si3N4 tip has 
a large hardness and thus cannot be worn easily. In addition, 
Si3N4 has similar mechanical properties to Al2O3. Therefore, 
Si3N4 was used to replace Al2O3 to model Al2O3 against Al2O3 in 
MEMS devices. The normal spring constant of the AFM probe 70 

calibrated using the thermal noise method was 0.61 N/m, and the 
radius of the AFM tip measured by a TGT01 (NT-MDT) grating 
was ~50 nm (as detailed in the Supplementary Information). All 
experiments were made at a temperature of 26 ± 0.5 °C and a 
relative humidity of 55 ± 5%. Firstly, a 4 × 4 μm2 topography 75 

image of the Al2O3 films was acquired in a contact mode. Once 
the scanner stopped, force–distance curves were obtained at 16 
different locations. The adhesion force was measured directly 
from the force curves.  
 The friction force of the Al2O3 films was measured by the 80 

AFM (Veeco) in a contact mode using the same probe as that in 
the adhesion experiment. In addition, the experimental 
temperature and relative humidity are the same to those of the 
adhesion experiment. The AFM tip scanned on the Al2O3 films in 
a direction orthogonal to the cantilever, resulting in a torsion, 85 

which corresponded to the friction force between the AFM tip 
and the Al2O3 films. The scanning area was 1 × 0.1 μm2, and the 
scan speed was 3 μm/s. The normal load exerted on the Al2O3 
films was controlled by adjusting the deflection of the cantilever. 
Because the raw friction force was in the unit of volt (V), 90 

calibration of the AFM probe should be conducted to convert the 
unit to Newton (N). The wedge calibration method was used in 
our experiment,35, 36 and the calibration specimen was a TGF11 
grating (Mikromasch) with a slope angle of 54.73°. 

3. Results and discussion 95 

3.1 Film properties 

To get ultra-thin Al2O3 films, controlling the growth rate 
precisely becomes the critical issue. In theory, the ALD technique 
can ensure the precise thickness control at the angstrom (Å) or 
monolayer level.37 Therefore, the ultra-thin Al2O3 films in our 100 

study was prepared by ALD. The film thickness was controlled 
by adjusting the number of ALD cycles. Figure 1 shows the 
Al2O3 film thickness as a function of ALD cycles. Each value in 
the figure is an average of 6 points measured by the ellipsometer 
at different locations of the films. The film thicknesses increase 105 

linearly with the number of ALD cycles. The dash line is least 
squares fit of the thickness value, whose slope gives a growth rate 
of 0.098 nm/cycle, which agrees well with previously reported 
0.09 nm/cycle.38, 39  
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Figure 1. Al2O3 film thicknesses as a function of the number of ALD 

cycles. 

 High resolution cross-sectional TEM image was used to 
observe the continuity of the Al2O3 films. Figure 2 (a) and (b) 5 

show the TEM images of the Al2O3 films deposited at 8 and 20 
ALD cycles, respectively. The crystalline regions in the images 
are the Si (100) substrate and the ZnO film. Between the 
crystalline regions, thin Al2O3 films can be found. It should be 
noted that the Al2O3 films are primarily amorphous. In Figure 2 10 

(a), no obvious SiO2 native oxide layer is visible because the Si 
(100) substrate was treated by the HF solution. The film thickness 
is measured to be 1.0 nm, which is slightly larger than that 
obtained by the ellipsometer. The difference in film thickness 
may result from tilt of TEM sample. The 1.0 nm Al2O3 film is not 15 

dense and continuous, as shown in Figure 2 (a). When the 
number of ALD cycles increases to 20, the thickness of Al2O3 
film reaches 2.0 nm, and the film becomes dense and continuous, 
as shown in Figure 2 (b). For the 2.0 nm Al2O3 film, the Si (100) 
substrate was not pretreated by the HF solution, and thus an 20 

interfacial layer of 1.2 nm is visible between the Al2O3 film and 
the Si (100) substrate. 

 

 
Figure 2. High resolution cross-sectional TEM images of the Al2O3 films 25 

deposited at 8 (a) and 20 (b) ALD cycles, respectively.  

