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The adhesion between two parallel solid surfaces is of great interest with the rapid development of micro-nano devices and in-
struments. The adhesion forces between a flat tip with a diameter ~1.7 μm and some surface have been determined by record-
ing the force-displacement curves with an atomic force microscope (AFM). The flat tip is used to prevent wear and mimic the 
adhesion between two parallel surfaces. The free energy of the solid surface is calculated by the contact angles between the 
probe liquids and the surface. The adhesion force between parallel solid surfaces cannot be predicted by the theory of thermo-
dynamic surface free energy. The adhesion measurements were carried out under ambient conditions, in a nitrogen-filled glove 
box, under distilled water, and under potassium chloride (KCl) solution. The outcome shows that the real contact area without 
the applied load is only a small proportion of the apparent contact area. The measurement stability and repeatability of adhe-
sion by the AFM depend on the surface characterization, measurement methods and the environment. Under different envi-
ronments, there are different interactions and factors affecting the adhesion force, and the dominant interactions and factors 
may be different too. The various interactions and factors are mutually coupled to determine the final adhesion force. 
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1  Introduction 

The adhesion property between two parallel solid surfaces is 
of great interest in many scientific and industrial fields. 
With the rapid development of micro-scale/nano-scale de-
vices and instruments, this kind of adhesion becomes more 
and more important. The small-scale mechanical systems 
have high surface-area-to-volume ratios. Therefore, these 
systems are more influenced by surface effects rather than 
inertia effects. The adhesion force is the chief factor of the 
failures of micro electro mechanical systems (MEMS) in the 
manufacture and in use [1]. Meanwhile, in order to further 
the practicability and miniaturization of MEMS, it is urgent 

to develop a sophisticated understanding and control of ad-
hesion between solid-solid surfaces. 

There are two major methods to describe and predict the 
adhesion force. One is to determine the thermodynamic 
work of adhesion, while the other is to determine the mag-
nitude of the fundamental forces and sum these forces. In 
the first method, the work of adhesion is defined as the 
work required separating two surfaces from contact to infi-
nite separation. The work of adhesion is related to the sur-
face free energies of the surfaces and the media between 
them [2]. And, many methods can be used to calculate the 
free energy of the solid surface by the contact angles be-
tween probe liquids and the surface. After the contact of 
two surfaces, they are inevitably deformed due to their finite 
elasticity. There are some contact mechanics models that 
can be used to determine the adhesion force by using the 
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work of adhesion. These models include Johnson-Kendall- 
Roberts (JKR) model [3], Derjaguin-Muller-Toporov (DMT) 
model [4], Maugis-Dugdale (MD) model [5], etc. However, 
these theories only relate the work of adhesion and the ad-
hesion between a sphere and a flat surface. The appropriate 
theory used depends on the material properties, the size of 
the sphere, and the normal applied load.  

In the second method, the fundamental forces are added 
to determine the final adhesion force. At the molecular scale, 
the adhesion is extremely complex and may involve differ-
ent physical and chemical mechanisms. Different contrib-
uting mechanisms are usually formed as a whole to deter-
mine the final adhesion force. In the most general case, the 
adhesion force is a combination of the electrostatic force, 
the van der Waals (vdW) force, the capillary force and 
forces due to chemical bonds or acid-base interactions [6]. 
In some special cases, a single mechanism may also become 
the dominant factor. 

Under different conditions, the dominant factors of adhe-
sion may be different. Under ambient conditions, the capil-
lary force is always present due to capillary condensation 
and adsorption of thin water films on surfaces. This interac-
tion depends on the relative humidity and the hydrophilicity 
of the surfaces. In dry gaseous environments, the capillary 
force will disappear, and the vdW force and electrostatic 
forces may become the dominant forces. In particular, the 
electrostatic forces can be large on insulators, since the 
charge dissipation is ineffective at low humidity. Under 
distilled water, there is in general no capillary force or elec-
trostatic forces. And the significant contribution is from the 
vdW force. However, in aqueous solutions, most surfaces 
become charged due to dissociation of surfaces groups, and 
the electrostatic double layer interactions are important. The 
magnitude of double-layer force depends on electrolyte 
concentration. If the chemical end-groups are present on the 
surfaces, chemical bonds may form during contact or other 
chemical interactions may occur. In the presence of chemi-
cal bonds, forces due to chemical bonds are generally be-
lieved to dominate the adhesion force. Of course, the vdW 
forces are always present in all systems. There may be some 
other forces in the system, such as hydrophobic forces, 
structural forces, depletion forces and so on. However, these 
forces apply to very specific systems. For example, the hy-
drophobic force will only be present between two highly 
hydrophobic surfaces, and structural forces are the strongest 
between highly idealized surfaces [7].  

Not only exist many adhesion mechanisms, but also var-
ious parameters can influence adhesion. These parameters 
include surface roughness, hydrophilicity, temperature, hu-
midity, etc. Roughness has a significant effect on adhesion. 
Surface roughness decreases the actual contact area. As a 
consequence, the adhesion is reduced. The efficiency of the 
decrease in real contact area for the reduction of adhesion 
has been investigated in detail by a lot of researchers. And 
attempts to find a critical surface roughness to obtain the 

minimum of adhesion have also been reported [8, 9]. Gen-
erally, the impact of relative humidity on adhesion is re-
flected through the capillary force and vdW force [10]. 
When the relative humidity is below 10%, the adhesion re-
mains unchanged, and is mainly contributed by the vdW 
interaction. With increasing humidity, the adhesion force 
then increases and remains constant due to capillary forces 
and the vdW forces. The adhesion force then decreases at 
very high relative humidity. 

In order to reduce and control the adhesion force, meas-
uring the adhesion force is required in advance. There are 
many apparatuses to measure adhesion at the microscopic 
scale, such as surface force apparatus (SFA), interfacial 
force microscope (IFM), atomic force microscopy (AFM), 
and so on. Among them, the AFM has been widely used for  
adhesion force measurement. It provides a simple and ac-
curate way to determine adhesion force with high spatial 
resolution. It is possible to measure adhesion force between 
any types of surfaces in any environment. The adhesion 
force can also be correlated with topography measurements. 
And the AFM is less subject to contamination than other 
methods. The adhesion force between the tip and sample is 
determined by recording a force-displacement curve. The 
force-displacement curve is obtained by monitoring the de-
flection of a cantilever as the tip approaches and retracts 
from the sample. First measurements of adhesion forces by 
the AFM were performed by Martin et al. [11] and Erland-
son et al. [12]. So far, the measurement technology of the 
AFM has been fully developed and widely used to measure 
a variety of surface forces in surface science, materials en-
gineering, biotechnology, medicine, and so on [13–18]. 

