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Microelectromechanical Systems (MEMS) are important in diverse ficlds such as
BioMEMS, optical MEMS, and radio frequency MEMS. The low cost, small device size
and high reliability are contributing to successful commercialization in MEMS markets.
However, the miniature device components can generate surface forces that form
undesirable tribological issues between microstructures. The important interfacial forces
arc capillary, molecular Van der Waals forces and clectrostatic force. The uniform
distribution of gold nanoparticles can be used to study ftribological issues in MEMS
devices. Simple methods to control the density control of colloidal gold nanoparticles on
silicon surfaces were investigated. Preliminary work showed that and silicon surfaces

modified with 3-MPTMS solution interact with gold nanoparticles. Atomic force



microscopy (AFM) images support the notion that Si surface modification is the most
important work in this study with ligand modified gold nanoparticles. The examination of
the density control on a silicon surface can be manipulated through control of the
concentration of colloidal gold nanoparticles, deposition time, concentration of 3-
MPTMS solution, and temperature. A relatively high density of gold nanoparticles forms
on the silicon surface if the concentration of gold nanoparticles and 3-MPTMS is
increased. In addition, with a 3 hour deposition time we find a maximum number of gold
nanoparticles while thermal effects are minimal. However, there are some restrictions on
experimental conditions because it is not possible to control gold nanoparticles density on
a dirty surface. Mathematical equations used with the particle analysis tool in AFM take

advantage of the expected the particle density.
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CHAPTER 1

INTRODUCTION OF MEMS
1.1 Definition of Microelectromechanical Systems (MEMS)

Microelectromechanical systems (MEMS) are an assembly of sensors, actuators,
and mechanical clements on silicon wafers. However, the definition of MEMS continucs
to evolve beyond this traditional definition because they are now being applied to widely
diverse fields such as BioMEMS, optical MEMS, and radio frequency MEMS. In Europe,
MEMS are called Micro Systems Technology (MST), while in Japan they are referred to
as Micromachines [1]. As the MEMS technology allows the assembly of smaller
clements, it now also includes Nanoelectromechanical Systems (NEMS). Despite the
various advantages of such devices, fabrication techniques are not available because of
insufficient physical prototypes to allow valid simulations [2]. Figure 1-1 shows MEMS
products from Sandia National Laboratorics.

The origin of MEMS technology is rooted in the discovery of semiconductors at
Bell Laboratories in the early 1950s. In the beginning of the 1990s, MEMS were used to
aid of the development of the integrated circuit (IC) fabrication process. MEMS devices
began to enter the marketplace in the mid-1990s and bulk micromachining, surface
micromachining, and LIGA processes were used for MEMS fabrication by the end of the
1990s. Commercial MEMS devices include pressure, temperature, chemical and vibration

sensors, light reflectors, accelerometers for airbags, and vehicle controls. MEMS devices



have also been used to move fluids (gases and liquids) to amplify and identify strands of

DNA, and carry out biochemical analysis of very small quantities of materials [3].

Figure 1-1 Various MEMS products from Sandia National Laboratory

The core clements in MEMS are composed of sensors and actuators [4]. The
consideration of actuator design is deeply influenced by the fact that two moving parts or
a moving and a fixed part make physical contact in a MEMS device. This phenomenon is
known as tribology, a term derived from the Greek word tribo (to rub), which is defined
as the science and technology of interacting surfaces with respect to relative motion. It
encompasses friction, wear and lubrication. It is important for MEMS because tiny
mechanical devices are built on silicon or silicon-related materials with mature

fabrication technologies and unique properties [5].



Silicon is the most widely used substrate material because it is extremely flat,
easy to fabricate, and allows chemical coating. However, silicon materials have their
shortcomings. The polycrystalline silicon surface rapidly oxidizes with air to form a
hydrophilic oxide layer, and this layer can be quite thick depending on processing
conditions [6]. In addition, the friction, adhesion, and wear behavior properties of silicon
have drawbacks, so there have been attempts to develop new materials to replace silicon
[7]. Currently, polymers are beginning to be used in the field of bio-MEMS and
microfluidic devices because of their resistance to corrosion and flexibility [5]. In
addition, research and development in MEMS materials is useful in textile industry
(textile MEMS).

Since the term MEMS evolved in the United States in the 1990s, MEMS
technology has received a lot of attention from the public and private sectors [1]. The
potential impact of the MEMS industry on US businesses is immense:

* The US market for MEMS is projected to increase to just over 19 percent per annum

through 2008 to $3.3 billion.

* MEMS were nominated by Business Week as one of the three technologies expected to

future growing technologies.

* The widest application of MEMS includes air bag accelerometers, ink-jet printer heads
and blood pressure monitors, and new applications will expand the use of MEMS.
Also, several technical factors contributed to the expanding MEMS industry:
= casy access to ultra-pure (no mechanical fatigue), low cost materials
= sophisticated diagnostic and testing equipment.
* high-volume IC (integrated circuit) packaging technologies.
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* low-cost and high-volume batch wafer processing technology.

1.2 MEMS Fabrication Techniques

Silicon micromachining is an important factor for the development of MEMS
technology. The three major MEMS fabrication techniques are bulk micromachining,
surface micromachining, and the LIGA process. Figure 1-2 and 1-3 show various steps of
these three techniques. Bulk and surface micromachining use planar photolithographic
fabrication processes to produce two-dimensional structures [8, 9] and those two
techniques are widely adapted for MEMS and Microsystems manufacturing. The LIGA
process has been used for 3D microstructure fabrication and allows on-demand

manufacture of high-aspect- ratio structure [10].

1.2.1 Bulk micromachining

Bulk micromachining produces structures inside silicon substrates. This technique
was first used in microelectronics in the 1960s, and it evolved to allow production of
three-dimensional microstructures in the 1970s. The major commercial devices that are
made using bulk micromachining techniques include pressure sensors, silicon valves, and
silicon accelerometers. Bulk micromachining allows the selective removal of silicon from
a substrate to make a variety of structures and takes advantage of all three dimensions of
space (X, vy, and z). This technique is analogous to that used by a sculptor, who creates
shapes out of large unformed materials. In this case, the structural material is removed by
physical or chemical means. Bulk micromachining is divided into wet ctching and dry

etching, which depends upon the phase of etchant. The most common etch in silicon is



anisotropic wet ctehing. Liquid etchants are used to produce wet ctching, while vapor and
plasma etchants are used to produce dry etching. Anisotropic etching is the key
technology for removal of sections of material ranging from 250 to 500um thick [11, 12].
Isotropic etching is also called orientation-independent etching. Isotropic etching has
drawbacks in that it is difficult to control the final gcometry of the surface structure and
most substrate materials do not have an isotropic crystalline structure. Figure 1-2 shows
an example of the bulk micromachining process. The process begins with a silicon wafer.
Thermal oxide layers are existed on both side of the water (Figure 1-2a). The photoresist
is then photolithographically patterned and developed. With using hydrofluoric acid
solutions, the pattern in the photoresist is transferred into the oxide layer (Figure 1-2b).
The photoresist is selectively dissolved in the acetone. The oxide layer serves as a mask
during a wet anisotropic ectching (Figure 1-2¢). This structure consist of a
bottom {100} plane and {111} side walls. Strain sensors are deposited on strategic
locations of membrane by means of depositing and patterning doped polyerystalline
silicon (Figure 1-2d). The part of substrate that is not covered by the protective mask is

dissolved in the etchants and removed in the second step.
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Figure 1-2 Bulk micromachining process



