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The adhesion force between two solid surfaces is of great interest with the rapid
development of micro–nanodevices and instruments. The effect of temperature on
the microscale adhesion force has been studied by recording force–displacement
curves with an atomic force microscope. A flat tip with a diameter ~1.73 μm was
used to prevent wear. The adhesion force measurements were carried out under
ambient conditions and in a nitrogen-filled glove box. The substrate temperature
was varied between 30 and 200 °C. The results show that when the temperature is
<200 °C, the influence of temperature on the normal spring constant of the cantile-
ver can be ignored. In this temperature range, the adhesion force distribution for
each temperature exhibits a Gaussian-like distribution under both situations. Under
ambient conditions, the mean adhesion force first increases with the increase in tem-
perature and reaches the maximum at ~100 °C. Then the adhesion force begins to
decline slightly. At about 150 °C, the adhesion force decreases dramatically, and
remains relatively stable at high temperatures. The increase in adhesion force is
associated with the capillary force. The elevated temperature leads to larger and
more numerous liquid bridges. The capillary nucleation, the diffusion of water mole-
cules, and the flow of thin water film are all enhanced with the elevated tempera-
ture. However, in dry nitrogen, the mean adhesion force decreases with the increase
in temperature. This trend is attributed to the broken van der Waals bonds.

Keywords: adhesion force; temperature; atomic force microscope; force–displacement
curve; microscale; flat tip

1. Introduction

The adhesion force between two solid surfaces is of great interest in many scientific
and industrial fields. With the increasing shrink of miniaturized systems, such as
micro–nanoelectromechanical systems and magnetic storage devices, this kind of adhe-
sion force becomes more and more important. For small-scale mechanical systems, sur-
face effect becomes the dominant factor influencing mechanical performance due to a
high surface-area-to-volume ratio.[1,2] As a consequence, the influence of the adhesion
force on the reliability of these systems becomes significant.

An atomic force microscopy (AFM) is commonly used for the investigation of the
adhesion force at the micro/nanoscale. Using an AFM, it is simple and accurate to
determine adhesion force with high spatial resolution. Adhesion forces between any
types of surfaces can be measured in any environment. And the AFM is less subject to
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contamination than other apparatuses measuring adhesion force in microscale. The
adhesion force is determined by recording a force–displacement curve. The force–dis-
placement curve is obtained by monitoring the deflection of a cantilever as the tip
approaches and retracts from the sample surface.

To measure the adhesion force by an AFM, we should always know the tip shape
beforehand. A sharp tip usually has a parabolic shape with an end radius varying from
10 to 100 nm. The wear of sharp tips is a serious disadvantage in measuring the adhe-
sion force.[3] Sharp tips wear easily, resulting in the variation of the contact area
between the tip and sample. If the real contact area is not well defined, it will be diffi-
cult to quantify the adhesion force. The shortcoming can be overcome by the introduc-
tion of a probe tip with a large and flat end. However, this kind of tip has only been
used in a few experiments to study the adhesion force.[4–9]

Using a flat tip having a square surface measuring 0.7 μm × 0.7 μm, Ando [4] mea-
sured the adhesion force and friction force between the tip and the hemispherical asper-
ity arrays on Si produced by focused ion beam. In a subsequent publication, Ando [5]
studied the adhesion forces between a Ni tip with a 0.1 μm2 flat area and a flat Si sub-
strate. Ferreira et al. [6] used a flat probe tip to measure the adhesion force. The results
showed that the adhesion force is greatly influenced by the combination of material
characteristics, testing geometry, and experimental protocol (contact time, contact force
and contact area). Çolak et al. [7] used a flat tip with a diameter of 2 μm to measure
the adhesion forces between the tip and a smooth and chemically etched Si (1 0 0) sur-
face. Recently, Çolak et al. [8] used two flat tips to study the influence of some experi-
mental variables (load, contact time, contact area, relative humidity, and retraction
speed) on the adhesion forces between two flat surfaces. In a recent work of Lai and
Huang [9], the adhesion force measurements between a flat tip and some samples were
carried out under ambient conditions, in dry nitrogen, under distilled water, and under
potassium chloride solution. The outcome shows that, under different conditions, vari-
ous interactions and factors affecting adhesion force are mutually coupled to determine
the final adhesion force.

