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ABSTRACT 

 This dissertation describes the fabrication and 

characterization of molecular tunnel junctions made with a 

series of carboxylic acid derivatives chemisorbed to amorphous 

aluminum oxide (AlOx) electrodes with a variety of top metal 

electrodes. Para-substituted benzoic acids, terminal-substituted 

long alkyl chain (C16) alkanoic acids, and octadecylphosphonic 

acid were prepared on the native oxide of aluminum by a solution 

self-assembly technique.  

The self-assembled monolayers (SAMs) were characterized via 

x-ray photoelectron spectroscopy (XPS) and water contact angles. 

For the benzoic acid derivatives, several trends became 

apparent. The polarity of the solvent used during self-assembly 

was critical to monolayer formation. Solvents that were polar 

and protic in nature produced low coverage monolayers. In 

contrast, non-polar solvents produced much higher coverage 

monolayers. The thickness of the monolayers determined via XPS 

suggests that the plane of the aromatic ring is perpendicular to 

the AlOx surface with the carboxylate functional group 

chemisorbed in a bidendate chelating geometry. A similar 
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saturation coverage was achieved for each benzoic acid 

derivative at ~2.7 x 1014 molecules cm-2. At saturation coverage, 

the benzoic acids and hydroxyls are present in an approximate 

ratio of 1:1. When Pb was vapor deposited on top of the benzoic 

acid derivatives and XPS measurements were obtained, only 4-SH 

benzoic acid showed a chemical reaction in the form of S-Pb. Au 

also showed a complete chemical reaction with 4-SH benzoic acid 

with a shift in the S(2s) peak 1.2 eV lower in binding energy 

indicative of a S-Au bond formation.  

Contact angle and XPS results of the long alkyl chain SAM 

derivatives reveal a higher surface coverage of molecules on 

AlOx when compared to the benzoic acids. Electrical measurements 

including: I vs. V, dI/dV [normalized as G(V)] vs. V, and IETS 

were also obtained. 

G(V) measurements obtained on tunnel junctions without SAMs 

showed large offsets in the G(V) minimum [G(V)min] conductance 

due to polar hydroxyl groups native to the AlOx surface 

introducing large asymmetry in the barrier. Upon addition of the 

carboxylic and phosphonic acid monolayers, the G(V)min shifted 

closer to zero bias. For tunnel junctions made with benzoic acid 

SAMs and Pb, several trends emerged. First, as the coverage of 

the SAM increased, the G(V)min decreased. Second, as the size of 

the para-substituent increased, the G(V)min decreased. Finally 
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when a reactive para-substituent such as thiol is used, the 

barrier asymmetry is completely reversed due to a bond formation 

at the S-Pb interface. 

G(V) measurements obtained on various alkanoic acid SAMs 

showed no offset in the G(V)min. The data obtained was fit to a 

model to extract the tunnel barrier properties. The results 

showed that when a reactive terminal group such as thiol is 

used, the effective thickness of the tunnel barrier is larger 

than samples made with CH3 terminated SAMs. This suggests that 

less of the top metal can penetrate through monolayers when a 

chemical reaction occurs at the metal-molecule interface. Data 

obtained for tunnel junctions made with octadecylphosphonic acid 

SAMs showed very little penetration of the top metal likely due 

to higher saturation coverage and better packing. 
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CHAPTER 1 - INTRODUCTION 

 In this chapter the basic physics of electron tunneling 

will be introduced to provide the necessary background 

information to understand the work described in this 

dissertation. The second half of this chapter will be dedicated 

to the modification of amorphous aluminum oxide surfaces by 

adsorption of carboxylic acid derivatives. Since this 

dissertation is based on the study of electron tunneling through 

organic monolayers, the advantages of placing organic molecules 

in tunnel junctions for basic research and the motivations to 

study this will be offered.  Most of the focus will be made on 

experiments with alkanoic and phosphonic acid monolayers used in 

electrical devices. The focus will be on gaining a better 

understanding of the metal-molecule interface. The chapter ends 

with an outline of this dissertation.  

 

1.1 Basic physics of Electron Tunneling 

 According to classical physics, an electron that encounters 

a potential energy barrier greater than its kinetic energy will 

be repelled. However, due to the quantum mechanical nature of 

matter, an electron has some probability of tunneling through 
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the energetic barrier as long as it is sufficiently thin enough. 

The nature of quantum tunneling is based on the electron’s wave-

like behavior.1 The wave-like behavior is described by the 

electron’s wave-function. The wave-function describes the 

probability of the electron existing on both sides of the 

potential barrier, see Figure 1.1. The tunneling probability (𝜓2) 

can be written in the following formula2,3: 

𝜓2(𝑥) ∝ 𝑒−𝑘𝑥     (1.1) 

 

𝑘(𝑥,𝐸𝑥) = �2𝑚∗(𝑉(𝑥)−𝐸𝑥)
ℏ2

    (1.2) 

where x is the distance into the barrier, m* is the effective 

mass of an electron, V(x) is the height of the barrier, and Ex is 

the energy of the electron in the direction perpendicular to the 

interface. 

 A simplistic example of electron tunneling is through a 

metal-vacuum-metal junction. When two metal electrodes are 

connected their Fermi levels align. There are two limiting types 

of tunnel barriers, as shown in Figure 1.2. The first case is 

when the barrier heights of each side are equal in energy. The 

other is when one side of the barrier is higher or lower than 

the other. As a bias is applied, electrons tunnel from the Fermi 
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Figure 1.1. Diagram of quantum tunneling of an electron through 
a barrier. (a) The barrier is too thick and the wave function 
decays. (b) If the barrier is thin enough, then the electron has 
some probability of tunneling through to the other side. 
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Figure 1.2. Schematic diagram for a metal-insulator-metal tunnel 
junction. (a) A rectangular tunnel barrier with barrier heights 
equal on each side and thus no asymmetry. (b) A trapezoidal 
tunnel barrier with asymmetry. 
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level of one electrode, through the insulating layer, and into 

empty states of the other metal electrode. 

Giaever won the Nobel prize in physics for his work that 

demonstrated electron tunneling using superconducting Pb 

electrodes.4 Simmons was one of the first to bridge experimental 

tunneling data with a general theory.5 In his model, taking 

current/voltage measurements would allow the barrier width (d) 

and average barrier height (𝜑�) to be calculated.  Unfortunately, 

very few tunnel junctions have barrier heights that are 

equivalent (in energy) on both sides of the tunnel barrier and 

thus 𝜑� only gives general information about the barrier. 

Brinkman et al. expanded upon the Simmons model to allow one to 

calculate the barrier asymmetry (∆φ), or the difference in 

barrier heights, from current voltage measurements.6 This model 

will be referred to as the BDR model. To calculate the barrier 

parameters with the BDR model, one must obtain dI/dV 

measurements either via a lock-in amplifier or numerically. Once 

the measurements are made, the data is normalized so dI/dV = 

G(V)/G(0) = 1 at zero bias.6  The BDR model yields the following 

equation: 

𝐺(𝑉)
𝐺(0)

= 1 − � 𝐴0∆𝜑

16𝜑� (32)
�𝑒𝑉 + � 9

128
𝐴02

𝜑�
� (𝑒𝑉)2  (1.3) 
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where ∆φ = φ2 – φ1, A0 = 4(2m)1/2d/3ℏ, and G(0) = (3.16 x 1010 𝜑� 1/2/d 

exp(-1.025 d 𝜑� 1/2).  Using this model, the barrier width (d), 

average height (𝜑�), and asymmetry (∆φ) can be calculated. There 

are several limits to this model. The barrier thickness must be 

at least 10 Å, ∆𝜓/𝜓� must be less than 1, and the offset in 

minimum conductance [G(V)min] must be less than 50 mV. When a 

barrier is highly asymmetric the G(V)min in the normalized 

conductance shifts from zero bias. This shift is proportional to 

the amount of asymmetry in the barrier.  

 

1.2 Organic Molecules in Tunnel Junctions 

 Organic molecules have been widely used in tunnel 

junctions. Kuhn was the first to demonstrate transport through 

long alkyl “fatty acid” chains chemisorbed to aluminum oxide 

(AlOx) surfaces.7 He observed an exponential decrease in the 

current density with increasing alkyl chain length. This 

unequivocally demonstrated that the mode of transport through 

these molecules was by tunneling.   

Once this important discovery was made, many other groups 

used a wide variety of alkanoic acid derivatives on surfaces and 

investigated their possible uses in tunnel junctions.8-14 The 

carboxylic acid group was shown to chemisorb in a bidentate 

fashion to AlOx through a carboxylate bond via an acid-base 
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reaction with surface hydroxyl groups.8,13-17 The evidence for 

carboxylate binding came from various inelastic tunneling 

spectroscopy (IETS) and infrared spectroscopy studies. The early 

IETS work showed the absence of the carbonyl stretching mode 

expected to be near 1700 cm-1.18-22 Instead the characteristic 

modes for the asymmetric and symmetric stretching modes of a 

carboxylate group at ~ 1560 cm-1 and 1450 cm-1 were observed. 

Figure 1.3 illustrates the carboxylic acid SAMs chemisorbed to 

AlOx surfaces. Once the mode of binding was verified, other 

groups followed up with further studies.23-25 

Other carboxylic acids adsorbed to AlOx substrates included 

alkanoic acids of various chain lengths. Alkanoic acids placed 

on surfaces via self assembly adsorb kinetically via a Langmuir 

isotherm.9 The molecular packing and coverage on the surface is 

extremely dense.8-10,23 Contact angle measurements confirmed this 

with values between 97 to 115°. In general at low coverage, 

alkanoic acids lay flat on the surface. As the coverage 

increases, the SAMs stand perpendicular to the surface with a 

tilt between 10 to 25° from surface normal.8-10 Intermolecular 

interactions between molecules assists in packing and 

rearrangement to form dense monolayers. When alkanoic acid SAMs 

are placed in tunnel junctions, increasing the chain length 

decreases the tunneling current demonstrating tunneling as the 

mode of transport.24  
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Figure 1.3. Schematic diagram of benzoic acid SAMs chemisorbed 
to an AlOx substrate.  
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Benzoic acids were another class of carboxylic acid 

derivatives studied extensively using IETS.18-22 Much was learned 

about this class of molecules. Using a multiple specular 

reflectance IR method, one group was able to monitor the 

intensity of the carboxylate modes for 4-bromobenzoic acid from 

sub-monolayer to monolayer coverage.18 They observed the 

intensity of the symmetric band increased as coverage increased, 

while the intensity of the asymmetric band was considerably 

lower and did not increase with coverage. The transition dipole 

moment of the symmetric carboxylate stretch is orientated 

primarily in the plane of the aromatic ring.25 Consequently they 

determined that the molecule is oriented with the aromatic ring 

perpendicular to the surface even at sub-monolayer coverage. 

They discovered similar results with other benzoic acids 

derivatives. Other groups used IETS to study benzoic acid 

derivatives on AlOx.19-22 They observed peaks for all other 

vibrational modes of the molecules. This confirmed that the 

molecules remained completely intact when placed inside a tunnel 

junction. 

 Benzoic acid derivatives have also been shown to modify the 

electronic properties of various surfaces. One group showed that 

the work function of indium tin oxide (ITO) and AlOx was 

modified when benzoic acids were adsorbed.26,27 They used a Kelvin 

probe technique to measure the work function of benzoic acids 
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with various dipole moments and found a strong correlation 

between dipole moment and the change in the work function. As 

the dipole moment increased in electronegativity at the para 

substituent, the work function of ITO and AlOx increased. They 

measured an unmodified work function for AlOx to be 4.1 eV. They 

discovered that it could be tuned to 4.02 eV for molecules with 

positive dipoles facing away from the surface and up to 5.32 eV 

for ones with large negative dipoles facing vacuum.27 Another 

group placed benzoic acid derivatives on GaAs and showed a 

decrease in the barrier height as the negativity of the dipole 

moment away from the GaAs surface increased.28  

Only minimal studies have been done to determine the 

surface coverage of benzoic acids on AlOx substrates.18,29 One 

group used neutron activation analysis and reported a coverage 

of 2.3 x 1014 molecules cm-2.18 Another group used tritiated 

benzoic acid and a scintillation detector to measure coverage. 