 Figure 3 shows the RMS roughness of the Al2O3 films with 
various film thicknesses, and the inset is the three-dimensional 
(3D) AFM image of the 2.0 nm thick Al2O3 film. It can be seen 
that the RMS roughness of the Al2O3 films changes little with the 30 

increase of film thickness. The RMS roughness values are ~0.5 
nm, which is slightly larger than 0.35 nm of the Si (100) substrate. 
Because the surfaces of the Al2O3 films are atomically smooth, 
the influence of surface roughness on adhesion40-43 and friction 
can be ignored.   35 
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Figure 3. The RMS roughness of the Al2O3 films as a function of film 

thickness; the inset is the 3D AFM image of the 2.0 nm thick Al2O3 film. 

 The wetting ability of the Al2O3 films was studied by the static 
contact angle measurement. Figure 4 (a) shows the contact angles 5 

of water on the Al2O3 films with various thicknesses. The contact 
angle of the Al2O3 films is about 100° and almost constant for 
various thicknesses, which is much larger than 50.3 ± 0.6° of the 
Si (100) substrate and 23.0 ± 0.5° of the Si3N4 tip.44 Because the 
contact angle of the Al2O3 films is larger than 90°, the surfaces of 10 

films are hydrophobic. The hydrophobic property of the Al2O3 
films may be attributed to the residual TMA precursor in the 
Al2O3 films.45 Due to the hydrophobic nature of the Al2O3 films, 
the capillary force component of the adhesion force can be 
significantly reduced, which will be discussed below.  15 

 The contact angles of ethylene glycol on the Al2O3 films are 
also shown in Figure 4 (a), with values of about 75°. From the 
contact angles of the two liquids, the polar ( p

Sγ ) and nonpolar 
( d

Sγ ) components and the total surface energy ( Sγ ) of the Al2O3 
films can be calculated according to the Owens and Wendt 20 

approach:46 

d p
S S Sγ γ γ= +    (1) 

d p
L L Lγ γ γ= +   (2) 

( )(1 cos ) 2 d d p p
L S L S Lγ θ γ γ γ γ+ = +  (3) 

where Lγ  is the surface tension of liquids, d
Lγ  and p

Lγ  refer the 25 

non-polar and polar components of the surface tension of liquids, 
and θ is the contact angle of liquids. The surface tensions of water 
and ethylene glycol are listed in the Table 1, and the calculated 
surface energy and its components of the Al2O3 films are shown 
in Figure 4 (b). It can be seen that the surface energies of the 30 

Al2O3 films are in the range of 21.6-24.6 mJ/m2, which are 
smaller than 44.8 mJ/m2 of the Si (100) substrate (Table 1) and 
48.3 mJ/m2 of the Si3N4 tip (Table 1).44 The variation in surface 
energy can be assigned to small differences in the contact angle.  

 35 

 
Figure 4. (a) The contact angles of water and ethylene glycol on the Al2O3 

films with various thicknesses. The upper and lower insets show water 
droplet and ethylene glycol droplet on the 3.0 nm thick Al2O3 film, 

respectively. (b) The surface energy and its components of the Al2O3 40 

films as a function of film thickness.  

Table 1. Surface energy and its components for the liquids used in contact 
angle experiment, the Si (100) substrate and the Si3N4 tip  

 dγ (mN/m) pγ (mN/m) totalγ (mN/m) 

Water 21.8 51.0 72.8 
Ethylene glycol 29.0 19.0 48.0 

Si (100)a 36.5 8.3 44.8 
Si3N4 (tip)a 38.0 10.3 48.3 

aFrom ref 44. The polar ( pγ ) component was calculated by 

+ -=2pγ γ γ  45 

3.2 Adhesion force 

When two surfaces come into contact, adhesion between them 
occurs. At the nanoscale, the adhesion force can be equivalent to 
the actuation force, and thus should be especially concerned. The 
adhesion force was measured by the AFM with the NP-10 probe. 50 

Figure 5 (a) shows the adhesion forces between the AFM tip and 
the Al2O3 films with various thicknesses. For comparison, the 
adhesion force of the Si (100) substrate is plotted in Figure 5 (b). 
It can be seen that the adhesion force of the Al2O3 films varies 

Page 4 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

slightly with film thickness. The variation of the adhesion force 
can be attributed to various factors, such as the variation of 
nanoscale surface roughness,40 surface energy and contact angle. 
Moreover, the adhesion forces of the Al2O3 films are much lower 
than that of the Si (100) substrate. This means that the Al2O3 5 

films can be used as protective coatings to reduce the adhesion 
force of Si material.  