It is well known that many factors, such as surface roughness, hydrophilicity, tem-
perature, and humidity, can influence adhesion force. Some factors are well studied.
However, there are only a few studies concerning the influence of temperature on adhe-
sion force.[10–14] Some researchers found that the adhesion force will decrease with
increasing temperature. For example, Nelson et al. [10] studied the capillary force
between an AFM tip and mica at various temperatures. The results showed that at low
humidity, the capillary force decreases with increasing surface temperature, and this is
attributed to water evaporation off the heated surface. Tambe and Bhushan [11] studied
the adhesion force of four samples in humidity environment and found that the adhe-
sion force decreases as the temperature increases (between 20 and 125 °C). This trend
was attributed to the desorption of water molecules and the reduction of water surface
tension. Awada et al. [12] reported the adhesion force between an AFM tip and the
cross-linked polydimethylsiloxanes. Temperature was varied between 30 and 140 °C.
They found out that the adhesion force decreases when the temperature increases, and
it was attributed to the decrease in the intermolecular interactions between the tip and
the surface. Shavezipur et al. [13] studied the adhesion force between polycrystalline
silicon surfaces at elevated temperatures by introducing new microstructures. They
found that in the absence of electrostatic and capillary forces, the adhesion force is
notably reduced. However, Cappella and Stark [14] observed an increase in the
adhesion force with increasing temperature for a contact between the AFM tip and a
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polymer film. Their results showed that the temperature dependence of the adhesion
force is a consequence of the temperature dependence of the stiffness and of the elas-
tic–plastic properties of the sample. It can be seen that the temperature dependence of
the adhesion is still not conclusive.

In this paper, the influence of temperature on the microscale adhesion force will be
studied by recording force–displacement curves with an AFM. The varied temperatures
are achieved by heating the substrate. The substrate temperature was varied between 30
and 200 °C. A flat tip will be used to measure the adhesion forces of a rough silicon
wafer for different temperatures under ambient conditions and in dry nitrogen. The
influence of temperature on the normal spring constant of the cantilever will be studied.
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 adhesion forces and
the distributions will be investigated to analyze how the temperature will influence the
adhesion force behaviors. And the reason why we obtain these adhesion force behav-
iors will be discussed. The results of this paper can provide a reference to the design
and manufacture of micro–nanodevices and instruments.

2. Experimental details

2.1. Sample preparation and characterization

The sample (grooved Si) is ground from a polished silicon wafer by a grinding wheel
with diamond particles.[15] The polished silicon wafer is an N-type wafer of (100) ori-
entation. The thickness is 400 ± 10 μm, and the resistivity is 5–10 Ω cm. An area of
60 × 60 μm2 was selected as a representative of the sample. The surface topography of
the sample has been determined using the contact mode of the AFM, as shown in
Figure 1. The surface height distribution of the sample is a Gaussian-like distribution.
The average roughness is ~30 nm and root-mean-square roughness is ~37.4 nm. The
contact angle with water is 21.9 ± 2.4°, and the surface free energy is ~62.8 mJm−2.
Before the experiments, the sample was ultrasonically cleaned in an alcohol solution
for 15 min, and then ultrasonically cleaned in distilled water for 15 min.

2.2. Adhesion force measurement method

The experiments were performed using an AFM of beam deflection type (AFM, Being
Nano-Instruments CSPM-4000, China). The microscope can be operated under ambient

Figure 1. The topography of the sample measured by the AFM.
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conditions and in a nitrogen-filled glove box (Etelux Lab2000) where the water content
and oxygen content are all less than 0.1 ppm.

