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Adhesion force is one of the most important factors in microelectromechanical sys-

tems (MEMS), especially for microassembly. It depends on operating conditions and

is affected by the contact area. In this study, the adhesion force between MEMS

materials and AFM tips was analysed using AFM's point‐mode spectroscopy. The

aim was to study the effectiveness of various coatings in MEMS adhesion surfaces.

For this purpose, five silicon surfaces were used, four of which were coated, and

one was noncoated. Two of them were deposited by single‐layer coating (Au and

Ag). The other two were deposited by double‐layer coating (TiO2/Au, TiO2/Ag) on

a Si (1 0 0) substrate. The depositing was accomplished by the thermal evaporation

method. Composite materials and analysis were reviewed by observing the SEM

image. The experimental results showed that the method of deposition helped to

decrease the adhesion force between the probe tip and the surface of the specimens,

and double‐layer coating had stronger effect on decreasing the adhesion force than

the single‐layer coating.
1 | INTRODUCTION

In recent years, the increasing use of microelectromechanical system

(MEMS) devices and new fields like microassembly has resulted

in decrease of adhesion force in the devices employed for capturing,

safe holding, transferring, and releasing microparts such as

microgrippers.1-5 The effective force on the adhesion of surface in

the MEMS are Van der Waals force as well as capillary and electro-

static force, prevailing the weight of the parts.4-8

One way to reduce the adhesion force is to reduce the effective

surface between two involved surfaces. While some studies have

shown that decreasing the interfacial roughness can increase adhe-

sion, coating can also be useful.9 In most of the studies, silicon is used

as one of the most suitable materials in MEMS for the chosen

surface.2,5,10

Other researches have studied the effect of surface roughness

and the particles size on the adhesion.8,11-14 In addition, the effect

of decreasing the pull‐off force on the roughness of surface of

microgrippers has been investigated by the fabrication of the poly-

meric coating deposited.1,2
wileyonlinelibrary.com
According to the studies conducted on the deposition of polymeric

films, the method of Deeping1,2 is implemented; for the nonpolymeric

films, a method like atomic layer deposition (ALD)12 is applied. The high

potential and velocity of the coating, the precise control of the

thickness of the film, and the high quality of this thin layer are

the advantages of the ALD coating. However, as a major disadvantage

of this method, it requires a plasma environment.12 The specimens'

deposition was performed by using the thermal evaporation method

on the surface. It is a gas method of phase deposition with many uses

in the MEMS/NEMS, particularly for microfabrication.15-20 With this

method, the thin layer of coating is monotonous and shows the best

adhesion on the substrate and high quality, without the need for the

plasma environment.15-20

The most important property of the MEMS appliances is their

high electricity transmission. Therefore, coating materials should

have high conductivity and low surface adhesion. Accordingly, many

studies have addressed coatings of gold and silver on the silicon

substrate.21,22

Titanium dioxide grows in a crystalline manner, and has a high

dielectric constant, acting as the protective layer in diverse chemical
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environments.23 TiO2 films have properties such as better durability,

high refractive index, and high optical transmittance, making them

suitable for multilayer thin film device applications.24 TiO2 thin films

improve the surface smoothness, surface morphology, crystallization

phases, and growth rates, maintaining the high functional quality.

TiO2 thin films suitable for applications of MEMS containing stress

are micromachined by dry etching and wettability conversion. These

investigations indicate that smooth TiO2‐based MEMS devices with

mechanical properties can be realized.25-27

However, improving the reliability, titanium dioxide coating is

obtained at the expense of reduction in the surface adhesion force

and energy.28 Double‐layer coatings cause a change in the roughness

of the substrate, affecting the properties of the surface layer.29

In the experimental studies, an atomic force microscope (AFM)

and a force‐level device (SFA) have been used to obtain the adhesion

force. The force measurement with the AFM, due to its high resolu-

tion, allows observation and manipulation of molecular and atomic

surface features.22

The AFM is armed with a cantilever with a sharp tip at its free‐

swinging end. This tip is driven toward the surface of the investigated

specimen, and due to the interaction occurring between the tip

and the specimen, the cantilever is bent. Using a detector and a laser,

the bending and/or orbital deviation of the cantilever can be

determined.30

The surface topographic features provided by AFM include sur-

face topography and the main statistical surface parameters.31 The

AFM can be used to distinguish dependence of the interaction on

the probe‐specimen distance at a certain place. The spectroscopy

can be displayed as a local force spectroscopy (to measure the

mechanical properties of the specimen) or as a force imaging spectros-

copy. In the first case, a plot of the deflection of the cantilever against

the specimen displacement is obtained for a special point on the spec-

imen surface. The force can be easily calculated by knowing the spring

constant of the cantilever. In the second case, the plots are generated

for a large number of points on the specimen surface. This kind

of spectroscopy can be applied to measure adhesion, hardness, or

deformability of specimens and Van der Waals interactions.32
Scanning electron microscope (SEM) image of a composite mate-

