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Abstract 

Metal/semiconductor (MS) junctions are fundamental in classical microelectronic 

devices. With device fabrication size approaching atomic scales, electronic performance 

will become unpredictable as a result of quantum effects becoming relevant in charge 

transport. The objective of this thesis is to investigate the potential application of thin 

organic films to modify MS junctions and to modulate their electrical properties. 

Knowing how the electronic parameters in a device change over time is necessary 

for commercial viability. I therefore studied the long-term structural and electronic stability 

of metal-monolayer-silicon junctions, with respect to silicon oxide formation (monitored by 

x-ray photoelectron spectroscopy (XPS)). Simple straight-chain n-alkyl (CH3-(CH2)11-Si≡) 

and phenyl-terminated (C6H5-(CH2)3-Si≡) monolayers were compared. Both samples had 

a significant change in surface, optical and electronic properties upon oxide formation. 

Although phenyl-terminated samples oxidized quicker than n-alkyl ones, their electrical 

properties were more similar to its original measurement before oxidation. 

There is a wide variety of deposition techniques available for placing metal 

contacts onto organically modified semiconductors, which are complex and costly. The 

investigation on monolayers that could withstand simple and inexpensive physical vapour 

deposition provides an alternative, molecular approach to overcome this technical 

challenge I discovered that phenyl-terminated monolayers have a significantly greater 

density than n-alkyl monolayers, based on XPS. This correlated with reducing metal 

penetration into the monolayer and improvements in electronic properties preservation of 

the molecular junctions, as observed with ballistic electron emission spectroscopy. In fact, 

molecular dipole moment (perpendicular vector to the surface) can also alter the charge 

transport in an MS junction. I have prepared a diverse series of monolayers on silicon (n-

alkyl, thioether, phenyl and ether) and discovered a linear relationship between dipole 

moment, and both the barrier height and ideality factor. The calculated dipole moment has 

been normalized to account for the monolayer density on silicon which greatly improved 

the aforementioned linear correlation. A simple mathematical model to predict 

experimental current versus voltage behavior was then proposed. It was further 

determined that relatively negative dipole moment (parallel to the direction of R-S≡) affect 

the charge transport pathways to a greater extent than neutral ones. 

Keywords:  silicon, monolayer, microelectronics, metal contact, metal-semiconductor 
junction, molecular diode 
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1. Introduction 

Modern electronics can make our life faster, better organized, easier and more 

enjoyable. It would be easy to ignore what makes them work, and how quickly the 

technology evolved to this point. For example, the first commercially successful portable 

computer was the Osborne 1 (Figure 1.1). Released in 1981 and developed by Adam 

Osborne, it had a 4 MHz processor, 64 kilobytes of memory and weighed 10.7 kg (23.5 

lb). Today, we enjoy portable computing with exponentially more processing power and 

memory but with significantly less weight. In order to achieve this, the components that 

make up our electronics have been reduced in size. This was made possible with the 

invention of the integrated circuit. 

 

Figure 1.1. The Osborne 1, the first commercial portable computer.1 

An integrated circuit is a small plate, usually made of a semiconductor such as 

silicon (Si), where electronic circuits are manufactured on top (or into it) at a very low cost. 

Currently these ‘chips’ are manufactured using a ‘top-down’ approach, such as 

lithography, where the electronics are essentially printed onto the silicon. As of 2011, Intel 

has been regularly manufacturing 32 nm devices (e.g. diodes or metal/semiconductor 

junctions), and has plans to be under 20 nm by the end of 2013.2 At such a small scale, it 

becomes increasingly difficult to manufacture high-quality, predictable and reliable 

devices. It is predicted that current electronic fabrication methods of integrated circuits 
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may reach its final challenge in 2030, when individual devices sizes approach the atomic 

level.3 

Nanotechnology is currently one of the most active areas of research because 

many electronic or photonic devices are approaching the limits of their manufacturing 

process via traditional materials and methods.4-6 New fabrication methods or materials are 

required in order to construct newer and smaller devices.7 Chemical modification of 

semiconductor metal interfaces by an organic monolayer to construct a tuneable metal-

monolayer-semiconductor (MMS) junction is one of many possible design avenues 

available. Changing the monolayer’s chemical composition can modulate the electrical 

characteristics of an MMS junction; as a result this area of research has been extensively 

investigated over the past decade.8-26 Knowledge of the electronic properties in MMS 

junctions has been gathered by employing “soft” metal contacts (e.g., mercury drop), as 

they do not typical disrupt the monolayer surface.8-14,27 A schematic illustration of a 

mercury (Hg) drop used to form a junction on Si, etched in hydrofluoric acid (HF) or 

ammonium fluoride (NH4F) to form a hydrogen-terminated surface (H-Si≡), and an 

organically modified silicon surface (R-Si≡) is shown in Figure 1.2.13 



 

3 

 

Figure 1.2. Schematic illustration of mercury-silicon junctions and their 
electrical characteristics. (a) A direct Hg/H-Si≡ (n-type) junction 
exhibits ohmic contact characteristics at room temperature due to a 
lower Schottky barrier (0.45 eV), represented as a resistor. (b) An 
alkyl monolayer junction, Hg/CnH2n+1-Si≡ (n=6, 8, 10, 12), shows 
rectifying behavior, represented as a diode. (c) An optical 
photograph shows the mercury drop (and its mirror image) in 
contact with the silicon surface. 

Note. Reproduced from Liu, Y. J.; Yu, H. Z. ChemPhysChem 2002, 3, 799. 

In this approach, a controlled volume of Hg is pumped from a clean reservoir to 

contact the sample surface. The resulting current versus voltage characteristics of an 

Hg/H-Si≡ junction are linear at room temperature, indicating an ohmic contact, modeled 

as a resistor in Figure 1.2a.13 With the addition of an organic monolayer, such junctions 

develop a potential barrier and become rectifying (Figure 1.2b).13 While Hg contacts are 

acceptable for research purposes, it is unlikely to be included in the construction of a 

practical device. Its high surface tension and low reactivity allows it to “float” at the metal-

monolayer interface, i.e., the contacts will not stay in fixed positions. These Hg/H-Si≡ 

junctions are commercially unviable as, under ambient conditions, H-Si≡ surfaces are 

prone to oxidation28,29 and contamination,29 while the associated health concerns of 

mercury make it unsuitable for general usage. 

Gold (Au) is probably the most favourable metal for device building. It is chemically 

inert under ambient conditions and has a high electrical conductivity. Silicon is one of the 

most researched semiconductors for MMS junctions as it is inexpensive and highly 

abundant. Theoretical investigations of their electronic characteristics have been covered 
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in literature reports30,31 and in later sections, we will look at different ways current can 

travel within an MMS contact and the physical characteristics that can affect electrical 

behaviour. 

Ideally, an Au contact can be placed on top of organically modified Si (R-Si≡) to 

form an MMS junction. However, one basic challenge is to prevent the formation of Au-Si 

alloys at the interface. The Au-Si equilibrium binary phase diagram at an inert atmosphere 

shows a single eutectic phase at ~17% Si, ~370 ºC.32 When forming an Au-Si contact 

under ambient conditions, interdiffusion occurs until equilibrium is reached. Room 

temperature interdiffusion in vacuum is detected by x-ray reflectivity measurements33 at 

rates that depend on the interface preparation. This interdiffusion is also associated with 

lower Au-Si Schottky barrier characteristics (ohmic characteristics at room temperature) 

for diodes prepared and maintained under ultra-high-vacuum (UHV) conditions.34 In UHV, 

the formation of Au3Si surface alloy is observed when Au is deposited onto reconstructed 

Si(111) surfaces.35 A further challenge with penetrating Au is it also forms alternative 

conduction pathways through the organic film creating a low-resistance abnormality, or 

‘short’, within the device.36,37 

 

Figure 1.3. The proposed mechanism for the formation of SiO2 at temperatures 
below the Si-Au eutectic point. 

Note. Reproduced from Hiraki, A.; Lugujjo, E.; Mayer, J. W. J. Appl. Phys. 1972, 43, 3643. 
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The presence of air or water vapour changes the equilibrium condition to include 

surface oxidation of the Si after it has diffused through the Au and forms a diffusion barrier 

at the surface (air oxidizing at a slower rate than water vapour).38 This process accelerates 

at higher annealing temperatures, and SiO2 layers form in proportion to the thickness of 

the Au.38 The proposed mechanism for this formation is shown in Figure 1.3. As the Au 

and Si layers form a mixed phase at the interface, Si atoms can be dislodged from the 

mixture and diffuse to the surface where it can be oxidized by an oxidant, which is also 

diffuses to the Au-SiO2 interface. This so-called ‘Si-dislodgement’ occurs until the Si/Au 

mixing is complete, so thicker Au layers will lead to a thicker SiO2 diffusion barrier. The 

diffusion of oxygen to the interface is observed to be correlated with an increase in the 

Au-Si barrier height as a function of time exposed to air or water.39 Thicker SiO2 layers 

result in greater barrier heights.39 

 When an organic monolayer ‘passivates’ the Si surface, it is likely that Au will 

diffuse to the Si first through pinholes or defects in the monolayer, regardless of the 

deposition method. This diffusion will be inhibited if the Au layer is bonded to the 

monolayer (by having a thiol-terminated monolayer, for example)40 or if the surface energy 

of the Au/monolayer interface is low, i.e. Au “wets” the monolayer surface. 

In the following sections, I will begin by looking at an energy band diagram of a 

simple MS junction, followed by various methods that a monolayer can be covalently 

bound to flat, hydrogen-passivated and oxide-free Si(111). This is followed by a discussion 

of some of the techniques used to place metal contacts onto molecularly-modified silicon 

wafers.36,37 I will also be looking at how the chemical composition of the monolayer may 

play a role in the overall durability of an Au/R-Si≡ junction.16,17 

1.1. Traditional Metal-Semiconductor Junctions 

One device that is crucial in electronics is the metal/semiconductor (MS) junction. 

It is the oldest and most practical semiconductor-based device initially used as a receiver 

for radio broadcasts in the 1920’s. An MS junction can be either rectifying (asymmetric 

current between the forward and reverse bias) or ohmic (with symmetric current between 

the forward and reverse bias) depending on the conductivity of the semiconductor. For 
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example, to achieve a rectifying contact, the work function of the metal (ΦM) must be 

greater than the work function of the semiconductor (ΦS) as illustrated in Figure 1.4. This 

makes them particularly useful for current steering applications as asymmetry will restrict 

current in the reverse bias while allowing greater current in the forward bias.  

 

Figure 1.4. The energy band diagram of an isolated metal and intrinsic 
semiconductor with ΦM > ΦS.4-6 

The work function of a material is the amount of energy required to remove an 

electron from the Fermi level (EF) to the vacuum energy level (EVac).4-6 The electron affinity 

(χS) is the energy obtained when moving an electron from EVac to the bottom of the 

conduction band. The valence band (EV) is the energy where all of the valence electrons 

are located and are within in the highest energy molecular orbitals of the semiconductor.4-

6 The conduction band (EC) is the energy level where either positive or negative mobile 

charge carriers exist.4-6 Negative charge carriers are electrons (e−) with sufficient energy 

to escape EV and jump into EC. These electrons are able to move freely throughout the 

crystal lattice and contribute to the conductivity of a semiconductor. Positive charge 

carriers are referred to as holes (h+). A hole is the absence of an electron at a particular 

location within EC or EV, where the electron has the potential to exist. The energy 

difference between EC and EV is called the band gap (Eg).4-6 It is important to note, energy 

levels within Eg are considered forbidden, and EF of a semiconductor is derived from the 

Fermi-Dirac distribution function. In its simplest terms, EF of a semiconductor is the energy 
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level where the probability of finding an electron is 50%. Further details of the Fermi-Dirac 

distribution function will not be discussed here, but can be found in cited literature.4-6 

A common semiconductor that is used, as mentioned previously, is silicon. This is 

preferred over many other semiconductors as it is among the most inexpensive and readily 

available material for electronic fabrication with well-structured SiO2 interfaces. With Si 

fabrication it is also easy to add extrinsic impurities (for example, phosphorus and boron) 

to give additional free electrons or vacant holes within the lattice to modulate electronic 

properties.4-6 This Si ‘doping’ will change EF of the semiconductor depending on the 

amount and type of dopant, as illustrated in Figure 1.5 for doped semiconductors (Si in 

this discussion). Figure 1.5a shows a band diagram for intrinsic (undoped) Si, where the 

number of electrons in the EC is equal to the number of holes in EV. This results in EF 

having an energy level in the middle of Eg. In Figure 1.5b, we illustrate how EF decreases 

when doping to p-type Si using boron, while Figure 1.5c illustrates how EF increases when 

doping to n-type Si using phosphorus.4-6 It is important to note that doping a semiconductor 

will not change the energy levels of EC and EV, nor will it change the energy gap (Eg) 

between them. For this study, we are using extrinsic n-type Si, so the discussion carried 

forward will solely be on this semiconductor type. For highly-doped semiconductors, EF 

will be equal to EV, for p-type, and close to EC for n-type.4-6 

 

Figure 1.5. The band diagrams of (a) intrinsic, (b) p-type and (c) n-type 
semiconductors.4-6 
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When the metal (mercury; ΦHg=4.475 eV) and semiconductor (n-type Silicon; 

χSi≈4.025 eV) are placed in intimate contact with each other, the energy bands in the Si 

adjust as shown in Figure 1.6 when electrons in the semiconductor surface diffuse into the 

metal. This movement of electrons causes EF of the semiconductor to come to thermal 

equilibrium with EF of the metal. During this equilibrium process, electrons that are most 

easily ionized are removed first, in this case from the dopant atoms. Afterwards, electrons 

are removed from Si. In order to come to equilibrium, electrons from more than one atomic 

layer are removed from Si. The distance this removal occurs into the Si surfaces is called 

the depletion width (W) while the region is called the depletion region. The electrical 

potential of EC and EV also drop in the depletion region as it moves from the MS interface 

into the bulk. This newly formed contact also produces two important electrical 

parameters, the MS barrier height (φ0) and junction built-in potential (ψbi).  

 

Figure 1.6. A metal and n-type semiconductor placed in intimate contact where 
ΦM > ΦS.

4-6
 

From Figure 1.6, we can write φ0 as, 

𝜑0 = Φ𝐻𝑔 − χSi = 𝜓𝑏𝑖 + 𝜉. (1.1) 

Therefore, in an Hg/H-Si≡ junction φ0 is approximately 0.45 eV.13,29 

Both φ0 and ψbi are potential barriers which restrict electron movement between 

the metal and semiconductor. Thermionic emission is the current transport mechanism 
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where electrons with enough energy to overcome φ0 move from the metal to the 

semiconductor. Electrons overcoming ψbi diffuse from the semiconductor into the metal. 

When a forward bias (positive voltage) is applied to the metal, as shown in Figure 1.7, EF 

increases, which causes a decrease in ψbi allowing electrons to diffuse more easily into 

the metal. 

 

Figure 1.7. A band diagram of a metal-semiconductor junction with a positive 
voltage (forward bias) applied to the metal.4-6 

Under a reverse bias (negative voltage), as shown in Figure 1.8, EF will decrease, 

increasing ψbi and results in thermionic emission being the preferred electron pathway 

across the junction, from metal to semiconductor. 
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Figure 1.8. A band diagram of a metal-semiconductor junction with a negative 
voltage (reverse bias) applied to the metal.4-6 

For a rectifying MS junction (such as Hg/Si≡) we expect the current versus voltage 

(I-V) measurements to follow the plot in Figure 1.9. In the forward bias, significantly more 

current will pass through the junction compared to the reverse bias. 

 

Figure 1.9. The expected current versus voltage trend in a rectifying MS 
junction.4-6 

With many possible metal and semiconductor combinations available, a wide 

variety of electronic properties can be achieved for junctions. However, there are still limits 

to what can be achieved with a simple MS junction. Resource availability may also limit 

that junction to an abundant material that may not produce the desired electronic 
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behaviour. Therefore, work has been done on using a thin, ordered, organic molecular 

insulation layer (monolayer) in an MS contact to adjust the electronic parameters. 

1.2. Tuning an MS junction with Organic Monolayers 

The electronic properties of traditional material combinations, such as 

semiconductor doping or alloy forming, are largely known and predictable.4-6,41,42 However, 

by adding a molecular film between an MS, there is nearly a limitless number of possible 

molecules that can be used to tune electronic properties. An organic monolayer placed 

onto a semiconductor can vary significantly in size and complexity. They can be simple 

ordered molecules, DNA strands or even complex proteins. This range of complexity will 

allow significant control over how they alter current passing between the metal and 

semiconductor contacts, depending on the molecules chosen or the construction method 

for the metal-monolayer-semiconductor (MMS) junctions.12-14,25,43-46 

The silicon wafers that have been used for the construction of Au/R-Si≡ junctions 

are either Si(100) or Si(111) with various dopant type, dopant density, and electrical 

conductivity. The two surface orientations have different structural properties: most 

significantly the surface density is lower for (100) compared to (111) (Figure 1.10).47 

 

Figure 1.10. Fluoride-based etching conditions, leading to hydride-terminated flat 
silicon surfaces.  

Note. Adapted with permission from Buriak, J. M. Chem. Rev. 2002, 102, 1271. Copyright 2013 
American Chemical Society. 

Each silicon surface require different etchants to produce the flattest surface 

possible after the removal of the native oxide, using hydrofluoric acid (HF) or ammonium 
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fluoride (NH4F).47 These etchants attack silicon-oxygen bonds leaving a dihydride or 

monohydride bonded Si surface, respectively. However, for covalent bonding to n-alkyl 

(R) monolayers, the surface chemistry of Si(100) or Si(111) (dihydride and monohydride, 

respectively) is similar since both surfaces involve the reaction of H-Si≡ bonds.47,48 One of 

the more frequently used method reported in the literature is a radical induced reaction 

mechanism of an alkene,17-19,49-55 or alkyne,18,49 with H-Si≡. 

1.2.1. Preparation of Monolayers on Silicon 

In order to construct MMS junctions, high-quality monolayers need to be covalently 

bound to Si. There are several ways this can be done. The first report of monolayers 

prepared on Si was in 1993, when Lindsey et al. described the reaction of hydrogen 

terminated Si(111) with 1-alkenes in the presence of diaceyl peroxides.56,57 This radical 

reaction is initiated by the hemolytic cleavage of the diacetyl peroxide to produce an 

aceyloxy radical: 

[RC(O)O]2  2 RC(O)O• 

The aceyloxy radical then decomposes and releases carbon dioxide, leaving an alkyl 

radical: 

RC(O)O•  R• + CO2 

An available H-Si≡ will have hydrogen extracted by the alkyl radical leaving a free radical 

on Si: 

R• + H-Si≡  H-R + •Si≡ 

This free radical on Si is then available to add to the 1-alkene 

Si• + CH2=CH-CH2-R  R-CH2-(CH•)-CH2-Si≡ 

The free radical which remains on the alkyl after reacting to Si will then abstract a hydrogen 

from a nearby H-Si≡ or unreacted 1-alkene molecule: 



 

13 

R-CH2-(CH•)-CH2-Si≡ + R’-CH2-CH=CH2  R-(CH2)2-Si≡ + R’-(CH•)-CH=CH2  

 or 

R-(CH•)-CH2-Si≡ + H-Si≡  R-(CH2)2-Si≡ + •Si≡ 

When •Si≡ is generated this initiates a chain reaction allowing the formation of a complete 

alkyl monolayer which covers approximately 50% of the Si surface. With this discovery, 

other techniques for monolayer formation were developed which did not require the initial 

radical formation, such as self-assembly, thermal, photochemical and electrochemical 

methods. 

Thermal and photochemical (λ < 350 nm) monolayer formation are believed to 

occur via the proposed mechanism shown in Figure 1.11. A freshly hydrogen-passivated 

Si(111) surface, when exposed to heat or ultraviolet (UV) radiation, will have a hydrogen 

radical abstracted (H•) leaving Si• on the surface. The •Si≡ can then combine with another 

radical from a terminal alkene (or alkyne) in solution to create a covalent bond with the 

terminal carbon, while generating a radical on the second carbon in the chain. This newly 

formed radical on methylene (CH2) can then abstract a •H from an adjacent Si to continue 

the reaction. If there are no adjacent H-Si≡ available, then it is likely to abstract a free •H 

from the solution. There have been recent reports of monolayer formation without 

exposure to UV or heating (i.e., in the dark at room temperature) as ambient temperature 

is sufficient to allow for radical generation in Si, although the monolayer formation occurs 

more slowly.58 

 

Figure 1.11. Radical initiated monolayer formation mechanism using 1-alkenes 
with either UV exposure or heating. 

Another photochemical monolayer formation method, shown in Figure 1.12, 

involves photoemission from the semiconductor valence band (EV) of Si to an electron 

acceptor, leaving a EV hole in the Si which allows for a nucleophilic attack by the alkene 

group.59 The proton from the Si transfers to the secondary carbon of the alkene, leaving a 
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positive charge on the surface that will continue to propagate through the silicon until the 

monolayer formation is completed. 

 

Figure 1.12. Semiconductor valence band, hole initiated monolayer formation 
mechanism using 1-alkenes with UV exposure. 

The final photochemical mechanism that will be discussed (Figure 1.13) involves 

generating excitons with visible light which in turn generates electron-hole pairs on the 

surface.60 The generated e− is scavenged by an electron acceptor in solution, while the 

hole is susceptible to nucleophilic attack and the remaining mechanism occurs as in Figure 

1.12 (a nucleophilic attack by the alkene, followed by a proton transfer). 

 

Figure 1.13. Exciton initiated monolayer formation with 1-alkenes through UV 
exposure. 

Monolayers can also be formed by non-alkene/alkyne terminal groups, but only 

where the end group on a long-chain hydrocarbon is an alcohol or thiol. Figure 1.14 shows 

such a reaction, which has the same initiation step as in Figure 1.12, where UV or thermal 

energy will extract an electron from Si EV allowing the alcohol/thiol to nucleophically attack 

the positive Si atom (where X = sulfur (S) or oxygen (O)).61 The two adjacent hydrogen 

atoms will then combine into hydrogen gas. The problem with these types of reactions is 

that they do not propagate on their own and each is an isolated reaction. It will also not 

allow for surface densities as high as an alkene or alkyne prepared monolayer.45 
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Figure 1.14. Monolayer formation with 1-ol and 1-thiol with either UV exposure or 
heating. 

Electrochemical grafting of monolayers has also been reported as early as 1999 

by Robins et al using various alkynes on porous Si surfaces.62 The outcome of 

electrochemical grafting will depend on the applied bias (positive or negative) to Si. Shown 

in Figure 1.15 is the proposed mechanism for cathodic electrografting. The reduction of 

the surface H-Si≡ bonds creates a silyl anion which is the center of the proposed 

mechanism. The silyl will then deprotonate the acidic alkyne, which will then 

nucleophilically attack Si on the surface and cleave a Si-Si bond. 

 

Figure 1.15. Proposed reaction mechanism for cathodic electrografting. 

In anodic electrografting, the active group is a cationic silyl group which is 

stabilized in the depletion region of the semiconductor-electrolyte interface (Figure 1.16). 

The positive group is susceptible to attack by the alkyne group. This results in a bridging 

of two Si atoms via the alkyne. 
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Figure 1.16. Proposed reaction mechanism for anodic electrografting. 

Monolayers on H-Si≡ have also been reported by using either alkoxies.alcohols 

(−OR)15,19,63 or Grignard reagents (RMgX, where Mg = magnesium and X is a halide)12,13,16 

and follow different reaction mechanisms.48 These reactions are different from the 

condensation of alkylsilanes (R-SiL3, where L is a leaving group such as chlorine or 

methoxide) and their derivatives, on oxidized silicon. In other words, alkylsilanes react 

directly with the oxide of silicon instead of H-Si≡ surfaces.15,64 

Each of the methods mentioned within this section will produce monolayers on 

hydrogen-passivated Si. It is important to note that these mechanisms are deduced from 

experimental evidence and it is still unclear which pathway each reaction takes. 