A single crystalline silicon probe (PL2-CONTR by Nanosensors, Switzerland) with
a flat tip was used in the experiments. The tip shape (as shown in Figure 2) and other
geometric values of cantilevers were determined using a scanning electron microscopy
(SEM, FEI Nova Nano 430). 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 normal spring
constant CN of the cantilever can be calculated as [16]:

CN ¼ Ewt3

4l3
(1)

where E is the elastic modulus, w, t, and l are the width, thickness, and length of the
cantilever, respectively. The normal spring constant of the probe used here is
~0.135 Nm−1. It is worthwhile to note that only if the normal spring constant is suffi-
ciently low, the adhesion force measured by the AFM corresponds to the maximum
attractive force.[17] That is why we choose a soft cantilever. One shortcoming of the
soft cantilever is that the maximum adhesion force detected cannot be very large, since
the bending deflection of the cantilever is limited. This is why we use the grooved Si
(the adhesion force is decreased due to smaller real contact area) instead of the polished
silicon wafer.

In the AFM, adhesion force measurements are performed by recording force–dis-
placement curves. A typical force–displacement curve is shown in Figure 3. The
approaching and retracting processes is from point A to point H. (A–B) The sample is
initially far away from the probe tip, and no measurable interaction is detected between
them. This segment is regarded as the zero line. Upon approaching the surface, the end
of the cantilever may bend downward or upward (not shown in the figure) due to the
attractive or repulsive forces. (B–C) If the short-range attractive force gradient of the
tip–sample interaction exceeds the normal spring constant of the cantilever, the tip will
snap into contact with the sample. (C–D) The tip–sample interaction continues to
increase as the sample moves upward, until a predetermined maximum normal load is
reached. (D–E) The retraction of the sample will lead to the decrease in the interaction.

Figure 2. SEM image of the flat tip.
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(E–F) The tip keeps in contact with the sample because of the adhesion force with the
withdrawal of the sample. (F–H) When the normal spring constant overcomes the
attractive force gradient, the cantilever snaps back to its original undeflected position
with vibration. The vibration reduces gradually and completely disappears after a short
span of time.

2.3. Heating unit

In the AFM system, a heating unit was installed on the scanner to elevate the tempera-
ture of the substrate. As shown in Figure 4, the unit mainly consists of wire terminal,
the base, cooling fins, and sample holder. The cooling fins are used to dissipate the heat

Figure 3. A schematic of a typical force–displacement curve with highlights of the various
stages (A–H) of the tip as it is brought into and out of contact with the sample at a fixed point.

Figure 4. (a) Photograph and (b) schematic diagram of the heating unit of the AFM.
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to avoid the damage of the scanner. The sample holder is made of magnetic stainless
steel. There is a precision integrated-circuit temperature sensor (LM35, National Semi-
conductor) just under the upper surface of the holder. And a positive temperature coef-
ficient (PTC) ceramic heater is also inside the holder. A thin layer of thermal
conductive silicone grease (ShinEtsu X-23-7783D) was added between the sample and
the holder to decrease the thermal contact resistance. The coefficient of thermal conduc-
tivity of the grease is larger than 6 W(mK)−1. The temperature of the holder can be set
on a controller connecting to the AFM. The substrate temperature can be varied from
room temperature to 200 °C. The temperature error is less than 3 °C.

Before the measurement, the tip and sample were in contact with a certain loading
force. Then the tip was elevated by driving the screws which support the probe base
until the distance of the tip and sample is a few micrometers. The controller is turned
on to heat the sample. The heat of the sample is transferred to the tip across the tip-
substrate air gap. With the increase in the temperature, the end of the cantilever will
bend downward due to the deformation of the cantilever and/or the attractive forces.
This leads to the movement of the laser spot on the quadrant photodetector. After a
few minutes, the laser spot should be adjusted when the temperature of the probe is sta-
ble. Then the tip can be approached to contact with the sample. The adhesion force
tests can be performed after the temperature of the probe is almost the same as that of
the sample. This process will take a few minutes too.

3. Results and discussion

3.1. Influence of the temperature on normal spring constant

The determination of the spring constant of the cantilever is of fundamental importance
to users of the AFM. In the measurement of adhesion forces at varied temperatures, a
question is whether the normal spring constant will be changed by the increased tem-
perature. It can be seen from Equation (1) that the normal spring constant depends on
the elastic modulus and geometric values of the cantilever. Since the linear thermal
expansion coefficient of silicon below 200 °C is so little, the expansion of the cantile-
ver can be ignored.[18] The elastic modulus of silicon will not be changed largely by
increased temperature. For example, the elastic modulus is 169.0 GPa at 25.1 °C, and
166.2 GPa at 151.5 °C for the [1 1 0] direction of silicon.[19] Therefore, the normal
spring constant is viewed as a constant in this work. And this assumption is confirmed
in our experiments.