1.2.2 Surface micromachining

In contrast to bulk micromachining, surface micromachining is the fabrication of
micromechanical structures by deposition and etching of a thin structure and a sacrificial
layer on top of a silicon substrate. Polycrystalline silicon (polysilicon) is a common layer
material. In MEMS, silicon dioxide is used as the sacrificial layers in the construction of
complicated components like movable parts, but is removed later to create the void
spaces necessary to create the appropriate depth [4]. Low-pressure chemical vapor
deposition techniques (LPCVD) arc commonly used for building up the components
while wet etching is the common method used to create void spaces. Factors to consider
during surface micromachining are (1) the proper structural material, (2) good
mechanical properties of the sacrificial material, and (3) excellent selective of the
chemical etchant. Figure 1-3 shows a surface micromachining processing sequence using
polysilicon and silicon dioxide. Deposition and patterning of the sacrificial layer is
performed in step 1. Deposition and patterning of the polysilicon microstructure layer is
performed in step 2. The sacrificial layer is etched away to produce the freestanding

cantilever beam in step 3.

silicon dioxide

silicon _ deposition and patterning of
substrate~ the sacrificial layer
polysilicon -~

’—'-_— deposition and patteming of
the structural layer
sacrificial layer etching

_ i
[ freestanding

micromachined structure

Figure 1-3 Surface micromachining process



1.2.3 LIGA process

LIGA is a fabrication process that produces high aspect ratio microstructures in
X-ray lithography, electroforming, and plastic molding. This process overcomes some
drawbacks of silicon-based micromachining technology. The LIGA process uses deep X-
ray lithography to make desired patterns on a thick film of photoresist. X-rays are used as
the light source in photolithography and provide excellent results for creating 3D
microstructures with high aspect ratio MEMS devices [13]. There are three types of
LIGA depending on the radiation source and preform used:
* X-ray LIGA using high-energy of X-rays

= UV-LIGA using ultraviolet light produced by a UV -lamp, and

* Silicon-LIGA using (Deep Reactive Ion Etching) DRIE-ctched silicon

The substrate materials in LIGA processing are called the base plate, and various
materials such as austenite steels, ceramics, and polymers are used to produce non-
silicon-based microstructures. These materials must function as an electrical conductor or
insulator. LIGA processes allow the creation of electric, magnetic, piezoelectric, and
insulating properties in sensors and actuators. The LIGA process is usually applied to
high precision micromachining as in motors, gears, actuators, and connectors. However,
the technique is not ideal due to its high production costs [14]. Figure 1-4 shows a
specific example of the LIGA process [4]. A thick film of photoresist material is
deposited on top of a substrate as shown in 1-4a. The optical photoresist material for the
LIGA process is PMMA (polymethyl methacrylate) because it is sensitive to X-rays. First,
to block X-ray trangsmission, masks (Si3sN4) are used in the X-ray lithography. Next, the

deep X-ray dissolves the photo-resist material in 1-4b. This is followed by clectroplating



of the PMMA photoresist with the desired metal in 1-4c¢. Finally, after removing the

photo-resist, the desired tube product is produced as shown in 1-4d.

Gold-plated
region

Mask (Si;N,)
/ 1-1.5 pum thick

Photoresist

The desired
PMMA

product: a tube

(a) X-ray lithography (b) Developed resist after lithography

Plated metal layers

N
e

(c) After electroplating

(d) After removing resist

Figure 1-4 L.IGA process

1.3 MEMS A pplications

The first MEMS devices were applied to the automotive industry as airbag
accelerometers, which were integrated with electronics on a single chip [15]. These were
small, low-cost devices with a high degree of sensitivity. In addition, the high sensitivity
of MEMS devices was used to calculate passenger size and weight to help modulate the
airbag response. Digital micromirror devices (DMD) were invented by Texas Instruments
and had integrated large-scale, spatial light modulators [11, 16, 17]. The micromirror
devices made use of a transformable mirror array on microflexures, and are used in

airline-ticket laser printers and high-resolution projection devices. With increasing



demands for the MEMS market, the application has expanded into telecommunication,

radio-frequency (RF) communication, biomedical and medical care applications [18].

1.3.1 Telecommunications

MEMS-based optical switches have become important since the late 1990s. Most
of the components in optical MEMS telecommunication arc operated by moving a
reflective surface [19]. When the signal travels down the cables, it is converted from
optical to electrical and back to optical in order to transfer from one line to another. Even
though early attempts to integrate MEMS into this O-E-O conversion did not work, nut it
become clear that electronie switching played a significant role in the network. Therefore,

future cross-connects will be combined with hybrid optical and electrical devices.

1.3.2 RF MEMS

Radio Frequency (RF) MEMS is usually defined as the design and fabrication of
MEMS for RF integrated circuits. The dramatic evolution of personal communication
devices is attributable to the sophisticated RF MEMS. MEMS devices are applied to
actuation or adjustment of a separate RF device or components, such as capacitors,
switches, and filters [20]. In contrast to traditional RF devices, RF MEMS circuit design
permitted development of components that are operated worldwide and has superior RF

performance and tunability over a broader range of operating frequencies.

MEMS technology has been applied to other RF applications. Silicon-based RF
MEMS technology was first used as microwave switches for surface micromachining

actuators that provided low insertion loss, high linerarity, and low DC standby power



compared to traditional technology [21]. Table 1-1 shows the properties of RF MEMS
according to switch types [22]. RF MEMS are also used as MEMS inductors and tunable
capacitors for integrated voltage-controlled oscillators (VCOs) in global positioning
systems (GPSs) [23]. Currently, the advantages of RF MEMS properties such as low
power consumption and reconfigurability are making a worldwide wireless network more

feasible.