They determined a saturation coverage of 6 x 1014 molecules cm-

2.29 The latter value seems considerably high, however, as the 

saturation coverage of hydroxyl groups has been shown to be only 

5 x 1014 hydroxyls cm-2.30 

 Another class of molecules placed on AlOx and investigated 

for possible uses in tunnel junctions is phosphonic acids. 

Phosphonic acids have been shown to bind with tridentate 

geometries via phosphonate bonds to oxide surfaces.31-33 They have 
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been shown to pack extremely dense self assembled monolayers 

with typical contact angles of 100° or greater. Long chain 

phosphonic acid monolayers can also exhibit large tilt from the 

surface normal at approximately 35° due to bond angle 

constraints from the phosphonate binding group.34 Due to the 

large tilt from the surface, the distance for tunneling is 

smaller than alkanoic SAMs. Defects in phosphonic acid SAMs have 

also decreased the effective tunnel distance.35-36 These defects 

are greater when the chain length is shorter and SAMs exhibit 

“liquid-like” behavior and have a higher probability of laying 

flat on the surface.36 These defects are more prevalent when the 

chain length is less than 12 carbon atoms in length.36 As the 

chain length increases, van der Waals interactions between 

molecules help to stabilize more crystalline growth 

perpendicular to the surface.35,36 Even in long chain phosphonic 

acid SAMs that are well packed, conformational defects still 

decrease the effective tunnel distance. 

 

1.3 SAMs in Electrical Devices 

Organic SAMs show much promise in new technologies. They 

have been used in organic light emitting diodes (OLEDs) to 

decrease the energy of hole and electron injection into electro-

active layers by modifying the work function of metals.37,38 

Aromatic SAMs have been used in organic field effect transistors 
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(OFETs) to improve charge injection and on/off ratios.39 They 

have also been used in templates for covalent bonding in 

biosensors.40 

 In recent years organic SAMs have been used spintronic 

devices. Octanethiol SAMs have been used in molecular tunnel 

junctions in which low energy electrons pass through the 

molecular barrier while remaining spin polarized.41 

Magnetoresistance as large as 30% has been reported benzene di-

thiol tunnel junctions.39 A range of other aromatic SAMs43,44 have 

also been used in organic spin valves with reports of 

magnetoresistance even at room temperature.43 Finally, phosphonic 

acid SAMs have also shown to exhibit stable and efficient spin 

transport properties with TMR values as high as 35% at low 

temperatures.45 

 The use of organic SAMs in devices has many advantages over 

pure inorganic devices. Organic SAMs have orbital energies that 

can be tuned for various applications.46 Solution processing is 

far cheaper than most industrial applications that require high 

vacuum and ultra-clean rooms. Finally, the use of organic SAMs 

proves to be very beneficial to the environment as they can 

potentially break down easier in landfills. As a result, using 

organic SAMs in devices proves to be a promising avenue of 

research possibility. 
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1.4 The metal-Molecule Interface 

Alkanethiols SAMs have also been studied in tunnel 

junctions by numerous groups.47-53 Alkanethiols chemisorb to Au 

and Ag via a thiolate bond. Experimental evidence confirms the 

mode of transport through the SAMs is tunneling.48-51 The identity 

of the functional group facing the top metal electrodes has been 

shown to have a substantial effect on the tunneling 

characteristics of molecular tunnel junctions. Cui et al. 

studied how changing the functional group from CH3 to SH 

influenced the tunneling characteristics when using an Au coated 

STM tip as a top electrode.54 They found that when SH was used, 

the contact resistance was much lower than CH3 terminated SAMs. 

When SH is used as the functional group, the top metal electrode 

chemisorbs to the heteroatom, thus increasing the tunneling 

current density. Similar observations have been made with other 

systems.55-58 Thus the nature of the metal molecule interface and 

whether it is chemisorbed vs. physisorbed is a critical factor 

in electron tunneling through SAMs. 

 

1.5 Issues with Top Contacts 

Alkanethiols exhibit similar problems as alkanoic acid 

SAMs; even at high packing density conformational defects are 

present.59,60 When thermal evaporation is used to deposit a top 

electrode, the yield of non-shorted devices can be as low as 
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1%.50 To limit the amount of penetration of the top metal 

electrode, some have used “reactive” terminal groups such as: 

COOH, COOCH3, OCH3, CN, and SH. Reactive groups decrease the 

penetration of vapor deposited top metals by interacting and 

forming metal complexes.59-60 Another method to limit the 

penetration is increasing the terminal group intermolecular 

interactions. One group used a K to modify alkanethiolate SAMs.61 

The K increased the ionic interactions between terminal groups 

such as CO2-, CH3, and CO2H. The increased ionic interaction 

between terminal groups decreased the amount of Au penetration 

into the SAMs.61 

Various soft contacting methods have also been developed to 

limit the amount of shorting.49,51-55 These soft contact methods 

employ the use of GaIn or Hg drops to limit the amount of 

penetration into the SAM. Liquid metals are fine for fundamental 

studies but have very limited practical uses in real world 

electronic devices. A cheap and reliable method of placing the 

top metal electrode on tunnel junctions is needed. 

In summary, organic SAMs can be excellent candidates for 

study in molecular tunnel junctions. A fundamental understanding 

of the metal-molecule interface is needed to assist in the 

development of future organic-based tunnel devices. Even though 

there have been some studies on how making small changes to an 

organic monolayer effects the tunneling characteristics of a 
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junction, there is still much to be learned. Motivated by this 

lack of fundamental understanding, the goal of this dissertation 

is focused on the effect metal-molecule interface on quantum 

tunneling of electrons through various SAMs including benzoic 

and alkanoic acids bonded to AlOx. Specifically, we would like to 

understand how varying the para substituent (atom facing the top 

metal electrode) influences the metal-molecule interface and how 

that affects the tunnel barrier. 

In order to concisely refer to each molecule, the following 

notation will be used. Each benzoic acid derivative name will be 

shortened and called by its para-substituent. For example, 4-F 

benzoic acid will be referred to as 4-F. Additionally, the non-

stoichiometric oxygen rich aluminum oxide will be labeled AlOx. 

 

1.5 Outline of Dissertation 

In this dissertation, electron tunneling through organic 

SAMs was investigated to gain a fundamental understanding of 

electron transport through similar SAMs with small changes to 

the para-substituents. The first part of the dissertation gave a 

brief overview of electron tunneling. A theoretical model on 

electron tunneling through asymmetric barriers was reviewed. The 

last part of this introduction provided an overview of how SAMs 

have been used in tunnel junctions and described their 
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advantages and disadvantages versus their pure inorganic 

counterparts. 

In chapter 2, the device fabrication techniques used in 

this dissertation will be described, including: physical vapor 

deposition, spin-coating, and self-assembly. It will also 

discuss methods used to characterize SAMs on AlOx surfaces, 

including contact angle measurements and X-ray photoelectron 

spectroscopy. Finally, the electrical transport measurements 

will be discussed in great detail. 

In chapter 3, surface characterization of the organic SAMs 

on AlOx will be presented, including: contact angle and XPS 

measurements. Contact angle data provides evidence that the SAMs 

chemisorb to the AlOx surface via an adsorption isotherm that 

can be modeled to a Langmuir isotherm. At saturation coverage, 

the surface coverage between benzoic acid derivatives is 

equivalent and approximately one molecule adsorbs to every two 

available surface sites. 

In chapter 4, electrical characterization of benzoic acid 

derivatives will be presented. Here current vs. voltage 

measurements will be explained in terms of how the para-

substituent effects the tunneling. Changes in the tunnel barrier 

properties will also be discussed with Pb, Au, and Ag top 

electrodes. 
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In chapter 5, electrical characterization of long chain 

alkanoic acids will be given. Current vs. voltage measurements 

will be presented and the resulting tunnel barrier properties 

will be discussed in terms of how the para-substituents effect 

the tunneling with Co, Ni, and Ag top electrodes.  

In chapter 6 a summary and conclusions will be given. 

Finally, a brief statement about future experiments will be 

offered. 
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CHAPTER 2 - EXPERIMENTAL METHODS 

2.1 Introduction 

 The experimental techniques and methods used in this 

dissertation will be described in this chapter. Section 2.2 

covers device fabrication including substrate processing, film 

deposition, and addition of organic molecules into the junctions 

via self assembly. Section 2.3 discusses qualitative and 

quantitative chemical characterization of organic monolayers on 

aluminum oxide substrates including water contact angle 

measurements and XPS. Section 2.4 will cover characterization of 

organic molecular tunnel junctions by various electrical 

characterization methods, including current (I) vs. voltage (V), 

dI/dV vs. V, d2I/dV2 vs. V, and resistance (R) vs. temperature 

(T) measurements. 

 

2.2 Device Fabrication 

2.2.1 Substrate Processing 

The first step for the fabrication of good tunnel junctions 

is to select an appropriate substrate. The substrate must be 

smooth and nonconductive but also, due to the number of samples 

being made, must be cost effective. For this reason, Si wafers 
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with 500nm of SiO2 were obtained from Silicon Valley 

Microelectronics. The silicon wafers were spin-coated with 1818 

acetone soluble photo-resist at 500rpm for 10 seconds and then 

5000rpm for 5 minutes. The wafers were then dried at 100°C for 2 

minutes. After that the wafers were then cut to 10mm by 10mm 

squares. Once cut, the individual pieces were cleaned by 

sonicating for 30 minutes in acetone at a temperature of 45°C.  

After that the samples were placed in isopropanol and sonicated 

for 20 minutes at 45°C. The wafers were then dried with nitrogen 

gas. 

2.2.2 Film Deposition 

Once all contaminants were removed from substrate cleaning, 

a shadow mask (1 mm x 10 mm cutouts) was placed over the 

samples. This mask was used to pattern bottom electrodes. Then 

the samples were loaded into a high vacuum chamber. High vacuum 

(~2 x 10-7 Torr) was achieved with a diffusion pump with a liquid 

nitrogen trap backed up by a rough pump. The basic setup is 

shown in Figure 2.1.   

Physical vapor deposition (PVD) was used to deposit all 

metals used in this work.62 The list of metals deposited 

includes: Pb, Ag, Au, Co, Ni, and NiFe. Each metal obtained had a 

purity of >99.9%. Metals were loaded into tungsten boats and the 

chamber was pumped down. Once the base pressure of the 

deposition chamber was approximately 2 x 10-7 Torr, a high  

19 
 



 

 

 

 

 

Figure 2.1. A schematic diagram of the vapor deposition system. 
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amount of current (100-150 amps) was applied to the tungsten 

boat containing the metal. The metal was subsequently heated 

until it melted and vapor deposited. To avoid cracking of the 

tungsten boats, the applied current to the tungsten boats was 

slowly brought up to the desired power setting. A quartz crystal 

microbalance (QCM) was used to monitor the deposition rate and 

total thickness of the deposited film.  At first, the metal was 

deposited at a low rate (~0.2 Å/s) until approximately 100 Å was 

deposited. After that, the rate was ramped up to approximately 1 

Å/s. Once the deposition was completed, a shutter was used to 

block any additional metal from depositing on the substrate. The 

sample was then allowed to cool for approximately 20 minutes 

before the chamber was vented and the sample taken out. 

Bottom aluminum electrodes were then oxidized in air for 10 

minutes. The resulting AlOx layer reached a self limiting 

thickness of approximately 23 Å.63,64 Organic molecules were then 

adsorbed to the AlOx in a method described in section 2.2.3. 

2.2.3 Addition of Organic Molecules into Tunnel Junctions 

 Two methods were used to adsorb organic molecules on the 

surface of the AlOx bottom electrodes. Various solutions 

contained the solute molecule (aryl and alkyl carboxylic acids) 

dissolved in a variety of solvents (benzene, acetonitrile, 

ethanol, or water). The molecules were placed in a jar 

containing the solvent and sonicated with heat at 45°C. This 
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assisted in dissolving the molecules more quickly. The 

concentrations of these solutions ranged from 10-3 M to 10-6 M.  

For most experiments, the 10-3 M concentration was used. 

2.2.3.1 Spin-Coating of Organic Molecules on AlOx 

The first method employed was a spin-coating procedure used 

by previous groups.19,65 In this method the sample was placed on a 

spin coater [CHEMAT TECHNOLOGY KW-4A] and vacuum sealed in 

place. Then 100 µL of 10-3 M solutions of varying benzoic acids 

were drop-casted on top of a blanket 40 nm Al film with native 

oxide. The solution was spun off at 500 rpm for 8 seconds and 

then spun at 3000 rpm for 2 minutes. Contact angles of these 

samples were then taken immediately using the procedure 

described in section 2.3.1. 