To measure the adhesion force by the AFM, the tip shape 
is always known beforehand. In general, the traditional 
probe tip has a parabolic shape with an end radius varying 
from 10 to 100 nm. In many situations, the asperities have 
geometries that may be better described by a power-law 
function, instead of having paraboloidal shapes [19]. A se-
rious disadvantage of sharp tips in measuring adhesion is 
the wear of the tips [20]. Sharp tips wear easily, resulting in 
the variation of the contact area between the tip and sample. 
If the real area of contact is not well defined, then quantifi-
cation of the adhesion force will become difficult. The 
shortcoming can be overcomed by the introduction of col-
loid probe technique [21]. A spherical particle can be at-
tached to the end of a cantilever. The accessible range of 
particle size is typically limited to a range between 1 and 50 
μm. This kind of probe has become a well-established tool 
for studying adhesion due to its defined geometric shape 
and wear resistance.  

A probe tip with a large and flat cylindrical end can not 
only overcome the shortcoming, but also be used to mimic a 
flat surface. However, this kind of tip has only been used in 
a few experiments to study the adhesion forces. By using a 
tip having a flat, square surface measuring 0.7 μm × 0.7 μm, 
Ando [22] measured the adhesion forces between the tip 
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and the hemispherical asperity arrays on Si produced by 
focused ion beam. In a subsequent publication, Ando [23] 
studied the adhesion forces between a Ni tip with a 0.1 μm2 
flat area and a flat Si substrate. Ferreira et al. [24] used a 
flat probe tip to measure the adhesion force. The results 
showed that the combination of materials characteristics, 
testing geometry and experimental protocol (contact time, 
contact force and contact area) have a great influence on the 
adhesion force. Colak et al. [25] used a flat tip with a diam-
eter of 2 μm to measure the adhesion forces between the tip 
and a smooth and chemically etched Si (1 0 0) surface. 

In this paper, the adhesion forces between two parallel 
solid surfaces will be determined by recording force-   
displacement curves with the AFM. A flat tip will be used 
to measure the adhesion forces of six different samples un-
der four different environments. The free energy of the 
sample surfaces are calculated by the contact angles be-
tween the probe liquids and the surfaces. We will also study 
the influence of numerous measurements, the normal ap-
plied load and the contact time on the adhesion force at a 
single location. In order to obtain mean adhesion forces and 
the distribution, a number of locations will be selected to 
record adhesion forces in a scanning area. The mean adhe-
sion forces and the distributions will be investigated to ana-
lyze the affecting factors under different conditions. The 
results of this paper can provide a reference to the design 
and manufacture of micro-nano devices and instruments. 

2  Experimental methods 

2.1  Samples preparation 

There are 6 samples used in the experiments. Sample 1 
(polished Si) is an N-type polished silicon wafer of (100) 
orientation. The thickness of it is 400±10 μm, and the resis-
tivity is 5–10 Ω cm. The sample is cleaned by the hydroflu-
oric acid (HF) to remove the natural oxide layer on the 
sample. Sample 2 (oxidized Si) is covered with a silicon 
dioxide film by thermal growth method from the polished Si. 
The thickness of the oxide layer is 500±20 nm. Sample 
3(etched Si) is obtained from the polished Si by the aniso-
tropic etching method. The etchant used is the mixture of 
the potassium hydroxide (KOH, 25% mass fraction) and 
isopropanol. The silicon is oxidized to yield a silicon com-
pound, and the silicon compound reacts with the isopropa-
nol to form a soluble silicon complex. The reaction mecha-
nism is as follows: 

 2KOH H O K 2OH H        (1) 

  2

2 26
Si 2OH 4H O Si OH 2H

      (2) 

   2 2

3 2 3 7 6 26
Si OH 6(CH ) CHOH Si(OC H ) 6H O

 
    (3) 

Sample 4 (grooved Si) is grinded from the polished Si by a 

grinding wheel with diamond particles [26]. Samples 5 and 
6 are sapphire (Al2O3) and quartz (SiO2), respectively. Be-
fore the experiments, all the samples were ultrasonically 
cleaned in an alcohol solution for 15 minutes, and then ul-
trasonically cleaned in the distilled water for 15 minutes. 

2.2  Atomic force microscope and measurement method 

The experiments were performed by using an atomic force 
microscope of beam deflection type (AFM, Being Nano- 
Instruments CSPM-4000, China). The microscope was op-
erated under distilled water (temperature 28±1°C), under  
1 mol/L potassium chloride (KCl) solution (temperature 
28±1°C), under ambient conditions (temperature 28± 1°C, 
relative humidity 65±2%) and in a glove box (Etelux 
Lab2000) where the water content and oxygen content were 
all less than 0.1 ppm (temperature 31±1°C). 

The schematic diagram of the AFM is shown in Figure 1. 
It consists of the laser source, the quadrant photo-detector, 
the probe, the piezo scanner, the controller and the comput-
er. The scanner consists of piezoelectric ceramic tubes with 
three directions. In the scanning process, the scanner (car-
rying the sample) moves up and down, left and right, front 
and rear by the control voltages, while the probe is fixed to 
a probe base. The laser emitted by the laser source is re-
flected by the back of the cantilever, and the reflected light 
is received by the quadrant photo-detector. The difference 
in signal between the top and bottom quadrants of photo-
dector, ( ) ( )  A B C D , represents the vertical deflection 

of the cantilever. Meanwhile, the left and right quadrants of 
photodector, ( ) ( )  A C B D , are used to measure the 

torsional deformation of the cantilever.  
The AFM liquid phase mode can be used to measure the 

adhesion force under the liquid. A diagram of the structure 
is shown in Figure 2. A piece of quartz glass is added above 
the probe, and the liquid is between the glass and the sample. 
The probe is completely submerged under the liquid. The 
laser can reach the back of the cantilever after the refraction  
 

 

Figure 1  Diagram of the atomic force microscope. 
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Figure 2  Schematic representation of the liquid phase mode of the AFM. 

of the glass and the liquid. 
Two different probes are used in these experiments. The 

first probe is a rotated monolithic silicon probe (ContAl, 
Budget Sensors). Its tip radius is less than 10 nm, and it is 
used to measure the surface roughness of the samples. The 
second probe is a single crystalline silicon probe (PL2- 
CONTR by Nanosensors, Switzerland). As is shown in Fig-
ure 3, an intentionally blunt tip with a well-defined circular 
end-face is located at the free end of a rectangular cantilever. 
The flat tip is formed by focused ion beam milling and has a 
1.73 μm diameter contact area. The tip shapes and other 
geometric values of cantilevers were determined by using a 
scanning electron microscopy (SEM) (Hitachi S-3700N, 
Tokyo, Japan). The force calibration is accomplished by its 
geometrical parameters. The width, thickness, length of the 
cantilever and the tip height are w=44 μm, t=1.9 μm, l=456 
μm and h=18.5 μm, respectively. The elastic modulus of the 
tip is E = 1.69×1011 N/m2. The normal spring constant can 
be calculated based on these parameters [27]: 

 
3

N 3
0.135 N/m.

