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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivations and Objectives 

It has been almost 30 years since the first self-assembly technique was 

introduced. The research of self-assembly techniques has rapidly grown in many 

fields. Simplicity of production, the ability to modify the head group, and the ability 

to create unique surface characteristics have made SAMs a popular technique in 

surface science or modification.  

Early studies of thiolate SAMs are mainly focus on alkane thiols. The most 

simply structured group of thiolate chemicals, alkylthiols contain only head groups 

and spacers. Much of the fundamental research on the formation mechanism and the 

film properties of thiolate SAMs were done by using alkylthiols as the target material.  

With the growing applications of SAMs, more and more attention became 

focused on applying self-assembly techniques in other studies. In order to apply 

SAMs to other fields, much research had to be done on functionalized self-assembled 

materials. Functionalized SAMs provide additional active site to perform further 

chemical reactions on the surface, but they also increase the complexity and difficulty 

of forming unique surface properties in comparison with alkylthiols.  

Several metal substrates are suitable for growing thiolate SAMs; however, gold 
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is the standard substrate for thiolate SAMs due to its bonding structure and stability. 

SAMs on other metal substrates, for example, copper have not been completely 

explored for their patterning and frictional properties. SAMs on copper should get 

more attention. Copper is important for semiconductor industry and micro- 

electromechanical system (MEMS). It is also a cheaper and more abundant material 

compare to gold.  

Micro-contact printing (µCP) is a versatile technique of forming alkanethiols by 

a PDMS stamp, and has easily formed decent patterns on gold film in many studies. 

Research has pointed out that lateral force microscopy (LFM) is a useful tool in 

investigating SAMs on metal substrates. LFM aids in understanding the difference 

between the frictional properties of the self-assembled molecules and the substrates. 

Previous studies have shown dramatically changes in the frictional properties of 

SAMs under LFM when the gold substrate was annealed.  

This dissertation will investigate the lateral force properties of acid-end thiolate. 

There are several topics we will address throughout this dissertation: 

1. How to use a simple SAM fabrication technique, µCP, to understand the 

desorption kinetics of a functionalized SAM under annealing process. 

2. How does cyclic thermal treatment (heating-cooling) affect the lateral 

force on functionalized SAMs? 

3. What role does environmental humidity play in the process of annealing 
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SAMs? 

4. What is the difference between the lateral force response of SAMs on gold 

and copper under thermal treatment? 

5. What is the difference in lateral force between hydrophobic and 

hydrophilic SAMs under thermal treatment in various humidity 

conditions? 

 

1.2 Self-Assembled Monolayer 

Self-assembled monolayers (SAMs) are well-organized molecular layer formed 

by the adsorption of molecules on the surface of a suitable substrate. The molecules 

that form SAMs have a functional group, or “headgroup”, with a chemical affinity to 

the substrate. Self-assembled molecules also contain a spacer, or “tail”, and a terminal 

functional group on another end as Figure 1-1 shows.  

 

 

Figure 1-1. Basic structure of SAM. 
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1.2.1 The Formation Mechanism of SAMs 

The overall formation of SAMs involves many processes. The general growth 

mechanism in solution can be categorized into two parts1: the transportation of 

self-assemble molecules to the surface and the self-assembly process on the surface. 

The transportation of bulk self-assemble molecules to the surface is closely related to 

the two steps adsorption of surfactants at the liquid-vapor interface. The first step of 

adsorption is the solution phase transport of adsorbate molecules to the solid-liquid 

interface, which can involve some combination of diffusive and convective transport. 

The second step is the adsorption of the substrate with some adsorption rate. The 

overall adsorption mechanism could be diffusion controlled, adsorption rate 

controlled, or in mixed-kinetic regime. Chang and Franses2 did a thorough review on 

the adsorption dynamics of surfactants at the air/water interface, and most of the 

mathematical development in their manuscript is directly relevant to the initial 

adsorption stage of SAM formation. 

The self-assembly process on the surface can be simplified into an isothermal 

path through a quasi-equilibrium 2D-phase diagram from experimental at evidence as 

Figure 1-2 shows.1 As the phase diagram depicts, there are three different regions: a 

low density vapor phase, an intermediate density phase, and a high density solid phase. 

Herein, the term of density refers to the concentration of self-assemble molecules (or 
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adsorbate). In the low density vapor region, mobile molecules are randomly deposited 

on the surface. In the intermediate density region, molecules are structurally 

disordered or lying flat on the surface. In the high density solid region, molecules are 

well-ordered and close packed on the surface plane. 

 

 

Figure 1-2. Schematic of a quasi-equilibrium 2D-phase diagram for a universal SAM 

system. Ttriple represents triple point temperature. The dotted lines T1 and T2 indicate two 

different isothermal growing routes of SAMs.
1
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Figure 1-3. Two different formation paths of SAM when the temperature is (A) under 

Ttriple, and (B) above Ttriple.
1
  

 

A hypothesis was made that the adsorption rate is much smaller than other 

process, such as the self-assemble process will follows the equilibrium phase diagram 

in Figure 1-2.1 In the phase diagram, there is a particular temperature, Ttriple (triple 

point temperature), which divides the growing mechanism of SAMs into two 

distinctive patterns at T1 and T2. When the temperature is below Ttriple (i.e. T1) the 

growing procedure will follow the one portrayed in Figure 1-3 (A). For isothermal 

path T1, the self-assembled molecules will pass through a vapor phase, a vapor-solid 
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intermediate region, and finally a solid phase. The concentration of adsorbate on the 

surface is low in the vapor phase. When the concentration increases, the isolated 

adsorbate starts to nucleate and grow into several island-like regions, a long side 

region of with adsorbate in low density vapor phase. These island-like regions 

eventually fill in the whole surface and enter the solid phase.  

When the temperature is above Ttriple (i.e. T2) the growing procedure will follow 

the path shown in Figure 1-3 (B). Following the isothermal path T2, we see that the 

growing procedure of self-assembled molecules will pass through an additional liquid 

phase in the intermediate region, making path T2 more complicated than path T1. 

However, the initial vapor phase growing process is similar to the one in path T1. 

When the concentration of adsorbate increases, the disordered adsorbate will gather or 

lie on the surface and form a condensed liquid phase. Once the concentration has 

reached high enough levels, the nucleation process of SAM will start to generate 

island-like areas surrounded by liquid phase adsorbate. The whole surface will 

eventually be covered by the adsorbate and complete the formation of the monolayer.  

 

1.2.2 Defects of SAMs 

The ideal SAM structure is assumed to be highly-ordered and packed as 

illustrated in Figure 1-1. In reality, SAMs actually contain many different types of 

defects in their substrates. Defects in SAMs are caused by both intrinsic and extrinsic 
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factors. External factors, including the cleanliness of the substrate, the methods used 

for preparing these substrates, and the purity of the self-assembled molecules solution, 

are responsible for some defects in SAMs. Defects caused by internal factors are 

related to the dynamic system phase behavior during the formation SAMs.3 The 

defects of SAMs have been widely studied to understand the mechanisms of their 

formations and to prevent them from affecting the formation of SAMs on the 

surface.4-9 Figure 1-4 is a simple diagram showing the various types of defects of 

alkanethiol SAM on the gold substrate. 

 

 

Figure 1-4. Schematic illustration of some of the intrinsic and extrinsic defects found in 

SAMs formed on polycrystalline substrates.
3
 

 

1.2.3 Types of Self-Assembled Molecules and Substrates 

Since first self-assembled molecule was found, numerous chemicals have been 

discovered that lead to the formation of SAMs. The reactivity of a self-assembled 

molecule depends on the substrate on which the SAM is going to form. Two major 
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categories of self-assembled molecules exist in most studies: sulfur-containing species 

(thiols, sulfides or disulfides) that dorm on metal surfaces and organosilane species 

that form on silicon dioxide surfaces. Table 1-1 shown in detail the self-assembled 

molecules associated with the adhesive substrate. 

The types of substrates that can form SAMs range from planar surfaces 

(deposited thin films of metal on glasses or silicon wafer, metal foils) to highly 

curved nanostructures. Planar substrates are widely used in the investigation of the 

structure and surface properties of SAMs, because they are convenient and 

compatible with a number of techniques for analysis. The most extensively used 

planar substrate for forming alkanethiol SAMs are deposited thin films of metal on 

silicon wafer, glass, mica, or plastic supporting substrates. These substrates are 

easy to prepare by various deposition techniques. Metal thin films (especially 

noble or coinage metals) on glass or silicon wafer usually need a thin layer (1-5 

nm) of primer materials to improve adhesion and prevent the desired metals from 

being oxided. Platinum, chromium, or nickel are examples of this. In addition to 

silicon wafer and glass, fleshly cleaved mica helps deposition materials form a 

strongly oriented film on its surface. For example, gold will grow with a 

well-organized (111) film on the (100) surface of mica. The criteria used to select 

the type of substrate and method of preparation depend on the application for 

which the SAM is used. 
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Table 1-1. Chemical systems of adsorbates and substrates for SAMs.
10

 

Surface Substrate Adsorbate(s) 

Metal Au R-SH, R-SS-R, R-S-R, R-NH2, R-NC, 

R-Se, R-Te 

Ag R-COOH, R-SH 

Pt R-NC, R-SH 

Pd R-SH 

Cu R-SH 

Hg R-SH 

Semiconductor GaAs(III-V) R-SH 

InP(III-V) R-SH 

CdSe(II-VI) R-SH 

ZnSe(II-VI) R-SH 

Oxide Al2O3 R-COOH 

TiO2 R-COOH 

YBa2Cu3O7-δ R-NH2 

Tl-Ba-Ca-Cu-O R-SH 

ITO R-COOH, R-SH, R-Si(x)3 

SiO2 R-Si(x)3 
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1.2.4 Surface Properties of Thiol on Gold 

To examine the surface properties of SAMs, such as monolayer structure, film 

thickness, thermal properties, and kinetics of surface reactions, are rely on various 

kinds of instruments. Commonly used testing tools, include Fourier transform infrared 

spectroscopy (FT-IR)11, 12, Raman spectroscopy13, X-ray diffraction (XRD)13, X-ray 

photoelectron spectroscopy (XPS)13-18, scanning electron microscopy (SEM)19, atomic 

force microscopy (AFM)13, 20, and scanning tunneling microscopy (STM)7, 9, 16-18, 21. 

The (111) surface is the lowest energy surface, which is preferred in the growth 

of thin metal films.22 As many studies show, alkanethiolate can form strong (rigid) 

SAMs on a gold surface. It is also the most commonly used metal substrate for 

studying the surface properties of alkanethiol SAMs. The mechanism of forming 

SAM of alkanethiol on gold was reported by Schlenoff et al.23 The manifestation of 

the reversible nature of thiol (R-SH) adsorption on an adsorption gold site can be 

expressed as  

R-SH + Au(s) ↔ R-S-Au + ½ H2(g)       (1) 

The kinetic study of alkanethiol also been investigated and indicated that the 

overall ΔG°adsorption of eq 1 is about -5.5 kcal/mol. Since the loss of hydrogen under 

experimental is expected, the adsorption of alkanethiol on the gold surface could be 

considered as an irreversible process. Schlenoff et al.’s report concluded that 
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adsorption of alkanethiols is controlled by diffusion instead of Langmuir adsorption 

kinetics in their work.23 

In Schlenoff et al.’s work, the thermal stability of the C18H37SH monolayer under 

ambient conditions was also examined in surface coverage change by placing sample 

in the oven with gradually increasing temperature shown in Figure 1-5.23 While 

heating to 80°C, the loss of the C18H37SH monolayer could be observed from 

experimental results. At 160°C, nearly 50% of C18H37SH desorbed from the surface 

under a slow temperature ramp of 2°C/min. The surface coverage of C18H37SH 

monolayer decreased to complete loss as temperature increased to 210°C. A 

STM/XPS study on thermal stability of SAM explained the surface phase changes 

that occur in association with the loss of alkanethiol coverage after annealing.16 

Annealing over 100°C will remove disordered structures of alkanethiol on the surface 

and lead to low-coverage phases.  
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Figure 1-5. Thermal deposition of C18H37SH from gold film under ambient conditions.
16

 

 

1.2.5 Applications of SAMs 

The formation and structure of alkanethiol SAMs on the copper surface is 

considered similar to those on the gold or silver surface. Due to the limitation of 

surface properties of copper film, such as roughness and oxidation, the experimental 

difficulties of forming alkanethiol SAM on copper substrates make the structure of 

SAMs on copper remain incompletely understood.3 Only limited research focuses on 

copper film as a substrate of alkanethiol SAM.24-32 But the increasing need of copper 

film in electronic and semiconductor fields is starting to draw attention from the 

researchers.24, 26, 31, 32 

Many different studies have been conducted on SAMs such as wetting and 

adhesion controlling, chemical resistance, bio compatibility, sensitization, and 

molecular recognition. Because of this wide range of areas of interests, many 



Yen-Chih Liao, December 2012, Texas Tech University 

14 
 

applications have been derived in the fields of biology, electrochemistry, electronics, 

nanoelectromechanical systems (NEMS) and microelectromechanical systems 

(MEMS). SAMs can be used to modify the surface properties to connect with 

different materials. SAMs could also effectively protect metals films from etching and 

chemical poisoning, especially for noble metal (gold, silver, copper, and 

platinum).33-36 

In the semiconductor or micro-electrical engineering, SAMs has shown its 

potential of being the electron transportation barriers. Moreover, several studies also 

reported using SAMs as the junction material to manufacture micro-electronics. The 

selectivity of forming functionalized nanostructure on the substrates also makes 

SAMs highly compatible to MEMS devices and micro/nano-sensors that need to 

separate one type of molecule from its environment. It was been reported that using 

SAMs as a transistor material is theoretically and experimentally successful.  