2.2.3.2 Self-Assembled Monolayers (SAMs) on AlOx 

 The second method used to dope organic molecules on AlOx 

surfaces was self-assembly. Carboxylic acids are known to self-

assemble and chemisorb in a bidentate fashion to amorphous Al2O3 

via a carboxylate bond.18,19 This occurs via reaction with native 

surface hydroxyl groups in an acid-base reaction. Benzoic acid 

(BA) molecules adsorb with the plane of the aromatic ring 

perpendicular to the surface regardless of surface coverage.19 

 The self assembly process is rather straightforward. A 

sample containing a 40 nm Al film with native oxide is placed 

into a solution described in Section 2.2.3. The molecules self-
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assemble to the surface over time. Molecular surface coverage is 

dependent upon the concentration of the solution and the 

exposure time in solution.63 Once taken out of the solution, the 

sample is then rinsed with solvent to remove any physisorbed 

molecules.  The sample is then dried with pure nitrogen gas.  

 Once the SAMs were adsorbed on the AlOx, a second mask (3 

stripes of 1 mm x 10 mm) was placed over the sample to obtain a 

cross-bar geometry and then loaded into a high vacuum chamber.  

A top metal (Ag, Au, Co, Ni, NiFe, or Pb) electrode was then 

deposited using the procedure described in Section 2.2.2.  

Sample geometries are shown in Figure 2.2. 

 

Section 2.3 Characterization of SAMs on AlOx 

Section 2.3.1 Contact Angle Measurements 

 Measuring contact angles allows one to determine whether a 

surface is relatively hydrophobic or hydrophilic in nature.66 

Contact angle measurements were performed using a Ramé-Hart 

system shown in Figure 2.3. A ~2μL drop of H2O was placed on a 

sample containing molecules chemisorbed on AlOx. The contact 

angle of the water drop with respect to the surface was measured 

using a microscope. The larger the contact angle, the more 

hydrophobic the surface. This method was used as a quantitative 

way to determine relative molecular coverage via the Cassie 

equation.66 
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Figure 2.2. (a). Cross sectional diagram of tunnel junctions. 
(b) Top down view of samples made with wiring for electrical 
characterization. 
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Section 2.3.2 X-ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) was used to 

characterize each SAM. XPS is a versatile surface sensitive 

technique.67 We used this technique to determine the binding 

energies of the core levels for each element (except for 

hydrogen) in all of molecular monolayers. 

 XPS utilizes a monochromatic beam of x-rays to bombard 

surface species. The x-ray beam ionizes atoms on the surface and 

causes photoemission from both the core and valence level 

bands,67 as shown in Figure 2.4. The kinetic energy (KE) of these 

photoelectrons depends upon the incident energy of the x-rays 

bombarding the sample (hν), the work function of the instrument 

(Φ), and the binding energy of the photoelectrons.   

𝐾𝐸 = ℎ𝑣 − (𝐵𝐸 +  𝛷)        (2.1) 

The binding energy (BE) is the amount of energy required to 

remove an electron from a core level and to the Fermi level.  

The binding energy is intrinsic to the specific atomic orbital 

from where the originated.  Therefore, this energy will vary from 

element to element.  The nature of the chemical environment will 

also influence the energy of the emitted photoelectron. Since 

some charge transfer occurs between bonded atoms, the binding 

energy of core level electrons depends upon what the atom is 

bonded to. Due to Coulombic attraction between core  electrons 
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Figure 2.3. Photograph of Ramé-Hart system. 
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Figure 2.4. Schematic diagram of the X-ray photoelectron 
generation. The difference between Evac and Ef is due to the 
spectrometer work function. 
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and the nucleus, the binding energy depends on whether the atom 

being analyzed is left with a partial negative or positive 

charge. Atoms with partial positive charges have larger 

Coulombic attraction between the core electrons and nucleus.  

Therefore, atoms with higher oxidative states have higher 

binding energies than those with lower oxidative states.67 

 The kinetic energy of electrons emitted from a sample is 

measured with an electrostatic hemispherical analyzer. A 

potential difference is applied to create an electrostatic 

field. This electrostatic field is set to allow electrons of 

specific energies (the pass energy) to either pass through the 

hemisphere or be guided into the walls of the hemisphere (if 

their energy is too high or too small).67 

XPS measurements were made using a Kratos Axis 165 

spectrometer using monochromatic Aluminum Kα x-rays. Survey 

spectra were taken for each SAM to check for contamination. 

Instrument settings for each survey scan included: 1050-0 eV BE 

range with a 0.5 eV step size, a dwell time of 300 ms, and a 160 

eV pass energy. High-resolution spectra were obtained with a 0.1 

eV step size, a 1500 ms dwell time, and 40 eV pass energy. All 

peaks were calibrated to the Al0 (2p3/2) peak at 72.8 eV.  
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Section 2.4 Electrical Characterization Methods 

Section 2.4.1 Current (I) vs. Voltage (V) and dI/dV vs. V 

Two methods were used to obtain I vs. V and dI/dV vs. V 

measurements on tunnel junctions. The first method was performed 

in the Greg Szulczewski lab. Samples were connected via a 4-

point probe setup. Connecting a sample using the 4-point probe 

method negates any contact resistance due to wiring.68 Here the 

bottom electrode was connected to the I- and V- leads while the 

top electrode was connected to the I+ and V+ leads. When a 

positive bias is applied, electrons tunnel from the bottom Al 

electrode towards the top metal electrode. A Keithley 2400 

Sourcemeter was used to source a voltage across the sample while 

simultaneously measuring the current through the sample. A 

Labview program was developed to acquire the data and control 

the measurement process though a general-purpose interface bus 

(GPIB). The dI/dV was determined by taking numerical derivatives 

of I/V curves. 

The second method used for electrical characterization of 

the tunnel junctions employed in Patrick LeClair’s lab. A 

photograph of the setup is shown in Figure 2.5 and a schematic 

diagram of the setup is shown in Figure 2.6. This system 

included a Keithley 263 Source (K263) supplying the DC voltage 

(Vb). A Stanford 830 lock-in amplifier (SR830) was used to supply  
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Figure 2.5. Experimental setup for electrical measurements in 
Patrick LeClair’s lab. 
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Figure 2.6. Schematic of IETS setup in the LeClair laboratory. 
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an AC modulation voltage, Vm cos (ωrt + θ) (where ω is the 

modulation frequency), as a reference signal to the lock-in 

amplifiers. The two voltages were then added together via a 

summing amplifier and applied to the sample. Because the signal 

coming from the sample was extremely small, preamplifiers (EG&G 

PARC 113) were used to increase the signal intensity from the 

sample. The dc voltage portion of the signal was measured by a 

HP 3478A digital voltmeter, while the first harmonic of the ac 

voltage on the sample (dV part of dI/dV) was measured by a 

Stanford 830 lock-in amplifier (SR830). The dc current was 

measured by a HP 3458A digital voltmeter and the first harmonic 

of the ac current signal (the dI part of dI/dV) was measured by 

a Stanford Research 830 lock-in amplifier (SR830). 

Section 2.4.2 Inelastic Tunneling Spectroscopy 

Inelastic tunneling spectroscopy (IETS) is a method 

employed to measure vibrational spectra of molecules in tunnel 

junctions.69-72 Most electrons tunnel through a barrier 

elastically (without losing any energy). Less than 1% of 

electrons tunnel through inelastically. These electrons lose 

some energy by exciting vibrational modes of molecules present 

inside the junction.69-72 When the applied bias (V) is greater 

than or equal to the vibrational energy of the molecule (hv/e), 

additional inelastic tunnel channels open up. As these inelastic 

channels open, the total tunneling current increases slightly. 
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Figure 2.7 shows plots of I/V, first derivative (dI/dV), and 

second derivative (d2I/dV2),respectively. There are no selection 

rules for IETS. Typically vibrational modes from both Raman and 

Infared (IR) will be observed. 

 In theory, a differential mathematical approach may be used 

to calculate d2I/dV2. Unfortunately this is not feasible because 

the small current changes due to inelastic channels are on the 

same order of the noise of the measurements. Therefore, an AC 

modulation technique similar to the method used in Section 2.4.1 

is used. Since IETS relies on measuring the second derivative of 

I/V, the LIA is set to the measure the second harmonic (ωr =2ω) 

and θr = 90° of the AC modulation reference signal [Vm cos (ωrt + 

θr)]. 

Section 2.4.3 Resistance vs. Temperature Measurements 

 A physical property measurement system (Quantum Design PPMS 

Model 6000) was used for resistance vs. temperature 

measurements. In this system, the sample is cooled to 

temperatures as low as 3K using a liquid helium source.  

Resistance was recorded by the PPMS bridge at specific 

temperature intervals as the sample was cooled down. The current 

and power applied to the sample were limited to a maximum of 1 

mA and 10 mW. 
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Figure 2.7. Schematic drawing of current vs. voltage, dI/dV, and 
d2I/dV2.  The second derivative corresponds to molecular 
vibrations in tunnel junctions.  
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CHAPTER 3 – SURFACE CHARACTERIZATION OF CARBOXYLIC ACID 

DERIVATIVES ON AMORPHOUS ALUMINUM OXIDE FILMS 
 

3.1 Introduction 

 The goals of this chapter are to correlate contact angles 

and XPS to determine relative surface coverage and investigate 

Pb-SAM interfaces by XPS to determine if interfacial reactions 

occur. This information is critical in order to gain an 

understanding on the role of SAMs in molecular tunnel junctions. 

This chapter will be divided up into multiple sections. In 

section 3.2, contact angle measurements for all SAMs studied 

will be presented. In section 3.3, XPS results of benzoic acid 

derivatives on amorphous aluminum oxide will be shown. Then Pb 

or Au will be vapor deposited on top of the benzoic acids and 

the XPS results will be shown in Section 3.4. Section 3.5 will 

give XPS results for various alkanoic acid derivatives including 

SAMs with carboxylic acid and phosphonic acid anchoring groups. 

Finally, section 3.6 will conclude with a summary. 

 

3.2 Contact Angle Measurements of SAMs on AlOx 

 Sessile drop water contact angle measurements were used to 

help establish relative surface coverage of the molecules 
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selected for study. Aluminum films approximately 40 nm thick 

were deposited as described in section 2.2.2. These films were 

then oxidized for 10 minutes to allow a thin layer of AlOx to 

grow. At 10 minutes, contamination from lab air has been shown 

to be minimal.74 As the oxidation of AlOx occurs, hydroxyl groups 

chemisorb onto the surface creating a very hydrophilic 

surface.75-82 Contact angle measurements were made using the 

procedure described in section 2.3.1. The measured contact angle 

for a hydroxylated AlOx surface was found to be 13 ± 1°. All 

molecules were chemisorbed to AlOx via the procedures described 

in sections 2.2.3.1 and 2.2.3.2. 

 The choice of solvent is critical in the formation of SAMs. 

To understand which solvent gave the highest coverage of 

molecules on AlOx surfaces, we varied the solvent (with a 1000 s 

exposure time) and measured the contact angle. For 4-CN benzoic 

acid, the contact angles were 20, 22, 27 and 51° as the solvent 

varied from H2O, ethanol, acetonitrile, and benzene, 

respectively. For 4-I benzoic acid, the contact angles were 33, 

46, 41, and 60°, respectively. Consequently, it seems polar 

protic solvents interact with surface hydroxyl groups and 

inhibit the chemisorption of the benzoic acids. This result is 

similar to another study in which a group studied the self-

assembly of organophosphonic acids. They found that solvents 

with lower dielectric constants resulted in more dense and 
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stable SAMs. This was because solvents with high dielectrics 

coordinate with the surface preventing SAM formation.83 As a 

consequence of these results, we chose to use benzene as the 

solvent for the self-assembly process. 

 Next, we wanted to determine the best method for 

chemisorbing the SAMs on the surface. We decided to use two 

techniques to chemisorb the molecules on the surface: self-

assembly and spin-coating. A modified spin coating procedure 

from previous groups was used.65 The concentration of solution 

for spin coating was 10-3 M. We directly compared this process to 

self assembly by making samples with the same bottom Al film 

(from the same deposition) to negate roughness, temperature, and 

humidity effects between various days. Then they were exposed to 

the same 10-3 M solution for 10000 seconds. The data is shown in 

Table 3.1. It is clear that the surface coverage from self-

assembly is much higher when compared to the spin-coating 

process.    