4
 

Ewt
C

l
 (4) 

In the AFM, the adhesion force is obtained by the force- 
displacement curve. During the measurement, the probe is 
fixed, and the scanner moves up and down by Z-direction  

 

 

Figure 3  Scanning electron microscope image of the probe with a plateau 
tip. The coordinates and geometrical parameters are shown. 

driving voltages. So the tip and the sample are in contact 
and then are separated with each other, successively. The 
force-displacement curve is obtained by recording the 
Z-direction voltage of the scanner and the voltage of quad-
rant photodetector. A typical force-displacement curve is 
shown in Figure 4. 

The horizontal axis represents the Z-direction voltage of 
the scanner USZ or scanner displacement DSZ. An propor-
tional relationship between them exists: SZ Z SZ ,D E U  

where EZ (nm/V) is the extension coefficient of the scanner 
in the Z direction. The vertical axis represents the voltage of 
quadrant photodetector or cantilever deflection or tip-sam- 
ple interaction force. Proportional relationships among them 
exist, too. The figure also schematically shows the scanner 
positions and the light spots on quadrant photodetector cor-
responding to the points on the curve. 

As shown in Figure 4, the approaching process is from 
point A to point E. (A) The tip is still far away from the 
sample. The voltage of quadrant photodetector is zero, and 
the cantilever is in a free state (no measurable interaction is 
detected between the tip and sample). The zero line is de-
fined as a part of the force-displacement curve, in which the 
tip exerts no force on the sample. Upon approaching the 
surface, the tip may sense attractive forces or repulsive 
forces, which cause the end of the cantilever to bend 
downward or upward (not shown in the figure). (B) If the 
force gradient of the short-range attractive tip-sample inter-
action force exceeds the normal spring constant of the can-
tilever, the tip will snap into contact (C) with the sample. 
The tip and sample will keep in contact after that. As the 
sample moves up continuously, the curve eventually crosses  

 

 

Figure 4  A typical force-displacement curve and the relative positions of 
tip and scanner. 
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the zero line (D). At this point, the voltage of quadrant pho-
todetector is zero again. As the sample continues to move 
up, the cantilever bends upward, and the lever-sample in-
teraction continues to increase (E is one of the points), until 
a predetermined voltage of the scanner is reached. If the 
surface of the sample is soft, a sharp probe tip may be en-
graved into the surface. 

After reaching the maximum voltage of the scanner, the 
voltage will began to decrease, and the scanner moves down. 
The retraction of the sample will lead to the reverse process 
(F-J). In this process, the tip-sample interaction continues to 
decrease. At point G, the voltage of quadrant photodetector 
is zero again. Then, the interaction becomes negative with-
out withdrawal of the tip, since the adhesion force between 
the tip and sample maintains the contact. When the normal 
spring constant of the cantilever exceeds the force gradient 
of the interaction, the tip immediately snaps out of contact 
with the sample (H). This instability is always thought of as 
a fracture process. Subsequently, the cantilever goes back to 
its original starting position (I-J). 

The adhesion force can be obtained by the force-dis- 
placement curve. In Figure 4, if the vertical axis represents 
tip-sample interaction force, then the segment HK repre-
sents the adhesion force. However, the signals recorded by 
the AFM are the Z-direction voltage of the scanner USZ and 
the voltage of quadrant photodetector UN. Therefore, UN 
should be converted into the cantilever deflection, and fi-
nally into force. This conversion is accomplished by the 
sensitivity. The sensitivity SZ (dimensionless) is the ratio of 
the difference of the scanner Z-direction voltage to the dif-
ference voltage of quadrant photodetector, i.e., Z S  

SZ N/ .U U  If the tip is not carved into the surface and the 

elastic deformation of the sample is negligible (measure-
ment on hard surfaces, such as Al2O3), the vertical move-
ment of the scanner equals the deflection of the cantilever, 
that is,

N SZ Z SZD E U   . Then we have 
N Z SZ  E U  

Z Z N E S U . If the horizontal and vertical coordinates repre-

sent the voltage signals, a straight line parallel to the two 
slashes can be drawn. The cotangent of the closed angle 
between the line and the horizontal is the required sensitivi-
ty. The adhesive force can be expressed as 

 
ad N N N Z Z N , F C C E S U  (5) 

where UN is the voltage difference represented by the seg-
ment HK. 

When the Z-direction voltage of the scanner reaches the 
maximum, it will begin to decrease. That is, there is a 
maximum loading force between the tip and sample FN. 
This force can be calculated as 

 
N N Z 0DF C E U ,   (6) 

where U0D is the voltage difference represented by the seg-
ment 0D on the horizontal axis.  

It is worthwhile to note that the pull-off force is not the 
adhesive bond strength [28]. In other words, it is not a direct 
measure of the actual adhesive forces that were acting be-
tween the tip and sample in the absence of loading force. 
However, if the normal spring constant is sufficiently low 
and the long-range attractive force is small, the adhesion 
force measured by the AFM does nearly correspond to the 
maximum attractive force. That is why we choose a soft 
cantilever (CN= 0.135 N/m). 

2.3  Contact angle measurements 

The contact angles were measured by JC2000A contact an-
gle goniometer (Powereach, Shanghai, China). Four probe 
liquids with different surface tensions and surface tension 
components (diiodomethane, ethyleneglycol, glycerol, and 
distilled water) were used for these measurements. The 
contact angles were measured for at least 5 liquid drops 
having a base diameter from 4 to 6 mm. All measurements 
were conducted at room temperature, 26–28°C. 

3  Results and discussion 

3.1  Sample surface characterization: Topographical 
analysis 

The surface topographies of the samples have been deter-
mined from imaged areas of 60 μm×60 μm which are the 
representative of the samples, as shown in Figure 5. The 
first probe with tip radius less than 10 nm was used to 
measure the surface topographies by contact mode. The 
histograms of surface height distributions are shown in Fig-
ure 6. Each of them exhibits a Gaussian-like distribution. 

The surface roughness is quantified using two parameters 
of roughness: average roughness Ra and root-mean-square 
roughness Rq [29]. The parameters are defined by 

 a ave
1

1



 
n

i
i

R z z
n

, (7) 

  2

q ave
1

1



 
  

 


n

i
i

R z z
n

, (8) 

where iz  is the topographic height at point i , n is the 

number of points measured within the area, avez  is the av-

erage value of topographic heights within the area, 

ave
1

/


 
  
 


n

i
i

z z n . Table 1 shows the results of the rough-

ness analysis of the samples. 

