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Abstract 
 
 

The performance of molecular electronics is governed by energy barriers at material 

interfaces. For optimum device performance, charge injection barriers at interfaces should 

be minimized. This can be attained through selection of materials with appropriate work 

functions. One approach to increase or decrease the work function of materials is through 

the adsorption of different molecules to form self-assembled monolayers (SAMs). The 

formation of SAMs introduces a dipole at the surface which may result in a change in the 

surface potential and a shift in the vacuum level at the interface, thereby modifying the work 

function of the surface. Ideally, by careful manipulation of the magnitude and orientation of 

the dipole at the surface through the use of different molecules, the surface potential or work 

function can be tailored for specific applications.  By studying how the surface potential of 

a substrate can be controlled using different molecules, scientists can have a better 

understanding of how to improve the charge carrier efficiency of electronic devices. 

In this research, we observe changes in surface potential of SAMs on n-Si (111) via 

Kelvin Probe Force Microscopy (KPFM).  Micropatterned SAMs were used for KPFM 

analysis to provide a reference during measurements. Micropatterning was conducted via 

VUV photolithography at l = 172 nm. Irradiation of SAMs at this wavelength initiate the 

photodegradation of the molecule at the surface. When irradiated through a photomask, 

regions of one SAM can be removed and a second SAM can be grafted, allowing two SAMs 

to be attached to the same substrate. The photolithography process was optimized to ensure 

that the surface potential of the first SAM is reproducible and can thus serve as a reference 

to observe changes in the surface potential of the second SAM. HD SAM [HD : 

CH3(CH2)13CH=CH2] was used as reference in this study to monitor changes in the surface 

potential of n-Si (111) due to the adsorption of other molecules 
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SAMs formed from straight CH2 chains and molecules with aromatic groups having 

different molecular lengths or binding chemistry to silicon were chosen for this study. While 

many previous studies have succeeded in modifying the surface potentials of substrates by 

changing functional groups of the precursor molecules, not much study have been conducted 

on methods to fine-tune the material’s surface potential through the use small structural 

modifications or the binding chemistry of the molecule to the substrate. For both SAMs 

formed from straight-chain and aromatic molecules, the interfacial bond with the substrate 

affected the final surface potential considerably, due to the charge rearrangements that occur 

in the molecules when the molecule is grafted. Dipole moments of the molecules obtained 

using Molecular Package (MOPAC) semi-empirical computations gave a reasonable 

estimate of the surface potential of the SAMs, however other factors also affected the surface 

potential measurements, such as the molecular packing and quality of the SAM.  The packing 

of the molecules on the substrate have been reported to affect depolarization of the SAM 

which can cause a deviation from the surface potential expected from dipole computations. 

The quality of the SAMs was also found to affect the KPFM readings, which is something 

that should be considered in surface potential studies. Increasing our understanding of how 

surface potential can be controlled or affected by different parameters can lead to further 

improvement of the charge carrier efficiency of electronic devices. 
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Chapter 1 : Introduction 

1.1. Self-assembled monolayers (SAMs) 

1.1.1. Definition of SAMs 

Self-assembled monolayers (SAMs) are highly ordered molecular thin films that are 

formed on the surface of a solid substrate through the process of spontaneous attachment of 

a molecular layer on a substrate1,2. This self-assembling nature of SAMs occurs via a 

combination of interactions between the adsorbing molecules with each other, as well as 

with the substrate. The result is a highly ordered array of molecules forming an ultra-thin 

layer on the surface.  

SAMs are most often formed by immersing a substrate in a solution of precursor 

molecules that is able to chemically react to the substrate surface2. The molecules chemisorb 

on the surface and  are immobilized on the substrate through chemical bonding, which allows 

them to be more stable mechanically, thermodynamically and chemically compared to 

Langmuir-Blodgett (LB) films. The thickness of the SAM is dependent on the length of the 

precursor molecules as well as the tilt angle of the molecules on the substrate.  The molecule 

involved in the formation of SAMs has three parts2,3 which is shown in Figure 1.1. The three 

parts are described below: 

(a) Head Group : this  is the end of the molecule which attaches to the surface of the 

substrate 

(b) Body or Backbone : the aliphatic or aromatic part of the molecule which provides 

rigidity and length/thickness to the film. This portion of the molecule is also 

responsible for the packing and ordering of the molecules. 

(c) Tail or Terminal group : this portion of the molecule gives the film its functionality. 

It is responsible for the topography, surface energy and chemistry of the SAM. 
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Figure 1.1. Structure of SAMs 

SAMs are highly ordered and the surface properties of the substrate can be controlled 

by choosing the head group of the molecule to be attached.  The molecules chosen for SAMs 

often has one end that has a favorable and specific interaction with the substrate, which 

allows it to form a stable monolayer film. The configuration and geometry of the molecules 

in the SAM is a result of its interactions with the surface and nearby molecules. The 

uniformity and order of SAMs may be affected by the cleanliness and purity of the substrate, 

the purity of the precursor solution, the length of the molecule, the type of head group, and 

the amount of time the monolayer is allowed to assemble. SAMs can be formed by 

immersing substrates in solutions containing precursor molecules, or allowing the film to 

condense on the substrate surface from a gas phase precursor.  

The process of modifying surfaces via SAMs is an important field in bottom-up 

nanotechnology. The ability to modify and choose the head and tail groups of the precursor 

molecules allows SAMs to have a wide array of applications2. Some common SAMs include 

organosilane SAMs on silicon, alkanethiol SAMs on metals and alkene SAMs on hydrogen-

terminated silicon. Applications of SAMs include surface coatings for the control of wetting, 

friction4, corrosion protection5–8, biotechnology9, sensing10,11, and electronics3,12–14.   

 

1.1.2. SAMs on Silicon 

Many studies of SAMs have been done on sulfur-containing molecules (thiols) on 

coinage metals such as gold15–21. However, semiconductor substrates such as silicon offer 

more versatility in electronic fabrication due to their complex band systems.  

Substrate

Head 
group

Terminal 
group

SAM 
backbone
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Silicon wafers are widely used in modern electronic technology in the past decades. 

As technology evolves, the size of devices to be put on these silicon wafers continue to 

shrink to sub-nanometer scale. As the surface-to-volume ratio increases in these small 

devices, surface characteristics and properties play an increasingly significant  role in device 

operation. As such, many studies on the modification of silicon surfaces using SAMs have 

been done in the past few years13. The modification of silicon surfaces using SAMs combines 

the advantage of the well-developed silicon technology with the versatility of the properties 

of different molecules. There are two categories of SAMs on silicon : (a) organosilane SAMs 

on SiO2 and (b) SAMs directly bonded to the silicon substrate. The two types are discussed 

below. 

 

1.1.2.1. Organosilane SAMs on Si/SiO2 substrate 

Several studies have successfully formed SAMs using organosilanes22–26. Silanes are 

molecules consisting of one silicon atom connected to four functional groups (SiX4). When 

at least one of these functional groups is replaced with organic functional groups, the 

molecule is known as organosilane. These molecules are known to react with hydroxyl 

groups on an oxide surface. As such, organosilane SAMs can be formed on silicon substrates 

which are covered with its native oxide. However, the native oxide layer of silicon usually 

contains a high density of traps and thus it is advisable to remove this and grow an ultra-thin 

layer of thermal oxide for better control over the SAM’s properties13. A silicon with a clean 

oxide layer will have a high density of silanol groups (Si-OH) groups on the surface, which 

is suitable for the grafting of organosilane SAMs.  

The formation of organosilane SAMs require the presence of a trace amount of water, 

which is usually enough from the environment. Organosilane SAMs are grafted on silicon 

substrates through Si-O-Si bonds24.  Due to the high vapor pressure of silanes, they are often 

deposited in vapor phase on the substrate. Depositing organosilane SAMs in vapor phase 
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also has the advantage of reduced aggregate deposition on the surface, as well as requiring 

a smaller amount of precursor solution as compared to the liquid-phase deposition23.  

 

1.1.2.2. SAMs covalently bonded on  Si substrate 

Although organosilanes form dense and high-quality SAMs, they are formed on top 

of the native silicon oxide, thus there exists a thin insulating layer between the SAM and the 

silicon substrate, limiting its applications in electronics. In 1993, Linford and Chidsey 

discovered a method which allows SAMs to form directly on silicon27.  The native oxide is 

removed through etching and the surface passivated with hydrogen atoms to form hydrogen 

terminated silicon (H-Si). The etching step usually involves HF and NH4F solutions which 

have been found to passivate the surface and terminate the silicon dangling bonds with 

hydrogen28,29. Silicon surfaces etched using HF solution only have been found to be 

atomically rough30, as opposed to etching using NH4F solution which produce atomically 

flat surfaces31. For example, etching of Si (111) surfaces with HF were found to produce 

surfaces with Si atoms terminated by mono- and di-hydrides30, while etching in NH4F 

solution produced a monohydride surface. Si (111)27,32 and Si (100)32,33 has been used in past 

studies as substrates for direct grafting of SAMs on Si. Studies have shown that hydrogen 

termination of Si (111) leads to atomically flat surface, characterized by clear terrace sites34, 

as opposed to Si (100) which has a rougher surface29.  

To graft molecules directly to the silicon substrate, a reaction initiator, such as 

thermal excitation or photo irradiation is needed.  In 2008, Sano et. al tested different 

methods of grafting 1-hexadecene to Si (111) surface. Hydrosilyation, the process of reaction 

between the SAM precursor and H-Si, was initiated using thermal, UV and visible light 

activation35. Under the right conditions, the Si-H bond on the surface undergoes homolytic 

cleavage which yields a dangling silicon bond on the surface. This dangling bond is free to 

react with the double bond of the alkenes in the precursor solution, which leads to the 
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attachment of the alkene molecule to the substrate. This reaction results in the formation of 

another radical which abstracts a hydrogen atom from the nearby site, and the cycle 

continues. Multiple studies have shown that 1-alkene precursors can successfully form well-

ordered SAMs directly on silicon4,36–38, with a 50% coverage of the surface with the 

molecule. The rest of the area of the substrate will have the Si-H group remaining39 due to 

steric hindrance27. This SAM coverage was also verified computationally by several 

studies39.  

Aside from alkenes, other molecules have been successfully grafted directly to 

silicon without an oxide layer, such as thiols36,40,41 and alcohols4,37,38,40. However it was 

found that alcohol SAMs on silicon displayed lower orientational order and chemical 

durability than alkene SAM38.  Test on alkanethiol SAMs on silicon showed even lower 

molecular density and chemical durability than alcohol SAMs41. 

Whether it is for silicon or other substrates, one application of SAMs in the field of 

material science is the modification of electrode work functions of easier charge injection42–

44, which is the focus of this dissertation. 

 

1.2. Work Function and Surface Potential 

1.2.1. Definition of work function and surface potential 

For any semiconductors, parameters such as Fermi energy (EF), vacuum level 

position (VL), energy gap (EGAP), work function (WF) electron affinity (EA) and ionization 

energy (IE) are of great importance because they define and dictate the electronic structure 

and behavior of the material at the surface or interface. They are also largely responsible for 

the charge transport between two materials with an interface. A diagram depicting these 

parameters for a semiconductor is shown in Figure 1.2. 
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Figure 1.2. Energy band diagram of a semiconductor depicting IE (ionization energy), WF 

(work function), EA (electron affinity), EGAP (energy band gap), VL (vacuum level) and EF 

(Fermi level) 

For metals, EF is the energy level that separates the occupied and unoccupied states 

and thus IE, EA and WF are all equal to each other. For semiconductors, these values differ 

due to the more complex band structure. These parameters can vary greatly between samples 

of the same material due to differences in their purity, crystallographic orientation, surface 

roughness, surface composition and even the cleanliness of the surface.  

Of the parameters mentioned, much research has been dedicated to the study of the 

work function of materials. The work function can be imagined the energy barrier which 

electrons at the Fermi level need to overcome  to be able to escape the solid.  This property 

can also provide insight on the quality or state of the material’s surface, since the presence 

of adsorbates or contaminants is known to alter its value. By definition, work function is the 

minimum energy needed to remove an electron from a solid to a point just outside the 

surface45. In terms of the energy levels in the band diagram, it is equal to the energy 

difference between the vacuum level and the Fermi level. The vacuum level is defined as the 

energy level of an electron just outside the solid and it is highly dependent on the nature of 

the surface.  Electrons are typically bound to a solid material, and cannot easily escape to 

the vacuum due to an energy barrier. From the diagram, we can see that WF depends directly 

on the position of Evac and EF.  

The work function is often thought of to be the combination of two components – a 

VL

EFEGAP

IE WF EA

CBM/LUMO

VBM/HOMO
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bulk component and a surface component46. The bulk component is affected by the electron 

density and density of states in the material. The surface component can be thought of as an 

additional potential step due to a dipole on the surface. The presence of this surface dipole 

may result to a potential step (positive or negative) at the surface, known as surface potential, 

which can change the work function by changing the vacuum level at the surface (Figure 

1.3).  For metal-organic interfaces, this shift in the vacuum level due to the presence of a 

dipole would result to a shift upwards or downwards of the energy bands of the organic 

material. In Figure 1.3 the effect of a dipole layer on the energy bands of a metal-organic 

interface is depicted. The presence of the dipole made the organic side more positive, making 

it more attractive for electrons. As such, this dipole between the metal electrode and organic 

film results to a downward shift of vacuum level for the organic material47. 

 

 

Figure 1.3. Shift in vacuum level due to presence of a dipole at the interface 

 

1.2.2. SAMs and surface dipoles 

Studies have found that SAMs introduce a dipole layer on a substrate surface, 

changing its surface potential and shifting the vacuum level at the interface47,48.  The 

orientation and strength of this dipole layer determines the direction and magnitude of the 

vacuum level shift47. In the field of material science, there is much interest in tailoring the 

surface potential or work function of a substrate through the adsorption of various molecules. 
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electrode

organic
material
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LUMO
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-   +
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By studying how the surface potential of a substrate can be controlled using different dipole 

moments due to various molecules, scientists can have a better understanding of how to 

improve the charge carrier efficiency of electronic devices. 

A schematic illustration of how vacuum level shift can increase or decrease the 

energy barrier in metal-organic systems is depicted in Figure 1.4. Without the dipole layer, 

the energy difference between the Fermi energy of the electrode and the HOMO level of the 

organic material is quite large and results to a substantial energy barrier (Eh) which charge 

carriers (in this case, holes) need to overcome to cross the interface. By inserting an oriented 

dipole layer between the electrode and the organic material, the energy barrier can be 

increased or decreased, depending on the direction of the dipole 

 

 

Figure. 1.4. Schematic illustration of shifting vacuum levels at the interface of metal 

electrodes and organic materials due to the existence of a dipole layer 

 

1.2.3. Using SAMs to control surface potential or work function 

Due to the versatility of SAMs and its ability to add a dipole layer to the surface of 

an electrode which can modify the work function or surface potential, numerous studies have 

investigated the extend of how this dipole can be optimized to produce desired changes in 

work function.  
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A study by Campbell et. al demonstrated control over charge injection between 

copper (Cu) metal and organic material using SAMs of conjugated thiols49.  In their study, 

adsorbates that would shift the energy barriers in opposite directions to demonstrate the 

control SAMs can offer were chosen. Kelvin probe force microscopy analysis was used to 

measure the changes in surface potentials of the metal electrodes.  Their results demonstrated 

that SAMs can significantly affect how easily charge carriers can cross through the interface 

and are an effective way to control charge injection in organic devices.  

Hlavalthy et al studied the adsorption of alkanes and alkenes on platinum at 

temperatures between 323 to 573 K50. Their results showed that the work function always 

decreases when there is hydrocarbon adsorption, with alkenes causing a larger work function 

change than alkanes. In both cases, SAMs formed from longer molecules induced greater 

work function changes. The study concluded that the difference in H:C ratio for these 

precursor molecules were responsible for the difference in their dipole moments. Higher 

temperatures used during SAM fabrication were also found to increase the change in work 

function possibly due to the increase in surface concentration which would lead to a greater 

dipole present on the surface of the Pt. 

Evans and Ulman have demonstrated that surface potential of alkylthiol SAMs on 

gold was affected by the hydrocarbon chain length20.  Their experiments showed that the 

surface potential of the SAM covered substrate varied linearly with the chain length, with an 

average increase of 9.2 mV per additional methyl unit. Later, Lu et. al conducted similar 

experiments and confirmed that the surface potential increased with longer chain lengths51. 

Other researchers have also observed changes in the work function of gold using different 

chain length alkylthiols due to the presence of dipoles on the surface52. 

Other studies focused on making slight modifications to the molecular precursors to 

control the surface dipole. Hayashi et al. demonstrated that modifying the tail end substituent 

of the molecules from methyl, fluoromethyl and amino groups significantly affect the dipole 
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moment of the SAMs, leading to differences in surface potential53.  Egger et al. studied how 

they can control the dipole of SAMs on Au(111) surfaces by distributing a series of dipoles 

along the molecular backbone54. Instead of SAMs made of molecules with non-polar 

backbones (oligophenylthiols) containing either an acceptor or donor headgroup to introduce 

a dipole layer, they chose molecules composed of dipolar pyrimidine moieties linked head-

to-tail. By changing the orientation of the nitrogen in the pyrimidine group with respect to 

the metal substrate, they were able to fabricate SAMs with dipoles either pointing up or 

pointing down, thus modifying the work function of the gold substrate.  

Most of the studies mentioned above used metal substrates, such as Au or Pt since 

the self-assembly of thiols on metals have been widely established, however researchers 

have recently been investigating the effect of SAMs on certain semiconductors as well. 

Unlike metals, semiconductors have a much more complex band structure which gives more 

versatility when studying parameters such as work function or surface potentials.  

  Cohen et. al used SAMs of dicarboxylic acid on CdTe to modify the band bending 

and electron affinity55. By using different molecules with different dipole moments they 

found that there is a linear correlation between the dipole moment of the SAM and the change 

in the electron affinity of the substrate. In their research, dipole moment was varied by 

substituting different functional groups in their precursor molecules. By controlling the 

magnitude and direction of the dipole they were able to increase or decrease the electron 

affinity or work function of their substrates. Their work demonstrated the ability of SAMs 

to tune semiconductor macroscopic properties through small modifications in the molecular 

structure. 

Szwajca et. al studied the effect of alkylthiol SAMs on InAs 56. Using alkylthiols of 

different chain lengths, they obtained the SAM dipole moments through Kelvin Probe Force 

Microscopy measurements. Through application of computational methods they were able 

to estimate the packing densities of the SAMs on the InAs substrates. 



  

13 

Among the many semiconductors, research in silicon has been attracting attention 

due to its use in present day electronics. In 2001 Sugimura et. al used organosilane 

(alkylsilane and fluoroalkylsilane) SAMs on silicon to introduce dipole moments to the 

silicon substrate57. Through experiment and ab initio computations, they were able to verify 

that the magnitude and direction of the precursor molecule dipole moment modified the 

surface potential of silicon. The surface potential of the fluoroalkylsilane SAM was much 

lower than that of the alkylsilane SAM due to the electronegativity of the fluorine atoms. 

Saito et. al also conducted a similar study on silicon and their findings showed that the dipole 

moment of the precursor molecule can be used to predict the surface potential of the SAM 

given the proper approximation of the area occupied by the molecule58. 

When using SAMs to vary the surface potential of the substrate, the equation below can 

be used. 

𝑉!"# = $
"%!%"#$

     Equation 1.1 

 

The equation shows that surface potential is inversely proportional to the area occupied 

by the molecule (A), the dielectric constant of the SAM (𝜖!"# 	)	and proportional to the 

dipole moment of the SAM perpendicular to the substrate (𝜇). The surface dipole of the 

SAM may be affected by the gas phase dipole moment of individual molecules as well as 

the dipole formed due to covalent-bond formation when the molecule attaches to the 

substrate54,59,60. The gas phase dipole moment of the molecule refer to the dipole moment of 

the molecule while it is not grafted to the substrate. Once the molecule is grafted to the 

substrate, interfacial charge rearrangements often occur as a result of the molecular grafting, 

and a small interfacial dipole will occur on top of the gas phase dipole moment. While the 

gas phase dipole can be used to predict the net dipole moment of the SAM, particularly in 

cases when the covalent bond between molecule and substrate is constant,  depolarization 

effects due to electrostatic interactions between molecules has also been shown to strongly 
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influence net dipole59. In a previous study, the effect of the length of a weakly polarizable 

hydrocarbon spacer of alkanethiol SAMs on the work function of Au (111) was observed59. 