 

1.3 Micro Contact Printing 

Many soft lithography methods have been introduced to form SAM on the 

substrates including micro-contact printing (µCP), micro-molding in capillaries 

(MIMIC), solvent assisted micromolding (SAMIM), replica molding (RM), 

microtransfer molding (µTM), and dip-pen nanolithography (DPN). Micro-contact 

printing (µCP), which shares the same operation procedures as ink-stamp printing 
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technique, is one of the easiest methods to pattern SAM on the surface. It is also 

popular with its large capacity of printing size (from several centimeters to tens of 

nanometers features in dimension), inexpensive on the cost and relatively high spatial 

resolution of the patterns.  

There are several methods to fabricate stamps for µCP. One of the most widely 

used ways is by casting poly-dimethylsiloxane (PDMS) on a master which has the 

desired patterns.37 PDMS, a silicone type polymer, is used in µCP to produce the 

stamp and transfer molecules from its surface to a substrate. The advantages of being 

transparent, chemical resistant to many solvents, and unreactive to most materials 

being patterned or molded, make PDMS a suitable material to fabricate µCP stamps.38 

Masters can be prepared by either using standard photolithographic techniques37, or 

constructing from existing materials which have microscale surface features. After 

curing, the PDMS stamp is removed from the master. The master can be reused 

multiple times. The pattern on the PDMS stamp that is used in this study is shown in 

Figure 1-6.  
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Figure 1-6. SEM image of the pattern on PDMS stamp used in this study. 

 

Typically, the solution of self-assembled molecules with a concentration form 0.1 

to 10 mM is inked onto the surface of the PDMS by adding several drops of solution 

and air-drying.37 The self-assembled molecules were transferred to the substrate 

surface when the stamp and the substrate have physical contact. Studies indicate that 

ink concentration is much more critical to the spread of alkanethiol than contact 

time.39 Figure 1-7 demonstrates the procedure of forming µCP stamp and patterning 

SAMs on gold surface. Detailed PDMS stamp preparation procedure can be found in 

other articles.10, 19  

Due to the strong covalent bond between gold atom and sulfur atom, gold 

substrate is commonly used to form SAM with alkanethiols.3, 5, 10, 11, 14, 27, 40-45 

Although the surface of the evaporated metal films are not smooth in molecular scale 

(roughness in the range of 5-10 nm), the elastomeric nature of PDMS allows for 

conformal contact between the stamp and the surface. Another issue for this method is 
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that the delivery of the alkanethiol to the surface requires physical contact between 

the stamp and the substrate surface. Thus, some regions of the substrate become 

blurred due to unevenness of the substrate surface topology and mechanical 

movements of the stamp during the stamping procedure. These regions can easily be 

observed using an optical microscope and it can prevent the chemicals from reaching 

the surface. After removal of the stamp, the metal surfaces with patterned SAM can 

be used in the study. 

 

 

Figure 1-7. Schematic of patterning SAM on substrate surface process by µCP. 
42
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1.4 Atomic Force Microscope 

Since the first scanning tunneling microscopy (STM) was first invented by 

Binnig and Rohrer46, 47 in 1982, the scanning probe microscope (SPM) has been 

developed dramatically. According to the increasing need of high resolution imaging 

techniques in the micro or nano scale, different SPMs were introduced to overcome 

the limitations of the optical microscope and to help scientists understand surface 

properties in the ultra-small region. There are several common types of SPM, 

including atomic force microscope (AFM), scanning tunneling microscope (STM) 

and near field optical microscope (NSOM), each with slight differences in 

instrumental structure and signal type. The basic principle of the SPM is measuring 

surface topography by scanning across a surface with a sharp probe and monitoring 

the motion of the probe. For example, the atomic force between the sample surface 

and the probe is monitored in AFM.  

 

1.4.1 Basic Concept of AFM 

The limitation of STM is that it can only scan conductive materials, this confines 

its application to all fields. With the same concept, Binnig, Quate and Gerber invented 

the first AFM in 1986.48 AFM is suitable for all kinds of material surfaces. 

There are three main concepts to AFMs: piezoelectric transducers, force sensors, 
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and feedback control. Piezoelectric transducers mainly transform electrical energy 

into mechanical motion in the AFM system. Various materials are suitable for 

producing piezo including inorganic crystals, ceramics or polymers. When an 

electrical potential is applied across two opposite sides of the piezoelectric, it changes 

the thickness in the direction parallel to the potential. The magnitude of the 

dimensional change depends on the piezoelectric material, the geometry of the device, 

and the magnitude of the applied voltage. The expansion coefficient for a single piezo 

shape is typically on the order of 0.1 nm per applied volt. Piezoelectric materials are 

used for controlling the motion of the probe as it is scanned across a surface in an 

AFM.  

The piezoelectric transducers have several different designs with various 

applications. Single sheet piezo can be energized to produce motion in x(length), 

y(width) and z(thickness) directions. The working principle of single sheets 

piezoelectric transducers is as Figure 1-8 shows. 2-layer piezos are the most versatile 

structure of all piezo types. In addition to the advantages of single sheets, they can 

also bend and extend. Multilayered piezo stacks can deliver and support high force 

loads with minimal electric potential and small motions.  
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Figure 1-8. Schematic of the deformation of a single sheet piezoelectric transducer under 

applied voltage. 

 

In an AFM system, force sensors are used to measure the force between the tip 

and the surface. The sensitivity of force sensors can be as low as the pico-newton 

level. Force transducers are usually combined with force sensors in order to convert 

measured forces into transmitted output signals to controllers or as data acquisition 

systems connected to computers. Figure 1-9 illustrates a simple diagram of a force 

sensor system. The most common used force sensor in AFM systems is light level 

force sensor.49, 50 

 

 

Figure 1-9. Diagram of the force sensor in an AFM system.  
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Feedback control is a control mechanism that uses current measurements to 

manipulate the input variable in order to achieve target results. In an AFM, feedback 

control is using for maintaining a fixed force or distance between the tip and the 

surface. The acquisition data of the tip and the surface enters the feedback control 

loop and dominate the piezoelectric transducer that sets the relative position of the tip 

and the surface. 

Figure 1-10 shows the simplified diagram of an AFM. The probe scans over the 

sample surface in an x-y raster pattern, and the contact force between the tip and 

sample causes the cantilever to bend. A laser beam, focused on the cantilever, then 

reflects onto a photodiode detector which monitors the deflection of the cantilever 

during scanning. A feedback control loop mechanism maintains a constant force on 

the sample by adjusting the height of the cantilever. Thus, a 3-D topography map of 

the sample surface can be obtained.  
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Figure 1-10. Diagram of an AFM (ref) 

 

AFM can perform in different scanning modes. Two major categories are contact 

mode and non-contact mode. In contact mode AFM, the probe makes physical contact 

with the sample. As the scanner gently traces the probe across the sample, the contact 

force causes the cantilever to bend to accommodate changes in topography. In 

non-contact mode AFM, the probe scans with a high frequency vibration above 

sample surface instead of touching it. The spacing between the probe and sample 

surface is in a range of several nanometers to tens of nanometers. 

 

1.4.2 Scanning Modes of AFM 

AFM can perform under different modes depending on the interaction force 

between AFM tips and the sample surface. Figure 1-11 shows the operating force 
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curve and modes in an AFM system. By the tip-surface interactive force, the AFM can 

be categorized into three main performing modes: contact, tapping and non-contact. 

 

 

Figure 1-11. The operating force curve of an AFM. The red, blue and green colors 

represent contact, tapping, and non-contact AFM mode, respectively.  

Image was replotted from nanoScience.com. 

 

In the contact mode, the AFM tip is physically contact the surface of the sample. 

The topographic profile of surface is obtained by scanning the surface at constant 

cantilever deflection. The deflection is proportional to the force which can be 

calculated by Hooke’s Law.51 Contact mode AFM usually operates under a repulsive 

force regime. Contact mode AFM is the most widely used mode due to several 

advantages. First, it can scan rough surface at high speed. Secondly, it is able to reach 

atomic resolution. The contact mode can also provide friction information on the 
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surface, which is also known as friction/lateral force microscopy (FFM/LFM). Details 

of LFM will be discussed later in the text. However, contact AFM has several 

disadvantages. Since contact mode AFM requires physical contact with the surface, 

tips might cause damage to samples while scanning the surface. AFM tips can also be 

worn by hard samples.  

As opposed to contact mode AFM, in non-contact mode the AFM tip oscillates 

above the sample surface during scanning. The AFM tip operates in the attractive 

force region and the force between tip and sample surface is minimized. The 

miniature attractive forces limit image resolution under non-contact mode. However, 

since the tip doesn’t touch the surface while scanning, the chance of damaging the 

sample or tip is limited. The scanning condition, such as humidity and noises, will 

highly affect image quality; thus, non-contact mode AFM usually operates under 

ultra-high vacuum to avoid surface contamination or adsorbed water layer. 

The tapping mode has similar characteristics to non-contact mode. The AFM tip 

scans the surface by oscillating at its resonant frequency in the attractive force regime. 

While oscillating, the AFM tip gently taps the sample surface. The topographic image 

of a surface is obtained by retaining constant oscillation amplitude between tip and 

sample. The tapping mode AFM has one advantage of contact mode AFM, physical 

contact, which can provide better resolution. Additionally, is has one advantage of the 

non-contact mode AFM, the probability of damaging tips or samples is eliminated. 
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However, it still needs to perform under lower speeds to obtain better image quality.  

 

1.4.3 Lateral Force Microscopy 

The Lateral Force Microscopy (LFM) was first introduced by Mate et al.52 for 

scanning the friction force of graphite surface in micro scale. LFM is a specific 

scanning mode of contact mode AFM. It is based on the same principle and procedure 

as contact mode AFM, but scans the sample surface at an angle of 90 degrees 

difference in direction. The lateral deflection of the cantilever is a result of the force 

applied to the cantilever when it moves horizontally across the sample surface, and 

the magnitude of this deflection is determined by the frictional coefficient, the 

topography of the sample surface, the direction of the cantilever movement, and the 

cantilever’s lateral spring constant. LFM is useful for studying a sample with a 

surface consisting of inhomogeneous compounds or an abruptly changing slope on the 

edge. 

A position sensitive photo detector (PSPD) that consists of four domains 

(quad-cell), as shown in Figure 1-12, is used to measure the quantitative data of 

lateral force change as well as morphology differences. The LFM signal, which is 

related to the change in the surface friction on a sample surface, measures the 

deflection of the cantilever in the horizontal direction and can be represented as the 

difference in the signals recorded in the right cells (A+B) and the left cells (C+D). 
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Frictional information can be obtained from (A+B) – (C+D). 

 

 

Figure 1-12. Schematic of a quad-cell PSPD in determining the lateral force signal.
53

 

 

Figure 1-13 (a) shows a surface structure with a centrally located step with 

smooth material (white area). There is a small region which consists of a stiff material 

with a relatively high frictional coefficient (dark area). (b) indicates the deflection of 

the cantilever as it passes through the sample surface from left to right. (c) is a surface 

topography profile from an AFM image. (d) and (e) show the LFM signal profile 

while scanning through the surface.  
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Figure 1-13. Diagram of LFM scanning (a) a surface structure with a centrally located 

step with smooth material. (b) twist of AFM tip along the surface (c) AFM signal 

response (d)(e) LFM response.
53

 

 

When scanning from left to right, a surface structure with a sudden height change 

will instantaneously twist the cantilever. This results in a lateral force signal with a 

convex shape as seen in Figure 1-13 (d) at point 3 and 4. The region between point 1 

and 2 indicates an area on the sample surface where there is a material with a higher 

surface frictional coefficient compared to the surrounding area. There are no 

distinguishable surface features that will allow the user to differentiate this region 

utilizing the topography signal. Figure 1-8 (e) shows the LFM signal when the scan 

direction is backward. When the scan direction is reversed, the cantilever will now tilt 
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toward the direction where the frictional coefficient is larger, yielding a decrease in 

the LFM signal in this area. LFM results contain information of both surface friction 

and topography.53 A surface topography image is necessary to distinguish LFM results 

from the change of surface friction or morphology. Figure 1-14 shows the images of 

1-octadecanethiol (ODT) under LFM.  

 

 

Figure 1-14. Lateral force image of 1-octadecanethiol (ODT) on gold substrates. Bright 

and dark areas represent bare gold substrate and ODT patterns, respectively. 

 

1.4.4 The origin of molecular friction 

In macro scale, the friction force occurs along the contacting surfaces when two 

solid objects contact and slide against each other. It can be classified under two 

categories, static and dynamic friction force, depending on the relative movement 

between the two contacting objects. The static friction force keeps two touching 
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objects to remain motionless relative to each other. The dynamic friction force occurs 

when two contacting objects move relative to each other. However, the friction force 

in atomic level can’t easily be observed or studied due to the limitation of current 

instruments and the influence of numerous molecular interactions between two atoms 

(or nearby atoms).  

 

 

Figure 1-15. Diagram of a simplified expression of static friction force. 