3.2  Sample surface characterization: Surface free en-
ergy 

There are many methods to calculate the surface free energy 
of the solid by contact angles. The method proposed by   
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Figure 5  Topographic AFM images of all the samples. Scanning areas are all 60 μm×60 μm. 

Owens and Wendt [30] is used in the calculations here. The 
relationship between the contact angle and the surface ten-
sion is S SL Lcos ( )/ ,      where θ is the contact angle, 

γS and γL are the surface tensions of solid and liquid surfaces, 
respectively, γSL is the solid-liquid interfacial tension. 
Fowkes [31] proposed that the surface tension can be de-
composed into two components, d p ,     where γd and 

γp are the dispersive component and polar component. Fur-
thermore, Owens and Wendt [30] introduced a semi-   
empirical formula:  

 d d p p
L S L S L(1 cos ) 2( )        ,  (9) 

where superscripts d and p represent the dispersion and po-
lar components, respectively, while subscripts S and L rep-
resent the solid and liquid, respectively. It can be seen from 
the above equation that in order to calculate the solid sur-
face free energy, the components of the surface free ener-
gies of the probe liquids must be known. The components 
of the four liquids reported in the literature are used here, as 
shown in Table 2. 

Eq. (9) can be further simplified into 

 p d
S S  y x ,  (10) 

where p d
L L/ x  and d

L L(1 cos ) / (2 )   y . The 

values of x and y can be calculated from the contact angle 
and the surface free energy components for each probe liq-
uid. A straight line representing eq. (10) can be drawn by 
the linear fit based on the scatter points of x and y. The 

slope of the line is p
S , while the y-axis intercept is d

S . 

The calculation of the surface free energy of polished Si 
with this method is shown in Figure 7. The free energies of 
the other samples are calculated by the same method. Table 
3 shows the contact angles and surface free energies of the 
samples. As can be seen from it, there is a little difference 
among the surface energies of the samples. It seems that the 
change of the surface energy of the silicon wafer is small 
after etching or grooving.  

3.3  Influence of the number of contacts on adhesion 
force 

When recording force-displacement curves to obtain adhe- 
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Figure 6  Histograms of surface height distributions. 

Table 1  Roughness analysis of the samples (see eqs. (7), (8) for defini-
tions of the parameters)  

Sample 
number 

Sample name 
Ra (nm) 

(3.6×103μm2) 
Rq (nm) 

(3.6×103μm2) 

1 Polished Si 1.11 1.41 

2 Oxidized Si 0.87 1.1 

3 Etched Si 16.7 21.9 

4 Grooved Si 29.5 37.6 

5 Sapphire 1.73 2.61 

6 Quartz 1.23 1.96 

Table 2  Surface free energies and components of various probe liquids  

Probe liquid γL (mJ m−2) γd
L (mJ m−2) γp

L (mJ m−2) Reference 

Diiodomethane 50.8 48.5 2.3 [32] 

Ethyleneglycol 47.7 30.1 17.6 [32] 

Glycerol 64.0 34.0 30.0 [33] 

Water 72.8 21.8 51.0 [33] 

 
sion forces, an important question is whether the adhesion 
from the first contact is different from the ones from subse-
quent contacts. Therefore, the adhesion forces were meas-
ured 128 or 256 times at a single location to examine the  

 

Figure 7  The calculation of the surface free energy of polished Si with 
linear fitting method. Each point is an average of at least five measure-
ments, the error bar being the standard deviation of each set of points. 

reproducibility of the adhesion measurements. The variation 
of adhesion was examined with the sequential measure-
ments. The experiments were carried out in a glove box, 
under ambient conditions (after being taken out of the glove 
box and exposure for two hours) and under distilled water. 
The applied load was ~220 nN, and the contact time was 0 s. 
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Table 3  Contact angles and surface free energies of the samples  

Sample Diiodomethane (°) Ethyleneglycol (°) Glycerol (°) Water (°) γd
S (mJ m−2) γp

S (mJ m−2) γS (mJ m−2) 

Polished Si 33.8±3.0 16.7±2.8 19.7±4.3 14.9±5.7 20.2 44.9 65.1 

Oxidized Si 37.5±2.9 16.1±5.8 30.7±5.5 16.3±3.4 18.6 45.6 64.2 

Etched Si 36.0±3.1 12.6±2.2 21.7±1.9 15.0±4.5 19.6 45.8 65.4 

Grooved Si 35.9±1.9 12.3±3.9 28.2±12.4 21.9±2.4 20.4 42.4 62.8 

Sapphire 37.4±2.8 12.8±2.2 28.5±6.5 16.6±3.6 19.0 45.4 64.4 

Quartz 35.4±2.6 20.6±3.7 25.4±5.8 18.2±3.7 19.5 44.4 63.9 

 
 
Figure 8 shows the adhesion forces depending on the 

number of contacts in the glove box. With the increase of 
the measurement number, the adhesion forces of polished Si 
and oxidized Si increase slightly. The fluctuation of adhe-
sion forces is small, since the average and standard devia-
tion of adhesion are 86.78±4.01 nN and 56.61±2.52 nN, 
respectively. The adhesion forces of sapphire (92.65±7.84 
nN) are divided into two parts (near 80 and 100 nN, respec-
tively), which are also with small fluctuations. However, the 
adhesion forces of quartz (110.32±15.02 nN) steppedly in-
crease with the increasing of the measurement number. This 
is most likely due to the plastic deformation or damage of 
the asperities on the surface. 

Figure 9 shows the adhesion variations of etched Si and 
grooved Si depending on the number of contacts both in the 
glove box and under ambient conditions. Large fluctuations 
are detected for the samples in the glove box, so the meas-
urement number is set as 256. The fluctuation of etched Si 
in the glove box (40.07±12.10 nN) is larger than that under 
ambient conditions (107.7+2.6 nN). The adhesion force of 
etched Si under ambient conditions increases to the maxi-
mum and then decreases with the increase of the measure-
ment number. Also, the fluctuation of grooved Si in the 
glove box (33.15±20.02 nN) is larger than that under ambi-
ent conditions (69.1±10.4 nN). However, under both condi-
tions, the adhesion forces of grooved Si increase suddenly 
and then decrease with the increasing of the measurement 
number. 
 

 

Figure 8  Adhesion force versus sequential measurement number in the 
glove box. 

 
Figure 9  Adhesion force versus sequential measurement number for 
etched Si and grooved Si in the glove box and under ambient conditions.  
(a) In the glove box; (b) under ambient conditions 

Figure 10 shows the adhesion variations of quartz and 
oxidized Si depending on the number of contacts under dis-
tilled water. With the increase of the measurement number, 
the adhesion forces of quartz increase slightly, but are with 
large fluctuations (7.92±2.68 nN). However, the adhesion 
forces of oxidized Si (9.11±5.11 nN) are divided into two 
parts (near 2 and 12 nN, respectively), which are with small 
fluctuations. 