The researchers found that although alkanethiol molecules carry permanent dipole moments 

in gas phase, upon formation of the monolayer, the position of the tail group changes slightly 

due to mutual interactions, resulting to a slight deviation of the dipole moment from the gas 

phase59. Thus, the net dipole moment of the SAM and the gas phase dipole may be quite 

different due to the presence of the interface dipole and depolarization effects which must 

be carefully considered.  

These days, different methods are available to study the surface dipole or work 

function of materials.  Some methods can measure work function directly, such 

photoemission spectroscopy methods such as UPS.  Another approach is to measure the 

contact potential difference of the surface and comparing it to that of a reference sample with 

a known work function, which is the basis of the Kelvin Probe Force Microscopy (KPFM).  

 

1.3. Contact Potential Difference and Kelvin Probe Force Microscopy 

1.3.1. Contact Potential Difference 

Contact potential difference (CPD) is the potential difference which is present when 

two materials of different work functions are electrically connected. Prior to Kelvin Probe 

Force Microscopy (KPFM), the Kelvin Probe Method was used to measure CPD between 

materials. This technique uses two conductors placed in a parallel plate capacitor 

configuration with very little space in between them. When two metals which have different 

work functions are electrically connected, electrons from the metal with the lower work 

function will flow to the metal which has the higher work function45. This transfer of 

electrons continues until the Fermi levels of the metals reach equilibrium and coincide. As a 

result of the charge transfer, the metals are left with a net surface charge or surface potential 

(Figure 1.5). This slight surface charge results to a potential drop from one metal to another, 
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which is called the contact potential difference (CPD)51,61. CPDs are dependent on the 

materials and are related to its work function as well as surface dipole moments61.  CPD 

measurements are very sensitive and may be affected by humidity, contamination and local 

reorientation of dipoles62. 

 

Figure 1.5. Presence of contact potential difference (CPD) between two materials with 

different work functions when in electrical contact 

 

In the Kelvin Probe method, a counter potential is applied to the system to neutralize 

the CPD between the two materials. This counter potential is equivalent to -CPD. The Kelvin 

probe method can give an accurate reading of the CPD, however the measured value is the 

average of the whole surface area and does not provide a good representation of the local 

changes of the CPD of the surface. In 1991, Nonnenmacher et. al modified an ac scanning 

force microscope to obtain a high lateral resolution CPD measurement of a surface62. They 

conducted measurements on gold, platinum and palladium gratings on a gold substrate and 

found clear CPD variations along the surface. Their system was also able to successfully 

measure topography and contact potential difference and lead to the development of the 

Kelvin Probe Force Microscope. 

 

1.3.2. Kelvin Probe Force Microscopy 

The technique developed by Nonnemacher et al. is an important step in the field of 

material science because it successfully measured topography and contact potential 
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difference of samples simultaneously with very high resolution62. This allows researchers to 

take a closer look at the source of CPD variations and deepen their understanding of the 

factors that affect it.  

During KPFM measurement, the difference in the work function of the cantilever tip 

and the sample results in a CPD between them (Figure 1.6). KPFM measurements have the 

advantage of not being restricted to conductive samples because the mechanism behind it 

relies on electrostatic force rather than current passing through the sample51. KPFM is a 

useful tool that can measure the local changes in the contact potential difference between an 

atomic force microscope (AFM) tip and a sample.  

 

 

Figure 1.6. CPD is nullified by applying an equivalent voltage in the opposite polarity 

during KPFM measurement 

 

All KPFM systems use the following components – an alternating (ac) voltage, an 

adjustable direct current (dc) offset, a conducting AFM tip, a lock-in amplifier, and a 

feedback circuit to control the dc tip potential to compensate for the CPD63. Selection of the 

proper tip and parameters used in KPFM measurements will determine if the images will be 

of high resolution and stable. Many researchers have then used worked on ways to develop 

and improve the KPFM to obtain better and clearer resolutions51,57,61,64,65. 
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Two modes of KPFM analysis are can be used during analysis - single-pass scan or 

a double-pass lift-up scan45. During single-pass scan mode, the topographical and surface 

potential signals are detected simultaneously by using two different tip oscillation 

frequencies. Using single-pass scan mode results in a higher spatial resolution and more 

accurate topographical images can be obtained due to the minimization of electrostatic forces 

in this mode. However, one disadvantage of using single-pass scan mode is the risk of cross 

talk from the two signals66. Dual-pass scans on the other hand uses separate signals for 

topography and surface potential, however a longer scan time is required because the tip is 

scanned across the surface twice. During the first scan, details of the surface topography is 

measured and stored. This information is then used in the second scan to ensure constant tip 

height during the measurement of the surface potential. Although single-pass KPFM is faster 

and can provide better spatial resolution, several studies have used dual-pass KPFM with 

good and precise results56,63,67. 

The changes in the CPD detected during KPFM measurement gives insight to the 

surface potential and work function of the sample. Because an AFM tip is used, KPFM 

provides very high spatial resolution. In 1999, a study conducted by Lu et al. showed that 

KPFM is capable of measuring topography and CPD with a topographic and CPD resolution 

of 0.05nm and 3 meV respectively51. Their CPD measurements were able to distinguish 

regions in the monolayer film comprising of chemically different terminal head groups. 

Using KPFM they were also able to confirm a previous study conducted by Evans and Ulman 

which showed that surface potential is dependent on alkyl chain length20. Evans did their 

study using Kelvin Probe method, which integrates of the entire surface of the film, while 

Lu's study used KPFM. 

During KPFM measurement, tip selection is very important and can affect the 

resolution and quality of the images. Jacobs et. al reported that tip geometry is one of the 

most crucial parameters to consider when trying to improve the resolution and accuracy of 
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KPFM images63. In another research, Vatel et al. found that the tip-to-sample distance and 

tip features, such as the radius and shape are most crucial in obtaining accurate 

measurements68. In their experiments they found that the tip-to-sample distance must be kept 

small and a sharp tip must be used in order to obtain KFM images and topographic images 

with high spatial resolutions. By keeping these parameter optimized, they were able to detect 

surface potentials less than 5 mV and observe monolayer-height steps in the topographic 

image of their GaAs samples. Tip scan rate is also something to consider when conducting 

KPFM measurements. Sugimura et. al found that using a very slow scan rate (0.1 Hz) clearly 

showed the distinction in surface potential between alkylsilane and fluoroalkylsilane SAM, 

but using a faster scan rate (1 Hz) did not produce an accurate image. 

KPFM measurement is not constrained to ultrahigh vacuum conditions and can be 

performed under ambient pressure51. However, environmental conditions, particularly 

humidity should also be closely monitored during KPFM analysis because some studies have 

found that an adsorbed water layer on the surface of the sample can cause shielding and lead 

to a degradation in the surface potential contrast69,70. As such, the surface hydrophobicity of 

the sample can also affect the measurements. More hydrophobic samples had greater 

potential contrasts. 

One thing to note is that KPFM is a relative measurement technique and requires the 

use of a reference material. One reference material often used is Highly Ordered Pyrolytic 

Graphite (HOPG)71 due to its chemical inertness and established work function. However, 

other reference materials may also be used for comparison provided that it is consistent and 

reliable. In this study we used SAM formed from 1-hexadecene (HD) precursor as reference 

material during KPFM measurements. The reference HD SAM and the SAM being analyzed 

were grafted to the same silicon substrate via VUV micropatterning.  

 

 



  

19 

1.4. Micropatterning SAMs via VUV Photolithography 

Several methods for micropatterning of SAMs have been reported in literature, such 

as photolithography72,73, micro-contact printing74,75 and AFM lithography76–78. Of these, 

photolithography offers the most versatility because it allows patterning of a large area with 

a photomask during a single illumination period. It has been reported that vacuum ultraviolet 

(VUV) photolithography has been successful in producing micropatterned SAMs. This 

method has been used to pattern organosilane SAMs53,76,79,80 and alkene SAMs on silicon72,81. 

 

1.4.1. VUV Light 

Light with a wavelength below 400 nm is categorized as ultraviolet light (UV) and 

falls on the right side of the spectrum (Figure 1.7). UV light is further categorized into four 

spectral ranges, which are UV-A (315-400 nm), UV-B (280 - 315 nm), UV-C (200 - 280 

nm) and  vacuum ultraviolet (VUV) (<200 nm). For the VUV light range, this light is easily 

absorbed by the oxygen in the atmosphere and thus often requires a vacuum environment. 

Sources of VUV light are excimer lamps, where “excimer” is the abbreviated form of 

“excited dimer”.  

 

Figure 1.7. Light spectrum including ultraviolet light, visible light and infrared 

 

VUV light been used for cleaning82, etching83 or surface modification84,85. VUV light 

has also been known to dissociate chemical bonds such as C-C, C-H and C-Si, and thus can 

be used to degrade/remove SAMs on a substrate72. With the use of a photomask during VUV 
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light irradiation, some parts of the SAM sample can remain intact while the irradiated regions 

will be removed. This is the basis of VUV photolithography. 

 

1.4.2. VUV Photolithography  

During VUV irradiation, the oxygen in the atmosphere absorbs the VUV light and is 

converted to atomic oxygen, given by the following reaction80. 

O& + ℎ𝜈	(172𝑛𝑚) → O	(1𝐷) + 	O	(3𝑃) 

These atomic oxygen species have strong oxidative reactivity and can aid in the 

removal of organic materials82. VUV light can dissociate the C-C and C-H bonds in SAMs 

and converts them to radicals. The chemical reaction of these radicals to the oxygen and 

water molecules in the atmosphere results to the formation of hydrophilic groups such as 

hydroxyl and carboxyl76. When SAMs are irradiated using VUV light, photodegradation 

occurs which begins at the terminal group of the molecule and approaches the headgroup 

during the process80. When irradiated through a photomask, only the irradiated region would 

be degraded while the masked region would remain intact. Through VUV photolithography, 

two kinds of SAM could be grafted to the same surface. A first SAM is formed on the 

substrate before undergoing VUV irradiation with the use of a photomask and a second SAM 

can be grafted in the regions where the VUV light had removed the first SAM. Previous 

studies have shown that VUV photolithography was successful in micropatterning 

organosilane SAMs53,76,79,80,86 and alkene SAMs72,81 on silicon.  

SAMs have shown to have good potential to be used as a photoresist during VUV 

photolithography due to their uniformity and strong molecular order. Particularly SAMs 

covalently bonded onto silicon are promising since they display higher chemical resistivities 

to HF38,87. HF is often in the etching process to remove the oxide layer left behind by VUV 

irradiation, allowing a second SAM to be grafted to the substrate. Due to their strong Si-C 

covalent bond to silicon and chemical resistivity to HF, 1-alkene SAMs are very good 
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candidates as photoresists in preparing micropatterned SAMs87. In our study we used 1-

hexadecene SAM (HD SAM) as our photoresist to fabricate our micropatterned SAMs for 

KPFM measurements.  

 

1.5 Objectives 

The objective of this research is to measure changes in the surface potential of n-Si 

(111) via Kelvin Probe Force Microscopy (KPFM) due to the adsorption of different 

molecules. To ensure that our KPFM measurements are not affected by changes in the 

cantilever tip, measurements were conducted using micropatterned SAMs prepared via VUV 

photolithography using a photomask. Many studies have modified the surface potential of 

SAMs by changing the functional groups of the molecules,42,58 but few studies have been 

done on how to further fine tune the surface potential of substrates by using small structural 

modifications or by altering the binding chemistry of the molecule to the substrate.  By 

understanding the relationship of various parameters between the surface potential we can 

deeper our understanding on how we can utilize different molecules in the optimization of 

silicon’s work function and improve its charge injection capabilities in electronic 

applications. 

 

1.6 Outlines 

Chapter 1 covers a review of relevant literature concerning self-assembled 

monolayers (SAMs) and their role in the field of molecular electronics. Focus is given to 

SAMs directly grafted to silicon via covalent bonds, being that silicon is one of the widely 

used semiconductor in the field of present-day electronics and understanding how to 

optimize it will be beneficial to the advancement of technology. The importance of SAMs 

in improving device performance through minimizing energy loss of charge carriers as they 

cross between material interfaces are highlighted in this chapter. A thin molecular layer at a 
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substrate surface introduces a dipole layer which cause a change in the surface potential and 

shifts the vacuum level energy at the interface. This shift can be controlled to increase or 

decrease the work function of the substrate. Past studies which have demonstrated how 

different molecules are able to control the dipole layer on the material surface are reviewed 

in this chapter. 

Chapter 2 In this chapter we optimized the parameters for the formation of 

micropatterned SAMs via VUV photolithography of 1-hexadecene SAM (HD SAM).  

Micropatterning of SAMs have numerous applications, one of which is to provide a stable 

reference material during KPFM measurements. Having a reference material is necessary 

because surface potential measurements using KPFM method may be affected by the 

electrodes/probe used during characterization.  We conducted a series of test with varying 

VUV irradiation time and chamber pressure to determine the best combination required to 

complete the photodegradation of HD SAM on n-Si (111). Using Kelvin Probe Force 

Microscopy (KPFM), we observed the micropatterns formed on HD SAM using the different 

VUV irradiation times.  Etching conditions during the photolithography process was also 

optimized to ensure that only minimal damage to the reference HD SAM. Atomic Force 

Microscopy (AFM) was observe the effects of different etching conditions to the HD SAM 

layer. Based on the results, determined the optimum etching conditions necessary to remove 

the oxide layer that is formed as a result of VUV photoirradiation, while minimizing the 

damage on the HD SAM layer. 

Chapter 3 In this chapter, we concentrated on the effects of different interface 

dipoles on the material’s surface potential. Three molecules which possess the same 

hydrocarbon chain (n = 16) but differ in the interfacial bonds formed with the silicon 

substrate (Si-C, Si-S and Si-O) have been selected for this study. SAMs using 1-hexadecene 

(HD SAM), 1-hexadecanethiol (HDT SAM) and 1-hexadecanol (HDO SAM) on hydrogen 

terminated Si (111) substrate were prepared. Using HD SAM as a photoresist and the 
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optimized conditions we found in Chapter 2, we formed micropatterned HD-HD, HD-HDT 

and HD-HDO SAMs. We obtained the surface potential difference and topographic contrasts 

of the micropatterned SAMs via Kelvin Probe Force Microscope (KPFM). The dipole 

moments of the precursor molecules and the SAMs were computed for using Molecular 

Package (MOPAC) semi empirical computations and compared with the KPFM 

measurements.   

Chapter 4 This chapter aimed to understand the surface potential variations of 

silicon due to the SAM formed using 1-alkene precursors of different lengths. Previous 

studies on the surface potential of alkylthiol SAMs on Au have reported a linear dependence 

on the chain length of the molecules, however it is uncertain if the same can be observed for 

semiconductor surfaces, which is the objective of this experiment. SAMs on n-Si (111) using 

1-alkene precursors with hydrocarbon chain lengths equal to n = 10, 12, 14, 16, 18 and 20 

were prepared in this chapter. Even-chained molecules were chosen to avoid any odd-even 

effects that have been known to occur due to the geometry of the molecules with respect to 

the substrate. The surface potential differences and topographic contrasts were measured 

using KPFM with HD SAM (n = 16) as the reference. Other tests measured other properties 

such as ellipsometric thickness, atomic compositions, water contact angles and 

morphologies to determine the qualities of the individual SAMs. 

Chapter 5 This chapter measured the surface potentials of Si-C and Si-O bound 

aromatic SAMs on n-Si (111). Aromatic molecules have a smaller HOMO-LUMO gap than 

alkenes which allows charge to be transported more easily, possibly providing the sample 

with increased conductivity. We prepared aromatic SAMs using styrene (C6H5CH=CH2), 

benzyl alcohol (C6H5CH2-OH), 4-phenyl-1-butene (C6H5(CH2)2CH=CH2), and 3-phenyl-1-

propanol (C6H5(CH2)3-OH). Micropatterned SAMs were prepared using the aromatic SAMs 

with HD SAM as reference. The surface potential difference and topographic contrast using 

KPFM. The variations in surface potential due to the nature of the covalent bond of the 
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SAMs to the silicon substrate were discussed. Conductive AFM (CAFM) was also 

performed to observe the electrical properties of the SAMs.  

Chapter 6 summarizes the results and findings of this thesis 
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Chapter 2: Formation of Micropatterned SAMs 

 

2.1. Introduction 

The fabrication of patterned molecular layers at the nanometer resolution has been 

of much interest due to its wide range of potential applications in fields such as molecular 

electronics1,2 and bio devices3–5. Several methods of micropatterning include microcontact 

printing6,7, electron beam lithography8,9, scanning probe microscopy-based patterning10–12 

and photolithography13,14. Of these methods, photolithography is advantageous because it is 

capable of transferring an entire photomask pattern to a substrate with a single irradiation, 

allowing it to be used in large scale operations. Several studies have been done on the 

micropatterning of self-assembled monolayers (SAMs) on silicon13,15–17. 

In this chapter we aim to fabricate micropatterned SAMs on silicon as a means to 

observe and compare changes in the surface potential difference of different SAMs using 

one SAM as  a reference. The surface potential or work function of a substrate can be 

measured using Kelvin Probe Force Microscopy (KPFM)18–22. The KPFM system is a 

modification of the conventional atomic force microscope (AFM) setup which enables it to 

map changes in the surface potential simultaneously with the topography of the sample23–25. 

Typically in KPFM measurements, calibration to a standardized material such as HOPG26,27 

is done to determine the absolute work function or surface potential of the sample being 

measured. However, an alternative method is to use a stable reference material as a basis for 

comparison. Having a reference material is necessary because surface potential 

measurements using KPFM method may be affected by the electrodes/probe used during 

characterization28. To ensure a more reliable data, surface potential measurements against a 

stable reference material is recommended. Measurements involving micropatterned SAMs 

with one SAM to be used as a reference material is a suitable method for this18–21.  



  

37 

In Chapters 3, 4 and 5, micropatterned SAMs formed via vacuum ultraviolet (VUV) 

photolithography will be used for observing changes in the surface potential of a silicon 

substrate due to the adsorption of several molecules. To ensure the reliability and quality of 

the micropatterned SAMs, the conditions for photolithography must be verified and 

optimized.  KPFM measurements are very sensitive to the quality of the SAM25, thus it is 

necessary to verify if the SAM formed during the photolithography process will be of the 

same quality as SAM formed on a fresh silicon substrate. This is because the substrate 

undergoes irradiation and etching during photolithography thus we should check if the 

quality will be the same.  

In the fabrication of micropatterned SAM via VUV photolithography, photoresists with 

uniform thickness and properties, as well as high chemical resistivity to withstand etching 

should be chosen. SAMs formed from 1-alkenes have been successfully patterned in past 

studies using vacuum UV photolithography with a wavelength of 172nm13,29,30. To obtain a 

clear and accurate pattern, certain factors such as the wavelength of the UV light, distance 

between the lamp and sample, quality of the sample and vacuum pressure inside the 

irradiation chamber should be considered since these may affect the spatial resolution of the 

final sample13.  

Aside from its uniformity, another advantage of using 1-alkene SAMs as a photoresist is 

that these SAMs have a strong covalent attachment to the Si substrate. This bond results to 

a higher chemical resistivity to HF compared to SAMs that are formed on oxide-covered 

Si31,32. In the formation of the micropatterned SAMs in this study, where two SAMs are 

grafted to the same silicon substrate, the original or photoresist SAM is subjected to HF and 

NH4F etching after VUV irradiation. Conditions need to be optimized to minimize the 

damage done to the photoresist SAM during this step. It is also necessary to determine if the 

surface potential is affected by this damage and determine if this change is reproducible and 

thus will be reliable reference material for other SAMs during KPFM measurements.  
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The main objectives of this chapter is to determine the optimum parameters for the 

formation of micropatterned SAMs via VUV lithography of 1-hexadecene SAM (HD SAM). 