 

With the rapid development of nanotechnology, understanding the details of 

molecular friction force became more and more important. A common and simple 

method used to describe the molecular friction force is to analyze them under the 

categories described in macro scale. Wang et al. reported the similarity of the friction 

force in macro and atomic scales.54 The friction on the molecular level involves 

interactions between atoms. The molecular interaction between atoms usually stays in 

its minimum potential. It can be expressed by a ball staying at the lowest position of a 

potential valley as shown in Figure 1-15. In order to move the ball to another position 
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of the valley, a lateral force is required to overcome the potential barrier which was 

caused by the molecular interaction. The required lateral force is known as the static 

friction force. There are two major factors that will affect the magnitude of the static 

friction force: the interfacial molecular interaction and the structural similarity of two 

contacting surfaces. When two contacting surfaces have similar structure, also known 

as commensurate surfaces, the interactions between these two surfaces will be 

relatively strong. It can also be considered as the shape difference in between the ball 

and the valley as shown in Figure 1-15. Thus, the static force is expected to be high.  

 

 

Figure 1-16. Diagram of the Frenkel-Kontorova model.
55

  

 

The Frenkel-Konotorova (F-K) model was introduced to explain the friction 

force between particles by using a one-dimensional spring with a periodic potential 

motion as shown in Figure 1-16.55 Considering all particles in F-K model are atoms, 

the model could be used in expressing molecular friction force. Atoms are connected 

by the spring with the spring constant ks. a0 and as are the equilibrium distance of the 



Yen-Chih Liao, December 2012, Texas Tech University 

31 
 

inter-particle potential and the period of the potential, respectively. The magnitude of 

periodic potential of molecular interaction is λ. The ratio of a0 and as (a0/as) determines 

the nature of the similarity of the structure of two contacting surfaces. The static 

friction of SAMs on gold was calculated by molecular dynamics simulations in a 

recent study.54 The result showed that two surfaces with commensurate interfacial 

conditions exhibit larger friction forces. 

For molecular dynamic friction force, two possible scenarios should be 

considered: two surfaces are sliding with either very small relative velocity or very 

high relative velocity. If two surfaces are sliding with a very small velocity, the kinetic 

energy contributed from the moving surface could be neglected. In this case, the 

energy may be conservative and convert reversibly between potential and kinetic 

forms without dissipation. The lateral force applied to an atom is barely equals its 

equilibrium state so that the average force is zero. If atoms move in discontinuous 

motion, the energy would be non-conservative. Part of the energy will convert 

irreversibly into internal vibration energy and dissipate as heat.54  

If two surfaces are sliding with a very high velocity which exceeds their 

threshold, the friction force is also considered as zero, also known as the 

superlubricity condition. Shinjo and Hirano proposed that the appearance of 

superlubricity is related to the phenomenon of the transformation of energy between 

internal vibration mode and the center-of-mass of the atomic chain by using F-K 
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model to simulate the surface friction.56 The energy in superlubricity condition is 

conservative without dissipation. There are still many unanswered questions of how to 

achieve superlubricity condition that need to be solved experimentally.54  

Since AFM was first introduced to help us better understand the surface 

morphology in atomic scale, many applications or adjustments of AFM were invented 

to conduct further investigation of surface properties. LFM, as previous part 

mentioned, is able to observe the friction properties of the surface by detecting the 

lateral force. Early research has shown the convincing results of using LFM to study 

molecular friction force.57-59  

 

1.5 Rate equation of chemical reactions 

Chemists use rate equations to express the relationship between reaction rate and 

reaction parameters (concentration or pressure). Rate equations can help us 

understand the reactants change throughout the whole chemical reaction. For an 

element chemical reaction, which has no intermediate step in its reaction mechanism 

as eq 2 shows,  

aA + bB → C               (2) 

the rate equation can be expressed by eq 3  

    r = k[A]a[B]b             (3) 

where [A] and [B] are the concentration of reactants A and B, respectively, a and b are 
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stoichiometric coefficients of the balanced chemical reaction, and k is the rate 

constant. The value of k remains the same throughout the whole reaction if the 

reaction doesn’t involve in experimental condition change, such as a change in 

temperature. The rate constant can be determined by the Arrhenius equation as eq 4 

shown 

    k = Aexp(-Ea/RT)           (4) 

where A is the pre-exponential factor; R is the universal gas constant; T is the 

temperature in absolute temperature; Ea is the activation energy. 

The reaction rate is usually represented by the concentration or pressure of the 

reactants, but it can also be modified into other parameters related to concentration in 

some special chemical reactions. Several studies had used modified parameters for the 

rate equations to evaluate the activation energy of the chemical reactions. Shadnam 

and Amirfazli used the surface coverage of SAMs to calculate the activation energy of 

the desorption of SAMs from gold substrates.14 Nishida et al.60 also estimated the 

activation energy of the desorption of SAMs by the surface adsorbate concentration. 

In Chapter 3, we will use rate equation to evaluate the surface desorption of SAM. 

The reaction rate can be categorized by the order of reaction. Herein, we introduce 

three most common rate reactions, zeroth-order, first-order and second-order reaction. 

Figure 1-15 shows the concentration change through the time in different order of 

reaction rate. Details of each order of reaction will be introduces in later parts.  
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Figure 1-15. The concentration change of chemical reactant in different order of reaction 

rate in the function of time. 

 

1.5.1 Zeroth-order reaction 

The order of reaction will be zero when the reaction is independent of the 

concentration of the reactants. In a zeroth-order reaction, the rate equation can be 

expressed as eq 5 

   r = k              (5) 

where r is the reaction rate and k is the zeroth-order rate constant. It can also be 

shown by solving a mass balance differential equation as eq 6 

    r = k =
td

d[A]

 
           (6) 

The concentration at any time, t, can be obtained by integrating the differential 
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equation eq 7 

   [A]t = -kt + [A]0            (7) 

where [A]t and [A]0 represent the concentration of the reactant A at time t and initial 

condition, respectively. A reaction is zeroth-order if concentration data are plotted 

versus time and the result is a straight line as Figure 1-15 shown. The slope of 

concentration line is negative the rate constant k. 

The half-life of a reaction, meaning the time at which half of the reactant is 

consumed, is important for monitoring the chemical reactions. For a zero-order 

reaction, the required time to reach half-life condition is given by eq 8 

   t½  = 
k2

[A]0              (8) 

where t½  is the half-life time. 

 

1.5.2 First-order reactions 

The first-order reaction simply implies that the reaction relies on the 

concentration of only one reactant. Other reactants can be present, but they will be 

zero-order. The rate can be written in the differential form with respect to a reactant A 

as eq 9 shows 

    r = k[A] =
td

d[A]
           (9) 

k is the first-order rate constant, which has units of 1/s. If we integrated the first-order 

differential equation, we will get the concentration of the reactant at any time in the 
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equation as eq 10 

    ln [A]t = -kt + ln [A]0          (10) 

The plot of concentration change versus time of a first-order reaction is shown in 

Figure 1-15. If we take nature log of [A]t and plot it versus time t, it will give a 

straight line with a slope of −k. The half-life of a first-order reaction is independent of 

the initial reactant concentration and is given by eq 11 

   t½  = 
k

2ln 
           (11) 

 

1.5.3 Second-order reactions 

A second-order reaction can depend on the concentrations of one second-order 

reactant or the concentration of two first-order reactants. The reaction rate of a second 

order reaction involving either one or two reactants, is given by eq 12 

    r = 2k[A]2 =
td

d[A]

         (12)
 

or 

    r = k[A] [B]=
td

d[A]

            (13)
 

Like the zeroth-order and the first-order reaction, the equation of the 

concentration of the reactant(s) can be obtained by integrating the differential rate 

equation. The integrated second-order rate equation for one reactant is given by eq 14 

    
t[A]

1
 = kt +

0[A]

1
          (14) 
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For two reactants, it is given by eq 15 

    
t

t

[A]

[B]
 = 

0

0

[A]

[B]
exp[([A]0 - [B]0)kt]       (15)

 
 

where [A]0 and [B]0 must be different to obtain that integrated equation. 

The half-life equation for a second-order reaction dependent on one second-order 

reactant is given by eq 16 

   t½  = 
0[A]

1

k
           (16) 
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CHAPTER 2 

EXPERIMENTALS 

 

2.1 Materials and Chemicals 

Au (beads, 1-6 mm, 99.999%) was purchased from Birmingham Metals; Ti 

(pellets, 99.995%) and Cu (pellets, 99.99%) were purchased from Kurt J. Lesker Co., 

Clairton, PA. Mica (Grade V-5, 75×50×0.15 mm) was purchased from SPI Supplies 

Inc., West Chester, PA. Micro Slides (75×50×1 mm, pre-cleaned) was purchased from 

VWR International LLC., Radnor, PA. The alkanethiols, 16-mercaptohexadecanoic 

acid (MHA) (HOOC(CH2)15SH, 90%) and 1-octadecanethiol (ODT) (CH3(CH2)17SH, 

98%), were purchased from Sigma-Aldrich Co., St. Louis, MO. The structure of MHA 

and ODT is shown in Figure 2-1. The alkanethiol solution was prepared in absolute 

ethanol (200 proof, absolute, anhydrous, ACS/USP Grade), purchased from 

Pharmco-Aaper Inc., Brookfield, CT. Poly-dimethylsiloxane (PDMS) stamps were 

provided by Livermore National Lab. The glue EPO-TEK 377 (including Part A and 

B) was purchased from Epoxy Technology, Billerica, MA. It was been reported that 

EPO-TEK 377 contains no solvent and is resistant to many organic solvents used in 

the deposition of self-assembled molecules. 61 
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Figure 2-1. The molecular structure of (a) MHA and (b) ODT. 

 

2.2 Substrates Preparation 

2.2.1 Thermal Evaporation Metals on Mica 

Gold and copper thin films were deposited onto a fresh cleaved mica surface 

with thermal evaporator (see Appendix A). The fresh cleaved mica was prepared prior 

to evaporation to keep the surface clean. Before coating Au, a thin layer of Ti, about 3 

to 5 nm, was coated onto mica to improve the adhesion on the substrate surface. The 

deposition thickness of both Au and Cu films are about 100 nm. The coating rates did 

not exceed 1.0Å /s. 

 

2.2.2 Template-Stripped Metal Surface 

The gold and copper substrates prepared by thermal evaporator may have many 

structural defects on the surface, and as well as environmental contaminations. Many 

researchers have found that template-stripped metal surface has lower roughness and 
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cleaner.62 Template-stripped metal surface provides a highly suitable substrate for 

SAM whenever a flat surface over large areas is needed.45  

Figure 2-2 shows the general process for preparing template-stripped metal 

surface. Metals are deposited onto fresh cleaved mica surface with a thickness of 100 

nm using thermal evaporator. The metal film was glued immediately onto several 

pieces of glasses which were cut into a dimension of 0.5 cm × 0.5 cm. The glass 

pieces were cleaned with two types of cleaning solution: standard cleaning 1 (SC1) 

solution (NH4OH (20%), H2O2 (30%) and DI water with volume ratio 1:1:5)63 and 

Piranha solution (H2SO4 (16M) and H2O2 (30%) with volume ratio 3:1)64, and heated 

at 50-70°C overnight prior to use. The mica-metal-glue-glass packed systems were 

cured at 150°C for 2 hr. Once the glue was cured and cooled back to ambient 

temperature, template-stripped metal surface could be produced by removing the mica 

from the metal film. The uncovered, template-stripped metal surface is nearly as flat 

as mica surface but has the favorable chemical properties of the metal.45 There was no 

difference observed between samples stripped immediately after curing the epoxy and 

those stripped after saving in the desiccators for up to 2 months.62  
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Figure 2-2. Procedure of using EPO-TEK 377 to prepare template-stripped gold surface. 

 

2.3 Patterning SAMs on Substrates 

The concentration of self-assembled molecules solution is critical for forming 

SAM by µCP technique. The solution with the concentration of 10 mM is used in this 

study. MHA and ODT were dissolved in absolute ethanol. Au and Cu substrates were 

prepared with template-stripped method. The PDMS stamps with micro-patterns on it 

were prepared by Livermore National Lab.  
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The PDMS stamp was cleaned with Whiteside method, a series of clean process 

by soapy water, water, and ethanol, and dried with compress air. A few drops of MHA 

solution were added onto stamp surface and dried with air flow to form a layer of 

MHA ink. After inking, the stamp was placed on the template-stripped metal surface 

with very light pressure applied on it. The stamp could be removed carefully from the 

substrate surface after 12 hr attachment. The quality of the samples could be visually 

checked under optical microscope with breath blowing on the metal surface as Fig 2-3 

shows.  

 

 

Figure 2-3. The optical microscope image of breath blowing air to the MHA SAM 

surface. 

 

There are many factors impacting quality or contrast of friction force image of 

gained sample: the cleanliness of the gold surface, methods for preparing subtracts, 
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the cleanliness of the PDMS surface and the purity of the ink. Ideally, the gold surface 

should be fresh and clean; the PDMS stamp surface should be clean, and the thiol and 

ethanol are should be without any contaminant. However, for gold surfaces, during 

preparing procedure, there are many structural defects, and also, the gold is easily 

contaminated by the dust or other contaminants in the air. Optical microscope studies 

show that solvents tend to have residue on gold surface which is difficult to remove. 

Because the formation of SAMs is chemical selection, impurities in solvents and 

reagents can complicate both the kinetics of formation and the final structure of 

SAMs.65 

 

2.4 Instrumentation 

The lateral force images were collected with Veeco NanoScope MultiMode IIIa 

AFM (Bruker Corperation Inc., Santa Barbara, CA). Figure 2-4 shows the parts of the 

AFM. The silicon nitride (Si3N4) tips (MLCT-AUHW, Bruker Probes, Santa Barbara, 

CA) were used to scan the surface as shown in Figure 2-5. Table 2-1 lists the detail 

properties of the cantilever.  
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Figure 2-4. Veeco NanoScope MultiMode IIIa AFM. 