Next, we wanted to gain an understanding into the kinetics 

of the adsorption process for the benzoic acids. We decided to 

measure the surface coverage of molecules vs. time. Here the 

contact angle was measured for samples (with an Al film 

deposited at the same time) exposed to solution for 1, 10, 100, 

1000, and 10000 seconds. This experiment was done for halogen  
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Spin Coating Self Assembly 

Benzoic Acid Contact Angle (°) Benzoic Acid Contact Angle (°) 

4-CN  38 4-CN  51 

4-I  65 4-I  75 

4-Cl  70 4-Cl  80 

4-Br  65 4-Br  77 

4-F  62 4-F  70 

 

Table 3.1 Contact angle measurements obtained for spin coating 
and self assembly of benzoic acids on AlOx.  
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substituted benzoic acid derivatives with a solution 

concentration of 10-6 M and the data is shown in Table 3.2. As 

can be seen, the contact angle increases dramatically at 1 

second and slowly increases until it reaches a plateau between 

1000 and 10000 s. This is indicative of a Langmuir type isotherm 

where (at low solution concentration) the rate of adsorption is 

much greater when surface sites are vacant and once most surface 

sites are filled, the rate of adsorption becomes less and 

equilibrates with the rate of desorption. At 10000 s, a 

saturation surface coverage is reached. Contact angles for many 

more benzoic acid derivatives were also taken in solutions with 

concentrations of 10-3 M. Table 3.3 shows the results of these 

experiments. As can be seen, surface coverage is also dependent 

on the concentration of solution. Even though the coverage is at 

saturation, the absolute value of the contact angle is dependent 

upon the size and the polarizability of the para-substituent in 

contact with the water drop. 

The contact angle measurements are consistent with similar 

monolayers on hydrophilic surfaces studied by others. For 

example, one group measured a contact angle of 82° for 

benzenethiol adsorbed to an Au surface.84 At saturation coverage, 

contact angles of 60° and 63° were obtained for 4-Br benzoic 

acid on GaAs and phenyltrichlorosilane on SiO2.85,86 Additionally, 

contact angle measurements of 69°, 67.7°, and 66.9° were  
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Benzoic 

Acid 

1 s 10 s 100 s 1 000 s 10 000 s Spin 

Coating 

4-F 59 58 59 68 71 58 

4-Cl 60 58 61 71 72 62 

4-Br 60 60 62 68 72 59 

4-I 59 59 62 68 71 62 

 

Table 3.2 Contact angle measurements for various para-
substituted halogenated benzoic acid derivatives. Solution 
concentration was 10-6 M.  
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Benzoic Acid Contact Angle (°) 

4-SH 51 

4-CN 53 

2-I 67 

4-H 71 

2-SH 72 

4-F 74 

3-I 75 

4-Cl 77 

4-Br 80 

4-I 80 

 

Table 3.3 Contact angle measurements for various benzoic acid 
derivatives on AlOx. Each measurement was taken after a 104 s 
exposure to a 10-3 M solution.  
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obtained for 4-F, 4-Cl, and 4-Br on ITO.66 The higher contact 

angles that we obtained for the benzoic acids suggest that they 

pack better on AlOx than on ITO and supports Kelvin probe 

measurements of previous groups.26,27 

Additionally, various long alkyl chain SAMs were studied 

for a comparison to the benzoic acids. Mercaptohexadecanoic and 

heptadecanoic acids were dissolved in ethanol and the substrates 

were immersed into 10-3 M solution for 104 s. The contact angles 

obtained were 82° and 102°, respectively, suggesting much higher 

surface coverage for the alkanoic acid SAMs vs. benzoic acids. 

These contact angles measurements are consistent with results 

from many others between 97° - 115°, and are indicative of high 

packing density for alkanoic acid SAMs.8-10.23 Finally, we studied 

octadecylphosphonic acid SAMs that were made using the same 

conditions as the alkanoic acid samples. We observed contact 

angles between 110° - 113° for SAMs exposed to solution for 104 s 

and is consistent with other studies in which the measured 

values ranged from 110° - 117°.34,73 This result confirms that 

coverage is highest with phosphonic acid SAMs due to better 

packing. 

The Cassie equation66 was used to estimate the surface 

coverage of the benzoic acids and compared to densely packed 

alkanoic acids on AlOx. The Cassie equation is written as: 

cos  𝜃 =  𝑓1 𝑐𝑜𝑠 𝜃1 +  𝑓2 𝑐𝑜𝑠 𝜃2    (3.1) 
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Here, θ is measured contact angle for the benzoic acid 

monolayer, 𝑓1 is fractional coverage for a saturated monolayer, 

and 𝑓2 is the fractional coverage (1-𝑓1) for a bare surface 

without a monolayer. We used the average contact angle of θ = 

78° for the benzoic acids at saturation coverage, a contact 

angle of θ1 = 119° for a fully packed alkanoic acid monolayer,74 

and θ2 = 13° for a bare AlOx film. We calculate the saturation 

coverage for benzoic acids on AlOx at 𝑓1 = 0.53, or approximately 

half of one monolayer. 

 

3.3 XPS Study of Benzoic Acid Derivatives 

 XPS was used to determine binding energies and surface 

coverage of the benzoic acids chemisorbed to AlOx. Experimental 

details about the XPS experiments are described in Section 

2.3.2. The survey spectra for each benzoic acid derivative are 

shown in Figures 3.1 and 3.2. The major peaks with binding 

energies (BE) common to all SAMs and substrates are identified 

as: O(1s) at 532 eV, C(1s) at 286 eV, Al(2s) at 120 eV, and 

Al(2p 3/2) at 79 eV. Any other peaks present are due to the 

halogen substituent’s photoelectrons. Most importantly, XPS 

confirms that there is no major contamination present in the 

SAMs after saturation coverage, except a small amount of Na at 

~500 eV. Once the SAMs are chemisorbed onto the surface, they 

attenuate photoelectrons that come from substrate. This can be  
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Figure 3.1. Survey spectra of para-substituted halogenated 
benzoic acid SAMs on AlOx. 
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Figure 3.2. Survey spectra for 4-CN and 4-SH benzoic acid on 
AlOx substrates. 

45 
 



seen in high-resolution spectra of the Al (2p) region as shown 

in Figure 3.3. Figure 3.3b shows the Al (2p) for the AlOx film 

with no SAM and Figure 3.3a shows the same region for an AlOx 

film with a 4-Cl SAM. The Al (2p) peak at 75.4 eV is due to Al3+ 

and the metallic Al peak is observed at 72.8 eV. Clearly, as the 

4-Cl SAM is adsorbed on the AlOx surface, the Al0(2p) 

photoelectrons are attenuated by the SAM. The intensity 

decreases with respect to the Al3+(2p) peaks which are closer to 

the surface and attenuated less. At saturation coverage the 

integrated areas for the Al0 and Al3+ peaks were determined using 

the Kratos processing software. The ratio (R) of the Al3+ to Al0 

integrated peak areas were used to calculate the thickness of 

AlOx using the following equation88: 

𝑑 =  𝜆𝐴𝑙 𝑙𝑛(𝑅 + 1)       (3.2) 

Here λAl is the inelastic mean free path of Al photoelectrons. A 

value of 32.57 Å was used for the inelastic mean free path of 

the electrons with a kinetic energy of 1416 eV.79 The average 

thickness of the AlOx was found to be 24 Å. This value is close 

to AlOx thicknesses found by others at 23 (± 1) Å.64  

 High-resolution spectra were obtained for the various 

halogen core level regions. Figure 3.4 shows the binding 

energies for the F(1s) peak at 688.2 eV, the Cl(2p3/2) peak at 

201.9 eV, the Br(3p3/2) peak at 185.2 eV, and the I(3d5/2) peak at  
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Figure 3.3. High resolution spectra of the Al (2p) region for an 
Al surface with 4-Cl benzoic acid (a) and for an Al surface with 
no SAM (b). The peak at 75.4 eV is from the Al3+ (2p) and the 
peak at 72.8 eV is the Al0 (2p) peak. 
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Figure 3.4. High-resolution spectra of halogen regions for 
halogenated SAMs on AlOx. 
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621.7 eV for 4-F, 4-Cl, 4-Br, and 4-I SAMs respectively. All 

halogen binding energies agree well with previous reports on 

similar molecules.89-92 High-resolution XPS spectra were also 

obtained for 4-CN and 4-SH and are shown in Figure 3.5. The 

N(1s) had a BE of 400.5 eV and the S(2p3/2) had a BE of 165 eV. 

These values agree well with reported binding energies of 400 eV 

for N(1s) and 163.3 eV1 for S(2p3/2) for cyano terminated SAMs on 

SiO2 and mercaptohexadecanoic acid chemisorbed to Fe2O3, 

respectively.93,94 

 The thickness of the halogenated SAMs were calculated using 

equation 3.2.79 The calculated thickness were 6.0 Å, 6.5 Å, 5.6 

Å, and 7.1 Å for 4-F, 4-Cl, 4-Br, and 4-I respectively. The 5.6 

Å thickness calculated for the 4-Br SAM is low due to the 

difficulty in deconvoluting the Br(3s) peak that overlaps the 

Al0(2p) peak. This data suggests that the planes of the aromatic 

rings of the benzoic acid monolayers are perpendicular to the 

surface. These values agree well with the molecular dimensions 

determined by x-ray crystallography. Specifically the molecular 

chain length for 4-F, 4-Cl, 4-Br, and 4-I is 6.2 Å,95 6.6 Å,96 

6.8  Å,97 and 6.9 Å,98 respectively. 

Figure 3.6 shows high-resolution C(1s) XPS spectra for the 

halogenated benzoic acids. The spectra were fit to three peaks: 

the lowest BE peak is due to the aromatic carbons, the middle BE  

1 Their C-C aliphatic C (1s) BE was 284.6 eV. To get a true comparison add ~1.6 eV to their S (2p) BE.  
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(a) 

 

(b) 

 

Figure 3.5. High-resolution spectra for the N (1s) region for 4-
CN benzoic acid (a) and the S (2p) region for 4-SH benzoic acid 
(b). 
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Figure 3.6. High-resolution spectra of the C (1s) region for 
para-substituted halogenated benzoic acid SAMs. Raw data is 
shown in black dots. Fit data for the varying C(1s) species are 
shown as: C-O at highest binding energy, C-X middle binding 
energy, and C-H at lowest binding energy. 
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peak is due to the para-carbon, and the highest BE peak is due 

to the carboxylate carbon. The relative intensities of these 

peaks were in a 5:1:1 ratio. Table 3.4 summarizes the BEs for 

the various carbon species present in each SAM. Here the average 

BE of the carboxylate C(1s) was 290.1 eV and the aromatic C(1s) 

was 286.1 eV, with a difference (∆) of 4 eV. Previous XPS 

studies of carboxylic acids chemisorbed to AlOx agree very well 

with these values and had a ∆ of 4.02 eV for identical carbon 

species.76 The BE of the para-carbon atoms increased with the 

electronegativity of the halogen atoms, as shown in Table 3.4. 

The binding energy difference between the para-carbon C(1s) and 

the aromatic C(1s) peak was 2.15, 1.40, 1.21, and 1.05 eV for 4-

F, 4-Cl, 4-Br, and 4-I, respectively. This trend agrees very 

well with a theoretical prediction that the separation should be 

2.2, 1.0, and 0.9 eV for 4-F, 4-Cl, and 4-Br, respectively.99 The 

BE for 4-I was not calculated due to relativistic effects. 

To estimate relative coverage of the SAMs the X (X = core 

level photoelectrons from the halogen substituent) to Al3+ (2p) 

was determined from the integrated peak areas. The values are 

shown in Table 3.4. Here the ratios were all approximately 0.1. 