In the process of recording many force-displacement 
curves at a single location, the surface topography of the 
sample contacting with the tip is likely to be changed for 
different measurements. First of all, the contact when the tip 
snaps into contact with the sample is slightly different from  
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Figure 10  Adhesion force versus sequential measurement number for 
quartz and oxidized Si under distilled water. 

that when the applied load is the maximum. As the cantile-
ver bends upward, the tip will slip slightly in the direction 
parallel to the cantilever. Secondly, the vertical motion of 
the scanner cannot be entirely linear (due to creep, hystere-
sis, aging, etc.). Furthermore, the stability also depends on 
the mechanical and electronic factors of the AFM (such as 
vibration, thermal drift, noise, etc.). Therefore, during a 
series of measurements, the measured area of the sample 
should be larger than the area of the tip. As shown in Fig-
ures 8 and 9, the adhesion forces of the etched Si and 
grooved Si exhibit larger fluctuations than others. This is 
because they are rougher than others. The variation of the 
topography leads to the variation of contact area, and ulti-
mately leads to the fluctuations of the adhesion forces. As 
for polished Si and oxidized Si, the variations of contact 
areas are small due to smooth surfaces, resulting in relative 
stable adhesion forces. 

The plastic deformation or damage of the asperities on 
the surface will lead to the increase of contact area. Then 
the adhesion forces will steppedly increase with the in-
creasing of the measurement number. The adhesion forces 
of quartz in Figure 8 and that of grooved Si in Figure 9 are 
the examples. This plastic deformation or damage is most 
likely due to fatigue rather than the yield limit of the asperi-
ties. Because in the experiments, plastic deformation was 
still not observed when the load was about 400 nN, as de-
scribed in Section 3.4.  

3.4  Dependence of adhesion forces on external loads 

To study the dependence of adhesion force on external load, 
the applied load between the tip and sample can be varied 
by changing the maximum voltage of the scanner. The pur-
pose of these tests is to see if the asperities undergo any 
plastic deformation during the experiments. In all the fig-
ures in this section, a series of adhesion force measurements 
at the same location are shown where the load is first in-
creased (full symbols) and then decreased (open symbols). 

The experiments were carried out in a glove box, under am-
bient conditions (after being taken out of the glove box and 
exposure for two hours) and under distilled water. The con-
tact time was also 0 s. 

Figure 11 shows the dependence of adhesion force of 
polished Si and sapphire on loading force in the glove box. 
With increasing load, the adhesion forces of them increase 
slightly. And the adhesion forces decrease with decreasing 
load. The adhesion forces of polished Si are almost the 
same with increasing and decreasing load. Meanwhile, the 
adhesion forces of sapphire with decreasing load are less 
than those with increasing load. 

Figure 12 shows the dependence of adhesion force on 
applied load for etched Si and grooved Si in the glove box 
and under ambient conditions. The variations of the adhe-
sion forces are similar to those described above. However, 
in the glove box, the adhesion force of etched Si increases 
suddenly when the load is about 230 nN. The large adhesion 
force does not hold all the time. When the load is about 290 
nN, it begins to decrease. With decreasing load, the large 
adhesion force does not exist. 
 

 

Figure 11  Adhesion force versus applied load for polished Si and sap-
phire in the glove box. 

 

Figure 12  Adhesion force versus applied load for etched Si and grooved 
Si in the glove box and under ambient conditions. (a) Under ambient con-
ditions; (b) in the glove box. 
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Figure 13 shows the dependence of adhesion force on 
applied load for oxidized Si and quartz in the glove box and 
under distilled water. With increasing load, in the glove box, 
the adhesion force of quartz increases, while the adhesion 
force of oxidized Si fluctuates to some extent without any 
increasing tendency. Also, under distilled water, the adhe-
sion forces of both of them remain relatively stable without 
any increasing tendency. 

The contact area induced by elastic deformation between 
the tip and the sample is due to the applied load and the 
adhesion energy. With the increase of the normal load, the 
deformation increases, leading to increased contact area and 
adhesion force. The elastic deformation is recovered once 
the tip is removed from the sample, before the next meas-
urement is made. Therefore, with the decrease of the load, 
the adhesion forces decrease too, rather than remaining at 
the maximum adhesion. The adhesion forces will not de-
crease with the decrease of the load if the plastic defor-
mation of nano-irregularities happens. Hence, a plastic de-
formation is probably negligible in these experiments. The 
maximum applied load is only ~400 nN. For one thing, the 
accessible largest applied load is limited by the normal 
spring constant of the cantilever (0.135 N/m used). For an-
other, large bending deformation of the cantilever is avoid-
ed because of reducing the lateral movement of the tip. 

3.5  Dependence of adhesion force on contact time 

When the maximum voltage of the scanner is reached, the 
contact between the tip and sample can be kept for some 
time. The influence of the contact time on the adhesion 
force at a single location at a constant load was studied in a 
range of 1 to 10 s. The experiments were carried out in a 
glove box, under ambient conditions (after being taken out 
of the glove box and exposure for two hours) and under 
distilled water. The applied load was ~220 nN. 

Figure 14 shows the dependence of adhesion force on  

  

 

Figure 13  Adhesion forces versus applied loads for quartz and oxidized 
Si in the glove box and under distilled water. (a) In the glove box; (b) Un-
der the water. 

 

Figure 14  Adhesion force versus contact time for all the samples in the 
glove box. 

contact time in the glove box. With the increase of contact 
time, the adhesion force of grooved Si exhibits strong fluc-
tuation which is likely due to the roughness of the surface. 

The adhesion forces of other samples remain relatively 
stable without large fluctuations. The mean adhesion forces 
and standard deviations of samples 1–6 are 73.14 ± 1.12, 
70.42 ± 1.27, 23.14 ± 0.92, 25.25 ± 11.69, 65.77 ± 4.90 and 
122.45 ± 5.47 nN, respectively.  

Figures 15 and 16 show the dependence of adhesion 
force on contact time under ambient conditions and under 
distilled water. A general increase in the adhesion force 
with contact time was observed. The mean adhesion forces 
and standard deviations of etched Si and grooved Si are 
241.03±4.79 and 123.23±1.60 nN under ambient conditions, 
while those of oxidized Si and quartz are 19.0±1.2 and 
8.3±2.7 nN under distilled water.  

The variation of adhesion force affected by contact time 
in the glove box is different from those under ambient con-
ditions and under distilled water. This may result from  

 

 

Figure 15  Adhesion force versus contact time for etched Si and grooved 
Si under ambient conditions. 
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Figure 16  Adhesion force versus contact time for oxidized Si and quartz 
under distilled water. 

different dominant components of the total adhesion force 
under different conditions. In the glove box, the adhesion 
force is mainly from the electrostatic and vdW forces. Un-
der distilled water, the adhesion is mainly from the vdW 
force. Under ambient conditions, the dominant component 
of adhesion is the capillary force. The vdW force exists, but 
it is much smaller. Under ambient conditions, the formation 
of liquid bridges may become easier with longer contact 
time, resulting in larger adhesion. 