 

 

Figure 2-5. SEM images of the Si3N4 probe used in this work. 
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Table 2-1. Properties of the Si3N4 Probe 

 length(L) 

(μm) 

width(w) 

(μm) 

frequency(kHz) k(N/m) 

MLCT-AUHW 225 20 15 0.03 

 

Heating temperature was controlled by NanoScope Heater Controller (show in 

Figure 2-6) accompanied with the Veeco MultiMode IIIa AFM (Bruker Corperation 

Inc., Santa Barbara, CA). The heating controller can control the temperature of both 

cantilever and sample by applying voltage. The heating range of the heater is from 

40°C to 250°C.  

 

 

Figure 2-6. NanoScope Heater Controller. 
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2.5 Measurement of Friction Force 

2.5.1 Heating Program 

The sample was scanned at ambient temperature as the initial data point, and 

followed by a 15°C increased heat step starting at 40°C. The highest heating 

temperature is decided by the temperature which the LFM image almost lost lateral 

force signal of the patterns, 130°C for gold substrate and 100°C for copper substrate. 

After reaching the highest heating temperature, the sample was then cooled down 

with a 15°C cooling step until 40°C. The final scanning point is back to ambient 

temperature. Each scan was operated whenever it became isothermal in between 

heater and sample. The thermal balance condition could be checked by the reading on 

the AFM. It generally took up to 30 min to reach thermal balance.  

 

2.5.2 Humidity Controlling Program 

 Relative humidity (RH) of the AFM scanning environment was controlled using 

a home-built humidity chamber. The humidity chamber was designed on the basis of 

the principle of mixing dry air (~0%) and moisture-saturated air (~80%). Two air 

sources were continuous flow into the mixing chamber. By controlling the flow rate 

of dry air and moisture-saturated air, the RH of the air pumped into the chamber could 

be controlled between the value of ~0% and 80% and maintained to within 5%. In 

order to let humid air flow through the whole humidity chamber, the inlet air enters 
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from the top and leaves from the bottom of the chamber. The humidity chamber 

encloses the scanning parts of the AFM, including the scanner, tip assembly, optical 

lever detection system, sample, and the side-mounted optical microscope. RH in the 

chamber was monitored by a hydrometer (Thermo Fisher Scientific Inc., Waltham, 

MA) placed in the center of the humidity chamber. The RH in the humidity chamber 

took approximately 30 minutes to attain equilibrium, before each AFM measurement 

was made. 

 

2.5.3 Lateral Force Images  

For each scan, the height and friction force images at both trace and retrace 

directions were recorded. According to the reports, the thickness of SAMs on the 

substrate is typically 1 – 3 nm.3 No significant topography change on the height image 

could be expected. However, the lateral force between the surfaces and the tip are 

different as SAM and metal surfaces are chemically different. A remarkable 

discrepancy could be observed on the LFM image between the area of SAM and Au. 

The lateral force was measured by recording the traces of cantilever lateral deflection 

while the sample was scanned back and forth using piezo scanner. To obtain absolute 

force values and make direct comparisons among studies requires knowledge of 

cantilever spring constant and tip radii.  

In Veeco MultiMode IIIa AFM, the lateral force signals are collected in voltage 
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for both trace and retrace directions. The mean values of the lateral force were 

extracted from friction loops, the trace minus retrace (TMR) value being proportional 

to the friction force. For LFM data, the TMR directly corresponds to the amount of 

total tip twist that occurs as the tip scans back and force across the sample.66 The 

subtracted image enhances the LFM data and reduces the background noise caused by 

tracing error. The TMR process and images is shown in Figure 2-7. 

The lateral force signal could be analyzed by Nanoscope software. The depth 

command in the software is used to measure the relatively height profile in the chosen 

area for topography images. A Gaussian low-pass filter was applied to the data to 

remove noise, and obtain depth comparisons between two dominant features. In LFM, 

the friction force difference between SAM and substrate of a specific area in the 

image can be analyzed by reading peak to peak distance in voltage in depth command 

as Figure 2-8 shows. Same area was selected to analyze friction force form each 

image. An average friction force signal from different select areas of each image is 

collected as a data point.  
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Figure 2-7. TMR process of a series of LFM images of MHA SAM on gold substrate. 

Image size is 100µm × 100 µm. (a) The lateral force image in trace direction. (b) The 

lateral force image in retrace direction. (c) The TMR image after retracting (a) by (b). 

 

  

Figure 2-8. Lateral force signal analysis on a selected area. 
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CHAPTER 3 

MEASURING THE ACTIVATION ENERGY OF THIOL 

DESORPTION 

 

3.1 Introduction 

Self-assembled monolayers (SAMs) have found many applications due to their 

ease in modifying the terminal functional group.3, 22, 67 For example, wetting and 

adhesion control, biocompatibility, chemical resistance, sensitization, and molecular 

identification for sensors and nano-fabrication have been proposed as areas of use.1 

Many investigations have been performed to determine the thermal stability, and the 

material properties, at temperatures well above 100°C.16, 68-71 However, biochemical 

and biomedical related research in this area is very temperature sensitive, and requires 

lower temperatures. Further research of thermal properties of SAMs below 100 °C is 

necessary to further understand and implement these materials. 

There are several related methods about how to test thermal stability, Infrared 

and X-ray photoelectron spectroscopy are commonly used in research.72, 73 Using 

frictional properties to observe thermal stability has also been reported in recent 

years.20, 23, 74 Specifically, lateral force microscopy (LFM), which is a scanning probe 

technique, can be used to interrogate frictional forces at the micro- or nano-scale. 

LFM is a secondary contact mode in atomic force microscopy (AFM) and maps 
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relative differences in the frictional forces between the probe tip and the sample 

surface.75 In LFM, the scanning is performed perpendicular to the long axis of the 

cantilever which induces a twisting of the cantilever around its long axis. The friction 

force of the monolayer can be attributed coverage making it an important topic for 

investigation in these ultra-small scales.  

Frictional properties of organic thin films are known to be affected by the 

properties, such as orientation, arrangement and terminal functional group.70, 71, 74, 76 

The focus of this research is 16-mercaptohexadecanoic acid (MHA). MHA contains 

both thiol and carboxylic acid functional groups in its structure. In addition to its 

widespread use in bio-engineering and applied material science, several researchers 

use the properties of MHA to change the hydrophobicity and chemistry, to make an 

attachment to a target substrate.77, 78 The most common substrates for growing SAMs 

are planar metal films, including gold, copper, and silver.79-82 The study of SAMs on 

gold is where most of the research has been focused and will be used in this study. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Absolute ethanol (99.99%, Sigma-Aldrich Inc., St. Louis, MO) was used as the 

solvent and cleaning agent, and 16- mercaptohexadecanoic acid (HS(CH2)15CO2H, 

90%, Sigma-Aldrich Inc., St. Louis, MO), used as the alkanethiol material. Gold 
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substrates were prepared using a template stripping method by thermal evaporation of 

100 nm of gold (99.99%, VWR International, LLC, West Chester, PA) onto cleaved 

mica (Allied Electronics Inc., Fort Worth, TX) at 10-6-10-7 torr, as reported by Wagner 

et al.45 Glass was diced into 0.5 cm square pieces and cleaned with the solution 

containing: H2O2 (30% solution) and NH4OH (20%) by ratio of 1:1.83 The glass was 

rinsed with deionized water after cleaning. The glass pieces were glued onto the metal 

side of the coated mica using Epo-Tek 377 (Epoxy Technology Inc., Billerica, NM) 

and annealed at 100-150 °C for two hours. The substrates were stored in vacuum 

desiccators until needed. The glass was peeled from the mica before use, leaving a 

fresh gold surface for micro-contact printing (μ-CP).  

 

3.2.2 Preparation of SAMs film 

It has been reported that μ-CP can easily form micro structures by ink-paste 

processes.43 In the μ-CP procedure, micro structures were built on 

Polydimethylsiloxane (PDMS). The stamps were provided by Lawrence Livermore 

National Lab. The concentration of the MHA solution was 10 mM in pure ethanol. 

The solution was added dropwise to the PDMS stamp until the stamp was completely 

covered by the solution and dried in ambient conditions prior to use. The PDMS 

stamp was then physically contacted to the fresh metal surface and sat for 12 hours. 

Details of the printing process and fabrication methods used to prepare stamps are 
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described elsewhere.84, 85  

 

3.2.3 Surface Properties Test and Heating Processes 

Friction forces of MHA SAM-coated metal substrates were measured by AFM 

(NanoScope MultiMode IIIa, Bruker Corperation Inc., Santa Barbara, CA) in the 

Lateral Force Microscopy mode. Triangular silicon nitride (Si3N4) cantilevers were 

used in this research. The same probe was continuously used throughout whole 

experiment in order to reduce variables in spring constant between each scan. The 

scanning environment throughout these studies was under ambient pressure with 35% 

to 40% relative humidity (RH). Both trace and retrace direction was recorded in each 

scan. The lateral force signal for each scan was determined by subtracting trace and 

retrace lateral force signal measurements (subtracting the forward from the reverse 

signal). Furthermore, by averaging the values obtained from several experiment sets 

under the same conditions, the relative lateral force signal was determined. 

Thermal stability testing was carried out using a High Temperature Heater 

(Bruker Corperation Inc., Santa Barbara, CA) directly connected to the sample holder 

of the MultiMode IIIa AFM. Both the probe and sample were heated to the target 

temperature. Normally, it takes about 15 minutes to reach thermal balance between 

substrate and heating element while changing temperature. The initial scan in this test 

was performed without heating. During the first hour, the sample was scanned every 
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fifteen minutes and then once per hour until no change was observed.  

 

3.3 Results and Discussion 

 

Figure 3-1 Lateral Force Microscopy images of SAM pattern on gold substrate heating 

under 60
o
C: (a) 0 min (b) 15 min (c) 1 hr (d) 4 hrs. The bright pattern is the MHA 

monolayer, and the dark area is the gold substrate.  

The size of the pattern is 25μm by 25μm. 

 

Figure 3-1 shows a series of LFM images of the SAM surface at 60 °C from 0 to 

4 hours. The contrast between the gold substrate and SAM pattern reflects the 

intensity of lateral force signal, with the brighter areas representing a larger lateral 

force and the darker areas representing a smaller lateral force (the contrast for the 

reverse image shows an opposite contrast as expected).86 For instance, the SAM 

pattern of Figure 3-1a is clear and the contrast is sharp, meaning the lateral force 
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signal is relatively high. As heating time increases, the SAM pattern gradually 

becomes less apparent, and the contrast becomes less defined, illustrated in Figure 

3-1(d). This collection of images clearly shows the decreasing trend of the lateral 

force signal. Although, the SAM pattern becomes vague after heating, the shape of the 

pattern boundary remains the same. This indicates that there is no observable reaction 

takes place at the boundary of the SAM pattern and that molecules do not 

preferentially detach from the surface at this boundary. A histogram function was used 

to determine the relative lateral force for both forward and reverse scans over the 

entire image. 

 

 

Figure 3-2 Normalized lateral force signal observed at different heating temperatures. 
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An investigation is necessary to understand the decrease in the lateral signal 

trend and variation between trends of different temperatures. Figure 3-2 shows the 

lateral force signal change with various heating temperatures over an extended period 

of time. The lateral force signals decrease over the heating process. After experiencing 

prolonged heating, the lateral force signal appears to reach a steady state value. The 

time required to achieve this steady state depends on the temperature at which it is 

heated. It took approximately 10 hours to reach the steady state when heating at 40 °C, 

7 hours at 50 °C, 4 hours at 60 °C, and 3 hours at 80 °C. The final value of the steady 

state lateral force signal is also a function of temperature, with higher temperatures 

resulting in a smaller steady state signal and lower temperature in a larger steady state 

signal. The experimental data shows the normalized steady state lateral force signals 

at 40 °C, 50 °C, 60 °C and 80 °C as 0.73, 0.55, 0.33 and 0.11, respectively.   

It has been reported that the surface properties of the SAMs are affected by the 

heating process with at least one study naming desorption of SAM molecules from the 

gold substrate as a factor.14, 23, 76, 87 Schlenoff et al. investigated the thermodynamics of 

the heating process and suggested a mechanism of desorption of thiol-type SAMs 

from a gold surface and found steady state values for various solvents by investigating 

the surface coverage changes of thiol on gold while heating.23 There also exist several 

studies reporting the relationship between heating temperature and SAM desorption 
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on various substrates. The assumption made in our work is that the decreasing lateral 

force signal is directly related to desorption of thiol molecules. The difference 

between initial and final state of the lateral force signals also indicate the possibility 

of explaining the phenomenon of thiol desorption thermodynamically.  

 

 

Figure 3-3 The steady state lateral force signal at different heating temperature as a 

function of heating time. 

 

In this experiment, the steady state lateral force signal, and required time to reach 

steady state at different temperatures, were analyzed from experimental data to 

determine the thermodynamic properties of desorption as shown in Figure 3-3. 