The natural frequency of the cantilever can be obtained by recording force–dis-
placement curves at varied temperatures. After the tip snaps out of contact with the
sample, the vibration of the tip can be simplified as an underdamped linear vibration of
a one-degree-of-freedom system. To make sure that the temperature of the cantilever is
almost the same as the sample, the tip was contacted with the sample for about two
minutes before the measurement. Five force–displacement curves were collected for
each temperature. For each curve, the number of the sampling points was 8000, and
the delay time for each point was 1 μs, and the dwell-in time was 0 s. Since the delay
time is the same as the sampling period, a force–displacement curve can be changed
into a force–time curve. The inset of Figure 5 shows a segment of a typical force–time
curve. Then the period of vibration can be obtained from the force–time curve. The
cantilever oscillates at the natural damped frequency f ¼ 1� f2

� �
CN=mc

� �1=2
= 2pð Þ,

where f is the damping ratio and mc is the mass of the cantilever.[20] If the damping
ratio is assumed as a constant, the normal spring constant is proportional to the f 2.
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Figure 5 shows that the natural damped frequency remains in the vicinity of 93 kHz
with the increase in the substrate temperature (the resonance frequency is ~190 kHz
from the tuning process of the AFM). Therefore, the normal spring constant will not be
changed with the increase in temperature.

3.2. Influence of temperature on the adhesion

The experiments were carried out under ambient conditions (ambient temperature 29
± 1 °C, relative humidity 55 ± 5%) and in the glove box (ambient temperature 31
± 1 °C, water content <0.1 ppm). To study the influence of temperature on the adhe-
sion, the heating unit was connected to the scanner, and the sample was placed on the
sample holder. The sample temperature can be changed between 30 and 200 °C. A
group of force–displacement curves were obtained for different temperatures. In a scan-
ning area of 60 μm × 60 μm, 1024 uniformly distributed locations were selected. A
force–displacement curve was recorded for every location. The maximum applied load
is ~220 nN, the loading rate is ~405 nNs−1, the retraction velocity of the tip is
3 μms−1, and the dwell-in time is 0 s. Due to the fluctuation of the temperature and
heat dissipation of the sample and the probe, these parameters will be influenced to
some extent. In the experiments, some scanning areas were selected at each tempera-
ture. Finally, the adhesion forces were obtained from all the force–displacement curves.
The statistics of the adhesion forces were carried out, and the average value and stan-
dard deviation were calculated.

When the temperature is relatively high, some force–displacement curves are not
correct when collecting curves in a large area. It means that the curves do not have the
typical features of a force–displacement curve. The incorrect curves are not obtained
when the temperature is relatively low. Therefore, high temperature may be the main
reason of the incorrect curves. For one thing, the heat of the holder, the sample and the
probe will dissipate into the air or the nitrogen atmosphere. The tip will be separated
with the sample once when collecting a force–displacement curve. Therefore, the

Figure 5. Natural damped frequency of the cantilever vs. temperature of substrate. Each data
point represents the average value of five measurements, and vertical error bars represent the
standard deviation. The inset shows a segment of a typical force–time curve reflecting the vibra-
tion of the cantilever.
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temperature of the cantilever will change with time. When the tip is far away from the
surface, the position of the tip is variable. That means the position of the laser spot on
the quadrant photodetector will change when the tip is far away from the sample. How-
ever, the range of the scanner (moving up and down) is settled at the beginning of the
experiments. And the voltage of the quadrant photodetector is also limited to ±2 V due
to large non-linearity at high voltages. Therefore, with the retraction of the scanner, the
tip may not snap out of contact with the sample surface. Or with the extension of the
scanner, the tip may not snap into contact with the sample surface. Or the voltage of
zero line is so close to −2 V that the photodetector voltage is off the scale when the tip
touches the sample. Figure 6 shows three force–displacement curves obtained at
different temperatures under ambient conditions. For convenience, the Z voltage of the
scanner and the voltage of photodetector are used as the variables of the coordinates.