Occasionally, the choice in reaction to form the same fundamental monolayer (e.g. n-alkyl) 

will result in differing physical and electrical parameters.65 Regardless of the selected 

preparation technique, monolayers can withstand rigorous conditions (e.g. acidic, basic, 

boiling solutions and organic solvents) without affecting any physical or electronic 

parameters. However, with simple exposure to ambient conditions, most samples 

prepared on H-Si≡ will undergo oxidation in under 2 weeks, resulting in a gradual change 

to both physical and electrical properties.55 

1.2.2. Monolayer Composition at the Monolayer-Silicon Interface 

Characterization of monolayers prepared through each of the above methods finds 

little variation from sample-to-sample.11,28,47,48,52,53,58,66,67 Their properties are also 

dependent on the monolayer linker (e.g. Si-C versus Si-O-C),11,28 the monolayer 
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composition,52,66 the organic chain length,12,13 as well as the method of synthesis.48,53,58,67 

Being the shortest alkyl monolayer, methyl (CH3-) termination is the simplest, reacting in 

a 1:1 ratio with H-Si≡ to form carbon-silicon bonds, CH3-Si≡.68-70 X-ray photoelectron 

spectroscopy (XPS) reveals that longer organic molecules will react with fewer H-Si≡ sites 

under the same conditions.69 The theoretical maximum coverage of alkyl monolayers on 

H-Si≡ is calculated to be 70%.71 For example, 1-octene is reported to react at 

approximately a 60% ratio with available H-Si≡ (10% less than the theoretical maximum).69 

This is likely caused by an increase in steric effects at the reaction interface of silicon. The 

distance between Si molecules is not adequate to accommodate a fully reacted layer of 

organic molecules.69,71 

There are potentially many defects in the monolayer with unreacted H-Si≡ sites on 

either the planes or terraces of the surface. However, contact angle,15,17,19,54  

ellipsometry,15,17,19,54 Fourier-transform infrared (FTIR)15,19,27,72-74 and vibrational sum-

frequency generation (SFG)54 spectroscopy measurements provide microscopic evidence 

that the monolayers on silicon are well-ordered. Although there may be unreacted H-Si≡ 

sites across a formed surface, this does not necessarily indicate the surfaces are of poor 

quality. The above spectroscopic techniques allow us to deduce that the monolayers do 

not orient themselves perfectly perpendicular to the Si surface.48,71 Molecules are tilted 

towards the surface allowing for closer intermolecular interaction which results in a quasi-

crystalline structure.71 

Organic monolayers bonded to the surface of silicon oxide are robust with respect 

to gold deposition.15,19 When comparing the reflection and adsorption infrared spectra of 

Au/R-SiOx-Si≡ versus Au/R-Si≡ junctions, the latter junction has a complete loss of the 

monolayer signal (diminished methyl and methylene FTIR stretching bands).15,19 This is 

correlated with slower Au-Si interdiffusion at Au-SiO2 interfaces demonstrated through x-

ray scattering measurements.35 Experimental Schottky barriers39,75 suggest that the Au 

evaporation process is not as important to monolayer destruction as is Au-Si 

interdiffusion.38 Penetrating Au atoms will interact with any remaining H-Si≡ at a 

monolayer-silicon interface to form an Au-Si alloy, while the oxidized Si interlayer inhibits 

this reaction.19,33,35,38,39,75,76 During the Au-Si alloy formation, it is also possible that Si-C 

and Si-O-C linkages are susceptible to heterolysis, typically observed in organosilane 

chemistry,15,16,19,21,72,77 which can eventually detach the monolayer from the Si surface. 
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Oxide formation29,53,55,78 on modified Si samples also changes the properties of an 

MMS device. Several reports have shown clearly that oxidation has a significant effect on 

the electrical performance of modified silicon,29,53,55,78 and even trace amounts of oxide 

growth can cause a noticeable difference.55 Shown in Figure 1.17 are current-density 

versus voltage plots of samples slowly oxidizing under ambient conditions: (a) “C12”, or 

CH3-(CH2)11-Si≡, exposed and measured after 0, 8, 58, 93 and 134 days, and (b) “C3Ph”, 

or C6H5-(CH2)3-Si≡, exposed and measured after 0, 10, 86, 121 and 162 days.55 A 

measurable amount of oxidation occurs and changes overall properties of each MMS 

junction.55 

 

Figure 1.17. Representative current density vs. bias voltage (J-V) plots for 
freshly prepared and aged molecular junctions. (a) Hg/CH3-(CH2)11-
Si≡: the CH3-(CH2)11-Si≡ samples were exposed to ambient 
conditions for 8, 58, 93, and 134 days. (b) Hg/C6H5-(CH2)3-Si≡: the 
C6H5-(CH2)3-Si≡ samples for 10, 86, 121, and 162 days. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2013 American Chemical Society. 

1.2.3. Monolayer Density 

As mentioned above, less than 70% of the available H-Si≡ sites may react during 

the formation of a monolayer.71 A space filling model using a CH3-(CH2)9-Si≡ monolayer 

shows that the density of unoccupied sites is consistent with this result. A “ball and stick” 

model of CH3-(CH2)9-Si≡ molecular attachment to Si(111) is shown in Figure 1.18 

illustrating unoccupied H-Si≡ sites.79 
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Figure 1.18. (Color online) “Ball and stick” models of the slab geometry for 
simulation of C10H21 alkyl chains bonded to a Si(111) surface. (a) 
Side view and (b) Top view (down the molecular backbone). A single 
surface unit cell with two alkyl chains and two passivating H atoms 
is also shown. 

Note. Reprinted figure with permission from L. Segev, A. Salomon, A. Natan, D. Cahen, and L. 
Kronik, Phys. Rev. B, 74, 165323, 2006. Copyright 2013 by the American Physical 
Society. 

As mentioned previously, these available sites79 are the locations where Au is likely 

to first penetrate the monolayer to reach the underlying silicon.15,19,54,76 Over the past few 

years, new methods have been reported to increase the monolayer density18,49,68 by 

reacting a terminal n-alkyne (H-C≡C-R) with H-Si≡. The alkene functional groups form 

monolayers with π-stacking characteristics allowing for a significantly higher monolayer 

density in comparison to an n-alkyl monolayer.18,49,68 Figure 1.19 illustrates the difference 

in monolayer structure at the monolayer-silicon interface between an n-alkyl monolayer 

and alkenyl monolayer where lateral stacking is more likely for the alkenyl molecules.49 
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Figure 1.19. Linkages of organic monolayers on H-Si≡. Alkyl monolayer (left) and 
alkenyl monolayer (right). Intermolecular interactions will be 
different.  

Note. Reprinted with permission from Scheres, L.; Giesbers, M.; Zuilhof, H. Langmuir 2010, 26, 
4790. Copyright 2010 American Chemical Society. 

The packing density of organic monolayers on Si has often been quantified using 

high-resolution XPS analysis of the C‒Si bond in the C1s region (normalized to the Si2p 

peak).49,55,69 In monolayers where π-stacking exists, higher packing densities have been 

interpreted based on a significant increase in C‒Si signal.55 The higher densities of the 

covalently attached molecules (i.e., fewer defects) are likely necessary to limit the rate of 

Au penetration through the monolayer by reducing the density of unreacted H-Si≡ sites. 

Multilayers can be distinguished from monolayers via various techniques including 

XPS, FTIR and ballistic electron emission microscopy (BEEM).16,20,39,75,80 BEEM studies of 

Au/pentacene-Si(111)≡ diodes showed  that the molecules were either lying flat or 

standing up.80 These structural differences resulted in different BEEM transmission 

currents and shifts in the threshold voltage, equivalent to the local interface energy barrier. 

The functional group on top of the monolayer, or the monolayer head-group, can 

affect the depth of Au penetration through the semiconductor-attached monolayer. Most 

reports have dealt with simple n-alkyl monolayers (with a CH3- head-group at the surface), 

which are chemically inert with respect to Au.15,16,19,54 A thiol head-group (HS-) can limit 

Au penetration into the monolayer film via the formation of relatively stable Au-S bonds,16 

blocking subsequently deposited metal from penetrating the monolayer. Cross-section 
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transmission electron microscopy (TEM) images, shown in the top section of Figure 1.20, 

lower (higher) magnification, left (right), respectively, compare two interfaces.16 

        

Figure 1.20. (Left) Cross-sectional TEM images of the Au/R-Si(111)≡ diode 
junctions obtained with the beam parallel to the interface along a 
low-index. 

Note. Reprinted with permission from Kuikka, M. A.; Li, W. J.; Kavanagh, K. L.; Yu, H. Z. J. 
Phys. Chem. C 2008, 112, 9081. Copyright 2013 American Chemical Society. 

The interface in Figure 1.20a and c, formed using Au/n-alkyl-Si≡ with only CH3-

head-groups, shows direct interaction between Au and Si with little indication that there is 

an interfacial monolayer.16 In comparison, the interface in images Figure 1.20b and d, 

were formed using a thiol-terminated monolayer where a distinct interfacial layer is clearly 

evident.16 Results from the averaged BEEM spectra as a function of monolayer type 

compared to a reference Au-Si interface are shown in the lower plot of Figure 1.20.16 The 

presence of an organic monolayer reduces the BEEM transmission currents; there are 

clear differences between thiol-terminated and CH3-terminated monolayers. Significant 

lateral variation in the BEEM current across the thiol-terminated monolayer was observed 

with generally much higher signals for Au/CH3-(CH2)n-Si≡ junctions.16 It is likely that the 

thiol head-group acts as a “nucleation site” for deposited Au atoms, and prevents or limits 

Au diffusion through the monolayer to reach the underlying silicon.16 As a result, this 

reduces the BEEM current because tunnelling transmission probabilities are reduced 

where the insulating monolayer is continuous. 
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1.3. Formation of a Metal-Monolayer-Semiconductor 
Junction 

To make electrical measurements of any prepared monolayer surface, a metal 

contact needs to be placed on top and a bias applied to pass an electrical current through 

the junction. Two different types of metallic contacts will be used throughout this thesis. 

The first one is a ‘soft’ mercury (Hg) contact, and the other is a ‘hard’ gold (Au) contact. 

1.3.1. Construction of Mercury-Monolayer-Silicon Junctions 

The construction of Hg/R-Si≡ have been discussed in previous sections. Please 

refer to Figure 1.2 and Section 1.1 for details. 

1.3.2. Construction of Gold-Monolayer-Silicon Junctions 

The integrity of the monolayer after Au has been deposited onto a modified Si 

wafer must be maintained if these types of junctions are to be commercially viable. The 

molecular composition and orientation of the monolayer may hold the key to limiting Au 

penetration through the organic film. By closely examining the monolayer-silicon interface, 

Au-monolayer interface, and the monolayer itself, a better understanding of the Au 

penetration mechanism can be gained. There is a clear correlation between the monolayer 

composition and the degree of metal penetration that occurs when constructing Au/R-Si≡ 

junctions.15-19,64 For example, monolayers with a thiol head-group will provide nucleation 

sites for deposited gold on the monolayer surface and prevent penetration into the 

monolayer.16,26 

1.3.3. Construction of Gold Contacts 

Several challenges have been identified with the direct deposition methods which 

will likely lead to degradation of the organic monolayers. The most commonly employed 

method is thermal evaporation under reduced pressure.15,16,19,54,64,72 Most reports indicate 

that this method yields poor reproducibility of both structural properties and electrical 

performance.15,16,19,54,72 Physical vapour deposition (sputtering) is notably more damaging 

to the monolayer integrity compared to thermal evaporation.54 As a result, “indirect” 
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deposition was explored in more recent studies.17,24,25,36,37,72 Studies which involve other 

promising techniques to construct MMS junctions will be briefly discussed 

below.27,36,37,73,74,81,82 

Direct Evaporation 

Direct evaporation techniques involve exposing a sample directly to a source of 

energetic metallic vapour particles that strike the substrate and build up a thin film. Figure 

1.21 shows an illustration of a direct evaporation chamber where the samples are oriented 

to directly face the metal source, with an option for substrate cooling.37 Thermal 

evaporation, electron-beam deposition, and physical vapour deposition (sputtering) are 

the most common deposition methods used to prepare a thin Au film onto modified Si.15-

19,36,64 

 

Figure 1.21. View of vacuum chamber used in direct evaporation. The samples 
face the metal crucible and evaporation itself occurs at the best 
vacuum pressure, without the presence of inert gas. Substrate 
cooling is feasible. 

Note. Reprinted from Progress in Surface Science, 83, H. Haick and D. Cahen, Making contact: 
Connecting molecules electrically to the macroscopic world, 217, Copyright 2008, with 
permission from Elsevier. 

Based on SFG measurements, direct deposition methods (sputtering or thermal 

evaporation) of thin Au films result in different levels of structural disruption to the 

monolayer.36 The results are somewhat different from the total displacement of the organic 

monolayers reported previously, in which heterolytic cleavage of C‒Si and O-S bonds 

were proposed.15,19  Sputtering, the more energetic of the two deposition techniques, 



 

24 

allows gold atoms to penetrate the monolayer more readily than thermal evaporation.36 A 

cartoon illustration of the two situations is shown in Figure 1.22.54 A greater degree of 

penetration into the interface in sputter deposition explains the poorer electrical properties 

observed. In both cases, damage and disordering is done to the monolayer but the sputter-

deposited junction loses its rectification properties whereas the thermal evaporated 

junction maintained some rectifying characteristics.54  

 

Figure 1.22. Hypothetical view of monolayer-metal interactions during gold 
deposition: (a) thermal evaporation and (b) physical vapour 
deposition. Tilt angles are indicated by Φ, θ and φ and range 
between 18-28°. 

Note. Reprinted with permission from Asanuma, H.; Noguchi, H.; Huang, Y. F.; Uosaki, K.; Yu, 
H. Z. J. Phys. Chem. C 2009, 113, 21139. Copyright 2009 American Chemical Society. 

Electrical measurements revealed that the use of n-alkyl monolayers with longer 

chain lengths will limit the penetration of Au towards the underlying Si substrate for 

sputtered samples.36 This is likely because additional methylene groups (-CH2-), present 

in ”thicker” n-alkyl monolayers, prevents the gold atoms from moving completely through 

the monolayer.83 Thermally-deposited Au contact onto modified Si surfaces retain the 

rectification characteristics since presumably less monolayer penetration and damage 

occurs.36 Overall, direct evaporation of Au onto semiconductors modified with an organic 

monolayer tends to cause severe damage to the monolayer and is currently unsuitable for 

use in constructing MMS junctions.36,37 

 



(a1)

(b1)

(a2)

(b2)
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Indirect deposition 

A conventional vacuum evaporator can be modified to protect substrates from 

direct exposure to the metal source.22-25 For example, deposition can be performed by 

flipping the sample stage 180° so that it is facing away from the evaporation source, or 

using a shutter in between the sample and the source with a low back pressure of an inert 

gas (typically argon).22,37,72,84 In this case, particle energy and direct thermal radiation are 

no longer factors as the metal vapour within the vacuum chamber slowly condenses onto 

the modified substrate. An illustration of an indirect evaporation chamber is shown in 

Figure 1.23,37 where the sample is facing away from the metal source and can be cooled 

during deposition in an atmosphere of back filled inert gas. This method has been 

examined in studies involving organic monolayers on both Si and GaAs.22,72,84 

 

Figure 1.23. View of vacuum chamber for indirect cooled evaporation. Samples 
are placed on a holder either facing away from the crucible (as 
shown here) or a shutter is inserted between sample and source to 
block any direct line of sight between source and sample. 
Evaporation starts after reaching a base vacuum pressure, then 
filling the chamber with a low back pressure of inert gas and cooling 
the sample holder. A second cold finger with T2 < T1 assures that the 
sample will not be the coldest spot in the chamber, thereby reducing 
condensation of spurious gas residues. 

Note. Reprinted from Progress in Surface Science, 83, H. Haick and D. Cahen, Making contact: 
Connecting molecules electrically to the macroscopic world, 217-261, Copyright 2008, 
with permission from Elsevier. 

Indirect evaporation has been shown by Scott et al. in 2008 to preserve the quality 

of the Si bound monolayers upon Au deposition.22,72 A follow-up report described a clear 
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difference in electrical performance when monolayers of different dipole moments are 

placed onto a Si wafer with Au deposited in this manner.25 In both studies, a different 

monolayer terminated with substituted benzene rings was used to construct the 

junction.22,25,72 The IR spectroscopic characterization clearly indicated that only minimal 

monolayer-disruption occurred.22,72 As mentioned above, including a benzene ring into the 

monolayer structure can result in π-stacking with adjacent molecules, which stabilizes the 

monolayer and prevents metal penetration.85 Another study using indirect Au evaporation 

employed a thiol-terminated monolayer.17 Temperature dependant electrical 

measurements demonstrated similar effects of the thiol-terminated monolayer using either 

a Hg metal contact or a deposited Au contact.17 Simple alkyl monolayers bound to GaAs 

have been reported to have different electrical characteristics compared with those with 

varying functionalizations.86,87 It is reasonable to conclude that indirect evaporation aids in 

the prevention of damage to the molecular monolayer during the formation of a top metal 

contact. 

Other Techniques to Form Gold Contacts 

A number of other techniques for placing Au contacts on top of a molecularly-

modified semiconductor surface have yet to be attempted with Si substrates.36,37 Transfer 

printing, for example, involves the evaporation of a thin Au layer onto a polymer stamp. 

The contacts are then mechanically pressed with the organic film to form the junction. In 

order to keep the Au contacts on the surface, the formation of chemical bonds is often 

achieved with Au-S bonds, to place the Au contact on HS-terminated monolayers.  

Formation of Multilayer Metal Contacts 

Another approach that may prevent Au penetration into the monolayer is the 

deposition of “lighter” metals (that have less kinetic energy during evaporation) such as 

titanium (Ti), palladium (Pd), aluminum (Al), or silver (Ag) onto the monolayer prior to Au 

deposition. These metals, especially Ag, have been shown to induce less damage to the 

monolayer when thermally deposited. Figure 1.24 (left) shows IR spectra of Au and (right) 

Ag (200 nm) deposited onto several organic monolayers synthesized from 

octadecyltrichlorosilane (“OTS”), 1-octadecene (“alkene”), 1-octadecanol (“alcohol”) and 

octadecanal (“aldehyde”).19 For Au contacts, a complete loss in carbon signal occurs for 

all but the OTS monolayer, while the monolayer signal is maintained for each monolayer 
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in the bottom spectrum, where Ag is deposited.19 While Ag is highly conductive, it is also 

more reactive and prone to oxidation, causing degradation under ambient conditions, 

making electrical performance unreliable. Titanium is also a poor choice for metal-

monolayer interfaces as it will react with the monolayer to form titanium carbide.88,89 

    

Figure 1.24. Infrared spectra of organic films under 200 nm of (left) Au and (right) 
Ag. After metal deposition, the resulting junction is a metal-
monolayer-Si(111) junction, where the monolayer is constructed 
from: octadecyltrichlorosilane (‘‘OTS’’), 1-octadecene (‘‘alkene’’), 1-
octadecanol (‘‘alcohol’’) and octadecanal (‘‘aldehyde’’). Solid lines 
are transmission spectra obtained prior to metallization and dashed 
lines are transmission spectra obtained after treating the backside 
to ensure that all samples have an identical organic-free entrance 
face. 

Note. Reprinted with permission from Hacker, C. A.; Richter, C. A.; Gergel-Hackett, N.; Richter, 
L. J. J. Phys. Chem. C 2007, 111, 9384. Copyright 2007 American Chemical Society. 

Precautions can be taken to limit the reactions of lighter metals if they are to be 

used in MMS construction, e.g., a thicker Au capping layer may be placed on top of Ag to 

prevent Ag2O formation.15,27 However, Ag can form an alloy with Au, which creates an 

additional electronic medium and may unpredictably modify the electronic properties.90 

Direct physical deposition techniques for Au contact formation on top of the modified Si 

substrates can cause significant damage to the monolayer. Therefore, indirect metal 

evaporation appears to be one of the best methods to fabricate Au/R-Si≡ junctions. Other 

deposition techniques may also be effective, such as transfer printing, but has yet to be 

attempted on organically modified Si. The use of metals such as Ag and copper (Cu) is 

also a possibility; however, their chemical stability unknown. 



 

28 

Flip-Chip Lamination 

To make Au/R-Si≡ junctions by flip-chip lamination (FCL), the preparation 

procedure starts at the opposite end of conventional construction methods. Figure 1.25 

shows a schematic of a FCL process reported by Coll et al (2009).73  

 

Figure 1.25. Schematic of flip-chip lamination process to form metal-molecule-
silicon molecular junctions preserving the integrity of the 
molecules. Evaporated gold (b) is lifted off of a fluorinated release 
layer (a) onto a PET substrate by using nanotransfer printing (nTP) 
(c) to reveal the ultra-smooth Au underside (d). Bifunctional 
molecules are self-assembled onto ultra-smooth gold forming a 
dense monolayer with the functional group exposed (e). Finally, the 
two electrodes are laminated together with nTP causing bonding 
between the exposed functional group and H-Si(111) (f). 

Note. Reprinted with permission from Coll, M.; Miller, L. H.; Richter, L. J.; Hines, D. R.; 
Jurchescu, O. D.; Gergel-Hackett, N.; Richter, C. A.; Hacker, C. A. J. Am. Chem. Soc. 
2009, 131, 12451. Copyright 2009 American Chemical Society. 
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Starting with Au pads deposited onto a polymer surface (e.g. polyethylene 

terephthalate or PET), monolayers are constructed first on the Au via thiol chemistry, then 

reacted with a freshly prepared H-Si≡ substrate via nanotransfer printing.73,74 Devices 

constructed using this method have shown better stability at preserving the monolayer 

integrity even with an increase in temperature.73,74 A carboxylic acid head-group has been 

used and is shown to bond to H-Si≡ substrate via the formation of RCOO-Si≡.73,74 

Electrical characterization also finds a clear difference between junctions prepared with 

varied alkyl chain lengths.73,74 Transition voltage spectra (I/V2 versus 1/V) from current-

voltage characteristics indicate the degree of rectification of a diode. A comparison of three 

H-Si≡ n+ molecular diodes made with ultra-smooth gold (via FCL with monolayers of 16-

mercaptohexadecanoic acid (MHA), 11-mercaptoundecanoic acid (MUA) or a control 

(tungsten probe tip)) is shown in Figure 1.26.73 The existence of monolayers is seen by 

the loss in linearly of the current-voltage characteristics (inset) as well as by the separation 

in the minima in each plot. 
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Figure 1.26. Transition voltage spectra of ultra-smooth gold (uSAu)/MHA-Si≡ 
molecular junctions (MHA: 16-mercaptohexadecanoic acid), 
uSAu/MUA-Si≡ molecular junctions (MUA: 11-mercaptoundecanoic 
acid) and control (direct contact between a tungsten probe tip and 
H-Si(111)). Arrows indicate forward and reverse bias minima in MHA 
and MUA molecular junctions. Insets show the linear I-V plot for the 
respective junctions.  

Note. Reprinted with permission from Coll, M.; Miller, L. H.; Richter, L. J.; Hines, D. R.; 
Jurchescu, O. D.; Gergel-Hackett, N.; Richter, C. A.; Hacker, C. A. J. Am. Chem. Soc. 
2009, 131, 12451. Copyright 2009 American Chemical Society. 
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Using Monolayer Head-groups as Metal Ligands 

The previous sections have highlighted the difficulties in preparing a uniform Au/M-

Si≡ junctions using physically-deposited Au contacts. Head-groups which chelate with the 

metals can provide nucleation sites for thin-film growth, for example, thiol head-groups, to 

form Au-S bonds. The use of other metal chelate head-groups may be advantageous as 

the ligand-like interaction they exhibit can provide a broad network of surface stability 

across the entire monolayer that may be more forgiving of monolayer defects. Figure 1.27 

shows a possible reaction process involving a head-group containing molecular 

monolayer attached to Au which can act as a metal ligand.82 

 

Figure 1.27. First immersion in a solution of metal precursor and subsequently in 
a solution of the organic ligand. Here, for simplicity, the scheme 
simplifies the assumed structural complexity of the carboxylic acid 
coordination modes. 

Note. Reprinted with permission from Shekhah, O.; Wang, H.; Kowarik, S.; Schreiber, F.; 
Paulus, M.; Tolan, M.; Sternemann, C.; Evers, F.; Zacher, D.; Fischer, R. A.; Woll, C. J. 
Am. Chem. Soc. 2007, 129, 15118. Copyright 2007 American Chemical Society. 

The metal ligand binds to a metal precursor which reacts with additional organic 

ligands and subsequent metal precursors in a layer by layer fashion. Once the metal ion 

is on the surface of an organic film it could, theoretically, be reduced into a metallic film, 

forming a layer which could protect the film’s integrity. Another interesting method might 

be a solution technique, such as metal complex formation, to place metals onto the 

monolayer which are far less energetic than any vacuum deposition method currently in 

use. A review by Zacher and Fischer (2009) on metal-organic frameworks described a 

number of methods where monolayer head-groups on a variety of underlying substrates 
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can coordinate to metal ions in solution.81,82 The metals could then be exposed to other 

coordinating organic molecules to create more complex molecular junctions. 