3.6  Adhesion forces under different conditions 

For the convenience of discussion, the experimental proce-
dure will be outlined here. In order to obtain mean adhesion 
force and distribution for each sample, 1024 locations were 
selected in a scanning area 60 μm×60 μm. 

The force-displacement curve was recorded in each loca-
tion, and the adhesion data was extracted automatically by 
using a short FORTRAN program. The experiments were 
carried out in the glove box, under ambient conditions, un-
der distilled water, and under KCl solution, sequentially. 

The samples were first placed into the glove box. Two 
hours later, the experiments were performed. The adhesion 
forces of samples 1–6 were measured in turn. It took about 

two hours to test a sample. After being taken out of the 
glove box, the samples were placed in the air for two hours. 
Then the experiments under ambient conditions were car-
ried out. We got the adhesion data of the etched Si and 
grooved Si. However, the adhesion forces of the other four 
were so large that they were beyond the measuring range of 
the probe. Then, the etched Si and grooved Si were exposed 
to the air for three days. The two samples were ultrasoni-
cally cleaned in an alcohol solution for 15 minutes, and then 
ultrasonically cleaned in the distilled water for 15 minutes. 
After drying, we got the adhesion data of the two samples 
again. After exposure to the air for 10 hours, we obtained 
the adhesion data of the two samples once again. At last, the 
experiments were performed under distilled water, and un-
der KCl solution, sequentially. Before showing the distribu-
tions of adhesion forces, the mean adhesion forces and 
standard deviations under different conditions are given first, 
as shown in Table 4. 

3.6.1  Adhesion forces in the glove box 

Figure 17 shows adhesion force histograms of the samples 
measured in the glove box. Each of them exhibits a Gaussi-
an-like distribution (fitting curves displayed in the figure). 
From the figure, the mean adhesion forces of the samples 
are very different from one another. However, from Table 3, 
there are no significant differences among the surface ener-
gies of the samples. It seems that the theory of thermody-
namic surface free energy cannot predict the adhesion force 
between two parallel solid surfaces. 

The free energy of the solid surface can be calculated by 
the contact angles between the probe liquids and the surface. 
Then, the interfacial energy between the tip and the sample 
can be worked out if the surface free energy of the tip is 
known. The work of adhesion can be obtained by the rela-
tionship of the interfacial energy and the work of adhesion. 
When the probe tip is in nano-scale, this method is proved 
to be reasonable. However, this method is not suitable for 
adhesion between two parallel solid surfaces. This may be 
caused by different contact geometries. When the tip is 
small, the tip and sample are in single-asperity contact. 
However, the tip and sample are in multi-asperity contact, 
when using a blunt tip. 

 

Table 4  Mean adhesion forces and their standard deviations under different conditions  

Sample Under KCl solution (nN) Under distilled water (nN) In the glove box (nN) Under ambient conditions (nN) 

Polished Si 0.59±0.72 5.2±9.3 48.9±26.3 – 

Oxidized Si 1.1±2.0 16.5±8.5 91.0±25.7 – 

Etched Si 0.58±1.02 9.5±14.5 49.2±25.0 171.7±46.5 a)  130.4±71.1 b)  16.0±9.6 c) 

Grooved Si – 0.35±1.56 29.3±17.2 92.0±40.1 a)  101.7±50.9 b)  65.9±40.3 c) 

Sapphire 0.42±0.81 6.8±6.6 116.4±33.2 – 

Quartz 0.043±0.069 2.6±2.4 52.3±17.5 – 

Note: a) Data from experiments after being taken out of the glove box and exposure for two hours; b) data from experiments after exposure for 3 days 
and ultrasonically cleaning; c) data from experiments after exposure to the air for 10 hours. 
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Figure 17  Histograms of the adhesion forces for all the samples in the glove box. (a) Polished Si; (b) Oxidized Si; (c) Etched Si; (d) Grooved Si; (e) Sap-
phire ; (f) Quartz. 

Generally speaking, surface roughness decreases the ac-
tual area of contact, leading to the lower adhesion force. 
From Figure 17, the mean adhesion force of polished Si (Rq 
= 1.41 nm) is about twice as large as that of grooved Si (Rq 
= 37.6 nm). In Figures 17 (a) and (b), the adhesion forces 
less than 12 nN are rarely found. However, in Figures 17 (c) 
and (d), the adhesion forces less than 12 nN account for 
3.5% and 16.0%, respectively. All of these indicate that 
surface roughness reduces the adhesion force. However, the 
mean adhesion force of oxidized Si (Rq = 1.1 nm) is about 
twice as large as that of polished Si, although the roughness 
of them are close to each other. Similarly, the mean adhe-
sion forces of polished Si and etched Si are almost the same, 
although the roughness of etched Si is much larger (Rq=21.9 

nm). This shows that surface roughness is only a factor af-
fecting the adhesion. There are other factors that also have 
an impact on the adhesion force. 

In the glove box, the filled nitrogen is unmixed and dry. 
Under the conditions, the electrostatic forces play an im-
portant role in the adhesion. The magnitude of electrostatic 
force is related to the number of charges. The number of 
charges is related to the length of time storing in the glove 
box. The longer time, the more charges. When testing, there 
are more charges on oxidized Si, etched Si and grooved Si 
than that of polished Si, since they were tested after pol-
ished Si. Therefore, they should have larger mean adhesion 
forces. That is, if no electrostatic force exists, the mean ad-
hesion force of grooved Si should be much smaller. This is 
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proved by the experiments under distilled water. Generally, 
there is no electrostatic force when testing under distilled 
water. It can be seen from Table 4 that the mean adhesion 
force of polished Si is 5.2 nN, while that of grooved Si is 
only 0.35 nN. 

However, long-range electrostatic forces were not found 
from force-displacement curves of the first five samples. 
The influence of electrostatic charges may be short-range 
when testing these samples. The long-range electrostatic 
forces were found when testing quartz. The long-range 
electrostatic forces can be seen from all the 1024 force-  
displacement curves clearly. Figure 18 shows the force- 
displacement curves of quartz in different conditions and 
force-displacement curve of sapphire in the glove box. 

The force-displacement curve shown in Figure 18(b) was 
recorded at the end of experiments in the glove box. Even at 
that time, the long-range electrostatic forces were not de-
tected on sapphire. It can be clearly seen from Figure 18 (a) 
that the cantilever bends downward by sensing attractive 
forces, even when the tip is far away from the sample. After 
the tip snaps out of contact with the sample, the cantilever 
goes back to its original starting position slowly, because of 
the long-range attractive forces. However, long-range elec-
trostatic forces were not found on quartz when testing under 
ambient conditions and under distilled water, as shown in 
Figures 18(c) and (d). 