rial includes visible morphological structures with similar clusters of

its constituent particles immiscible with the material basis. SEM

images display the structures characterized in terms of their forms,

sizes, material, and uniformity of the layer.33-36

In this article, gold and silver were coated on the silicon surfaces

using the thermal evaporation method, by single‐layer and double‐

layer depositing; the first layer material on the double‐layer coatings

was TiO2; AFM measurements considered for this article were mea-

surements related to the minimum force necessary to separate the

AFM tip. The specimen giving the adhesion force is often known as

the pull‐off force. Experimental researches of this article were per-

formed using the spectroscopy in the AFM point mode. The purpose

was to determine the adhesion force between the AFM tip and the

surfaces of the specimens; then, the adhesion force of the obtained

specimens was compared, and the effect of the double‐layer coatings

on reduction of the surface adhesion force was demonstrated. In this

work, SEM image for analysis of the structures of depositions included

size and percent of materials on the surface.
2 | MATERIALS AND EXPERIMENTAL
PROCEDURE

2.1 | Surface and materials

The materials investigated in this work were thin solid films of gold,

silver, and titanium dioxide with the thickness of 150 and 100 nm.

This thickness of coating usually was used in MEMS especially in

microassemblies and the process of making microgrippers.2,12,21,37

The substrate for all specimens was single crystal (monocrystal)

silicon <100>. For this purpose, five silicon wafers polished were given

in the size of 8 × 8 × 0.5 mm.

One of the silicon specimens was not coated to compare it with

other coated ones. Figure 1A is the schematic picture of a noncoated

specimen. Two specimens of silicon wafers were given the single‐layer

coating, and two other silicon wafers received the double‐layer
FIGURE 1 A, Schematic picture of a
noncoated specimen. B, Schematic picture of
the specimen of the single‐layer coated by
gold. C, Schematic picture of the specimen
of the single layer coated by silver. D,
Schematic picture of the specimen of double
layer coated by titanium dioxide and gold. E,
Schematic picture of the specimen of the
double layer coated by titanium dioxide
and silver
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coating. As Figure 1B shows, single‐layer coatings were made of gold,

and the second layer was coated by silver. The schematic picture of

the single‐layer made by gold coating is provided. Figure 1C presents

the schematic picture of the single‐layer silver coating. As Figure 1D

depicts, double‐layer coatings were the primary layer with titanium

dioxide coating, and the next layer was the one with gold and silver

coating. The schematic picture of the double‐layer coating by the tita-

nium dioxide and gold is provided. Figure 1E displays the schematic

picture of the double‐layer coating by the titanium dioxide and silver.

Additionally, Table 1 shows the materials and thickness of each of the

specimens.
2.2 | Details of deposition

The thermal evaporation coating is a process in a vacuum environment

by which the source material evaporates by applying an electric cur-

rent and transfers to the substrate by the pressure difference between

the source material and the substrate. Controllable parameters in this

process are the pressure of the chamber and the temperature of the

filament boat. This method of deposition is one of the most common

types of coating in thin film layers.15-20

The thickness of the layers and evaporation rate were measured

using quartz crystal microbalance. The system includes a silicate and a

crystalline holder. The measurement accuracy is 1 nm that can measure

and control the thickness of the layer in during of coating process.38

Before deposition, the silicon substrate was washed with boiling

water, deionized water, ethanol, acetone, propanol, and isopropyl

alcohol. Then, they were dried with nitrogen. The thin film deposition

was carried out by the thermal evaporation method. With the thick-

ness monitor of quartz crystals, the layer thickness and the layer depo-

sition rate were controlled. Table 2 displays the details of the coating

of each of the depositions.
TABLE 1 Materials and thickness of all investigated specimens

Specimen Number Substrate First Layer

1 Si (100) ‐

2 Si (100) Au

3 Si (100) Ag

4 Si (100) TiO2

5 Si (100) TiO2

TABLE 2 Characteristics of each layer

No. Layer Thickness

1 Au 100 nm 9

2 Ag 100 nm 9

3 TiO2 150 nm 9

TABLE 3 Analysis conditions

Accelerating
Voltage, kV

Beam Current,
nA Magnification

Live Time,
s

P

15.0 10.000 100 000 16 3
2.3 | SEM imaging

SEM imaging was carried out by scanning on all of the specimens with

a focused beam of electrons. The electrons produced several signals

that could be detected; they included information about surface

topography and combination of the specimens. The SEM images only

confirm the presence of coated layer. The electron beam is usually

scanned in a raster scan pattern, and the beam's position is combined

with the detected signal to produce an image.