 

 
Figure 5. (a) The adhesion forces between the NP-10 probe and the Al2O3 10 

films with various thicknesses. The green dashed line is the experimental 
result, and the red dashed line is the calculated result. (b) The 

experimental (red bar) adhesion force of the Si (100) substrate. The other 
three bars denote the calculated (green bar) adhesion force and its van der 

Waals component (blue bar) and capillary component (cyan bar).  15 

 As mentioned above, the surfaces of the Al2O3 films are 
atomically smooth. For the contact between a spherical tip and a 
smooth surface in the humidity environment, as shown in Figure 
6, the adhesion force is given by  

12
3 2 2
2a tip tip W

k

DF R W R c
r

π π γ
 

= + − 
 

 (4) 20 

with 

1 2cos cos
2

c θ θ+
=   (5) 

where Rtip is the radius of the sphere, W12 is the work of adhesion 
per unit contact area, γW is the surface tension of the water, θ1 is 

the contact angle of water on the sample surface, θ2 is the contact 25 

angle of water on the tip surface, D (approximately 0.3 nm) is the 
minimum separation between the tip and the sample, and rk is the 
equilibrium radius of the meniscus. The first term in Equation (4) 
is a contribution from the van der Waals force, and the second 
term is a contribution from the capillary force. It should be noted 30 

that a water film can hardly condense on a hydrophobic 
surface.47-49 Accordingly, the capillary force can be neglected for 
the hydrophobic Al2O3 films.  

 
Figure 6. Schematic illustration of a spherical AFM tip contacting with a 35 

smooth surface. 

 The work of adhesion between two solids is related to their 
surface energy values by the following equation:50 

( ) ( )1/2 1/2d d
12 1 2 1 2=2 p pW γ γ γ γ +  

 (6) 

 Using the surface energy presented in Figure 4 (b) and Table 1, 40 

the work of adhesion between the Al2O3 films and the AFM tip is 
calculated, as shown in Figure 7.  
 The equilibrium radius of the meniscus is calculated by:51, 52 

0ln( / )
W m

k
V

r
RT P P

γ
= −   (7) 

where Vm is the molar volume of water, R is the molar gas 45 

constant, T is the temperature, P is the vapor pressure, and P0 is 
the saturated vapor pressure. It should be noted that P/P0 is the 
relative humidity (RH). For T=300 K and RH=55%, the 
equilibrium radius rk=2.1 nm.  
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Figure 7. Work of adhesion between the Al2O3 films and the AFM tip.  

  The red dashed line presented in Figure 5 (a) is the adhesion 
force of the Al2O3 films calculated using Equation (4). Because 
of the hydrophobic nature of the Al2O3 films, the capillary force 5 

component is neglected, and only the van der Waals force 
component contributes to the adhesion force. The calculated 
adhesion force agrees well with the experimental results. From 
Figure 7, we can see that the work of adhesion between the Al2O3 
films and the AFM tip does not vary greatly with film thickness. 10 

Therefore, the adhesion force does not vary greatly with film 
thickness.  
 It should be mentioned that the adhesion force in Figure 5 (a) 
is between the Si3N4 tip and the Al2O3 films. In order to model 
the real condition in MEMS devices, the adhesion between Al2O3 15 

film and Al2O3 film should be measured. Because Al2O3 film and 
Si3N4 have different surface chemical properties, such as contact 
angle and surface energy, the adhesion force between Si3N4 tip 
and Al2O3 film differs with that between Al2O3 and Al2O3 film. 
Due to the hydrophilic nature and the large surface energy of 20 