The surface of quartz is very smooth (Rq=1.96 nm), and 
the long-range attractive force exists between the contact of 
the tip and quartz. However, the adhesive forces recorded 

are not very large, as shown in Figure 17. It is most likely 
because the long-range attractive forces do not contribute to 
the total adhesion force. There are many charges on the 
surface of quartz. However, the charges on the sample are 
opposite to the charges on the tip. By contacting, the neu-
tralization of the positive and negative charges occurs. 

3.6.2  Adhesion forces under ambient conditions 

Figure 19 shows the adhesion distributions of etched Si and 
grooved Si under different treatments and conditions. Each 
of them exhibits a Gaussian-like distribution (fitting curves 
displayed in the figures). This may be related to the normal 
distribution of surface height. Under different treatments 
and conditions, the adhesion force becomes different, indi-
cating that the adhesion force is influenced by many factors. 
For example, the mean adhesion force of etched Si shown in 
Figure 19(a) is about an order of magnitude larger than that 
shown in Figure 19(e). 

Under ambient conditions, the surface would be covered 
by a thin water film and easy to form capillary meniscus by 
the adsorbed water molecules. Therefore, the capillary force 
will always be present. After being taken out of the glove 
box and exposure to the air for two hours, the samples were 
contaminated by particles of dust in the air, which would 
lead to small capillary forces. However, the electrostatic 
charges might be still on the surfaces of the samples. Alt-
hough influenced by the contamination, the contributions of 
adhesion force are the capillary force, electrostatic force and 
vdW force, which lead to large adhesion force, as shown in  

 
 

 

Figure 18  Force-displacement curves of quartz in different conditions and force-displacement curve of sapphire in the glove box. (a) Quartz in the golve 
box; (b) sapphire in the golve box; (c) quartz under ambient conditions; (d) quartz in the water. 
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Figure 19  Histograms of the adhesion forces of etched Si and grooved Si after being taken out of the glove box and exposure to the air for two hours (a, b), 
after exposure to the air for 3 days and ultrasonically cleaning (c, d), and after cleaning and exposure to the air for 10 hours (e, f).  

Figures 19(a) and (b). After exposure for 3 days to the air, 
the electrostatic charges might be eliminated or there were 
few charges on the surfaces. By ultrasonically cleaning, the 
factor of contamination could be removed. Without the 
contamination, the capillary force and vdW force can also 
lead to large adhesion, as shown in Figures 19(c) and (d). 
However, with the contamination, the adhesion force can be 
smaller, as shown in Figures 19 (e) and (f). It was expected 
that the mean adhesion force shown in Figure 19(f) would 
be smaller than that shown in Figure 19(e), since the 
roughness of groove Si is larger. However, we got an oppo-
site result. This may be because there are some electrostatic 
charges on the surface of groove Si at that time. Base on  
the discussion above, we can safely come to the conclusion 
that the contamination by particles of dust is an important 
factor, and should always be considered when investigating 

the adhesion force in the air. And, like adhesion in the    
glove box, the electrostatic force may also become an im-
portant contribution to the adhesion force under ambient 
conditions. 

Figure 20 shows a force-displacement curve of etched Si 
measured after being taken out of the glove box and expo-
sure to the air for two hours. When the Z-direction voltage 
of the scanner is about 194 V, the voltage of quadrant pho-
todetector decreases suddenly, and then increases again. 
This may indicate the damage of asperities on the surface. A 
polyline is shown in the figure, since the number of collect-
ed voltages is only 150. The height of asperities (~48 nm) can 
be calculated by multiplying the corresponding voltage of 
the polyline by the extension coefficient of the scanner in 
the Z direction. Admittedly, as shown in Figure 5 (c), there 
are some small asperities on the surface of etched Si.  
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Figure 20  A force-displacement curve of etched Si measured under 
ambient conditions. 

3.6.3  Adhesion forces under distilled water 

Figure 21 shows the adhesion force distributions of the 
samples measured under distilled water. Only the adhesion 
forces of oxidized exhibit a Gaussian-like distribution (fit-
ting curve displayed in the figure). The adhesion forces of 
polished Si, etched Si, grooved Si and sapphire have a large 
proportion near zero. Among them, the adhesion forces of 
sapphire are evenly distributed in the range of 1–11 nN. The 
adhesion forces of quartz are relatively concentrated. The 
proportion of adhesion forces in the range of 0–6 nN are 
95.1%. 

The mean adhesion forces under distilled water can be 
compared with that in the glove box from Table 4. It can be 
found that the mean adhesion force of grooved Si under 
distilled water reduces to about 1/84 of that in the glove box. 
Meanwhile the mean adhesion forces of sapphire and quartz 
reduce to 1/17 and 1/20, respectively. Under distilled water,  

 

 

Figure 21  Histograms of the adhesion forces for all the samples under distilled water. 
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the mean adhesion force of oxidized Si is three times as 
large as that of polished Si. 

Under distilled water, the general rule of roughness ef-
fects on adhesion force (large roughness leads to small ad-
hesion) holds. For example, the mean adhesion force of 
polished Si is 5.2 nN, while that of grooved Si is 0.35 nN. 
However, by comparing Figures 21(a) and (c), the distribu-
tion of adhesion forces of etched Si in the range of 16–50 
nN is larger than that of polished Si in the same range. In 
addition, the mean adhesion force of etched Si is about 
twice as large as that of polished Si. In other words, the ad-
hesion forces of etched Si are larger with larger roughness. 
The arguments are internally contradictory. 

This phenomenon can be understood by the fact that 
there are some nano-scale bubbles on the surface. There 
were some bubbles on the surface of etched Si, leading to a 
larger mean adhesion force. However, there was no bubble 
on the surface of grooved Si. The presence of these bubbles 
was detected by some adhesion force measurements [34-37]. 
The nanobubbles were confirmed by the phase shift image 
obtained in noncontact tapping mode of AFM [38]. 