Table 1-1 Properties of RF MEMS

Switch Type Properties’
Insertion | Isolation | Power DC | Speed | Bandwidth
Loss Consunption | Voltage
PIN'SCHOTIKY (~15dB 45dB 1-5 mW 1-10V |1-5ns |Narow/
per device Wide
GaAsFETs 1-2dB ~20dB |15 mW 1-10V |2-10ns | Narrow/
per device Wide
HBT/PIN 0.82dB 25dB  |1-5mW 1-10V |1-5ns |Narrow/
per device Wide
Best FET 0.5dB 70dB  |SmW 35V [2ns  |Narow/
Wide
MEMS — Sergio 12-14 V| 30 ps | Wide
St (1-40 GHz)
MEMS — ( 20V [>30 ps [Moderate
Scott/Jeremy(Shunt) (10-40 GHz)

1.3.3 Biomedical and medical care applications

Recent progress in MEMS technology is being applied to biomedical and clinical
medicine and has resulted in the creation of a new field of research known as bioMEMS.
Currently, bioMEMS are used in microfluidics, cellular interactions, and biomolecular
analysis. BioMEMS provide ever-greater functionalities and cost reductions for medical

diagnostics and therapies. It also provides fast results from a single-array structure or

10



multi-array structure. Because of these advantages, MEMS are an important apparatus in
the future of biomedical engineering and medical diagnostics. For example, drug delivery
systems integrated with chemical sensors offer chemically-driven automated dose
response [18, 24]|. Recently, an isotachophoresis capillary electrophoresis system was

developed for the protein diagnosis [25]. Figure 1-5 illustrates the application of

bioMEMS.
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Figure 1-§ BioMEMS applications

1.4 Characteristics and Advantages of MEMS
Micro-Electro-Mechanical Systems (MEMS) are used in a range of applications.
The advantages of MEMS go beyond the obvious benefit of their small size. The

following section describes the advantages of MEMS.
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1.4.1 Low cost
Over the past 50 years, the MEMS technology has produced highly functional,
complex MEMS devices at low cost and in less time. Most of MEMS devices are batch

fabricated so thousands or even millions of devices can be fabricated simultaneously.

1.4.2 Small size device

The small size of MEMS devices has the most powerful interest since
microscopic devices are not feasible. With development of MEMS technology, building
of complex mechanical elements with micrometer scale is possible. High performance of

small size MEMS sensors can detect incredibly small signals.

1.4.3 Reliability

Most conventional mechanical devices fail at points of contact between
components. MEMS technology provides better reliability by reducing the number of
solder joints and wires [18]. MEMS devices are usually fabricated with a single
monolithic structure that does not contain connectors, fasteners, and joints. To increase
reliability, MEMS devices are typically sealed in a controlled environment to prevent
corrosion and accumulation of dust. This also eliminates the need for lubricants, coolants,

or maintenance.

12



1.4.4 Power consumption
Small sizes of MEMS devices typically consume less power. One good example

of this is the electrostatic MEMS switch that only consumes nanowatts of power.

1.4.5. Performance
Operating on a micro-scale provides many advantages in performance and
functionality. The low mass of MEMS devices allows them to act faster than

conventional mechanical devices, leading to faster switches or higher bandwidth sensors.

13
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CHAPTER 2

MEMS PERFORMANCE AND RELIABILITY
2.1 Materials For Microelectromechanical Systems (MEMS)
MEMS components are fabricated with a variety of materials depending on the
specific application. However, silicon materials, metals, metal alloys, ceramics and

polymers are most often used for MEMS manufacturing and are known internationally as

a family of MEMS materials.

2.1.1 Silicon-based MEMS

Most simulated and fabricated MEMS devices have been based on silicon because
it has excellent clectronic and mechanical properties and has been extensively
characterized, used, and manipulated in the semiconductor industry [1, 2]. Silicon is a
very popular material:

= It is mechanically stable and can be easily integrated on a silicon substrate.
= It has a good Young’s modulus.
* It has a high melting point at 1400°C, which contributes to dimensional stability at

elevated temperatures.
= Its thermal expansion coefficient is about 8 times smaller than that of steel and 10 times
smaller than that of aluminum.

* The silicon wafer is extremely flat and allows chemical coating for surface modification.
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= It offers a flexibility in design and manufacture, so treatment and fabrication processes

are well established.

Because of the reliability of MEMS devices, a variety of chemical modifications
to the polysilicon have been explored. Several chemical modification methods in the
vapor and liquid phase have been applied to the contacting surface in MEMS and have
been tested with microinstruments. However, intensive research is still needed in this area

[3-5].

2.1.2 Metal and metal alloys-based MEMS

The growth of the MEMS industry motivates the discovery of new materials.
Thin- film metals have been used in IC (Integrated Circuit) chips for several years which
are a miniaturized electronic circuit, while most of the thick- film metals are commonly
used for structural materials. For example, nickel, copper, and gold have been
electroplated to make thick-film structures, and three dimensionally printed stainless steel
microstructures have been fabricated by spatial forming technology [6]. Also, due to the
composition and thickness limitations of Si micromachining, stainless steel nano-powder
was used to fabricate parts for MEMS [7]. There are advantages in using electroplated
metal. Electroplated metal is highly conductive, has high current capacities, and can be
processed at low temperature. In addition, it can be used for both thin and thick layers
due to low-cost and fast deposition. The rapid development of MEMS devices using
metal has extended to RF MEMS, optical switches, and micro-mirror devices [8]. For
example, mirror microfabrication has a simple metal deposition processes such as the

sputtering process, which is often used to deposit thin metallic films on substrate surfaces.
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Various metal alloys have been used on a number of MEMS devices. CoNiMn
thin films were used for magnetic actuation, and TiNi shape memory alloy films were
sputtered on the substrate for self-assembled monolayer (SAM) sensing and actuating [9,
10]. Recently, thin-film alloys of platinum (Pt), rhodium (Rh) and ruthenium (Ru) with

gold (Au) were deposited on silicon substrates for MEMS switches [10].

2.1.3 Polymer MEMS

Polymers are an exciting new material for MEMS devices and can be used as
both structural and functional materials. Polymers are widely used as photoresist, stamps
for hot embossing and imprinting, conductors, and protective coatings for MEMS devices.
BioMEMS, microfluidic devices, and various sensors use polymers because of their low
cost, biocompatibility, high elasticity, optical properties, and high corrosion resistance.
Table 2-1 shows a list of the structural polymers.

Among a variety of polymer materials, PMMA (polymethylmethacrylate) and
SU-8 are the commonly used for MEMS devices. For instance, the adhesion forces of
SU-8 and PMMA are 3~4 times smaller than those of a native oxide silicon layer. This
small adhesion force means there is a small tendency of stiction. PMMA is called a
versatile polymeric material because it has been commonly used as a high-resolution
positive resist for e-beam, X-ray, and deep UV imaging. Furthermore, it is also used as a
bonding adhesive, a sacrificial layer, and a thin film coating. Recently, a combination of
silica and PMMA was reported in microfabrication [11]. Although PMMA offers
excellent pattern quality and contrast, the SU-8 microstructures offer higher sensitivity

than PMMA [12]. SU-8 is a negative photo-resist and the portion that is exposed to light
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becomes insoluble to the photo-resist developer; the unexposed portion of photo-resist is
removed by the photo-resist developer. MEMS market has explored SU-8 over the last
few years and it is used in the manufacture of high aspect ratio microstructures [13-15].
The high aspect ratio is contributes to forming electroplated metal parts, micromolds for
injection molding, and molding for polydimethylsiloxane (PDMS) structures. SU-8 can
be patterned by X-ray, UV, and e-beam and has high sensitivity, chemical resistance,
compatibility with electroplating, and low cost of negative resist [16]. Because of these

benefits, SU-8 is considered to be an ideal photoresist material for MEMS technology.