This is significant evidence indicating that, at saturation 

coverage, the relative coverage between SAMs is approximately 

the same. In Figure 3.7, a schematic diagram showing the 

geometry of the benzoic acids chemisorbed to AlOx is shown.  
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  Normalized Binding Energy Position (eV)   

SAM C (1s) C-H C (1s) C-O C (1s) C-X X to Al3+ Ratio 

4-I 285.7 289.8 286.9 0.099 

4-Br 285.9 289.9 287.2 0.093 

4-Cl 286.1 290.1 287.5 0.098 

4-F 286.1 290.0 288.3 0.097 

4-CN 286.3 290.3 287.8 0.101 

4-SH 285.6 289.6 286.9 0.094 

 

Table 3.4 Table of XPS C (1s) binding energies for various 
carbon species and the halogen to Al3+ ratio for the various 
para-subsituted benzoic acid SAMs. 
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Figure 3.7. Schematic diagram for benzoic acid derivatives 
chemisorbed to an AlOx surface at saturation coverage. 

54 
 



Using the combination of the contact angle and XPS results, we 

can estimate the surface coverage of the benzoic acid 

monolayers. The saturation coverage of hydroxyl groups on an 

Al2O3 (0001) single crystal has been shown to be 5 x 1014 cm-2.30 

If this is defined as the saturation monolayer coverage (θ = 1) 

, then using the Cassie equation (Equation 3.1) we calculate a 

coverage of 2.7 x 1014 molecules cm-2. This is in excellent 

agreement with a previous study that used neutron activation 

analysis and determined a coverage of 2.3 x 1014 4-Br molecules 

cm-2.18 These observations suggest there is a one to one ratio of  

benzoic acid molecules and hydroxyl groups at the saturation 

coverage, as shown in Figure 3.7. 

 

Section 3.4 XPS of Benzoic Acids with Pb or Au Vapor Deposited 

To gain a better picture of the metal-molecule interface, 

x-ray photoelectron spectra were recorded after Pb was vapor 

deposited on top of the monolayers. Figure 3.8 shows the Pb(4f) 

region for 1Å of Pb on the various benzoic acid SAMs. The 

intensity of the Pb peaks increases as the SAM varies from 4-Br, 

4-F, 4-Cl, 4-I, to 2-SH. The much higher intensity for 2-SH 

indicates that there is a much higher sticking coefficient for 

Pb on 2-SH SAMs.  
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Figure 3.8. High-resolution XPS spectra of Pb(4f) region for 
SAMs with 1 Å of Pb deposited. 
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High-resolution spectra of the halogen regions before and 

after a deposition of 1 Å of Pb and are shown for 4-F, 4-Cl, 4-

Br, and 4-I in Figure 3.9. The spectra shown in solid and dashed 

lines are the halogen regions without and with 1Å of Pb 

deposited. There are no BE shifts for the halogen peaks after Pb 

deposition except for a small shift of 0.17 eV to lower BE for 

4-I. This shift is not indicative of an iodide-metal bond 

formation. A chemical reaction between I and Pb is not expected 

as it is not thermodynamically favorable. The bond energy for C-

I is 213 kJ/mol, while Pb-I has a bond energy of 193 kJ/mol.100 

A high-resolution XPS spectrum of the S(2p) region of 4-SH 

benzoic acid as Pb was deposited from 0 to 4 Å is shown in 

Figure 3.10. The bottom spectrum is a 4-SH SAM without Pb and 

the plots above that are 4-SH samples with 1, 2, and 3Å of Pb 

deposited. The un-reacted sulfur is seen in the main S(2p3/2) 

peak at 164.8eV. A small amount of the sulfur oxidizes when 

exposed to air and can be seen in the S(2p3/2) peak with a BE 

around 168.5 eV. The most significant result is a peak that 

grows in at 162.7 eV. This peaks is due to the S(2p3/2) 

photoelectrons from a Pb-S bond and is consistent with another 

study in which the binding energy for freshly sublimed Pb-S 

S(2p3/2) was 161.4 eV.101 Numerous other XPS studies have placed 

the S(2p3/2) binding energy in Pb-S between 161 – 163 eV.102-103 A 

reaction Pb-S reaction is thermodynamically favorable, as the  
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Figure 3.9. High-resolution XPS spectra of various halogen 
regions of benzoic acid SAMs with (dash) and without (solid) 1 Å 
of Pb deposited. A pass energy of 80 eV was used for the 4-Cl 
SAM with 1 Å of Pb. All other spectra were recorded with pass 
energies set to 40 eV. 
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Figure 3.10. High-resolution XPS of the S (2p) region for 4-SH 
benzoic acid (black) and after Pb deposition: 1Å (red), 2Å 
(blue), and 3Å (green). 
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energy required to break the S-H bond is 344 kJ/mol while the 

energy released from a S-Pb bond formation is 346 kJ/mol.100 

Clearly as Pb is deposited onto the 4-SH monolayer, much of the 

sulfur reacts to form a Pb-S bond as is clearly shown with a 

shift to lower BE consistent with increased electron density on 

the sulfur. 

 This sulfide bond formation is also evident when Au is 

deposited on top of 4-SH SAMs. Figure 3.11 shows an XPS spectra 

of the S (2s) region for 4-SH SAMs without (black) and with 6 Å 

of Au deposited (red). As can be seen, the BE of the S (2s) 

without Au is 229.1 eV. After 6 Å of Au is deposited, the BE  

shifts to 227.9 eV. Again, a lower BE is consistent with a 

sulfur-Au bond formation.  

 

3.5 XPS of Alkanoic and Phosphonic Acid Derivatives 

 The final type of SAMs studied were long alkyl (C16+) chain 

SAMs: Heptadecanoic, merceptohexadecanoic, and 

octadecylphosphonic acids. Survey spectra were obtained and are 

shown in Figure 3.12. The major peaks are identified as: O(1s) 

at 532 eV, C(1s) at 286 eV, Al(2s) at 120 eV, and Al(2p3/2) at 79 

eV. XPS confirms that there is no contamination present in the 

SAMs at saturation coverage. High-resolution XPS spectra of the 

C(1s) regions for the SAMs are shown in Figure 3.13.  
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Figure 3.11. XPS of the S(2s) region for 4-SH SAM (black) 
without and with 6 Å Au (red) vapor deposited. 
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Figure 3.12. Survey spectra of (a) heptadecanoic acid, (b) 
mercaptohexadecanoic acid, and (c) octadecylphosphonic acid.  
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Figure 3.13. High-resolution XPS of the C (1s) region for 
heptadecanoic acid (a), mercaptohexadecanoic acid (b), and 
octadecylphosphonic acid (c). Raw data is shown as dots. Fitting 
for C-H (red), C-O (blue), and C-X (green), where X = (3.13a) C-
contamination, (3.13b) C-S, (3.13c) C-P. 
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High-resolution spectra of the C(1s) region for 

heptadecanoic acid is shown in Figure 3.13a. The raw data is 

shown as dots and the C(1s) species that were fit are shown in 

solid. Heptadecanoic acid has three C(1s) species: C-C, C-

contamination, and CO2-. The BE of each were 286.2, 287.5, and  

290.4 eV, respectively. The difference in BE between the 

aliphatic C-C species and the C-contamination or CO2- C(1s) peaks 

were 1.3 and 4.2 eV. This agrees very well with another study in 

which similar ∆’s were 1.67 and 4.02 eV for the same carbon 

species.76 The ratio of the integrated area between the C-C C(1s) 

and the CO2- C(1s) peak was 15:1 and agrees very well with the 

theoretical ratio of 16:1. 

 The XPS spectrum for mercaptohexadecanoic acid (Figure 

3.13b) also has three C(1s) species: C-C, C-S, and CO2-. The raw 

data is shown as dots and the fit is shown as solid lines. The 

BE of each were 286.2, 287.4, and 290.4 eV. The C-C and CO2- 

species are identical to the heptadecanoic acid and agree well 

with literature reported values.76 The ∆ in BE between the C-C 

and C-S was 1.2 eV. This agrees well with a reported ∆ of 1.3 eV 

from a previous study of thiol-terminated monolayers on a 

silicon surface.104 The ratio of the integrated area between the 

C-C C(1s) and the CO2- C(1s) peak was 15:1 and matches the 

theoretical ratio of 15:1. 
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 High-resolution XPS for octadecylphosphonic acid was also 

obtained. The C(1s) region for is shown in Figure 3.13c. The raw 

data is shown as dots and the C(1s) species that were fit are 

shown as solid lines. There are two C(1s) species present on the 

surface. The large peak at a BE of 286.2 eV is due to the C-C 

carbons. This is similar to a literature report of 286.4 eV for 

octadecylphosphonic acid on AlOx by another group.36 The smaller 

peak with a BE of 287.1 eV is attributed to the C-P C(1s) peak. 

The ratio of the integrated area between the C-C C(1s) and the 

C-P C(1s) peak was 17:1 and matches the theoretical ratio of 

17:1. Finally, a high-resolution spectrum of the P(2p) region is 

shown in Figure 3.14. The P(2p3/2) region had a BE of 135.1 eV. 

Another study of octadecylphosphonic acid chemisorbed to AlOx 

reported a BE for the P(2p3/2) at 134.8 eV.36 

 

3.6 Conclusions 

 The contact angle and XPS results given in this chapter 

reveal insight into the adsorption kinetics and adsorption 

geometry for the benzoic acid derivatives on AlOx substrates, 

respectively. Benzoic acids chemisorb as a carboxylate with the 

aromatic plane perpendicular to the surface. Using the water 

contact angles and XPS results, we determine a saturation 

surface coverage of 2.7 x 1014 molecules cm-2. At saturation 

coverage, the benzoic acids and hydroxyls are present in an  
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Figure 3.14. High-resolution XPS spectrum for the P (2p) region 
for octadecylphosphonic acid. 
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approximate ratio of 1:1. When Pb was vapor deposited on top of 

the benzoic acid derivatives and XPS measurements were obtained, 

only 4-SH showed a chemical reaction in the form of S-Pb. Au 

also showed a complete chemical reaction with 4-SH with a shift 

in the S(2s) peak 1.2 eV in lower energy indicative of a S-Au 

bond formation. 

Contact angle and XPS results of the long alkyl chain SAM 

derivatives reveal a higher surface coverage of molecules 

present on the AlOx surface when compared to the benzoic acids. 

The relative ratios between carbon species prove the molecules 

remain intact with relatively no contamination present. 
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CHAPTER 4 – TUNNELING SPECTROSCOPY OF BENZOIC ACID DERIVATIVES 

Section 4.1 Introduction 

 This chapter will describe the results of a tunneling 

spectroscopy study a series of para-substituted benzoic acid 

monolayers in tunnel junctions with different top metal 

electrodes. The broad goal of this chapter is to understand how 

changing the para-substituent affects tunnel conductance. 

Specifically, we would like to understand how the metal-molecule 

interface affects the properties of the tunnel barrier. This 

chapter will be divided into multiple sections. Section 4.2 will 

describe a basic understanding of aluminum-oxide based tunnel 

junctions without SAMs and the effects of hydroxyl groups on the 

barrier properties. Section 4.3 will present and discuss 

tunneling spectroscopy results from various benzoic acid 

monolayers with Pb top electrodes. Section 4.4 will present 

tunneling spectroscopy results for tunnel junctions with para-

substituted halogenated benzoic acids and Ag top electrodes. 

Section 4.5 will present tunneling spectroscopy data obtained 

with Au top electrodes with 4-I and 4-SH benzoic acid 

monolayers. Finally, Section 4.6 will conclude with a summary. 
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Section 4.2 Hydroxylated Aluminum Oxide Surfaces and Tunnel 
Junctions 
 
 Aluminum oxides (AlOx) as tunnel barriers have been studied 

for many years.18-22,105-106 Giaever won the Nobel Prize in Physics 

for his study of Al/AlOx/Pb tunnel junctions.4 Since his study in 

1960, Al/AlOx/metal tunnel junctions have been studied 

extensively over the years and are still studied today.4-6,20,106 

Aluminum oxide provides a tunnel barrier thin enough for 

electrons to pass through. Typically, AlOx tunnel junctions have 

barrier heights of a few electronvolts (eV).106  

When oxidized, Al forms a self terminating AlOx layer that 

can range from 6 to 24 Å in thickness depending on method of 

oxidation and the thickness of the underlying Al film.63,64,106 

When an Al film is oxidized in air, hydroxyl groups chemisorb 

onto the surface.75-82,107,108 These hydroxyl groups produce a high 

energy surface, which is evident in the low contact angles as 

reported in Chapter 2. In addition many groups have observed 

vibrational peaks associated with OH stretching and bending 

modes at 3600 cm-1 and 1650 cm-1, respectively.22,107-109 When 

aluminum films are oxidized via an oxygen plasma under vacuum, 

these hydroxyl groups are not present.108 Hydroxyl groups 

chemisorbed to AlOx are very polar and introduce a strong 

surface dipole which has a large effect on the work function of 

AlOx. Under vacuum using ultraviolet photoelectron spectroscopy 
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(UPS), the measured work function of an AlOx surface has been 

reported to be 3.6 eV.109 Another study calculated that the work 

function of an AlOx surface to be 3.8 eV.110 After hydroxyl 

groups were introduced on the surface, the work function of the 

AlOx increased to 5.35 eV.110 Clearly the polar hydroxyl groups 

induce a surface dipole increasing the work function of the 

AlOx. 