The irradiation time and pressure in the chamber during VUV photolithography is varied to 

establish the most favorable combination to obtain the clearest micropattern. A series of 

etching tests were also conducted to determine the conditions required for the HD SAM to 

experience minimal damage and ensure that it will be a reliable reference for surface 

potential comparison with other SAMs. The specific objectives of this study are as follows: 

(1) To find the ideal VUV irradiation time and pressure inside the chamber needed 

to photodegrade the 1-hexadecene (HD SAM) on silicon, 

(2) To use Kelvin Probe Force Microscope (KPFM) to observe the micropatterns 

formed on HD SAM using the different VUV irradiation times, 

(3) To use Atomic Force Microscopy (AFM) to determine the optimum etching 

conditions necessary to remove the oxide layer that is formed as a result of VUV 

photoirradiation, while minimizing the damage on the HD SAM layer, and  

(4) To compare the quality of the new SAM formed on the VUV-irradiated and etched 

substrate with that formed on a fresh silicon substrate. 

 

2.2. Experimental Methods 

2.2.1. SAM preparation 

Polished n-doped silicon (111) wafers from Electronics and Materials Corp. 

(phosphorus-doped, resistivity range of 1–10 Ω cm) was ultrasonically cleaned with ethanol 

(Nacalai Tesque, 99.5%) and ultrapure water (UPW) for 20 minutes each to remove 

impurities present on the surface. Photochemical cleaning of the wafer was conducted via 

VUV light irradiation (UER 20-172V, Ushio) for 20 minutes in an ambient atmosphere to 

remove any organic impurities present on the surface. To remove the native oxide on the 
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silicon substrate, it must undergo a series of etching steps, which are depicted in Figure 2.1. 

The cleaned silicon substrate was first immersed in 5% hydrofluoric acid solution (Morita 

Chemical) for 5 minutes in the dark to remove the oxide layer from the surface. The substrate 

was washed twice in UPW then immersed immediately in a 40% ammonium fluoride 

solution (Morita Chemical) for 1 minute to terminate the substrate with hydrogen. The 

ammonium fluoride (NH4F) was heated to 80 degrees prior to substrate immersion to remove 

any dissolved oxygen which can interfere with the hydrogen-termination process. To form 

SAMs covalently attached to silicon, this preparation of hydrogen terminated silicon (H-Si) 

is necessary. 

 

 

Figure 2.1. Procedure for preparing hydrogen terminated silicon from n-Si(111) 

 

 

To form the SAM, the H-Si substrate was placed together with the 1-hexadecene 

(Tokyo Chemical Industry, >99%) precursor in a quartz cylindrical vessel with two glass 

tubes and a rubber stopper at the end of the cylinder (Figure 2.2). The glass tubes were used 

to purge the precursor solution with N2 gas and ensure that the silicon substrate does not 

oxidize during the grafting process. The wafer was then irradiated with UV light (REX-250, 

Asahi spectra) for one hour while immersed in the solution to initiate the SAM formation.  

The substrate was collected from the vessel after irradiation and was ultrasonically cleaned 

with ethanol and ultrapure water for 10 minutes each to remove any adsorbed particles on 
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the surface. The SAM that remains grafted on the silicon wafer will be referred to as HD 

SAM. 

 

Figure 2.2. Setup used to form the SAM using UV irradiation 

 

2.2.2. VUV Photolithography of the SAM 

To form micropatterned SAMs, VUV light was used to remove HD SAM from 

certain regions on the silicon substrate and a new SAM will be grafted in its place. However, 

before this step, it is necessary to determine the optimum conditions for this process. 

To observe how successfully the HD SAM will be removed from the silicon substrate 

using VUV light, the sample was irradiated with a Xe-excimer lamp (Ushio, UER20-172V) 

with a wavelength of 172 nm at an irradiation distance of 5 mm (Figure 2.3). The pressure 

inside the chamber was kept at either 1000 Pa or atmospheric pressure during the irradiation 

process to observe the effects of air pressure on the degradation of the SAM. The irradiation 

time was varied from 10 to 60 minutes. The irradiated SAMs were characterized with XPS 

and a water contact angle goniometer to determine which condition was the best for removal 

of the HD SAM. 
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Figure 2.3. VUV irradiation setup for micropatterning of HD SAM 

 

To determine how well the micropatterns will transfer to the silicon substrate during 

the photolithography process, samples covered with a photomask were also irradiated with 

VUV light. The photomasks consisted of a 100 nm thick chromium pattern attached to a 2 

mm quartz plate, whose transparency at l=172 nm is 93%. A circle and square photomask 

were used in these experiments. The circle photomask shields a majority of the sample from 

the VUV light and only irradiates the small circular regions. On the other hand, the square 

photomask shields the small square regions and allows majority of the surface to be 

irradiated (Figure 2.4). The irradiation time was varied from 10 to 30 minutes and the quality 

of the KPFM images were used to determine the optimum conditions needed for 

micropatterning. 
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Figure 2.4. Diagram of the (a,b) circle and (c) square photomasks used in the irradiation 

tests. Dark regions correspond to masked areas and light regions correspond to areas which 

allow VUV light to pass through. 

 

2.2.3. Optimization of etching conditions after VUV irradiation 

After VUV irradiation, the HD monolayer will be removed from the exposed region 

and an oxide layer would have taken its place. In order to graft a new SAM into this region, 

the oxide layer must first be removed and terminated with hydrogen, similar to the steps 

described in sections 2.2.1. However, since part of the substrate still contains the original 

HD monolayer, etching conditions must be adjusted to ensure that the H-Si will form on the 

irradiated regions while minimizing the damage experienced by the remaining HD SAM. 

Thus, a series of etching conditions were studied. The immersion time in HF was varied 

from 3 to 5 minutes, and the immersion time in NH4F was varied from 30 to 60 seconds. The 

condition and quality of the HD SAM was monitored to obtain the optimum etching 

condition needed to form a good H-Si on the irradiated region while minimizing the damage 

to the masked HD SAM regions.  
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2.3. Results and Discussion 

2.3.1. Formation of HD SAM 

The water contact angle (WCA) and atomic concentrations of H-Si and HD SAM are 

shown in Table 2.1.  The WCA of H-Si was measured to be around 87 degrees, which is 

consistent with previous studies31,33. This value increased significantly upon the formation 

of HD SAM due to the presence of a dense hydrophobic methyl-terminated layer at the 

surface once the SAM has formed. The WCA value of the our HD SAM is in good agreement 

with previous studies that fabricated methyl-terminated SAMs29,33,34.  

Figure 2.5 shows the XPS scan of H-Si and HD SAM. Prior to SAM formation, The 

Si 2p scan of H-Si substrate shows no peak at 103 eV, indicating that the native silicon oxide 

was removed during the etching process. The presence of carbon on the H-Si sample is most 

likely due to contaminants in the atmosphere. After formation of HD SAM, there is a great 

increase in the C 1s peak and atomic % concentration, indicating that the SAM molecules 

were properly attached to the silicon substrate. Although the amount of oxygen increased 

from 2.91 to 5.21, the absence of a peak at 103 eV for the HD SAM once again shows that 

the underlying silicon substrate is not oxidized and that the SAM has passivated the surface. 

Figure 2.6 shows the AFM topographic image of H-Si and HD SAM. The characteristic 

terrace steps can be observed for the H-Si sample. After grafting of the HD SAM, the terraces 

can still be clearly seen which indicates a uniform monolayer has formed.  
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Table 2.1. Properties of H-Si and HD SAM 

 WCA Atomic % Concentration 

C 1s O 1s Si 2p 

H-Si 87.60 ± 1.2 4.69 2.91 92.40 

HD SAM 105.90 ± 0.7 32.75 5.21 62.04 

 

 

Figure 2.5. XPS peaks of the H-Si and HD SAM 

 

 

Figure 2.6. AFM topographic image of the (a) H-Si and (b) HD SAM samples 

 

The characterization of HD SAM shows that it is well formed and of good quality, 

thus is a good candidate to be used a photoresist in VUV photolithography due to the strong 

nature of the Si-C covalent bond and strong chemical resistivity. However, surface potential 
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measurements using KPFM are very sensitive to the quality of the surface and even slight 

damage to the monolayer is enough to alter the readings. Thus, we must optimize and 

determine the extent the micropatterning process has on the HD photoresist in order to be 

able to use it as a reliable reference for our future SAMs.   

  

2.3.2. Optimization of VUV irradiation conditions for micropatterning of HD SAM 

HD SAM was irradiated with VUV light at a distance of 5 mm at two pressure 

conditions (1 x 103 Pa and 1 x 105 Pa) to determine the optimum time needed to remove the 

HD monolayer from the silicon substrate. The atomic percent concentrations of C 1s and 

water contact angles of the substrate after irradiation are summarized in Table 2.2. 

 
 
Table 2.2. C 1s atomic percent concentration and WCA of HD SAM sample after VUV 
irradiation at different times at 103 Pa and 105 Pa 

Irradiation 
time 

(mins) 

103 Pa 105 Pa 
C 1s  

(% concentration) 
WCA C 1s  

(% concentration) 
WCA 

10 6.15 6.5 7.53 6.9 
20 5.53 5.1 5.85 5.5 
30 4.92 2.6 5.72 2.7 
60 4.98 2.9 4.42 2.8 

 

For both pressure conditions, it is clear that even after a short irradiation time of 10 

minutes after VUV light, the C 1s concentration of HD SAM dropped significantly from its 

original value of 33% to about 6-8%. Increasing the irradiation time further decreases this 

value, until it eventually settles to 4-5%. This amount is comparable to the carbon 

concentration present on a fresh H-Si substrate without any SAM present on the sample 

(Table 2.1). The presence of this small amount of carbon on the H-Si is possibly due to 

unavoidable contamination from the atmosphere as the samples are loaded into the XPS 

machine. For the VUV-irradiated samples, this trace carbon amount may be a combination 

of the contamination from the environment as well as the presence of oxygen-containing 



  

46 

carbon functional groups that remain on the sample after irradiation. However, with the value 

this low, it is safe to conclude that the hydrocarbon monolayer has been degraded.  The 

presence of the oxygen-containing groups on the substrate is confirmed by the sudden 

decrease in the sample’s water contact angle. Prior to VUV irradiation, the sample had a 

high water contact angle of 105.9º, which implies that it is densely terminated with methyl 

(-CH3) groups due to the SAM formation. After irradiation, the water contact angle dropped 

significantly, which can be attributed to the degradation of the HD monolayer, as well as the 

transformation of the monolayer to oxygen-containing groups which are hydrophilic in 

nature. The degradation of the C-C bonds of the HD monolayer and the formation of oxygen 

groups can also be corroborated by the Si 2p peak (Figure 2.7). Prior to irradiation, the 

sample had a single peak at 99.5 eV. After irradiation, a distinct peak appears at 103 eV, 

which originates from the oxides present on the Si substrate. 

 

 

Figure 2.7. Si 2p peak before and after VUV irradiation for 30 mins 

 

The mechanism of VUV degradation of the SAM at l=172 has been reported to be 

dependent on the presence of oxygen during the process. VUV light itself does not contain 

sufficient energy to break the hydrocarbon bonds and decompose the HD monolayer. 

 2500 cps
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However, VUV light at this wavelength results to oxygen excitation and converts the 

atmospheric oxygen to the single and triplet states (O(1D) and O(3P)). O(1D) in particular 

has a very strong oxidative reactivity which triggers photodegradation which initiates from 

the terminal -CH3 groups and approaches the headgroup. During this process, the terminal -

CH3 groups are transformed to oxygen-containing functional groups. These functional 

groups are hydrophilic, which is responsible for the sudden decrease in water contact angle 

of the sample (Table 2.1). Unlike the -CH3 functional group, these groups are also prone to 

decomposition by VUV-excitation, which results to the removal of the SAM monolayer from 

the substrate13,29.  

Although the presence of oxygen is during the VUV irradiation process is crucial to 

the degradation of the SAM monolayer, and it seems logical to choose a higher pressure 

during irradiation to have the maximum amount of oxygen, considerations must be made in 

choosing how much oxygen is present during the process. Table 2.2 shows that the HD 

monolayer appeared to be equally decomposed at irradiation at 103 and 105 Pa beyond 20 

minutes of irradiation. However, a previous study has found that the increase in active 

oxygen species may lead to diffusion under the masked areas, making the pattern broader 

than expected.13 With a lower vacuum pressure, there is less active oxygen species, 

decreasing the possibility of diffusion under the masked areas. Therefore, the photoetching 

of the HD monolayer is more limited to only the irradiated areas. For these reasons, 103 Pa 

was chosen as the pressure at which VUV irradiation will be done. To determine the 

optimum time needed to transfer the photomask micropattern to the sample, irradiation tests 

with a photomask was done at 103 Pa. 

Figure 2.8 shows KFM images of the micropatterns on an HD SAM sample after 

irradiation at 103 Pa. The schematic diagram of the photomasks can be seen in Figure 2.4. 

The micropatterns formed after irradiation times of 10 (Figures 2.8a, 2.8d, 2.8g), 20 (Figures 

2.8b, 2.8e, 2.8h), and 30 (Figures 2.8c, 2.8f, 2.8i) minutes were observed. In the images, the 
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darker regions correspond to the areas irradiated by VUV light where the HD monolayer has 

been removed and the lighter regions correspond to masked areas where the HD SAM still 

remains intact. The KPFM images show that although the XPS results showed that 10 

minutes was enough to degrade the HD SAM sample, the patterns that is transferred from 

the photomask are hazy and unclear, especially for the smaller regions (Figures 2.8d and 

2.8g). A longer irradiation time of 20 minutes greatly improved the results and a clearer 

pattern can be seen(Figures 2.8b, 2.8e and 2.8h). Further increasing the irradiation time to 

30 minutes showed even better results with the micropatterns clearly distinguishable, even 

for the smaller patterns (Figures 2.8c, 2.8f, 2.8i).  

The diameters of the circle patterns and length of the square patterns were measured 

using ImageJ and the results are summarized in Table 2.3. The measured values were 

compared with the expected values based on the actual diameters of the circles and length 

of the squares in the photomask used (shown in Figure 2.4). Measurement of the circle 

patterns in the KPFM images show that irradiation at 10 and 20 minutes resulted in a smaller 

diameter compared to that of the photomask. Increasing the irradiation time to 30 minutes 

produced circle patterns that have diameters slightly greater than that of the photomask. This 

is most probably due to the seeping of the oxygen species under the photomask during the 

longer irradiation, leading to a slight broadening of the pattern. The same phenomenon can 

be observed for the square patterns, but in the opposite sense since the photomask pattern is 

inverted. The length of the squares were greater than that of the actual photomask for 

irradiation times of 10 and 20 minutes. Irradiating for 30 minutes resulted in a square pattern 

that is slightly smaller than that of the photomasks due to the broadening of the irradiation 

regions (the regions in between the squares). As such, irradiation for 60 minutes was not 

performed because it is clear that 30 minutes irradiation is more than enough to degrade the 

HD SAM in the irradiated region.  

The amount of broadening experienced by each pattern was computed for in terms 
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of percentage for the samples irradiated for 30 minutes (Table 2.3). It is clear that using 

larger patterns (Figure 2.8c) resulted in a much smaller % broadening compared to that of 

the smaller patterns (Figure 2.8f, 2.8i). The large circle pattern experienced only 2% 

broadening as opposed to the smaller circle and square patterns which experienced 8% and 

10% respectively.  

From the results of the KPFM measurements, the optimum time for irradiation is 

determined to be 30 minutes. Shorter irradiation times such as 10 minutes and 20 minutes 

did not result in clear micropatterns. However, it is recommended to use photomasks with 

larger patterns rather than smaller ones to minimize the effect of broadening during VUV 

irradiation. 
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Figure 2.8. Effect of irradiation time on photomask transfer 

 

Table 2.3. Photomask pattern size measurements from the KPFM images  
 Actual size of 

circle/square in 
photomask 

(nm) 

Measured from KPFM (nm) % 
broadening 
(for 30 m 

irradiation) 

10 m 20 m  30 m 

Circle (Section A) 10 6.1 ± 0.9 9.1 ± 0.4 10.2 ± 0.4 2 % 
Circle (Section B) 5 NA 4.3 ± 0.2 5.4 ± 0.2 8 % 

Square 4 4.6 ± 0.3 4.4 ± 0.1 3.6 ± 0.1 10 % 
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2.3.3. Optimization of the etching condition required for micropatterned SAMs 

To form micropatterned SAMs where two different SAMs of a µm scale are formed 

on the same substrate,  the irradiated region must undergo etching once more in order to 

form H-Si again and prepare it for the grafting of a new SAM. During the preparation of our 

HD SAM, the etching condition of 5-minute immersion in 5% HF solution followed by 1-

minute immersion in 40% NH4F solution was used. This method was very successful in 

removing any oxide present on the silicon wafer and forming atomically flat H-Si, as 

discussed in section 2.3.1. However, this condition causes damage to the HD SAM 

photoresist that remains on the substrate after irradiation, as seen in Figures 2.9a and 2.9b. 

Although the terrace step structure of the HD SAM maintains its feature, many large etch 

pits can be observed on the AFM images when etched with this condition.   

In an attempt to determine the cause of damage, samples were etched with HF only 

for 5 minutes (Figures 2.9c-d) and NH4F only for 1 minute (Figures 12.9e-f). AFM images 

show almost no damage for the sample etched with only HF, however considerable damage 

can be observed for sample etched only in 1 min of NH4F. It is clear therefore that the cause 

of the damage to the HD SAM is due to the NH4F etching and not the HF. This agrees with 

previous studies which have shown that HD SAM has been found to be resistant to HF 

etching even up to 30 minutes31. However, the NH4F etching is necessary in forming 

atomically flat H-Si and thus cannot be removed from the process. Figure 2.10 shows the 

AFM images of HD SAM samples formed on silicon substrate that was etched with HF 

solution only (Figure 2.10a) NH4F solution only (Figure 2.10b). The images clearly show 

that only the sample etched with NH4F solution displayed a terrace step structure. Reference 

shows that although HF etching is successful at removing silicon oxide from the silicon 

surface, it produces a microscopically rough surface35. In order to produce atomically flat 

and cleaned surface on Si (111), NH4F immersion is necessary36. Studies have shown that 

HF etching of silicon leads to atomically rough surfaces37, as opposed to NH4F etching which 



  

52 

is capable of producing atomically flat surfaces36. A previous study found that HF etching 

of Si (111) surfaces produced Si atoms terminated by mono- and di-hydrides37, while NH4F 

etching resulted in monohydride surfaces.  

 

 

Figure 2.9. HD SAM sample etched in (a,b) HF and NH4F solution, (c,d) HF solution 

only, and (e,f) NH4F solution only 

 

 

Figure 2.10. HD SAM formed on H-Si substrate prepared by etching in (a) 5% HF only, 

and (b) 40% NH4F only 
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To determine an etching condition which can be used to remove the oxide that forms 

on the irradiated regions while maintaining the integrity of the HD SAM photoresist, a series 

of etching tests on HD SAM was conducted. Since it was established earlier that the damage 

is mostly due to immersion in NH4F, the etching time for it was shortened. Figure 2.11 shows 

the topography of the HD SAM sample after etching in 5% HF solution for 5 minutes with 

varying immersion time in NH4F. An etching time of 30, 45 and 60 seconds in NH4F was 

observed. The images clearly show that the size and number of the etch pits formed on the 

sample becomes larger with increasing NH4F immersion time.  

In an attempt to further reduce the damage, etching time in HF was also shortened to 

see if this would give better results. The immersion time in HF was reduced to 3 minutes 

and the immersion time in NH4F was once again varied from 30 to 60 seconds (Figure 2.12). 

The AFM images show that the etch pits are much smaller compared to Figure 2.11 as a 

result of the shortened HF and NH4F etching.  
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Figure 2.11. Damage on HD SAM caused by 5m immersion in 5% HF and (a-c) 30s, (d-f) 

45s, (g-i) 60s immersion in 40% NH4F 
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Figure 2.12. Damage on HD SAM caused by 3m immersion in 5% HF and (a-c) 30s, (d-f) 

45s, (g-i) 60s immersion in 40% NH4F 
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scan. On the other hand, 45 seconds immersion in NH4F was enough to form clear and 

smooth terrace steps. Comparison of the damage sustained for the 30 s and 45 s etch in Figure 

12.12 shows that the difference is not significantly greater for 45 s. This result, combined 

with the better terrace steps formed for the 45 s etching time suggests that this etching 

condition is better for preparing the irradiated regions to graft a new SAM while minimizing 

the damage on the HD SAM photoresist.   