Atomic layer deposition (ALD) is similar to the formation of metal-organic 

frameworks as it involves the head-group of a monolayer acting as a ligand to a metal ion. 

This has been attempted using Cu bound to a monolayer terminated with carboxylic acid 

(-COOH) head-groups.27 Although not all of the head-groups reacted with Cu+ when it was 

introduced, the ions clearly bound to the monolayer surface.27 Figure 1.28 is an absorption 

spectrum of the COOH-terminated SAM with Cu+, both unbound (a) and bound (b and c), 

to the ligand-like head-group.27 There are no significant shifts in the methylene carbons 

(2700-3000 cm−1) indicating the monolayer is not disrupted.27 

 

Figure 1.28. Absorption spectra of (a) COOH-terminated SAM and (b and c) 
COOH-terminated SAM with 20 Cu atomic layer deposition (ALD) 
cycles. (a) and (b) are referenced to the surfaces with the native 
oxide; (c) is referenced to the H-Si≡ surface. Figure inset: magnified 
view of the H-Si≡ region before and after the 20 Cu ALD cycles. The 
amount of hydrogen at the interface after the ALD cycles is 
equivalent to the one before ALD treatment. 

Note. Reprinted with permission from Seitz, O.; Dai, M.; Aguirre-Tostado, F. S.; Wallace, R. M.; 
Chabal, Y. J. J. Am. Chem. Soc. 2009, 131, 18159. Copyright 2009 American Chemical 
Society. 
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While the ALD process will not be discussed in detail here, metal contacts can be 

grown on top of these monolayers to a desired thickness by repeating the ALD cycle, thus 

forming a Cu/R-Si≡ junction.27 Unfortunately, since this technology is in its early stages of 

development, its electrical performance has not been reported. Once a layer of copper is 

bound to the monolayer, it can protect the monolayer integrity upon the deposition of 

destructive metals with conventional deposition techniques. 

Modified Polymer-Assisted Lift-Off Technique 

The idea behind the recently reported MoPALO technique is essentially based on 

the lift-off float-on (LOFO) method.36,37,91 In the LOFO method, prepared metal contacts 

are detached from a substrate they are prepared on (glass slide or sacrificial substrates) 

into a detaching agent where they float on the surface of this solvent where they are then 

picked up by a modified silicon wafer.37 

The new MoPALO technique, shown in Figure 1.29, begins by depositing Au 

contacts onto a sacrificial mica substrate, followed by spin coating of a thin polyimide (PI) 

layer on top. 

 

Figure 1.29. An illustrated modified polymer-assisted lift-off (MoPALO) process 
(a) Au evaporation onto a sacrificial mica substrate; (b) spin-coated 
polyimide (PI), followed by photolithography to access Au through 
PI; (c) PI/Au film is removed from mica into a deionized (DI) water 
(“lift-off”); (d) floating PI/Au film in DI water; (e) PI/Au film is picked 
up (“float-on”) by the target substrate; (f) Au/R-Si≡ junctions are 
created. 

Note. Reprinted with permission from Stein, N.; Korobko, R.; Yaffe, O.; Lavan, R. H.; 
Shpaisman, H.; Tirosh, E.; Vilan, A.; Cahen, D. J. Phys. Chem. C 2010, 114, 12769.  
Copyright 2010 American Chemical Society. 
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Holes are made in the PI layer by photolithography to access the underlying Au 

contact. The PI/electrode film is detached from the mica into a deionized water bath where 

it floats on the surface. The film can then be “floated” onto the desired substrate.91 In 

addition to this, another technique called permanent MoPALO (PeMoPALO) has also been 

reported, where after photolithography, Au is deposited to both fill in the PI holes and to 

make external contact pads.91  The reported J-V measurements demonstrate that there is 

a chain-length dependence between Au/CH3(CH2)11-Si≡ and Au/CH3(CH2)15-Si≡ for 

PeMoPALO junctions, but not for MoPALO junctions, in the upper forward bias region.91 

This difference is attributed to a better expression of tunnelling characteristics for smaller 

contacts over larger ones.91 This also clearly demonstrates that the monolayer integrity of 

the resulting Au/R-Si≡ junctions is maintained through PeMoPALO. 

1.4. Objectives of this Thesis 

Results from various approaches used to form Au/R-Si≡ diodes have been 

reviewed here. The ultimate goal is to form a gold contact on a continuous, molecular 

monolayer bonded to a Si surface, in such a manner that Si-Au interactions are prevented. 

Successful contact formation is judged based on electrical contact properties, FTIR, XPS, 

Auger, mass spectroscopy, STM/BEEM, electron microscopy, and synchrotron-based 

techniques. It is clear that conventional Au deposition by direct physical deposition 

methods (thermal evaporation or sputtering) disrupts organic monolayers bound to Si and 

does not provide the expected molecular junctions. The composition and bond density to 

the Si of the monolayer plays a crucial role in protecting its integrity, regardless of the 

contact forming method. Indirect deposition causes less disruption to the monolayer, 

creating better performing junctions. The use of Au transfer printing shows potential for 

Au-monolayer construction on Si with little damage to the monolayer in comparison to 

other methods of fabrication. Using lighter metals (e.g., Ag, Ti, and Cr) before capping 

with an Au layer may be useful to reduce damage. However, these metals are prone to 

greater chemical interaction with the monolayer, forming carbides, or experiencing 

oxidation under ambient conditions. New construction methods, flip-chip lamination, 

metal-organic frameworks, atomic-layer deposition, and modified polymer-assisted lift-off 

techniques have shown potential for having intact monolayers for the formation of 

molecular junctions. 
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The objective of the work within this document is to look at several issues plaguing 

the potential use of MMS in electronics. First of all, it is still unclear if MMS will maintain 

their physical and electrical parameters to make them commercially viable. In other words, 

they need to be able to last for years. The first area of investigation is to look at how long 

it will take a Si sample, modified with simple n-alkyls and phenyls, to decompose when 

exposed to laboratory conditions for several months.  

The second area of investigation is to solve the issue of metal penetration of the 

monolayer when using standard deposition techniques. I will discuss and analyze a large 

cross-section of already published research in order to determine the best course of action 

to prepare better quality monolayers that will be able to survive simple, direct metal 

deposition techniques that most monolayers will not survive. 

Finally, in order to understand how electrons pass through the monolayers 

between semiconductors and metals, I will compare two charge transport mechanisms, 

thermionic emission and charge generation-recombination, to determine which one is 

more likely to occur and therefore contributes to the measured current. Theoretical I-V 

curves using literature constants will be used to generate standard curves to compare 

against experimental data. 
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2. Analytical & Calculation Techniques 

This chapter introduces both the analytical and calculation techniques used 

throughout this thesis. Instrument settings can be found in Chapter 3, and further 

instrument details can be found within references (Section 2.3). 

2.1. Analytical Instruments 

2.1.1. Contact Angle Measurement 

Contact angles are a macroscopic surface properties which can identify a sample’s 

wettability. It is the angle a liquid creates with a solid surface. This angle is determined by 

the properties of both the solid and liquid, repulsion forces between the liquid and solid 

and three interfacial tension vector forces. These interfacial tension vector forces are in 

equilibrium which impact a liquids ability to ‘wet’ a surface shown in Figure 2.1: γSG is the 

solid-vapour interfacial energy, γSL is the solid-liquid interfacial energy, γLG is the liquid-

vapour interfacial energy and θ which is the contact angle of the droplet. These vectors 

are dependent on both the cohesion and adhesion forces within and between the 

contacting liquid and solid. Young’s equation identifies the relationship between these 

forces,1 

0 = 𝛾𝑆𝐿 − 𝛾𝑆𝐺 − 𝛾𝐿𝐺 cos 𝜃. (2.1) 

 

Figure 2.1. Schematic diagram of a liquid drop on top of a solid surface, with 
the vectors of each force acting on the edge of the liquid droplet. 
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This type of measurement is useful for quickly evaluating the surface polarity as 

well as the overall quality of the surface. For example, methyl-terminated monolayers will 

have a contact angle of ~110°, phenyl-terminated will be ~80° and carboxylic acid-

terminated are ~50°.2-4 

2.1.2. Spectroscopic Ellipsometry 

Although the concept of ellipsometry was first developed in the 1800’s by J. C. 

Maxwell,5 the word ‘ellipsometry’ was not coined until 1945.5,6 The key idea of ellipsometry 

is to identify a change in light polarization (via refractive index) upon reflection off a solid 

surface. Through this technique, several fundamental properties can be analyzed: 

morphology, crystal/surface quality, chemical composition and electrical conductivity. It is 

most commonly used to determine film thickness between one atomic layer and layers 

that are up to several micrometers thick with great accuracy. 

Light is made up of two perpendicular wave components: magnetic (B) and electric 

(E) field. For ellipsometry, the electric field is the component of interest. As shown in Figure 

2.2, unpolarised light from a laser is passed through a polarizer, where E is linearly 

polarized. Therefore this transmitted E polarized light is defined as a parallel “p” waves, 

which is in the plane of incidence of the polarizer, and “s” (senkrecht; German for 

perpendicular) waves which are perpendicular in orientation. The incident electric field 

vector (Ei) can therefore be represented by a combination of the p- and s- waves (Eip and 

Eis, respectively). These two components remain in phase with each other until exposure 

to a new medium. 

 

Figure 2.2. A basic schematic diagram of an ellipsometer configuration 
analyzing the surface of a solid sample. 
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Upon reflection with (or transmission through) a surface the reflected components 

of the electric field vector (Er = Erp + Ers) are no longer in phase with each other and 

elliptically polarized (Figure 2.2). The phase (δ) of Erp and Ers is represented by their 

difference, Δ, while the wave amplitude is quantified by tan Ψ as a ratio,7 

∆= 𝛿𝑟𝑝 − 𝛿𝑟𝑠, (2.2) 

tan 𝛹 =
𝑟𝑝

𝑟𝑠
 (2.3) 

where rp and rs are the Fresnel coefficients of the p and s components of light, respectively. 

 

Figure 2.3. Point of intersection diagram of the reflection and refraction of light 
off of a solid surface with a thin film. 

 The expressions for the Fresnel coefficients between air, with a complex refractive 

index of N0, and a film (of N1) are expressed as, 

r01p =
Erp

Eip
= |rp|𝑒(iδrp) =

N1 cos 𝜃0−N1 cos 𝜃1

N1 cos 𝜃0+N1 cos 𝜃1
, (2.4) 

where the numeric subscripts represent the layers of interest. While this is an expression 

for the p wave, it is also used for the s wave. The complex refractive index includes both 

real and imaginary components of the refractive index: N = n + ik; where n is the 

refractive index and k is the dampening constant. The dampening constant describes the 

changes in phase velocity and amplitude upon encountering a new medium. For 

transparent materials N ≈ n. It is then possible to calculate the total reflectance for a 

single film-covered surface with an angle of incidence of θ0,7 



 

43 

Rp = |rp|
2

     Rs = |rs|2. (2.5) 

For multiple interfaces, such as a monolayer/semiconductor interface in this work, the 

total reflectance is expanded to, 

Rp =
r01p+r12p𝑒(−i2d)

1+r01pr12p𝑒(−i2d). (2.6) 

An expression can also be determined for Rs. The term β is the phase change from the 

top to the bottom of the film, 

β = 2𝜋 (
𝑑1

𝜆
) N1 cos 𝜃0, (2.7) 

where d is the film thickness and λ is the incident wavelength. The resulting change in 

polarity (ρ) after reflection off a surface can therefore be expressed through a complex 

reflecting coefficient, r,7 

ρ = tan(𝛹)𝑒(i𝛥) =
rp

rs
. (2.8) 

Within this thesis, an isotropic two-layer model is used. The Cauchy relationship 

will be used to determine n and k of a thin organic film (layer one) on silicon (layer two), in 

order to determine its complex refractive index. The coefficients within each equation are 

adjusted to match the refractive index for the material. 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2 +
𝐶

𝜆4 (2.9) 

𝑘(𝜆) = 𝐷 +
𝐸

𝜆2 +
𝐹

𝜆4 (2.10) 

2.1.3. X-ray Photoelectron Spectroscopy 

The principles of x-ray photoelectron spectroscopy (XPS) are based on the 

photoelectric effect, which was discovered by Heinrich Rudolf Hertz (1887). Albert Einstein 

(1905) was awarded the Nobel Prize in Physics in 1921 for the theory of the effect. It was 

not until 1967 that the use of XPS as an analytical tool was fully realized by the scientific 

community through publications by Kai Siegbahn (1981 Nobel Prize).  
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Shown in Figure 2.4 is a simple schematic diagram of an x-ray photoelectron 

spectrometer used in this thesis. A monochromatic x-ray source of Aluminum Kα (1486.7 

eV) was used in all experiments. Core electrons removed from the elements in the sample 

were released and analyzed by a detector oriented orthogonal to the sample. To obtain a 

depth profile of a thin film, the sample angle is adjusted. 

 

Figure 2.4. A simple schematic diagram of an x-ray photoelectron spectrometer 
analyzing a solid sample. 

The photoelectron effect is based on the principle that incoming photons will eject 

core electrons (1s, 2s, 2p, etc…) from the material they encounter. While samples are 

irradiated with photons, the number of electrons released from the sample and their kinetic 

energy are being monitored. Knowing the energy of the excitation photon (hν), the kinetic 

energy of the released electron (EKIN) and spectrometer work function (ΦXPS) the electrons 

binding energy (EB) can be calculated (2.11), as shown schematically in Figure 2.5. 

EKIN = ℎ𝜈 − EB − ΦXPS (2.11) 
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Figure 2.5. A schematic energy level diagram of a photoexcited sample in 
conjunction with a spectrometeter. An electron is excited by hν and 
released to the detector. EVAC, EF, EV, EB and EKIN represent the 
energy levels of the vacuum, Fermi, valence, binding and kinetic 
energy, respectively. 

In this way, key elemental signals can be identified. Furthermore, molecular 

functional groups can often be identified as well, as covalent bonds will alter EB, often to 

a significant extent. For example, a relatively electronegative oxygen atom binding to a 

carbon atom, will significantly increase the binding energy of the 1s carbon electrons. 

2.1.4. Physical Vapour Deposition 

In Section 1.3.3: Direct Evaporation, I generally discussed the process of direct 

thermal evaporation, this section will describe in greater detail the technical procedure 

used in these experiments. 

Physical vapour deposition (PVD) is a variant on vacuum deposition, which is a 

process used to deposit thin layers (1 atom to several millimeters thick) of material on a 

substrate. The first scientist to reportedly use such a technique was Michael Faraday in 

1838. In my experiments, gold (Au) is deposited onto a modified silicon sample (R-Si≡). 

As shown in Figure 2.6, samples are placed in an ultra-high vacuum (UHV) chamber and 

positioned directly above the gold source that is to be deposited on the surface. The gold 

is contained in a high-resistance crucible attached to a power supply. Current is passed 

through the crucible which heats the gold to a point in which it turns to vapour at UHV. 
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The hot Au vapour fills the chamber and condenses on any solid surface away from the 

hot crucible it comes into contact with, including the sample. The thickness of Au can be 

monitored with a quartz piezo-electric crystal placed next to the substrate. 

 

Figure 2.6. Schematic diagram of a physical vapour deposition apparatus. 

2.1.5. Scanning Tunneling Microscopy 

The scanning tunneling microscope (STM) was developed by Gerd Binning and 

Heinrich Rohrer at IBM Zürich in 1981, which won them the Nobel Prize in Physics in 

1986. Its primary function is for the imaging of surfaces at the atomic level, based on the 

concept of quantum tunneling. Figure 2.7 is a simplified schematic diagram of an STM. A 

voltage is applied between the tip and the surface (Vapp) which produces a tunneling 

current for distances (x) in the nanometer range. A servo loop keeps the current constant 

by adjusting a piezo-electric crystal attached to the STM tip.8 

 

Figure 2.7. A schematic diagram of a scanning tunneling microscope. 
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Freely moving electrons have a probability of penetrating through an energy 

barrier. As a particle encounters a potential barrier, it can be described by a free particle 

wavefunction. The time-independent Schrödinger Equation can be applied to a particle at 

the barrier.8,9 

−ℏ2

2𝑚

𝑑2𝛹(𝑥)

𝑑𝑥2 + 𝑈(𝑥)𝛹(𝑥) = 𝐸Ψ(𝑥) (2.12) 

−ℏ2

2𝑚

𝑑2𝛹(𝑥)

𝑑𝑥2 = (𝐸 − 𝑈0)Ψ(𝑥) (2.13) 

where ħ is the Plank’s constant (~1.055×10−34 J s), U(x)/U0 is the particle potential, E is 

the energy of the particle, m is the particle mass (electron in this case; (me = ~9.109×10−31 

kg), x is the position and Ψ(x) is the wavefunction. The probability of finding a particle at x 

is defined by Ψ(x). Normally, Ψ(x) is also dependant on time, but is not considered for the 

time independent Schrödinger Equation. Figure 2.8 represents a schematic diagram of a 

particle approaching a classical potential barrier and tunneling through it.8,9 

 

Figure 2.8. Schematic diagram of the probability of an incident wave tunneling 
through a classical potential barrier (U0) with a certain particle 
energy (E). 

The solution to the Schrödinger equation in this situation is,8,9 

𝛹 = 𝐴 ∙ exp(−𝛼𝑥)  𝑤ℎ𝑒𝑟𝑒 𝛼 = √
2𝑚𝑒(𝑈0−𝐸)

ℏ2 , (2.14) 
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where A is determined from the boundary conditions and requirements that the wave 

function should be continuous.8,9 Further details can be found in referenced information. 

Therefore the tunnelling probability is, 

𝑃(𝑥) = 𝐴 ∙ exp (−
√2𝑚𝑒(𝑈0−𝐸)∙𝑥

ℏ
). (2.15) 

The current flowing between the tip and sample (j(x)) is proportional to the potential 

difference applied between the tip and sample (V) and the tunneling probability is 

therefore,8,9 

𝑗(𝑥) ∝ 𝑉 ∙ 𝐴 ∙ exp (−
√2𝑚𝑒(𝑈0−𝐸)∙𝑥

ℏ
). (2.16) 

In the absence of an applied voltage, the probability of tunnelling occurring in 

either direction is possible, as suggested in Figure 2.9a. The application of a bias 

creates a difference in the potential barrier on either side of the gap which promotes a 

preferred direction for the movement of tunneling current, shown in Figure 2.9b. 

 

Figure 2.9. Potential barrier in the vacuum between the tip and sample. For 
diagrammatic purposes, the tip and sample are assumed to have the 
same flat-band structure. In (a) the potential barrier is the same on 
either side with zero applied bias, and (b) an applied bias lowers EF 
in the sample, providing a preferred pathway for current flow. 

2.1.6. Ballistic Electron Emission Microscopy 

Ballistic electron emission microscopy (BEEM) was introduced in 1988 by Kaiser 

and Bell as a new method of studying a metal/semiconductor interface using an STM.10 

Although this was its first application, it is capable of probing complex hetrostructures or 

surface modifications on top of a semiconductor behind the metal film. In BEEM, a 

negative potential is applied (Vapp) to the tip to emit “hot” electrons into the metal surface, 
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as shown in Figure 2.10 (BEEM experiment) and Figure 2.11 (BEEM band diagram). 

Some of these electrons can reach the buried interface of the semiconductor as the mean 

free path length is on the order of 100 Å. Electrons with sufficient energy to overcome the 

Schottky barrier height (φB) can enter the semiconductor. The base current (IB) measures 

all the electrons moving in the circuit between EF to EF + Vapp, while the BEEM or collected 

current (IC) represents only electrons with energies of EF + φB to EF + Vapp. This is a 

statistical process involving the electrons with sufficient energy to cross the barrier, and 

without any scattering in the metal or interface. 

 

Figure 2.10. A schematic diagram of BEEM experiment. 

 

Figure 2.11. A schematic energy diagram of a BEEM experiment. 
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2.2. Calculations 

2.2.1. Ab initio Calculation of Dipole 

In Chapter 6, the molecular dipole moment (in Debye; D) will be determined using 

ab initio calculations. The calculations done are using Spartan ’10 (Wavefunction, Inc). 

The dipole moment of the modified semiconductors are calculated using the Møller-

Plesset perturbation theory (MP2/6-31G**) method. The molecule was drawn within 

Spartan ’10 and its energy minimized within the program. To ensure the lowest energy 

conformer of each molecule was calculated structures were confirmed using ChemBio3D 

(CambridgeSoft). The molecular coordinates are tabulated in Appendix A. The MP2/6-

31G** calculation was then performed to obtain a dipole moment vector. As the calculated 

vector is not orthogonal to the Si surface, trigonometric relationships were used to correct 

the vector direction and magnitude. An example of the structure (monolayers formed from 

allyl benzene, see Chapter 3) used to calculate the dipole moment is shown in Figure 2.12. 

Each sample is calculated as R-Si(SiH3)3 at the Si surface (where R is the monolayer). 

 

Figure 2.12. A 3D model of C6H5-(CH2)3-Si-(SiH3)3 (prepared from allyl benzene, 
C3Ph) which was used to calculate the dipole moment. The vector 
adjusted to ensure it was perpendicular to the surface, as shown. 

The molecular tilt-angle is also considered when calculating μ┴. Based on the 

surface molecular surface density on the Si surface, we adjust the single molecule dipole 

and assume that any remaining unreacted sites on the surface will be from H-Si≡ only 

(−0.19 D). In other words, 
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𝜇𝜌 = 𝜌𝜇𝑅 + (1 − 𝜌)𝜇𝐻, (2.17) 

where μρ is the dipole adjusted for surface density, ρ is the Si coverage percentage, µR is 

the perpendicular dipole moment of its respective monolayer and µH is μ of H-Si≡. 

Ab initio calculations are based on solving the Schrödinger equation.11 One of the 

simplest methods known for doing this is the Hartree-Fock (HF) theory. There are five 

major simplifications that are made in the HF method:11 

1. The Born-Oppenheimer approximation. 

2. Relativistic effects are completely neglected. 

3. A linear combination of finite basic functions for the variational 
solution to the Schrödinger equation is assumed (usually 
orthogonal). 

4. The energy eigenfunction is assumed to be describable by a 
single Slater determinant. 

5. The mean field theory is used to simplify particle interactions (see 
below). 

All of the post-HF methods have attempted to overcome the simplifications of the 

last two points.11 Møller-Plesset perturbation theory (MP; MP2 indicating second order 

perturbation), for example, addresses the mean field theory simplification, and will be used 

in my analysis. Using dipole moments calculated with MP2 was an arbitrary decision. 

Other calculations were done and will be listed in Appendix B (Austin Model 1 (AM1 – 

semi-empirical), Parametric Method 6 (PM6 – semi-empirical) and density functional 

theory (DFT). 

The primary approximation made in mean field theory is to replace all interactions 

between individual particles, and replace it with an effective or averaged interaction.11 This 

essentially takes a multi-body problem (e.g., a molecule) and treats it as a single body. 

The main advantage of this approximation is that it greatly reduces calculation time and 

can provide quick insight to the behaviour of the system, but at the cost of accuracy.11 

Other post-HF techniques exist aside from MP2 aim to solve the multi-electron wave 

function by using linear combinations of Slater determinants (an expression describing 

multi-fermionic systems as a wavefunction),11 but were not extensively attempted in the 

interest of time. 
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Other common methods for calculating the dipole of a molecule are using semi-

empirical and density functional calculations.11,12 The primary disadvantage to using ab 

initio techniques is that it is slow and can be very demanding on computer resources. This 

disadvantage is quickly being eliminated with exponential increases in computing power.11 

The main advantage to ab initio calculations is they are based on a fundamental physical 

equation, the Schrödinger equation, without making any empirical adjustments.11 

Semi-empirical techniques (such as AM1 and PM3) are by far the fastest 

calculation method available, which is their primary advantage. These techniques are 

based on HF calculations, but make additional approximations and obtain some 

parameters form empirical data.11 Using this technique, the loss in accuracy may be 

acceptable, assuming the calculated molecule closely matches the set of molecules used 

in the parameterization of the semi-empirical method. As semi-empirical methods are 

‘database-dependant’ they severely lack accuracy for anything considered exotic unless 

a higher level ab initio calculation verifies its accuracy.11 

Density functional theory’s (DFT) advantage is that it includes electron correlation 

into its theoretical basis.11,12 This was not done initially with HF until techniques like MP2 

were developed. Because of this, its accuracy correlates well to MP2 techniques, taking 

roughly the same amount of time as needed for MP2’s simpler counterpart, HF.11,12 

Conceptually, as DFT depends on electron density and not a wavefunction, it is easier to 

conceptualize than HF-based techniques, whose physical interpretation is still in debate. 