 These polar hydroxyl groups have been shown to have a large 

effect on electrical measurements (conductance and IETS) of 

tunnel junctions. Numerous groups have measured the conductance 

[dI/dV or G(V)] of Al/AlOx-OH/Pb junctions. The G(V)min shifts 

away from zero bias to 150 mV or greater (when electrons tunnel 

from the bottom Al electrode to the top Pb electrode).6,105  This 

is because the overall shape of the tunnel barrier is highly 

asymmetric with the barrier height largest on the AlOx/Pb 

interface. When an Al bottom electrode is oxidized via plasma 

oxidation under vacuum, the G(V) curves show no significant 

asymmeytry.106 Figure 4.1 shows a G(V) spectrum for a 

representative Al/AlOx/Pb tunnel junction that was oxidized in 

air and the G(V)min is observed near 290 mV ± 10 mV. The G(V)min  

shift is extremely large when compared to tunnel junctions with 

SAMs on AlOx, as will be shown later in Section 4.3. Therefore, 

the shift in the conductance is largely a function of the 

hydroxyl groups on the aluminum oxide surface. 
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Figure 4.1. G(V) spectrum for a representative air oxidized 
Al/AlOx/Pb tunnel junction.  

71 
 



 Ag has been shown to be reactive with AlOx. Ag/Al2O3 has 

been studied as a catalyst for oxidation of NO to NO2 by many 

groups.111-113 In x-ray diffraction (XRD) studies of these films, 

Ag has been shown to be in both metallic and oxidized forms.111,112 

Another study used UV-Vis diffuse reflective spectroscopy (DRS) 

and XPS to show that it forms an ionic bond with Al to form an 

Ag-O-Al species.113  

 

4.3 Benzoic Acid SAMs with Pb Top Electrodes 

Tunnel junctions were made with benzoic acids as described 

in Chapter 2. Benzoic acid derivatives have been studied in 

tunnel junctions in the past in some of the first IETS 

experiments.19-22 Unfortunately, there were no systematic studies 

relating the coverage and identity of the para-substituent with 

the nature of the metal-molecule interface. This section will 

focus on varying the coverage and identity of para-substituted 

benzoic acids while using Pb top electrodes to better understand 

how these properties affect the tunneling conductance. 

IETS has previously shown that the halogen para-substituted 

benzoic acids remain intact after deposition of Ag and Pb top 

electrodes.19-22 Figure 4.2 shows an IETS spectrum of 4-F benzoic 

acid that is similar to published results.19 Table 4.1 summarizes 

the peak positions and vibrational modes, including a comparison 

to a previous study. The most intense peaks at 1560 and 3040 cm-1  
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Figure 4.2. IETS of 4-F benzoic acid with Pb top electrodes 
taken at 4K with a 5 mV ac modulation. 
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Position (cm-1) Vibrational Assignment Reference (cm-1) 

281 NA 300 

414 β(CF) 423 

478 α(CCC) 504 

697 ν(CF) 698 

780 γ(CH) 801 

852 γ(CF) 853 

953 α(CCC) 994 

1090 β(CH) 1072 

1155 β(CH) 1161 

1287 ν(CC) 1319 

1408 SYM CO2
- 1437 

1491 ν(CC) 1500 

1560 ASYM CO2
- 1559 

1588 ν(CC) 1611 

2871 ν(CH) 2880 

3040 ν(CH) 3040 

 

Table 4.1 Table of peak positions and their respective 
vibrational assignments for 4-F benzoic acid. The reference 
positions are obtained from reference 18.  

74 
 



correspond to the asymmetric CO2- and aromatic CH vibrational 

modes. All other peaks can be assigned to the various 

vibrational C-C or C-H modes, except for the two vibrational 

modes of the C-F at 697 and 852 cm-1. Although there is a small 

shift in the absolute peak positions, there is an overall 

satisfactory agreement between both studies.18 This spectrum 

clearly demonstrates that the benzoic acid SAMs remain 

completely intact inside the tunnel junctions after the top Pb 

electrode is deposited.63 

Since IETS results have established that the para-

substituted halogenated benzoic acid molecules remained 

undamaged in the tunnel junction, a systematic study was 

designed to understand the role of surface coverage on tunneling 

conductance. Figure 4.3 shows G(V) spectra for 4-I samples at 

different coverages (see below) that were made with the same 

bottom Al electrode to eliminate any variation in surface 

roughness or daily environmental conditions. The exposure time 

was varied from 10 to 102 to 103 to 104 seconds in a 10-4 M 

solution. Clearly there is a systematic change in the overall 

shape of the G(V) spectra as the exposure time is increased. The 

G(V)min shifts from 182 to 146 to 76 to 40 mV for 10, 102, 103, 

and 104 second exposure times, respectively. Figure 4.4 shows how 

the water contact angle varies with the G(V)min shift. As the 

contact angle increases, the G(V)min shift decreases. Since 
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Figure 4.3. G(V) for tunnel junctions containing 4-I SAMs after 
exposure to a 10-4 M 4-I solution for 10, 100, 1,000, and 10,000 
seconds.  
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Figure 4.4. G(V)min shift (open circles) and contact angle (dots) 
vs. exposure time to a 10-4 M solution for 4-I benzoic acid. 

77 
 



contact angle is related to surface coverage, it can be 

concluded that as the coverage of molecules increases the G(V)min 

shift decreases. As a result, fewer Pb atoms are deposited on 

the polar hydroxyls as the coverage of 4-I increases. 

 We also wanted to study how the identity of the para-

substituent affected the tunneling conductance. Figure 4.5 shows 

G(V) spectra for tunnel junctions with various halogenated 

benzoic acids. Again, the same Al electrode was deposited to 

minimize variation in the tunneling spectra due to environmental 

conditions and Al surface roughness. Each AlOx film was exposed 

to a 10-3 M solution for 104 seconds to obtain a saturation 

coverage before a Pb top electrode was vapor deposited to 

complete the junction. Again, there is a systematic change in 

the shape of the G(V) curves as the para-substituent is varied 

from F to Cl to Br to I. Figure 4.6 shows the relationship 

between the G(V)min shift and the van der Walls radius of the 

halogen atom. The van der Walls radii of F, Cl, Br, and I are 

1.47, 1.75, 1,83, and 1.98 Å, respectively.114 The G(V)min shifts 

for F, Cl, Br, and I SAMs were 120, 75, 40, and 20 mV, 

respectively. So as the size of the para-halogen increases, the 

G(V)min shift decreases. It appears less Pb can penetrate through 

the 4-I SAM and adsorb on the polar hydroxyl groups. Figure 4.7 

shows a schematic diagram of Pb penetration through 4-F and 4-I 

SAMs. We previously established that at saturation coverage, 
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Figure 4.5. G(V) for 4-F, 4-Cl, 4-Br, and 4-I respectively. 
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Figure 4.6. G(V)min shift (open circles) and van der Waals radius 
(dots) for the various halogenated benzoic acid derivatives with 
Pb top electrodes.  
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(a) 

 

(b) 

 

Figure 4.7. Schematic diagram of Pb penetration after vapor 
deposition for 4-F (a) and 4-I (b) SAMs. Much of the Pb 
penetrates through a 4-F SAM and adsorbs on the polar hydroxyl 
groups while very little Pb penetrates the 4-I SAM. 
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there is a one to one relationship between benzoic acid 

molecules and hydroxyl groups63 and the schematic shows that 

relationship. The larger iodine provided a steric barrier to 

incident Pb atoms and blocks penetration to the hydroxyl groups. 

Since more Pb atoms adsorb on hydroxyl groups when 4-F is used, 

the G(V)min shift is much larger because the barrier height is 

dominated by the asymmetry at the interface. 

 Other para-substituents were also studied, specifically 

cyano and mercapto functional groups. Tunnel junctions were made 

with a 104 second exposure of 4-CN to an AlOx film. As described 

in Chapter 3, at 104 seconds the 4-CN reaches saturation 

coverage. Figure 4.8 shows a G(V) spectrum for 4-CN with a Pb 

top electrode. Here the G(V)min shift is only 5 mV. Clearly the 

shift is the smallest from zero because the CN group is larger 

than I atom, providing further evidence that the size of the 

para-substituent determines the amount of penetration into the 

SAM. The result also suggests that the electronegativity of the 

para-substituent is not responsible for the G(V)min shift from 

zero because the 4-CN SAM would have the largest offset from 

zero bias. Therefore, the extent of Pb penetration is likely the 

source of the G(V)min shift. 

 The final benzoic acid derivative that was studied was 4-

SH. As described in Chapter 3, after a 104 second exposure of an  
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Figure 4.8. G(V) for 4-CN benzoic acid with Pb top electrodes. 
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AlOx film the 4-SH benzoic acid SAMs result in a saturation 

coverage. Figure 4.9 shows a representative G(V) spectrum for a 

tunnel junction with 4-SH at saturation coverage with a Pb top 

electrode. Interestingly, the G(V)min shift is toward negative 

bias at -15 mV. Of all the molecules studied, the 4-SH benzoic 

acid SAM was the only example to show a negative shift in the 

G(V)min. This negative shift means that there is a complete 

reversal in the barrier height at the molecule-Pb interface. In 

fact, in the Brinkman model the reversal means the barrier 

height at the 4-SH/Pb interface is smaller than the Al-AlOx 

interface.6 

 To further understand the origin of the reversal in the 

barrier asymmetry, IETS measurements were obtained for tunnel 

junctions containing 4-SH with Pb top electrodes. The ac 

modulation was set to 10 mV to obtain the highest peak 

intensities while sacrificing some signal resolution. The 

results are shown in Figure 4.10. We compared these results to 

those reported by Monjushiro et al. for tunnel junctions 

containing 2-SH benzoic acid and Pb top electrodes. In the later 

case the thiol substituent is facing toward the surface and not 

in contact with the top Pb atoms. Table 4.2 summarizes IETS 

assignments and a comparison with the Monjushiro et al. study.115  

Comparing the two studies, many things become apparent. First, 

there are two peaks missing in the 4-SH spectrum that are 
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Figure 4.9. G(V) for 4-SH benzoic acid with Pb top electrodes. 
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Figure 4.10. IETS of 4-SH with Pb top electrodes taken at 3K 
with a 10 mV ac modulation. 
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Position (cm-1) Vibrational Assignment Reference (cm-1) 

264 NA 238 

385 NA 364 

447 Φ(CC) 494 

681 Φ(CC) 695 

824 γ(COO) 812 

946 γ(CH) 961 

1058 β(CH) 1041 

1160 β(CH) 1159 

1282 Kekule 1287 

1385 νs(COO) 1400 

1561 νa(COO) 1560 

Absent ν(SH) 2540 

2905 ν(CH) 3009 

3039 ν(CH) 3038 

3642 H2O 3620 

 

Table 4.2 Table of peak positions and their respective 
vibrational assignments for 4-SH. The reference positions are 
obtained from reference 115. 
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present in the 2-SH, one at 911 cm-1 and another more intense 

peak at 2540 cm-1. These peaks were assigned to be the δ(CSH) and 

the ν(SH) vibrational modes.115 Second, the peak at ~264 cm-1 for 

4-SH is much more intense than the same peak with 2-SH. In 

another IETS study with gold electrodes and a benzenedithiol 

SAM, the peak intensity of a peak at ~280 cm-1 corresponding to 

ν(S-Au) varied in intensity depending on slight changes in the 

orientation of the molecule chemisorbed to the Au electrode.116 

In Raman spectroscopy studies, a vibrational mode associated 

with a S-Pb bond has been observed at ~272 cm-1.117,118 Taken 

together, the IETS and the XPS results (from Chapter 3 Section 

3.3.1) indicate S-Pb bond formation. Many factors can cause this 

complete reversal in the barrier asymmetry when S-Pb react. 