 

 

Figure 2.13. HD SAM samples formed on H-Si prepared by 3m etch in 5% HF and (a-b) 

30 s, (c-d) 45 s and (e-f) 60 s etch in 40% NH4F 
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To verify whether the new SAM that will form on the irradiated region of the 

substrate, an HD SAM sample was irradiated and etched using the conditions we have 

determined to be optimum. After irradiation and etching, a new HD SAM was grafted to the 

substrate. Figure 2.14 shows that the new HD SAM displayed clear terrace steps in the AFM 

scan. XPS analysis show the transformation of the C 1s, O 1s and Si 2p peaks of the original 

HD SAM during each stage of the experiment (Figures 2.15). After VUV irradiation, a 

decrease in the C 1s peak and increase in the O 1s peak is observed, due to the decomposition 

of the carbon chain and formation of oxygen containing functionalities. A small peak at 103 

eV can also be found on the Si 2p scan, indicating the substrate has been oxidized. After the 

irradiated sample is etched using the new parameters, the peak at 103 eV in the Si 2p scan 

disappears, as well as the O 1s peak, indicating that the oxide layer has been removed. 

Finally, after formation of a new HD SAM layer, an increase in the C 1s peak can be 

observed, indicating that the new HD monolayer has successfully been grafted. Table 2.4 

summarizes the properties of the original HD SAM and the new HD SAM formed after VUV 

irradiation and etching. The WCA, atomic percent concentrations and ellipsometric 

thickness of the original and the new HD SAM suggests that the two HD SAM are very 

similar in terms of quality and characteristics. Thus, the irradiation and etching conditions 

optimized in this experiment is suitable for preparing micropatterned SAMs with minimal 

damage on the HD SAM photoresist. 

 

Figure 2.14. Terrace steps of new HD SAM on irradiated + etched surface 
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Figure 2.15. XPS peaks observed during irradiation, etching and formation of new HD SAM 

 

Table 2.4. Properties of original and new HD SAM 
 HD SAM (original) New HD SAM 
Atomic % 
Concentration 

O 1s 4.35 4.03 
C 1s 32.47 31.13 
Si 2p 63.18 64.84 

WCA 105.3 ± 1.0 104.7 ± 0.7 
 

 

2.4. Conclusions 

In this chapter we discussed the aspects of VUV photolithography which must be 

taken into consideration when preparing our micropatterned SAM for KPFM measurements. 

We determined the optimum irradiation time, pressure as well as the best etching condition 

to produce a micropatterned SAM which has minimal damage on the photoresist HD SAM.  

We found that the best irradiation time was 30 minutes in 1 x 103 Pa. This condition was 

able to properly remove the HD SAM while limiting the risk of pattern broadening that might 

occur due to too much oxygen. XPS results and KPFM show that 30 mins provides low C 
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1s concentration and a clear KPFM image. Etching tests show that the best condition to use 

is 3 minute immersion in in HF followed by 45 seconds immersion in in NH4F. This produces 

minimal damage on the HD SAM photoresist, but is still able to remove the oxide layer left 

behind by VUV irradiation and form atomically flat H-Si that will result in a SAM with clear 

terrace steps and properties almost identical to one that is prepared on a fresh silicon 

substrate. The optimized conditions for VUV irradiation determined in this study will be 

used in Chapters 3, 4 and 5 to prepare our micropatterned SAMs for KPFM measurements. 

The shortened etching time discussed here will be used for Chapters 4 and 5. Note: The 

etching times in HF and NH4F used in Chapter 3 is slightly shorter compared to that 

discussed here due to the chemicals being from a different manufacturer, resulting in a 

slightly different outcome. However, similar etching tests were conducted to ensure that the 

quality of the reference HD SAM is preserved. 
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Chapter 3: Influence of the interface dipole on the surface potentials of 

SAMs on n-Si (111) grafted via Si-C, Si-O and Si-S bonds 

 

3.1. Introduction 

Organic molecular films have been attracting interest due to their applications in 

friction control1,2, corrosion prevention3,4, biosensing5,6 and molecular electronics7–10. To 

reduce the operation voltage of devices and improve the performance of molecular 

electronics, the injection barriers between the electrons/holes and the substrate should be 

minimized. This is often done by choosing materials with appropriate work functions – lower 

work function materials are chosen as cathodes for easier electron injection with while higher 

work function materials are used as anodes for easier hole injection11. One disadvantage of 

this method is that we are limited by the materials we can choose as electrodes based on their 

work functions. An alternative way is to modify the work function of an electrode to improve 

charge injection through the use of self-assembled monolayers (SAMs). 

Studies have shown that SAMs can introduce a dipole layer on a surface of an 

electrode and change its surface potential by shifting the vacuum level at the interface11,12.  

This is useful in reducing the charge injection barriers between material interfaces12. In 

Figure 3.1, a schematic illustration of how a shift in vacuum level results in a decrease in the 

electron energy barrier (Eb) between a metal electrode and an organic material The direction 

and magnitude of the vacuum level shift can be controlled by changing the orientation and 

strength of the dipole layer at the interface12,13.  
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Figure 3.1. Control of electron injection barrier (Eb) through a SAM dipole. (a) shows 

the interface without a dipole having a common vacuum level and (b) shows the vacuum 

level shift due to the SAM 

 

A previous study by Evans and Ulman on the surface potential of alkylthiol SAMs 

on gold envisioned the monolayer as a dipole sheet, with one side having a sheet of negative 

charges, and a sheet of positive charges on the other side14. It was hypothesized that this net 

dipole was comprised of two smaller dipoles present on the SAM. These are the R+-S- dipole 

(with R = CnH2n+1), and the Au+-S- dipole. This idea suggests that the final surface potential 

of the SAM on the substrate is affected by the molecular dipole that exists due to the alkyl 

chain as well as due to the interfacial Au-S bond. 

Many other researchers have focused on alkylthiol SAMs on metal substrates11,13,15–

18, however studies involving semiconductors have recently been attracting attention as 

well19–21. Semiconductors, such as silicon, offer a much interesting potential due to their 

complex band structures and their widespread use in modern-day electronics. Several 

methods have been reported in which a molecule can be directly grafted onto a silicon 

substrate using covalent bonds. Studies have been successful in grafting SAMs via Si-C22–

25, Si-O22,23,26, Si-S22,27, Si-N22,26 and Si-Te27 bonds.  By varying the bond between the 

substrate and the SAM molecule, it is possible to modify the energy levels at interfaces and 

tailor the surface potential of the substrate. Altering the covalent bond between the SAM 
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molecule and the silicon substrate can lead to modification of energy levels at the interface 

which can  affect the surface potential of the substrate12,26,28. 

To measure the surface potential in small domains, many researchers have found that 

using the Kelvin Probe Force Microscopy (KPFM) to be an effective way tool18,29–32. This 

method modifies the conventional atomic force microscope (AFM) setup which allows 

researchers to map specific surface potential changes across a surface, rather than obtaining 

the bulk surface potential of the material. Using KPFM also allows simultaneous mapping 

of the surface potential and topography of the sample which may give further insight to the 

variations in surface potential17,33,34. Measurements obtained via KPFM are very sensitive 

and is quite dependent on the electrodes/probe used during characterization35. It is often 

recommended to compare surface potential measurements obtained via KPFM to a reference 

material to avoid potential variations that might occur through the use of different cantilever 

tips. In this study, we used micropatterned SAMs formed via vacuum ultraviolet (VUV) 

photolithography, with one molecule acting as reference to be used in in our KPFM 

measurements.  

In Chapter 2 we discussed how micropatterned SAMs may be formed using vacuum 

ultraviolet (VUV) photolithography using 1-alkene SAM as a photoresist. Previous studies 

using 1-alkene SAMs have shown that they can be successfully patterned using VUV  

photolithography with an irradiation wavelength of 172 nm23,36,37. These 1-alkene SAMs 

also show good stability against HF, due to the strong Si-C bond38,39, which is important 

since the surfaces will undergo etching to form the micropatterned SAMs. Thus, 1-alkene 

SAMs are a good choice material to be used as photoresist in VUV photolithography for the 

formation of micropatterned SAMs. In Chapter 2 we optimized the parameters needed to be 

able to successfully form micropatterned SAMs using 1-hexadecene SAM as photoresist. 

Previous researches have shown that molecules bound to a silicon substrate via the 

same interfacial bond exhibit difference in their surface potentials in accordance to the 
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molecule’s terminal functional groups20,29–31,40,41. Researchers in some of these studies used 

simplified SAM models in their computations, which only considered the dipole from the 

molecules’ terminal functional groups30,31,41. This is founded on the notion that the dipole 

formed at the interface is consistent for all SAMs because the molecules are attached to the 

substrate in the same manner, thus any differences in the net apparent dipole moment of the 

molecules must be due to the terminal groups. In this research, we wish to concentrate on 

the effects of different interface dipoles on the material’s surface potential. Three molecules 

which possess the same hydrocarbon chain (n = 16) but differ in the interfacial bonds formed 

with the silicon substrate (Si-C, Si-S and Si-O) have been selected for this study. 

The main objective of this chapter is to measure and compare the surface potential 

contrasts between 1-alkene, 1-thiol and 1-alcohol self-assembled monolayers on a hydrogen-

terminated Si (111) substrate. The specific objectives of this study are as follows: 

(1) Form SAMs using 1-hexadecene (HD SAM), 1-hexadecanethiol (HDT SAM) 

and 1-hexadecanol (HDO SAM) on hydrogen terminated Si (111) substrate 

(2) Form micropatterned HD-HD, HD-HDT and HD-HDO SAMs on Si (111) 

substrate 

(3) Obtain the surface potential difference and topographic contrasts of the 

micropatterned SAMs using Kelvin Probe Force Microscope (KPFM) 

(4) Compute for the dipole moments for the precursor molecules and the SAM using 

Molecular Package (MOPAC) semi empirical computations 

(5) Discuss the variations in the surface potentials of the SAMs in terms of the dipole 

moments estimated from the MOPAC computations 
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3.2. Experimental methods 

3.2.1. Preparation of Hydrogen-terminated Silicon  

A n-Si (111) wafer (phosphorus-doped, resistivity range of 1-10 W cm was cut into 1 

× 1 cm2 squares and cleaned ultrasonically using ethanol (Nacalaitesque, 99.5%) and 

ultrapure water (UPW) for 20 minutes each. To eliminate organic contaminants on the 

substrate surface, photochemical cleaning was performed via vacuum ultraviolet (VUV) 

irradiation from a Xe-excimer lamp (Ushio, UER 20-172V) in an ambient environment for 

20 minutes. This was followed by substrate etching in a 5% hydrofluoric acid (HF, Stella 

Chemifa) solution for 5 minutes under dark conditions. The substrate was washed twice in 

UPW and immersed in a 40% ammonium fluoride (NH4F, Daikin) solution for 30 seconds 

to produce hydrogen-terminated silicon (H-Si). The NH4F solution was heated to 80°C prior 

to substrate immersion to eliminate dissolved oxygen which can produce etch pits on the 

substrate surface. The prepared H-Si substrate was thoroughly rinsed in UPW after chemical 

etching. Note: The etching times in HF and NH4F used in this chapter is slightly different 

compared to that discussed in Chapter 2 due to the different chemical manufacturer. However, 

similar etching tests to Chapter 2 were conducted to ensure that the quality of the HD SAM 

is preserved. 

 

3.2.2. SAM Formation 

The SAM formation on the substrate was initiated using UV light irradiation. This 

was conducted using a custom-made quartz vessel which consisted of a rectangular cell of 5 

mm thickness attached to one end of a cylindrical tube with a volume of about 100 cm3. To 

graft the molecules to the substrate and form the SAM, the H-Si substrate was placed in the 

quartz vessel with the precursor solution and irradiated for one hour using UV light (REX-

250, Asahi spectra). The quartz vessel was placed between 8 to 10 cm away from the UV 

light source to attain an intensity between 95 to 100 mWcm-2. During the process, two glass 
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tubes connected to a rubber stopper at the end of the cylinder were used to purge the setup 

with N2 gas to ensure that the silicon substrate oxidation is kept to a minimum. The SAM 

precursors in this study were 1-hexadecene (Tokyo Chemical Industry, >99.5%), 1-

hexadecanethiol (Tokyo Chemical Industry, >97%) and 1-hexadecanol (Tokyo Chemical 

Industry, >98%) to form HD, HDT and HDO SAMs respectively (Figure 3.2). Neat 1-

hexadecene was used as the HD SAM precursor, while 0.5 M solution in mesitylene (Nacalai 

Tesque, 98%) was used for both HDT and HDO SAMs. After the UV irradiation, the samples 

were cleaned ultrasonically for 10 minutes each in mesitylene (for HDT and HDO), ethanol 

and UPW to remove any physisorbed material on the surface. 

 

 

Figure 3.2. Chemical structure of precursors used in SAM formation 

 

3.2.3. Formation of Micropatterned SAMs 

To form the micropatterned SAMs, HD SAM was irradiated with a Xe-excimer lamp 

(Ushio, UER20-172V) with a wavelength of 172 nm and intensity of 10 mWcm-2 in a 

vacuum chamber. During irradiation, distance from the lamp window to the substrate was 

kept constant at 5 mm and the pressure inside the chamber was regulated to 103 Pa. The 

substrate was irradiated through a photomask with 10 µm lines and spaces. The photomask 

consisted of a 100 nm thick chromium pattern attached to a 2 mm thick quartz plate whose 

1-hexadecene

1-hexadecanethiol

 1-hexadecanol



  

71 

transparency at l = 172 nm was 93% (Figure 3.3). The samples were irradiated under the 

photomask for 30 minutes. These parameters were tested and optimized in Chapter 2. After 

VUV irradiation, the sample was once again etched to form H-Si on the irradiated regions 

and a new SAM was grafted on the new H-Si regions (Figure 3.4).  

 

 

Figure 3.3. Schematic illustration of line photomask used 

 

 

Figure 3.4. Schematic diagram of VUV photolithography and micropatterning process 
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3.2.4. Characterization 

 The HD, HDT and HDO SAMs were characterized using X-ray photoelectron 

spectroscopy (ESCA-3400 Kratos Analytical), static contact angle meter (DM 500, Kyowa 

Interface Science CA-X Co.), atomic force microscopy, and ellipsometry (FE-5000, Otsuka 

Electronics). 

The surface potentials and topography of the micropatterns were observed using a 

Kelvin Probe Force Microscope based on amplitude modulation AFM (Asylum Research 

MFP-3D). The topography and surface potentials are obtained using a two-pass procedure, 

with the topographic line is acquired first in tapping mode and the surface potential is 

acquired second in lift mode. KPFM measurements were conducted in ambient air with Rh-

coated silicon cantilever tips (SI-DF-3R, Hitachi Hitech). The resonance frequency of the Si 

cantilever was approximately 27 kHz and the amplitude was 1.0 V. KPFM images of the 

samples were acquired at a probe scan rate ranging from 0.5 to 0.8 Hz.  

The geometrical structures of HD, HDT and HDO SAMs were optimized using 

MOPAC semi empirical computations and their dipole moments were predicted using 

molecular orbital computations utilizing the PM7 theory. 

 

3.3. Results and discussion 

3.3.1. Properties of HD, HDO and HDT SAMs 

The individual properties of the SAMs are summarized in Table 2.1. The water 

contact angles (WCA) of all the samples indicated a methyl terminated surface and is in 

good agreement with previous studies39,42. The XPS scans (Figure 3.5) show that no peak is 

present at 103 eV for all three SAMs suggesting that the silicon surface was successfully 

passivated. The increase in atomic % concentration of the C 1s peak indicates that the 

precursor molecules were successfully grafted to the surface. For the HDT scan the small 

peak in the S 2s scan shows the presence of sulfur which exists due to the thiol end group. 
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The AFM images of the SAMs (Figure 3.6) show clear terraces indicating that a uniform 

monolayer was formed on H-Si. These results indicate that the SAMs were in formed with 

good order and packing density. 

 

Table 3.1. Properties of HD, HDT and HDO SAMs 

 WCA Atomic % Concentration 

C 1s O 1s Si 2p S 2s 

HD SAM 104.9 ± 1.3 33.9 ± 2.1 5.1 ± 0.9 61.1 ± 3.0 - 

HDT SAM 100.8 ± 1.7 24.2 ± 2.2 5.5 ± 0.7 69.9 ± 1.7 0.5 ± 0.2 

HDO SAM 102.1 ± 1.6 26.0 ± 1.4 7.3 ± 2.5 66.7 ± 3.9 - 

 

 

Figure 3.5. XPS peaks of the HD, HDO and HDT SAMs 
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Figure 3.6. AFM of (a) HD, (b) HDO, and (c) HDT SAM 

 

3.3.2. Surface Potential Measurements via KPFM 

In Chapter 2 we discussed that HD SAM can be used as a reliable reference material 

for surface potential measurements. Using the optimized parameters we can observe the 

corresponding topography and surface potential images for HD SAM after VUV irradiation 

at 1000 Pa for 30 minutes through a line photomask in Figure 3.7(a) and (b). The line patterns 

from the photomask are clearly visible in both the topography and KPFM image. For both 

the topography and surface potential scans, the lighter regions correspond to the mask areas 

(containing the original HD reference SAM) and the darker regions correspond to the VUV-

irradiated sections of the same (containing the oxidized silicon). In the AFM scan, the lower 

topography of the irradiated region is explained by the degradation of the C-C molecules on 

the surface which occurs during VUV irradiation. Previous studies have discussed how VUV 

irradiation of HD SAM leads to the degradation of the alkyl chains and formation of silicon 

oxide23. This was also discussed in Chapter 2 of this dissertation where we demonstrated the 

appearance of an XPS peak at 103 eV after irradiation due to the existence of silicon oxide. 

The water contact angle of the irradiated region was also found to decrease due to the oxygen 

containing polar functional groups. As such, the irradiated region is expected to have lower 

topography since the masked regions still contain the HD molecules. 

a b c

0.2 μm
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A schematic of the photomask used in this experiment can be seen in Figure 3.3. The 

mask consisted of alternating bands measured to be 10 µm in width. In both the AFM and 

KPFM scans of the samples in this experiment, it can be observed that the irradiated regions 

appear slightly wider than the masked regions. In previous literature it was found that 

diffusion of oxidants under microscopic regions under the photomask during VUV 

irradiation can cause a broadening of the irradiated region. When the oxidants diffuse under 

the mask, the HD monolayer there undergoes slight photodegradation as well37.   

The KPFM image in Figure 3.7 (b) shows that the surface potential of the VUV 

irradiated region is much lower than that compared to the reference HD SAM. From the XPS 

results of VUV irradiated HD SAM in Chapter 2, we know that these regions contain silicon 

oxide, and the unirradiated region contains the original HD monolayer. The KPFM 

measurements shows a difference of -75 mV between the irradiated and unirradiated regions. 

The AFM images also show a difference in height between the irradiated and unirradiated 

region. Measurement of the height difference gives us about 0.85 nm, which is less than the 

length (and estimated thickness) of the HD SAM, which is around 2 nm37.  Although the HD 

monolayer is known to have been photodegraded from the VUV irradiation, the height of 

the irradiated region is higher than that of the original silicon substrate. During SAM 

formation, the HD monolayer is grafted directly to oxide-free silicon during SAM formation. 

However, when the monolayer is irradiated, the monolayer is degraded and replaced with 

silicon oxide, thus the height of the silicon substrate is raised due to the formation of silicon 

oxide36. 
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Figure 3.7. Surface potential and topographic images of micropatterned samples. (a) AFM,  

(b) KFM, and (c) schematic images of HD SAM – silicon oxide samples. (d) AFM, 

(e) KFM and (f) schematic images of HD SAM – H-Si samples. 

 

Once the old HD SAM is removed from the silicon through VUV irradiation, a new 

SAM can be grafted in its place. However, the substrate must once again undergo hydrogen 

termination via HF and NH4F etching to remove the silicon oxide that formed during the 

photolithography process. The details of the etching are discussed in Chapter 2 where the 

process to optimize the etching conditions to have the least amount of damage on the original 

HD monolayer while still being able to form good H-Si was discussed. 

KPFM images of the irradiated and etched micropatterned sample shows a -272 mV 

contrast between the reference HD SAM and the H-terminated silicon regions (Figure 3.7). 

The height difference between the two regions also increased from 0.85 nm to 2.27 nm. Both 

KPFM and AFM images suggests that the silicon oxide layer that formed through VUV 
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irradiation was removed successfully after the HF and NH4F etch. The new height difference 

between the HD region and H-Si region (2.27 nm) is larger than the molecular length and 

expected thickness of the HD SAM (~2 nm). In Figure 3.4 (c) we can see that during VUV 

irradiation, the silicon oxide layer that forms in the irradiated regions extend below the 

original surface of the silicon substrate23. Upon etching, this silicon oxide layer is removed 

and the height of the silicon substrate is lowered, resulting to a larger height difference 

compared to the thickness of the original SAM In Figure 3.4 (e).  