SEM images of all specimens were taken by the FE‐SEM micro-

scope. The optimum contrast of the images was found for an acceler-

ating voltage of 15 kV at a nominal working distance of 10 mm.

Table 3 shows the analysis conditions.

Figure 2A shows the dispersion of gold particles on the silicon

substrate in the SEM image. In this image, the colour of gold parti-

cles was white, and the silicon substrate (background) was grey.

Figure 2B shows the dispersion of silver particles on the silicon sub-

strate in the SEM image. In this image, the colour of silver particles

was white, and the silicon substrate (background) was grey. Figure 2

C shows the dispersion of titanium dioxide and gold particles on the

silicon substrate in the SEM image. In this image, the colour of the

titanium dioxide and gold particles was white, and the silicon

substrate (background) was grey. Figure 2D shows the dispersion

of titanium dioxide and silver particles on the silicon substrate in

the SEM image. In this image, the colour of the titanium dioxide

and silver particles was white, and the silicon substrate (background)

was grey.
2.4 | Experimental procedure

The details of the thin films at nanoscale were applied using an AFM

NanoWizard II (JPK Instruments, Germany) in the atomic force
Thickness Second Layer Thickness

‐ ‐ ‐

100 nm ‐ ‐

100 nm ‐ ‐

150 nm Au 100 nm

150 nm Ag 100 nm

Purity Temperature Pressure

9.99% 40°C 6 × 10−6 mbar

9.99% 40°C 6 × 10−6 mbar

9.9% 40°C 6 × 10−6 mbar

reset Time,
s

Nb
Channels Ev/Channel

Offset,
keV

Width,
keV

0 1024 20 0 20



FIGURE 2 A, SEM image of the Au thin film (specimen 2). B, SEM image of the Ag thin film (specimen 3). C, SEM image of theTiO2/Au thin film
(specimen 4). D, SEM image of the TiO2/Ag thin film (specimen 5)

FIGURE 3 The AFM curve of loading and unloading using
spectroscopy in the point mode37
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microscope laboratory. The investigations were conducted at a tem-

perature of 23°C and a scanning frequency of 0.74 Hz. The probe

model used for these tests was a HYDRA V‐Shaped Probe Series

(Hydra 6V‐100NG), which according to the manufacturer's specifica-

tions, it had the length of 100 μm, the width of 18 μm, the thickness

of 0.6 μm, the spring constant of 0.292 N/m, and the resonance fre-

quency of 66 kHz. The cantilever had specifications of a material with

low stress silicon nitride and a V shape. The tip had the specifications

of a material of Si, a tetrahedral shape, the height of 4 to 6 μm, and the

ROC of <10 nm.

In the AFM technique, a sharp tip attached to the cantilever scans

the specimen surface. The force between the tip and the specimen

surface bends the cantilever during the scanning. A detector measures

the size of this deviation. Based on this deviation, forces between

the tip and the surface (experimental force or pull of force) are

estimated.30

AFM curves obtained are presented in Figure 3. With the reduc-

tion of the distance between the tip of AFM and the specimen surface

(by applying the force from the piezoelectric to the cantilever), the tip

of AFM and the specimen surface will be contacted at one point such

that neither of them can move. By applying pressure from the tip to

the specimen, the force increases linearly until a distance of the tip
from the specimen reaches a certain limit. After this point, the amount

of the applied force decreases from the specimen to the AFM tip. The

calculated force is converted from pressure to the traction (repulse).

At this moment, due to the repulsive force between the tip and the

specimen, the tip of the probe is separated from the specimen and,

at a balance distance, the force between the tip and the specimen
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becomes zero. From this moment on, the tip takes distance from the

surface specimen, and the applied force between them becomes grav-

itational. The amount of this force is shown in Figure 3.30,37

In Figure 3, from point 0 to 1, the tip and the specimen surface

were without contact; from point 1 to 2, the tip was under the influ-

ence of gravity or traction forces; in point 3, under the loading of an

atomic force microscope, the tip drops down inside the surface or

the tip be deformed; in point 4, due to the removal effect of the load,

an adhesion effect is created between the tip and the specimen. This

leads to the impact (to the extent of failing) to the tip from the surface;

finally, in point 5, the tip returns to its initial place.30,37 Figure 3 pre-

sents experimental adhesion force measured for 49 points for each

specimen obtained.