DFT is currently the most popular calculation technique and is gradually being improved 

with improvements by modifying its functionals.11,12 

2.2.2. Electrical Analysis 

General Equation 

The general equation used to analyze any J-V plot regardless of charge transport 

mechanism is,13-15 

𝐽 =
𝐼

𝐴
= 𝐽0 exp (−

𝐸𝑎

𝑉𝑇
) exp (

𝑉

𝜂𝑉𝑇
) [1 − exp (−

𝑉

𝑉𝑇
)] (2.18) 
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where J is the current-density, I is the experimental current, A is the contact surface area 

(cm−2), J0 is the model dependent current transport parameter, Ea is the activation energy 

of the junction, VT is the thermal voltage, η is the ideality factor and V is the applied voltage. 

Thermal voltage (VT) is defined as VT=kBT/q, where q is the electronic charge (1.60×10−19 

A s), kB is the Boltzmann constant (1.38×10−23 m2 kg s−2 K−1) and T is the ambient 

temperature in Kelvin. The ideality factor (η) is a measure of how closely the diode follows 

the specific equation model. The specific equations for J0 and Ea are dependent on the 

charge carrier mechanism being studied – thermionic emission or carrier generation-

recombination – and will be given in the following sections. 

Thermionic Emission 

Thermionic emission is commonly used to analyze the Schottky barrier of MMS 

junctions, including Hg/R-Si≡. When η = 1, the charge transport mechanism is said to be 

thermionic. For thermionic emission, J0 is defined as,13-15 

𝐽0 = 𝐴∗∗𝑇2 exp(−𝛽𝑑) (2.19) 

when A** is the Richardson constant (110 A cm−2 K−2 for Si),15 β is the tunneling coefficient 

(nm−1), and d is the monolayer thickness (nm). Ea for thermionic emission is defined as, 

𝐸𝑎 = 𝜓𝑏𝑖 + 𝜉 = 𝜑𝐵 (2.20) 

where ξ is the absolute energy difference between the EF and EC, and calculated as, 

𝜉 = 𝑉𝑇 ln (
𝑁𝐶

𝑁𝐷
) (2.21) 

where NC is the density of states in the conduction band (NC=6.2×1015×T3/2 cm−3)16 and ND 

is the doping density of the Si substrate. Substituting Equation 2.19 and Equation 2.20 

into Equation 2.18 yields,13-15 

𝐽 = 𝐴∗∗𝑇2 exp(−𝛽𝑑) exp (−
𝜑𝐵

𝑉𝑇
) exp (

𝑉

𝜂𝑉𝑇
) [1 − exp (−

𝑉

𝑉𝑇
)] (2.22) 

A common modification to Equation 2.22, is to combine φB and βd into a single 

effective barrier height (φeff) defined as, qφeff = qφB + (kBT)βd. This results in,17,18 
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𝐽 = 𝐴∗∗𝑇2 exp (−
𝜑𝑒𝑓𝑓

𝑉𝑇
) exp (

𝑉

𝜂𝑉𝑇
) [1 − exp (−

𝑉

𝑉𝑇
)] (2.23) 

Carrier Generation-Recombination 

In an ideal case where carrier generation-recombination is the dominant current 

contributor (η = 2), J0 is defined as,14,15,19 

𝐽0 = √
2𝑞𝜀0𝜀𝑆𝑖

𝜏𝑛𝜏𝑝

𝑁𝐶𝑁𝑉

𝑁𝐷
(𝜓𝑏𝑖 − 𝑉 − 𝑉𝑇) (2.24) 

where ε0 is the permittivity of free space in a vacuum (8.85×10−12 s4 A2 m−3 kg−1), εSi is the 

relative permittivity of Si (11.68), NV is the density of states in the valence band 

(NV=3.5×1015×T3/2 cm−3),16 τn is the majority carrier lifetime (s−1), τp is the minority carrier 

lifetime (3.3×10−5 s−1),16 and ND is the doping density of the semiconductor (cm−3). Note: 

The majority carrier lifetime (τn) will be assumed to be equal to τp – the carrier lifetime will 

be dominated by the longest lifetime parameter, in this case it is the minority carrier. The 

Ea for CGR is defined by, 

𝐸𝑎 =
𝐸𝑔−𝜉

2
, (2.25) 

where Eg is the band gap of Si (Eg=1.17−(4.73×10−4*T2)/(T+626) eV).16 Piecing together 

Equations 2.18, 2.24 and 2.25 we arrive at, 

𝐽 = √
2𝑞𝜀0𝜀𝑆𝑖

𝜏𝑛𝜏𝑝

𝑁𝐶𝑁𝑉

𝑁𝐷
(𝜓𝑏𝑖 − 𝑉 − 𝑉𝑇) exp (−

(𝐸𝑔−𝜉)

2𝑉𝑇
) exp (

𝑉

𝜂𝑉𝑇
) [1 − exp (−

𝑉

𝑉𝑇
)] (2.26) 

The size of the depletion region (xd) can also be calculated using,15 

𝑥𝑑 = √
2𝜀0𝜀𝑆𝑖

𝑞𝑁𝐷
(𝜓𝑏𝑖 − 𝑉 − 𝑉𝑇) (2.27) 

Mott-Schottky 

To extract ψbi and ND the Mott-Schottky relation is used,13-15 

1

𝐶2 =
2(𝜓𝑏𝑖−𝑉)

𝜀0𝜀𝑆𝑖𝑞𝑁𝐷
, (2.28) 
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where C is the capacitance. Both parameters are extracted from experimental data using 

4.12, and can be used to calculate the barrier height, 

The experimentally determined φB from Mott-Schottky results are simplified and 

assumed to be free of surface-state influence on the electronics. In other words, the space-

charge region of the depletion layer is the only source of charge in the monolayer. 

𝜑𝐵 = 𝜓𝑏𝑖 + 𝑉𝑇 ln (
𝑁𝐶

𝑁𝐷
) (2.29) 

Barrier Height from Molecular Dipole Moment 

The ab initio, Møller-Plesset perturbation theory (MP2/6-31G**) was used to 

calculate the perpendicular dipole moment (μ┴) of individual molecules through Spartan 

‘10.11,20 This has the potential to greatly increase the accuracy of the calculated dipole 

over other currently reported studies where semi-empirical techniques are used to 

calculate similar samples.4,20 The positive side of the resulting vector is pointed into the 

surface, while the negative portion is in the surface (Figure 2.12).  The barrier height from 

dipole moment (φR) is then calculated using classical electrostatic techniques.20,21 If the 

dipole contribution from the monolayer is considered to be two parallel sheet capacitors 

with a density of σ, and a separation of l, then a potential drop (ΔV) caused by the 

monolayer dipole is the integral of the electric field across this distance.21 

𝛥𝑉 = ∫
𝜎

𝜀𝑅𝜀0
𝑑𝑥

𝑙

0
=

𝜎𝑙

𝜀𝑅𝜀0
=

𝑁𝑞𝑙

𝜀𝑅𝜀0
= −

𝑁𝜇⊥

𝜀𝑅𝜀0
 (2.30) 

where N is the density of surface states (5×1014 cm−2),14 μ┴ is the magnitude of the dipole 

vector orthogonal to the Si surface (C cm), εR is the relative permittivity of the monolayer 

and l is the nominal molecular length. See Appendix C for εR and l values used. The electric 

field due to the dipole layer on Si can be calculated by, 

𝐸 =
∆𝑉

𝑑
, (2.31) 

where d is the monolayer thickness, which can then be used to calculate the extra potential 

created by the monolayer within the junction ΔV, 

𝜑𝑅 = √
𝑞𝐸

4𝜋𝜀𝑆𝑖𝜀0
, (2.32) 
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The φR can also be included as an independent term for electrical characterization 

measurements by combining 2.18 and 2.32,20 

𝐽 = 𝐽0 exp (−
𝐸𝑎

𝑉𝑇
) exp (±

𝜑𝑅

𝑉𝑇
) exp (

𝑉

𝜂𝑉𝑇
) [1 − exp (−

𝑉

𝑉𝑇
)] (2.33) 

2.3. References 

(1) Young, T. Philos. T. R. Soc. Lond. 1805, 95, 65. 

(2) Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. C 2010, 114, 10866. 

(3) Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. Z. J. Phys. Chem. C 
2012, 116, 17040. 

(4) Asanuma, H.; Bishop, E. M.; Yu, H. Z. Electrochim. Acta 2007, 52, 2913. 

(5) Vedam, K. Thin Solid Films 1998, 313–314, 1. 

(6) Rothen, A. Rev. Sci. Instrum. 1945, 16, 26. 

(7) Fujiwara, H. “Spectroscopic ellipsometry: principles and applications”; John Wiley 
& Sons: Chichester [England], 2007. 

(8) Tipler, P. A.; Llewellyn, R. A. Modern Physics; 4th ed.; W. H. Freeman and 
Company: New York, NY, 2003. 

(9) McQuarrie, D. A.; Simon, J. D. “Physical Chemistry: A Molecular Approach”; 
University Science Books: Sausalito, CA, 1997. 

(10) de Andres, P. L.; Garcia-Vidal, F. J.; Reuter, K.; Flores, F. Prog. Surf. Sci. 2001, 
66, 3. 

(11) Lewars, E. G. “Computational Chemistry: Introduction to the Theory and 
Applications of Molecular and Quantum Mechanics”; 2nd ed.; Springer: New 
York, 2011. 

(12) Geerlings, P.; De Proft, F.; Langenaeker, W. 2003, 103, 1793. 

(13) Mönch, W. “Properties of Semiconductor Interfaces”; Springer-Verlag Berlin 
Heidelberg: Germany, 2004; Vol. 43. 

(14) Rhoderick, E. H.; Williams, R. H. “Metal-Semiconductor Contacts”; 2 ed.; 
Clarendon Press: Oxford, 1998. 

(15) Sze, S. M.; K., N. K. “Physics of Semiconductor Devices”; 3 ed.; John Wiley & 
Sons: Hoboken, New Jersey, 2007. 

(16) “Properties of Crystalline Silicon”; Hull, R., Ed.; The Institution of Electrical 
Engineers: London, United Kingdom, 2006. 



 

57 

(17) Liu, Y. J.; Yu, H. Z. ChemPhysChem 2002, 3, 799. 

(18) Liu, Y. J.; Yu, H. Z. ChemPhysChem 2003, 4, 335. 

(19) Vilan, A.; Yaffe, O.; Biller, A.; Salomon, A.; Kahn, A.; Cahen, D. Adv. Mater. 
2010, 22, 140. 

(20) Hiremath, R. K.; Rabinal, M. K.; Mulimani, B. G.; Khazi, I. M. Langmuir 2008, 24, 
11300. 

(21) Zehner, R. W.; Parsons, B. F.; Hsung, R. P.; Sita, L. R. Langmuir 1999, 15, 1121. 

 



 

58 

3. Experimental 

3.1. Materials  

The following chemicals used were of CMOS (complementary metal-oxide-

semiconductor) grade, purchased from Anachemia Science, and used as received: 

Sulphuric acid (96%), hydrogen peroxide (30%) and ammonium fluoride (40%). 

The following chemicals used were of ACS reagent grade and purchased from 

Sigma-Aldrich. Each of phenol (>99%), 4-phenylphenol (>99%), 1-dodecanethiol (≥98%), 

potassium carbonate (≥99%), acetone (99%), ethanol (95%), toluene (98.9%), 

tetrahydrofuran (THF), trifluoroacetic acid (TFA) and dichloromethane (DCM) were used 

as received. The ‘alkylating agent’, allyl bromide (99%) was distilled once prior to use. 1-

decene (94%), 1-dodecene (≥99%), 1-decyne (98%), allyl benzene (98%) and 

phyenylacetylene (98%) were distilled twice, first in the presence of sodium followed by a 

second, neat distillation. Solutions used to prepared monolayers underwent freeze-pump-

dry cycles five times prior to their use. Silicon (111) samples were purchased from both 

Addison Engineering, Inc. and Virginia Semiconductor, Inc. Wafers from both companies 

yielded comparable results with the following specifications: 3” diameter, phosphorus 

doped (n-type), (111) 0.2° towards (112) ± 0.5°, 0.5–5 Ω•cm, 249 ± 25 μm thick, single 

sided polished (SSP). Ambient laboratory conditions were consistently between 19–22 °C 

and 30–45% humidity during sample preparation and analysis. 

3.2. Synthesis of Allyl Phenyl Ethers 

The synthesis of the allyl ether molecules is shown in Figure 3.1. To a solution of 

‘phenol’ (1 equiv.) in acetone (150 mL), K2CO3 (5-6 equiv.) is added and stirred at ambient 

conditions, in the dark, for 3 h.1 Allyl bromide (2 equiv.: 1 ‘-OH’) is added to the reaction 

mixture and the solution is set to reflux, in the dark, for 18-20 h and monitored by thin-

layer chromatography.1 Note: Synthesis was not optimized for maximum yield. When the 

reaction was complete, the mixture was filtered and the filtrate was concentrated under 

reduced pressure. To the residue, 150 mL of CHCl3 was added and washed with a NaOH 
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solution (3 × 200 mL at 1 M) and distilled water (3 × 200 mL).1 The organic layer was then 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. Flash 

chromatography was used (phenol/1,2-dihydroxybenzene: 95% hexane, 5% ethyl acetate 

solution; 4-phenylphenol: 100% CHCl3) to decolourize and remove the remaining polar 

reagents. This procedure produced products from each reagent: from phenol – allyl phenyl 

ether, a transparent, colourless oil (90% yield); from 4-phenyl phenol – allyl 4-

phenylbenzyl ether, a white powder (99% yield). 

 

Figure 3.1. Simple synthesis of allyl phenyl ethers (R = H or C6H5). 

The identities and purity of the compounds was identified using proton nuclear 

magnetic resonance spectroscopy (1H NMR). Both compounds were found to be >99% 

pure. Details of NMR spectroscopy can be found in referenced literature.2,3 

3.2.1. 1H NMR for Allyl Phenyl Ether 

1H NMR (400 MHz, CDCl3) δ 4.57 (dt, J = 5.3, 1.5 Hz, 2H), 5.32 (dq, J = 10.5, 1.4 

Hz, 1H), 5.45 (dq, J = 17.3, 1.6 Hz, 1H), 6.10 (ddt, J = 17.3, 10.6, 5.3 Hz, 1H), 6.87‒7.06 

(m, 3H), 7.22‒7.40 (m, 2H). 

3.2.2. 1H NMR for 4-Allyl 4-Phenylphenyl Ether 

1H NMR δ 4.60 (dt, J = 5.4, 1.5 Hz, 2H), 5.32 (dq, J = 10.4, 1.4 Hz, 1H), 5.46 (dq, 

J = 17.3, 1.6 Hz, 1H), 6.10 (ddt, J = 17.3, 10.5, 5.3 Hz, 1H), 6.49‒7.07 (m, 2H), 7.28‒7.35 

(m, 1H), 7.39‒7.47 (m, 2H), 7.55 (ddt, J = 11.9, 5.2, 2.2 Hz, 4H). 
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3.3. Modification of Silicon Samples 

Silicon (111) wafers were cut into pieces (1.0 cm × 2.5 cm) and cleaned by 

sonication in ethanol for 30 min, rinsed with deionized water (18.3 M∙cm) and then placed 

in a 3:1 solution of concentrated H2SO4 and H2O2 at 90 °C for 1 h.4-9 Caution: such a 

solution is often called “Piranha”, which is very reactive and should be handled with 

extreme care. After copious washing using deionized water, the samples were etched 

using deoxygenated NH4F for 10 min to remove the native oxide and obtain hydrogen-

terminated Si surfaces (H-Si≡). Etched wafers were then transferred into Schlenk tubes 

containing deoxygenated 1-decene, 1-dodecene, 1-decyne, allyl benzene, or 

phenylacetylene, sealed under Ar, and heated at 140 °C for 4 h.7,10-13 Synthesized 

molecules of 1-dodecanethiol, allyl phenyl ether and 4-allyl 4-phenylphenyl ether were 

made into 500 μM solutions in decane before being added to the Schlenk tubes, where 

the solution is deoxygenated prior to the addition of H-Si. Monolayers made from solutions 

were heated at 140 °C for 8 h. As shown in Figure 3.2, each monolayer were prepared 

this way (in order of above listing), CH3-(CH2)9-Si≡, CH3‒(CH2)11-Si≡, CH3-(CH2)7-

(HC=CH)-Si≡, CH3-(CH2)11-S-Si≡, C6H5-(CH2)3-Si≡, C6H5-(HC=CH)-Si≡, C6H5-O(CH2)3-

Si≡ and p-C6H4-(C6H5)-O(CH2)3-Si≡, (henceforth referred to as C10, C12, C10y, C3Ph, 

C2Phy, C3OPh and C3OPh2, respectively). 

 

Figure 3.2. Single molecule illustrations of each synthesized monolayers. 
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The modified silicon was washed with 1% TFA in THF, hot DCM and dried under 

a stream of N2. The samples were stored under vacuum in the dark. Each sample was 

fully analyzed within 72 h to limit contamination or gradual oxidation.7 All analysis was 

performed under ambient conditions (19-22 °C, 30–45% relative humidity) except for x-

ray photoelectron spectroscopy (XPS). Samples were washed again with 1% TFA in THF, 

hot DCM and then dried with streaming N2 prior to each measurement and Au deposition. 

3.4. Instrument Settings 

3.4.1. Contact Angle Measurement 

For these experiments an AST Optima contact angle apparatus was used to make 

wetting measurements using a horizontal light beam to illuminate the water droplet. 

Contact angle measurements were made on three independent samples (3-6 different 

spots per sample) with a 1.5 μL droplet of deionized water. 

3.4.2. Spectroscopic Ellipsometry  

Ellipsometric measurements were obtained using an UVISEL spectroscopic 

ellipsometer (Horiba JobinYvon) over a spectral range of 300-700 nm at an incident angle 

of 70°.14-17
  

3.4.3. X-ray Photoelectron Spectroscopy  

XPS spectra were acquired using a Kratos Analytical, Axis ULTRA apparatus 

equipped with a DLD detector, using a monochromatic x-ray source of Aluminum Kα 

(1486.7 eV) with an analysis area of 700 × 300 μm2
 with a step size of 0.05 eV and dwell 

time of 200 ms. Hybrids of Gaussian and Lorentzian statistical models were used to model 

peak areas of high-resolution XPS (HR-XPS). The chamber pressure was maintained at 

10−9
 Torr during data acquisition. 
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3.4.4. Physical Vapour Deposition  

Au was thermally evaporated onto organic monolayer-modified silicon in a vacuum 

chamber with a background pressure of < 5×10−7
 Torr, and at a rate of approximately 0.1 

Å/s (the slowest rate by the system) until a thickness of 80 Å was achieved. The thickness 

of the Au film was monitored with a piezoelectric quartz crystal balance mounted next to 

the sample.  

3.4.5. Scanning Tunneling Microscopy  

All STM and BEEM images reported were obtained at a tip bias, Vb = −1.0 V, and 

tip current, It = 2 nA, with a 100 × 100 nm2
 scan area. For each I-V spectrum, the BEEM 

voltage threshold was extracted by a numerical fit based on the Bell-Kaiser model.18,19
 In 

both cases, there is no bias applied between the metal and the semiconductor other than 

a small fixed (approximately 3 mV) bias resulting from the high-gain BEEM operational-

amplifier circuit. The tip (Pt/Ir; 90:10 wt%) was negatively biased with respect to the 

grounded Au layer, such that electron transport occurred in the direction of STM tip to 

metal and semiconductor. 

3.5. Electrical Measurements  

3.5.1. Mercury-Monolayer-Silicon Junction Measurements  

Current-density versus bias voltage (J-V) and capacitance versus bias voltage (C-

V) measurements were carried out using Hg drops to form an Hg/R-Si≡ junction. 
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Figure 3.3. An artistic representation of a current-density or capacitance versus 
voltage experiment with in an Hg/R-Si≡ junction. 

Shown in Figure 3.3 is an artistic representation of a gas-tight syringe with a 

protruding Hg drop making contact with R-Si≡ to complete an electrical circuit controlled 

by a potentiostat (P). The experiments were carried out in a Faraday cage using an 

electrochemical workstation to apply voltage between −1.0 V and +1.0 V. An ohmic 

contact was made on the backside of the wafer using a eutectic, Indium-Gallium (InGa) 

paste, then placing it on an electrically-grounded copper block. A gas-tight Hg-filled 

syringe was used to make a metal contact with the R-Si≡ surface. The Hg droplets 

protruding from the tip of the syringe were monitored using a digital video microscope with 

a 40× objective lens. The diameter of each contact ranged from 300‒600 µm depending 

on the monolayer and size of the protruding Hg drop.  The J-V data was analyzed to 

determine the effective barrier height (φeff) and ideality factor (η) using a modified 

thermionic emission (TE) model over the range of +0.1 V to +0.3 V.3,18-20 The built-in 

potential (ψbi), dopant density (ND), and barrier height (φB) were also extracted from the 

Mott-Schottky plots (1/C2 vs. V).21 

3.5.2. Gold-Monolayer-Silicon Junction Measurements 

J-V measurements on Au/R-Si≡ junctions were carried out using a computer-

controlled, tungsten probe station. The Au contact diameters were 1.0 mm, and the 

measurements were repeated 5-10 times on each diode over a bias voltage range of −0.5 

V to +0.5 V. J-V data from Au contacts was also analyzed using a TE model. 
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4. Long-term Stability of Molecular 
Metal-Semiconductor Junctions 

The gradual oxidation of two structurally different organic monolayers (C6H5(CH2)3-

Si≡ (C3Ph) and CH3(CH2)11-Si≡ (C12)) covalently bonded to n-type silicon(111) was 

studied and correlated to the electrical performance of thus formed Hg/R-Si≡ junctions.  

High resolution XPS analysis of the O1s region on freshly-prepared samples identified 

physically-adsorbed oxygen (Oad) and oxygen-containing species (SiOx) bound to silicon 

at 532.2 and 533.5 eV, respectively. When left under ambient conditions, both bands 

increased in intensity as time progressed, while no change in the carbon content (C1s 

peak) was observed. More importantly, upon aging there was a noticeable increase in the 

electrical current flow of both Hg/C12-Si≡ and Hg/C3Ph-Si≡ junctions; considerably more 

in the former which has less oxygen content, than the latter (based on the O1s(O‒Si)/Si2p 

peak area ratios). These results suggest that the slow oxidation of molecularly modified 

silicon may in fact dictate the electrical performance of molecular junctions. 

4.1. Introduction 

The ability to tune the structural and electronic properties of a metal-semiconductor 

(MS) junction by making molecular modifications to its interface is an important 

advancement for applications in nanoscale electronic devices.1-4 Covalently bonding 

organic molecular films to semiconductors such as silicon and gallium arsenide (GaAs), 

before placing the metal contacts on top have been extensively studied for the past 

decade.5-9 The electrical properties of these molecular junctions change substantially 

when different organic monolayers are incorporated at the interfaces.10-15 If we are to 

utilize molecular MS junctions in commercial applications, we must achieve competitive 

performance with current devices, while maintaining low cost and long lifetime. 

Covalently bonding an organic monolayer to a semiconductor allows for 

reproducible surface modification.5-9 On well-prepared samples, the overall dipole of a 

covalently bound monolayer can alter the electrical properties of the semiconductor,10-12 

while varying the chain length of the adsorbate molecules can tune the electron tunneling 
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behavior through the metal-monolayer-semiconductor or metal-monolayer-metal 

junctions.13,14 Charge transport mechanisms, such as the thermionic emission model, 

have been used in an attempt to explain the behavior of electrons passing through 

molecularly modified MS junctions.10,11,13,16-19 However, these models do not appear to be 

complete as deviations from the ideal electrical transport mechanism are often 

found.10,11,13,17-20 The solution may lie in using different electrical transport models 

(thermionic, recombination, diffusion or ohmic) over different potential regions.1-3,11,19 

It has been demonstrated previously that organic monolayers prepared on 

hydrogen-terminated silicon have minimal oxidization and they are extremely stable even 

under harsh conditions.21-23 Oxidation can be monitored using x-ray photoelectron 

spectroscopy (XPS) through analysis of the high-resolution Si2p and O1s regions.23-26 For 

example, Boukherroub et al. have shown that n-alkyl monolayers on silicon can serve to 

prevent the deterioration of the silicon wafers.21 Nevertheless, the long-term stability of 

these organic monolayers has not yet been extensively explored.  