Following Evan’s and Ulman’s work14, the HD monolayer on silicon can be 

envisioned as a dipole sheet on the surface. The net dipole moment can be obtained by 

obtaining the vector sum of the interface dipole formed between the molecule-substrate bond, 

and the gas phase dipole of the precursor molecule (Figure 3.8). For our HD SAM samples 

on H-Si, we can infer that the net dipole points downwards, resulting to a layer of negative 

charges near the Si substrate and a layer of positive charges close to the monolayer-air 

interface. We can deduce the orientation of this dipole based on the higher surface potential 

of the HD SAM compared to both the silicon oxide and hydrogen-terminated silicon regions.  

 

 

Figure 3.8. Schematic diagram of dipole formed by SAM on a Si substrate 

 

After removal of the silicon oxide through etching, HD SAM was once again 

deposited on the H-Si regions to see if there are any differences between the reference HD 

SAM that was used as a photoresist during VUV photolithography and the fresh HD SAM 

on the irradiated substrate. The results are shown in Figure 3.9. A topographic difference of 
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-1.48 nm between the new and reference HD regions were measured in the AFM scans. As 

discussed earlier, this is due to the lowering of the silicon substrate during VUV irradiation 

and etching step. The new HD SAM is grafted to this lowered region resulting to the lower 

height, as shown in Figure 3.10. 

 

 

Figure 3.9. Topography and surface potential of micropatterned HD-HD sample. (a) 

AFM and (b) KFM of micropatterned region. Terrace-step microstructure of the HD SAM 

surface in the (c) new and (d) reference regions. 
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Figure 3.10. Schematic of micropatterned HD-HD SAM surface 

 

If we consider that both the new and reference HD SAM regions contain the same 

molecule on the same silicon substrate, hypothetically they should have the same surface 

potential. However, KPFM measurements show a difference of about -17 mV between the 

two regions. The negative value indicates that the new HD SAM has a lower surface potential 

than the reference HD SAM.  A more in-depth look of the surface of the two regions shows 

that although both regions display the characteristic terrace step structure of monohydride-

terminated Si (111), a closer look at the reference HD SAM region shows the presence of 

etch pits on the surface. This was due to the damage the monolayer sustained during the 

etching step in the VUV photolithography process (as discussed in Chapter 2). Because 

KPFM measurements are very sensitive to the quality of the surface, the minimal damage 

on the reference region possibly increased its surface potential slightly, resulting to the 

difference in surface potential between the two HD regions.  

The surface potential of a SAM on a substrate is given by Equation 3.129–31. The 

terms 𝜙!'  and 𝜙(')  correspond to the work functions of the silicon substrate and the tip, 

respectively, and 𝑒 is the electric charge43. In the second term derives from the Helmholtz 

equation44–46 and corresponds to the dipole moment of the organic thin film. The net dipole 

moment of the gas-phase molecule that is normal to the substrate is denoted by 𝜇, while 𝐴 

is the area occupied by the molecule. The permittivity of free space and relative permittivity 
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of the SAM are denoted by 𝜖* and 𝜖!"#, respectively.  

 

𝑉!"# = − +"%,+&%'
-

+ $
"%!%"#$

   Equation 3.1 

 

In this experiment, the two SAMs are formed on the same same silicon substrate and 

are measured using the same KPFM probe tip, thus the first terms cancel out and we are left 

with Equation 3.2. 

 

𝑉!"#. − 𝑉!"#& =
$"#$(

""#$(%!%"#$(
− $"#$)

""#$)%!%"#$)
  Equation 3.2 

 

 In the sample where both the reference and new SAM regions contain HD SAM, we 

can assume 𝜇!"# to be equal since they are formed using the same molecule. The fact that 

there is a surface potential difference between the two regions suggests that a difference in 

𝐴!"# or 𝜖!"# exists for these two regions. Differences in the value of 𝐴!"# suggests that the 

molecular packing, and thus the area occupied by each molecule, is different for the reference 

and new HD region. Comparison of the water contact angle (WCA) of the two regions was 

conducted to determine if there was a significant difference in molecular packing between 

them. The results, shown in Table 2.2, compare freshly formed HD SAM to that of an HD 

SAM sample that underwent etching in 5% HF and 40% NH4F (without irradiation) to 

simulate the reference HD SAM region in our micropatterned SAMs. The measured WCA 

show very little difference between the two regions which suggests that the molecular 

packing is very similar and that the minimal damage experienced by the reference HD SAM 

region due to the etching process did not significantly affect the density of the grafted SAM. 

Surface potential measurements are known to be very sensitive to the surface quality of the 

material, and as we have seen in the AFM images, there is a slight damage to the reference 
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HD region. Changes in surface potential of a sample can be affected by humidity, oxidation 

and even possible contaminants on the surface. It is possible that the damage on the reference 

HD SAM has made it more prone to oxidation or hastened the aging of the material. Not 

much research has been dedicated to the effects of oxidation and aging on dielectric 

properties of alkyl SAMs, however studies on ceramics and silicon wafers have found that 

oxidation and aging has been found to alter the dielectric properties of these materials.47–49 

If a similar case exists for alkyl SAMs on silicon then it can account for the discrepancy 

between the reference and new HD SAM regions. Nevertheless, multiple measurements and 

test have shown that the surface potential difference of -17 mV between the new and 

reference HD SAM are experimentally reproducible and thus it makes HD SAM a reliable 

reference material for our surface potential measurements in our micropatterned SAMs.  

 

Table 2.2. Water contact angles of reference and new HD SAM regions 

 HD SAM (etched) HD SAM on 

irradiated substrate 

WCA 104.70 ± 1.05 104.80 ± 1.15 

 

 

Figure 3.11. KFM images of (a) HD-HDT and (b) HD-HDO SAMs 
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The KPFM images for the micropatterned HD-HDT and HD-HDO SAMs are shown 

in Figure 3.11. A difference of -72 mV exists between the reference HD and the HDT region, 

while a difference of -45 mV is present for the reference HD and the HDO region. Taking 

the increase in surface potential of the reference HD SAM due to the effect of etching (an 

increase of 17 mV), the true surface potential contrasts are calculated to be -55 mV and -28 

mV for HD-HDT and HD-HDO respectively. For both cases, the HD SAM surface potential 

is higher, suggesting that the HD monolayer has a higher dipole moment compared to HDT 

and HDO. The dipole moments of the precursor molecules were computed using the 

Molecular Orbital PACkage (MOPAC) and are shown in Figure 3.12.  

 

Figure 3.12. Molecular structures and dipole moments of precursors 
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MOPAC calculations show that the precursors have a dipole moment of 0.543 D, 

1.956 D and 1.812 D for HD, HDT and HDO respectively. Working with the assumption that 

the alkyl chains are aligned perpendicularly to the silicon substrate once they are grafted, we 

computed the dipole components normal to the surface to be 0.543 D, 0.735 D and 0.231 D 

for HD, HDT and HDO respectively. In this case, HDO should have the lowest surface 

potential, followed by HD then HDT, which does not agree with our KPFM results. Going 

back to Evans and Ulman’s idea that the SAM’s net dipole is the sum of the dipole moments 

of the molecule and the bond dipole at the interface14, we can imagine  that the SAM’s dipole 

moment will be slightly different from the dipole of its precursor molecules once the 

interface dipole is taken into account. 

A different study by Zehner et. al on the modification of the work function of gold 

using thiol SAMs supported the idea that chemisorbed SAMs can be modelled as two dipole 

sheets with one layer comprising of the effective dipole moment of the adsorbate and the 

other dipole accounting for the interfacial bond46. They proposed that the change in work 

function (∆ϕ) is equal to Equation 3.3, where ∆𝜙 is the change in work function, .
"
 is the 

density of molecules on the surface and $*
%*%!

is the effective dipole moment of the molecule, 

and $%
%%%!

 is the effective dipole moment at the interface.  

 

∆𝜙 = .
"
; $*
%*%!

+ $%
%%%!

<    Equation 3.3  

 

Several previous studies on the surface potential changes brought about by 

organosilane SAMs on silicon focused mostly on the precursor molecular dipole because the 

interfacial bond was the same for all molecules20,29–31,40.  Since the molecules were all grafted 

to the silicon substrate in the same manner, the term corresponding to the effective dipole of 

the interfacial bond can be ignored under the assumption that it is constant. However, from 
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the results of our experiment where the molecules are grafted to silicon via different covalent 

bonds, we can see that the interface dipole plays a big role in the net dipole moment of the 

SAM. We performed another MOPAC calculation where we incorporated the interface 

dipole by connecting the precursor molecule to a silicon atom. The results are shown in 

Figure 3.13. 

 

Figure 3.13. Dipole moments of HD, HDT and HDO molecules on Si 

 

The addition of a silicon atom to the precursor molecule changed the outcome of the 

dipole moment trend significantly. Comparing these to the dipole moments in Figure 3.12, 

we can observe a large increase in the dipole moment of the HD molecule. By itself, the HD 

molecule did not have a very large dipole moment due to the fact that it is mostly symmetric, 

however the formation of the Si-C bond resulted to charge rearrangements along the 
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backbone resulting to a much larger net dipole moment for HD SAM. Similarly, when the 

HDT and HDO molecules were grafted to silicon, the net dipole moments were very different 

from the dipole moment of only the precursor molecule. It is clear that the interfacial 

covalent bond with silicon lead to the precursor molecules experiencing different 

polarizations and charge rearrangement in the backbone due to the different 

electronegativities of the binding atoms of the molecules to silicon. The computed dipole 

moments of the molecules attached to a single silicon atom we used here are 2.538 D, 0.387 

D and 1.971 D for HD, HDT and HDO respectively. Working with the assumption again that 

the molecules are grafted such that the hydrocarbon chains stand perpendicular to the silicon 

surface, we computed the components of the dipole moments to be 2.10 D, 0.385 D and 

1.827 D for HD, HDT and HDO respectively. These computations agree qualitatively with 

the KPFM surface potential measurements in our experiment.  

The surface potential difference between two SAMs can be computed for using 

Equation 3.2, which we apply to our systems. In our computations, the area occupied by 

each molecule was assumed to be 25.5	Å&  for the three SAMs, based on a hypothetical 

model of a unit cell of Si (111) containing one alkyl chain and one hydroxyl group50. The 

same dielectric constant of 2.76 was also used for all the SAMs45. Using these parameters, 

the calculated surface potential difference between HD and HDT SAM is -918 mV, while 

HD and HDO would yield a difference of -146 mV.  These computed values are much greater 

than the measured values we obtained during KPFM analysis. Other scientists working with 

surface potential measurements have also reported greater computed values than those 

obtained in their experiments due to the approximation during modelling29,45. In our 

computations we used an estimated value of A, however for SAMs with a smaller packing 

density than expected, the value of A will be much higher and will result to a smaller value 

of surface potential. Also, we should take into consideration that the dipole moments we 

used in our computations were obtained for isolated molecules, however, dipole moments of 
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SAMs may differ from that of the individual molecules due to molecular interactions which 

can result to screening or depolarization. Our model also utilized a single silicon atom 

attached to the molecule in observation, however in reality the organic molecule is grafted 

to a silicon crystal rather than a single silicon atom. Lastly, the estimated dipole moments 

we obtained were based on MOPAC semi-empirical computations which utilized 

approximations based on existing experimental data. These semi-empirical computations 

often give good models and approximations of molecular systems but they are not as 

complex or extensive as first principles or ab initio computations. It is possible that the 

simplified model of the molecule attached a single silicon atom, in combination with semi-

empirical computations may result in an over-estimation of the dipole moments. In reality, 

it is possible that the actual dipole moments of SAMs could be much smaller than what we 

have presented here. However, our estimated dipole moments and computed surface 

potential qualitatively agree with the experimental results obtained using KPFM analysis of 

our micropatterned SAMs.  

 

3.4. Conclusions 

The surface potentials of micropatterned SAMs of HD, HDT and HDO using HD 

SAM as reference were studied using KPFM and MOPAC computations. Using a reference 

SAM in our KPFM measurements ensured that the comparison of the two SAMs were done 

more accurately than if the measurements were conducted separately, due to the removal of 

the variations due to the KPFM probe and substrate. The surface potential measurements 

obtained during KPFM agreed with the MOPAC computed dipole moments of the molecules 

attached to a silicon atom. This study showed the effect of the interfacial bond between a 

molecule and the substrate on the dipole moment and resulting surface potential of the 

material. Simply looking at the dipole moment of the precursor molecule does not 

completely reflect the true surface potential effect it has on the SAM, especially if they are 
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grafted through different bonds. The covalent bond between the molecule and substrate 

polarizes the molecule and yields a second dipole moment at the interface. The net dipole 

moment of the SAM should consider the sum of the molecular dipole and this interfacial 

dipole.  

Computation for the surface potentials using the estimated dipole moments obtained 

through MOPAC yielded a higher result than those found in our experiments. This was 

attributed to the use of a simplified model in our computations as well as the use of semi-

empirical approximations rather than first principles computations. However our 

experimental and computational results qualitatively agree with each other and show that the 

surface potential of a material is governed not only by the dipole of the molecular precursor 

but is also affected by the interfacial dipole present due to the covalent bond that is formed 

between the molecule and substrate.  
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Chapter 4: Effects of Chain Length on the Surface Potentials of 1-Alkene 

Self-Assembled Monolayers on n-Si (111) 

 

4.1 Introduction 

In organic electronics, the interface between surfaces is an important parameter to 

consider since it is often responsible for the behavior and function of the material or device1–5. 

Understanding the mechanics at device interfaces is crucial in the study of charge injection and 

transport behavior of charge carriers, a parameter that often determines the performance of 

electronic devices. In the recent years, the topic of energy level alignment at surface interfaces 

and how it can be controlled by the material’s work function has attracted a lot of interest.4–8 

One method of modifying the properties of solid surfaces to optimize them for specific 

applications is through the use of self-assembled monolayers (SAMs). SAMs have the 

advantage of having a reproducible spontaneous assembly and studies have shown that they 

are capable of forming very thin homogenous films on a substrate9,10. Understanding how 

certain molecules which form SAMs can be used to modify surface potentials is significant 

because it plays a fundamental role in the optimization of surfaces and can allow a more 

efficient charge injection at the interface. Studies have identified several factors that affect the 

surface potential changes caused by a SAM to a material surface, such as the packing density 

of the monolayer11,12, strength and orientation of the molecular dipole13–15, and degree of order 

of the monolayer16. 

In the past years, much research has been done on the study of surface modifications of 

metal using organic molecules3–5,17–23, however the study of molecular interfaces with 

semiconductors have recently been gaining interest8,24–26. Nowadays, silicon is one of the most 

widely used semiconductor in the field of electronics, therefore understanding how it can be 

modified using SAMs can significantly improve the current technology27.   
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Previous studies have investigated the effects of the molecular length of SAM 

molecules on the resulting surface potential of metals19,28, but similar research on 

semiconductors are not as well-studied. A Kelvin Probe study by Evans and Ulman found that 

increasing the length of alkyl thiol SAMs on gold increased surface potential by about 9.3 mV 

per methylene unit19. A related study by Lu et al. found a similar trend of increasing surface 

potential for increasing chain length for alkylthiols on gold28. Tailoring the work function or 

surface potential of substrates is a promising topic in material science, and understanding if a 

similar relationship exists between chain length and SAMs on silicon will be beneficial to the 

advancement of molecular electronics. 

In this chapter, we compare the surface potential changes brought about by 1-alkene 

SAMs on n-type Si (111). The precursor molecules chosen for this study have chain lengths of 

10 carbon atoms and above because past studies have established that longer chains result to 

more organized SAMs29–32. Longer chain lengths increase the Van der Waals interaction 

between precursor molecules and lead to more well-ordered structures. (Author name) 

conducted computation simulations and found that shorter chains (n <= 7) resulted to larger 

fluctuations in tilt and orientation angles which translated to less-ordered SAMs29. Aside from 

limiting our choice of precursor molecules to those with 10 carbon atoms and above, we also 

chose to work with even-chained molecules to avoid any odd-even effect that have been known 

occur due to the geometry of the molecules and the way they are grafted on to the substrate29,33.  

To map the local potential changes on our sample, we used Kelvin Probe Force 

Microscopy (KPFM). This method can simultaneously map the topography of the surface while 

detecting changes in the surface potential of the material by measuring changes in contact 

potential difference between the surface and the cantilever tip34–36. The SAMs we used in this 

study were made from 1-alkene precursors with hydrocarbon chain lengths of n = 10, 12, 14, 

16, 18 and 20. Using KPFM we observed the changes in surface potential due to the chain 
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length variations. To account for variations in surface potential that may arise due to different 

cantilever tips used during analysis, micropatterned SAMs were used during KPFM analysis 

while hexadecyl SAM (n = 16) served as reference for all the other SAMs. 1-alkene SAMs 

have shown to have good potential to be used as a photoresist in micropatterning due to ease 

of removal via VUV photolithography37–39, and their stability against HF etching due to the 

strong Si-C bond40,41.  

Past KPFM studies have been conducted using a similar method where the surface 

potential differences were measured and analyzed in relation to the terminal function groups 

of SAMs grafted to silicon13,15,25,26,42,43. In Chapter 3 we focused on the surface potential 

changes when the terminal functional groups were the same but the interfacial bonds were 

varied.  In this work we aim to observe the surface potential changes due to the different lengths 

of 1-alkene SAMs covalently-bonded to silicon. Since silicon is widely used in present-day 

technology, this information will be useful in understanding and developing devices with 

increased charge injection efficiency.  

 

4.2. Methodology 

4.2.1 Materials 

Polished (111)-oriented silicon wafers used in this study were from Electronics and 

Materials Corp. The wafers were phosphorus-doped (n-type) and have a resistivity of 1-10 Ω 

cm. The SAM precursors were 1-decene (>95%), 1-dodecene (>95%), 1-tetradecene (>90%), 

1-hexadecene (>99%), 1-octadecene (>90%), and 1-eicosene (>97%), and were all purchased 

from Tokyo Chemical Industry. Ethanol (99.5%), and mesitylene (98%) used for washing and 

solvent were purchased from Nacalai Tesque. Hydrofluoric acid (HF) and ammonium fluoride 

(NH4F) from Morita Chemical was used for chemical etching. All the chemicals were used 

without further purification. 
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4.2.2 Sample preparation 

Silicon wafers cut into 1 × 1 cm2 pieces and were ultrasonically cleaned for 20 minutes 

using ethanol followed by 20 minutes in ultrapure water. The wafers underwent photochemical 

cleaning in ambient conditions using vacuum ultraviolet (VUV) light with a Xe-excimer source 

(UER 20-172V, Ushio) for 20 minutes. To remove the native silicon oxide on the wafer, the 

wafers were etched in 5% HF solution for 5 minutes in the dark, followed immediately by 

etching in a 40% NH4F solution (heated to 80°C to remove any dissolved oxygen) for 1 minute. 

This process terminates the surface with hydrogen and forms hydrogen-terminated silicon (H-

Si). The H-Si substrate was then placed in in a custom-made quartz vessel which consisted of 

a rectangular cell of 5 mm thickness attached to one end of a cylindrical tube with a volume of 

about 100 cm3.  