Shadnam et al. successfully used a first-order kinetics model of SAM desorption from 
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a gold substrate to fit experimental data.14 An attempt was made in this research to fit 

with the data using the same model. The same equation was applied, using the lateral 

force signal as one parameter. The assumption is that the lateral force signal directly 

correlates with the molecule surface coverage of the SAM. Thus, the lateral force 

change could be described by SAM desorption and a single first-order kinetics 

mechanism is used to explain the phenomenon. The following equation represents the 

decreasing of lateral force signal 

LTk
t

L
)(

d

d
              (17) 

where L is the lateral force signal of the SAM surface, and k is the rate constant. The 

rate constant as a factor of temperature is obtained from the Eyring equation88 
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where kB is the Boltzmann constant, h is Planck’s constant, ΔG is the Gibbs free 

energy of activation for the desorption reaction, and R is the universal gas constant. 

The steady state lateral force signal was obtained by combining eq 18 and eq 17 and 

integrating over time, which yields the following 
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where L0 is the initial SAM lateral force signal, which is assumed to be 1 in the 

normalized lateral force signal data. From eq 19, the Gibbs free energy was calculated 

by the steady state lateral force signal, time and heating temperature from 
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experimental data. The Gibbs free energy of activation of MHA desorpted from gold 

surface was calculated to be 25.4 ± 0.7 kcal/mol. This result is slightly lower than 

values reported for 1-hexadecanethiol SAM desorpting in the gas phase (30.5 

kcal/mol) collected at temperatures above 100 °C 14 but similar to reported literature 

values of ~26 kcal/mol for normal alkylthiol SAM with chain length of 14 to 18 in the 

present of a solvent.73 It is reported that the alkyl chain length of SAM affects its 

surface properties. According to the literature, the difference in the Gibbs free energy 

may correlate to alkyl chain length.  

For desorption into a liquid phase, Garg et al. suggested two connected 

first-order kinetic steps for the desorption process of SAMs on gold.73 The first 

regime is a fast desorption process of desorbing weak thiol-gold bounding from 

defects or poor SAM structure. The remaining thiol-gold bound molecules, which are 

mainly a well-ordered SAM, follows a slow desorption process. In the slow 

desorption regime, strong thiol-gold bounding could either desorb from the surface or 

diffuse to the defect site. Obvious surface desorption was observed in Garg et al.’s 

work even when heating between 60 to 80 °C and determined the Gibbs free energy to 

be 27 ± 1 kcal/mol. 

Reactions of SAM surface on gold substrate under thermal treatment has also 

been introduced by Schlenoff et al.23 More than one possible reaction, either 

desorption, self-exchange of thiol-gold bounding or desorption of disulfide of SAM, 
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can take place on the gold substrate, causing changes in the surface properties. The 

adsorption/desorption process of the SAM is highly related to the substrate 

morphology. Desorption of disulfide SAMs are most likely to dominate the process as 

more defect sites found on gold surface. The activation Gibbs free energy for 

desorption of disulfides from gold surface is calculated to be 24 kcal/mol, providing 

an additional possible mechanism of SAM surface desorption process. From LFM we 

are unable to determine the exact mechanism responsible but our results are in good 

correlation with literature values. 

Several factors might affect the quantity of activation energy using LFM. Instead 

of determining thermodynamic properties by surface coverage, analyzing lateral force 

signals of SAMs is a new method in the field. AFM is a well-developed tool for 

surface science, as well as LFM. The AFM tip could possibly directly influence the 

sample surface and decrease the apparent activation energy by facilitating the release 

of the SAM molecules. Multiple experiments we collected at different forces and 

there was no observed influence in the results.  

Other factors might be considered to affect the lateral force signal of MHA 

SAMs on gold substrate is the environmental conditions. The SAM sample in this 

experiment was prepared under ambient conditions without using a vacuum system. 

Therefore, the possibility exists that water molecules or residual solvent could be 

incorporated into the structure. The solvent molecules could gradually migrate to the 
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SAM surface, and interact with acid group on the SAM and change lateral force 

signal. Since LFM is highly sensitive to surface morphology changes, the lateral force 

signal change in the presence of solvent molecules may alter the activation Gibbs free 

energy. Hayashi et al. reported that water plays an important role by influencing the 

surface lateral force under thermal treatment and solvent effects cannot be eliminated 

at this time.74, 87, 89, 90 

 

3.4 Conclusions 

The kinetics of MHA SAMs has been investigated by LFM without using a high 

vacuum system. The decreasing value of the lateral force signal is observed with 

increasing temperature and time and the decrease in lateral force signal is postulated 

to be directly related to the desorption of the SAM. The thermodynamic properties of 

desorption from gold substrates can be determined by a first-order kinetic model, 

which give activation energies of 25.4 kcal/mol. The result is similar to the reports 

from other studies in the literature and shows LFM can be used to obtain the 

thermodynamic properties of materials. 
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CHAPTER 4 

THERMAL EFFECT ON THE LATERAL FORCE 

PROPERTIES OF SELF-ASSEMBLED MONOLAYER  

ON GOLD 

 

4.1 Introduction 

Self-assembled monolayers (SAMs) have been extensively studied for their 

chemical and physical properties, as well as their applicability to many different fields 

including surface coating technology, microelectronics, molecular sensoring, and 

bioengineering.91-96 One of the most common types of self-assembled molecules is an 

alkanethiol, which can form SAMs on many metal surfaces including gold, silver and 

copper. The SAMs of alkanethiols have been reported to be an effective barrier for 

preventing oxidation or other reactions on metal surfaces. In addition, the SAM can 

be used as an anti-stiction coating layer in micro electrical mechanical system 

(MEMS)91, 97, 98.  

Most of the research and applications related to SAMs are focused on gold as the 

standing material.95, 99, 100 The thermal stability of the SAM is an important parameter, 

specifically when applications involve heating or thermal treatment. Understanding 

heat effects on self-assembled structure has caught much attention.22, 80, 101, 102 For 

example, a previous study of the lateral force change of the SAM on gold under long 
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term annealing was conducted.99 The concept of the study provided a novel pathway 

to examine the desorbsion activation energy of self-assembled molecules by using 

atomic force microscopy (AFM). An observation in that work was the surface of the 

SAM changes throughout the heating process. In order to better understand this 

observation, the thermal responses of the SAMs on gold was conducted in this study 

to investigate on the lateral force change observed by using AFM while heating in 

situ. 

 

4.2 Materials and Methods 

16-mercaptohexadecanoic acid (MHA, HS(CH2)15COOH, 90%, Sigma-Aldrich 

Inc., St. Louis, MO) was used as the model chemical to form SAMs. The MHA 

solution was prepared by dissolving solid MHA in absolute ethanol (99.99%, 

Sigma-Aldrich Inc., St. Louis, MO). Gold substrates were prepared using a template 

stripping method45 by thermal evaporation of 100 nm of gold (99.99%, VWR 

International, LLC, West Chester, PA) onto fresh cleaved mica (Allied Electronics 

Inc., Fort Worth, TX) under high vacuum (10-6-10-7 torr). The glass for template 

stripping was cut into 0.5 × 0.5 cm2, and cleaned using Piranha solution containing 

H2SO4 and H2O2 (30%) in a 3:1 ratio for 30 minutes.100, 103 (WARNING! Piranha 

solution should be treated with extreme care due to its highly reactivity to organic 

materials) The glass was rinsed with deionized water after cleaning. The cleaned glass 
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pieces were glued onto the metal side of the coated mica using Epo-Tek 377 (Epoxy 

Technology Inc., Billerica, NM) and heated at 150 °C for two hours. The substrates 

were stored in vacuum desiccators until needed. The glass was peeled from the mica 

before use leaving a fresh metal surface for micro-contact printing (μ-CP). Previous 

work has successfully demonstrated the use of μ-CP as an inexpensive and rapid 

technique by ink-paste processes43, to form micro structures on gold films. 

Micro structures were built on polydimethylsiloxane (PDMS) stamps for μ-CP 

processes. The PDMS stamps were provided by Lawrence Livermore National Lab. 

The MHA solution for this study was fixed at 10 mM in pure ethanol. A few drops of 

the solution were evenly distributed on the PDMS stamp and allowed to complete dry 

in air. The PDMS stamp was then placed on the fresh metal surface and allowed to sit 

for 12 hours.42, 104  

Friction forces of MHA SAM-coated metal substrates were measured by AFM 

(NanoScope MultiMode IIIa, Bruker Corperation Inc., Santa Barbara, CA) in the 

Lateral Force Microscopy (LFM) mode. The same triangular silicon nitride (Si3N4) 

cantilever was used throughout this study in order to reduce variables in spring 

constant between each scan. The scanning environment in these studies was under 

ambient pressure with 35% to 40% relative humidity (RH). Both trace and retrace 

direction were recorded in each scan. The lateral force signal for each scan was 

determined by subtracting the trace from the retrace lateral force signal measurements. 



Yen-Chih Liao, December 2012, Texas Tech University 

65 
 

Furthermore, by averaging the values obtained from several experiment sets under the 

same conditions, the relative lateral force signal was determined. Thermal stability 

testing was carried out using a high temperature heater (Bruker Corperation Inc., 

Santa Barbara, CA) directly connected to the sample holder of the MultiMode IIIa 

AFM. Both the probe and sample were heated to the target temperature. It takes about 

15 minutes to reach thermal balance between substrate and heating element while 

changing temperature. The initial scan in this test was performed without heating. 

 

4.3 Results and Discussions 

 

Figure 4-1. Diagram of angular degrees of alkanethiol on the substrate. θt, χt and ψ refers 

to tilt angle, tilt direction and twist angle respectively. 
22

 

 



Yen-Chih Liao, December 2012, Texas Tech University 

66 
 

 

Figure 4-2. LFM images of MHA SAM on (a) Cu and (b) Au films. All images were 

scanned under ambient condition. 

 

A 3D molecular model, as Figure 3-1 shows, has been previously introduced for 

the structure of self-assembled molecules that form on the substrate.22 The packing 

density of the molecules forming in space is indicated by the tilt angle which affects 

the surface roughness. The lateral force signal from AFM directly corresponds to the 

surface roughness. For comparison, a gold and copper surface were stamped with 

MHA as shown in Figure 3-2. The tilt angle on gold and copper films is ~31° and 

~13°, respectively.29, 102 This difference in tilt angle may cause the distinction in 

lateral force signal of the MHA formed on the gold and copper surfaces observed. The 

average lateral force signals from the LFM images for gold and copper substrates are 

78.02 ± 26.43mV and 28.97 ± 10.29mV, respectively. The average lateral force signal 

of MHA SAM on Au film is much higher than that on Cu film. Additionally, a lower 
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packing density and rougher surface can be predicted on the gold films according to 

the lateral force image.  

 

 

Figure 4-3. Plot of frictional signal change of MHA SAM as a function of increasing 

(solid line) and decreasing (dot line) temperature on Au substrates. 

 

Figure 3-3 shows the lateral force signals change and temperature dependence of 

MHA SAMs on gold. The influence of annealing MHA SAM on gold is seen to have 

two distinct changing periods in lateral force signal change from both heating and 

cooling process. For heating process, the first part is a gradual decreasing trend in the 

frictional signals with increasing temperature from ambient temperature to ~85°C, 
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followed by a rapid increasing trend with increasing temperature up to ~110°C. A 

similar pattern could be found while cooling back to ambient temperature. A gradual 

increasing trend while cooling back to from 130°C to ~85°C, followed by a 

decreasing trend from ~85°C to ambient temperature. The annealing effect of MHA 

SAMs depicts an irreversible change in frictional properties. A remarkable low lateral 

force signal was observed at 130°C. The reason for the specific temperature remains 

unknown in this study and other literature, but is likely due to desorption from the 

surface. 

The frictional properties of SAMs are shown to correspond to the molecular 

order on the surface. It has been reported that the structure of SAM on the substrate 

will increase its order while heating at the lower temperature (< 350K).20 In other 

words, annealed SAMs will lead to an ordered monolayer and a decreasing trend in 

lateral force signal. As previously mentioned, alkanethiols follow a specific tilt angle 

in structure as the SAM forms on the metal surface. With increasing temperature, the 

tilt angle of alkanethiols on gold will decrease to a lower angle. As a result, the 

packing density increases.105, 106 Thus, a reducing tendency in lateral force signal was 

observed from the LFM images in the early stage of the heating process. 

The lateral force signal dramatically increases with a temperature over 100°C. It 

has been reported that the phase transition temperature, or melting point, of 

decanethiol (CH3(CH2)9SH) SAM on Au (111) film was observed at ~100°C.22 Above 
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the phase transition temperature, the alkanethiol SAM becomes a “liquid-like” layer 

and starts forming a less ordered SAM on the Au substrate. This observation and 

phenomenon of phase change can be found in several studies.107, 108 The increase in 

lateral force signal in this temperature region indicates the reduction of order in the 

structure of self-assembled molecules, which can be attributed to the accumulation of 

gauche defects at the chain termini with the increasing temperature.22 However, the 

same phenomenon could still be seen upon cooling back to melting temperature.  