The experimental curves rendering the dependence between the

force used and the movement of the piezo table were obtained for

all the specimens. Based on these curves, the values of the minimum,

maximum, mean, and total of the adhesion force between the AFM tip

and each specimen were obtained.
FIGURE 4 The image of a specimen obtained with the XEI image
processing tool for SPM data
3 | RESULTS AND DISCUSSION

According to the SEM images (Figure 2A to 2D), for each specimen,

the uniformity of the layers and particle sizes could be clearly

observed on the nanometer/micrometer length scale. Table 4 specifies

the percent mass and area of the materials on the specimen surface in

SEM images. W% represents the percent of the mass, and A% shows

the percent of the area in the tested portion.

For each specimen, a grid of 49 squares was considered (Figure 4),

and the adhesion force was specified from the minimum value of the

experimental curves obtained by the JPK SPM software for the centre

of each square.

Figure 5 presents the results of the experimental adhesion force

of all centres of each square (in Figure 4) over the surface of speci-

mens. As Figure 5A shows, in the silicon <100> noncoated, the exper-

imental adhesion force was obtained to be between 9 and 28 nN. As

Figure 5B shows, in the Au thin film, the experimental adhesion force

was between 16.5 and 25.8 nN. In the Ag thin film, as Figure 5C

shows, the experimental adhesion force was between 7.4 and

38.2 nN. In the case of TiO2/Au thin film, as Figure 5D shows, the

experimental adhesion force was between 4 and 38.8 nN. As

Figure 5E depicts, regarding the TiO2/Ag thin film, the experimental

adhesion force was between 2.5 and 39.5 nN.
TABLE 4 Percent of mass and area of the materials in SEM images

Specimen
Number

Coating
Material W% A%

1 Au 100% Au 100% Au

2 Ag 100% Ag 100% Ag

3 TiO2/Au 38.71% O 8.98%
Ti 52.31% Au

71.26% O 4.66%
Ti 24.08% Au

4 TiO2/Ag 25.11% O 7.12%
Ti 67.77% Ag

61.22% O 2.43%
Ti 36.35% Ag
For each specimen, Table 5 shows the minimum, maximum, and

mean values of the experimental adhesion force and the total experi-

mental force.

The results of the values obtained in Figures 5 and Table 5 indi-

cated that single‐layer coatings had less force values, as compared

with the uncoated specimens, and the effect of double‐layer coatings

was more evident in reduction of the adhesion force. In Table 5, the

last two columns correspond to the variance and standard deviation.

In uncoated and gold specimens, the data scattering is lower than

other specimens and double‐layer coatings have the highest scatter-

ing. These scatterings can have a direct relationship with surface

roughness variables. Figure 6 shows comparison of the mean value

of the adhesion forces of the specimen's surfaces.

The main parameters influencing adhesion force are the surface

energy, the surface roughness, and the radius, shape, and material of

the AFM tip. In this article, shape and material of the AFM tip were

constant, and two other parameters were changed.

Roughness is a property of the material surface texture where its

roughness topography is identified with an ideal flat surface. A rough

surface contains protuberance and depressions at near distance from

each other. The greater this roughness is, the greater the protuber-

ance, depressions, the height of the waves, and the waves of the sharp

tip in the surface. As a result, the actual contact and the adhesion

force between the two surfaces reduce. There are many studies

on reducing adhesion force by an increase in surface roughness

parameters.12,21,37

The surface energy is defined as the sum of all intermolecular

forces that are on the surface of a material. In other words, it is the

degree of attraction or repulsion force a material surface exerts on

another material. This energy has a direct relationship with the surface

adhesion force.37

In experimental investigation (in Figure 6), single‐layer coatings of

gold and silver compared with silicon of noncoated had less adhesive

force due to the effect of surface energy and surface roughness on



FIGURE 5 A, The experimental forces of the silicon <100> noncoated (specimen 1). B, The experimental forces of the Au thin film (specimen 2).
C, The experimental forces of the Ag thin film (specimen 3). D, The experimental forces of theTiO2/Au thin film (specimen 4). E, The experimental
forces of the TiO2/Ag thin film (specimen 5)

TABLE 5 Min, max, total, and mean values of adhesion force of the specimens along with variance and standard deviation