2.2 Tribology of MEMS

Even though MEMS are easily integrated into multifunctional systems, have low
power consumption due to their small size, and a low cost of manufacture, most MEMS
failures occur at spots where two parts make contact. This interaction depends on the
tribology- friction, adhesion, stiction, and wear phenomena. The concept of tribology
originated in the UK in 1966 and can be defined as the science and technology of
interacting surfaces in relative motion [17, 18]. The lifetime of MEMS devices and
production yield is limited by tribological issues and has become a serious concern [19-
21]. Unwanted adhesion and friction impacts the performance of MEMS devices and
those phenomena are caused by large surface-to-volume ratios that cause adhesion to the
underlying substrate or to nearby microstructures- also known as stiction [22]. Stiction
phenomena are caused by a weak restoring force and are divided into release stiction and
in-use stiction. The adhesion and friction propertics are also dependent upon the materials

used, surface roughness, relative humidity, temperature, velocity, and rest time [23, 24].

20



MEMS devices all experience normal or slide contact, friction, and wear during use and
these interactions affect the lifetime of microdevices. Therefore, understanding
interdisciplinary subjects like physics, chemistry, and material science is essential for the
design and manufacture of MEMS devices. Occasionally, tribological problems are
solved using computer simulations, which can prevent catastrophic failure. Computer
simulation with a large number of components requires optimized parallel programs and
is important for the development and testing of MEMS devices [25]. Since the
fundamental issues describing surface interactions are not understood, it is currently
difficult to develop accurate simulation programs. Further development of such software

programs is warranted.

2.2.1 Interfacial forces

There are a number of tribological forces that are gencrated by MEMS devices on
contacting surfaces. Inertial forces are the dominant contact forces in macro-scale
surfaces, while other forces are dominant contact forces in micro-scale surfaces. If the
length of the machine decreases from 1mm to 1um, the surface arca decrecases by a factor
of one million. This means that the surface arca to volume ratio increases when the length
of the machine decreases. Thus, inertial forces become less dominant and attractive
surface forces play a more significant role [26]. Capillary, molecular van der Waals
forces, and electrostatic forces interfere with the normal operation of MEMS devices [27-
29]. Figure 2-1 compares the attractive force as a function of the separation between two

smooth silicon surfaces within a 1pm*1um area.
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The strongest interfacial force is generated by water between two surfaces in a
humid environment. When water vapor condenses in small crevices and pores, water
forms a thin film at surface contact zones. Among the interfacial forces, the capillary
force forms a large Laplace pressure when there is a small radius of curvature of the
air/liquid interface and is a negative force against the force of gravity. The Laplace
pressure pulls two surfaces together [30]. When the substrate is dried by evaporation,
adhesion problems can arise. The adhesion value is about 10-100mJ/m* and depends on
the size of the surface wetting area [24]

Electrostatic forces arise from a difference in contact potential, tribocharging of
rubbing surfaces, and ion and/or electron trapping in oxide layers [28]. The term
tribocharging describes the phenomenon of charge transfer by contact or rubbing [31].
The fundamental equation of electrostatic force is Coulomb’s law that can be used to

calculate the force between two charged plates. Coulomb’s equation is

szqqu
I

where I is the force between charge 1 and charge 2, k is a constant, r represents the
distance between two charges, q; is the quantity of charge on object 1, and ¢, is the
quantity of charge on object 2. The calculated charge is either positive or negative. If q;
and ¢, have the same sign, the repulsive force is dominant. If not, the attractive force is
dominant. An excellent example of the importance of clectrostatic forces is the RF
MEMS switch. In this case, a switching element, a metallic membrane, is actuated by

electrostatic force and contacts an electrode anchored to the substrate.
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Figure 2-1 Comparison of three attractive forces between perfectly flat silicon surfaces

The molecular van der Waals forces are well known as attractive and long-range
interfacial forces and refer to intermolecular forces in chemistry. Van der Waals is
attraction/repulsion that is stronger than the dipole-dipole force, the dispersion force, and
the hydrogen-bonding force. This force occurs when the surfaces are close enough,
typically within a few nanometers, and it becomes more dominant than capillary force if

the relative humidity is less than 30% or the surface roughness is less than 1nm [27].

2.2.2 Adhesion and stiction

With the development of MEMS technology, miniature device components can
generate surface forces that are susceptible to forming undesirable adhesion between
microstructures [32]. The term stiction refers to a combination of either one or more

adhesion phenomena or adhesion forces at a contact arca, and restoring forces that do not
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encompass interfacial forces. The stiction phenomena usually occur during the release
step of MEMS fabrication and are considered to be the most serious problems in MEMS
devices [33]. Stiction occurs when two surfaces come in contact with each other under
conditions where the adhesion force on the surfaces is larger than the other forces [27].
The strength of adhesion i1s controlled by surface forees such as capillary, electrostatic,
and molecular van der Waals forees. In addition, surface roughness and chemical forces
such as hydrogen bonding can generate adhesion. Figure 2-2 shows a typical stiction
phenomenon between two surfaces. The stiction problems in MEMS technology are
clagsified into two categories: release stiction and in-use stiction [34]. Release stiction
cccurs when the sacrificial layer is removed by microstructure fabrication processes and
capillary forces are the dominant forces. In-use stiction occurs when microstructures are
successfully released in a humid environment. If the surface attraction force is stronger
than the restoring force, the surfaces become permanently fused and the device cannot

operate [35].
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Figure 2-2 Schematic diagram of the stiction phenomenon between two surfaces

Stiction problems are complex and depend upon a variety of conditions. As seen
in Fig 1.2, it is clear that the most important forece among surface forces is capillary foree,

which oceurs between liquid and solid interfaces. One possible way to reduce stiction is
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to decrease the amount of water between the surfaces [27]. The capillary force between

two plates can be expressed as shown in Figure 2-3:

24
F= ? Y1ac080

Where: Yla = surface tension of the liquid-air interface
O = contact angle between liquid and solid
d = separation distance between two plates
A = area between two plates

Figure 2-3 Capillary force between two plates

Capillary forces depend on the relative humidity and temperature [36]. When the
relative humidity increases and the temperature decreases, the stiction force increases.
High relative humidity increases meniscus formation because more water is present in the
environment. The water then condenses on the surface and this condensation causes
stiction.