In this work, using surface characterization measurements such as water contact 

angle and ellipsometry, in addition to direct XPS measurements, we aim to get a better 

understanding of the physical property changes of organic monolayers prepared on oxide-

free silicon as they age from exposure to ambient conditions. Aging of the sample may 

lead to dramatic changes in the electrical properties of Hg/R-Si≡ diode junctions and can 

provide further insight into their long-term performance and viability for integration into 

nanoelectronics. 

4.2. Results and Discussion 

4.2.1. Wetting and Ellipsometric Characterization. 

The water droplet contact angles of freshly prepared samples, C12 and C3Ph, are 

110 ± 1° and 83 ± 3°, respectively. This is consistent with literature value for C12 

samples;27-29 there are no previously reported values for C3Ph. Figure 4.1 shows how the 

contact angle (Figure 4.1a) and thickness (Figure 4.1b) of each sample changes with 

respect to time under ambient laboratory conditions. After 8 days, there was a significant 

drop in the C12 contact angle (to 107 ± 1°), which continued to decrease during another 

http://apps.isiknowledge.com.proxy.lib.sfu.ca/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=Q1hP9872PNahM9Dn1Ai&name=Boukherroub%20R&ut=000080610400021&pos=1
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112 days (to 95 ± 2°). In contrast, the contact angle for C3Ph decreased to 64 ± 3° at 86 

days and remained statistically constant at 65 ± 5° afterwards (Figure 4.1a). The film 

thickness of freshly prepared C12 and C3Ph samples were determined to be 14.2 ± 0.3 Å 

and 10.7 ± 0.1 Å, respectively. These results are consistent with similar monolayers 

previously studied.28 Acquired ellipsometric data is modeled against a transparent film 

layer on top of a silicon bulk layer (a bilayer model), where the film thickness was then 

calculated using the Cauchy Absorbent mathematical model.28 Using this theoretical 

model, the film thickness of the C12 and C3Ph samples left at ambient conditions are 

calculated, where a steady increase in monolayer thickness is suggested over 93 and 121 

days, respectively (Figure 4.1b). It is significant to note that upon aging the thickness of 

each sample was calculated to be 25 to 50% greater than the initially measured value. 

 

Figure 4.1. (a) Static water contact angle, and (b) ellipsometric thickness of C12 
and C3Ph monolayers on silicon as a function of time. Ellipsometric 
data were analyzed with a bilayer model (an organic film on top of a 
silicon substrate) without considering any oxide growth. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

The polarization state of the reflected light is used to calculate the monolayer 

thickness and can be described with Equation 2.8.31,32 Given the relationship of  to both 

 and , very small changes in optical properties can have dramatic effects on the 

polarization state. Through comparison of the ellipsometric angles (, ) on H-Si≡ and 

SiOx-Si≡, we observe that  increases, while  decreases during the oxidation of silicon 

(Figure 4.1a), which represents a distortion to the reflected light wave. A similar change in 
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ellipsometric parameters is observed with modified silicon wafers when left under ambient 

conditions, suggesting oxidation (Figure 4.1b). 

 

Figure 4.2. Ellipsometric angles (, ) of (a) H-Si and SiOx-Si, and (b) C12-
modified silicon as prepared and after 93 days of aging for C12-
modified silicon as prepared and after 93 days of aging under 
ambient conditions. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

An important function of the monolayer is to passivate the hydrogen-terminated 

silicon to limit or prevent oxidation.2,3,13,17,33,34 Unfortunately, monolayers longer than CH3-

Si≡ generally have a surface density less than 50%, likely caused by steric 

effects.5,8,13,23,24,26,35 This results in unreacted H-Si≡ sites. Atmospheric molecules (such 

as O2 and H2O) can physically adsorb to the surface, diffuse through the monolayer 

defects to oxidize of the silicon surface.2,7,25,34,36-38 

Oxidized Si(111) is hydrophilic and has a contact angle of less than 20°. As the 

oxide grows on the silicon surface, the modified wafers become notably more hydrophilic, 

as indicated by the decreasing contact angles. In comparison with both H-Si and C‒Si 

bonds, Si-O/Si-OH bonds are more polar which introduce a dipole moment that influences 
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the wettability of the overall sample through long-range intermolecular interaction between 

the partially oxidized silicon surface and the static water droplet on the surface. Surface 

contamination from adsorbed water or airborne organics (possibly oxygen as well) is 

unlikely to be the cause of the decreasing contact angle or increasing calculated thickness 

of the monolayer because of the careful cleaning and drying steps involved before either 

measurement. Previous studies revealed that cleaning hydrogen-terminated silicon with 

organic solvents after being left under ambient conditions removed most of the surface 

contamination leaving a layer of native-oxide on the silicon.39,40 The oxide growth occurring 

within the ‘pinholes’ on unreacted silicon (Figure 4.3) change the ellipsometric angles (, 

) enough to introduce additional error in the ellipsometric model used; it has been 

previously determined that small amounts of oxidation significantly modify the optical 

properties of H-Si≡ ( value changes).31,41,42 In order to calculate the thickness through 

ellipsometry, a better understanding of how silicon oxidizes with a monolayer bound to the 

surface is necessary. This will lead to the construction of more accurate models for the 

oxidized silicon-monolayer interface to account for the additional atomic diversity 

introduced through oxidation. 

 

Figure 4.3. Oxidation of molecularly modified silicon (artistic representation). 
Physically adsorbed oxygen (Oad) diffuses through the ‘pinholes’ to 
unreacted silicon (H-Si≡) on the underlying wafer where oxidation to 
SiOx occurs. The added dipole affects the surface properties such as 
the water droplet contact angle and ellipsometric thickness, as well 
as induces significant changes to the electronic properties. XPS 
reveals no displacement of the monolayer as oxidation occurs. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 



 

70 

4.2.2. XPS Measurements 

Trace amounts of carbon, oxygen and fluorine-containing species were present on 

the freshly prepared H-Si≡, for which weak bands were observed via an XPS survey scan 

(Figure 4.4). The detection of oxygen is a result of physical adsorption and oxidation of 

etched wafers during transport between etching and XPS analysis, as oxidation occurred 

rapidly on these wafers.33,34 Fluorine can occasionally be identified on freshly etched 

silicon wafers through qualitative analysis of the F1s region on an XPS survey scan. This 

is likely due to the presence of F-Si≡ after etching.43 After etching, the wafers are rinsed 

with water, where the trace amounts of F-Si≡ is hydrolyzed to HO-Si≡.43 This accounts for 

the minor O1s peak on freshly prepared monolayers.43 The F-Si≡ cannot be quantified 

through high-resolution scans, indicating that only a trace amount is present, which is 

consistent with literature reports.43 After a monolayer forms on the silicon wafers, there is 

no longer any indication that fluorine atoms are present. 

 

Figure 4.4. XPS survey scans of freshly prepared H-Si≡ and C12- / C3Ph-
modified silicon samples, showing notable changes in the O1s and 
C1s peaks. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

To date, research on modified silicon has only been concerned with the Si2p region 

to determine the extent of wafer oxidation. This is done by identifying the SiOx peak 
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between 101–105 eV as oxidation, and attributing the identified oxygen in the O1s region 

to physically adsorbed molecules (Oad). However, the O1s region can be further analyzed 

using high-resolution scans and deconvolution to reveal a difference between Oad and 

singly-bound oxygen to silicon (O‒Si).25 The XPS survey spectra of freshly prepared C12 

and C3Ph (Figure 5.4) indicated significant signal increases in both carbon and oxygen 

content when compared to H-Si≡ samples. In the O1s region of modified samples, we can 

deconvolute two bands at 533.5 and 532.2 eV, identifying the presence of oxygen bonded 

to silicon (O‒Si) and physically adsorbed (Oad), respectively (Figure 4.5a, inset).25 We note 

that previous investigation of this band had suggested that it was solely due to the 

Oad.24,35,44,45 Deconvolution of the peak within the O1s region provides a better 

understanding on how organically modified wafers oxidize and show that freshly prepared 

wafers do contain minimal amounts of oxide, in contrast to what has been proposed 

previously.24,35,44,45 An important precursor, Oad (e.g., H2O or O2) assists the formation of 

singly bound oxygen to silicon,25,36-38 which is likely in the form of HO-Si≡.38 Oxidation that 

is detectable by analysis of the O1s region, is not observed in the Si2p region until a 

significant amount of SiOx is present. Both O1s(O‒Si) and O1s(Oad) were detected on 

freshly prepared C12 and C3Ph resulting from air exposure in the time between post-

reaction cleaning and being introduced into the XPS instrument. Surface defects can vary 

significantly in size and distribution so ambient Oad molecules can diffuse rapidly through 

larger surface defects and oxidize H-Si≡, producing the O1s(O‒Si) peak.33,46 
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Figure 4.5. (a) High-resolution XPS scans of the O1s region of freshly prepared 
C12 and upon aging, indicating a gradual increase in oxide content. 
Peaks are normalized to the Si2p peak intensity. The inset shows the 
deconvoluted peaks of O1s on freshly prepared C12 with a clear 
difference between O1s(Oad) and O1s(O‒Si) signals. (b) Peak area 
ratio of O1s(O‒Si)/Si2p and O1s(Oad)/Si2p versus the aging days for 
C12 and C3Ph. Both O1s(O‒Si)/Si2p and O1s(Oad)/Si2p ratios are 
plotted, showing that both signals increase at a similar rate. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

For the long-term stability test, it was evident that the oxidation of the modified 

samples occurred steadily (Figure 4.5a). After the first week there appears to be a 

relatively rapid increase in the oxide content indicated by the dramatic increase in O1s(O‒

Si)/Si2p ratio (Figure 4.5). Despite the fact that each sample was washed with a 1% 

solution of trifluoroacetic acid in THF and 1,1,1-trichloroethane prior to measurement, 

there was an increase in both the O1s(O‒Si)/Si2p and O1s(Oad)/Si2p ratios (Figure 4.5b), 

while there is no significant shift in the binding energy for any of the analyzed peaks 

(Figure 4.5a). Interestingly, Oad was not removed by washing the samples or exposure to 

the high vacuum XPS chamber. Therefore, we believe that the parallel signal increase of 

O1s(Oad) and O1s(O‒Si) suggests it either gets “trapped” within the organic film or bound 

to the ‘pinholes’, not physically bound to the surface of the monolayer. 

Although the peak of O1s(O‒Si) is present on fresh samples, there is no indication 

of the existence of a SiOx band in the range of 101–105eV within the Si2p region. On fresh 

samples, the only peaks visible are Si2p3/2 and Si2p1/2 at 99.5 and 100.1 eV, respectively 
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(Figure 4.6a). It is important to note that the 2:1 peak area-ratio and 0.6 eV split of the two 

Si2p peak observed are consistent with literature.23 In fact, the SiOx peak at 102.7 eV was 

evident only after two months of air exposure for C3Ph and C12 (Figure 4.6b); the 

broadness and weak signal intensity of this peak also makes it difficult to quantify. It is 

apparent that an analysis of the Si2p region is inadequate for identifying the early oxidation 

of modified silicon wafers. 

 

Figure 4.6. (a) High-resolution XPS scans of the Si2p region of freshly prepared 
C12 sample and after aging (121 d).  Peaks are normalized to the 
Si2p peak intensity. The inset shows deconvoluted peaks of Si2p on 
freshly prepared monolayers showing both Si2p3/2 and Si2p1/2. (b) 
Peak area ratio of SiOx/Si2p versus the number of days for C12 and 
C3Ph. Oxidation is not evident for the first couple of weeks of air 
exposure. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

Two major bands, corresponding to C‒C and C‒Si, were identified in the C1s 

region at 285.1 eV and 284.2 eV, respectively, along with a relatively weak C-O band at 

286.3 eV (Figure 4.7a, inset). This third peak (C-O band) can be associated with physically 

adsorbed molecules during sample transportation between the labs.23,47 Another peak was 

observed only in the C3Ph sample at 289.5 eV after 121 days of air exposure; further 

investigation revealed this to be due to O1s(Oad) from a carbonyl (C=O).23,47 One important 

feature in the analysis of the C1s region is the consistent amount of carbon present 

through each measurement of the samples: the C1s(C‒C)/Si2p ratios for C12 and C3Ph 

are 0.455 ± 4.6% and 0.180 ± 14.9% (Figure 4.7b). A relative approximation of carbon 
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atoms directly bound to silicon can also be obtained through the C1s(C‒Si)/Si2p ratio and 

is calculated to be 0.049 ± 5.9% and 0.055 ± 5.9% for the C12 and C3Ph samples, 

respectively. These results suggest that the phenyl-terminated monolayers allow for better 

packing density than their straight-chained counterparts. We suspect the possibility of 

additional of intermolecular forces from π-stacking to promote higher densities despite 

having a bulkier functional group.14,48,49 Further investigation into the phenomenon will be 

necessary. Also, the organic monolayer is not removed as the surface oxidizes; analysis 

of the C1s region over each sample measurement reveals that the carbon content (as 

C1s(C‒C) or C1s(C‒Si)) remains constant (±6%) throughout the experiment. 

 

Figure 4.7. (a) High-resolution XPS scans of the C1s region of freshly prepared 
C12 and upon aging (the color coding of individual spectrum is the 
same as those in Figure 5a), indicating unchanged carbon content. 
Peaks are normalized to the Si2p peak intensity. The inset shows 
deconvoluted peaks of C1s on freshly prepared C12 with a clear 
difference between C-O, C‒C and C‒Si contributions. (b) Peak area 
ratio of C1s(C‒C)/Si2p versus the aging days for C12 and C3Ph. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

The fact that more oxygen content is detected in the C3Ph over the C12 samples 

can be correlated with the wettability of each monolayer surface. The more hydrophobic 

nature of C12 limits atmospheric water from diffusion through the ‘pinholes’ of the 

monolayer, decreasing the amount of oxidation of the underlying silicon from exposure to 

moisture. This would suggest that even with a higher packing density of the C3Ph 

monolayer, it is more prone to oxidation under ambient conditions. 
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Angle-resolved XPS (AR-XPS) can be used to gain a depth profile of O1s(Oad), 

O1s(O‒Si), C1s(C‒C), C1s(C‒Si) and SiOx on the C12-Si≡ sample (after 290 days), by 

adjusting the takeoff angle between 0 degrees (perpendicular to the sample) and 70 

degrees. The signal from each species is normalized against its peak area at 0 degrees. 

As expected, each signal decreases as the takeoff angle is increased (Figure 4.8). 

 

Figure 4.8. Normalized results from AR-XPS measurements at takeoff angles 
between 0 and 70 degrees. Each of O1s(Oad), O1s(O‒Si), C1s(C‒C), 
C1s(C‒Si) and SiOx are shown and normalized to the peak area of 
the 0 degree signal. 

Note. Reprinted with permission from Popoff, R. T. W.; Asanuma, H.; Yu, H. Z. J. Phys. Chem. 
C 2010, 114, 10866. Copyright 2010 American Chemical Society. 

The signal from C1s(C‒Si) decreases the quickest as it is at the monolayer-Si 

interface and the deepest identifiable signal. The oxygen bound to silicon signals, O1s(O‒

Si) and SiOx, decreases more rapidly than the monolayer signal, C1s(C‒C). This 

preliminary result suggests that silicon oxidation is occurring within the monolayer defects, 

possibly forming tower-like structures perpendicular to the plane of the silicon wafer. If 

oxidation was occurring at the pinholes but exclusively growing into the wafer and 

underneath the monolayer the O1s(O‒Si) and SiOx signals should decrease more rapidly 

than C1s(C‒Si). The physically adsorbed oxygen species O1s(Oad) signal remains similar 

to the signal from the monolayer throughout each angle, and has roughly the same rate 

of change after 20 degrees. This further supports the theory that atmospheric oxidants, 

such as oxygen and water, become trapped within the monolayer pinholes and are likely 

an important cause of sample oxidation. 
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As these oxidants approach the monolayer surface they may diffuse into relatively 

large defect regions. From Figure 4.1, we know C3Ph is relatively more hydrophilic than 

C12, yet oxidizes quicker. This suggests water is primarily doing the oxidizing as it will 

adhere to the monolayer surface more easily for C3Ph, allowing diffusion to occur more 

readily. Once within the defects, the oxidant can continue to diffuse to the monolayer-Si 

interface to oxidize the Si. 2,7,25,34,36-38 

4.2.3. Electrical Measurements 

Plots of the current density as a function of bias voltage (J-V) for the Hg/C3Ph-Si≡ 

and Hg/C12-Si≡ junctions’ immediately after preparation and upon aging are shown in 

Figure 1.17. For the fresh samples, both junctions allow a minimal saturation current to 

flow under reverse bias, compared to that of the forward bias, indicating that these 

molecular junctions exhibit good rectifying properties. As time progresses, a significant 

increase in current is identified in both the reverse and low-forward bias of Hg/C12-Si≡ 

and Hg/C3Ph-Si≡, although the change is less dramatic in the latter sample. Regardless 

of the amount of oxidation on each sample, there is a convergence of the current passing 

through each device at +0.45 V and +0.60 V for Hg/C12-Si≡ and Hg/C3Ph-Si≡ devices, 

respectively, which is likely due to the bulk resistance of modified silicon becoming the 

only limiting parameter to the current flow. It is clear that that the slow but evident oxidation 

of the modified silicon sample affect the electrical properties of the Hg/R-Si(111)≡ 

junctions. 

In order to quantify the J-V properties and gain insight into the current transport 

mechanism through the junctions, the classical thermionic emission theory, a majority 

carrier model, has been frequently applied with varying degrees of success (see Equation 

2.23):2,3,11,13,17,18,50 Based on this equation, we would expect a linear relationship between 

ln J and V, and a change in the J-V curve at low-forward bias would yield different values 

of φeff and η. On fresh Hg/C12-Si≡ and Hg/C3Ph-Si≡ junctions this linear relationship is 

evident between +0.15 V to +0.45 V and is consistent with what have observed 

previously.13 As oxidation occurs on the samples a “curvature” develops in the low-forward 

bias that deviate from the linear relationship. This will drastically change the resulting 

barrier height and ideality factor if we still apply the same model. The “curvature” 
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presenting itself through oxidation has been attributed to SiO2 decomposition of etched 

silicon of Ag/n-Si≡ junctions’ previously.1 

The “curvature” in the J-V curve may be attributed to a change in the mechanism 

of charge transport across the interface, which is not due to the 

displacement/decomposition of the monolayers.1,19 Similar curvature has been observed 

on MS junctions with a layer of SiO2 at the interface.1,51 Therefore it is reasonably to 

hypothesize that oxidation of a metal-monolayer-Si junction causes the junction to become 

more dependent on minority charge carriers. Evidence of oxidation affecting the electrical 

performance of metal/monolayer-Si≡ junctions has been suggested previoulsy,51,52 which 

appears to be more likely to occur with thinner monolayers.19 We believe this is due to the 

ease with which atmospheric oxidants can diffuse to unreacted silicon sites. A similar “non-

linearity” in the J-V curves has been reported in the study of Hg/n-alkyl monolayer/n-Si≡ 

junction by Yaffe et al,19 who also suggested that minority charge carriers, as opposed to 

majority are dominant in the charge transport process.19 

Over the course of 134 days, the C12 junctions had a significant change in the J-

V properties, while little difference in current flow occurs in the high-forward bias after 

+0.45 V (Figure 1.17a). A similar trend is observed with the C3Ph junctions to a lesser 

extent (Figure 1.17b), despite the fact that C3Ph monolayer oxidizes more significantly 

than C12 (Figure 1.17b). The terminal phenyl rings of the C3Ph samples exhibit π-stacking 

characteristics, which not only promote higher monolayer surface density, but also appear 

to stabilize the electrical properties of the junction. We have to acknowledge that further 

investigation into the pattern of oxide growth at the nanoscale and its effects on the 

electrical properties is needed to confirm the above hypothesis. 

4.3. Conclusion 

The gradual oxidation process of organic monolayer-modified silicon samples can 

be identified through analysis of the O1s region of an XPS high-resolution scan. It was 

also evident that the slow oxidation process does not displace the hydrocarbons from the 

silicon surface, but induces changes to the surface wettability and optical properties. 

Results from angle-resolved XPS can aid researchers in determining the oxide growth 
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pattern for modified silicon samples. In addition, it has been confirmed that the presence 

of minimal oxidation can dramatically change the charge transport properties of a 

monolayer-passivated MS junction. A better understanding of the variation in the charge 

transport mechanism and the ability to control the oxidation are essential for their potential 

applications as molecular electronic devices. 
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5. Reduction of Gold Penetration Through 
Phenyl-terminated Alkyl Monolayers on 
Silicon 

By preparing phenyl-terminated monolayers on hydrogen-terminated Si(111), we 

show that their higher surface densities in comparison to n-alkyl monolayers improves 

their electrical properties (lower reverse-bias currents, higher effective barrier heights, and 

closer-to-unity ideality factors) when measured using either mercury drop electrodes or 

thermally-deposited gold contacts. Consistent with these macroscopic measurements are 

ballistic electron emission microscopy (BEEM) characterization of each junction. BEEM 

indicates that there is a significant decrease in ballistic current for the phenyl-terminated 

monolayers. When comparing Au/phenyl-terminated monolayer-Si≡ to Au/n-alkyl 

monolayer-Si≡, the former junctions show a denser interfacial layer with less Au 

penetration. We propose that increased intermolecular interaction through π‒π stacking 

of the phenyl head-groups stabilizes the monolayer structure at the buried interface and 

inhibits the penetration of thermally-deposited gold atoms. 

5.1. Introduction 

To study current transport through molecular monolayers on silicon, methods 

involving scanning tunneling microscopy (STM) in ultra-high-vacuum environments have 

been reported.1,2 More commonly, macroscopic metallic contacts are formed on 2-

dimensional molecular layers and their properties studied.3-5 The challenge then becomes 

confirming that the transport is molecular rather than via direct metallic shorts to the 

substrate. Soft contacts using liquid mercury (Hg),6-12 lift-off,13-15 and flip-chip lamination 

techniques16,17 have produced intact MMS junctions where the properties of the molecular 

transport can be distinguished from direct metal-silicon  contacts. 

A parallel approach is to control the monolayer properties and its ability to inhibit 

metal penetration or reaction.18-21 We have prepared covalently bonded organic n-alkyl 

monolayers on Si with their un-bonded ends terminated with a methyl (-CH3) or a thiol (-

SH) group, and have shown that a Au/HS-(CH2)n-Si≡ junction reduces the degree of Au 
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penetration compared to Au/H3C-(CH2)n-Si≡ junctions (n = 6-10).18 It was also found that 

fabrication of Au contacts by thermal evaporation is less destructive to the junction 

structure than sputter deposition of Au contacts.21 

In this chapter, we demonstrate that Au penetration can be further reduced in 

molecular junctions by using phenyl-terminated monolayers, which can be formed via 

thermal reactions of H-Si(111)≡ with 1-alkyne molecules (terminated with either methyl or 

phenyl groups). The macroscopic electrical performance of all samples is measured using 

either an Hg-drop electrode or thermally-evaporated Au contacts. Ballistic electron 

emission microscopy (BEEM) is used to characterize the local electronic transport for 

samples with Au contacts. 

5.2. Results 

5.2.1. Surface Characterization 

A summary of the results from surface characterization is given in Table 5.1, 

including water contact angles, elliposometric thickness values, known molecular lengths, 

and calculated alkyl chain tilt-angle of each monolayer. It is evident that the methyl-

terminated monolayers (C10 and C10y) are significantly more hydrophobic than the 

phenyl-terminated monolayers (C3Ph and C2Phy). The measured thicknesses of each 

monolayers decreased with decreasing carbon number in the parent molecules, and 

correlates well with reported values.21-28 Each thickness was normalized by subtracting 

measured H-Si≡ (0.24 ± 0.07 Å) from each measured monolayer thickness.29 The two 

methyl-terminated monolayers were oriented relatively perpendicular to the Si surface 

(tilted at 15-18  7 with respect to the normal) compared to the phenyl-terminated 

monolayers, which were tilted significantly more towards the Si surface (41-45  7). Our 

tilt angles determined for the phenyl-monolayers are within the reported literature range 

for similar structures.30 
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Table 5.1. Structural characterization results of the organic monolayers 
(C10, C10y, C3Ph and C2Phy) formed on oxide-free silicon. 