In the experiments, the existence of bubbles was also de-
tected. Figure 22 shows four sequential force-displacement 
curves of quartz measured on the four consecutive locations 
under distilled water. The distance between the locations is 
approximately 500 nm. The strange phenomenon shown in 
Figures 22 (b)–(d) is not found in the force-displacement 
curves after Figure 22 (d). In addition, other force-dis- 
placement curves are all similar to Figure 22 (a), where the 
snapping into contact is obviously not recorded, and the 
voltage of quadrant photodetector increases directly from 
zero up to the maximum. Meanwhile, in Figures 22 (b)–(d), 
with the increasing of normal load, the voltage of quadrant 

photodetector increases first, and then decreases suddenly, 
then increases again. It is obvious that the tip is pressed by 
an object first. Then the object cannot afford to the in-
creased normal load, resulting in the crush of the object. 
After that, the tip and sample come into contact with each 
other, and the voltage of quadrant photodetector increases 
again. Since this phenomenon is from four sequential force- 
displacement curves, and the objects are growing from 
small to large, this object should not be asperities or other 
contaminants. It is most likely that the objects are bubbles. 
The small bubble is adsorbed at the bottom of the tip. The 
small bubble is pressed to the edge of the tip, when the tip 
and sample are in contact. After the tip jumps off the sample, 
the bubble goes back to the bottom of the tip. With the tip 
being dragged onto next location, the bubble is growing. In 
Figure 22 (d), the maximum height of bubble (~254 nm) 
can be calculated by multiplying the corresponding voltage 
of convex portion on the horizontal axis by the extension 
coefficient of the scanner in the Z direction. The bubbles 
found here are similar in size to those observed in the liter-
ature (150–400 nm of radius and 60–200 nm of height) [38]. 

3.6.4  Adhesion forces under KCl solution 

The adhesion forces were also measured under KCl solution. 
The zero lines of the force-displacement curves obtained 
under KCl solution exhibit strong fluctuations. This can 
lead to the inaccurate measurement of the adhesion force to 
some extent. When measuring grooved Si, the adhesion 
forces were very small. To avoid wrong calculation of ad-
hesion by the FORTRAN program, we did not continue the 
measurements. Therefore, the adhesion distribution of 
grooved Si is not available. And we can regard the mean 
adhesion force of grooved Si as zero. The adhesion force  

 

 

Figure 22  Four sequential force-displacement curves of quartz measured under distilled water. 
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distributions of the other five samples measured under KCl 
solution are shown in Figure 23. 

As shown in the figure, the adhesion forces of the sam-
ples all have a large proportion near zero. The mean adhe-
sion forces under KCl solution can be compared with those 
under distilled water from Table 4. It can be found that the 
mean adhesion force of quartz under KCl solution reduces 
to about 1/60 of that under distilled water. The mean adhe-
sion force of etched Si and sapphire reduces to about 1/16 
of that under distilled water, while the mean adhesion forces 
of polished Si and oxidized Si reduce to 1/9 and 1/15, re-
spectively. By introducing the KCl, the adhesion force can 
be changed by an order of magnitude. This may be due to a 
repulsive force existing between the tip and sample. 

When two charged surfaces are separated by a thin layer 
of an electrolyte solution, the contributions of adhesion are 
primarily the vdW force and electrostatic double-layer force 
[39]. The electrostatic double-layer force arises because of 

surface charges at interfaces. Surface charges are induced 
on both surfaces of the tip and sample, because of the disso-
ciation or adsorption of charged species. The surface charg-
es are balanced by dissolved counterions, which are held 
together close to the surfaces, forming two electric double- 
layers. When the surfaces come into contact, the double- 
layers are perturbed, and the resulting force is known as the 
electrostatic double-layer force [6]. When the charges of the 
approaching surfaces have the same sign, the concentration 
of ions between the surfaces always increases. This results 
in a repulsive force [40]. 

3.7  Estimation of real contact area 

The vdW force can be calculated by the geometrical fea-
tures of the bodies and the Hamaker constant which in-
cludes all physico-chemical information. The vdW force 
between two flat surfaces can be calculated by [41]

 

 
Figure 23  Histograms of the adhesion forces for the samples under KCl solution. (a) Polished Si; (b) Oxidized Si; (c) Etched Si; (d) Sapphire; (e) Quartz. 
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Table 5  The calculation of real contact area and the ratios of the real contact area to apparent contact area. The Hamaker constants were calculated by 
Senden and Drummond [42] 

System AH (×10−20 J) Fad (nN) Sreal (nm2) Sapp (nm2) Sreal/Sapp 

Silicon/air/silicon 18.65 48.9 22.2 2.35×106 ~1/(1.0×105) 

Silicon/water/silicon 9.75 5.2 4.52 2.35×106 ~1/(5.2×105) 

Silicon/air/silica 10.26 91.0 75.1 2.35×106 ~1/(3.1×104) 

Silicon/water/silica 1.92 16.5 72.8 2.35×106 ~1/(3.2×104) 
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where AH is the Hamaker constant between two contacting 
bodies, D0 is the cut-off distance and realS  is the real con-

tact area. The mean value of D0 as 0.165 nm recommended 
by Israelachvilli is used here [41]. It is assumed that the 
adhesion forces of polished Si and oxidized Si measured in 
the glove box and under distilled water are totally the vdW 
forces, and eq. (11) can be used in these systems. As shown 
in Table 5, the mean adhesion forces Fad of polished Si 
and oxidized Si are used to estimate the real contact area. 
The real contact area can be calculated by eq. (11). The ap-
parent contact area between the flat tip and the surface is 

2 6 2
app π /4 2.35 10 nm  S d , where d is the diameter of 

the tip. The ratios of the real contact area to apparent con-
tact area are listed in the table. It shows that the real contact 
area when the tip jumps off the sample is only a small pro-
portion of the apparent contact area. 

4  Conclusions 

By the contact angle experiments, there are no significant 
differences among the surface energies of the samples. 
However, under different conditions, the mean adhesion 
forces of the samples are all very different from one another. 
This is very likely caused by the multi-asperity contact be-
tween two micro-scale parallel solid surfaces. For this con-
tact, the real contact area without the applied load is only a 
small proportion of the apparent contact area. And the adhe-
sion force cannot be predicted by the theory of thermody-
namic surface free energy. 

The measurement stability and repeatability of adhesion 
by the AFM depend on the surface characterization, meas-
urement methods and the environment. Numerous meas-
urements on the same location will not affect the adhesion 
greatly if the surface is smooth enough, but may lead to 
increased adhesion due to the plastic deformation or damage 
of the asperities. The increasing applied load will increase 
the adhesion because of larger elastic deformation of the 
asperities. The increasing contact time will increase the ad-
hesion under ambient conditions and under distilled water, 
but has little influence on the adhesion in the glove box. 

Under different environments, there are different interac-

tions and factors affecting the adhesion force, and the dom-
inant interactions and factors may be different too. The var-
ious interactions and factors are mutually coupled to deter-
mine the final adhesion force. If the adhesion is mainly 
from the van der Waals force and/or capillary force, larger 
roughness will lead to smaller adhesion. In the drying gas 
and in the air, the electrostatic force could become the 
dominant interaction. In the air, the contamination by parti-
cles of dust is an important factor. Adhesion forces meas-
ured under distilled water may be strongly affected by the 
presence of nanobubbles. Under an electrolyte solution, the 
electrostatic double-layer force can become a repulsive 
force, leading to low adhesion. 
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