Surface roughness also plays a part in stiction. Due to non-uniformity of the oxide

layer thickness, some parts are etched earlier than other parts, and the surface roughness
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increases. The bumps or spaces on contacting surfaces can reduce the initial contact area,
so the surface forces are effectively reduced [37]. There are possible ways to decrease
stiction problems:

= use of stiff structures, so that the restoring forces can separate contacting layers
= use of rough surfaces to reduce contact surface arca
= use of anti-stiction coatings such as self-assembled monolayers (S AMs)

= use of computer simulation to predict stiction in MEMS before manufacture [38,39]

2.2.3 MEMS friction and wear

Friction and wear of moving parts is a major concern for the reliability and
performance of MEMS devices. A common MEMS material, silicon, has high friction
and wear problems because unlubricated Si0; surfaces are very hydrophilic. Currently,
the most complicated MEMS devices are rotary or linear-motion structures where sliding
contacts occur. The most significant concerns in these devices are friction and wear [40].
At very low loads, the properties of friction and wear in macroscale are controlled by
surface forces, while frictional foree depends on the properties of the asperity at high
loads. During the sliding, the interactions between asperities cause energy loss by means

of elastic formation, plowing, and formation of wear debris [41].

2.2.3.1 Friction
Several experimental methods are used to measure frictional forces on smooth
silicon and modified silicon surfaces. Atomic-Force Microscopy (AFM) is the most

widely used instrument to measure frictional forces between tips and surfaces [42]. The
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ultra-sharp tip of AFM is scanned across a surface [43]. However, these types of studies
do not directly apply to surface-micromachining devices because of the unknown real
contact area between the relatively rough polysilicon surfaces, and it is difficult to
standardize surface phenomena due to variability in surface non-uniformity of LPCVD
films [3].

Recently, Sandia National Laboratory has developed a new inchworm instrument,
which moves in nanometer steps and can record friction information at the microscale.
Using recently invented friction test devices, micromachined test structures have been
used to characterize frictional forces in MEMS. Static friction forces were reported on
oxidized polysilicon surfaces [3].

The first attempts to measure friction in MEMS originated from self-mated
polysilicon in a vacuum and under various atmospheric conditions. The friction
coefficients were around 0.2~0.8 and are related to sliding in a vacuum or inert
atmospheres. Scale dependence of friction has been investigated by Nikhil and Bharat
who found that the coefficient of friction was slightly increased with large scan sizes and
large asperity sizes [30]. Another friction test as a function of pressure and velocity was
investigated by using a cantilevered hinge-pad test structure [44].

Surface modifications such as self-assembled monolayers (SAMs) treatment have
been developed to reduce friction problems, and several tests have been performed
successfully. The coefficient of static friction in SiO; coating was 2.3 0.8.
Octadecyltrichlorosilane (OTS) and 1H, 1H, 2H. 2H-perfluorodecyltrichlorosilane
(FDTS) can reduce the coefficient of static friction from 2.3 0.8 t0 0.13£ 0.01 and 0.10%

0.007, respectively [30]. Friction tests with computer simulation have been conducted to
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improve the reliability of MEMS devices. Based on theoretical studies, simulations can
predict frictional properties, material properties, atmospheric conditions, and surface
chemistry. One of the most important advantages over laboratory experiments is that
computers can analyze friction at the atomic scale. Both the advances in computer
hardware and development of software programs have cnabled some successful

computational studies [45, 46]

2.2.3.2 Wear

The operation of MEMS devices is highly dependent on the friction coefficient.
However, wear will determine the longevity of MEMS devices and affects commercial
and mechanical viability. Even though we know that silicon has good material properties
such as high elastic modulus, low density, and small contact areas, it can suffer from
plastic deformation due to high contact pressure. Wear is usuvally generated by the
relative motions between two contacting surfaces. Figure 2-4 illustrates the wear
phenomenon in a microengine pinhole before (a) and after (b) running. The proposed
wear mechanisms in microengines are adhesive wear and abrasive wear [47]. The
adhesive wear mechanism is applied to low contact pressure effects. Figure 2-5 shows the
adhesive wear mechanism. Forces are applied to each surface and bring about contact at
the asperity. When the lower surfaces begin to move, the asperities cold-weld together. If
the lower surface moves continuously, the cold-weld breaks and the asperities inerease.
In contrast, abrasive wear is due to high contact pressure and a hard asperity grinding

against contacting surfaces.
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Figure 2-4 SEM images of a microengine pinhole before running (a), after running (b)

A variety of wear tests on silicon and its compounds have been examined. Single
crystal silicon (SCS) microstructures coated with diamond-like carbon (DLC), silicon
nitride (SizN4), silicon dioxide (Si0;), and doped and undoped polysilicon were
examined to define the mechanical and chemical properties of those materials that
contribute to the wear mechanism [48]. The results showed that DL.C and SCS sliding on
DLC decreased the wear rates when the sliding distance increased, while SisN4 and SiO»
showed approximately linear wear behavior. Tanner et al. reported on wear mechanisms
and forces in driving load gear [49]. According to this research, the main failure was
caused by wear at the sliding surface, and the coefficient of wear was dependent on wear
volume, applied force, sliding length, and material strength. Tanner et al. also
investigated the Sandia microengine in various conditions [50]. When MEMS devices are
operated in very low humidity, large amounts of silver debris are found near the pin joint
and hub. By contrast, under dry conditions, 40% relative humidity resulted in little silver
debris. Li et al. examined nanowear propertics of a MEMS test structure fabricated at
Sandia National Laboratories using the atomic force microscope (AFM) and X-Ray

Photoemission Spectroscopy (XPS) [51]. The results suggested that the morphology
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present on the polysilicon surface will be worn flat during operation and will not

adversely affect the wear properties of the polysilicon components.

Figure 2-5 Adhesive wear mechanisms

Similar to experiments aimed at reducing friction problems, surface modification
has been conducted to minimize wear. The selective deposition of tungsten on silicon is
recognized as a successful wear-resistant coating [52]. The thickness of tungsten film is
less than 20 nm, and the tungsten film helps increase the reliability of microengines. Thin
SiC coatings also have excellent tribological propertics and corrosion resistance [53].
Self- assembled monolayer coatings such as alkylsilane were used as lubricants on
smooth silicon surfaces [54]. For example, alkylsilanc-coated silicon structures seem to
have a longer life when the chain length of the alkyl substituent is increased.
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Recently, atomic layer deposition (ALD) has been applied to Si surface-
micromachined structures. In spite of a variety of wear resistant coatings, several
geometric constraints (high aspect ratio) still existed, but the ALD coating ensured a
highly successful conformal and tribological coating on the surface. Because of these
benefits, ALD is considered to be one of the most promising wear-resistant coatings.
Al,O3 and TiO; are often used as precursors that adsorb until they saturate the surface and
further growth cannot occur until the second precursor is introduced [55, 56]. For
instance, 10nm thick films of Al.O; used trimethyl group and water as precursors, while

TiO, conformal coating used a single precursor, 1, 3- disilabutane (DSB).

2.3 MEMS coating

Since adhesion, friction, and wear were recognized as major concerns in the
performance and reliability of MEMS devices, surface modification or coating have been
widely used in MEMS devices to reduce tribological issues. Bowden and Tabor used a
molecular coating to prevent stiction of a smooth indium ball [28]. This attempt was

successful in preventing capillary condensation.