These include lower contact resistance at the S-Pb interface, 

little or no Pb chemisorbed to the AlOx, and the tunneling 

transmission probability increasing (with decreasing distance 

for electron tunneling) due to the S-Pb bond formation. 

Figure 4.11 shows a schematic diagram of the three 

possibilities seen in the study of para-substituted benzoic acid 

SAMs with Pb electrodes. In Figure 4.11a the tunnel barrier is 

highly asymmetric with the barrier height of the hydroxyl-Pb 

interface much higher than the Al-AlOx interface, because of  
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Figure 4.11. Schematic diagram of overall barrier shape for 
tunnel junctions with: no SAM (a), halogen-substituted benzoic 
acid SAMs (b), and 4-SH benzoic acid (c). The barrier asymmetry 
for (b) varies depending on how much of the Pb penetrates 
through the SAM and adsorbs on the polar hydroxyl groups. 
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polar hydroxyl groups. In Figure 4.11b, the tunnel barrier shape 

has the same asymmetry but much less in magnitude. This 

asymmetry depends on the size of the para-substituent. Larger 

para-halogens have much less barrier asymmetry because less Pb 

penetrates the SAM and adsorbs on hydroxyl groups. Whereas 

smaller para-halogens allow more Pb penetration to the hydroxyl 

groups leading to the increased the barrier asymmetry. The final 

case is shown in Figure 4.11c. Here the para-substituent (S-H) 

bonds with Pb top atoms and completely reverses the barrier 

asymmetry, since the barrier height of the S-Pb interface is 

lower than the Al-AlOx interface (because all contact resistance 

is lost when the S-Pb bond is formed). 

 

Section 4.4 Benzoic Acids with Ag top electrodes 

 Tunnel junctions containing benzoic acid derivatives were 

also made with Ag top electrodes as described in Section 4.3. 

Previous IETS studies have shown that when Ag is used as the top 

electrodes, the molecules also remain intact and not degraded.22 

A systematic study was made to determine the para-substituent’s 

effect on the tunneling spectroscopy and tunnel barrier 

properties. Hundreds of junctions were made containing benzoic 

acids with Ag top electrodes. Approximately 40% of the junctions 

were non-shorted while 60% of the junctions shorted, which is 

much lower than Pb with a rate of approximately 70% of non-
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shorted junctions. This is not a surprise; since the melting 

point of Ag at 1235 K is much higher than Pb at 601 K.114 Thus Ag 

has more kinetic energy when it hits the surface of the 

monolayer and can penetration through the SAM to the AlOx. 

Figure 4.12 shows representative G(V) spectra for the various 

halogen-substituted benzoic acids. As it can be seen, all G(V) 

curves are very symmetric. The G(V)min offsets are all near zero 

bias, indicating very little asymmetry in the tunnel barrier. 

This is in contrast to the results from Section 4.3 in which the 

size of the para-substituent determined the asymmetry of the 

tunnel barrier. SAMs made from 4-CN were also used with Ag, to 

determine if a larger para-substituent could inhibit penetration 

of the Ag to the AlOx. The results are shown in Figure 4.13. The 

G(V) spectrum appears similar to the halogen-substituted tunnel 

junctions shown in Figure 4.12. Clearly, using a larger cyano 

para-substituent does not block Ag penetration to the AlOx 

surface. 

 Since the tunnel junctions with Ag showed minimal shift 

from zero bias, the results were fit to the BDR model to extract 

the barrier height, width, and asymmetry.6 The results are shown 

in Table 4.3. There is little variation in the asymmetry and the 

barrier heights were all close to 1 eV with the widths near 20 

Å. Altogether, these results are further evidence that Ag 

completely penetrates the SAMs and adsorbs directly on top of  

91 
 



 

 

 

 

 

 

 

 

Figure 4.12. G(V) for 4-F, 4-Cl, 4-Br, and 4-I with Ag top 
electrodes. All have G(V)min near zero bias. 
 

92 
 



 

 

 

 

 

 

 

 

 

Figure 4.13. G(V) for 4-CN benzoic acid with Ag top electrodes. 
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SAM d (Å) φ (eV) ∆φ (eV) 

4-F 23.0 0.9 -0.05 

4-Cl 20.0 1.2 -0.10 

4-Br 18.4 1.3 0.18 

4-I 20.8 1.0 0.14 

4-CN 19.5 1.2 0.08 

 

Table 4.3 Summary of the values obtained from the Brinkman model 
for tunneling through benzoic acid SAMs. 
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the AlOx surface regardless of the identity SAM present in the 

monolayer. The barrier asymmetry due to the hydroxyl groups is 

not present when Ag is used. This is likely due to a chemical 

reaction between Ag and the hydroxyl groups. Evidence supporting 

this was revealed by a group performing an XPS study of Ag (111) 

films.119 They exposed the Ag to NaOH and found it reacted with 

the hydroxyl groups to form Ag2O.119  

 

Section 4.5 Benzoic Acids with Au top electrodes 

 Tunnel junctions containing benzoic acid derivatives were 

also made with Au top electrodes in a similar fashion as those 

tunnel junctions made in Section 4.4. Gold has been used as the 

bottom electrode in numerous tunneling studies with various 

alkanethiol based SAMs and has been shown to form a gold-

thiolate bond.47-50 The yield of nonshorted junctions Au was 

similar to Ag with a rate of only approximately 33%. Again, this 

is not surprising as Au has a high melting point at 1337 K and 

thus higher kinetic energy than Pb.114 

 A study of the effect of coverage on the tunneling 

properties of 4-I SAMs and Au top electrodes was conducted. 

Aluminum oxide films were exposed to a 10-4 M solution containing 

4-I for 10, 100, and 1000 seconds. Au was then vapor deposited 

and G(V) measurements were obtained. The results are shown in 

Figure 4.14. The G(V)min shifts closer to zero bias as the  
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Figure 4.14. G(V) for tunnel junctions of 4-I benzoic acid with 
Au top electrodes. Exposure to a 10-4 M solution of 4-I was 
varied from 10, 100, and 1000s. Arrow indicates G(V)min. 
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coverage increases and the G(V)min for 10, 100, and 1000 seconds 

were 115, 77, and 66 mV, respectively. This seems to indicate 

that a higher coverage 4-I molecules on the surface inhibits the 

Au from penetrating. The more it inhibits the penetration, the 

less the asymmetry in the tunnel barrier. When these G(V) 

results are compared with those with samples made with Pb top 

electrodes (in Section 4.3), it is evident that the G(V)min have 

a more positive shift with Au for all exposure times. This 

indicates that Au penetrates the SAMs and adsorb on hydroxyls 

more than Pb for a given exposure time. 

Tunnel junctions made from 4-SH benzoic acid and Au top 

electrodes were fabricated and the G(V) results are shown in 

Figure 4.15. The conductance curve is highly asymmetric and the 

G(V)min is at positive bias, which is opposite to the case with 

Pb top electrodes (see Figure 4.9). To gain a better 

understanding, an IETS spectrum was recorded. Figure 4.16 shows 

the region between 1000 and 3500 cm-1. The peaks shown at 1379, 

1568, and 3037 cm-1 correspond to the νs(COO), νas(COO), and ν(CH) 

vibrational modes, respectively.115 Most important, the 

vibrational mode at 2540 cm-1 corresponding to the ν(SH) mode is 

absent. The results from these two experiments indicate that 

while some Au bonds with S, much of it also penetrates the SAM 

and adsorbs on the polar hydroxyl groups causing a shift in the 

barrier asymmetry to positive bias. 
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Figure 4.15. G(V) for 4-SH benzoic acid with Au top electrodes. 
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Figure 4.16. IETS of 4-SH benzoic acid with Au top electrodes 
taken at 4K with an 8 mV ac modulation. 
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Section 4.6 Conclusions 

 The tunneling spectroscopy results from this chapter 

indicate that the nature of the metal molecule interface is 

sensitive to the identity of both the para-substituent and the 

top metal electrode. When Pb is used directly on top of an air 

oxidized aluminum surface, polar hydroxyl groups induce a large 

barrier asymmetry causing a shift in the G(V)min to high positive 

bias. Once a para-substituted benzoic acid monolayer is placed 

in the tunnel junction, the size of the para-substituent 

determines the amount of penetration of Pb through the SAM. 

Larger para-substituents like iodo or cyano inhibit penetration 

of the Pb, while smaller substituents like flouro or chloro do 

not. Some para-substituents are reactive, namely thiol groups. 

When Pb is deposited onto 4-SH benzoic acid, S-Pb bonds form and 

the barrier asymmetry is completely reversed shifting the G(V)min 

to negative bias. 

 When hot metals such as Ag or Au are used as the top 

electrode, the metals completely penetrate the SAMs regardless 

of the identity of the para-substituent. Even in the case with 

4-SH and Au where Au-S bonds form, much of the Au penetrates the 

monolayer and adsorbs on top of hydroxyl groups. This causes a 

shift to the positive bias for the G(V)min, indicating that the 

overall barrier asymmetry has the barrier height of the 
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monolayer-top metal interface higher in energy than the Al-AlOx 

interface. 
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CHAPTER 5 – TUNNELING SPECTROSCOPY OF ALKANOIC ACID MONOLAYERS 

5.1 Introduction 
 
 This chapter presents the results from a tunneling 

spectroscopy study of alkanoic acid SAMs in tunnel junctions 

with Co, Ni, and Ag top metal electrodes. The general goal of 

this chapter is to understand how changing the terminal 

substituent affects tunnel junctions. In particular, we would 

like to understand how the well-packed alkyl chains inhibit 

metal penetration compared to the benzoic acid monolayers 

described in Chapter 4. This chapter is composed of multiple 

sections. In Section 5.2 a brief summary of prior tunneling 

studies with alkanoic and phosphonic acid SAMs is given. Section 

5.3 presents the results obtained when alkanoic acids were used 

with Co top electrodes. Section 5.4 will show conductance curves 

for alkanoic acid SAMs with Ni and Ag top electrodes. Section 

5.5 will reveal what happens when octadecylphosphonic acid is 

used with Co. Finally, Section 5.6 summarizes the important 

findings. 
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Section 5.2 Alkanoic and Phosphonic Acid SAMs in Tunnel 
Junctions 
 

As discussed in Chapter 1, various alkanoic acid 

derivatives have been used in tunnel junctions for many decades. 

Kuhn was the first to demonstrate that the mode of transport 

through these long-alkyl chain monolayers was by tunneling.7 

Since Kuhn’s work, many others have studied various alkanoic 

acid derivatives in tunnel junctions. It was shown that alkanoic 

acids have a chain tilt approximately 15 to 25° from surface 

normal and as the chain length increases the crystalline packing 

increases.10 Another study looked at how the chain length affects 

the tilt of the SAM and how that affects the tunneling.48 They 

learned that there was a difference in the tunneling between 

alkanoic acids with an even and those with an odd number of 

carbons in the backbone of the monolayer. Specifically, they 

found that alkanoic acids with even numbers had higher current 

densities than those with odd numbers of carbons in the 

backbone.48 Some have studied how the terminal group, or atom 

facing the top metal electrode, affects molecular 

tunneling.59,60,120 For alkanethiols, in general when reactive 

terminal groups such as CO2H, CO2CH3 OH, CN, and SH are used, the 

amount of penetration into the SAM is decreased. This is in 

contrast to non-reactive terminal groups such as CH3 and OCH3, 

where penetration has been seen with Ag, Cu, and various other 
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metals. 59,60,120 Finally, it has been shown that using a soft top 

metal electrode, such as GaIn, decreases the amount of shorting 

in tunnel junctions by up to 90%.53 

 Phosphonic acid derivatives have also been used in tunnel 

junctions.45,122-124 Early IETS work showed an absence of the bands 

associated with the phosphoryl group, indicating that the 

bonding was in the form of a tri-dentate resonance structure. 

Another study showed that phosphonic acid SAMs have a higher 

surface affinity and displace similar SAMs with carboxylic acid 

anchoring groups.76 Phosphonic acid derivatives have been shown 

to pack better than all alkanoic acid derivatives and have a 

chain tilt of approximately 40° from surface normal.35,36,125  

The goal of this chapter is to gain an understanding into 

the nature of the metal-molecule interface using alkanoic acid 

derivatives with metals that have not been studied in detail (Co 

or Ni) and compare the results with similar studies with Ag top 

electrodes. We will also compare those results with 

octadecylphosphonic acid monolayers with Co top metal 

electrodes. 