Figure 6. Three force–displacement curves obtained under ambient conditions. (a) Typical curve
at 30 °C; (b) incorrect curve at 130 °C; and (c) incorrect curve at 170 °C.
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They are in proportion to the scanner displacement and the tip-sample force, respec-
tively. As shown in Figure 6(a), the curve was obtained when the temperature was

Figure 7. Histograms that show the distribution of adhesion force values quantified for different
temperatures under ambient conditions. (a) The temperatures are between 30 and 80 °C; (b) the
temperatures are between 90 and 140 °C; and (c) the temperatures are between 150 and 200 °C.
The numbers of the curves used are displayed beside the histograms.
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30 °C. It is a typical force–displacement curve. The hysteresis of curve due to the adhe-
sion force is obvious, although the feature of jumping into contact is not. The curve
shown in Figure 6(b) was obtained at 130 °C. The voltage of the zero line is a little far

Figure 8. Histograms that show the distribution of adhesion force values for different tempera-
tures in the glove box. (a) The temperatures are between 30 and 80 °C; (b) the temperatures are
between 90 and 140 °C; and (c) the temperatures are between 150 and 200 °C. The numbers of
the curves used are displayed beside the histograms.
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away from 0 V, although the voltage of photodetector was set to 0 V at the beginning
of the experiment. The end of the cantilever bends downward when approaching the
sample. The tip has not touched the sample when the Z voltage is the largest. There-
fore, the adhesion force is not available from this curve. The curve shown in Figure 6(c)
was obtained at 170 °C. It only shows the contact parts of the approach and retraction
lines. The voltage of the zero line is not larger than −2 V. Therefore, the adhesion force
is also not available. For another, the tip will move to the next point to collect a curve
when the previous curve has been obtained. This will cause the extension or retraction
of the scanner because of different topographies. This will also increase the possibility
of obtaining some incorrect curves. Since the incorrect curves are not found when col-
lecting curves at the same location, this influence factor is also important. We used a
FORTRAN program to extract the values of the adhesion force from the force–dis-
placement curves. The curves were first checked by the program. If a curve was not
the typical one, it would be deleted and not be considered.

Figure 7 shows the adhesion force histograms for different temperatures under
ambient conditions. Each of them exhibits a Gaussian-like distribution for different

Figure 9. Adhesion force vs. the temperature of substrate using the flat tip (a) under ambient
conditions and (b) in the glove box. Each point is an average of many measurements, the error
bar being the standard deviation of each set of points.
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temperatures (fitting curves displayed in the figure). Figure 8 shows adhesion force his-
tograms for different temperatures in the glove box. The distributions are also Gaussian
like. The numbers of the force–displacement curves used are displayed beside the histo-
grams for different temperatures in Figures 7 and 8. A large number of curves were
collected for a single temperature. This method is in accordance with the suggestion
proposed by Noy that a successful experiment needs thousands of force–displacement
curves.[21]

The mean adhesion forces and their standard deviations are shown in Figure 9 for
different temperatures under both conditions. Under ambient conditions, the mean adhe-
sion force first increases with the increase in temperature and reaches the maximum at
~100 °C. Then the mean adhesion force begins to decline slightly. At about 150 °C, the
mean adhesion force decreases dramatically, and remains relatively stable at high tem-
peratures. It can be seen that the temperature is increased from 30 to 100 °C and the
mean adhesion force is increased by a factor of 4. However, in the glove box, the mean
adhesion force decreases with increasing temperature. The mean adhesion force at
30 °C is about six times larger than that at 200 °C. It should also be noted that at high
temperatures (180–200 °C), the mean adhesion forces under both conditions are almost
the same.