Upon cooling the trend is reversed. The increase in force can be seen as the 

temperature goes back to the melting temperature (~85°C). Once the cooling 

temperature falls below the melting temperature, the self-assembled molecules 

reorganized with less gauche defects. As a result, a gradual decrease in lateral force 

signal was observed as the sample was cooled back to ambient temperature. The 

structure of the SAM on the substrate after annealing is expected to become more 

ordered as compared to pre-annealed conditions. The significant reduction of lateral 

force signal (~80%) between the starting and ending points shows similar results of 

thermal effect in other studies.20 The result provided a clear phenomenon and 

evidence of how the surface properties and the orientation of SAMs affected by the 

temperature. It also helped to understand the possible difficulties and better working 

environment for the applications of SAMs which involved in heating process.  
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4.4 Conclusions 

The investigation of surface properties of MHA SAM on gold substrates was 

performed. SAMs are sensitive to the annealing process. A distinctive response of 

thermal effect on MHA SAMs on gold was presented. The LFM images of MHA 

SAMs show that the lateral force signal follows a specific trend on gold substrate with 

thermal treatment. Three lateral force changing regions were observed on gold 

substrates. It shows a decreasing-increasing trend during the heating process and a 

reverse trend during cooling process. The first reduction of lateral force signal was 

proposed to be caused by the reorganization of MHA monolayer, followed by an 

increasing period after heating to the temperature above 85°C. The liquid-like of 

SAMs on gold substrate were observed over melting temperature (~100°C) of 

alkanethiol. The aggregation of gauche defects explains the enhancement of lateral 

force signals. When cooling to temperature below melting temperature, 

self-assembled molecules again reformed an ordered structure on gold substrate. A 

decreasing trend of lateral force signal was thus observed. 
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CHAPTER 5 

EFFECT OF HUMIDITY AND HYDROPHOBICITY ON 

THE TRIBOLOGICAL PROPERTIES OF 

SELF-ASSEMBLED MONOLAYERS 

 

5.1 Introduction 

Tribology is one of the most important mechanical properties for the 

interaction of surfaces. With the development of micro and nano technology, the need 

for understanding tribological characteristic in micro and nano scale has drawn a lot 

of attention. As a major micro/nano technology in mechanical devices, 

Micro-electro-mechanical systems (MEMS) have grown dramatically in fundamental 

and applied research in the past several decades.91, 98, 109 The scale of the MEMS 

results in a large working surface area comparing to regular mechanical devices. Thus, 

the tribological properties, including friction, adhesion and wear, in MEMS are more 

critical than those in bulk devices.110 In order to effectively reduce the friction in the 

contact boundary, lubricants in micro/nanoscale have shown a significant interest to 

tribology research. Since the surface separations of MEMS is typical less than 5 μm, 

ultrathin films with high packing density have become popular lubricant materials. A 

common material used is self-assembled monolayers (SAMs) due to their advantages 

of simple preparation, well-defined structure and high sustainability in various 
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environment conditions. It is because of these characteristics that SAMs have the 

potential of being an ideal boundary protection layer and lubricant in the MEMS. 

Among different types of SAM coating, alkanesilane molecules form rigid chemical 

bonds and well-ordered monolayer are formed from alkanesilane molecules on 

hydroxyl terminated surfaces and alkanethiol molecules on noble metal substrates.  

Many studies have reported the tribological properties of SAMs,111-124 

including the influence of SAMs’ structure, the effects of terminal functional group 

and the difference in various environmental conditions. The majority of literatures 

focusing on humidity effect on tribology change are conducted on alkanesilane 

SAMs.113, 115-120, 122 However, the study of humidity and terminal group influence on 

the friction properties of alkanethiol SAMs lacks many details. 

Li et al.114 performed the first study on the humidity effect on the frictional 

properties of mix alkanethiol SAMs system with Scanning Force Microscopy (SFM). 

By controlling the composition of two different alkanethiols, odecanethiol and 

11-mercapto-1-undecanol, the surface properties can vary from hydrophobic to 

hydrophilic. They also found that the composition of two different alkanethiols is 

sensitive to the friction coefficient only at lower humidity (relative humidity is below 

50%). Gojzewski et al.123 used Dynamic Force Spectroscopy to examine the adhesion 

force of different functional group and chain length alkanethiols under various 

humidity. In their report, hydrophilic alkanethiols (-OH terminated) appeared to have 
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higher adhesion force than hydrophobic alkanethiols (CH3 terminated) at all humidity 

conditions. Furthermore, the magnitude of adhesion force reached the highest value 

under relative humidity between 40% and 80% for both hydrophobic and hydrophilic 

alkanethiols. Ahn et al.124 did a comprehensive study of the influence of tribological 

properties on the alkanethiols with various functional groups and structures. They 

discovered that carboxyl (-COOH) terminated alkanethiols have the highest friction 

coefficient and surface energy compared to hydroxyl (-OH) terminated alkanethiols 

and alkyl (-CH3) terminated alkanethiols. 

The goal of this study is to understand how relative humidity influences the 

tribological properties on a single composition of hydrophobic and hydrophilic 

alkanethiols SAMs with designed patterns on the substrates. The comparison of the 

friction properties difference between the alkanethiols and the substrates is also 

concluded. The experiment is conducted by Lateral Force Microscopy with the 

relative humidity from 0% to 60%, as well as under water phase. 

 

5.2 Materials and Methods 

5.2.1 Materials 

Two alkanethiol chemicals were used as the model materials: 

16-mercaptohexadecanoic acid (MHA, HS(CH2)15COOH, 90%, Sigma-Aldrich Inc., 

St. Louis, MO) is the hydrophilic thiol and 1-octadecanethiol (ODT, HS(CH2)18, 98%, 
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Sigma-Aldrich Inc., St. Louis, MO) is the hydrophobic thiol. Absolute ethanol 

(99.99%, Sigma-Aldrich Inc., St. Louis, MO) was used as the solvent and cleaning 

agent. Gold film were prepared by coating thermal evaporation of 100 nm of gold 

(99.99%, VWR International, LLC, Radnor, PA) onto cleaved mica (Allied 

Electronics Inc., Fort Worth, TX) at 10-6-10-7 torr.45 Glass slides (Plain, Precleaned, 

1.0 mm thick, VWR International, LLC, Radnor, PA) was diced into 0.5 cm square 

pieces and cleaned with Piranha solution containing H2O2 (30% solution) and H2SO4 

(16M) by ratio of 1:3 for 20 minutes.64 The glass was rinsed with deionized water 

after cleaning. The gold substrates were made by a template stripping method of were 

gluing the glass pieces onto the gold film of the coated mica using Epo-Tek 377 

(Epoxy Technology Inc., Billerica, NM) and annealed at 100-150 °C for two hours. 

The gold substrates were stored in vacuum desiccators until needed. The glass was 

peeled from the mica before use, leaving a fresh gold surface for micro-contact 

printing (μ-CP). 

 

5.2.2 Preparation of SAMs films 

In the μ-CP procedure, micro structures were transferred from a 

pattern-designed mask onto the Polydimethylsiloxane (PDMS) stamp. The stamps in 

this study were provided by Lawrence Livermore National Lab. The concentration of 

the MHA and ODT solutions were 10 mM in absolute ethanol. The solution was 
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added dropwise to the PDMS stamp until the stamp was completely covered by the 

solution and dried in ambient conditions prior to use. The PDMS stamp was then 

physically brought to contact with the fresh gold surface for 12 hours. Details of the 

printing process and fabrication methods used to prepare stamps are described 

elsewhere.85  

 

5.2.3 Surface Properties Test and Humidity Control 

The contact angles of the alkanethiol SAMs and fresh cleaved gold substrate 

in this study were evaluated by adding a droplet of deionized water (18MΩ) on the 

surfaces at 20°C in the goniometer. Each material was tested several times until the 

error of the contact angle is within 3%. 

Friction forces of MHA and ODT SAM-coated gold substrates were measured 

by AFM (NanoScope MultiMode IIIa Bruker Corperation Inc., Santa Barbara, CA) in 

the Lateral Force Microscopy mode. Triangular silicon nitride (Si3N4) cantilevers 

were used in this research. The same probe was continuously used throughout the 

whole experiment in order to reduce variables in spring constant between each scan. 

Both trace and retrace direction was recorded in each scan. The lateral force signal for 

each scan was determined by subtracting trace and retrace lateral force signal 

measurements (subtracting the forward from the reverse signal). Furthermore, by 

averaging the values obtained from several experiment sets under the same conditions, 
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the relative lateral force signal was determined. 

Relative humidity (RH) of the AFM scanning environment was controlled 

using a home-built humidity chamber. The humidity chamber was designed on the 

basis of the principle of mixing dry air (~0%) and wet air (~80%). Two air sources 

were continuously flowing into the mixing chamber. By controlling the flow rate of 

dry air and moisture-saturated air, the RH of the air pumped into the chamber can be 

controlled between the value of ~0% and 80% and maintained contact within 5%. In 

order to let humid air flow through the whole humidity chamber, the inlet air enters 

from the top and leaves from the bottom of the chamber. The humidity chamber 

encloses the scanning parts of the AFM, including the scanner, tip assembly, optical 

lever detection system, sample, and the side-mounted optical microscope. RH in the 

chamber was monitored by a hydrometer (Thermo Fisher Scientific Inc., Waltham, 

MA) placed in the center of the humidity chamber. The RH in the humidity chamber 

took approximately 30 minutes to attain equilibrium, before each AFM measurement 

was conducted. The lateral force signal at 30 minutes scanning was considered as the 

equilibrium condition value and was used as the reference as the normalization 

process of lateral force signal. 
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5.3 Results and Discussion 

In this study, two distinctive alkanethiols were used as the representative SAM 

for hydrophobic and hydrophilic surfaces. In order to quantitate the hydrophobicity of 

both alkanethiols, the magnitudes of the contact angles were evaluated by goniometer 

as Table 5-1 shows. The contact angle of fresh cleaved gold surface from template 

strip method is 72°. According to the measurement, gold substrate is a hydrophilic 

surface. MHA SAM has a lower contact angle, 42°, which indicates its high 

wettability on the surface. ODT SAM has the hydrophobic surface with contact angle 

of 102°. Therefore, it was determined that the hydrophobicity of these surfaces from 

most to least hydrophobic were ODT SAMs, gold surface and MHA SAMs, 

respectively. 

 

Table 5-1. Contact angles of water on SAMs 

 Contact angle (°)  

Bare gold surface 72 

1-octadecanethiol (ODT) 102 

16-mercaptohexadecanoic acid (MHA) 42 

 

Figure 5-1 shows the time-dependent lateral force change of ODT SAM under 

different relative humidity conditions from 20% to 60%. The figure indicates that the 

lateral force change for RH of 20% and 40% are nearly identical, and the magnitude 
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of lateral force remains about the same as the equilibrium condition. At 60 % RH, the 

lateral force decreases by 10% of its equilibrium condition value after 60 minutes. 

Then it remains a steady lateral force signal value afterward. But overall, the lateral 

force of ODT SAMs in various relative humidity conditions are stable throughout the 

time. 

  Due to the hydrophobicity of alkyl SAMs, a simulation work done by 

Lorenz et al.122 of the water layer on alkylsilane SAMs surface indicates that the 

presence of water causes the air-induced repulsive region to be softer than it is under 

dry condition. Thus, a lower friction coefficient could be expected on alkylsilane 

surface. Experimental results also discovered similar reduction of the friction 

properties on alkylsilane SAMs by AFM.117, 121  They proposed that the water 

molecules on alkylsilane surface would cause molecular defect generation in SAMs’ 

structure, as well as the penetration of water into SAMs’ free volume. However, the 

friction force response on alkylthiol is different from an alkylsilane even though they 

have similar contact condition on the water-SAM interfaces. Qiun et al.121 suggested 

that there is no hole left for water molecules to penetrate through the monolayer due 

to the definite registry of the alkylthiol molecules on the gold substrate. In another 

words, alkylthiol SAMs are insensitive to the humidity. Our experimental results also 

support the hypothesis in Qiun’s study. For all the humidity condition in this study, the 

lateral force signal didn’t have a significant change (within ±10%) after applying 



Yen-Chih Liao, December 2012, Texas Tech University 

79 
 

humid air into the alkylthiol SAMs surface. Sirghi125 also proposed that the effect of 

humidity on the friction force on hydrophobic surface (contact angle of 100°) is weak. 

However, the sequence of the lateral force signal in different RH has coincident trend 

to the friction coefficient in Khatri et al.’s study.117  

Figure 5-1. Normalized lateral force signal of ODT at different relative humidity 

conditions. The black rectangular, red circle and blue triangle represent  

RH of 20%, 40% and 60%, respectively. 

 

Different from ODT SAM, Figure 2 shows a distinctive time-dependent lateral 

force change of MHA SAM under different relative humidity conditions from 20% to 

60%. Generally, the lateral force of MHA SAMs has significant decrease in the humid 

environments, especially 20% and 60%. The decreasing trend of the lateral force 
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signal on 20% and 60% are similar, which the lateral force signal gradually decline 

the magnitude throughout the time. However, the amount of lateral force change at 

60% RH is higher than at 20% RH. 

 
Figure 5-2. Normalized lateral force signal of MHA at different relative humidity 

conditions. The black rectangular, red circle and blue triangle represent RH of 20%, 40% 

and 60%, respectively.   

 

The decreasing trend of lateral force signal in all RH indicated that the 

aggregate water in the tip-SAMs interface significantly reduce the surface friction 

force. The hydrophilic SAM surface does not have a repulsive region in between the 

water layer and the carboxyl end of the SAM. Thus, when the humid air (RH > 0%) 

enters the system, the water molecules will form a layer directly on the surface of the 
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SAM over time. The thickness of the water will depend on the relative humidity and 

time. The longer time that MHA SAMs were placed in the humid condition, the lower 

lateral force could be observed. Li et al.114 discovered that the friction coefficient of 

hydrophilic SAMs surface have significant reduction from 10% RH to 50% RH, 

which is coherent to our results.  They suggested the friction properties dependent on 

the chain length and the size and the chemical nature of terminal group of the SAMs. 