The reference SAM to be used in this study is formed from a 1-alkene molecule with a 

chain length equal to 16 and will be referred to as C16 SAM on this chapter (Figure 4.1a). To 

form this reference SAM, 20 mL of neat 1-hexadecene was used as the precursor solution. This 

was placed in the vessel together with the H-Si substrate and was irradiated with UV light 

(REX-250, Asahi spectra) for 1 hour to initiate the SAM formation.  To remove any dissolved 

oxygen in the precursor solution, it was purged with N2 gas for at least 30  minutes prior to 

immersion of the H-Si substrate. Additional degassing was also done for 30 minutes after 

placing the silicon wafer in the solution, before starting the irradiation process. The setup was 

continuously purged with N2 gas during the irradiation process. After irradiation, the substrate 

was ultrasonically cleaned in ethanol and ultrapure water for 10 minutes each to remove any 

physisorbed molecules on the surface. This reference C16 SAM will be the basis for all the 

other KPFM measurements of the other SAMs in this study.  
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Figure 4.1. Formation of micropatterned SAMs using VUV photolithography 

 

  Micropatterned SAMs were prepared via VUV photolithography with a Xe-excimer 

lamp (UER20-172V, Ushio) having a wavelength of 172 nm and intensity of 10 mW cm-2 

(Figure 4.1b). The sample was placed at a distance of 5 mm from the lamp window. The 

pressure was regulated to 1000 Pa inside the chamber, as optimized in Chapter 2. To form the 

micropatterns on the SAM, a photomask consisting of 100 nm thick chromium pattern attached 

to a 2 mm thick quartz plate, whose transparency at l=172 nm is 93%, was placed on top of 

the C16 SAM during VUV irradiation. To remove the silicon oxide that formed during 

irradiation, the substrate was once again etched in 5% HF and 40% NH4F solution. This step 

converts the irradiated regions into H-Si where a new SAM can once again be grafted using 

the same method described earlier (Figure 4.1d). Precursor molecules of varying lengths were 

used to form C10, C12, C14, C16, C18 and C20 SAM. Neat precursors were used in the 

formation of all SAMs except for the C20 SAM. The precursor for the C20 SAM (1-eicosene) 

is solid at room temperature and thus it was first heated to 40 ℃ a 0.5 M solution with 
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mesitylene as the solvent was used as the precursor solution of the C20 SAM.  

 

4.2.3 Characterization 

A commercial KPFM based on amplitude modulation (MFP-3D Oxford Instruments) 

was used to measure the surface potential difference and topography contrast of between the 

reference C16 SAM and the new SAM. The system uses a two-pass procedure where a 

topography is measured first via tapping mode and the surface potential measurement is done 

in lift mode. The scan areas used in this study was 90 µm × 90 µm. KPFM measurements were 

performed in ambient environment using Rh-coated silicon cantilever tips (SI-DF-3R, Hitachi 

Hitech) with a resonance frequency of about 27 kHz. The modulation frequency oscillated at 

around the same frequency as the cantilever, with an amplitude of 1.0 V.  KPFM probe scan 

rates between 0.5 to 0.8 Hz was used during measurements.   

Each of the SAMs used in this study was also individually characterized via static 

contact angle meter (DM 500, Kyowa Interface Science CA-X Co.), X-ray photoelectron 

spectroscopy (ESCA-3400 Kratos Analytical), ellipsometry (FE-5000, Otsuka Electronics) and 

atomic force microscopy to ensure that it is uniformly formed and densely-packed. 

 

4.3. Results and Discussion 

KPFM was used to compare the surface potentials of 6 different 1-alkene SAMs on Si 

(111). All measurements were done in reference to the C16 SAM to offset the differences in 

surface potential brought about by the different cantilever tips used in this study. Figure 4.2 

shows the surface potential (Figure 4.2a - 4.2f) and topographic (Figure 4.2g – 4.2l) images of 

the micropatterned SAMs. Regions with higher surface potentials are shown as brighter areas 

in the images while lower surface potentials appear darker. Table 4.1 summarizes the 

measurements obtained from our KPFM analysis. SAMs with a lower surface potential than 
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the reference C16 SAM appear as negative while those with a higher surface potential are listed 

as positive. For the C16-C16 sample (Figure 4.2d), a small surface potential contrast of -15.3 

± 1.8 mV was observed, with the new C16 SAM having a lower surface potential compared to 

the reference. This difference is due to the slight damage on the reference C16 region that is a 

result of the etching during the photolithography process. Figure 4.3 shows a closer look at the 

surfaces of the SAMs in this study. All SAMs displayed a uniform monolayer with clear terrace 

steps, however small etch pits can be observed for all the reference C16 regions. Comparison 

of the two C16 regions in the C16-C16 sample (Figures 4.3d and 4.3j) shows the slight 

difference in quality between the two. The reference C16 SAM is slightly damaged, thus the 

underlying silicon substrate is exposed to the environment and is possibly more prone to 

oxidation. In Chapter 3 we demonstrated that oxidation of H-Si leads to a large increase in its 

surface potential44. For the C16-C16 sample, although most of the silicon surface under the 

reference C16 SAM is still protected from oxidation, we believe that damaged regions have 

allowed certain regions to oxidize more quickly which would result to a slight increase in 

surface potential. Multiple C16-C16 samples were prepared and analyzed and we have 

confirmed that this slight increase in surface potential is reproducible and thus reliable. 
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Figure 4.2. Simultaneously obtained (a-f) surface potential and (g-l) AFM height images 

of the micropatterned samples, corresponding to (a,g) C10-C16, (b,h) C12-C16, (c,i) C14-

C16, (d,j) C16-C16, (e,k) C18-C16, and (f,l) C20-C16.  

 

 

 

Figure 4.3. AFM topography focusing on new SAMs (a-f) and reference C16 (g-l) 

regions of the micropatterned surfaces, corresponding to (a,g) C10-C16, (b,h) C12-C16, (c,i) 

C14-C16, (d,j) C16-C16, (e,k) C18-C16, and (f,l) C20-C16. All the new SAM regions show 

clear terrace and steps. The corresponding C16 reference regions (g-l) exhibit damage in the 

form of etch pits. 
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Table 4.1. Summary of surface potential and topography contrast using KPFM scans for 

micropatterned samples.  

Samples Surface Potential 

Contrast (mV) 

Topography Contrast 

(nm) 

C10-C16 -28.93 ± 5.14 -2.08 ± 0.16 

C12-C16 -26.83 ± 2.99 -1.89 ± 0.10 

C14-C16 -52.82 ± 3.13 -1.56 ± 0.20 

C16-C16 -15.27 ± 1.79 -1.38 ± 0.09 

C18-C16 +18.22 ± 1.23 -0.92 ± 0.07 

C20-C16 +15.28 ± 1.83 -0.74 ± 0.09 

 

The topographic contrasts of the micropatterns SAMs are shown in Figure 4.2g – 4.2l. 

Table 4.1 summarizes the topographic contrast between the new SAMs and the reference C16 

SAM. Negative values indicate that the region being measured has a lower topography than the 

reference C16 SAM.  In the AFM images, higher topography regions appear brighter while 

lower topography are darker. For all samples, the reference C16 SAM displayed a higher 

topography than the new SAM region, even for SAMs prepared with molecules having a longer 

chain length (C18 and C20). This is explained by the diagram in Figure 4.1. In the VUV 

photolithography process, the reference C16 SAM not covered by the photomask is removed 

and replaced by a silicon oxide layer which extends below the original surface of the silicon 

substrate. When this silicon oxide layer is removed via etching in HF and NH4F, grooves or 

indentations are left in the original silicon substrate39,45. Thus, when the new SAM is formed, 

the precursor molecules are grafted at a lower level than the reference C16 SAM. Comparison 

of the C16-C16 sample shows that the photolithography and etching process lowers the surface 

of the silicon substrate by about 1.38 nm (Table 4.1), which is the measured topographic 
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difference between the new and reference C16 SAM. This value is much greater than the 

difference in length brought about by the addition of 2 (for C18) or 4 (for C20) methylene units, 

thus both these SAMs appear at a lower topography in the AFM scans (Figure 4.2k and 4.2l). 

Figure 4.4 shows a linear correlation between the difference in topography and the 

chain length of the precursor molecules used to form the new SAM. Our measurements show 

that as the molecular chain length of the precursor increases there is an estimated increase of 

0.14 nm per methylene unit. We compared this with thickness measurements on individual 

SAMs using ellipsometry (Figure 4.5).  Results from our ellipsometry tests show a thickness 

increase of about 0.11 nm per methylene unit.  It should be noted that thickness estimated by 

ellipsometry often have some uncertainty due to the undefined refractive index of SAMs, 

resulting in the difference of slope between the AFM and ellipsometry. However, these values 

provide several points of comparison between each SAM sample. The results we obtain from 

AFM and ellipsometry measurements are close to the values reported by Evans and Ulman19 

(an increase of 0.1 nm per methylene unit) and Porter et al.31 (increase of 0.15 nm per methylene 

unit) on their studies on alkylthiol SAMs on gold.   

 

 

Figure 4.4. Topographic contrast between newly formed SAM and the reference C16 

SAM regions 
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Figure 4.5. Ellipsometric thicknesses of SAMs formed from various 1-alkene precursors 

with different carbon chain lengths 

 

Table 4.2. Summary of characterization results for individual SAMs and the H-Si substrate. 

The dipole moment of each precursor was computed using PM7 simulation in MOPAC. 

Sample Dipole 

moment (D) 

Atomic concentration WCA (°) 

C (%) O (%) Si (%) 

H-Si - 5.6 ± 0.6 2.2 ± 1.0 92.2 ± 1.1 85.8 ± 1.8 

C10 0.537 23.5 ± 1.3 5.5 ± 0.6 71.0 ± 1.7 104.5 ± 1.5 

C12  0.539 26.3 ± 2.2 8.9 ± 1.0 64.7 ± 2.4 103.7 ± 0.5 

C14  0.542 31.9 ± 3.2 3.2 ± 0.9 64.9 ± 3.2 106.0 ± 1.2 

C16 0.543 33.1 ± 2.0 5.8 ± 1.1 61.1 ± 2.7 106.0 ± 0.8 

C18 0.543 35.1 ± 3.3 6.8 ± 0.9 58.1 ± 3.0 105.8 ± 1.6 

C20 0.543 36.2 1.9 3.8 ± 0.9 60.0 ± 2.6 106.1 ± 1.0 
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Figure 4.6. Surface potential contrasts between each new SAM and reference C16 region 

 

Ellipsometry and AFM topographic results both demonstrate that there is a linear 

dependence of the SAM thickness to the length of the precursor molecule, as shown in Figures 

4.4 and 4.5, however no clear correlation between surface potential and chain length was 

observed via KPFM (Figure 4.6). The SAM’s surface potential can be computed for using 

Equation 4.1. In this model, terms 𝜙!' and 𝜙(')	correspond to the work functions of the silicon 

substrate and the tip, while 𝑒 is equal to the electric charge25,26,43. The net dipole perpendicular 

to the substrate surface is denoted by 𝜇  while 𝐴  corresponds to the area occupied by the 

molecule, 𝜖*	is the permittivity of free space and 𝜖!"#	is the relative permittivity or dielectric 

constant of the SAM. This second term is often used in the computation of surface potential 

and is derived from the Helmholtz equation10,17,18. Since the two SAMs to be compared in our 

study are grafted to the same substrate and measured simultaneously using the same KPFM tip, 

the first terms will cancel out and Equation 4.1 can be simplified to Equation 4.2, where VSAM1 

and VSAM2 correspond to the surface potentials of the new SAM and reference C16 SAM 

respectively.  
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𝑉!"# = − +"%,+&%'
-

+ $
"%!%"#$

    Equation 4.1 

 

𝑉!"#. − 𝑉!"#& =
$"#$(

""#$(%!%"#$(
− $"#$)

""#$)%!%"#$)
   Equation 4.2 

 

When comparing the changes in surface potential due to the different lengths of the 

precursor molecules, we can assume that these changes in surface potential are a result of 

changes brought about by the SAM being measured (VSAM1), since the surface potential of the 

reference C16 SAM (VSAM2) is constant for all the samples in our study. These changes in 

surface potential between the SAMs of different lengths may be attributed to differences in 

dipole moment, area occupied by the molecule and dielectric constants of the SAMs, as 

modeled by Equation 4.2. 

The dipole moment of the precursor molecules of our SAMs were computed for using 

Molecular Orbital Package (MOPAC) with the PM7 set and are summarized in Table 4.2. Our 

computation show that there is a slight increase in molecular dipole with increasing 

hydrocarbon chain length up to n = 16. Beyond this, the molecular dipole remains the same. A 

study by Cornil et al.46 observed similar results in their computation study, where they 

demonstrated that increasing the length of alkylthiol molecules increased the molecular dipole 

minimally and eventually comes to a fixed constant. Their study showed that these molecules 

are composed of two local dipoles located around the chain ends, rather than the traditional 

idea of the molecule having a positive pole on one end and a negative pole on another. Their 

computations suggested that the net dipole moment of the molecule would simply be a sum of 

these two dipoles located at the ends of the molecule, which explains why the dipoles are not 

significantly affected by the length of the spacer chain. A different study by Szwajca et al. used 

parameterized model 5 (PM5) computations to calculate the dipole moments of alkylthiol 
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molecules having a chain lengths ranging from n = 6 to n = 1847. Their results showed that the 

dipole moments varied very little as chain lengths increased, which agreed with the previous 

study. Similary, Sushko and Shluger performed density functional theory (DFT) calculations 

on the gas phase dipole moments of alkylthiols with various chain length and found that there 

is very little change in the dipole moment of the molecule beyond 8 carbon atoms48. Their paper 

also utilized the concept that the molecules are composed of two-dipole system with a head 

group dipole and a tail group dipole. In their study, the tail group dipole is due to the binding 

of the carbon atom to 3 hydrogen atoms and one carbon atom, rather than 2 hydrogen atoms 

and 2 carbon atoms found in the backbone region. On the other hand, the head group was due 

to the carbon-sulfur bond of the thiol group.  

Using the values obtained in our computations, an initial increase in dipole moment 

was found for C10 to C16. Equation 4.2 would suggest that surface potential should increase 

as the chain length is elongated due to this, however our experimental results did not agree, 

suggesting that other factors also need to be considered in interpreting the surface potential of 

our SAM systems. However it should also be noted that the dipole moments in our study were 

obtained using semi-empirical computations for a single molecule, as opposed to the dipole 

moment of the SAM itself. Previous studies have found that the net dipole moment of the SAM 

is often different from that of the precursor molecule due to interactions between individual 

dipoles, resulting in a possible depolarization of the SAM46,49.  

Other factors that may affect the surface potential of the SAM aside from dipole 

moment is the molecular packing and the dielectric behavior. Past studies on the surface 

potential of alkylthiol SAMs on Au have found a linear dependence on the precursor molecule 

chain length, which was attributed to the changing dielectric behavior of the SAM19,23. 

However, a more recent study on the effects of alkylthiol chain length on these SAMs on an 

InAs substrate found no correlation between work function and chain length47. The researchers’ 
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computations suggested that the molecular packing of the SAMs varied as the lengths of the 

precursors changed. Generally, SAMs formed using shorter alkyl chains are more disordered 

and have a looser packing than those formed using longer alkyl chains29,31. Previous studies 

have found some correlation between the SAM molecular packing to its dielectric behavior. 

Romaner et al.11 found that denser molecular packing of SAMs resulted to a greater effective 

dielectric constant. They explain their findings using the idea of depolarization, which has also 

been observed by several researchers11,12,46,50,51.  In SAMs, each molecule generates its own 

electric field due to its intrinsic dipole. The electric field produced by the molecules induces a 

second dipole moment in the opposite direction, which would result in the reduction of the 

dipole effects of the neighboring molecules. Increasing the packing of the molecules in the 

SAM would result in a more prominent depolarization effect, which would affect the dielectric 

constant of the SAM. The idea that the dielectric constant of the monolayer is affected by the 

molecular packing has been further confirmed by other researchers46,50,52. According to 

Equation 4.2, a greater dielectric constant would reduce the surface potential of the SAM. In 

our study, assuming that the SAMs using precursors of shorter molecular lengths would have 

a less-dense packing, it would also result to a lower dielectric constant, thereby having a higher 

surface potential. This might explain why our C10 and C12 SAMs have higher surface potential 

than that of C14, despite its lower dipole moment.  

Although it is not directly part of Equation 4.2, the SAM quality is another important 

factor to consider when conducting studies on surface potential since these measurements are 

very sensitive. To determine the quality of our SAMs, each one was tested individually.  

XPS analysis was done to check if the molecules were successfully grafted on the 

silicon substrate (Figure 4.7). The binding energies and peak intensities were referenced and 

normalized to the Si 2p peak of bulk silicon at 99.5 eV. The atomic percent concentrations of 

oxygen, carbon and silicon were obtained and are listed in Table 4.2. Looking at the XPS data 
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for the H-Si sample, a large increase in the carbon concentration was observed after the 

substrate underwent UV irradiation while immersed in the SAM precursor solution. This is true 

for all (C10 to C20) SAMs. This suggests that the hydrocarbon chains were successfully grafted 

onto the H-Si substrate. Furthermore, the C 1s peak intensity increased as the length of the 

precursor molecule was increased, due to the presence of more carbon atoms in the thicker 

SAMs. For all SAM samples, the Si 2p scan showed a single peak centered at 99.5 eV and no 

peak was present at 103 eV, which indicates that there is no detectable interfacial oxide between 

the substrate and the SAM. However, looking at the atomic concentration of oxygen in the 

SAMs, large variations can be observed which suggests that some SAMs contained more 

oxygen on the surface compared to others. Several samples were tested for each type of SAM 

and the amount of oxygen present in each SAM was consistent, indicating that these variations 

were not simply due to exposure to ambient environment or random contaminants on the 

surface but is a property of the SAM itself. The samples with the lowest oxygen concentration 

are the C14 and C20 samples, having an atomic concentration of 3.2% and 3.8% respectively. 

This is much lower than the oxygen concentration of the other SAMs which ranged between 

5.5% to 8.9%. Relating this low oxygen concentration of C14 and C20 to the surface potential 

measurements in Figure 4.7, we can observe that the surface potential value increases from 

C10 to C12 but drops suddenly for C14. Similarly, for C16 an C18 the surface potential 

increases as the chain length is increased, but drops suddenly for C20. Although there is no 

linear correlation between the atomic concentration of oxygen and the surface potential, it is 

possible that drastic changes in oxygen content of the SAM can result to great variations on 

our KPFM measurements. Not much study has been dedicated to the relationship between 

oxidation and surface potentials of SAMs, however in Chapter 3 we showed that silicon oxide 

significantly increases the surface potential of H-Si by almost 200 mV, suggesting that if silicon 

oxide is present on the sample, the surface potential might increase. In the formation of SAMs, 
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only about 50-55% of the silicon surface would actually be grafted to a molecule45,53, leaving 

the rest of the surface exposed and prone to oxidation. In most cases, the dense monolayer 

would still be able to passivate the silicon surface and protect the ungrafted silicon atoms from 

oxidation54,55. This is particularly true for dense alkyl SAMs which are extremely hydrophobic. 

In Table 4.2 the static water contact angles (WCA) of our SAMs and the H-Si substrate are 

listed. H-Si itself is hydrophobic and has a WCA of about 86 degrees. After SAM formation, 

WCA increased to 104 to 106 degrees due to the hydrophobic nature of methyl groups56.  This 

high value of the WCA suggests that the molecules were successfully grafted onto the H-Si 

substrate with methyl side facing up. Surface potential measurements using the KPFM method 

are affected by the screening of adsorbed water on the material57,58 thus it is better to check if 

this might be the cause of the KPFM variations in our study. However, the WCA of our SAM 

samples did not exhibit much difference, especially for chain lengths greater than 14. Thus, we 

can assume that variations in the surface potential is most likely not a result of adsorbed water.  

Although no interfacial oxide layer was detected at 103 eV in the XPS scan, it is 

possible that trace amounts of oxidation were formed on the silicon surface of the different 

SAMs during sample preparation, leading to the detection by our KPFM measurements. 

 

Figure 4.7. XPS spectra of the SAMs on H-Si obtained from the 1-alkene precursors with 

different carbon chain lengths 
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At the moment the reason for the variation in the oxygen content during SAM formation 

is difficult to identify. Further study is advised to truly understand the source of the varying 

oxygen content in the SAM.  A previous research, for example, studied the possible sources of 

oxygen in amine-terminated alkylthiol SAMs on gold using a variety of characterization 

methods such as X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS), sum frequency generation (SFG) and near edge x-ray absorption 

fine structure (NEXAFS) spectroscopy59. Unfortunately, no similar study has been conducted 

on alkyl SAMs on silicon. 

Our results on this chapter demonstrate that aside from dipole moment, the surface 

potential of the SAM may be affected by other factors such as SAM molecular packing, and 

trace oxidation present on the silicon substrate. Although computations show that the dipole 

moment of the precursor molecules are higher for those with a longer hydrocarbon backbone, 

the results in our experiment show that these other factors must also be considered, especially 

for SAMs formed on a silicon substrate. While previous studies on thiol SAMs grafted to metals 

have shown that they are able to linearly modify the substrate work function with respect to 

precursor chain length, our results suggest that the situation is not simple for SAMs on silicon 

due to its sensitivity to various factors. However, our KPFM measurement results demonstrate 

that changing the molecular chain length of the SAM precursor may be one way to modify or 

optimize the surface potential of silicon. Our results show that factors such as molecular 

packing and SAM quality should be considered when predicting the surface potential of the 

material. 