Here, we first discuss the reason why the mean adhesion force increases below
~100 °C. Under ambient conditions, the capillary force is always present, and the van
der Waals (vdW) force is relatively small when compared with the capillary force.
Generally speaking, there are two water transport mechanisms in the formation of water
capillary bridges between the tip and the sample: (1) condensation of water vapor in
the gap and (2) adsorption of water molecules on the surface region around the contact
and flow of thin water film toward the growing meniscus.[22–24]

Usually, the capillary condensation is viewed as two processes: capillary nucleation
and subsequent growth of the meniscus to thermodynamic equilibrium by the diffusion
of water molecules.[25] The nucleation is to create the nuclei which are larger than the
critical size of water nanomeniscus by overcoming the activation energy barrier. If the
nucleus is smaller than the critical size, the water nanomeniscus will be ruptured imme-
diately because the meniscus is energetically unfavorable.[26] It means that the nucle-
ation is at the initial stage of condensation.

The nucleation of the water nanomeniscus is a thermally activated process, and the
nucleation rate C can be described by Arrhenius law [27]:

C ¼ C0 exp �DX�

kBT

� �
(2)

where C0 is a prefactor, DX� is the activation energy barrier, T is the absolute tempera-
ture, and kB is the Boltzmann constant (1.3806505 × 10−23 JK−1). Here, we assume that
C0 = 3.4 × 108 Hz, DX� = 7.65 × 10−20 J. According to Equation (2), we get the rela-
tion of nucleation rate and the temperature, as shown in Figure 10. From this figure,
the nucleation rate increases dramatically with the increase in temperature. Since the
contact time between the tip and the sample is unchangeable, the increased nucleation
rate will lead to more liquid bridges between asperities of the surfaces. Due to the
increase in energy, liquid bridges can also be formed between asperities with longer
distances. All of these will cause increased capillary force.

The elevated temperature can not only improve the nucleation rate, but also speed
up the diffusion of water molecules. After the formation of the nanomeniscus, the
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meniscus grows through condensation of the water vapor that diffuses in the gap. That
means, the radius of the meniscus will continue to increase until the equilibrium is
reached. There are three transport mechanisms: molecular diffusion, Knudsen diffusion,
and surface diffusion. Each of them may play a part in the capillary condensation.
Since the diffusions depend strongly on the structure character, we cannot make an
accurate prediction of the total diffusivity. Usually, the mean-free path of the water
molecules is approximately 100 nm, and the diffusion resistance is mainly from the col-
lisions of water molecules against the tip and the sample. Therefore, the Knudsen diffu-
sion is the main diffusion mode.[22,24] Dushman [28] proposed the Knudsen diffusion
coefficient CK ¼ 2D 2RGT=ðpMÞ½ �1=2=3, where D is the radius of the pore, RG the uni-
versal gas constant, and M the molar mass of water. It can be seen that with the
increase in temperature, the diffusion coefficient increases.

Obviously, the elevated temperature of the sample will raise the temperature of the
atmosphere in the gap, and eventually result in increased diffusion. If the water vapor
can be viewed as an ideal gas, the mean translational kinetic energy of the water vapor
molecules is: m0�v2=2 ¼ 3kBT=2, where m0 is the molecular mass and �v is the average
speed. Therefore, the elevated temperature will increase the velocity of the water mole-
cules and they will reach the meniscus faster. Since the contact time between the tip
and the sample is limited, the increased temperature will lead to larger and/or more
numerous liquid bridges.

Under ambient conditions, the surfaces of the tip and the sample are all covered
with adsorbed water layers. Since both surfaces are hydrophilic, the liquid bridge
formed is concave. Young–Laplace equation can be used to describe pressure difference
Dp across the surface. It is, Dp ¼ cL r�1

1 þ r�1
2

� �
where cL is the surface tension or sur-

face energy of the liquid film, r1 are r2 the principal radii of curvature of the surface. It
can be seen that the pressure inside the liquid is smaller than the gas pressure for a
concave meniscus. If the film outside the contact zone is flat, the pressure difference
between the outside and inside of interface is vanished. Therefore, the pressure inside
the liquid of a concave meniscus is smaller than that of the surrounding water film.
That means the surrounding water film will flow toward the growing meniscus and the
elevated temperature will accelerate this kind of flow.