2.3.1 SAM coatings

Self-assembled monolayers (SAMs) are organic layers that have different
structures and chain lengths. SAMs arc used as a barrier layer that forms a uniform
coating on the surface of microstructures and facilitates the release of microstructures.
However, SAMs do not completely remove release stiction, but they do significantly

alleviate in-use stiction [57].
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Self-assembled monolayer coatings are deposited from a solvent. The organic
solvent that promotes molecule dispersions reacts with waters on silicon surfaces for
coating. An alkyltrichlorosilane with OH-terminated silicon is reacted with an amount of
water. Covalent bonding of Si-O-R, and the cross-linking to other Si-O-R, produces a
hydrophobic film on the silicon surface.

Alkyl- and perfluoroalkyl-trichlorosilane SAMs, dichlorosilane monolayer films,
and alkene-based molecular films are specific examples of self-assembly monolayer
coatings. Among these thin films, the most widely used silanes are
octadecyltrichlorosilane  (OTS), CH;(CH2)5SiCl;, and 1H, 1H, 2H, 2H-
perfluorodecyltrichlorosilane  (FDTS), CF;(CF2)#(CH;):S8iCls. Figure 2-6 shows the
processes of chlorosilane deposition onto a silicon surface. Tribological effects with
SAM coatings were examined. The adhesion energy without surface modification is
56uJ/m?, while MEMS surface energy after SAM treatment is 30uJ/m?* for OTS, and
8ul/m” for FDTS. Table 2-1 summarizes the physical properties of several SAM coatings
[58]. In the case of two-step monolayer processes, the reactions arise from amine or
alcohol functional groups on a chlorinated Si surface. This process yields a very effective
assembly of organic layers that have a low surface energy and are thermally and
mechanically stable [59].

When applied properly, self-assembled monolayers have the following
characteristics on microstructure [60].

e They effectively remove release stiction.
e They alleviate in-use stiction. Compared to conventional oxidized release processes,

SAMs is an effective method.
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¢ They reduce friction in microengines.
¢ They exhibit strong persistence in harsh environmental conditions.

e They do not require large input signals when microengines are starting up.
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Figure 2-6 Process of SAMs coatings

Table 2-1 Summary of various SAMSs coating properties

Surface Water Work of Static friction Thermal Particulate
Treatment contact adhesion coefficient stability in formation
angle (%) (mJ/mz) air (“C)

OTsS 110 0.012 0.07 225 High
FDTS 115 0.005 0.10 400 Very high
DDMS 103 0.045 0.28 400 Low
1-octadecene 104 0.009 0.05 200 Negligible
Oxide 0-30 20 1.1 - -
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2.3.2 Vapor phase coating

Self-assembly monolayer coatings were usually deposited on the substrate by
means of liquid deposition. However, vapor phase coating enables deposition of a
hydrophobic layer by using vaporized precursor molecules. A recent development of
coating technology, vapor phase coating is a useful tool:
e [t eliminates the use of organie solvent and reduces chemical waste.
e It allows easy sample handling and implementation.
¢ Both full-wafer level and multi-wafer coatings are possible.

Even though vapor phase coating has attractive benefits, the results were not as
good as for liquid-phase SAM coating [61]. The measured contact angle was between
70-~100° and uniform coverage of surface was not achieved. With respect to successful

separate release processes, supercritical CO, drying is a useful method [62].

2.3.3 Atomic Layer Deposition (ALD)

Since Atomic Layer Deposition (ALD) was first introduced as a new deposition
technology, ALD methods and applications have developed rapidly over the last few
years. ALD coating is a self-limiting and sequential surface chemistry. It forms highly
uniform and conformal thin films of material onto substrates with varying compositions.
ALD is similar to chemical vapor deposition (CVD). However, ALD breaks the CVD
reaction into two half-reactions and separates the precursor materials. In chemical vapor
deposition it is difficult to establish process control because of the sensitivity of reaction
material flow, adsorption temperature, and time, while atomie layer deposition makes use

of self-limiting mechanisms. ALD properties are different from CVD:
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e Control of atomic scale deposition is achieved by means of sclf-limiting surface
reactions.

¢ Conformal coating of high aspect ratio structures occurs with monolayer precision.

¢ Pin-hole free and chemically bonded to the substrate

¢ Various materials can be deposited (e.g. ceramics)

ALD film thickness depends on the number of deposition cycles. Figure 2-7
shows the processes using zirconium dioxide. First, ZrCly vapor pulses in the chamber
and forms an adsorption monolayer on the wafer surface. Second, water vapor is
introduced into the chamber and reacts with the ZrCl, surface monolayer. This reaction
forms a ZrO, monolayer. To increase the thickness, additional cyeles could be performed.
Conformal atomic layer coatings of TiO2 [63], Al,O3 [55, 64], T2Os [62] and ZrO, [63,
65] have been used to alleviate wear and friction [55, 63, 65]. These results suggest that
ALD is one of the promising coating technologies in MEMS. Without a chlorosilane-
based monolayer, alternative hydrophobic coating was introduced because of
environmental safety concerns [64]. Herrmann et al. suggested that the adhesion energy
of ALD coated cantilever was 0.11% 0.03 mJ/m at 100% humidity, while that of non-
coated cantilever was 12 £ 1 mJ/m. The results show that non-chlorinated alkylsilanes are

chemically bonded to hydroxyl groups on the ALD seed layer.
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Figure 2-7 Atomic layer deposition of zirconium dioxide
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CHAPTER 3

UNIFORM CONTROL OF THE DENSITY OF FUNCTIONALIZED GOLD
NANOPARTICLES ON A MODIFIED SILICON SURFACE
3.1 Introduction

Nanoparticles have a variety of potential applications [1]. There is no accepted
international definition, but nanoparticles are less than 100nm in size and maintain
crystalline structures [2]. Among nanoparticles, gold nanoparticles have been widely
used in the ficld of biosensors and bioMEMS because of their compatibility with
biological systems [3-7]. Currently, gold nanoparticles can be applied to MEMS
tribology because of their contributions to the analysis of friction and adhesion properties
[8. 9].

However, gold nanoparticles have limitations because of their properties and
morphology [10, 11]. Because of van der Waals attraction between particles they can be
casily formed into clusters, which are made of several gold nanoparticles, unless
immobilized [12, 21]. Furthermore, the scattering of gold nanoparticles becomes
complicated during immobilization because of strong near-field interactions between the
particle and the substrate [13]. Gold nanoparticles exist either as a colloid or as a sohid.
Aggregation in colloid gold nanoparticles can be casily detected by color changes [14].

Ligand stabilized gold nanoparticles that efficiently prevents aggregation are easily made
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[15, 16]. Colloid gold nanoparticles are effective materials with respect to reducing steric
hindrance and can create a well-organized silicon surface [3].