 

4.4. Conclusions 

KPFM was used to measure the surface potential contrasts between SAMs of varying 

chain lengths on n-type Si (111) substrate. Micropatterned SAMs were formed using VUV 
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photolithography using C16 SAM as a photoresist. The C16 SAM was also used as a reference 

during KPFM measurements to remove possible variations that may occur due to differences 

in the KPFM probe tip and underlying substrate. Other tests measured the SAMs other 

properties such as ellipsometric thickness, atomic compositions, water contact angles and 

morphologies to determine the qualities of the individual SAMs. The measurements obtained 

using KPFM, combined with the data obtained from the other tests, provided us with insight of 

how various factors affect the surface potential of the material. Our findings suggest that the 

differences in the surface potential between the SAMs (C10 to C20) were a result of differences 

in the dipole moment of the precursor molecules, changes in SAM dielectric properties due to 

differences in molecular packing, and varying oxygen content at the surface.   

We recommend that more in depth studies on the oxygen content in alkyl SAMs on 

silicon be conducted as this may provide a meaningful insight on how this parameter can affect 

the surface potential of the system. Furthermore, additional studies on other SAM systems 

(such as different molecules on Si (111), or using different substrates such as silicon with a 

different doping type and/or density, or perhaps even other semiconductors), may give us a 

clearer understanding of how various factors can be optimized to tailor the surface potential of 

SAM covered substrates, which is crucial in the improvement of charge carrier injection for 

molecular electronics.  
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Chapter 5:  Investigation on the effects of Si-C and Si-O interface bonds on 

the surface potential and conductivity of aromatic SAMs on n-Si (111) 

 

5.1. Introduction 

SAMs have been used in several surface applications including friction control1,2, 

corrosion prevention3,4 and biosensing5,6, and recent studies have also probed its applications 

in molecular electronics7–11 where they have been found to be helpful in improving charge 

injection between material interfaces. Charge injection efficiency can be enhanced by SAMs 

through the introduction of a dipole moment to the surface10,12,13. This dipole layer shifts the 

potential at the surface and modifies the substrate work function14,15. The orientation and 

strength of this dipole moment can be easily adjusted through the use of different functional 

groups16–18. 

In Chapter 3 we demonstrated how alkene SAMs are able to modify the surface 

potential of n-Si (111) through the use of interfacial bonds. SAM precursor molecules have an 

intrinsic dipole moment which can modify the surface potential of silicon when grafted. Aside 

from this intrinsic dipole moment, the surface potential may also be affected by the docking 

chemistry of the SAM16, as we have shown in Chapter 3. While the intrinsic dipole moment of 

the precursor molecule can provide initial insight on the resulting surface potential, the 

chemical bonding of the adsorbate to the substrate often results in charge rearrangements at the 

interface, which can lead to differences between the dipole of the precursor molecule and the 

dipole of the SAM itself16. In this case, the contributions to the net dipole moment of the SAM 

depend on the strength of the interaction between the molecule and substrate16 and the 

polarizability of the molecule backbone19.  
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There are several ways in which a molecule can be grafted to a silicon surface to form 

a SAM. Several studies have focused on silanes, where the molecule is grafted through an Si-

O-Si bond and an interfacial oxide is present between the silicon and molecule1,20,21. In 

molecular electronics, these types of SAMs are often used as electrical insulators or 

dielectrics22,23, where the thickness can easily be controlled through the molecular length of the 

precursor molecule. Other researchers have demonstrated that direct attachment of the 

molecule to the silicon substrate is also possible through covalent bonds such as Si-C24–27, Si-

O24,25,28, Si-S24,29, Si-N24,28 and Si-Te29.  By altering the covalent bond between the SAM 

molecule and the silicon substrate, the energy levels at the interface is modified which can  

affect the surface potential of the substrate, as well as the conduction through the 

molecule16,28,30–32. By grafting the molecules directly to the silicon substrate, a good electrical 

connection can be established33.  In Chapters 3 and 4 we focused on SAMs formed from are 

long-chained molecules having saturated s bonds. These saturated bonds in the molecule have 

been known to result in SAMs having low conductivity, and thus capable of sustaining high 

electric fields before breakdown34. In this chapter we will incorporate molecules with 

unsaturated bonds into our SAMs. When unsaturated bonds are present in the precursor 

molecules, such as in the case of aromatic molecules, other electrical properties of silicon may 

be achieved31,35,36. Similar to surface potential, the electronic properties, such as conductivity, 

of the surface may be affected by SAM parameters including the molecule-substrate bond31. 

In this chapter we investigate the effects of Si-C and Si-O bonding of aromatic SAMs 

attached directly to silicon on the surface potential and conductive properties. Previous chapters 

have focused on long-chained molecules with saturated bonds. This time we discuss the effects 

of using short-chained molecules with an aromatic headgroup bonded to silicon using different 

covalent bonds.  We have chosen to use styrene (C6H5CH=CH2), 4-phenyl-1-butene 

(C6H5(CH2)2CH=CH2), benzyl alcohol (C6H5CH2-OH), and 3-phenyl-1-propanol 
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(C6H5(CH2)3-OH) as our aromatic precursors. These molecules have a phenyl headgroup 

attached to a short methylene chain. We believe that the conjugation in the phenyl group as 

well as the short methylene spacer can help with introducing conductive properties to our 

SAMs.  

Measurement of the surface potential of SAMs were conducted using micropatterned 

SAMs formed via VUV photolithography, as discussed in Chapter 2. This is to account for 

any variations that may occur during our measurements.  The reference SAM used is formed 

from a 1-alkene molecule to create an alkyl SAM. Alkyl-SAMs grafted directly to the silicon 

substrate with Si-C bonds display high chemical resistivity25,37,38 and thus are good  photoresist 

materials in photolithograpy. The precursor for the reference SAM is 1-hexadecene 

(CH3(CH2)13CH=CH2). This forms a strong Si-C bond with the silicon substrate and has 

demonstrated resistivity to HF etching25, which is important during the micropatterning 

process.  

Surface potential measurements of SAMs were conducted using Kelvin Probe Force 

Microscopy (KPFM) while conductive AFM (CAFM) was used to measure the current passing 

through the SAMs.  These methods allow us to map the local surface potential distribution and 

local conductivities of the sample surface simultaneously with its topography.   

 

5.2. Experimental Methods 

5.2.1. Materials 

Phosphorus low-doped n-type Silicon (111) wafer with resistivity range of 1-10 W 

cm from Electronics and Materials Corp were used as the SAM substrates in these experiments. 

The SAM precursors were styrene (>99%, stabilized with TBC), benzyl alcohol (>99%), 4-

phenyl-1-butene (>98%), and 3-phenyl-1-propanol (>98%). All precursors were purchased 

from Tokyo Chemical Industry. Ethanol (99.5%), and mesitylene (98%) that were used during 
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the experiments were purchased from Nacalai Tesque. Hydrofluoric acid (HF) and ammonium 

fluoride (NH4F) used during H-Si preparation were purchased from Morita Chemical. All 

chemicals were used as received and without further purification. 

 

5.2.2. Sample Preparation 

The procedure for preparation of the micropatterned SAMs are shown in Figure 5.1. 

The Si (111) wafers were cut into  1 × 1 cm2  pieces and ultrasonically cleaned in ethanol and 

ultrapure water (UPW) for 20 minutes each. This was followed by photochemical cleaning in 

ambient environment using vacuum ultraviolet (VUV) light from a Xe-excimer lamp source 

(UER 20-172V, Ushio) to remove organic contaminants on the surface of the wafer. Hydrogen-

terminated silicon (H-Si, Figure 5.a) was prepared by etching the substrate in 5% hydrofluoric 

acid (HF) solution for 5 minutes in the dark to remove the native silicon oxide. This was 

followed by immersion in a 40% ammonium fluoride (NH4F) solution for 60 seconds to 

terminate the surface with hydrogen. The NH4F solution was heated to 80°C prior to the 

substrate immersion to eliminate any dissolved oxygen which may result in the etch pits on the 

substrate. The H-Si substrate was washed thoroughly in UPW after the etching process. 

 

 

Figure 5.1. Formation of micropatterned SAMs 
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The reference SAM used in this study was formed using neat 1-hexadecene (HD) as a 

precursor and will be referred to as HD SAM in this chapter  (Figure 1b). The H-Si substrate 

was first placed in a custom-made quartz vessel which consisted of a rectangular quartz cell of 

5 mm thickness which is attached to a cylindrical tube with a volume of about 100 cm3. The 

H-Si substrate and about 20 mL of the 1-hexadecene precursor were placed inside the vessel 

and irradiated with UV light (REX-250, Asahi spectra) for 1 hour. To prevent the oxidation of 

the silicon substrate during the grafting process, the system was purged with N2 gas for at least 

30 minutes prior to irradiation. The N2 gas flow was kept on during the entire irradiation 

process. After irradiation, the sample was removed from the vessel and ultrasonically cleaned 

using ethanol and UPW for 10 minutes each to remove any physisorbed molecules on the 

surface. The resulting HD SAM formed on the silicon substrate was used as the photoresist and 

reference material for the following experiments. 

 

 

Figure. 5.2. Schematic illustration of photomask used during VUV irradiation 

 

The schematic of the photolithography process is shown in Figure 5.1c. The HD SAM 

was irradiated through a photomask with VUV light using a Xe-excimer lamp (UER20-172V, 

Ushio) having a wavelength of 172 nm and intensity of 10 mW cm-2. The  photomask used 

consisted of 100 nm thick chromium pattern attached to a 2 mm thick quartz plate, whose 

transparency at l=172 nm was 93% (Figure 5.2). Irradiation through this photomask allowed 

us to cover regions of the HD SAM while permitting VUV light to irradiate the uncovered 

regions. During VUV irradiation, the pressure inside the chamber was kept at ~103 Pa and the 
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sample was placed at a distance of 5mm away from the lamp window. The sample was 

irradiated for 30 minutes. These conditions used in the photolithography process was optimized 

in Chapter 2.  The VUV light cause oxygen excitation which converts the oxygen inside the 

chamber to a more reactive singlet and triplet states (O(1D) and O(3P)). The excited oxygen 

degraded the exposed monolayer and converted the region to silicon oxide (Figure. 1d). To 

form a micropatterned sample which contains two SAMs on the same substrate, the sample 

must once again undergo etching to remove the silicon oxide and terminate the irradiated region 

with hydrogen (H-Si), allowing a new SAM to be grafted in its place. 

The etching process after VUV photolithography is very similar to the one described 

above, however the etching time in HF was shortened from 5 minutes to 3 minutes, and etching 

time in NH4F was shortened from 60 seconds to 45 seconds (as discussed in Chapter 2). This 

was done to minimize the damage experienced by the HD SAM that is still grafted onto some 

regions of the irradiated sample (Figure 5.1e). After the removal of the silicon oxide and 

formation of H-Si on the irradiated regions, a new SAM was grafted in its place using the same 

UV irradiation method described earlier (Figure 5.1f) using the aromatic precursors. The 

following were used for the formation of the aromatic SAMs : styrene (1 M solution), benzyl 

alcohol (neat), 4-phenyl-1-butene (1 M solution), and 3-phenyl-1-propanol (2 M solution). 

Mesitylene was used as a solvent for all the precursor solutions. The resulting SAMs will be 

referred to as Styrene SAM (styrene), BA SAM (benzyl alcohol), 4P1B SAM (4-phenyl-1-

butene), and 3P1P SAM (3-phenyl-1-propanol). The diagram of the SAMs grafted to silicon is 

shown in Figure 5.3. Two of the aromatic SAMs (styrene SAM and 4P1B SAM) are grafted to 

silicon via a Si-C bond while the other two (BA SAM and 3P1P SAM) are grafted via a Si-O 

bond.  
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Figure 5.3. Diagram of the molecules grafted on Si substrate via Si-C and Si-O bonds 

 

5.2.3. Characterization 

All the SAMs were investigated individually to determine its quality using X-ray 

photoelectron spectroscopy (XPS, ESCA-3400 Kratos Analytical), static contact angle meter 

(DM 500, Kyowa Interface Science CA-X Co.), atomic force microscopy (AFM, MFP-3D, 

Oxford Instruments), and ellipsometry (FE-5000, Otsuka Electronics). 

 For the micropatterned SAMs, Kelvin Probe Force Microscopy (KPFM) based on 

amplitude modulation (AM) AFM was used to map the topography and surface potential 

contrasts of the micropatterned SAMs using a two-pass procedure. This process scans the 

topographic line first using AM mode and is followed by surface potential measurements using 

lift mode. All measurements were conducted in an ambient environment using a Rh-coated 

silicon cantilever tip (SI-DF-3R, Hitachi Hitech).  The cantilever resonance frequency was 

approximately 27 kHz. The modulation frequency oscillated at around the same frequency as 

the cantilever, with an amplitude of 1.0 V.  The scanning probe rate used ranged from 0.5 to 

0.8 Hz.  

 Conductive atomic force microscopy (CAFM) based on contact-mode AFM was 

performed to measure the electrical conductivity of the SAMs. Measurements were done in 

contact mode using a Rh-coated silicon cantilever tip (SI-DF-3R, Hitachi Hitech) with a spring 

constant of 1.6 Nm-1. A transimpedance amplifier with an 82 MW feedback resistor was used 

O O

styrene 4P1B BA 3P1P

Si-C bonded Si-O bonded

Si (111)
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to convert the current signal to the voltage. The tip load was kept at 4.35 nN. A -1.0 V bias was 

applied to the tip relative to the grounded silicon substrate.  

 

5.3. Results and Discussion 

5.3.1. Formation of aromatic SAMs  

The surface potential and conductivity measurements of SAMs may be affected by its 

quality, thus it is important to first determine the SAM formed well before conducting any 

KPFM or CAFM measurements. In this section we measure the water contact angle (WCA), 

and film thicknesses of the single component SAMs. We also analyze its composition and 

surface topography via XPS and AFM. The properties of the aromatic SAMs along with the H-

Si substrate and HD SAM to be used as photoresist during micropatterning are listed in Table 

5.1  

The WCA of the H-Si substrate and HD SAM were measured to be about 85.5 degrees 

and 106.0 degrees respectively. This is in good agreement with past literature where the H-Si 

substrate displayed good hydrophobicity upon preparation. The much higher WCA of HD 

SAM is due to the presence of a dense methyl-terminated surface, indicating that the SAM was 

well formed. For the aromatic SAMs, the WCA were much lower than that of HD SAM’s, 

ranging from about 82 to 86 degrees. These are in agreement with a previous study on  phenyl 

terminated SAM formed on oxide-free silicon which resulted in values between 80 to 81 

degrees39. Measurements that the Si-C bonded SAMs (styrene and 4P1B) exhibited higher 

WCA than the Si-O bonded SAMs (BA and 3P1P). Si-C bonded SAMs showed a WCA of 

about 85 degrees as opposed to the Si-O bonded SAMs which had about 82 to 83 degrees. The 

lower WCA of the aromatic SAMs compared to the HD SAM is expected due to the phenyl 

headgroup being much less hydrophobic than the methyl headgroup40. However, since the 
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WCA of the aromatic SAMs were very close to that of H-Si, it is difficult to conclude if the 

molecule was grafted based on this test alone, thus XPS analysis was conducted. 

Figure 5.4 shows the C 1s, O 1s and Si 2p peaks obtained from XPS analysis and the 

atomic percent concentrations are listed in Table 5.1 All binding energies and intensities of the 

scans were referenced and normalized to the Si 2p peak of bulk silicon at 99.5 eV. The increase 

of the C 1s atomic percent concentration from 5.4% (H-Si) to about 20-24% (for Si-C bonded 

SAMs) and 17-19% (for Si-O bonded SAMs) suggest that the precursor molecules were 

successfully grafted to the substrate and that the SAMs were formed with good order with 1 

hour of UV irradiation.  Compared to HD SAM, the C 1s atomic percent concentrations of the 

aromatic SAMs were much lower. This is most likely due to the fact that the precursor 

molecules for the aromatic SAMs consist of less carbon atoms, and not significantly affected 

by the molecule packing of the SAMs. A study by Harada found that despite the difference in 

molecular structure, long alkyl SAMs and aromatic SAMs experience similar limitations when 

it comes to surface coverage31. SAMs formed from long hydrocarbons are known to be able to 

pack densely to due the strong intermolecular force is present between chains. For the aromatic 

SAMs, it is thought that the primary intermolecular force between molecules is the p-p 

stacking of the phenyl rings which allow them to have good order and molecular packing as 

well.  

The Si 2p spectra shows a single peak centered at 99.5 eV for all the aromatic SAMs. 

No visible peak was present at 103 eV which suggests that the underlying Si substrates were 

well passivated with the precursor molecules (Figure 5.4). The O 1s concentration for the Si-

O bonded SAMs was higher than the Si-C bonded SAMs, which is expected due to the -OH 

group present in the head group of the SAM precursor. The small amount of O 1s concentration 

detected suggests that although the Si 2p scan did not show a peak at 103 eV, trace amounts of 

silicon oxide might be present on the surface. Previous researchers conducted a spectroscopic 
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study on aromatic SAMs on Si(111) and found that the trace oxidation detected by XPS 

originated from oxidation of the silicon surface during the SAM growth and not from 

contamination or oxidation of the sample as it was loaded to the UHV XPS chamber31. The 

complete inhibition of the passivation and oxidation of the silicon substrate is not achievable 

for aromatic SAMs due to its 50% molecular packing28,31,35. However, this amount of coverage 

for aromatic SAMs is considered already densely packed due to steric hindrances. 

 

Table 5.1. Water contact angle (WCA), ellipsometric thickness and XPS atomic % 

concentration of formed SAMs 

Sample WCA (°) Ellipsometric 

thickness (nm) 

XPS Atomic % Concentration 

C 1s (%) O 1s (%) Si 2p (%) 

H-Si 85.5 ± 1.8 1.49 ± 0.1 5.4 ± 0.8 3.2 ± 0.3 91.4 ± 1.1 

HD SAM 106.0 ± 1.8 2.53 ± 0.24 33.5 ± 2.4 6.3 ± 1.2 60.2 ± 3.0 

Si-C bonded SAM 

Styrene SAM 85.4 ± 0.8 2.05 ± 0.02 20.8 ± 1.3 3.6 ± 1.3 75.5 ± 0.3 

4P1B SAM 84.7 ± 0.7 2.10 ± 0.18 23.9 ± 1.0 5.0 ± 1.2 71.1 ± 2.1 

Si-O bonded SAM 

BA SAM 82.0 ± 0.6 1.92 ± 0.11 17.5 ± 2.1 5.0 ± 2.1 77.5 ± 2.7 

3P1P SAM 82.5 ± 2.1 1.99 ± 0.04 18.3 ± 0.4 7.5 ± 0.5 74.2 ± 0.9 
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Figure 5.4. XPS spectra of the Si-O and Si-C bonded SAMs 

 

The thickness of the SAMs was measured using ellipsometry. Although obtaining an 

accurate measurement of the SAM thickness using this method is difficult due to the unknown 

refractive index of the SAM, it provides a good basis for comparison between our aromatic 

SAM samples. Measurements showed that the thickness of HD SAM is 2.53 nm. Aromatic 

SAMs were found to have lower thicknesses between 2.05 to 2.10 nm for the Si-C bonded 

SAMs, and 1.92 to 1.99 nm for the Si-O bonded SAMs. In comparison to the long hydrocarbon 

chain of the HD molecule, the precursor molecules for the aromatic SAMs consisted of a 

benzene ring and a short methyl chain (about 1-2 units long), which resulted to a lower film 

thickness. However, the thickness of the aromatic SAMs were significantly greater than that of 

H-Si which suggests that the SAMs were successfully grafted to the substrate 

Measurements during ellipsometry also showed that Si-C bonded SAMs were slightly 

thicker than the Si-O bonded SAMs. Our MOPAC computations estimated the molecular 

length of styrene at about 6.821 Å, and benzyl alcohol at 6.629 Å. Additionally, the reported 
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bond length of Si-C (1.90 Å) is also slightly longer than that of Si-O (1.64 Å)41. These agree 

with the results of our ellipsometry measurements. Another possibility is that the molecules in 

the Si-O SAMs were oriented with a greater tilt angle than the Si-C SAMs. The difference in 

their molecular length is very small and the ellipsometry measurements gave a more noticeable 

difference. This result, combined with the lower WCA of the Si-O SAMs might suggest that 

the molecules for Si-O SAMs were slightly more tilted than the Si-C SAM, possibly due to 

lower molecular density. Previous studies on Si-C bonded alkyl-phenyl molecules suggested 

that the more tilted molecules resulted to a lower WCA28,35 This is due to the increased 

exposure of the hydrophobic C-H bonds when the molecules are more vertically oriented, as 

opposed to when they are more tilted.  