 

Section 5.3 Alkanoic Acid Tunnel Junctions with Co Top 
Electrodes 
 
 Tunnel junctions were fabricated using the methods 

described in Chapter 2. AlOx substrates were placed in 10-3 M 
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solutions containing heptadecanoic acid or mercaptohexadecanoic 

acid in ethanol for approximately 24 hours to obtain saturation 

coverage. After monolayer formation, 10-20 nm of Co was vapor 

deposited at a rate of ~0.2 Å/s and capped with 50 nm of Ag. 

Electrical measurements were made upon venting of the chamber. 

G(V) measurements of a representative set of results are shown 

in Figure 5.1. As can be seen, the G(V)min for heptadecanoic 

acid (a) and mercaptohexadecanoic acid (b) are near zero bias 

and with little asymmetry. The G(V) curve rises much faster for 

mercaptohexadecanoic acid than heptadecanoic acid. Within the 

BDR model, this indicates that the effective tunnel barrier 

thickness is larger for mercaptohexadecanoic acid.6 This is an 

indication that less penetration of Co occurs past the terminal 

SH group. This is consistent with literature reports in which 

SH, a more reactive terminal group, inhibits the penetration of 

metals into the SAMs.59,60,120 The G(V) data was fit using the BDR 

model and the results are shown in Table 5.1. As can be seen, 

the barrier width (d), height (Φ), and asymmetry (∆Φ) for 

mercaptohexadecanoic acid are 33.9 Å, 0.34 eV, and 0.15 eV, 

respectively. This compares to 27.1 Å, 0.52 eV, and 0.09 eV for 

heptadecanoic acid, respectively. Each and every time tunnel 

junctions containing Al electrodes made from the same deposition 

are made for both SAMs, the data shows the barrier width is 
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Figure 5.1. G(V) for heptadecanoic acid (a) and 
mercaptohexadecanoic acid (b) with Co top electrodes. 
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Co 

  -CH3 -SH 

d (Å) 29 34 

φ (eV) 0.47 0.35 

∆φ (eV) -0.05 -0.15 

Ni 

  -CH3 -SH 

d (Å) 25 34 

φ (eV) 0.63 0.34 

∆φ (eV) -0.41 -0.15 

Ag 

  -CH3 -SH 

d (Å) 24 30 

φ (eV) 0.74 0.42 

∆φ (eV) -0.09 0.22 

 

Table 5.1 Summary of Brinkman model parameters for heptadecanoic 
acid and mercaptohexadecanoic acid SAMs with Co, Ni, and Ag top 
electrodes. 
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always thicker for mercaptohexadecanoic acid, which indicates 

less Co penetration. This is also evident when comparing the 

junction resistances. Figure 5.2 shows a histogram detailing the 

resistances of all samples made for both SAMs. The majority of 

the heptadecanoic acid samples made had resistances between 103 

to 105 ohms while mercaptohexadecanoic acid mostly had 

resistances between 105 to 107 ohms. Since a 1 Å change in 

thickness of a tunnel barrier is equivalent to a 10 times change 

in the junction resistance,2,3 this is further evidence that on 

average more Co penetrates through the CH3 group of the 

heptadecanoic acid than the SH group of mercaptohexadecanoic 

acid. Figure 5.3 shows a schematic diagram of the amount of Co 

penetration into the heptadecanoic acid and mercaptohexadecanoic 

acid based on fitting the results from Figure 5.1 to the BDR 

model for tunneling.6 As can be seen, the more reactive SH group 

inhibits penetration of the Co, while the less reactive CH3 group 

allows it. 

 

Section 5.4 Alkanoic Acids with Ni and Ag Top Electrodes 

 In a similar fashion to Section 5.3, tunnel junctions were 

made with Ni top electrodes. The results are shown in Figure 

5.4. Both SAMs exhibit no barrier asymmetry with G(V)min at zero 

bias. Similar to the results of Section 5.3, G(V) rises much 

more quickly when mercaptohexadecanoic acid (b) is used  
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Figure 5.2. Log of resistance for all junctions with 
heptadecanoic acid (a) and mercaptohexadecanoic acid (b) made 
with Co top electrodes. 
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(a)  

 

 

  (b) 

 

Figure 5.3. Schematic diagram of Co penetration into 
heptadecanoic acid SAMs (a) and mercaptohexadecanoic acid (b). 
Diagram is not to scale. 
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Figure 5.4. G(V) for heptadecanoic acid (a) and 
mercaptohexadecanoic acid (b) SAMs made with Ni top electrodes. 
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demonstrating that the barrier width is much larger than 

heptadecanoic acid (a). Table 5.1 shows the BRD fits to the G(V) 

data. Similar to the results with Co, the barrier width is much 

larger when mercaptohexadecanoic acid is used (34 Å for SH 

versus 25 Å for CH3). Thus the SH group also inhibits penetration 

of the Ni into the SAM. This is consistent with results obtained 

by others in which SH inhibits penetration of various metals. 

59,60,120  

 Additionally heptadecanoic acid and mercaptohexadecanoic 

acid SAMs were made with Ag top electrodes. The results are 

shown in Figure 5.5. Again the results are similar to Co and Ni 

in which mercaptohexadecanoic acid SAMs had a faster rise in 

G(V) when compared with heptadecanoic acid. This data was also 

fit to the BDR model to extract the barrier properties and is 

shown in Table 5.1. Again, SH SAMs show a much larger barrier 

thickness than CH3 with a thickness of 30 Å versus 24 Å. This is 

further evidence demonstrating that SH terminated SAMs do a 

better job at inhibiting the penetration of Ag into the 

monolayer when compared with CH3. 

 It is important to note that the data shown for tunnel 

junctions from this section is from one data set. The results 

with Ag and Ni top electrodes have do not have statistical 

relevance. What is most important to understand is that the data  
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Figure 5.5. G(V) for heptadecanoic acid (a) and 
mercaptohexadecanoic acid (b) with Ag top electrodes. 
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shown in this section follows the trend of the data shown with 

Co top electrodes in which the SH terminal group inhibits 

penetration of the top metal through the SAM more than the CH3 

terminal group.  

 

Section 5.5 Tunnel Junctions Made with Octadecylphosphonic Acid 

 AlOx substrates were also prepared with octadecylphosphonic 

acid monolayers in a similar method described in Chapter 2. 

Contact angles and XPS results given in Chapter 3 indicate that 

octadecylphosphonic acid forms dense monolayers completely 

displacing any surface contamination. Electrical measurements 

were made on samples made with Co top electrodes. The G(V) 

results are shown in Figure 5.6. As can be seen, there is little 

asymmetry and a large parabolic rise in the conductance. When 

this data is fit using the BDR model, the barrier width, height, 

and asymmetry are 37 Å, 0.28 eV, and 0.22 eV respectively. 

Another group studying octadecylphosphonic acid SAMs measured a 

length of 18 Å on a mica surface.125 Using the XPS data for the 

AlOx thickness from Chapter 3 and a length of 18 Å for 

octadecylphosphonic acid, the composite barrier thickness should 

be approximately 42 Å. This shows that even when a SAM with very 

high packing density is used, there is still some penetration of 

the Co metal into the SAM. 
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Figure 5.6. G(V) for octadecylphosphonic acid with Co top 
electrodes. 
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Section 5.6 Conclusions 

 The work from this chapter has demonstrated that more a 

more reactive terminal group such as SH inhibits penetration of 

Co, Ni, and Ag through the alkanoic acid SAMs. The opposite is 

true with a CH3 terminal group. This is evident when comparing 

G(V) results from both sets of samples made with the same bottom 

electrode. 

 When octadecylphosphonic acid SAMs are used in tunnel 

junctions, there is a much larger effective barrier width. This 

is evident when G(V) measurements were fit to the BDR model 

resulting in a barrier width of 37 Å. This is much larger than 

any other SAMs we studied but still shows that some penetration 

of Co still occurs.  
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CHAPTER 6 – CONCLUSIONS AND FUTURE WORK 

Section 6.1 Conclusions 

 The main goal of this dissertation was to gain a better 

fundamental understanding of how the metal-molecule interface 

affects electron transport in tunnel junctions. This goal was 

achieved through surface characterization and tunneling 

spectroscopy studies on a range of carboxylic and phosphonic 

acids placed in tunnel devices and with a variety of top metal 

electrodes. The insight gained from this study is summarized 

below. 

Contact angle and XPS results presented in Chapter 3 reveal 

a clear picture of the adsorption kinetics and adsorption 

geometry for benzoic acid derivatives on AlOx substrates, 

respectively. Benzoic acids chemisorb to AlOx surfaces as a 

carboxylate with the aromatic plane perpendicular to the 

surface. Using the water contact angle and XPS results, a 

saturation coverage of 2.7 x 1014 molecules cm-2 was determined. 

This agrees well with another published report for 4-Br on AlOx 

that calculated 2.3 x 1014 molecules cm-2 using neutron activation 

analysis.18 At saturation coverage, benzoic acids and hydroxyls 

groups are present in an approximate ratio of 1:1. Contact angle 

117 
 



measurements of long alkyl chain SAM derivatives reveal a better 

packing density than benzoic acids. XPS results showed that the 

relative ratios between carbon species prove the molecules 

remain intact with relatively no contamination present. 

Tunneling spectroscopy results from Chapter 4 indicate that 

the nature of the metal-molecule interface is sensitive to the 

identity of both the para-substituent and the top metal 

electrode. When Pb is deposited directly on top of an air 

oxidized aluminum surface, polar hydroxyl groups induce a large 

barrier asymmetry that leads to a shift in the G(V)min to high 

positive bias. Once a para-substituted benzoic acid monolayer is 

placed in the tunnel junction, the size of the para-substituent 

determines the amount of Pb penetration through the SAM. Larer 

para-substituents such as iodo or cyano inhibit Pb penetration, 

while smaller substituents like flouro or chloro do not. Some 

para-substituents are can be reactive, namely thiol groups. When 

Pb is deposited onto 4-SH benzoic acid, S-Pb bonds form and the 

barrier asymmetry is completely reversed and shifts the G(V)min 

to negative bias. 

When hot metals such as Ag or Au are used as the top 

electrode, the metals completely penetrate benzoic acid SAMs 

regardless of the identity of the para-substituent. Even in the 

case with 4-SH and Au where a Au-S bond forms, much of the Au 

penetrates the monolayer and adsorbs on top of hydroxyl groups. 
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This causes a shift to positive bias for the G(V)min, indicating 

that the overall barrier asymmetry has a barrier height of the 

monolayer-top metal interface higher in energy than the Al-AlOx 

interface. 

Tunneling spectroscopy results on alkanoic acid derivatives 

from Chapter 5, support the information learned from Chapter 4. 

When reactive end groups such as thiol are used, penetration of 

hot top metals such as Co, Ni, or Ag can be decreased. When non-

reactive end groups such as CH3 are used, penetration of the top 

metal occurs much more. 

  

Section 6.2 Future Work 

 There are many possible paths to take with this project 

going forward. Long chain alkanoic acids with terminal halogen 

substitutions can be studied in tunnel junctions with various 

top metal electrodes. Here the effect of atomic size on the 

amount of top metal penetration can be studied and compared with 

results from Chapters 4 and 5. It is very likely that larger 

terminal halogens like iodo prevent top metal penetration more 

than a smaller terminal halogen such as flouro. 

Additionally, the effect of carboxylic and benzoic acid 

derivatives on spin polarized tunneling can also be studied. 

These monolayers can be placed in tunnel junctions containing 

ferromagnetic electrodes. Once placed in these junctions, a 
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fundamental study to measure tunneling magnetoresistance (TMR) 

can be done. Effects such as top metal penetration or terminal 

group reactivity may play a role in TMR. One group has already 

demonstrated TMR possibilities with phosphonic acid SAMs on LSMO 

with Co top electrodes.45 Various other SAMs could be used to 

gain a better understanding into this. 

The Meservey-Tedrow experiment,126 which require junctions 

with ultrathin (4 nm) Al bottom electrodes, could be done to 

measure the absolute sign and magnitude of the spin-polarization 

with these SAMs and ferromagnetic top electrodes. Unfortunately, 

this experiment must be done at < 1K and high magnetic fields, 

so it is very challenging. 
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