At low humidity (20% RH), water molecules build up a thin layer at lower speed on 

the SAMs surface. The lateral force signal gradually decreases over time. The lateral 

force response at 40% RH also shows a decreasing trend in general. However, the 

fluctuation of the lateral force signal at 40% RH is still unclear. The data set of 40% 

RH is not significantly different than the 20% RH from statistical analysis at the 95% 

confidence level. 

Unlike investigating the tribological properties on a bulk SAMs in other 

studies, a distinctive pattern of SAMs on the substrates were used in our work.  Due 

to the design of the pattern, there are two boundary systems for the alkanethiols 

SAMs on the gold substrates: hydrophilic-hydrophobic (gold-ODT SAM) and 

hydrophilic-hydrophilic (gold-MHA SAM). In order to better understand the 

influence of water on lateral force signal in different boundary conditions, the lateral 

force images were scanned in the water phase. The lateral force images of ODT 

SAMs in different environment are as shown in Figure 5-3. The images indicate that 
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the lateral force signal has significant decrease after water cover the ODT SAMs 

surface, which shows to be similar to the previous result at high humidity. It is 

obvious that the effect of capillary were eliminated in the water phase for 

hydrophobic surface in micro-scale.126 The image also shows that 

hydrophobic-hydrophilic (gold-ODT SAMs) boundary is more clear in water than in 

air. The pattern of the image in air is larger than in water. It could be considered as the 

nature of the surface hydrophobicity. The hydrophobicity is more critical in the water 

phase and differentiates the boundary of two distinct surfaces. Thus, a well-defined 

boundary between gold and ODT SAMs could be observed. 

 

 
Figure 5-3. The lateral force images of ODT SAMs in (a) air (20% RH) and (b) water for 

5 minutes (c) water for 70 minutes. The dark part is the ODT SAM pattern and the bright 

part is the gold substrate. The scale bar in (c) is the same for all images.  

 

The MHA SAMs has a disparate lateral force response in water as shown in 

Figure 5-4. As expected, the lateral force of MHA SAMs decreases while scanning in 
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water. However, the contrast of SAM patterns and gold substrates are reversed, which 

indicates that gold substrate has higher lateral force than the MHA SAMs in water. 

Vezenov et al.126 proposed that the contrast of the lateral force image in water reflects 

the dominant effect of the hydrophobic force. Thus, other chemical interactions would 

be minimized to the instrument. In the hydrophilic-hydrophilic (gold-MHA SAMs) 

system in this study, gold substrate has higher hydrophobicity than MHA SAMs, 

which results in a light color. Compare to the ODT SAMs, the interfacial boundary on 

MHA SAMs was not emphasized by water.  

 

 

Figure 5-4. The lateral force images of MHA SAMs in (a) air (20% RH) and (b) water. 

The square pattern is the MHA SAM pattern and the rest of the part is the gold substrate. 

The scale bar in (b) is the same for both images.  
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5.4 Conclusions 

 The tribological properties of hydrophobic and hydrophilic alkanethiol SAMs on 

gold substrates under various humidity conditions were examined by lateral force 

microscopy (LFM) in this study. For hydrophobic ODT SAMs, the lateral force signal 

was not strongly affected by humid environments. The magnitude of the lateral force 

signal slightly increases by 10% and 5% at 20% RH and 40% RH, respectively, but 

decreases by 10% at 60% RH. The decreasing of lateral force signal at high humidity 

might be contributed by aggregating sufficient water on the surface of alkylthiol 

SAMs. The fast-build water layer softens the repulsive region between the 

tip-alkylthiol interfaces and results in a lower lateral force signal. For hydrophilic 

MHA SAMs, the lateral force was significantly reduced with respect to RH. The 

presence of water layer can be considered as the lubricant layer on the hydrophilic 

SAMs surface. The decreasing trends of the lateral force signal on MHA SAMs in 

different humidity conditions are similar, which indicates that the lateral force signal 

depends more on the time spent in the humid environment than the humidity 

condition.  

 Both ODT and MHA SAMs were successfully scanned by LFM in water to 

investigate the boundary and hydrophobicity effect. The capillary force in 

hydrophilic-hydrophobic gold-ODT SAMs system were eliminated by water and led 

to a lower contrast and magnitude on lateral force signal. The boundary between gold 
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substrate and ODT SAMs were also illuminated in water environment. A reversed 

contrast lateral force image of MHA SAMs in water could be observed. The 

hydrophobic force in water is more dominant, which obstructed other chemical 

interaction on the surface while scanning. Thus, a reversed contrast lateral force 

image was observed in the water. The water did not have an apparent influence on the 

hydrophilic-hydrophilic gold-ODT SAMs boundary. 
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

 

6.1 Summary 

 In summary, three important findings have been presented in this dissertation. 

16-mercaptohexadecanoic acid (MHA) and 1-octadecanethiol (ODT) were used as the 

model materials of thiolate SAMs for investigating the lateral force properties on gold 

substrates. LFM was the primary instrument of examining the lateral force properties 

on the surface. 

First, the thermal stability of the friction force on the SAMs was successfully 

investigated by LFM. MHA on template stripped gold surfaces was investigated to 

determine the effect of temperature on the change of lateral force signal. Friction 

force signals were obtained at various temperatures in order to determine if it was 

possible to correlate the friction signal with desorption of the thiol molecules from the 

surface. Samples were heated for up to 10 hours in a range of 40 to 80 °C with 

dwelling in 10°C increases in air and scanned hourly. A kinetic model was introduced 

to correlate the lateral force signal to the activation energy of desorption. The 

activation energy of the detachment using this technique was found to be 25.4 

kcal/mol, which is consistent with the values from other studies. The result suggested 

that the lateral force can be a physical property of tracking the chemical reaction of 
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SMAs on the surface.  

 Second, the effect of cyclic heating on the lateral force of MHA SAMs patterned 

on gold surfaces was investigated by LFM. The results show a distinctive pattern for 

the response of lateral force dependent on the heating temperature. Two distinct 

phases are observed and are postulated to correspond to the molecules rearrangement 

as well as the melting of the monolayer. 

 Third, the tribological properties of two distinctive alkanethiol SAMs, MHA and 

ODT on gold substrates in various humidity conditions and water phase were 

examined by LFM. The results suggested that hydrophobic ODT SAMs are 

insensitive to humidity. The difference of lateral force signal is within ±10%. The 

lateral force signal of hydrophilic MHA SAMs has significant decrease under the 

humid conditions. It was found that the amount of time of contacting to the humid air 

is more important to the humidity itself. The influence of bulk water was successful 

investigated by scanning in water. The capillary force was eliminated on ODT SAMs, 

which leads to a lower lateral force in the water. However, the lateral force image was 

reversed on MHA SAMs, which suggested that the hydrophobic force dominated the 

chemical interaction in water. 
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6.2 Future Work 

 In this dissertation, several fundamental investigations of the influence of the 

frictional properties under different environmental conditions, including heat and 

humidity, have been done. There are several further research interests from each 

session of this thesis. For example, in Chapter 3, a novel and simple method to 

calculate the activation energy of desorption of SAMs from the substrates was 

presented. It shows that the friction force can be used as a variable for evaluating the 

surface reaction. Since AFM is a widely used tool for examining the surface 

properties, it would be a convenient method for researchers to study the chemical 

reactions on the surface and the activation energy for the reactions. However, we only 

introduce one model material, MHA SAMs, in the study. One possible and necessary 

future objective would be to test various alkanethiol SAMs to obtain a more 

convincing result for this method. The chain length, molecular structure, and terminal 

functionality will affect the lateral force of the surface. According to the study of Ahn 

et al.,124 the tribological properties are sensitive to the terminal functional group and 

the structure of alkanethiols. Distinctive thermal responses of the lateral force on each 

alkanethiol could be expected. More comprehensive research projects will help build 

a clear map of the relationship between the thermal conditions, functional groups, and 

alkanethiol structures.  

 In this dissertation, only the lateral force change under low temperature (40-80°C) 
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were investigated. The arrangement of alkanethiol SAMs could be affected by the 

heating in the forms of desorption, rearrangement or chemical reaction, even under 

comparatively low temperature. However, Schlenoff et al. discovered a pattern of 

surface coverage change of alkylthiol SAM while heating from room temperature to 

210°C.23 They proposed that the decreasing of surface coverage is caused by the 

desorption of alkylthiols. A research project that covered the complete heating 

temperature range from 40°C to 220°C would be more appropriate to compare the 

results with other studies. It would also help better understand the phenomenon of 

lateral force change in an extensive temperature range, as well as obtaining a more 

accurate activation energy value of the desorption of MHA SAMs from gold 

substrates. 

 In Chapter 4, a cyclic heating-cooling experiment on MHA SAMs was completed 

and a distinctive pattern of lateral force response was discovered. It should be noted 

that there are many possible factors which affect the lateral force change. In order to 

better understand the cause of the decrease of lateral force, investigating different 

types of alkanethiols would reveal if it was caused by breaking S-H bond or terminal 

groups of the SAMs. Instead of a single cycle of heating-cooling, multiple 

heating-cooling cycles would exhibit different patterns of lateral force change. We 

Further information of lateral force change of SAMs surface under certain 

environments could then be obtained.  
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The humidity effect of lateral force on different alkanethiols SAMs were 

investigated in Chapter 5. We tested the lateral force change under the humidity 

condition from 20% to 60% for about 4 hours. However, the surface properties under 

dry (0% RH) and high humidity (80%-100% RH) from the same experimental setting 

remain unknown. The further research could extend the experiment to cover all 

humidity ranges. Khatri et al.118 used ultrapure dry nitrogen gas to N2 for a dry (0% 

RH) condition and studied the friction properties of alkanesilane SAMs. In another 

study, he also found that the friction coefficient of alkylsilane SAMs have a 

significant change after long term scratching (> 4hr) in humid environment (40% and 

70% RH).117 In order to observe the additional lateral force change of alkanethiol 

SAMs, a longer experimental time should be implemented.  

Besides, most of the research of humidity effect of frictional properties focused 

on alkyl terminated SAMs. Two alkanethiols with different hydrophobicity was 

examined to explain the influence of terminal function group to the lateral force signal 

of SAM surface. A comprehensive study includes more terminal groups which would 

draw a clearer view of the relationship between the hydrophobicity of SAMs, the 

humidity, and the friction properties. 

Other than the further investigation toward the projects that have been done, the 

study on different metal substrates also has a huge impact to SAM research. For 

example, in this field of research, most of the applications related to SAMs are 
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focused on gold as the substrate. The formation and structure of alkanethiol SAMs on 

copper surfaces are reported, however, to be similar to those on the gold and silver 

surface.3, 29 However, there is limited research focusing on copper as a substrate for 

alkanethiol SAMs,17-21, 23-25 but the increasing use of copper in electronic and 

semiconductor fields has captured the attention of many researchers.17, 19, 24, 25 

However, due to the limitation of surface properties of copper, such as its roughness 

and its tendency to be easily oxidized, forming alkanethiol SAMs on copper 

substrates is difficult, and the structure of SAMs on copper, remains not fully 

understood. The tribological research of SAMs on copper would be benefit to further 

SAMs applications in the semiconductor and MEMS industry. 

Lateral force microscopy is the major instrument that used for investigating the 

friction properties in micro/nano-scale. LFM has the advantages of easy operation and 

widely employed in many fields. However, the study with a single instrument could 

sometimes has limitations. The combination of other instruments, for example XPS, 

STM, would make the results of this study more convincing and general.  

Throughout the whole study, the alkanethiol SAMs on gold were the model 

materials that have been focusing on, especially the carboxyl terminated alkanethiols. 

Different from other fundamental research on SAMs, micro-contact printing was the 

main preparation method for SAM samples and AFM was the primary instrument for 

testing the lateral force properties of SAMs. The study of comparing the lateral force 
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of alkanethiols and alkanesilane with micro-contact printing and AFM would have 

more impact to the fundamental tribology research of SAMs. 
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APPENDIX A 

THERMAL EFFECT ON THE LATERAL FORCE 

PROPERTIES OF SELF-ASSEMBLED MONOLAYER  

ON COPPER 

 

A.1 Introductions 

 Most of the research and applications related to SAMs focus on gold as the 

standing material. The formation and structure of alkanethiol SAMs on the copper 

surface is reported to be similar to those on the gold or silver surface.3, 29 However, 

there is limited research focused on copper as a substrate for alkanethiol SAMs 17-21, 

23-25, but the increasing use of copper in electronic and semiconductor fields has 

drawn the attention of many researchers.17, 19, 24, 25 In spite of this research, the 

limitations of the surface properties of copper, such as its roughness and its tendency 

to easily oxidized, forming alkanethiol SAMs on copper substrates is difficult. Thus, 

the structure of SAMs on copper remains incompletely understood. In order to 

understand the difference in the thermal responses of the SAMs on copper films, this 

study was conducted to focus on the lateral force change by using AFM while cyclic 

heating. 
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A.2 Materials and Methods 

 Copper substrates were prepared using a template stripping method45 by thermal 

evaporation of 100 nm of copper (99.99%, Kurt J. Lesker Co., Calirton, PA) onto 

fresh cleaved mica (Allied Electronics Inc., Fort Worth, TX) under high vacuum 

(10-6-10-7 torr). 

 Thermal stability testing was carried out using a high temperature heater (Bruker 

Corperation Inc., Santa Barbara, CA) directly connected to the sample holder of the 

MultiMode IIIa AFM. Both the probe and sample were heated to the target 

temperature. It takes about 15 minutes to reach thermal balance between substrate and 

heating element while changing temperature. The initial scan in this test was 

performed without heating. The highest heating temperature for copper substrates is 

100°C. 