The surface features of the aromatic SAMs were studied under AM-AFM and are 

shown in Figure 5.5. The images show that clear terraces and atomic steps were present for all 

the aromatic SAM samples. This suggests that they were uniformly formed on the H-Si 

substrate.  

 

Figure 5.5. AFM images of the terrace step structure of (a) styrene SAM, (b) 4P1B SAM, 

(c) BA SAM and (d) 3P1P SAM 

0.2 μm

a b

c d
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The results of our individual investigations of the single component aromatic SAMs 

suggests that these molecules formed highly-ordered monolayers on n-Si(111) despite the short 

alkyl chain length and the bulky phenyl group. Although the Van der Waals interaction between 

the chains were not as high as those of molecules with longer chains, dense monolayers were 

able to form possibly due to the π−π stacking of the aromatic rings35.  XPS results show that 

there was minimal oxidation present on the silicon substrate after aromatic SAM formation. 

This information is important because in Chapter 4 we have already demonstrated how even 

slight oxidation of the underlying silicon substrate can heavily affect the KPFM measurements. 

Oxidation is also known to affect conduction through the monolayer31,42, thus we needed to 

make sure our SAMs were of acceptable quality before proceeding with using them to form 

the micropatterned SAMs to be used for KPFM and CAFM analysis. The findings in our 

investigation show that these SAMs are suitable for the surface potential and conductivity 

measurements. 

 

5.3.2. KPFM Measurements for Surface Potential 

 The previous section showed that the aromatic SAMs were able to form well on H-Si, 

and thus are suitable to be used for preparation of micropatterned SAMs to be used in KPFM 

measurements. Surface potentials of the aromatic SAMs were measured against the HD SAM 

reference. Figure 5.6 presents the AFM and KPFM images of the samples, and the results are 

summarized in Table 5.2. In the AFM scans, the brighter regions correspond to the reference 

HD SAM which has higher topography, while the darker regions correspond to the aromatic 

SAMs. This is in agreement with the findings in our previous section (Table 5.1) where we 

established that the aromatic SAMs have a lower thickness than the HD SAM.  Additionally, 

the aromatic SAMs which were grafted after the VUV photolithography and etching were 

attached to regions of the substrate which had been lowered due to etching (Figure 5.1f). In 
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Chapter 4 we showed that the VUV photolithography process and the etching lowers the 

topography of the irradiated silicon substrate by about 1.38 nm.  Thus, the reference HD SAM 

has a higher topography than any of the aromatic SAMs we used here.  

 

 

Figure 5.6. Simultaneously obtained (a-d) surface potential and (e-h) AFM height images 

of the micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g) 

BA SAM, and (d,h) 3P1P SAM. We used HD SAM as reference at all samples 

 

 In Chapter 4 we also demonstrated how the surface potential of a newly-deposited HD 

SAM was lower than that of the reference HD SAM by 15.3 mV despite being formed from 

the same HD molecule. We explained that this was possibly due to the damage that occurs on 

the reference HD region during the etching process. We can confirm that the reference HD 

region undergoes damage in the form of etch pits in Figure 5.7, which shows the topographic 

images obtained on the newly-deposited aromatic SAM region and the reference HD SAM 

region. We found that this increase in the surface potential due to this damage of the HD SAM 

was reproducible during our experiments thus the region can still act as a reliable reference for 

KPFM measurements as long as this difference is considered.   

ΔV = - 45 mV ΔV = - 53 mV ΔV = - 48 mV
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Figure 5.7. AFM images of aromatic SAMs (a-d) and reference HD SAM (e-h) regions of 

the micropatterned surfaces, corresponding to (a,e) HD-styrene, (b,f) HD-4P1B, (c,g) HD-

BA, and (d,h) HD-3P1P. The corresponding HD SAM reference regions (e-h) exhibit damage 

in the form of etch pits. 

 

Table 5.2. Surface potential and topography contrast of micropatterned SAMs 

 Surface potential contrast (mV) Topography contrast (nm) 
HD-HD -15.3 ± 1.8 -1.38 ± 0.09 

Si-C bonded 
HD-Styrene -45.2 ± 7.1 -1.95 ± 0.10 
HD-4P1B  -30.3 ± 1.0 -1.91 ± 0.07 

Si-O bonded 
HD-BA -52.5 ± 6.6 -2.18 ± 0.30 
HD-3P1P -47.5 ± 3.3 -2.12 ± 0.25 
 
 

0.2 μm

a b c d

e f g h
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Figure 5.8. Surface potential contrasts of the SAM with respect to reference HD SAM 

 

 KPFM measurements of our HD-aromatic SAMs yielded a contrast of -45.2 mV, -30.3 

mV, –52.5 mV and -47.5 mV for styrene SAM, 4P1B SAM, BA SAM and 3P1P SAM 

respectively. This is summarized in Figure 5.8. When the change in surface potential of HD 

SAM due to the etching damage is considered, the actual contrasts are computed to be -29.9 

mV, -15.0 mV, -37.2 mV and -32.2 mV for styrene SAM, 4P1B SAM, BA SAM and 3P1P 

SAM respectively.  

 Surface potentials of SAMs are affected by the dipole moment of the molecules grafted 

on the surface, the molecular packing and the dielectric constant of the SAM. Equation 5.1 

shows the surface potential of the SAM during KPFM, where 𝜙!' and 𝜙(')	correspond to the 

work functions of the silicon substrate and the tip, and 𝑒 is the electric charge18,43,44. The second 

term in Equation 5.1 denotes the net dipole perpendicular to the surface as 𝜇, the area occupied 

by the molecule as 𝐴, the permittivity of free space as 𝜖* , and the relative permittivity or 

dielectric constant of the SAM as 𝜖!"# . In the case of our experiments, the HD SAM and 

aromatic SAMs are deposited on the same silicon substrate, thus the surface potential contrast 

between them can be obtained using Equation 5.2 where VSAM and VSAM(HD) are the surface 

potentials of the aromatic SAM and reference HD SAM respectively.  
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𝑉!"# = − +"%,+&%'
-

+ $
"%!%"#$

   Equation 5.1 

 

 

𝑉!"# − 𝑉!"#(01) =
$"#$

""#$%!%"#$
− $"#$(,-)

""#$(,-)%!%"#$(,-)
   Equation 5.2 

 

In both Equations 5.1 and 5.2, the net dipole moment of the SAM (𝜇) is the component 

of the dipole moment perpendicular to the substrate surface44. This can be affected by the gas 

phase dipole of the molecule as well as the interface dipole between molecule and substrate, 

which is what we are investigating in this study. Previous studies have been conducted where 

molecules were attached to the substrate via the same interfacial bond. In those cases the 

researchers used simplified molecule computations to obtain 𝜇 , without considering the 

interfacial dipole moment since the interfacial dipole moment was assumed to be constant for 

all SAMs due to the identical binding group17,44,45. In such a scenario, any difference in surface 

potential would be a result of the remaining part of the molecule. However, in our experiments 

the interfacial bond between molecule and substrate is different, thus the interfacial dipole is 

something that needs to be considered.  

The dipole moment of the aromatic SAMs were computed for using MOPAC semi-

empirical computations (Figures 5.9 and 5.10). In Figure 5.9, we computed only for the dipole 

moments of the precursor molecules, before they attach to the silicon substrate, while in Figure 

5.10 we attached the molecule to a single silicon atom. We assumed that this is what the 

molecule whole look like once they are grafted to the silicon substrate. It is important to note 

that these are semi-empirical computations using only one silicon atom instead of a silicon slab 

consisting of several layers, which is usually used in papers doing computational analysis16,28,46 

and thus might not be entirely accurate in computing for the dipole moment of the SAM. 

However, our computations provide a good estimate of the dipole moments which can be used 
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for comparison with one another. The differences in the dipole moments of the molecules 

before and after attaching to the silicon substrate shows that some charge rearrangement in the 

molecular backbone takes place, which alter its dipole moment upon grafting. It is clear that 

the interfacial bond is quite significant in the final dipole moment of the SAM when it is grafted 

to the substrate. Comparing our computations with our KPFM experimental results, we find 

that they agree qualitatively. 

 

Figure 5.9. Dipole moments of precursor molecules computed via MOPAC 

 

 

Figure 5.10. Dipole moments of molecules on Si computed via MOPAC 
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For the interfacial dipole, an alkyl chain bound to silicon results to a positive pole at 

the silicon side and a negative pole on the carbon side, due to the higher electronegativity of 

carbon47. In the case of Si-O bonded SAM, there electronegativity difference between the 

oxygen and Si is increased, resulting to a greater interface dipole. The interfacial dipole is 

usually quite small compared to the dipole moment due to the SAM backbone, however it is 

enough to lead to differences in the final net dipole moment of the SAM. In our computations 

for the net dipole moment of the SAMs after grafting to the silicon substrate, the positive pole 

points away from the surface (Figure 5.10). In this situation, the potential at the surface is 

increased. This results to a decrease in the electron affinity and the work function of the surface. 

We can visualize this decrease in work function as an electron from the conduction band of the 

surface being accelerated by the positive pole of the dipole to the local vacuum, making it 

easier for the electron to break free48. A dipole oriented in the opposite direction (with the 

negative pole away from the surface), will decrease the surface potential while increasing the 

electron affinity and work function due to the additional barrier the electron has to cross to 

escape from the surface.  

Looking at the KPFM results for our aromatic SAMs, we found that these SAMs have 

a lower surface potential than the reference HD SAM. This agrees with our MOPAC 

computations which show that the dipole moments of the aromatic SAMs were lower than the 

HD molecule (Figure 5.10). The lower surface potentials of aromatic SAMs can also be due to 

the difference in the dielectric constants of the HD and aromatic SAMs.  Aromatic SAMs 

typically have a greater dielectric constant compared to alkyl SAMs which would result to a 

lower surface potential35.  

Our KPFM results also show that Si-O bonded SAMs have a lower surface potential 

than the Si-C SAMs. MOPAC computations confirm that the dipole moments of the Si-O 

bonded SAMs are lower than that of the Si-C bonded ones. Additionally, under the assumption 



  

 140 

that the molecules are slightly more tilted as suggested by the WCA and ellipsometry results 

in the previous section, the dipole moment would be reduced even more since only the 

component normal to the surface will be considered. If the Si-O bonded SAMs have a lower 

packing density compared to the Si-C bonded SAMs as suggested by the individual 

investigation of the SAMs, which would result in a larger ASAM, which further lowers the 

surface potential, consistent with Equation 5.1 All of these are in agreement with our KPFM 

measurements.   

 

5.3.4. CAFM Measurements for conductivity 

 In Chapters 3 and 4 we formed SAMs using molecules having saturated carbon bonds, 

in this chapter the conjugation in the phenyl rings of the precursor molecules can possibly 

provide the SAMs with some degree of conductivity. Several studies have reported the good 

electrical conductivity of aromatic SAMs31,35,36. To determine if the SAMs in our study is able 

to conduct current, we used CAFM to observe its conductive properties. The CAFM scans and 

the measured current passing through the SAMs are shown in Figure 5.11 and Table 5.3. The 

difference in the current passing through the reference HD SAM and aromatic SAMs in the 

CAFM scans were summarized using histogram plots rather than line profiles due to the large 

variations we observed during the measurements.  
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 Figure 5.11. Simultaneously obtained (a-d) CAFM and (e-h) AFM height) images of the 

micropatterned samples, corresponding to (a,e) styrene SAM, (b,f) 4P1B SAM, (c,g) BA 

SAM, and (d,h) 3P1P SAM. All samples used HD SAM as reference 

 

Table 5.3. CAFM and topography contrast of micropatterned SAMs 
 Current 

(nA) 
Topography Contrast 

(nm) 
Si-C Bonded 

HD – Styrene 52.3 -2.03 ± 0.11 
HD – 4P1B 8.9 -1.98 ± 0.07 

Si-O Bonded 
HD – BA 63.5  2.21 ± 0.26 

HD – 3P1P 17.7  2.14 ± 1.88 
 

The topography of the micropatterned SAMs in the AFM images are in agreement with 

our KPFM scans where the aromatic SAMs have lower topography than the reference HD 

SAM. Measurement of the accompanying AFM scans during CAFM resulted to greater  

topographic contrast between the aromatic and reference HD SAM compared to that those 

measured during KPFM, however the trend is consistent with each other and the values are 

within the boundaries of standard deviation.   
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 The CAFM scans show that the HD SAM regions have very little conductivity with 

practically no current passing through it (Figure 5.11). However, due to the short lengths of the 

methyl spacer and the conjugation of the phenyl headgroup, the aromatic SAMs exhibited 

much a higher current in the CAFM scans, ranging from 9 nA to 64 nA.  The conjugated system 

of the aromatic SAMs result in overlapping p orbitals with delocalized electrons which can 

increase conductivity of the SAMs because the electrons can move freely around this region.  

Studies have shown that romatic monolayers are known to have superior electrical conductance 

compared to aliphatic ones49. The conduction mechanism for short, conjugated molecules is 

believed to be off-resonance tunnelling50. In the case of saturated molecules, the dominant 

mechanism of charge transport is believed to be through-bond tunelling51. In this situation, 

current flows along the backbone of the molecule through the overlapping sigma bonds. A 

previous study on the conductivity of alkanethiol SAMs found that conductance decreased 

exponentially as molecule length increases50–52. This is due to the rapid decrease in tunnelling 

rate as the distance increases, thus leading to a very low conductance for longer alkane chains. 

In the case of our experiments, this explains why the HD SAM regions exhibited almost no 

current in the CAFM scans. This also explains why the aromatic molecules having a longer 

methyl chain spacer (4P1B and 3P1P)  had lower conductivity compared to those with a shorter 

methyl spacer (styrene and BA).  

Comparing the results of the conductivity of the aromatic SAMS, our findings show 

that the Si-O bonded SAMs exhibited higher current than the Si-C bonded SAMs.  One possible 

explanation is due to the thinner layer of the Si-O SAMs compared to the Si-C SAMs. In our 

investigation on the single component SAMs, the ellipsometry results showed that Si-O SAMs 

had a lower thickness compared to Si-C SAMs. The thinner layer would allow electrons to pass 

through with more ease, resulting to a higher current31.  Another possible explanation is that 

the difference in the binding of the SAMs to the silicon substrate played a part in the difference 
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in their conductivity. A previous study on the transport properties of Si-C and Si-O bonds on 

alkyl/alkyloxy SAMs on Si (100) investigated the effects of the Si-C and Si-O bonds47. The 

researchers found that that Si-O bonded SAMs experienced less length-related damping of the 

current passing through the monolayers, as well as having a lower electron effective mass than 

Si-C bonded ones. In semiconductor physics, the mobility of free carriers in a material and 

conductivity are inversely proportional to the carrier effective mass53, which might explain why 

our Si-O SAMs exhibited higher currents. However, further studies will be needed to confirm 

if this same results are true for aromatic SAMs on n-Si(111).  

 

5.4. Conclusions 

 The results of our investigation on the quality of the single component aromatic SAMs 

show that the molecules formed organized and dense monolayers on the H-Si substrate despite 

the short length of the molecules. The XPS peaks and atomic percent concentrations suggest 

that the molecules grafted well to the substrate and passivated the underlying silicon from 

oxidation. The WCA and ellipsometry measurements suggest that the Si-O bonded SAMs 

resulted in molecules which are more tilted compared to the Si-C bonded SAMs, leading to 

lower water angles and thicknesses.  

 In the KPFM analysis, Si-O bonded SAMs were found to have a lower surface potential 

compared to Si-C bonded SAMs. This is in agreement with dipole moments estimated via 

MOPAC semi-empirical computations. The MOPAC computations suggest that the precursor 

molecules undergo charge rearrangement upon grafting to the silicon substrate leading to large 

differences in the intrinsic dipole moment of the molecule and its dipole moment upon SAM 

formation. 

 The CAFM findings show that the aromatic SAM regions exhibited conductive 

properties while the reference HD SAM region allowed very little current to pass through. The 
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Si-O bonded SAMs exhibited larger currents compared to the Si-C bonded SAMs, possibly 

due to the thickness difference and the difference in the interfacial bonds.  

The results of our study suggests that the Si-C and Si-O binding of the SAMs resulted 

to differences in their molecular packing, net dipole moments, surface potential, and 

conductivity. Further studies on the band alignment at interfaces and the electronic transport 

behavior of these SAMs can give us a clearer understanding of how the interface dipole can 

affect the surface potential/work function and conductivity of these materials.  
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Chapter 6 : Summary and Conclusions 

In this thesis we investigated the effects of the interface dipole and molecular length of 

self-assembled monolayers (SAMs) on the surface potential of n-Si(111). The presence of 

SAMs on a surface yields a dipole layer which is capable of shifting the vacuum level at 

material interfaces. The shift in the vacuum level results in a change in surface potential or 

work function of the substrate which is useful in improving the charge injection of carriers at 

interfaces. By understanding how different molecules can modify the surface potential or work 

function of silicon, we can improve its performance in the field of electronics.  

Our surface potential measurements were conducted via Kelvin Probe Force 

Microscopy (KPFM). To account for any possible variations that may occur due to the different 

cantilever tips used during measurements, micropatterned SAMs formed via vacuum 

ultraviolet (VUV) photolithography was used during measurements, with one SAM acting as 

a reference. SAM formed from 1-hexadecene (HD SAM) was formed on the silicon substrate 

and irradiated with VUV light through a photomask to obtain the micropatterns.  We 

determined the optimum VUV irradiation time and chamber pressure required to degrade the 

HD SAM and form clear micropatterns. A series of etching tests were also conducted to 

determine the ideal etching time in HF and NH4F to remove the silicon oxide formed during 

VUV photolithography while doing minimal damage to the reference HD SAM. Despite slight 

changes in surface potential due to damage during the etching step of the VUV 

photolithography process, the HD SAM proved to be a stable reference in our measurements.   

By using molecules with similar structures but different binding groups with silicon, 

we investigated the effects of the interface dipole to the net dipole moment of the SAM. We 

formed HD, HDT and HDO SAMs from 1-hexadecene, 1-hexadecanethiol and 1-hexadecanol 

precursors. The differences in their binding to silicon (Si-C, Si-S and Si-O) resulted in different 

interface dipoles which affected the net dipole moment and final surface potential of the SAMs. 
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We also measured the difference in surface potentials of aromatic SAMs bound to silicon via 

Si-C and Si-O bonds. For both straight-chain and aromatic molecules, the interfacial bond with 

the substrate resulted to differences in net dipole moment and surface potentials of the SAMs.  

We computed for the dipole moments of the molecules using using Molecular Package 

(MOPAC) semi-empirical computations and the results agreed qualitatively with the KPFM 

results. Using conductive AFM (CAFM) we were also able to compare the electrical current 

passing through the aromatic SAMs and the reference HD SAM. Our results showed that the 

difference in the binding group also resulted to differences in the electrical conductivity of the 

aromatic SAMs. 

We also looked at the effect of molecular length of the SAM precursor molecules on 

the surface potential of the n-Si(111) substrate. Using 1-alkene precursors we formed SAMs 

with a molecular length of n = 10, 12, 14, 16, 18 and 20. We limited our precursor molecules 

to even-numbered chains to avoid any odd-even effect that might occur. Although there was a 

linear increase in topography with increasing chain length, surface potentials did not exhibit a 

clear correlation with chain length. Our findings suggest that the surface potentials of the SAMs 

were affected by the dipole moment of the precursor molecules, changes in SAM dielectric 

properties due to differences in molecular packing, and varying oxygen content at the surface.   

This information is useful in the field of molecular electronics for surface modification. 

Increasing our understanding of how surface potential can be controlled or affected by different 

parameters can lead to further improvement of the charge carrier efficiency of electronic 

devices. 
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