Monolayer 
Water contact 

angle 
(°) 

Thickness 
(Å) 

Molecular length 
(Å)† 

Tilt-angle 
(°) 

C10 110 ± 1 12.5 ± 0.5 13.1 18 ± 7 

C10y 110 ± 1 12.6 ± 0.9 13.0 15 ± 7 

C3Ph 80 ± 2 6.2 ± 0.7 8.1 41 ± 7 

C2Phy 81 ± 2 5.1 ± 0.8 7.1 45 ± 7 

Note. †Calculated using the ChemBio3D (CambridgeSoft, Inc). 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

XPS survey scans between 0–800 eV (not shown) identified the presence of Si2p, 

Si2s, C1s bands, and an unexpected O1s band for all four samples. Figure 5.1 shows 

high-resolution XPS spectra of the O1s (left) and Si2p (right) regions. There is no evidence 

of oxidation: (1) the only peak clearly identified in the O1s region at 532.2 eV is due to 

adventitious contamination;23,26,32-34 (2) there is no peak between 101 and 104 eV in the 

Si2p region, which is associated with silicon oxidation.28 Two peaks are observed in the 

Si2p region at 99.5 eV and 101.1 eV for C10, C10y and C3Ph samples, which are the 

Si2p3/2 and Si2p1/2 peaks, respectively. The same peaks appear at 99.3 eV and 99.9 eV, 

respectively for C2Phy. Each pair of Si2p peaks are separated by 0.6 eV and have a 2:1 

split of the peak area ratio.35 For the C2Phy samples, the Si2p peaks are shifted by −0.2 

eV compared to the other three samples. 
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Figure 5.1. High-resolution x-ray photoelectron (XPS) spectra of the O1s and 
Si2p regions for the C10, C10y, C3Ph and C2Phy monolayers. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040.. Copyright 2010 American Chemical Society. 

Figure 5.2 shows high-resolution XPS spectra for the C1s region of each 

monolayer. The main structures, C‒C, C=C and C–Si, are identified from the 

measurements by deconvoluting individual signals (dotted lines) for unique covalent 

bonds.23,25,26,32-34,36,37 
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Figure 5.2. High-resolution XPS spectra from the C1s region for (a) C10, (b) 
C10y, (c) C3Ph, and (d) C2Phy monolayers. Peak positions and the 
number of carbons in the parent molecule are summarized in Table 
2. The asterisk (*) labels the peak identified for adventitious carbon. 
The peak-fit residuals are shown below each spectrum. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

Each monolayer shows the expected bands for C‒C and C–Si. The C=C signal was 

present in all samples, with the exception of C10. Furthermore, a broad, low-intensity band 

at 291.7 eV was identified in the C2Phy samples. This peak is commonly called a ‘shake-

up’ peak, originating from a π-π* transition.26 A broad signal from adventitious 

hydrocarbon, C1s(C‒O), is also identified at 286.3–286.5 eV.23,33,35 Table 5.2 is a 

summary of the C1s HR-XPS data, which includes the peak energies and relative number 

of carbons, #C, for each system. We also compare the surface coverage between each 

sample by using the ratio of C–Si (the C1s(C–Si) signal) bonds to the overall Si (the Si2p 

signal) determined from HR-XPS data. The values of these signals are normalized to the 
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C1s(C–Si)/Si2p peak area ratio of C10 for easier comparison. We can confirm from these 

values signals, that C10y has a modestly higher surface coverage than C10 which has 

already been reported.32 In our newly reported phenyl monolayers, we determine that 

C2Phy has a significantly higher coverage on Si than C3Ph. Therefore, each of the alkyne 

prepared monolayers show an increase in surface coverage when compared to their 

alkene counterparts. 

Table 5.2. XPS results for the four monolayers including the binding energies 
(EB) of C1s peaks, number of carbons, and relative monolayer 
coverage based on the C1s(C–Si)/Si2p peak area ratio. 

 C10 C10y C3Ph C2Phy 

C1s 

Assignment 
EB (eV) # C EB (eV) # C EB (eV) # C EB (eV) # C 

(C–Si) 284.3 1 284.0 1 284.0 1 283.9 1 

(C=C) - 0 284.6 1 284.7 6 284.6 6 

(C–C) 285.3 9 285.4 8 285.3 2 285.3 
1 

shake-up - - - - - - 291.7 

(C–O)† 286.3 - 286.4 - 286.5 - 286.5 - 

C1s (C–Si) 

/ Si2p ratio 
0.037 ± 0.002 0.040 ± 0.001 0.035 ± 0.002 0.047 ± 0.004 

Relative coverage 1.00 ± 0.05 1.08 ± 0.03 0.95 ± 0.05 1.3 ± 0.1 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

5.2.2. Electrical Measurements of Hg/R-Si≡ Junctions 

J-V plots for the Hg/R-Si≡ junctions are shown in Figure 5.3. For each sample, 

clear rectification behavior is observed. Between +0.1 and +0.4 V there is a monotonic 

increase in current before saturation above +0.6 V except for the C3Ph diode junctions, 

for which saturation begins at +0.5 V. 
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Figure 5.3. Representative J-V plots of the Hg/R-Si≡ junctions. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

As evidenced by the smaller current in reverse bias, C2Phy junctions reduce 

current leakage significantly in comparison with other samples. The effective barrier height 

(φB) and ideality factor (η) for each junction obtained from the classical thermionic model 

are summarized in Table 5.3. The C2Phy monolayer sample had the highest φB (0.88 ± 

0.01 eV) while the others were 0.84 ± 0.01 eV. 
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Table 5.3. Summary of macroscopic J-V measurements on the Hg/R-Si≡ 
junctions, Au/R-Si≡ junctions, as well as the BEEM studies of Au/R-
Si≡ junctions. 

 Hg/R-Si≡   Au/R-Si≡  
Au/R-Si≡ 

BEEM 

Monolayer 
φB 

 (eV) 
± 0.01 

η 
 

± 0.08 
 

φB 
(eV) 

± 0.01 

η 
 

± 0.01 
 

φB 
(eV) 

± 0.01 

IB 
(pA) 
± 3 

C10 0.84 1.67  0.81 1.11  0.85 56 

C10y 0.84 1.74  0.81 1.09  0.84 55 

C3Ph 0.85 1.04  0.82 1.09  0.85 50 

C2Phy 0.88 1.35  0.82 1.15  0.87 5 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

The Mott-Schottky plots (1/C2 vs. V) measured at 1 MHz for the four representative 

molecular junctions are presented in Figure 5.4. 

 

Figure 5.4. Representative Mott-Schottky plots of Hg/R-Si≡ junctions measured 
at 1 MHz. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 
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The calculated doping density (ND), built-in potential (V0), and capacitance-derived 

barrier height (φ’B) are shown in Table 4. The ND value (2.3 ± 0.4) × 1015 cm−3 is within the 

expected range (0.9-10 × 1015 cm−3) based on the nominal wafer resistivity. The average 

ψbi for C10, C10y and C2Phy is 0.73 ± 0.04 V, while C3Ph samples are considerably lower, 

with an average of 0.57 ± 0.04 V. As listed in Table 5.4, the φ’B calculated from the ψbi and 

ND values are 0.90 ± 0.05 eV for C10, C10y and C2Phy, and only 0.79 ± 0.05 eV for C3Ph. 

Table 5.4. Results from Mott-Schottky measurements at 1 MHz on Hg/R-Si≡ 
junctions including the dopant density (ND), built-in potential (ψbi), 
and capacitance-derived barrier height (φ’B). 

Monolayer 
ψbi  
(V) 

± 0.04 

ND 
(1015 cm−3) 

± 0.4 

φ'B 
(eV) 

± 0.05 

C10 0.67 2.3 0.91 

C10y 0.66 2.3 0.90 

C3Ph 0.55 2.5 0.79 

C2Phy 0.64 2.3 0.88 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

5.2.3. Electrical Measurements of Au/R-Si≡ Junctions 

A summary of the results from J-V measurements for Au/R-Si≡ junctions is 

included in Table 5.3. The average barrier height was the same for all monolayers, 0.81 ± 

0.01 eV, with average ideality factors ranging from 1.09 to 1.15 ± 0.01. This value is 

consistent with previously reported values for n-alkyl monolayers.18  

STM and corresponding BEEM images for each diode junction are shown Figure 

5.5. STM tunneling and BEEM transmission current were easily detected in all cases. The 

STM images show the typical morphology of room temperature, thermally-evaporated Au 

with grain sizes from 10 to 20 nm. The largest grain structure occurs for C2Phy, indicative 

of a different nucleation and growth rate of Au on top of these phenyl-terminated 

molecules. The calculated RMS roughness of all STM scans were the same 0.50 ± 0.01 

nm except for C2Phy which was 0.70 ± 0.01 nm. The corresponding BEEM images for the 

first three systems, C10, C10y, and C3Ph, showed a signal primarily determined by the 

Au grain size, which ranged from 20 to 45 pA but with no evidence of the effect of a buried 
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monolayer. In comparison, Figure 5.5g, for the C2Phy sample, shows a much-reduced 

BEEM current range (4 pA) with a relatively more-uniform signal. 

 

Figure 5.5. Simultaneous STM (a, c, e, g) and BEEM (b, d, f, h) images of Au/R-
Si≡ junctions with C10, C10y, C3Ph and C2Phy monolayers, 
respectively. The images were obtained at a tip bias −1.0 V, and a tip 
current 2 nA, over a 100×100 nm2 scan area. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 
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Shown in Figure 5.6 are BEEM spectra from the four types of diode junctions. The 

BEEM barrier height (threshold voltage) and BEEM transmission current (at −1.5 V) are 

listed in Table 5.3. The highest barrier 0.87 ± 0.01 eV occurred for the C2Phy diodes 

together with an order of magnitude lower BEEM transmission current. The BEEM current 

for the other junctions were similar (53  3 pA). For all samples the BEEM barrier height 

was an average of measurements taken at several points with different BEEM 

transmission currents. No variation in barrier height was detected except for C2Phy, which 

had a slightly lower barrier height (0.85 ± 0.01 eV) for regions with higher BEEM current 

(10 pA). 

 

Figure 5.6. Representative BEEM spectra obtained with a constant tip current of 
2 nA for Au/R-Si≡ junctions. The BEEM current at −1.5 V (indicated 
by the dotted line) are listed in Table 5.3 for a direct comparison. 

Note. Reprinted with permission from Popoff, R. T. W.; Zavareh, A. A.; Kavanagh, K. L.; Yu, H. 
Z. J. Phys. Chem. C 2012, 116, 17040. Copyright 2010 American Chemical Society. 

5.3. Discussion 

5.3.1. Monolayer Structure 

The structural and surface properties of methyl-terminated monolayers on silicon, 

C10 and C10y, are well documented in the literature.7,10,11,18,19,23,24,27,28,35,38-41 The water 

contact angle of the monolayer surface as listed in Table 5.1 is largely determined by the 

methyl end-group. The remaining H-Si≡ and the C=C at the monolayer-Si interface do not 
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affect the surface wetting properties. The ellipsometric thickness and thus estimated tilt-

angle of these monolayers indicated that they are oriented close to perpendicular to the 

Si surface. This suggests that the intermolecular interactions (van der Waals) between 

surface-bound molecules are strong enough to keep the alkyl chains away from the Si 

surface.32 In other words, perpendicular orientations are associated with monolayers of 

higher density, with adjacent molecules holding each other upright.32 

The lower water contact angles of the phenyl-terminated monolayers, C3Ph and 

C2Phy, are associated with the fact that a phenyl head-group is less hydrophobic than is 

methyl. The estimated chain tilt-angle of each of the phenyl monolayers is significantly 

larger than their methyl-terminated counterparts but within the same reported range as for 

short n-alkyl or less dense monolayers.28,32 It was suggested that stronger intermolecular 

forces present in longer n-alkyl chains are responsible for lower tilt-angles, allowing for 

more densely packed n-alkyl monolayers.28,32 However, for both C3Ph and C2Phy 

monolayers, it is more likely that π‒π stacking of the phenyl rings occurs as the primary 

intermolecular force between adjacent molecules.42,43 It is possible that the phenyl-

structures interlock to further increase stability, despite interlocking being more likely on 

larger conjugated phenyl structures.43 Larger tilt-angles have been reported previously 

with Si-bonded aromatic monolayers, with increasing surface density of the film.30 Based 

on both literature and our experimental results (XPS results shown in Figure 5.2) of the 

C10y monolayer, the C=C functional group remains intact at the monolayer-Si interface. 

Both 1-decyne and phenylacetylene have the same reactive “alkyne” functional group to 

react with H-Si≡, forming a monolayer. However, unlike C10y, C2Phy is not identified as 

a C=C at the monolayer-Si interface. Instead, the result is two identifiable peaks in a 

C1s(C–C) and shakeup.26 The sum of the peak areas of these two peaks represents a 

single carbon for this monolayer, suggesting that both are present. The presence of this 

shakeup peak suggests that the monolayer bonded to Si maintains its π-conjugation 

characteristics in a styrene-like form.26 

Determining the monolayer coverage based on the C1s(C–Si)/Si2p ratio from the 

HR-XPS data will lead to an overestimate due to the attenuation of the Si signal.34 In other 

words, monolayer of higher density or thickness will prevent escaping electrons from 

reaching the detector. This will affect the Si2p signal more than any C signal, thus the 

overestimation of the ratio. Nonetheless, it is still reasonable to conclude that the surface 
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density increases for alkyne-based reactions in both methyl- and phenyl-terminated, C10 

to C10y and C3Ph to C2Phy. The overall amplitude of this increase in surface density may 

not however, be as significant as predicted by XPS. 

Analysis of the C1s(C–Si) peak for C10y indicates that the binding energy is 0.3 

eV larger than other monolayers. This is due to the presence of C=C within the C10y 

structure influencing the electronic shielding around the carbon bound to Si, making it 

easier to remove core electrons. Another significant binding energy shift, decreasing 0.2 

eV, is measured for both the Si2p3/2 and Si2p1/2 peaks in the C2Phy samples. This shift 

suggests there is a change in the work function for C2Phy.44 As mentioned above, the 

shake-up peak suggests that the resonance properties are maintained in the monolayer 

after covalent bonding to the Si.26 

5.3.2. Electrical Properties 

The barrier heights measured using BEEM, Hg probe or Au contacts ranged from 

0.81 eV to 0.88 eV. These values are all greater than the reported barrier height for Hg/n-

Si≡ (0.47 eV)6 or Au/n-Si≡ (0.80 eV), confirming that the monolayers at the buried interface 

have influenced the electrical properties of the molecular junctions. 

The barrier heights from the Hg probe J-V and BEEM are identical to within 

experimental error, whereas, the Au contact J-V barriers are smaller by 0.03 to 0.05 eV 

and essentially identical to those expected for Au/H-Si≡ contacts. It is clear that Au 

penetration happened to all these molecular junctions. BEEM measures local transport 

(total area 0.01 μm2) so the higher BEEM barrier heights compared to macroscopic (3.1 

mm2) Au J-V indicates that the Au penetration was not laterally uniform. Large regions had 

less penetration resulting in higher barrier heights. The monolayer with the highest barrier 

height, and the lowest BEEM current was the C2Phy junction indicating that it also had 

the least Au penetration. While the work function of Hg compared to the electron affinity 

of Si predicts the measured Hg barrier heights to n- and p-type Si very well, this has not 

been the experience for Au contacts. Au will inter-diffuse with Si at room temperature when 

the interface is atomically abrupt and devoid of impurities (see Figure 1.3 and related 

discussion). This process causes an apparent reduction in the barrier height via 

recombination centers often leading to ohmic behavior.45 On the other hand, H-passivation 
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or partial oxidation inhibits inter-diffusion, reducing recombination centers, and controlling 

interface state densities and thus the resulting barrier height.45,46 Our results are consistent 

with the presence of an interfacial layer that is controlling the barrier formation and 

inhibiting interdiffusion. 

The calculated doping density (ND) from C-V measurements for all samples was 

the same (2.3 ± 0.4 × 1015 cm-3) as expected, and consistent with our earlier studies.10,18,21 

However, φ'B extracted from the C-V measurements is higher than the results from J-V for 

methyl-terminated monolayers while the same or less for the phenyl-terminated. A higher 

barrier from a C-V measurement compared to J-V can be an indication of a non-uniform 

barrier consistent with Au penetration.31,33 The current flows preferentially through the 

lower barrier regions while the average depletion region thickness that determines the 

barrier from a C-V measurement is less affected. This would explain the results for the 

C10 and C10y monolayers.  If the interface becomes more uniform than the barrier height 

from J-V and C-V measurement techniques would be more likely to converge as they do 

for C2Phy case for the Hg probe and BEEM of Au contacts. For C3Ph samples, we 

calculate values of ψbi and φ'B which are significantly lower from the values of the other 

samples. This suggests that this monolayer may be different in terms of interaction with 

the surface states of the Si when compared to the other monolayers.47,48 It is also the only 

monolayer with an ideality factor of unity (within error). This phenomenon and will 

investigated at a later date. 

5.3.3. Monolayer Integrity 

A reduction in BEEM signal is caused by an increase in the fraction of scattered 

electrons as they pass through the junction. This reduction in signal is observed for both 

phenyl-terminated monolayers, but is most significant for C2Phy. The increased coverage, 

greater tilt-angle and potential π-π stacking of C2Phy (and C3Ph to a lesser extent) 

presumably provided greater surface stability to drastically reduce electrical shorts 

between the thermally evaporated Au contacts and the underlying Si. Conversely, the n-

alkyl monolayer typically studied in metal/R-Si≡ systems have relatively less surface 

coverage, smaller tilt angles and no π-π intermolecular interactions.21,23,24,32,37,41,49-52 In our 

particular case, for scan areas with the same average barrier height as other monolayers 

(0.85 eV) the BEEM current is reduced. This can be explained by a higher density or 
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thicker monolayer which is also allowing less Au penetration. In the present and all 

previous studies with Au/R-Si≡ junctions and BEEM measurements, the C2Phy sample 

has shown the first significant reduction in BEEM current that we have observed for any 

Si molecular monolayer.18,53 In fact, in previously reported literature, direct Au deposition 

techniques (thermal, electron-beam or sputtering) results in significant disruption to the 

monolayer which results in poor electronic performance.18,21,24,54,55 In each case simple n-

alkyl monolayers were used and the resulting electrical performance was similar to an 

Au/H-Si≡ interface, as if the monolayer was not even present. One situation has been 

reported where phenyl monolayer head-groups stabilized the surface during 

electrodeposition to construct an Au/monolayer/Au device.20 

We believe that the C2Phy monolayer structure limits penetration of Au when 

forming contacts by evaporation. The phenyl structure is lying with a large tilt angle to the 

surface, that is, closer to the Si but with stronger intermolecular interaction. Thus, the 

remaining H-Si≡ sites are likely better protected by the surface ring structure, potentially 

inhibiting the deposited Au from diffusing to the Si surface. This could also explain why 

phenyl monolayers are more resistant to oxidation than n-alkyl monolayers.23 

5.4. Conclusion 

Hg or Au/monolayer-Si(111)≡ electrical junctions prepared by using phenyl-

terminated alkene or alkyne molecules (C6H5-CH2CH=CH2 or C6H5-C≡CH) showed less 

reverse-bias leakage currents, higher effective barrier heights, and smaller BEEM 

transmission currents in comparison with junctions made with n-alkyl monolayers. 

Ellipsometry measured a higher molecular tilt for the phenyl-terminated monolayers (42 ± 

7° versus 17 ± 7°), and their lateral π−π interactions likely helped to reduce the penetration 

of Au upon thermal deposition, thus inhibiting the formation of electrical shorts. In 

particular, C6H5-(CH)2-Si≡ (C2Phy) monolayers on Si (111) reduced BEEM transmission 

currents by an order of magnitude combined with an increase in the average macroscopic 

effective barrier height from J-V measurements and average local barrier height from 

BEEM of 0.03 ± 0.01 eV. The choice of phenyl-terminated alkene or alkyne molecules to 

construct molecular junctions is therefore a promising avenue toward higher stability of Au 

molecular contacts. 
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6. Molecular Dipole Modulates Charge Transport 
Across Molecular Diodes 

The effect of molecular dipoles on the charge transport across Hg/R-Si≡ junctions 

has been previously studied. The most common approach to characterize these diodes is 

to apply the thermionic emission model (TE) as an empirical method to calculate the 

barrier height (φB) and ideality factor (η). When η is close to unity, the charge transport 

across these molecular junctions are dominated by TE. However, for η values greater than 

unity, TE remains the dominant current transport mechanism but carrier generation-

recombination charge transport (CGR) becomes more significant. We have prepared 

several monolayers with η close to unity (from allyl benzene and allyl phenyl ethers) and 

significantly greater than unity (from decene and phenylacetylene). We calculated the 

dipole (µ) using the ab initio Møller-Plesset perturbation theory (second-order) and found 

it to be inversely proportional to both φB and η. Also, plotting both theoretical TE and CGR 

current density versus voltage curves and comparing them to experimental data, a rather 

simple relationship can be derived to predict the overall electronic properties. We also 

calculated the barrier height due to the dipole moment of the molecule (φR) through the 

calculated µ values. This φR value can also be compared to experimentally determined 

barrier heights due to dipole moment (φE) and can potentially provide a method to quantify 

surface states contribution to the junction electronics. 

6.1. Introduction 

For over a decade, there has been a significant amount of research dedicated to 

the preparation of such MMS devices using Si.1-30 It is possible to prepare high-quality 

MMS junctions with Si and solid metals (such as gold or platinum) which leave the 

monolayer intact by using methods such as flip-chip lamination (Chapter 1.3.3).1,2,4,31,32 

However, using traditional deposition techniques,1,2 solid metal contacts will damage 

monolayers during the construction of an MMS junction.15,22,33-35 Studies into various 

deposition techniques,1,2 such as the formation of a monolayer on gold before introduction 

of the semiconductor to form an MMS junction31,32 and the use of more robust monolayers, 

aim to resolve this issue.4 It is a continuing challenge to understand the precise electronic 
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transport mechanisms that occur in many MMS junctions.13,30,36,37 If we understood which 

MMS junction properties control the electronic characteristics and charge transfer 

mechanisms, it will be possible to plan the construction of MMS junctions with 

customizable electronic properties for use in the consumer electronics. It is common to 

visualize current movements within a Schottky junction through an energy band diagram. 