 Detail experimental procedures are described in Chapter 4.2. 

 

A.3 Results and Discussion 

The effect of annealing on the lateral force signal of MHA SAMs on the copper 

substrate shows different patterns to those on the gold substrate. Three lateral force 

change regions with the heating process could be observed as shown in Figure A-1. 

The first part shows an increase in the lateral force signals as the temperature was 

increased from ambient temperature to 55°C, followed by a decreasing trend with 

increasing temperature to the experimental heating limit (100°C). The third part 



Yen-Chih Liao, December 2012, Texas Tech University 

95 
 

shows a decreasing trend in lateral force signal upon cooling back to ambient 

temperature.  

 

20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Temperature (C)

N
o
rm

a
liz

e
d
 f

ri
c
ti
o
n
 s

ig
n
a
l

 

Figure A-1. Plot of frictional signal change of MHA SAM as a function of increasing and 

decreasing temperature on Cu substrates. 

 

The terminal group of self-assembled molecules plays an important role in SAMs’ 

orientation.127, 128 The terminal acid group on the MHA enhances its interaction with 

other acid molecules as the temperature is increased. It has been reported that 

alkanethiols with COOH-termination are largely disordered and exhibit a high density 

of gauche defects. The strong hydrogen bonding of MHA exhibits itself in the early 

stages of SAM growth and might prohibit the formation of well-ordered layers.22 

Since alkanethiol has a comparably smaller tilt angle on the copper surface, more 

interaction between nearby acid groups is anticipated. The increase in the thermal 

vibrations of the terminal acid group of MHA by annealing enhances the van der 
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Waals forces within different MHA molecules, reducing the organization of SAM 

structure on the copper surface and intensifying the lateral force signal. Less 

significant thermal effect on the terminal acid group of MHA SAM on gold surfaces 

are ascribed to the packing density and molecular distance of SAM. The larger space 

between nearby MHA molecules on the gold surface results in less interaction 

between acid groups. 

The first decreasing trend of lateral force signals on copper substrate was found 

as annealing temperature were raised from 55°C to 100°C. The reduction of the lateral 

force signal in this heating period is induced by the reorganization of the MHA, so 

that the terminal acid group of the molecules is aligned on the copper surface. The 

lateral force signal at 100°C almost recovered to the same level as initial scan at 

ambient temperature. 

No melting temperature was found for alkanethiol on copper surface.18 The S-C 

bonds cleave and the alkyl chains desorb from the surface as heating up to 370 K 

(97°C), with the sulfur atoms remaining on the surface in the form of ordered 

adlayers.17, 18 Since the heating limit in this study is near the cleavage temperature of 

S-C bond, the SAM structure might combine with other surface property changes or 

reaction. One hypothesis was made to explain the lateral force signal variation. The 

thermal energy is not enough for all S-C bonds to break immediately and to desorb 

from copper surface. Instead, the thermal energy transforms the S-C bond into a weak 

link between sulfur and carbon atoms. Providing a continuous heating source will 

continue to break S-C bonds even though the temperature is below the breaking bond 

temperature. While cooling back to ambient temperature, alkyl chains are released 

from the copper surface. Thus, explaining why the lateral force signal decreases as the 
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sample is cooled.  

 

A.4 Conclusions 

The MHA SAMs on copper substrates show an increasing-decreasing-decreasing 

pattern of lateral force signal change. Interactions within terminal acid group intensify 

the lateral force of SAM on the copper surface at lower heating temperatures. 

Increasing the heating temperature forces the whole MHA molecule to form an 

organized layer, reducing the lateral force signal. It was confirmed that C-S bonds of 

the SAM on copper surface break at ~100°C. Since the upper heating limit is 100°C, 

the trend of decreasing lateral force signal over the cooling period can be considered 

as the leaving of alkyl chains.  
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APPENDIX B 

THE STUDY OF SINGLE MOLECULE ADHESION FORCE 

OF CELLOBIOSE AND CELLULOSE 

 

B.1 Introductions 

Since atomic force microscopy (AFM) was invented, more and more applications 

for it have been discovered. One of the most remarkable advantages of AFM is that it 

can adjust the operation methods or scanning environments to obtain desired 

measurements. For example, chemical force microscopy (CFM) is an imaging method 

by using chemical modified AFM probe to scan.129-131 CFM can help researchers 

understand the intermolecular interaction between the target materials or functional 

groups and the sample surface. The method of making modified probes involves 

forming self-assembled monolayers (SAMs) onto gold-coated AFM probes.129, 132  

With the development of CFM, intermolecular interaction of a single molecule 

on an AFM probe with surface molecules has caught people’s interests.133-135 Single 

molecule interaction can provide details on how a molecule interacts with other 

chemicals in the nano-scale. Several studies have already reported their results of 

single molecule interaction using CFM. Sattin et al.133 reported a single pair DNA 

interaction by CFM with the DNA coverage on AFM probe of one molecule per 50 

nm2. They successfully found that the interaction was highly affected by the 
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functionality of DNA. The study conducted by Morris et al.134 also reported the single 

molecule interaction force of plant cell walls (cellulose). Surprisingly, almost none of 

these studies actually examined the numbers of self-assembled molecule attached on 

the AFM probe. It is necessary to understand how to generate a single molecule on 

the AFM probe for single molecule interaction experiments.  

The goal of this part of the project is to measure the force between the 

cello-oligosaccharide molecule and the cellulose crystal surface. The approach in this 

project is to first synthesize the cello-oligomer molecule with a thiol terminated 

chemical, attach it to an AFM tip and then measure the adhesion force between a 

cello-oligomer molecule and a cellulose crystal surface.  

 

B.2 Materials and Methods 

The linker compound was synthesized by Dr. Li’s lab in Chemistry Department. 

It was combined with a cello-oligomer molecule and a thiol terminated molecules 

(NH2-R-SH). The linker compound will be used to attach to AFM tip for force 

calibrations test in the project. 

Freshly cleaved mica coated with an amine polymer, poly-DL-ysine, was used to 

generate a flat, smooth, and stationary substrate and to immobilize the cellulose 

molecules to overcome the forces applied by the AFM tip and to permit resolution of 

the sample. In the experiment, 5-μL of poly-DL-lysine hydrobromide (4-15 KDa, 1 
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mg/mL in water, Sigma-Aldrich, St. Louis, MO) was added to freshly cleaved mica. 

After 5 min incubation, the excess solution was removed by a spin coater (WS-400, 

Laurell Technologies Co., North Wales, PA) with a speed program consisting of 500 

rpm for 30 sec followed by 4000 rpm for 30 sec. After that, 5 μL of a suspension of 

cellulose crystal solution (1 mg/mL in water) was added, followed by incubation and 

spin coating as in the above procedure. The coated mica was then dried in an oven at 

60˚C overnight. AFM was operated in contact mode in the liquid cell.  

Adhesion forces were measured by AFM (NanoScope MultiMode IIIa Bruker 

Corperation Inc., Santa Barbara, CA) in liquid cell. Silicon nitride (Si3N4) cantilevers 

pre-coated with 40 nm of chromium and gold (CSC17/Cr-Au, Mikromasch Co., San 

Jose, CA) were used in contact mode to perform force calibration of cellulose surface 

in water. The cantilevers were dipped into the linker solution for 30 min, then rinsed 

with absolute ethanol several times and air-dried. Force calibration was performed in 

both dry (air) and wet (water) conditions within several areas of the cellulose 

substrate. About 1000 force curve data were collected for each area, then analyzed by 

MATLAB software. The adhesion forces were analyzed and obtained by MATLAB 

software using the exported histogram figures to find the highest numbers of the 

adhesion force in different scanning sets.  
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B.3 Results and Discussion 

The adhesion force values between the AFM tip and the cellulose layer without 

the linker compound on the tip in air and water are ~4 nN and ~0.15 nN, respectively. 

The adhesion force between the cantilever and the cellulose layer with linker 

compound on the tip in air and water are in the range of 7-9 nN and 3.5-4.5 nN, 

respectively. Table B-1 shows the comparison between different AFM tips and 

scanning conditions. 

 

Table B-1. The adhesion force results under different testing conditions 

Scanning Condition 
Adhesion Force (nN) 

(without linker) 

Adhesion Force (nN) 

(with linker) 

Air ~4 7-9 

Water ~0.15 3.5-4.5 

 

There is no similar report of the adhesion force between bare AFM probes (Si3N4) 

and cellulose (–OH) in either air or water. We used it as a blank test to examine if the 

linker compound was actually attached to the probes or not. Since there are significant 

differences in adhesion force between probes with and without linker compound, we 

can confirm that the linker compound was successfully attached to the tips. According 

to literature, the presence of liquid in the scanning environment will lead to a lower 
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magnitude of adhesion force.130 Our results showed a similar trend of adhesion force 

reduction in water with other studies. It was reported that the magnitude of adhesion 

force between carboxyl groups (–OH to –OH) of C11 thiols in water is about 1 nN, 

which is smaller than our result. The linker compound and cellulose have the mass 

amount of hydroxyl groups (–OH), which considerably affects the magnitude of 

adhesion force on the cellulose surface. The magnitude of adhesion force might 

increase due to more carboxyl groups contributing to the molecular interaction. The 

concern of the accuracy of the experiment results is that the purity of the linker 

solution is unknown. It is difficult to determine if the linker compound is actually 

attached to the AFM probe. Further investigation is necessary for understanding the 

purity and concentration of the linker solution.  

In order to compare the difference in adhesion force between different functional 

groups, two model alkanethiols, 16-mercaptohexadecanoic acid (MHA) and 

1-octadecanethiol (ODT), were used to link to AFM probes. MHA has the carboxyl 

acid group (–COOH) as the terminal functional group; ODT has the alkyl group (–

CH3) as the terminal functional group. The concentration of MHA and ODT solution 

were 0.01 mM and the preparation procedure of the modified AFM probes and the 

method of adhesion test are same as previous mentioned. Table B-2 shows the 

adhesion force in water with these modified-AFM cantilevers. 
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Table B-2. The adhesion results between different chemicals and cellulose surface 

 
Linker MHA ODT 

Adhesion Force (nN) 3.5-4.5 1.5-2.5 7-10 

 

The results show that the adhesion force on the cellulose is highly affected by the 

functionality of the self-assembled molecules. The alkyl group has higher adhesion 

force with cellulose than linker compound and carboxyl acid group. It has been 

reported that the interaction between carboxyl acid group and carboxyl group in water 

with pH below 5 is 1.1 nN, which is similar to our result. Even though the mass 

amount of hydroxyl groups on cellulose surface might affect the result, our results still 

follow same trend as the linker compound in previous part. The amounts of linker 

molecule on AFM probe will affect the adhesion force in the experiment. The 

formation time and the concentration of the solution are two critical factors of 

determining the number of molecules on the AFM probe. In order to better understand 

the influence of preparation parameters of forming linker on AFM probe, a set of 

experiments were performed with MHA and ODT.  

In the examining the effects of solution concentration, the cantilevers were 

dipped into various concentrations of MHA and ODT solutions for 30 min, then 

rinsed with absolute ethanol several times and air-dried. The adhesion force change as 

a function of solution concentration on both MHA and ODT modified AFM 
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cantilevers is shown in Figure B-1. The adhesion force increased from ~4 nN to ~8 

nN on ODT-modified AFM cantilevers, and decreased from ~4 nN to ~2 nN on MHA 

modified AFM cantilevers while decreasing the concentration from 1 mM to 0.001 

mM. The trend of adhesion force change also indicated there is an optimum 

concentration for forming molecules on AFM cantilever, which is 0.01 mM. Below 

this concentration, the adhesion force will not change significantly.  
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Figure B-1. The relationship between the concentration of the alkanethiol solutions and 

the adhesion force. The formation time of modified AFM cantilevers are 30 min. Solid 

squares and blank squares represent MHA and ODT, respectively.  

 

In the examining the effects of formation time, the cantilevers were dipped into 

0.01mM of MHA solutions for various time, then rinsed with absolute ethanol several 

times and air-dried. The adhesion force change as a function of formation time on 
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MHA modified AFM cantilevers is shown in Figure B-2. The adhesion force 

decreased from ~7 nN to ~2 nN on MHA-modified AFM cantilevers while decreasing 

the formation time from 1 min to 60 min. The trend of adhesion force change also 

indicated there is an optimum formation time range for forming molecules on AFM 

cantilever, which is 20~30 min. Over this formation time range, the adhesion force 

will not change significantly. The adhesion force change with different formation time 

on ODT-modified AFM cantilevers is still under investigation.  

 

Figure B-2. The relationship between the formation time of MHA SAMs and the adhesion 

force. The solution concentration of forming modified AFM cantilevers is 0.01mM.  

 

  It is believed that if fewer molecules are involved in the molecular interaction, 

the magnitude of adhesion will be reduced. This means that we can use the adhesion 

force as an indicator of amount of molecules on the probe. The results proved that the 
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concentration and formation time of generating modified AFM probe will affect the 

magnitude of adhesion force. We found 0.01 mM and 20~30 min to be the optimum 

concentration and formation time for forming a minimum number of molecules on 

gold. Thus, we have a clear view of how to control the amount of molecules on AFM 

probe for CFM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Yen-Chih Liao, December 2012, Texas Tech University 

107 
 

APPENDIX C 

THE DETAIL OF A THERMAL EVAPORATOR 
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