Si3N4, the adhesion force between Si3N4 tip and Al2O3 film is 
larger than that between Al2O3 and Al2O3 film. However, as 
mentioned above, the adhesion force can be calculated by the 
equations in this paper, and the calculated adhesion force is 
consistent well with the measured value. Therefore, to get the 25 

adhesion force between Al2O3 and Al2O3 film, we just need to 
replace the parameter of Si3N4 with that of Al2O3.  
 The green bar in Figure 5 (b) is calculated adhesion force 
between the Si (100) substrate and the AFM tip. The calculated 
adhesion force also agrees well with the experimental results. For 30 

the hydrophilic Si (100) substrate, the capillary force cannot be 
neglected, and not only that, the value of capillary force is 32.4 
nN, larger than 21.9 nN of van der Waals force. Because of the 
large surface energy of the Si (100) substrate, the van der Waals 
force between the AFM tip and the Si (100) substrate is larger 35 

than that between the Al2O3 films, which is ~15 nN. Because both 
the van der Waals and capillary force components of the Si (100) 
substrate is larger than that of the Al2O3 films, the total adhesion 
force of the Si (100) substrate is larger correspondingly.  

3.3 Friction force 40 

After the adhesion experiment, the friction experiment was made 
by the AFM using the same probe. By adjusting the deflection of 

cantilever, the normal loads in the range of 66-203 nN were 
exerted on samples. Figure 8 (a) shows the friction force of the 
Al2O3 films as a function of normal load, and Figure 8 (b) is the 45 

friction force of the Si (100) substrate. It can be seen that the 
friction force increases with normal load for all the samples and 
that for a fixed normal load the friction force seems to vary with 
similar trend to the adhesion force: the 3.0 nm thick Al2O3 film 
possesses the smallest adhesion force and the smallest friction 50 

force, while the 1.1 and 5.0 nm thick Al2O3 films possesses large 
adhesion force and large friction force. This means that the 
friction force of the Al2O3 films is dominated by the adhesion 
force.  
 The friction force of the Si (100) substrate is also dominated 55 

by the adhesion force. Because the Si (100) substrate possesses a 
much larger adhesion force than that of the Al2O3 films, the 
friction force of the Si (100) substrate is larger than that of the 
Al2O3 films correspondingly. The small friction force of the 
Al2O3 films makes it possible to reduce friction force of Si-based 60 

MEMS devices.  

 

 
Figure 8. (a) The friction force of the Al2O3 films as a function of normal 

load. (b) The friction force of the Si (100) substrate as a function of 65 

normal load. 

Conclusions 
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We have measured adhesion and friction forces between an AFM 
tip and ultra-thin Al2O3 films (with thickness in the range of 1.1-
5.0 nm) prepared by atomic layer deposition. The adhesion 
measurement shows that the adhesion force of the Al2O3 films 
varies slightly with film thickness. The slight variation of the 5 

adhesion force is likely to be attributed to the variation of 
nanoscale surface roughness, surface energy and contact angle. 
Moreover, the adhesion forces of the Al2O3 films are much lower 
than that of the Si (100) substrate due to their hydrophobic nature. 
The measured adhesion force agrees well with the theoretical 10 

result. For the hydrophobic Al2O3 films, the capillary force 
component of the adhesion force can be neglected, and only the 
van der Waals force component contributes to the adhesion force, 
while for the Si (100) substrate, both the van der Waals and 
capillary force components contribute to the adhesion force.  15 

  The friction force between the AFM tip and the Al2O3 films 
was studied as a function of normal load. For a fixed normal load, 
the friction force varies with similar trend to the adhesion force, 
which demonstrates that friction force is dominated by the 
adhesion force. The friction force of the Al2O3 films is smaller 20 

than that of the Si (100) substrate due to the smaller adhesion 
force.  
 Our studies demonstrate that Al2O3 films with thickness in the 
sub-5 nm scale can effectively reduce the adhesion and friction 
forces of the Si (100) substrate, which indicates that the ultra-thin 25 

Al2O3 films are capable of being used as protecting coatings in 
Si-based MEMS devices to solve their tribological problems. 
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