Note: please refer to chapter 1.1 for a discussion on energy band diagrams and MS 

junctions (Figure 1.4 to Figure 1.9). As previously discussed, the composition of the MMS 

junction can modulate MS properties.4,9,19,20,22,27,34,38-41 

Upon the formation of an MMS junction, both the molecular dipole moment and 

monolayer thickness will modulate the junction electrical properties. The monolayer 

thickness, determined using ellipsometry, can be electronically accounted for with an 

electron tunneling barrier, kBT(βd) (see Section 2.2.2 for more details).13,19,20,42 The dipole 

moment barrier height (φR) is typically included in the band diagram as an additional 

potential barrier.27 Generally speaking, a monolayer with a greater negative perpendicular 

dipole (μ┴) will have a greater φR, and consequently greater effective barrier height, as μ┴ 

is proportional to −φR. Therefore, we can define the barrier height of an MMS junction as,27 

𝜑𝑒𝑓𝑓 = (Φ𝐴𝑢 − χHg) ± 𝜑𝑅 + 𝑘𝐵𝑇(𝛽𝑑) (7.1) 

where, φeff is the effective barrier height (Note: the φeff definition is being expanded from 

its definition in Chapter 2). In practice, deviation from Equation 7.1 frequently occurs due 

to the presence of surface states within the band-gap of Si.13,43,44 Shown in Figure 6.1 is 

the energy band diagram of an MMS junction with the molecular layer. Here, we can see 

the contribution of surface dipole to the potential barrier (φR) and the tunneling distance 

(d) of a charge carrier through the molecular layer. Figure 6.1a represents the case of 

junction depletion where the forward-biased junction will have electron diffusion occurring 

only as they overcome ψbi (red arrow).13 Figure 6.1b represents the case of band inversion, 

where the molecular dipole moment results in a lower EF energy for the junction. This 

allows for an alternative carrier pathway (minority carriers – blue arrow) to become 

possible through diffusion to surface-states in Si and carrier generation-recombination 

within the depletion region.13,45,46 The red and blue arrows in Figure 6.1 indicate the 

direction of the majority and minority carriers (electrons or holes), respectively, with a 

forward bias on the metal.13 
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Figure 6.1. Energy band diagrams of an Hg/R-Si≡ junction for (a) a depletion 
junction and (b) an inversion junction. The HOMO-LUMO bands are 
omitted from (a) for clarity, but are normally also present within the 
molecular layer. The red arrow indicates electron movement, while 
the blue arrow indicates hole movement with a positive bias on the 
metal.13 

Thermionic emission (Equation 2.23) is the most widely used analysis technique 

for an Hg/R-Si≡ junction.4,19,20,23,27,45-47 Electron movement (from Hg to n-Si) will be 

restricted in the reverse bias due to φeff.45-47 Non-ideal situations involving minority carriers 

and band inversion, such as carrier generation-recombination (CGR), are also possible in 

Hg/R-Si≡ junctions (Equation 2.26).3,4,13,36 Holes which are generated within the metal can 

diffuse back to semiconductor depletion region in the inversion case and allow for 

continual CGR to occur.44-47 

In this report we first look at the contact angle versus dipole. Then we will confirm 

previous reports regarding the dipole effect on charge transfer mechanisms by comparing 

φR (and by extension μ┴) to the potential barriers and ideality factor (η). If η is less than 

1.2 then thermionic emission (TE) is likely to be dominant; if it is greater than 1.2, then 

CGR becomes relevant to current generation. To further explore this effect, we will 

develop a calculation method to predict the experimental I-V curves for Hg/R-Si≡ junctions 

from physical constants, and discuss how monolayer dipole trends can be used to make 

these predictions. Finally, we will calculate φR from experimental data and compare it to 

theoretical values and electronic parameters. 
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6.2. Results and Discussion 

6.2.1. Structural Analysis 

In Table 6.2 the results of the calculated perpendicular dipole moment (μ┴) for each 

monolayer is shown. As discussed in Chapter 2.2.2, the dipole density and dipole moment 

barrier height terms are also calculated. 

Table 6.1. Summary of the calculated perpendicular molecular dipole, density 
dipole and calculated surface band bending term for selected 
molecules. 

Monolayer 
μ┴ 
(D) 

μρ 
(± 0.05 D) 

φR 
(± 0.003 eV) 

C10 −1.32 −0.75 +0.259 

C12SH −0.05 −0.13 +0.064 

C2Phy −1.27 −0.88 +0.341 

C3Ph −0.88 −0.51 +0.249 

C3OPh −0.62 −0.46 +0.176 

C3OPh2 −0.49 −0.37 +0.131 

The dipole moment of each molecule was calculated as discussed in Chapter 

2.2.1. Each μ┴ is then adjusted based on its Si coverage, assuming the remaining 

percentage are unreacted H-Si≡ (Equation 2.17). This gives the dipole moment density 

(μρ) of the entire junction. It is important to note that calculating the dipole moment in such 

a way assumes that there is zero interaction between adjacent molecules. In reality, 

intermolecular interaction does occur and will influence the dipole moment. For the 

purposes of this discussion, the interaction will be simplified as single-molecule 

calculations with no intermolecular interactions for better initial comparison with other 

published work.9,27,38,40 Dipole moments of greater magnitudes will affect junction 

properties more than neutral ones because the barrier height from dipole moment (φR) is 

also proportional to μρ, as expected from Equation 2.32. 

In Table 6.2 a summary of the characterization properties of each R-Si≡ sample 

measured in this thesis work are listed, including the water droplet contact angle, 

monolayer thickness, tilt-angle, percentage of Si coverage and monolayer density. The 
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reader is referred to Chapter 5 for detailed physical characterization discussion of C10, 

C3Ph and C2Phy. 

Table 6.2. Physical characterization of each modified Si(111) sample. †The 
monolayer density of C10 is estimated from literature results.48,49 

Monolayer 
Contact Angle 

(± 2 deg) 
Thickness 
(± 0.05 nm) 

Tilt-Angle 
(± 5 deg) 

Coverage 
(± 2%) 

Monolayer Density 
(molecule nm−2) 

C10 110 1.25 14 50† 3.92 

C12SH 106 1.58 29 42 3.25 

C2Phy 81 0.51 44 64 4.97 

C3Ph 80 0.62 40 47 3.70 

C3OPh 77 0.68 43 63 4.90 

C3OPh2 90 0.98 43 60 4.66 

 

Water Droplet Contact Angle 

The results for both ether and thioether monolayers (C3OPh, C3OPh2 and 

C12SH), as well as those from previously published results, are outlined in Table 6.2.4 

Oxygen makes C3OPh slightly more hydrophilic (77±2°) compared to the non-ether phenyl 

monolayers, C3Ph (80 ± 2°) and C2Phy (81 ± 2°). For C3OPh2 (90 ± 2°), the additional 

phenyl allows for enough distance from the oxygen so the ether’s hydrophilic nature has 

less influence on the surface wettability. The added hydrophilic characteristic in C3OPh 

suggests there is a weak interaction between buried polar functional groups and the 

monolayer surface. A buried monolayer feature altering surface properties is further 

emphasized with C3OPh2, as the additional benzene group puts the ether group deeper 

into the layer and dampens any long-range effects. This effect has been reported before 

on the oxidation of Si surfaces ‘passivated’ with alkyl monolayers.4 The low deviation in 

contact angles suggests good quality and consistent films across each sample (Table 6.2). 

The thioether, C12SH, falls within a similar hydrophobic range as other long-chain 

alkyl monolayers. It is slightly less hydrophobic than n-alkyls, as it has a lower surface 

density due to larger S-linker to Si, as opposed to the smaller C-linker. This reduces the 

amount of hydrophobic methyl head-groups at the monolayer surface which results in 

higher contact angle. Furthermore, C12SH also is more tilted towards the surface as 
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shown by ellipsometry. This will expose more relatively hydrophilic methylene to interact 

with the interface and make the samples more hydrophilic compared to its C10 

counterpart. 

 

Figure 6.2. The water droplet contact angle plotted against μρ. The red dot (C10) 
is considered an extreme outlier and does not follow the trend of the 
other samples. 

A plot of the water droplet contact angle versus μρ is shown in Figure 6.2. The 

contact angle appears to trend towards relatively hydrophobic as μρ becomes non-polar. 

The only monolayer that does not fit into this observed trend is C10, which is a saturated 

hydrocarbon. In fact, if we were to consider the monolayers of C6 to C18, they have 

approximately the same contact angle with a calculated dipole increasing by less than 

10%.22,50 This was not surprising, as contact angle moment for our monolayers is largely 

influenced by only the monolayer surface polarity properties. Our calculated dipole 

moments account for entire molecule, not just the surface. As the surface of a C10 

molecule is methyl, which is bound to another carbon (i.e., CH3C-), the electronegativity 

of the surface group is close to 0 D. This would allow C10 to follow the ‘trend’ in Figure 

6.2 better, as it would be the most hydrophobic monolayer at 0 D. Similar considerations 

could be done to each monolayer which could result in a more linear trend. 
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Ellipsometry 

Ellipsometrically measured monolayer thickness for both ether-based monolayers 

is significantly smaller than their molecular length, as shown in Table 6.2. We calculated 

the thickness by taking the difference between the measured thickness of each monolayer 

sample, and the H-Si≡ ‘thickness’ (0.024±0.003 nm) by using the two-layer ellipsometric 

calculation model. In this way we determined the actual thickness of the monolayer as we 

expect H-Si≡ to not actually contribute any thickness (0 nm). With this measured thickness 

(d) and the nominal molecular length (l) of each monolayer, we are able to calculate the 

tilt-angle of the monolayer. For both ethers on Si, the measured tilt-angles are within 

experimental error of the non-ether phenyl monolayers. In n-alkyl monolayers, greater 

intermolecular interactions between adjacent molecules produce more perpendicularly 

oriented molecules.4,49 The polarity of the ether functional group (in the ether monolayers) 

were expected to provide some additional intermolecular interaction between molecules 

causing it to be more orthogonal; however, this is not the case. Monolayers with phenyl 

functional groups have been previously reported to have a greater tilt-angle as well.4,51,52 

It is possible that a staggered π-π orientation is preferred in a molecular monolayer 

resulting in a greater tilt-angle.53,54 Another explanation is that there is less intermolecular 

interaction within the monolayer, leading to a greater tilt-angle, as seen with shorter n-

alkyl monolayers.49 The tilted monolayer may also help explain the slightly more 

hydrophobic C3OPh (compared to C3OPh2), as the relatively steep tilt-angle also places 

the ether closer to the surface (by 0.25-0.35 nm). For C12SH, the tilt angle is nearly double 

(29 ± 5°) that of its n-alkyl counterpart, C10 (14 ± 5°). In the past, ordered n-alkyl 

monolayers have been reported to have close to orthogonal orientations due to 

intermolecular interactions.4,49 With C12SH having a significantly lower tilt-angle, it 

suggests it may not be as well ordered as it’s n-alkyl counterparts. 

X-ray photoelectron spectroscopy 

High-resolution x-ray photoelectron spectroscopy (HR-XPS) spectra of the C1s 

region C3OPh, C3OPh2 and C12SH are shown in Figure 6.3. The spectrum of C10, C3Ph 

and C2Phy are shown and discussed in Chapter 5 (Figure 5.2).4 In brief, the analysis of 

the C1s region of each sample identifies 4 distinct peaks for each ether sample: 284.2 eV 

(C‒Si), 284.7 eV (C=C), 285.3 eV (C‒C) and 286.3 eV (C‒O). These peak shifts are 

consistent with reported literature values.4,29,38,39,49,55-59 If we normalize the C‒Si peak area 
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to “1” for all monolayers (i.e. C1s(C‒Si)/C1s(C‒Si) = 1), then the C‒C and C‒O signals 

normalize to 2 carbons each. As one monolayer has an additional phenyl-ring per 

molecule in the ‘para’ orientation, the C=C signal represents 5 and 11 carbons for C3OPh 

and C3OPh2, respectively. These ratios are approximate because in thicker and denser 

monolayers the signal of deeper functional groups is attenuated. The C12SH sample has 

only two peaks observed with an integration ratio of 11:1. These peaks are at 285.2 eV 

(C‒C) and 286.0 eV (C‒S). The shift of approximately 0.8 eV between the C‒C and C‒S 

signal is consistent with thiol monolayers on Au.60 

 

Figure 6.3. High-resolution x-ray photoelectron spectroscopy of the C1s region 
for: (a) C3OPh, (b) C3OPh2 and (c) C12SH. 

From Figure 6.4, we can identify 3 distinct peaks in the HR-XPS of the O1s region. 

Previous studies have identified the peak at 532.5 eV as an adventitious oxygen signal 

due to a minor contamination adsorbed from the atmosphere.4,29,39,49,58,59 The shift for the 

oxygen in the ether functional group appears at 532.8 eV which is consistent with reported 

literature values.61 The final peak at 533.5 eV is due to a small amount of Si oxidation. 

This is confirmed through analysis of the Si2p region. The HR-XPS O1s spectra of C12SH 

are not shown as only adventitious oxygen and trace oxidation was observed. Also in 

Figure 6.4 the HR-XPS of S2s has a single peak at 227.1 eV representing thioether.62 
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Figure 6.4. High-resolution x-ray spectrum of O1s for C3OPh and C3OPh2 and 
S2s for C12SH. 

Figure 6.5 is the HR-XPS of the Si2p region for C3OPh, C3OPh2 and C12SH 

monolayers. In each case, we observe the same four peaks: 99.4 eV, 100.0 eV and 102.9 

eV. These peaks correspond to the Si2p3/2, Si2p1/2 and SiO2 peaks, respectively. The 

separation between the Si2p3/2 and Si2p1/2 is the expected 0.6 eV and has a peak area 

ratio of approximately 2:1. 

 

 

Figure 6.5. High-resolution x-ray spectrum of the Si2p region for: (a) C3OPh, (b) 
C3OPh2 and (c) C12SH. 
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We can approximate the monolayer density on the Si surface using HR-XPS data. 

From the peak area of C1s(C‒Si) and ∑Si2p region signals, an estimate of the monolayer 

surface density can be made by constructing a ratio of the two signals, 

% C10 Coverage = 50% =
C1𝑠(C−S𝑖)

Si2𝑝
, (7.2) 

where C1s(C‒Si) is the peak area of the C‒Si bond (Figure 6.3) and Si2p is the peak area 

of all signals in the Si2p region (Figure 6.5). Literature suggests that a C10 monolayer will 

react with approximately 50% of the available H-Si≡ on a Si(111) surface.48,49 Therefore, 

we can approximate the percent surface coverage of each monolayer, using ∑Si2p as an 

internal standard. In the same way, we can also estimate the monolayer density knowing 

that there are 7.8 hydrogen/nm2 on a hydrogen-terminated Si(111) surface available to 

react to form a monolayer.63 The surface densities are summarized in Table 6.2. It is also 

important to note that determining the monolayer density using HR-XPS results will result 

in an overestimation of the density due to signal attenuation.59 The oxidation that is 

observed for each of the C3OPh, C3OPh2 and C12SH surfaces is in trace amounts (less 

than 1%) and will not affect electrical measurements.39 

For the n-alkyl monolayers, the expected lower density of C12SH compared to C10 

was observed. The larger sulfur atoms at the monolayer-Si interface causes additional 

steric hindrance at the reaction site, thus fewer molecules will be able to react with H-Si≡ 

adjacent to an already bound molecule. In some cases, a lower surface density results in 

lower tilt-angle due to the lack of intermolecular force throughout the surface.3,12,64 Such 

is the case here. In the case of the ether monolayers, we expected them to have a lower 

density than C2Phy due to the presence of the ether functional group. However both of 

them maintained a relatively high surface density. We suspect this is due to the presence 

of π-π stacking, allowing intermolecular interaction between adsorbed molecules. 

6.2.2. Electrical Characterization 

Figure 6.6 (left) shows the representative current-density versus voltage (J-V) 

measurements for each monolayer in an Hg/R-Si≡ junction. Each monolayer 

demonstrated the expected rectification characteristics.19,20 There is a linear current 

increase in the low-forward bias up to +0.2 V for all monolayers in the ln|J| vs V plots 
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shown. Some samples had linear ln|J| increases up to +0.4 V. Current saturation in the 

forward bias was reached by +0.4 V to +0.6 V, depending on the monolayer. In the reverse 

bias, the current was saturated in the entire measured range which is several orders of 

magnitude less than the forward-bias saturation point. Both φeff and η are extracted from 

J-V data shown in Figure 6.6 (left), the results of which are summarized in Table 6.3. 

 

Figure 6.6. Representative experimental data of (left) current-density versus 
voltage and (right) Mott-Schottky measurements for each Hg/R-Si≡ 
sample. The colour representing each monolayer is highlighted by 
the bullets. 

Shown in Figure 6.6 (right) are representative Mott-Schottky (C-V) measurements 

for each monolayer. A linear relationship between C−2 and V is observed between −1.0 V 

and 0 V, which allows ψbi, φB and ND to be calculated. These results are summarized in 

Table 6.3. 

Table 6.3. Summary of electrical results. 

Monolayer 
φeff 

(± 0.03 eV) 

η 

(± 0.05) 

ψbi 

(± 0.03 V) 

φB 

(± 0.04 eV) 

ND 

(±0.2×1015 cm−3) 

C10 0.84 1.2519 0.55 0.80 1.7 

C12SH 0.76 1.04 0.35 0.59 2.2 

C2Phy 0.88 1.35 0.64 0.88 2.3 

C3Ph 0.85 1.09 0.55 0.79 1.8 

C3OPh 0.79 1.07 0.44 0.69 1.7 

C3OPh2 0.77 1.14 0.43 0.68 1.7 



 

110 

 

From C-V results, we can also calculate the width of the depletion region (xd), the 

results of which are shown in Figure 6.7 (left); they are between 0 V and +0.3 V. We see 

that xd is between 433 nm and 633 nm at 0 V, and steadily decreases to zero as the 

applied bias reaches ψbi. In each case, xd is approximately proportional to the junction ψbi. 

In other words, small ψbi will result in narrow xd, and visa-versa. In Figure 6.7 (right) we 

plot xd against µρ at both 0 V and +0.3 V (R2=0.81 & 0.83, respectively). As µρ decreases, 

xd will increase. Within the depletion region of this junction there is an accumulation of 

positive charge (holes or minority carriers). As the positive dipole component is effectively 

static, the minority carriers are pushed deeper into the Si bulk due to electrostatic 

repulsion. 

 

Figure 6.7. The depletion width of each monolayer, (left) plotted between 0 and 
+0.3 V, and (right) plotted against the calculated dipole at both 0 V 
and +0.3 V. 

Figure 6.8a plots φeff (by J-V) results against the barrier height from dipole moment 

(φR). We use φR as it accounts for additional monolayer properties, such as relative 

permittivity and thickness (see Equation 2.32), to improve correlation to φeff. In previous 

publications studying the monolayer dipole effect on electronic parameters, φeff was 

plotted against μ┴. When calculating φR, the distance of the parallel plates, relative 

permittivity and electric field (from μρ) is also taken into account which appropriately 

adjusts μρ to a more realistic value. A relationship between φeff and φR is linear (R2 = 0.93) 

within the region that is been studied. A similar trend has been reported between φeff 
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versus μ┴.23,27,40 In this report, we are looking at several different types of molecules (n-

alkyl, phenyl and phenyl ethers), whereas previous reports simply modified functional 

groups on the same parent molecule. As a result, we have evidence that suggests that 

this linear trend is applicable to molecules with different parent structures. 

 

Figure 6.8. Electronic parameter results of Hg/R-Si≡ junctions: (a) effective 
barrier height (I-V) and (b) built-in potential (C-V) versus dipole 
moment barrier height. The (c) ideality factor versus dipole moment 
is also shown. The dotted line is used to highlight the observed 
trend in the data. 

A linear trend (R2=0.97) is also seen for ψbi (by C-V) versus φR shown in Figure 

6.8b. Therefore, as φR becomes greater, the potential barrier from Si to Hg becomes 

greater as well. In order for this to occur, EF of the junction will be lowered with lower 

magnitudes of μρ, which may result in ‘inversion’ (see Figure 6.1b), where minority carriers 

become relevant within the junction. Section 2.4 will look at the band diagram implications 

in greater detail. 

Inversion, as discussed for Figure 6.1b, becomes more evident when looking at 

how η changes with µρ (Figure 6.8c). In this case, we observe a decreasing trend as µρ 

becomes less negative (R2=0.80). It is believed that when η is near unity (1.0), thermionic 

emission charge transport is occurring exclusively (Figure 6.1a). When η approaches 2, 

the minority carriers become more relevant in an MMS junction when the bands are 

inverted, allowing CGR to become significant (Figure 6.1b). If minority carriers are 

becoming significant at negative μρ, then EF is lowered, allowing for hole diffusing into the 

surface states of the semiconductor. It is possible that the HOMO of the monolayer 

facilitates such hole diffusion.13  
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The charge transport mechanism may also be viewed using simple electrostatics. 

With a larger negative μρ, there is a stronger negative portion of the molecule at the Hg-

monolayer interface (while positive at the monolayer-Si interface). This promotes electron 

movement to the monolayer-Si interface, and away from the Hg-monolayer interface once 

they have tunneled through the gap provided by the monolayer. This additional electron 

movement also generates a greater number of holes within the metal interface. With this 

increase, the probability of holes diffusing from the metal to the semiconductor also 

increases which produces additional current flow. 

As all of these electronic parameters follow reasonably linear trends with μρ or φR, 

then it may be possible to construct MMS junctions with organic monolayers with a desired 

electronic behaviour. It may also be desirable to predict the J-V curve of these modified 

junctions using classical TE and CGR models. Therefore, in the next section, predicting 

J-V curves in the low-forward bias will be done on each monolayer using physical 

constants. 

A technique to use experimental data to calculate the dipole of the junction has 

been investigated before for p-type Si(100) junctions, with η > 1.5.27 To our knowledge, 

our report is the first time the same technique will be applied to n-type, Si(111). Using 

Equation 6.1, we can experimentally calculate the barrier height from dipole moment (φE), 

using φeff (Table 6.3). This also allows the ability to experimentally calculate the dipole 

moment (μE) of the junction. We can also look at the difference in surface band bending 

between experimental and theoretical values (Δφ = φE – φR). These values are 

summarized in Table 6.4. We will call this potential difference Δφ. 
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Table 6.4. Summarized results for the experimental surface band bending (φE) 
and dipole moments (µE) of each junction. The difference in 
theoretical and experimental surface band bending (Δφ) is included 
for additional reference. 

Monolayer 
φE 

(± 0.003 eV) 

μE 

(± 0.02 D) 

Δφ 

(± 0.008 eV) 

C10 0.192 −0.40 −0.073 

C12SH 0.059 −0.10 −0.008 

C2Phy 0.341 −0.66 −0.054 

C3Ph 0.295 −0.55 +0.010 

C3OPh 0.225 −0.56 +0.020 

C3OPh2 0.155 −0.38 +0.002 

Using Equation 6.1 to calculate φE values implies the use of thermionic emission 

theory to empirically estimate electrical performance. Using this simplification, it is 

assumed that any contribution to CGR is exclusively contained within η and predicted 

using Equation 7.2. All of the samples where η is close to unity also have ΔEF values which 

are relatively small. This suggests that using ab initio calculations for junction dipoles are 

likely to be accurate for these junctions. In the case of C10 and C2Phy, φE is significantly 

less than φR. In Figure, φE and φR are plotted against each other to demonstrate their 

relationship. The dotted line shown in this diagram represents the case where φE = φR. 

 

Figure 6.9. A comparison of the theoretically calculated (φR) and experimentally 
determined (φE) values of the barrier height from dipole moment. 
Red dots highlight junctions which have η < 1.2. The dotted line 
shown in this diagram represents the case where φE = φR. 
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It is interesting to note that Δφ is much greater for non-ideal junctions. As we 

presently only have two samples which give us this result, it is difficult to conclude any 

physical phenomenon which may be occurring. Some reported evidence points to surface 

states for Si-C samples.13,65-67  Previous research has indicated that surfaces states for 

Si-C samples will contribute no more than 0.2 eV to an electronic potential barrier.65-67 As 

Δφ is less than 0.2 eV for C10 and C2Phy, it may point to the presence of surface states 

in our samples and a potential way to quantify their electronic contribution. 

6.2.3. Evaluation of Charge Transport Mechanisms 

Using TE as an empirical method to approximate J-V plots, Equation 2.33 

approximates the curves using literature constants and theoretical values. These 

calculations are then compared with experimental data, as shown in Figure 6.6. The dotted 

line in Figure 6.10 is the experimental data and the thick red line is the predicted I-V (the 

thin lines are ± 5%). We are using the MS junction barrier height (φ0 = 0.45 eV), the 

calculated theoretical dipole for each monolayer (from Table 6.1), and the tunneling factor 

(βd) in the calculations. The blue line is the calculated CGR result. Only potentials between 

0 V to +0.2 V are used as beyond +0.2 V some samples begin to reach current saturation. 

As expected with molecular junctions, the amount of CGR present within the junction is 

several orders of magnitude less than TE. We observe for each monolayer where η is 

close to unity, the theoretical plots are similar, within an error of 5% (C12SH, C3Ph, 

C3OPh and C3OPh2). For both C10 and C2Phy, where CGR is believed to be significant, 

the theoretical TE line does not match experimental data. The green lines in Figure 6.10 

represent a weighted η which is the linear combination of both calculated TE and CGR. 

They are combined through the following empirically determined equation, 

ln(𝐽𝑊) = 𝜂 [ln(𝐽𝑇𝐸) + (
1

𝜂
− 1) ln(𝐽𝐶𝐺𝑅)], (6.3) 

where JW is total calculated current, JTE is the current calculated from TE and JCGR is the 

current calculated from CGR. 
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Figure 6.10. Experimental data (black dots), compared to theoretical plots of 
thermionic emission (red line) and carrier generation-recombination 
(blue line). A linear combination of both models from Equation 6.3 is 
also shown (green line). Thin lines represent ±5% or their respective 
plot. 