Specimens
Minimum Adhesion
Force, nN

Maximum Adhesion
Force, nN

Total of Adhesion
Forces, nN

Mean Values of
Adhesion Force, nN Variance

Discussion of
Standard Deviation

1. Noncoating 9 28 1160.3 23.6 6.7 2.6

2. Au 16.5 25.8 1003.65 20.5 3.5 1.9

3. Ag 7.4 38.2 1056.46 21.56 42 6.5

4. TiO2/Au 4 38.8 728 14.86 53 7.3

5. TiO2/Ag 2.5 39.5 856.7 17.48 70.8 8.4
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the adhesion force. The surface energy of silicon, silver, and gold was

2130,39 1130,40 and 140040 MJ/m2, respectively, and the average sur-

face roughness (Ra) of silicon, silver, and gold was 0.8, 1.65, and

1.9 nm, respectively. To obtain the surface roughness results, atomic

force microscopy (AFM) was applied. By comparing the surface energy

of specimens of single‐layer coating (silver thin film and gold thin film)

and noncoated, the maximum surface energy is related to silicon of

noncoated; therefore, single‐layer coatings reduced the surface

energy of the specimen. By comparing the roughness of the surface
of the three specimens, single‐layer coatings of the surface parameter

of roughness average, Ra, increased. Therefore, two parameters of

surface energy and surface roughness were the reason for reduction

of the surface adhesion force at single‐layer coating than the

noncoated specimen.

In experimental investigation (in Figure 6), double‐layer coatings

of TiO2/Au and TiO2/Ag compared with single‐layer coatings had less

surface adhesive force. The double‐layer coating of TiO2/Au and the

single‐layer coating of Au, due to equality of the last layer (upper



FIGURE 6 Mean values of adhesion force for each specimen

TABLE 6 The reasons for reducing the surface adhesion force for
each specimen

Specimens
Compared
with

The Reasons for the Reduction of
the Surface Adhesion Force

Noncoating ‐ ‐

Au Noncoating The increase in roughness + reduction
of the surface energy

Ag Noncoating The increase in roughness + reduction
of the surface energy

TiO2/Au Au The increase in roughness

TiO2/Ag Ag The increase in roughness
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layer), have the same surface energy, but the roughness of the TiO2/

Au coating is due to the presence of titanium dioxide between the

silicon substrate and the upper layer, causing increase of average

surface roughness (Ra = 6.5 nm), and consequently reduction of the

surface adhesion force. Similarly, TiO2/Ag coating and Ag coating

have the same surface energy, but average surface roughness (Ra) of

TiO2/Ag coating is due to the presence of titanium dioxide between

the silicon substrate and the upper layer, causing increase of average

surface roughness (Ra = 5.6 nm), and consequently reduction of the

surface adhesion force. Single‐layer and double‐layer coatings of gold,

compared with silver, have the least surface adhesive force due to

their higher surface roughness (Ra).
4 | CONCLUSIONS

Reduction of the surface adhesion on the microelectromechanical

systems is important, especially in microassembly. In this article,

the effects of different layers of surface deposition on the adhesion
force between atomic force microscopy probe and surfaces were

investigated.

In all experiments, microscope probes, environmental conditions,

substrate, and method of deposition (thermal evaporation) were con-

stant, and material of layer was changed. The aim of the deposition

was to reduce the surface adhesion force by changing surface energy

and parameters of surface roughness.

Deposition of layer was carried out in two methods. Single‐layer

coatings were the first method, which their effect on reduction of sur-

face adhesion force has been proven in this paper and previous

researches.1,2,21,22,37,41 The second method is a double‐layer deposi-

tion that is a new method to reduce the surface adhesion force, and

the purpose of this method is to change the surface roughness and

decrease of adhesion force; this is effective on increasing the effi-

ciency of microassemblies and other equipments of MEMS.

The thickness of the gold and silver layer (the last layer or upper

layer) in all specimens was fixed, and in the double‐layer coating,

the middle layer material was titanium dioxide that caused changes

in the substrate surface roughness. The results indicate that the

double‐layer coating has been more effective in reducing adhesion

force. The images of the scanning electron microscope, uniformity of

depositions, and percentage of different materials of the layers were

also presented.

For each specimen, Table 6 shows the reasons for reducing the

surface adhesion force.

In Table 6, specimens of single‐layer coating with the noncoating

specimen and double‐layer coating specimens are compared with

specimens of the single‐layer coating. The table also specifies the main

reasons for the reduction of surface adhesion. Increasing surface

roughness caused a reduction of the actual contact between surfaces

and thus a decrease in the surface adhesion force.12,21,37 The surface

energy consists of intermolecular forces that are on the surface of a

material. This energy has a direct relationship with the surface adhe-

sion force such that a decrease in the surface energy leads to a reduc-

tion in the surface adhesion force.37
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