The control of the density of gold nanoparticles is an important area of study, and
could help to maximize their use in a variety of industries. However, only a few such
studies that concentration on important parameters of gold nanoparticle colloid solutions
like the [3, 10, 17, 18], deposition time [3, 10, 19], reaction time [20] and pH of the
solution [20, 21| exist. In addition, contamination of the silicon surface and surface
roughness are important issues. Surface contamination gives rise to unexpected small size
grains in the silicon surface that makes it difficult to distinguish between gold
nanoparticles and polymeric particles. Therefore, effective wafer cleaning techniques are
essential for the analysis of gold nanoparticle deposition on the surface during wet-
chemical or gas/vapor phase dry processes [22, 23]. Surface roughness is important to
obtain accurate information about the size distribution of nanoparticles because of the
complex structure of the substrate surface on which the particles are placed [24].

Here, we demonstrated simple and effective ways to control the gold nanoparticle
density on the silicon surface. Silicon has attractive properties including low cost, a flat
and clean surface, and case of microfabrication. Moreover, surface modification allows
attachment of organic functional groups to the silicon surface [25-29]. The method of
immobilization of the modified gold nanoparticles and silicon surface used in this study
is depicted in Figure 3-1. The surface was modified by 3-MPTMS
(Mercaptopropyltrimethoxylsilane), and thiolate-coated gold nanoparticles were used to
reduce steric hindrance at the surface. Silanol-terminated silicon substrates allow very

low coverage, so surface modifications as well as the gold nanoparticle ligands that are

46



changed by 3-MPTMS are the most significant factors [30]. The particle ligand maintains
chemical stability. As a result, gold nanoparticles can be deposited on a chemically well-
organized silicon surface, which also minimizes repulsive interparticle interactions. From
AFM images and particle analysis tools, we learned that the density of gold nanoparticles
depends on the concentration of colloid gold nanoparticles, deposition time, and 3-
MPTMS concentration. Temperature did not scem to be a major factor. However, we
found that some factors limit the ability to control gold nanoparticles density. Therefore,
understanding of density control techniques on a silicon surface will allow us to develop

more reliable gold nanoparticle-based electronic devices.
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Figure 3-1 Schematic representation for immobilization
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3.2 Experimental

3.2.1 Silicon wafer cleaning

Silicon wafers <100> (lem>1lem) were cleaned by sonication in acetone for

10~135 minutes, and then dried with nitrogen gas. After the sonication process, the silicon
wafer was dipped into HF solution (hydrofluoric acid, Fisher Scientific) for 10 minutes to
remove polymeric particles. The HF-treated silicon wafer was completely washed with
deionized waters until the pH reached 7, and was again dried with nitrogen gas. The
silicon wafer was treated with oxygen and water plasmas for 5 minutes, each. After this,
the measured contact angle was 0 degrees. The HF and plasma processes were repeated at

least 3 times to completely remove polymeric particles.

3.2.2 Silicon and gold nanoparticle modification

The colloid gold nanoparticles (BBInternational, 40nm) were used for attaching
material onto silicon surfaces. To maintain a uniform distribution, the silicon wafer was
functionalized by 3-MPTMS (Mercaptopropyltrimethoxylsilane, Fisher Scientific). We
assume that methoxy groups strongly react to the silicon surface, and sulfur in 3-MPTMS
can react with gold nanoparticles. The gold nanoparticle solution consisted of 10 ml
isopropanol (Fisher Scientific), gold nanoparticles (1~20 drops, 1 drop= 0.0124ml), and
3-MPTMS (1~7 drops). The solution was mixed by shaking more than 10 times and then

the silicon sample was dipped into the gold nanoparticle solution.
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3.2.3 Gold nanoparticle concentration effect

Concentration effects of the gold nanoparticle solution effect were investigated by
increasing the number of drops of colloid gold nanoparticle solution. The final solution
contained 10 ml isopropanol, 1 drop of 3-MPTMS, and either 1, 10, or 20 drops of

BBlInternational gold nanoparticles and was mixed for 1 hr.

3.2.4 Gold nanoparticle deposition time effect
Silicon samples were dipped into the gold nanoparticle solution prepared with

10ml isopropanol, 1 drop of 3-MPTMS, and either 1 or 20 drops of BBInternational gold

nanoparticles for 1 to 3 hours.

3.2.5 3-MPTMS effect

The effect of 3-MPTMS concentration effect was investigated by increasing its
concentrations. The gold nanoparticle solution was prepared with 10ml isopropanol, 1
drop of BBI gold nanoparticles, and different amounts of 3-MPTMS solutions (1, 3, 5, or

7 drops). The silicon samples were immersed into the solutions for 1 hour.

3.2.6 Temperature effect
The base solution consisted of 10ml isopropanol, 1 drop of 3-MPTMS, and 1 drop
of BBInternational gold nanoparticles and was heated on a hot-plate (Fisher Scientific) to

43°C. The silicon samples were immersed in the solution for 1hr.

49



3.2.7 Analysis by Instruments

Microscopic imaging of the silicon surface and aqueous solutions of BBI gold
nanoparticles were performed by AFM in the tapping mode (Pacific Nanotechnology,
Nano-R™). The atomic force microscope is a very useful instrument but lacks the
analytical ability to distinguish particles features. The shape of gold nanoparticles was
confirmed by transmission electron microscopy (TEM) (Zeiss, EM 10C/10CR). The
sample was prepared on a TEM grid (Ted Pella Inc.) from the colloid gold nanoparticle
solution. Hydrophilie silicon surfaces roughness after treatment with oxygen plasma was
examined by goniometer (Rame-hart Inc., Model 200) and chemical analysis of gold

nanoparticles after ligand change was observed by SEM-EDS (Horiba, EMAX 3700).

3.3 Results and Discussions

After silicon sample cleaning, the silicon surface was scanned by AFM, and the
scan size of the AFM image was 9.78 tm > 9.78 um. Figure 3-2 shows a clean silicon
surface image. Polymeric particle size by line analysis was 4.6 nm and surface roughness
was 0.17 nm. The average sizes of particles from unwanted chemical reactions were 4~ 5
um. A few polymeric nanoparticles were found as dim spots, while gold nanoparticles

were detected by light spots in the AFM images.
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Figure 3-2 AFM clean silicon image and line analysis

The diameter of gold nanoparticles can be determined from either AFM or TEM.
BBI gold nanoparticle (40nm) solution contains 9.0 x 10'° nanoparticles/ml. One drop of
gold nanoaprticle solution is allowed to contact the silicon surface, and the resulting
particle size distribution was analyzed by measuring the height of the particles in the
AFM image. However, silicon surfaces were not treated to prevent aggregation, so some
of gold nanopartice sizes were about 100 nm. Figure 3-3 shows AFM particle analysis
software, and a height distribution of nanoparticles 1s shown in Figure 3-4. In Fig. 3-4,
we ignored the aggregated gold nanoparticles in which particle sizes were above 40 nm.
The mean size of the particles was about 26 nm. Because of the particle size differences,

transmission electron microscopy (TEM, EM 10CR) was used for further microscopic

characterization.
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We found that the BBI 40nm gold nanoparticles were not completely spherical, as
shown by the TEM image in Figure 3-5. Transmission electron microscopy (TEM)
measures the transmitted electron beam after it passes through the sample and allows
detection of an extreme lower size limit (below 0.2 pm) even though much of the three-
dimensional information is lost. AFM is widely used to visualize 3-D structure and the tip
is scanned on the substrate surface on which the particles are placed. Therefore, if the
shape of the gold nanoparticles is not completely spherical, particle size analysis is not

able to correctly process using AFM images [24].