Figure 10. The relation of nucleation rate and temperature.
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The probe is farther away from the heater than the sample, and the tip will snap
out of contact with the sample once a single force–displacement curve is collected.
Therefore, the temperature difference between the sample and the tip will lead to the
temperature difference in the water film absorbed on them. The temperature gradient
will cause the surface tension gradient. Since a liquid with a high surface tension pulls
more strongly on the surrounding liquid than one with a low surface tension, the pres-
ence of a gradient in surface tension will naturally cause the liquid to flow away from
regions of low surface tension (Marangoni effect). In the system of tip and sample, the
liquid of the sample will flow toward the tip, and this also leads to larger and/or more
numerous liquid bridges.

From the discussion above, the capillary nucleation, the diffusion of water mole-
cules, and the flow of thin water film toward the growing meniscus are all related to
the temperature. The elevated temperature will lead to larger and/or more numerous
liquid bridges, and eventually lead to larger adhesion force.

Meanwhile, it should also be noted that the capillary force is directly related to the
surface tension. The elevated temperature will reduce the surface tension of water.
When the temperature rises from 30 to 100 °C, the surface tension reduces by
21.4%.[29] It seems that the factor of reducing surface tension is unimportant when
comparing with the factor of the numbers and the radius of the liquid bridges.

When the temperature of the sample is larger than ~100 °C, the water film will
begin to evaporate. However, the formation of the liquid bridges does not stop com-
pletely. It can be seen from Figure 9, between 100 and 140 °C, the adhesion force
reduced slightly. When the temperature reaches ~150 °C, the mean adhesion force
reduces sharply and remains relatively small at high temperatures. At high tempera-
tures, the capillary force may no longer be the major contribution to the adhesion force,
and becomes less important. This may attribute to the decrease in the radius of the
liquid bridges or no liquid bridges at all. The adhesion force is mainly contributed by
the vdW interaction. That is why the mean adhesion forces under ambient conditions
and in the glove box are almost the same at high temperatures.

In the glove box, the capillary force will disappear, and the vdW force becomes the
dominant force. And the electrostatic forces may become the second important contrib-
utor. The elevated temperature increases the vibrational energy of atoms on the surface,
and eventually vdW bonds are broken. We can also see that from the three components
of the vdW potential. The potentials are the orientation potential, the induction poten-
tial, and the dispersion potential. The orientation potential between atoms and/or mole-
cules can be expressed as wKðlÞ ¼ �u21u

2
2= 3ð4pe0eÞ2kBTd6
h i

, where u1 and u2 are the
dipole moments of the molecules, ε0 is the dielectric constant in vacuum, ε is the
dielectric constant of the medium, and d is the distance. The elevated temperature will
lower the orientation potential. The induction potential is irrelevant with temperature.
The elevated temperature will lead to larger distance between molecules, and eventually
lead to weaker intermolecular forces. Therefore, it will lower the dispersion potential to
some extent. It should be noted that our experiment results in the glove box are consis-
tent with the results proposed by Shavezipur et al. [13].

4. Conclusions

In this work, the influence of temperature on the microscale adhesion force has been
studied with an AFM under ambient conditions and in dry nitrogen. The substrate
temperature was varied between 30 and 200 °C. The outcomes show that when the
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temperature is less than 200 °C, the influence of temperature on the normal spring con-
stant of the cantilever can be ignored. In this temperature range, the adhesion forces’
distribution for each temperature exhibits a Gaussian-like distribution under both situa-
tions. Under ambient conditions, the mean adhesion force first increases with the
increase in temperature and reaches the maximum at ~100 °C. The increase in adhesion
is associated with the capillary force. The elevated temperature will lead to larger and/
or more numerous liquid bridges. The capillary nucleation, the diffusion of water mole-
cules, and the flow of thin water film are all enhanced with the elevated temperature.
Between 100 and 140 °C, the adhesion force reduced slightly. That means the water
film begins to evaporate, but the formation of the liquid bridges continues. At about
150 °C, the adhesion force decreases dramatically and remains relatively stable at high
temperatures. At high temperature, the vdW force becomes the dominant contribution
to the adhesion force. However, in dry nitrogen, the mean adhesion force decreases
with the increase in temperature. This trend is attributed to the broken van der Waals
bonds. Due to the same major contribution to the adhesion force, the mean adhesion
forces at high temperatures are almost the same.
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