The results of Equation 6.3 are not included for monolayers which closely fit TE as 

they largely overlap with JTE (to simplify discussion ‘ln’ will not be added when referring to 

JW, JTE and JCGR). For both C10 and C2Phy, JW calculates experimental current within 5% 

accuracy using Equation 6.3. The results upon application of Equation 6.3 match what we 

see in experimentally determined values. Current generated from TE will occur normally 

in the junction as calculated by JTE, while additional movement of holes from Hg to Si 

through the inverted junction bands provides more current as calculated by Equation 6.3. 

The electrostatics of the junction in general promote electron movement across the 

junction, producing more minority carriers of a quicker rate and increase total current 

generated by a factor of η. As η is closer to unity, this CGR term becomes less relevant to 
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current generation. Other techniques for predicting current also exist68 and have been 

applied to MMS junctions as well.42 The main advantage to our method is it can be 

relatively simple (particularly conceptually) and more adaptable to account for varying 

molecular dipoles and densities. However, as Equation 6.3 is currently only applicable to 

the low forward bias region. Modifications to make it viable for the high-forward bias and 

reverse bias are being investigated. 

One additional observation that was made from Figure 6.10, the JW for both C10 

and C2Phy doesn’t run parallel to the experimental data for the studied potential range. 

Shown in Figure 6.11 is the value of η as the potential of the junction changes between 

−0.2 V and +0.6 V. Each monolayer with η close to unity is constant in the potential range 

of 0 to +0.2 V. However for both C10 and C2Phy, η changes with increasing forward bias 

between 0 V and ψbi. This indicates that the charge transport mechanism changes with 

the applied bias on the junction. With only the two samples that have a significant η 

deviation from unity, it is difficult to determine the predictability of this trend. Two things 

that will be interesting trends to identify in the future are the η peak maximum (if it extends 

as suggested in Figure 6.11) and any trends in the consecutive minima. Overall, literature 

reports of η as a single, averaged value is highly dependent on the chosen potential range. 

It also masks the concern of fluctuating charge transport mechanisms with increasing bias. 

 

Figure 6.11. A plot of the ideality factor against applied bias for representative 
junctions. 
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Shown in Figure 6.1a is the proposed band diagram in a junction where majority 

carriers are dominant within our MMS junctions. This is largely the same as the MS case 

discussed in Chapter 1, with the exception that the monolayer separates the materials by 

its thickness of ‘d’ and the additional potential barrier from the junction dipole, φR. This 

gives rise to an effective barrier height of a magnitude defined by Equation 6.1. Electrons 

in Figure 6.1a can move between Hg and Si when with enough energy to overcome either 

potential barrier (φeff or ψbi). Holes have no direct pathway to diffuse from the metal to 

semiconductor. In Figure 6.1b is the diagram when minority carriers becomes significant 

through CGR. In this case, the electrostatics of the monolayer become significant enough 

to decrease the junction EF value where it approaches to EV of Si. This provides a pathway 

for holes to diffuse from Hg to Si where they can recombine with electrons in EC within W. 

6.3. Conclusion 

Hg/monolayer-Si (111) electrical junctions of varying dipole values have been 

shown vary the electrical properties of Schottky junctions. The relatively large −μρ of C10 

and C2Phy resulted in a φeff, ψbi and allow for more significant current contributions from 

carrier generation-recombination mechanisms. Although these non-ideal junctions (η > 

1.2) have more significant CGR contributions to current, TE is still the dominant charge 

transfer mechanism, as evidenced by simple combinations of theoretically predicted I-V 

curves. Experimental currents for thermionic emission and carrier generation-

recombination mechanisms compared to the combined TE and CGR are within 5% 

accuracy between 0 V and +0.2V, and is dependent on the ideality factor. Linear trends 

of experimentally determined electrical values versus dipole/surface band bending values 

can allow for the prediction of theoretical junction characteristics. Calculated dipoles from 

ab initio techniques closely match those experimentally determined for junctions which 

have an ideality factor close to unity, while significant deviation is observed for non-ideal 

junctions where the residual potential difference is likely caused by a measurable quantity 

of the surface state contribution to the junction performance. 
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7. Conclusions and Future Work 

7.1. Concluding Remarks 

In this thesis, it has been demonstrated that the electronic characteristics of silicon 

can be controlled with surface chemistry. The changes can be assessed using advanced 

spectroscopic techniques and upon forming metal contacts using solid-state electrical 

measurements. Monitoring the extent of oxidation of organically-modified silicon samples 

over time with x-ray photoelectron spectroscopy allowed for a correlation between oxide 

formation and any changes in structural and electrical properties (chapter 3). Using angle-

resolved x-ray photoelectron spectroscopy, it was further determined that the increasing 

peak in the O1s region of the spectrum was likely at the monolayer-silicon interface. The 

rate of oxidation was also determined to be dependent on the structure of the monolayer 

(e.g., n-alkyl versus phenyl). 

High-density, phenyl-terminated monolayers were found to limit gold penetration 

into the monolayer during the formation of metal contact electrode atop via physical vapour 

deposition (chapter 4). Lateral intermolecular pi-pi interactions in the phenyl monolayers 

not only promote a higher density film (when compared to n-alkyl monolayers), but also 

give a stable physical barrier to prevent electrical shorts when analyzed with ballistic 

electron emission microscopy at the nanoscale. Therefore phenyl-based monolayers 

show significantly more promise than the more commonly prepared n-alkyl ones for 

practical applications. 

The contribution that functionalized monolayers give to a molecular junction was 

found to be significant and can potentially lead to the ability to prepare MMS junctions with 

desired electrical characteristics (chapter 5). The calculated dipole moment contribution 

(by using different functional groups) was found to have a linear correlation to all 

experimentally determined electronic properties. Furthermore, these calculated dipole 

values could be empirically incorporated into ‘classical’ electronic transport models, such 

as thermionic emission and carrier generation-recombination, to accurately predict the 

experimental I-V curves at a low forward bias. Junctions which were believed to fit the 

thermionic emission model did so. Each junction that were believed to deviate from 
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thermionic emission were found to have an increasing contribution from carrier generation-

recombination which added to the current flow. The dipole moment of the junctions could 

also be calculated experimentally, extrapolated from I-V data, and compared to the 

theoretically calculated values. This resulted in all ‘ideal’ junctions fitting well with 

thermionic emission having approximately equal calculated and theoretical dipole values, 

while ‘non-ideal’ junctions had significantly greater deviation from equity. Although a great 

deal of work has been discussed in chapters 2-5, there are still many avenues of 

investigation available in the future. 

7.2. Future Work 

In this section, I briefly propose a list of four projects (non-exhaustive) which are 

natural extensions of the research previously discussed in this thesis. These projects are 

unrelated to any future work indicated in the discussions of Chapters 4-6. 

7.2.1. Greater Monolayer Densities & Diversity 

As with the work discussed in chapter 4 & 5 constructing monolayers with high-

density and dipole moment diversity will be crucial for reliable molecular electronics.1,2 

Therefore, combining the work in these two chapters could give rise to a series of 

commercially viable molecular junctions. Functionalizing the successful phenylacetylene 

monolayer with varying functional groups could give rise to higher-density monolayers with 

varying electronic properties through control of the junction dipole moment, as suggested 

in Figure 6.2. An additional step forward is to introduce a molecule that can fill in the 

monolayer defects by interacting with the already bound monolayer. For example, on a 

phenylacetylene monolayer which already exhibits π-π stacking, a simple benzene 

(substituted or not) can be added on top of the surface and allowed to intercalate into the 

monolayer. 
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Figure 7.1. A single molecule representation of substituted phenylacetylene 
monolayers to form an Au/Rn-Si≡ junction with little Au penetration 
upon physical vapour deposition. Formed junctions will not be 
solely be with single molecules, but a continuous monolayer. Each 
of R1, R2 and R3 represent various functional groups to modify the 
junction dipole to the desired electronic performance. 

7.2.2. Fullerene Monolayers 

Research on metal-monolayer-semiconductor junctions has focused on simple n-

alkyl monolayers or single-phenyl monolayers with occasionally functional groups added, 

such as a halide, nitro or alcohol group. There have yet to be studies into the formation of 

a metal/buckminsterfullerene (C60)-Si≡ junction, with the C60 immobilized onto the 

semiconductor, with the hope that these nanostructures can be viewed by the BEEM 

measurements. The first challenge with this project will be to first immobilize C60 either 

directly to silicon or using a linker molecule. Direct attachment has been reported using 

H-Si(100)≡3,4 and a 7×7 reconstructed Si(111) surface5 using the experimental methods 

laid out in chapter 2.1, but not yet on a simple H-Si(111)≡ surface. The use of linker 

molecules is also possible, but first attaching an amino-terminated monolayer to Si(111) 

before introducing C60, which is reported to react with amino groups.6 Standard 

characterization of these samples could then be performed as laid out in chapter 2.2, in 

addition to other surface analysis techniques, such as atomic force microscopy and 

transmission electron microscopy. 

With such a study, there are several interesting aspects to look forward to 

investigate. First, C60 will not provide nearly as much silicon surface coverage as simple 

molecules previously studied. Therefore, it will be interesting to observe how oxide growth 

around the C60 will effect both physical and electrical properties. Upon the deposition of 

gold onto the immobilized C60, BEEM is likely to produce interesting results depending 

on where the molecule is probed. For example, at the apex of the sphere, the electrical 

signal may be insulating, and increase in electrical current as the tip moves down the 
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molecular slope before becoming insulating again when on the oxide layer of the 

underlying Si, as suggested in Figure 6.3. 

 

Figure 7.2. A schematic diagram of buckminsterfullerene on silicon (attached 
directly or with a linker monolayer). The red area is schematic of 
oxide growth with unreacted areas if C60 were to react directly with 
H-Si≡. The yellow circles represent gold particles deposited with 
physical vapour deposition. As the STM tip moves over C60 the 
electrical performance is expected to change. 

7.2.3. Nanoparticles and Ligand Head-Group Contacts 

Nanoparticles are continually being used in varying emerging technologies in many 

different areas.7-9 Using them to form molecular junctions could also be possible in several 

different respects. Using thiol head groups on an organic monolayer will allow for easy 

self-assembly to form a junction, however these formed junctions will be static and unable 

to change if necessary. Instead, ligand head-groups can be immobilized on Si, while on a 

gold nanoparticle a matching ligand can be added on the end of the molecule. One ligand 

example is the use of carboxylic acid groups.10-13 With the introduction of calcium ions in 

solution with the modified nanoparticles to the silicon samples, Ca will bind to both the 

monolayer ligand molecules as well as the nanoparticle ligand ends potentially forming a 

molecular junction (Figure 6.4). The advantage with this system is that the nanoparticles 

can be removed from the surface when they are no longer needed. The silicon can also 
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be patterned for detecting an array of binding ions (such as Ca) with correlating modified 

nanoparticles and be quantified using techniques such as AFM or STM/BEEM. With 

continuing advances in STM technologies, this type of work may become a valid and quick 

analytical technique within several decades. 

 

Figure 7.3. A simplified diagram of modified gold nanoparticles (yellow dots) 
with carboxylic ended molecules chelated to free calcium ions (blue 
dots) with additional carboxylic head-group monolayers on the Si to 
form Au-R//Ca2+//R’-Si≡ junctions. STM/BEEM is used to characterise 
electrical junction performance. 
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Appendix A.  
 
Molecular Coordinates for Dipole Calculations 

Molecular coordinates for H-Si-(SiH3)3, H-Si≡. 

Atom X (Å) Y (Å) Z (Å) 

Si −0.052939 0.424953 −2.064458 

Si 2.097098 0.323003 −2.803113 

H 2.753959 −0.917337 −2.315817 

H 2.138900 0.326938 −4.287566 

H 2.871416 1.489540 −2.306130 

Si −1.143982 −1.345248 −2.988944 

H −0.560250 −2.623229 −2.505840 

H −2.582605 −1.317759 −2.618841 

H −1.037073 −1.307802 −4.469663 

Si −0.966076 2.300343 −2.974271 

H −0.260873 3.511494 −2.481149 

H −0.862741 2.264556 −4.455285 

H −2.400685 2.410088 −2.603837 

H −0.137636 0.423073 −0.570368 

Molecular coordinates for CH3-(CH2)9-Si-(SiH3)3, C10. 

Atom X (Å) Y (Å) Z (Å) 

Si −4.169603 1.243401 1.834328 

H −5.524101 1.849448 1.807221 

H −4.031886 0.424696 3.065414 

H −3.157846 2.329417 1.878901 

Si −3.833807 −0.051054 0 

Si −4.169603 1.243401 −1.834328 

H −5.524101 1.849448 −1.807221 

H −3.157846 2.329417 −1.878901 

H −4.031886 0.424696 −3.065414 

Si −5.488282 −1.616671 0 

H −6.821785 −0.965072 0 

H −5.369548 −2.476137 −1.205052 

H −5.369548 −2.476137 1.205052 

C −2.162310 −0.869768 0 

H −2.100891 −1.528166 −0.875925 

H −2.100891 −1.528166 0.875925 



 

130 

C −0.934587 0.051047 0 

H −0.951518 0.704481 0.880985 

H −0.951518 0.704481 −0.880985 

C 0.365751 −0.757612 0 

H 0.394224 −1.407848 −0.882759 

H 0.394224 −1.407848 0.882759 

C 1.589589 0.159953 0 

H 1.560620 0.810650 0.882489 

H 1.560620 0.810650 −0.882489 

C 2.889992 −0.645233 0 

H 2.919445 −1.295743 −0.882574 

H 2.919445 −1.295743 0.882574 

C 4.112287 0.274351 0 

H 4.082276 0.925004 0.882470 

H 4.082276 0.925004 −0.882470 

C 5.413984 −0.528835 0 

H 5.444349 −1.179300 −0.882599 

H 5.444349 −1.179300 0.882599 

C 6.635247 0.392168 0 

H 6.604660 1.042930 0.882416 

H 6.604660 1.042930 −0.882416 

C 7.936592 −0.409398 0 

H 7.974263 −1.058670 −0.882419 

H 7.974263 −1.058670 0.882419 

C 9.152672 0.503149 0 

H 10.072148 −0.090610 0 

H 9.162184 1.144067 0.887390 

H 9.162184 1.144067 −0.887390 

Molecular coordinates for CH3-(CH2)11-S-Si-(SiH3)3, C12SH. 

Atom X (Å) Y (Å) Z (Å) 

Si 0.060081 0 7.326607 

Si 1.385891 −1.935421 7.316308 

H 2.169641 −2.036808 6.066651 

H 2.327744 −1.899715 8.456443 

H 0.527490 −3.131806 7.437060 

Si −1.291065 0 9.242421 

H −2.144211 −1.205042 9.269266 

H −0.423761 0 10.440126 

H −2.144211 1.205042 9.269266 

Si 1.385891 1.935421 7.316308 
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H 2.169641 2.036808 6.066651 

H 0.527490 3.131806 7.437060 

H 2.327744 1.899715 8.456443 

S −1.315258 0 5.667603 

C −0.155363 0 4.248155 

H 0.483173 0.882741 4.298378 

H 0.483173 −0.882741 4.298378 

C −0.937264 0 2.942067 

H −1.587448 0.877521 2.910032 

H −1.587448 −0.877521 2.910032 

C −0.015308 0 1.725470 

H 0.638347 0.876751 1.764841 

H 0.638347 −0.876751 1.764841 

C −0.778451 0 0.403768 

H −1.432880 0.876175 0.365309 

H −1.432880 −0.876175 0.365309 

C 0.136768 0 −0.817299 

H 0.791554 0.876127 −0.777668 

H 0.791554 −0.876127 −0.777668 

C −0.624537 0 −2.139908 

H −1.279480 0.876018 −2.179140 

H −1.279480 −0.876018 −2.179140 

C 0.289667 0 −3.361828 

H 0.944672 0.876022 −3.322408 

H 0.944672 −0.876022 −3.322408 

C −0.471501 0 −4.684493 

H −1.126582 0.875958 −4.723659 

H −1.126582 −0.875958 −4.723659 

C 0.442131 0 −5.906788 

H 1.097232 0.875964 −5.867394 

H 1.097232 −0.875964 −5.867394 

C −0.319046 0 −7.229115 

H −0.974468 0.875806 −7.268379 

H −0.974468 −0.875806 −7.268379 

C 0.592603 0 −8.452480 

H 1.246705 0.874976 −8.410969 

H 1.246705 −0.874976 −8.410969 

C −0.179799 0 −9.766972 

H −0.818220 0.880599 −9.840890 

H −0.818220 −0.880599 −9.840890 

H 0.491778 0 −10.624892 
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Si 0.060081 0 7.326607 

Si 1.385891 −1.935421 7.316308 

H 2.169641 −2.036808 6.066651 

Molecular coordinates for C6H5-(CH2)3-Si-(SiH3)3, C3Ph. 

Atom X (Å) Y (Å) Z (Å) 

Si −2.329454 −0.026765 0 

Si −4.203663 −1.322497 0 

H −4.214458 −2.190495 1.204734 

H −5.423257 −0.476873 0 

H −4.214458 −2.190495 −1.204734 

Si −2.465322 1.302463 1.835222 

H −1.305748 2.228318 1.879214 

H −3.717567 2.098734 1.813567 

H −2.444953 0.468860 3.063974 

Si −2.465322 1.302463 −1.835222 

H −1.305748 2.228318 −1.879214 

H −2.444953 0.468860 −3.063974 

H −3.717567 2.098734 −1.813567 

C −0.803618 −1.093052 0 

H −0.843779 −1.752858 −0.876046 

H −0.843779 −1.752858 0.876046 

C 0.551086 −0.371361 0 

H 0.631056 0.281267 −0.878877 

H 0.631056 0.281267 0.878877 

C 1.713330 −1.370152 0 

H 1.647981 −2.027312 −0.876390 

H 1.647981 −2.027312 0.876390 

C 3.047038 −0.666583 0 

C 5.505523 0.681355 0 

C 3.668118 −0.321131 1.207592 

C 3.668118 −0.321131 −1.207592 

C 4.893084 0.347862 −1.206568 

C 4.893084 0.347862 1.206568 

H 3.200000 −0.570565 2.157010 

H 3.200000 −0.570565 −2.157010 

H 5.368693 0.610404 −2.147805 

H 5.368693 0.610404 2.147805 

H 6.458888 1.202849 0 
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Molecular coordinates for C6H5-(HC=CH)-Si-(SiH3)3, C2Phy. 

Atom X (Å) Y (Å) Z (Å) 

Si −1.814535 −0.054025 0.053214 

Si −2.512193 −0.216290 −2.113224 

H −2.210180 −1.565911 −2.656593 

H −3.976695 0.012654 −2.204847 

H −1.822656 0.798777 −2.951679 

Si −2.484573 1.991491 0.809522 

H −1.778635 3.068370 0.066854 

H −3.946644 2.163911 0.614110 

H −2.180896 2.138116 2.256502 

Si −3.060286 −1.580030 1.215436 

H −2.749527 −2.954546 0.744534 

H −2.741979 −1.502419 2.664450 

H −4.510928 −1.324414 1.027748 

C −0.011829 −0.333130 0.247840 

H 0.243696 −1.162781 0.901990 

C 0.960381 0.397903 −0.321773 

H 0.734928 1.252655 −0.957979 

C 2.394285 0.137625 −0.122761 

C 5.153758 −0.278363 0.189826 

C 2.920683 −1.160346 −0.094005 

C 3.271484 1.224308 −0.013932 

C 4.643839 1.017467 0.147351 

C 4.293253 −1.367187 0.066548 

H 2.269762 −2.023510 −0.207002 

H 2.892459 2.243228 −0.044487 

H 5.313448 1.868632 0.238621 

H 4.689596 −2.378891 0.089876 

H 6.221346 −0.439580 0.314060 

Molecular coordinates for C6H5-O-(CH3)3-Si-(SiH3)3, C3OPh. 

Atom X (Å) Y (Å) Z (Å) 

Si −2.884213 0.095552 0 

Si −3.334701 −1.162994 −1.835263 

H −2.430524 −2.339466 −1.877320 

H −4.741526 −1.635030 −1.813116 

H −3.114856 −0.356915 −3.062760 

Si −3.334701 −1.162994 1.835263 

H −2.430524 −2.339466 1.877320 
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H −3.114856 −0.356915 3.062760 

H −4.741526 −1.635030 1.813116 

Si −4.396804 1.800548 0 

H −4.197453 2.646196 −1.204156 

H −5.783108 1.271131 0 

H −4.197453 2.646196 1.204156 

C −1.149041 0.769555 0 

H −1.031715 1.420287 0.875917 

H −1.031715 1.420287 −0.875917 

C −0.004706 −0.250192 0 

H −0.070980 −0.910841 0.873927 

H −0.070980 −0.910841 −0.873927 

C 1.363995 0.432874 0 

H 1.461541 1.053309 0.898939 

H 1.461541 1.053309 −0.898939 

O 2.358389 −0.590428 0 

C 3.665463 −0.187817 0 

C 6.414268 0.356950 0 

C 4.119660 1.131832 0 

C 4.596483 −1.230076 0 

C 5.966296 −0.961521 0 

C 5.492024 1.402128 0 

H 3.435500 1.973228 0 

H 4.250084 −2.260604 0 

H 6.679702 −1.781105 0 

H 5.840995 2.431670 0 

H 7.479965 0.570074 0 

Molecular coordinates for p-C6H5-C6H4-O-(CH3)3-Si-(SiH3)3, C3OPh2. 

Atom X (Å) Y (Å) Z (Å) 

Si −4.943404 0.242770 0.008381 

Si −5.605936 −1.206964 −1.608548 

H −4.837589 −2.472373 −1.499867 

H −7.053549 −1.507602 −1.480284 

H −5.351643 −0.616198 −2.946883 

Si −5.450387 −0.678962 2.020490 

H −4.678723 −1.932447 2.212097 

H −5.091706 0.264875 3.109231 

H −6.899948 −0.985639 2.104968 

Si −6.259335 2.091588 −0.204148 

H −6.019954 2.726764 −1.524778 



 

135 

H −7.693900 1.729576 −0.089839 

H −5.917674 3.073179 0.856320 

C −3.146494 0.706981 −0.136141 

H −2.921774 1.459209 0.630737 

H −2.995994 1.207247 −1.101299 

C −2.121470 −0.426198 −0.015219 

H −2.222436 −0.942327 0.948113 

H −2.296506 −1.193728 −0.779976 

C −0.687583 0.088799 −0.151602 

H −0.484665 0.816806 0.642993 

H −0.560886 0.558264 −1.134506 

O 0.188254 −1.030837 −0.026331 

C 1.529745 −0.784964 −0.119536 

C 4.297760 −0.193421 −0.032653 

C 2.322681 −0.967033 −1.250472 

C 2.118630 −0.308281 1.051970 

C 3.485697 −0.016251 1.096904 

C 3.692191 −0.672884 −1.205127 

H 1.914107 −1.337982 −2.184086 

H 1.508695 −0.159473 1.939636 

H 3.910649 0.364406 2.023362 

H 4.292083 −0.834864 −2.098881 

C 5.737081 0.112219 0.009558 

C 8.494381 0.696920 0.089917 

C 6.662402 −0.825907 0.497060 

C 6.227997 1.350828 −0.436368 

C 7.594450 1.641682 −0.396382 

C 8.029296 −0.537191 0.536657 

H 6.321555 −1.800497 0.840986 

H 5.540938 2.108041 −0.808739 

H 7.953313 2.607449 −0.742347 

H 8.728811 −1.278180 0.914577 

H 9.557049 0.922342 0.121274 
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Appendix B.  
 
Alternate Perpendicular Dipole Moment Results 

Several dipole moment calculations were performed before deciding to use, arbitrarily, Møller-
Plesset perturbation theory (MP2/6-31-G**) in Chapter 6. The other techniques are semi-empirical 
(Austin Model 1, AM1; Parametric Method 6, PM6) and density functional theory (B3LYP/6-31G*). 

Calculated dipole moment for AM1, PM6, DFT and MP2. These values have been 
calculated to be perpendicular to the Si surface (as discussed in Chapter 2). 

Monolayer 

(R-Si≡) 
AM1 (D) PM6 (D) DFT (D) MP2 (D) 

H +0.08 −0.18 −0.20 −0.19 

C10 −0.39 −0.94 −1.42 −1.37 

C12SH +0.21 +0.42 −0.17 −0.05 

C3Ph −0.13 −0.49 −0.98 −0.90 

C2Phy −0.48 −1.31 −1.59 −1.35 

C3OPh −0.12 −0.12 −1.01 −0.63 
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