Particle Analysis

Niam 4.75un 9. TRlm

Figure 3-3 Farticle analysis tool in AFM
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Figure 3-5 TEM image of gold nanoparticles
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The reagent, 3-MPTMS, has threc methoxy groups that interact with the silicon
surface and a sulfur group that also reacts with gold nanoparticles. One drop of gold
nanoparticle solution was placed on the silicon surface and analyzed using SEM/EDS
(EMAX) for the surface analysis of gold nanoparticles. SEM/EDS provides chemical
analysis of the field of view or spot analyses of nanoparticles. This mstrument detects
more than 90 elements. Figure 3-6 shows the result of the SEM/EDS analysis of a
solution composed of isopropanol and BBI gold nanoparticles. The chemical composition
of the gold nanoparticle surfaces consisted of 91.0 wt % Si, 8.10 wt % Au, and 0.90 wt %
Sn. SEM/EDS indicated that BBI gold nanoparticles do not contain a sulfur component in
the colloid solution. Figure 3-7 shows the SEM/EDS result where the solution analyzed
was made with one drop of 3-MPTMS in the isopropanol and BBI gold nanoparticle
solution. We found that §2.96 wt % Si, 16.02 wt % Au, and 1.02 wt % S were present.
On the basis of these test results, we concluded that the unknown ligand of the BBI gold

nanoparticle surface is chemically modified with the sulfur component of 3-MPTMS.
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Figure 3-6 SEM-FEDS analysis (isopropanol and gold nanoparticle mixed solution)
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Spectrum processing :
Peak possibly omitted : 0.540 keV

Processing option : All elements analyzed (Normalised)
Number of iterations = 3
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Figure 3-7 A drop of 3-MPTMS into isopropanol and gold nanoparticle mixed solution
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It 1s important to control the number of gold nanoparticles to maximize the
interactions with the silicon surface. We first increased the amount of the gold
nanoparticle solution. We found that the density of gold nanoparticles deposited on the
silicon surface depends upon the amount of the BBI gold nanoparticles solution. By
increasing the concentration of the gold nanoparticle solution, we found a corresponding
high concentration of gold nanoparticles on the silicon surface. AFM images in Figure 3-

8 illustrate the increasing amount of BBI gold nanoparticles on a silicon surface.
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Figure 3-8 AFM image (9.78 um <X9.781m) of gold nanoparticles
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Second, silicon samples were immersed into gold nanoparticle solutions that
consisted of 10 ml isopropanol, BBI gold nanoparticles (1 drop or 20 drops), and one
drop of 3-MPTMS to examine the effect of deposition time, which was varied from 1 to 3
hour. The amount of BBI gold nanoparticles used were 1 drop (low final concentration)
and 20 drops (high final concentration), respectively. Figure 3-9 shows the effect of
deposition time effect in the case of a low final concentration (1 drop). AFM images
show that a longer deposition time increased the surface coverage and the density of gold
nanoparticles when a small amount of gold nanoparticles was used. However, under high
amounts of gold nanoparticle solution (20 drops) the deposition of the gold nanoparticles
was not improved by time. Figure 3-10 shows that the numbers of gold nanoparticles
were similar in most cases with a tight coverage of gold nanoparticles. This suggests that
the silicon surface and gold nanoparticles form a strong interaction in a short time. As a
result, the functionalized silicon surface is quickly packed with thiol-coated gold

nanoparticles.
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Figure 3-9 Deposition time effect in case of low concentration (1 drop)
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Figure 3-10 Deposition time effect in the case of high concentration (20 drops)

(1 hria), 2 hr(b), 3 hric), 4 hrid), 5 hr(e))

Third, the density of the solution was examined by increasing the concentration of
3-MPTMS. Because 3-MPTMS has strong and fast interactions with the silicon surface,
the surface becomes dirty with 3-MPTMS upon exposure for longer than 1 hour.
Therefore, 1 hour is the best condition for the density control. Figure 3-11 shows the
density control of gold nanoparticles with 3-MPTMS on the silicon surface. It
demonstrates that as the amount of 3-MPTMS increases, the numbers of gold
nanoparticles also increased. However, higher concentrations of 3-MTPMS (> 7 drops)
produced big clusters on the surface making it impossible to perform particle analysis

with AFM.
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Figure 3-11 3-MFPTMS effects in the density control
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Finally, the effect of temperature on gold nanoparticle deposition on a silicon
surface was tested. Figure 3-12 shows gold nanoparticle density on a silicon surface. A
non-thermal silicon surface and a thermal silicon sample had similar numbers of gold
nanoparticles under the same conditions. This suggests that temperature did not play an

important role in the deposition of gold nanoparticles on the silicon surface.

49,82 nm 46.27nm

0. O0rnm 0. 00nm

0.00pm 4 .8%m 9.78pm 0.00pm 4.8%m 9.76pm

Figure 3-12 AFM image of thermal Effect

(No heat-left side, Heat-right side)

Overall, we tested 3-MPTMS modified silicon surfaces loaded with functionalised
gold nanoparticles. Various conditions like the concentration of gold nanoparticles,
deposition time, and 3-MPTMS concentrations contribute to the increase in particle

density as shown in our AFM images (Fig. 3-13 to Fig. 3-16). These results were
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obtained using the particle analysis tool from the AFM instrument, and can be used to

predict the particle density under any condition.
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Figure 3-13 Analysis of gold nanoparticle concentration effect from Figure 3-8
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Figure 3-14 Analysis of deposition time effect in low concentration from Fig. 3-9
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Figure 3-15 Analysis of deposition time effect in high concentration from Fig. 3-10
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Figure 3-16 Analysis of 3-MPTMS effect from Fig. 3-11
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3.4 Conclusions

A uniform distribution of BBI gold nanoparticles on silicon wafers can be
obtained by using thiolate-coated gold nanoparticles and a 3-MPTMS modified silicon
surface. We report how the silicon surface and the BBI gold nanoparticle surface are
modified by 3-MPTMS and how the density of gold nanoparticles is controlled by several
factors. The density of gold nanoparticles is influenced by the concentration of BBI gold
nanoparticles, the deposition time, and 3-MPTMS concentrations.

However, the concentration of gold nanoparticles does not influence the
deposition time in high concentration. This is because silicon surfaces functionalized by
3-MPTMS react with gold nanoparticles over a short period of time. Also, a high
concentration of 3-MPTMS prevents deposition of gold nanoparticles on the silicon

surface.
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